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Abstract 

With reports of pandrug-resistant bacteria causing untreatable infections, the need for new antibacterial 

therapies is more pressing than ever.  Alkaloids are a large and structurally diverse group of compounds, 

which have served as scaffolds for important antibacterial drugs like metronidazole and the quinolones.  

In this review we highlight other alkaloids with development potential.  Natural, semi-synthetic, and 

synthetic alkaloids of all classes are considered, looking first at those with direct antibacterial activity and 

those with antibiotic-enhancing activity.  Potent examples include CJ-13,136, a novel actinomycete-

derived quinolone alkaloid with MICs of 0.1 ng/mL against Helicobacter pylori, and squalamine, a 

polyamine alkaloid from the dogfish shark which renders Gram-negative pathogens 16 to >32-fold more 

susceptible to ciprofloxacin.  Where available, information on toxicity, structure-activity relationships, 

mechanisms of action, and in vivo activity is presented.  The effects of alkaloids on virulence gene 

regulatory systems such as quorum sensing, and virulence factors like sortases, adhesins, and secretion 

systems are also described.  The synthetic isoquinoline alkaloid virstatin, for example, inhibits the 

transcriptional regulator ToxT in Vibrio cholerae, preventing expression of cholera toxin and fimbriae, 

and conferring in vivo protection against intestinal colonization.  The review concludes with implications 

and limitations of the described research, and directions for future research. 
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1. Introduction 

 Antibiotic resistance continues to rise, and with the emergence of pan-resistant untreatable 

Enterobacteriaceae and Acinetobacter spp., the dawn of the much forewarned post-antibiotic era has 

arguably broken [1].  Improved antibiotic stewardship should help reduce the rate of future losses [2], but 

antibiotic lifespan is limited even with careful use [3] so this does not negate the need for new anti-

infective medications.  Biologicals can reduce our dependence on antibiotics and the selective pressure 

for resistance, but several limitations prevent them replacing antibacterial drugs.  For example, safety and 

efficacy issues preclude vaccine use in severely immunocompromised patients [4], while narrow-

spectrum activity precludes monoclonal antibody and phage therapy in infections of unknown aetiology 

[5,6].  Small molecule drugs, for the time being, remain an essential component of infection treatment and 

prevention.  Two proven strategies within this paradigm are the development of new drugs with direct 

antibacterial activity (eg. daptomycin) and adjuncts with antibiotic-enhancing activity (eg. tazobactam) 

[1].  A third as-yet-clinically-unproven strategy is the development of drugs which disrupt bacterial 

pathogenesis by inhibiting adhesins, autoinducers, and other virulence factors [7]. 

 Historically, natural products have been a rich source of antibacterial drugs.  Though the 1980s 

saw a decline in this type of research in favour of more readily manipulated synthetic compound libraries, 

this trend is reversing.  Synthetic chemical libraries, it is now recognized, tend to be limited in their 

structural diversity, and a poor source of antibacterial leads [8].  Other factors driving renewed interest in 

natural products include the discovery of new prokaryotic and eukaryotic species in formerly unexplored 

environmental niches [9], technological advancements in separation, structure elucidation, dereplication, 

genome mining, and combinatorial biosynthesis [10,11], and, in the case of medicinal plants and other 

traditional medicines, concerns that potentially useful medical knowledge and materials are being lost due 

to urban expansion and species extinction [12].  Efforts to develop synthetic antibacterial drugs have not 

been abandoned, but are now more focused on derivatization of natural molecules and synthesis of natural 

product-like compounds using well-known natural product scaffolds [13]. 
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 Alkaloids are a large and structurally diverse group of natural products of microbial, plant, and 

animal origin.  Responsible for the beneficial effects of traditional medicines like cinchona bark but also 

the harmful effects of poisons like ergot, they have a reputation as both Nature’s curse and blessing [14].  

Alkaloids have inspired the development of several antibacterial drugs, synthesis of quinine 

serendipitously yielding the quinolones, structural alteration of azomycin yielding metronidazole, and 

work with the quinoline scaffold yielding bedaquiline.  In other drugs, alkaloids are present as scaffold 

substructures eg. linezolid and trimethoprim.  Alkaloids remain the focus of much research, their 

development as antibacterial drugs pursued within academia, industry, and joint ventures [15-17].  This 

review seeks to integrate knowledge from the extensive and often widely scattered literature on 

antibacterial alkaloids.  Naturally occurring, semi-synthetic, and synthetic alkaloids are all included 

provided they are structurally novel with chemotherapeutic or chemoprophylactic potential.  Studies with 

well-characterised pharmacophores already in clinical trials or clinical use have been excluded, as have 

studies investigating alkaloids as immunomodulators.  Structural information on all the described 

alkaloids is presented in Supplementary Table 1. 

 

2. Occurrence, functions, structure, classification, and nomenclature 

 Alkaloids are found in bacteria, fungi, plants, and animals, though their distribution within each 

kingdom is quite limited.  They occur in around 300 plant families, specific compounds typically 

confined to certain families (eg. hyoscyamine in Solanaceae) [18].  Alkaloids can occur in any part of the 

plant, though specific compounds may be limited to a certain part (eg. quinine in cinchona tree bark) [19].  

In terrestrial animals, alkaloids have been reported in insects [20,21], amphibians [22,23], reptiles [24], 

birds [25], and mammals [26].  Marine animals producing alkaloids include sponges [27], asteroids [28], 

tunicates [29,30], scleractinia [31], and the dogfish shark [32].  To date, more than 18,000 alkaloids have 

been discovered [29]. 

 Multiple roles have been attributed to alkaloids in the above organisms, most related to self-

preservation, inhibition of competitors, or communication.  In microorganisms, for example, alkaloids act 
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as feeding deterrents [33], allelochemicals, autoinducers, and siderophores [34].  In plants, the inhibitory 

effects of alkaloids on glycosidase and trehalose metabolism deters herbivores [35], and the ability to 

quench singlet oxygen confers protection against this toxic photosynthetic byproduct [18].  Alkaloids also 

act as phytoanticipins and phytoalexins, protecting plants against infection [36].  In the animal kingdom, 

rove beetles release the surface-active alkaloid stenusine to ‘skim’ across water away from danger [20], 

poison dart frogs secrete batrachotoxin as a defence against snake predation [22], and arctiid moths use 

pyrrolizidine alkaloids as a courtship pheromone [21].  In sponges, alkaloids deter feeding and protect 

against infection [27], while in scleractinia they act as allelochemicals [31]. 

 Alkaloids are characterized by great structural diversity, the presence of a basic nitrogen atom the 

only unifying feature [18].  Most alkaloids possess just one nitrogen atom but some have up to five.  This 

nitrogen may occur in the form of a primary amine (RNH2), a secondary amine (R2NH), or a tertiary 

amine (R3N) [19].  In addition to carbon, hydrogen, and nitrogen, most alkaloids contain oxygen.  

Alkaloids can occur as monomers, or they may form dimers (also known as bisalkaloids), trimers, or 

tetramers.  Such oligomers are typically homooligomers, but heterooligomers also occur [14]. 

 No single taxonomic principle exists that would allow consistent classification of all alkaloids.  

Where possible, alkaloids are classified according to chemical structure, biochemical origin, and / or 

natural origin [14,18].  In terms of chemical structure, there are two broad divisions of alkaloids: the 

heterocyclic alkaloids (also known as typical alkaloids) which contain nitrogen in the heterocycle, and the 

nonheterocyclic alkaloids (also known as atypical alkaloids or protoalkaloids) which contain nitrogen in a 

side chain [18].  Heterocyclic alkaloids are typically classified according to their ring structure (Fig. 1a), 

though the structural complexity of these sometimes exceeds the number of subdivisions [37].  

Nonheterocyclic alkaloids, by comparison, are often divided according to biosynthetic origin.  This is 

possible because their amino acid precursors remain largely intact in the alkaloid structure [37].  

Classification according to natural origin is also possible, since specific alkaloids are typically confined to 

specific sources [18]. 
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 Individual alkaloids are assigned names in various ways but almost all names end with the letters 

‘-ine’ [19].  Most alkaloids are named after the organism or part of the organism from which they were 

isolated (eg. atropine from Atropa belladonna) [18,19].  When multiple alkaloids are obtained from the 

same source, a prefix or more complicated suffix is used (eg. quinine, hydroquinine, quinidine) or 

alternatively a series of letters (eg. epicoccarine A, epicoccarine B) [19,38].  Alkaloids may also be 

named after the geographic location of their source (eg. tasmanine was isolated from a Tasmanian plant) 

[14], their pharmacological activity (eg. emetine induces vomiting) or, in some cases, after their 

discoverer (eg. pelletierine after Prof. Pelletier) [19]. 

 

3. Physiochemical, pharmacological, and toxicological properties 

 Despite their structural diversity, alkaloids share many physical and chemical properties.  

Because they possess a nitrogen atom with an unshared pair of electrons, alkaloids are basic (hence their 

name, which literally means alkali-like) [18,19].  The degree of this basicity varies depending on the 

structure of the molecule and the location of other functional groups.  Most alkaloids are solids, but those 

that lack oxygen (eg. coniine) are liquids.  Alkaloids are insoluble or sparingly soluble in water, unless 

reacted with an acid to form a salt.  Alkaloids are soluble in nonpolar solvents like chloroform, but their 

salts are not [19]. 

 Possessing a proton-accepting nitrogen atom, and one or more proton-donating amine hydrogen 

atoms, alkaloids readily form hydrogen bonds with proteins, enzymes, and receptors.  This, coupled with 

the frequent presence of proton-accepting and -donating functional groups like phenolic hydroxyl and 

polycyclic moieties, explains the exceptional bioactivity of the alkaloids [39].  Pharmacological properties 

include analgesic (eg. codeine), central nervous stimulant (eg. brucine), central nervous depressant (eg. 

morphine), antihypotensive (eg. ephedrine), antihypertensive (eg. reserpine), antipyretic (eg. quinine) , 

anticholinergic (eg. atropine), antiemetic (eg. scopolamine) [19], oxytocic and vasoconstrictor (eg. 

ergometrine) [37], antitumour (eg. vinblastine), and antimalarial (eg. quinine) [18] activities.  These 

activities are exploited in both traditional medicine (eg.quinine-rich cinchona bark in the treatment of 
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malaria) [37] and modern medicine (eg. vinblastine in the treatment of cancer) [18].  Other alkaloids have 

been incorporated into human culture as recreational drugs and drugs of abuse (eg. caffeine, nicotine, 

psilocybin, cocaine) [18,19]. 

 Some alkaloids are highly toxic, and there have been many incidents of human poisonings [18].  

In studies of 350 plant-derived pyrrolizidine alkaloids, around half were hepatotoxic, and several 

carcinogenic [40].  This is due to mammalian liver oxidases transforming the compounds into reactive 

pyrrole structures which alkylate nucleic acids and proteins [37].  Also, the furoquinolines are phototoxic 

and photomutagenic, due to the furan double bond reacting covalently with DNA [41].  Other examples 

include aconitine (cardiotoxic) [42], lycorine (enterotoxic) [43], nicotine (teratogenic) [44], and 

strychnine (neurotoxic) [45].  Some of the alkaloids used in medicine, at supratherapeutic doses, can be 

toxic too.  Well known historical examples include belladonna (containing atropine) used as a poison in 

Roman times, and ergot (containing ergometrine) responsible for thousands of deaths in the Middle Ages 

[19,37].   

 

4. Direct antibacterial activity 

4.1 Naturally occurring alkaloids 

Studies describing naturally occurring antibacterial alkaloids date back to the 1940s, but much of 

this early work stopped short of determining MICs.  Subsequent research has been more thorough, and 

several potently antibacterial alkaloid monomers (MICs ≤10 µg/mL) have been identified in the 

aaptamine [46], indole [47-52], indolizidine [53], isoquinoline [54-59], piperazine [60], quinoline [61,62], 

quinolone [63], agelasine [64,65], and polyamine [32] classes.  Alkaloid dimers with similar levels of 

activity have been found in the aaptamine-indole [66], bisindole [67,68], indole-quinoline [69,70], 

pyridoacridine [71,72], bispyrrole [73-75], and pyrrole-imidazole [76] classes.  A list of compounds with 

the lowest recorded MICs is presented in Table 1.  Toxicity data for these agents is limited but in vitro, 

chelerythrine [59], hapalindole I [52] and prosopilosidine [53] are antibacterial at concentrations that are 

nonhaemolytic or nontoxic to Vero cells, and in vivo, squalamine is effective against Pseudomonas 
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aeruginosa pneumonia at 0.15 mg/kg body weight (BW), a dose 65-fold lower than known safe levels 

[15].  Studies with sanguinarine suggest a daily oral dose of 5 mg/kg BW is safe in animals [77] and, used 

topically, this agent has proven clinical safety and efficacy in orthodontic patients [78].  The alkyl methyl 

quinolone alkaloids 1-methyl-2[(Z)-7-tridecenyl]-4-(1H)-quinolone and 1-methyl-2[(Z)-8-tridecenyl]-4-

(1H)-quinolone are also worth mentioning here.  In combination, these compounds have MICs of 0.02 to 

0.05 µg/mL against Helicobacter pylori, and proven in vivo efficacy against H. pylori infection [79].  

 

4.2 Semisynthetic and synthetic alkaloids 

 Efforts to improve alkaloid activity through synthetic modifications have been successful when 

using indole, isoquinoline, pyrrole, and thiazole alkaloids as scaffolds.  In the indole class, a β-carboline 

dimer (NCD9; Supplementary Table 1) and simple indole dimer (5,6,6’-tribromo-1H,1’H-2,2’-biindole) 

have been synthesised with respective MICs of 0.1-4.0 µg/mL [83] and 0.5 µg/mL [84] against Gram-

positive pathogens.  Also, a manzamine A derivative has been produced (8-n-hexamidomanzamine A) 

with an MIC of 0.31 µg/mL against Mycobacterium intracellulare [85].  Toxicity tests with CHO-K1 

[83], HEK 293 [84], and Vero cells [85] suggest these indoles have selective activity.  

In the isoquinoline class, a biphenyl-substituted sanguinarine derivative (compound 9) has been 

produced with MICs of 0.5 µg/mL against Staphylococcus aureus (incl. MRSA) [17].  Also, berberine has 

been conjugated with a multidrug resistance pump inhibitor to create a compound (SS14) with MICs of 

1.8 to 3.7 µg/mL against a range of Gram-positive pathogens [86].  Toxicity of the sanguinarine 

derivative has not been tested [17], but the berberine derivative is nontoxic at >100 µg/mL and shows 

efficacy in an in vivo model of enterococcal infection [86]. 

In the pyrrole class, hybrids of 4,5-dibromopyrrole and 1,3,4-oxadiazole have been produced with 

MICs of 1.6 µg/mL against S. aureus and Escherichia coli, and MICs of 1.5-1.6 µg/mL against 

Mycobacterium tuberculosis [87].  Also, a hybrid of 1-methyl-4,5-dibromopyrrole and aroyl hydrazone 

has been synthesised (compound 4m) with MICs of 0.2 to 0.8 µg/mL against S. aureus (incl. MRSA) 

[88].  Toxicity data for these compounds is not yet available. 
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Lastly in the thiazole class, a 1,3,4-thiadiazole derivative (compound 6f) has been synthesized 

with an MIC of 1.56 µg/mL against M. tuberculosis [89], and a rhodanine derivative (CCR-11) has been 

synthesized with an MIC of 1.07 µg/mL against Bacillus subtilis [90].  Compound 6f has not been 

assessed for toxicity, but studies with HeLa cells suggest CCR-11 activity is selective. 

 

4.3 Structure-activity relationships 

 Structure-activity relationships (SARs) have been investigated for various subclasses of the 

indole (Fig. 1b) and isoquinoline (Fig. 1c) alkaloids.  For β-carboline indoles, dimerization improves 

antibacterial activity [83], possibly because the larger molecule is less susceptible to bacterial efflux.  

Amidation of β-carbolines at C-8 reduces toxicity, and if a hexamido group is used, the reduction in 

toxicity is accompanied by a >20-fold increase in antibacterial activity [85].  Activity also increases with 

increasing numbers of bromine atoms [51].  For carbazole indoles, hydroxylation at C-1 and 

isoprenylation at C-4 both improve activity, while methoxylation at C-1 reduces activity [49]. 

For simple isoquinoline alkaloids, the addition of alkyl substituents at C-1 improves antibacterial 

activity, but these improvements appear not to be selective [54].  For benzophenanthridine isoquinolines, 

a methylenedioxy functional group at C-2 and C-3 is important for activity [17,59].  Addition of a phenyl 

or biphenyl substituent at C-1 or C-12 can improve activity, and further improvements can be achieved by 

adding a methoxy group at C-7 and C-8 [17].  For protoberberine isoquinolines, a methylenedioxy 

functional group at C-2 and C-3 improves activity [91], as does a phenoxyalkyl group at C-9 [92]. 

 

4.4 Identification of activity as bacteriostatic or bactericidal 

 Antibacterial agents that kill bacteria are more versatile than those that just inhibit growth, as they 

can be used as short-term therapies [93], against deep-seated [94,95] and immediately life-threatening 

infections [95], and in immunocompromised and immunosuppressed patients [95,96].  In the absence of 

confounding factors, bactericidal agents are defined as those causing a ≥99.9% decrease in bacterial 

viability at concentrations no more than four times the MIC [97].  Most studies indicate alkaloids are 



10 
 

bactericidal [62,81,98-100], though this can be species-dependent for some alkaloids (eg. chelerythrine, 

prosopilosidine) [53,59].  Squalamine has been shown to be rapidly bactericidal, with MIC levels 

reducing the viability of Gram-positive and Gram-negative pathogens by ≥99.99% in just 1-2 hours [81]. 

 

4.5 Mechanisms of action 

 Antibacterial mechanism of action (MOA) has been investigated for alkaloids in the indolizidine, 

isoquinoline, quinolone, agelasine, and polyamine classes.  In the indolizidine class, it has been proposed 

that the alkaloids pergularinine and tylophorinidine act by inhibiting nucleic acid synthesis, as they inhibit 

the enzyme dihydrofolate reductase in cell-free assays [101]. 

 In the isoquinoline class, two MOAs have been proposed.  Studies with the benzophenanthridine 

and protoberberine isoquinolines suggest these act by perturbing the Z-ring and inhibiting cell division.  

Supporting evidence includes demonstrations that sanguinarine and berberine (a) bind to FtsZ [102,103], 

(b) inhibit FtsZ GTPase activity [103], (c) inhibit Z-ring formation [102-104], and (d) induce cell 

elongation [102,104] without affecting DNA replication, nucleoid segregation, or membrane structure 

[102] and without inducing the SOS response [104].   Overexpression and underexpression studies also 

support this mechanism [104].  Researchers working with the phenanthridine isoquinoline ungeremine 

suggest this alkaloid acts by inhibiting nucleic acid synthesis after observing inhibition of type I 

topoisomerases in cell-free assays [105]. 

 Naturally occurring quinolone alkaloids lack the 3-carboxyl group which enables synthetic 

quinolones like the fluroroquinolones to inhibit the type II topoisomerase enzymes [34].  Research with 

the alkyl methyl quinolones suggests these are respiratory inhibitors, as they reduce O2 consupmtion in 

treated bacteria but do not affect 
3
H uptake [79]. 

 The agelasines are a class of alkaloids from the Agelas marine sponges [64,65].  Overexpression 

and binding affinity studies with the antimycobacterial alkaloid agelasine D suggest this exerts its 

antibacterial effect by inhibiting enzyme BCG 3185c, a suspected dioxygenase, thereby disrupting 

bacterial homeostasis [65].  
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 Lastly, studies with the polyamine alkaloid squalamine suggest it acts by compromising outer 

membrane and cytoplasmic membrane integrity.  Supporting evidence includes demonstration that 

squalamine (a) penetrates reconstituted LPS monolayers [106], (b) causes depolarization of the 

cytoplasmic membrane [81], (c) increases bacterial staining with the cell-impermeable nucleic acid dye 

propidium iodide [106], and (d) causes leakage of cytoplasmic contents [81,106].  The susceptibility of 

porin-negative, efflux pump overproducing bacteria to squalamine is consistent with this hypothesis 

[106]. 

 

5. Synergistic and antibiotic-resistance modulating activity 

5.1 Naturally occurring alkaloids 

 Some alkaloids have been reported to increase the antibacterial activity of antibiotics, and 

information on the five most potent combinations is presented in Table 2a.  For tetrandrine and 

tomatidine, this activity has been confirmed as synergistic (not additive) by determining FIC index values 

[107,108].  Although the reductions in antibiotic MICs are modest compared to other natural products 

[109], test alkaloids can exert this effect at quite low concentrations (eg. 0.8 to 1.6 µg/mL for squalamine) 

[110].  It’s also worth noting that comparatively few alkaloids have been tested to date and, based on hit 

ratio, it is thought many active compounds still await discovery [111].   

 

5.2 Semi-synthetic and synthetic alkaloids 

 In addition to natural alkaloids, various semi-synthetic and synthetic alkaloids have been reported 

to increase antibiotic activity (Table 2b).  This activity has been confirmed as synergistic for INF392, 

amlodipine, and compound 4e [114,115,118], and occurs at quite low alkaloid concentrations (eg. 0.4 

µg/mL for INF 392, 2.5 µg/mL for compound 13).  For amlodipine, this synergy has been demonstrated 

in vivo, intraperitoneal injection of amlodipine and streptomycin protecting mice against S. Typhimurium 

infection [115].  A second beneficial effect noted with some of these compounds is that the emergence of 
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antibiotic resistance can be inhibited.  For example, INF 392 reduces the rate at which ciprofloxacin 

resistance emerges by 100-fold [114]. 

 

5.3 Structure-activity relationships 

 Various alkaloid classes have been shown to increase antibiotic activity including the indole 

[111], piperidine [111,119], pyridine [113], quinoline [111,116], ergoline [112], polyamine [110], and 

steroidal classes [108], as well as acridine-isoquinoline dimers [117], isoquinoline dimers [107], pyrrole-

imidazole dimers [118], and pyridine-pyridine-piperidine trimers [120].  For the steroidal alkaloid 

tomatidine, activity is dependent upon the spiroaminoketal moiety being in the closed configuration 

[121].  Active compounds in other alkaloid classes lack an identifiable pharmacophore, but are often 

lipophilic [111], possess an aromatic ring [111,122], and have a centrally located nitrogen atom 

[111,122].  The absence of a more rigid SAR for these alkaloids may be related to their mechanism of 

action.  Most are thought to effect synergy by inhibiting bacterial efflux pumps, pumps which themselves 

act on a wide range of structurally unrelated compounds. 

 

5.4 Mechanisms of action 

 With the exception of squalamine which enhances antibiotic activity by permeabilizing cells 

[110] and tomatidine whose MOA is unknown [121], most alkaloids act through efflux pump inhibition.  

This MOA was established through studies with the model efflux pump substrate ethidium bromide 

(EtBr).  EtBr fluoresces when bound to nucleic acid, and active alkaloids reduce the rate at which EtBr-

loaded cells lose fluorescence [112,114,117,120].  If it can reach a sufficiently high intracellular 

concentration EtBr is also antibacterial, and active alkaloids have been shown to reduce EtBr MICs 

[111,114,123].  For the ergoline alkaloid lysergol, efflux inhibition is thought to occur due to 

downregulation and inhibition of efflux pump ATPases [112].  Efflux pumps with confirmed 

susceptibility to alkaloid inhibition include NorA [114], MexAB-OprM, MexCD-OprJ, MexEF-OprN 

[116], and ABC transporters [112]. 
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6. Attenuation of bacterial pathogenicity 

 Bacterial pathogenesis is a multi-stage process typically involving bacterial attachment to host 

skin or mucous membranes, multiplication, evasion of host defences, then toxin production and/or 

invasion and inflammation [95].  This process is dependent upon numerous virulence factors, expression 

of which is tightly regulated. 

 

6.1 Disruption of virulence gene regulation 

 One mechanism by which bacteria regulate virulence is the use of transcriptional regulators 

sensitive to environmental conditions.  In Vibrio cholerae, transcriptional regulator ToxT responds to the 

presence of intestinal fatty acids and bicarbonate by activating the genes encoding cholera toxin and 

fimbriae [124].  Recent research shows the isoquinoline alkaloid virstatin inhibits production of both 

these virulence factors, with microarray and mutant studies identifying ToxT as the likely target 

[125,126].  Virstatin also has a protective effect in vivo, inhibiting intestinal colonization of infant mice 

when administered during or after V. cholerae inoculation [125].       

 Quorum-sensing (QS) is another regulatory mechanism.  Signal molecules (autoinducers) 

released by bacteria bind to receptors in neighbouring cells, triggering virulence factor expression when a 

critical population density is reached.  QS-inhibitors have been identified in the indole, 1,3,4-oxadiazole, 

piperidine, and steroidal alkaloid classes (Table 3).  For the indoles, undesirable effects like antibiotic 

antagonism and biofilm stimulation were initially a problem [127], but these activities have been 

eliminated in a new semi-synthetic derivative, 7-fluoroindole [128]. 

 

6.2 Inhibition of sortase 

 In Gram-positive bacteria, surface proteins like adhesins, internalins, and immune evasion 

proteins are attached to the cell wall by enzymes called sortases.  Recent studies using subcellular assays 

show several aaptamine [131], isoquinolone [132], pyrrolidine [133], and bisindole imidazole [134] 

alkaloids inhibit sortase A.  Mass spectrometry studies indicate that, for the pyrrolidine alkaloids, enzyme 
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inhibition occurs due to covalent modification of the active site nucleophile Cys184 [133].  The impact of 

this sortase inhibition has been demonstrated at the cellular level too.  Whole cells of S. aureus treated 

with sub-MIC bromodeoxytopsentin [134] and isoaaptamine [131] exhibit decreased binding to 

fibronectin, the host cell receptor which allows bacteria to bind to mucous membranes.   

 

6.3 Disruption of fimbriae and other adhesins 

 Alkaloids can disrupt adhesins via non-sortase-mediated mechanisms too.  Sub-MIC levels of the 

isoquinoline berberine cause Streptococcus pyogenes cells to release lipoteichoic acid, reducing their 

ability to bind fibronectin [135].  Sub-MIC levels of berberine and 2-pyridone alkaloids disrupt E. coli 

fimbriae via a different mechanism.  For berberine the MOA underlying inhibition of fimbrial synthesis is 

not clearly established [136], but the 2-pyridones disrupt the FGS [137,138] and FGL [139] assembly 

systems by binding to periplasmic chaperones.  Whole-cell studies confirm this results in inhibition of 

fimbria-dependent biofilm formation in E. coli [137]. 

 

6.4 Inhibition of bacterial defences against host immune system 

 Disruption of sortase-dependent immune evasion proteins (eg. protein A) is not the only 

mechanism by which alkaloids increase bacterial susceptibility to the host immune system.  The thiazole 

alkaloid D157070 (a prodrug for D155931) has been shown to inhibit dihydrolipoamide acyltransferase, 

the enzyme M. tuberculosis uses to detoxify reactive nitrogen intermediates in host macrophages.  Whole-

cell studies with mycobacteria confirm D157070 increases their sensitivity to nitrite, and promotes killing 

of cells in infected bone marrow-derived mouse macrophages [140]. 

 

6.5 Inhibition of secretion systems 

 Bacteria use secretion systems to assemble surface structures like adhesins, and export toxins and 

destructive enzymes.  High throughput screening has identified TTS29, a 2-imino-5-arylidene 

thiazolidinone which inhibits Gram-negative type II and type III secretion systems.  The thiazole has 
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broad-spectrum activity, inhibiting secretion in multiple bacterial species, and protects macrophages 

against S. Typhimurium cytotoxicity.  Based on its activity profile, and molecular studies to rule out 

interference with transcription or translation, the alkaloid is thought to target secretin, an outer membrane 

protein conserved across the type II and type III systems [141].  Monomeric [141] and dimeric [142] 

analogues of TTS29 have been produced with enhanced solubility and increased activity. 

 

6.6 Inhibition of exotoxin-mediated effects 

 Toxins are one of the main mechanisms by which bacteria cause disease.  In vivo research with 

the isoquinoline berberine shows this counteracts V. cholerae cholera toxin and E. coli heat-stable 

enterotoxin.  Studies were performed with the toxins not the bacterial cells, so the protective effect cannot 

be related to inhibition of virulence gene regulation, bacterial attachment, or toxin secretion.  Given these 

enterotoxins differ in their MOA, and berberine neither inhibits adenylate cyclase nor enhances intestinal 

absorption, it is thought the alkaloid acts at a biochemical step after cyclase activation [143]. 

 

6.7 Inhibition of destructive enzyme-mediated effects 

 Another major mechanism by which bacteria cause disease is invasion and inflammation.  

Bacteria produce destructive proteolytic and glycolytic enzymes, enabling them to breach host tissue 

barriers and spread to deeper tissue.  Whole-cell studies show berberine inhibits bacterial hydrolysis of 

the connective tissue component collagen [144].  It remains to be established if this is due to inhibition of 

collagenase production, secretion, or enzymatic action, or an indirect consequence of the alkaloid’s 

antibacterial activity. 

 

6.8 Inhibition of biofilm formation 

 Biofilm formation protects bacteria from antibiotic therapy, thereby prolonging infections.  

Numerous alkaloids inhibit the formation of (and/or disperse) bacterial biofilms including imidazoles 

[145], isoquinolines [100], piperidines [146], pyrrolidines [147], pyrrole-imidazoles [118], and cinchona 
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alkaloids [148].  In some cases, this inhibition has been attributed to direct antibacterial activity [148], in 

others to QS disruption [146,147], or unknown causes [100,118], possibly inhibition of sortase or 

adhesins.     

 

7. Concluding remarks 

 Alkaloids have a proven track record as drug scaffolds and scaffold substructures in modern 

antibacterial chemotherapy [39].  This review highlights other antibacterial alkaloids with development 

potential, the quinolone CJ-13,136, for example, with MICs as low as 0.1 ng/mL against H. pylori, and 

the polyamine alkaloid squalamine reducing ciprofloxacin MICs ≥16-fold against Klebsiella pneumoniae.  

For many of these compounds, further characterization is necessary eg. determination of spectrum of 

activity, MIC90 values (ie. MIC required to inhibit 90% of strains of a species), FIC index values, MOA, 

toxicity, SAR, solubility and stability, resistance frequency, and serum protein binding.  In terms of 

MOA, it has been proposed, based on assays with purified enzymes, that indolizidine alkaloids inhibit 

dihydrofolate reductase, and isoquinoline alkaloids inhibit type I topoisomerases.  Whole-cell studies (eg. 

target overexpression, underexpression, and alteration) would help rule out nonspecific inhibition and 

confirm these MOAs.  Selectivity also needs to be established as some antibacterial (eg. manzamine A 

[149]) and antibiotic-enhancing (eg. reserpine [114,120]) alkaloids are highly toxic to eukaryotic cells.  

Because some alkaloids are immunosuppressive (eg. gliotoxin [150]), toxicity testing should evaluate this 

parameter too.    

 In addition to direct antibacterial and antibiotic-enhancing activities, alkaloid inhibition of 

bacterial virulence has been described.  For alkaloids like berberine which exert both direct antibacterial 

and antivirulence effects, the implication is that these will, like the QS-inhibiting macrolide antibiotics 

[151], exert greater in vivo efficacy than their MIC evaluations suggest.  For alkaloids that inhibit 

bacterial virulence without affecting growth or viability, these could potentially be developed as 

antivirulence drugs.  A common concern with antivirulence drugs is that narrow-spectrum activity could 

preclude empiric use.  Until real-time diagnostics are more widely available, efforts should therefore 
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focus on alkaloids likely to have broad-spectrum activity ie. inhibitors of secretion systems [141] and 

other virulence factors conserved across bacterial species.  A second concern with antivirulence drugs is 

that, because they do not kill bacteria, they could not be used in immunocompromised patients.  It may be 

possible to overcome this problem by targeting virulence factors required for colonization and 

maintenance of attachment (eg. adhesins and adhesin synthesising machinery) rather than disease 

symptoms (eg. toxins). 

 Regarding future discovery and development efforts, there are opportunities to expedite this 

process.  By departing from what, in academia, is often a monodisciplinary approach, and promoting 

greater collaboration between chemists, microbiologists, and pharmacologists, it should be possible for 

more groups to isolate active compounds and generate robust microbiological and toxicological data.  

Given the risk of toxicity with alkaloids, tests for overt toxicity should be performed at the earliest 

opportunity.  Where cell culture is available, non-malignant cell lines should be tested.  In more resource-

limited settings, tests like the brine shrimp lethality assay or haemolysis assay could be used.  Lastly, 

greater use should be made of the many new techniques and technologies available eg. efflux pump 

mutants to detect efflux-susceptible antibacterial agents [152], synergy-directed fractionation to detect 

natural product components that work synergistically [153], medicinal chemistry techniques to conjugate 

efflux susceptible antibacterials with efflux pump inhibitors [86], and genetic techniques [104] and 

reporter strains of bacteria [154] for MOA elucidation.        

 

Acknowledgements 

We are very grateful to those authors and editors who helped source the more-difficult-to-find journal 

articles used in this review, in particular Professors Miki Kuftinec, Vincent G. Kokich, Rob Verpoorte, 

and Adyary Fallarero.  Thanks also to Dr Stephen MacManus for constructive comments during drafting 

of the manuscript.  Our apologies to authors whose work could not be included due to space restrictions.   

 

 



18 
 

Funding:  None 

Competing interests:  None declared 

Ethical approval:  Not required 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

References 

[1]  Laxminarayan R, Duse A, Wattal C, Zaidi AKM, Wertheim HFL, Sumpradit N et al. Antibiotic 

resistance-the need for global solutions. Lancet Infect Dis 2013; 13:1057-1098. 

[2]  Gould IM, Antibiotic resistance: understanding how to control it. Int J Antimicrob Agents 2012; 

40:193-195. 

[3]  World Health Organization, The evolving threat of antimicrobial resistance: options for action. 

Geneva: WHO, 2012. 

[4]  Ljungman P, Vaccination of immunocompromised patients. Clin Microbiol Infect 2012; 18:93-

99. 

[5]  Oleksiewicz MB, Nagy G, Nagy E, Anti-bacterial monoclonal antibodies: Back to the future? 

Arch Biochem Biophys 2012; 526:124-131. 

[6]  Henein A, What are the limitations on the wider therapeutic use of phage? Bacteriophage 2013; 

3:e24872. 

[7]  Heras B, Scanlon MJ, Martin JL, Targeting virulence not viability in the search for future 

antibacterials. Brit J Clin Pharmacol In press; doi: 10.1111/bcp.12356. 

[8]  Chopra I, The 2012 Garrod Lecture: Discovery of antibacterial drugs in the 21st century. J 

Antimicrob Chemother 2013; 68:496-505. 

[9]  Imhoff JF, Labes A, Wiese J, Bio-mining the microbial treasures of the ocean: new natural 

products. Biotechnol Adv 2011; 29:468-482. 

[10]  Saklani A, Kutty SK, Plant-derived compounds in clinical trials. Drug Discov Today 2008; 

13:161-171. 

[11]  Berdy J, Thoughts and facts about antibiotics: Where we are now and where we are heading. J 

Antibiot (Tokyo) 2012; 65:385-395. 

[12]  Houghton PJ, Traditional plant medicines as a source of new drugs. In: Trease and Evans 

Pharmacognosy 16th edition. Edinburgh: Elsevier, 2009. 



20 
 

[13]  Genilloud O, Current challenges in the discovery of novel antibacterials from microbial natural 

products. Recent Pat Antiinfect Drug Discov 2012; 7:189-204. 

[14]  Hesse M, Alkaloids: Nature's Curse or Blessing? Chichester: Wiley-VCH, 2002. 

[15]  Hraiech S, Brégeon F, Brunel J-M, Rolain J-M, Lepidi H, Andrieu V et al. Antibacterial efficacy 

of inhaled squalamine in a rat model of chronic Pseudomonas aeruginosa pneumonia. J 

Antimicrob Chemother 2012; 67:2452-2458. 

[16]  Bogatcheva E, Hanrahan C, Nikonenko B, de los Santos G, Reddy V, Chen P et al. Identification 

of SQ609 as a lead compound from a library of dipiperidines. Bioorg Med Chem Lett 2011; 

21:5353-5357. 

[17]  Parhi A, Kelley C, Kaul M, Pilch DS, LaVoie EJ, Antibacterial activity of substituted 5-

methylbenzo[c]phenanthridinium derivatives. Bioorg Med Chem Lett 2012; 22:7080-7083. 

[18]  Evans WC, Alkaloids. In: Trease and Evans Pharmacognosy 16th edition. Edinburgh: Elsevier, 

2009. 

[19]  Robbers JE, Speedie MK, Tyler VE, Alkaloids. In: Pharmacognosy and Pharmacobiotechnology. 

London: Williams and Wilkins, 1996. 

[20]  Lusebrink I, Dettner K, Seifert K, Stenusine, an antimicrobial agent in the rove beetle genus 

Stenus (Coleoptera, Staphylinidae). Naturwissenschaften 2008; 95:751-755. 

[21]  Savitzky AH, Mori A, Hutchinson DA, Saporito RA, Burghardt GM, Lillywhite HB et al. 

Sequestered defensive toxins in tetrapod vertebrates: principles, patterns, and prospects for future 

studies. Chemoecology 2012; 22:141-158. 

[22]  Toledo RC, Jared C, Cutaneous granular glands and amphibian venoms. Comp Biochem Phys A 

1995; 111:1-29. 

[23]  Stynoski JL, Torres-Mendoza Y, Sasa-Marin M, Saporito RA, Evidence of maternal provisioning 

of alkaloid-based chemical defenses in the strawberry poison frog Oophaga pumilio. Ecology 

2014: 95:587-593. 



21 
 

[24]  Santos IJM, Coutinho NDM, Matias EFF, da Costa JGM, Alves RRN, Almeida WDO, 

Antimicrobial activity of natural products from the skins of the semiarid living lizards Ameiva 

ameiva (Linnaeus, 1758) and Tropidurus hispidus (Spix, 1825). J Arid Environ 2012; 76:138-

141. 

[25]  Clark VC, Collecting arthropod and amphibian secretions for chemical analyses. In: Behavioral 

and chemical ecology. New York: Nova Science Pub. Inc, 2010. 

[26]  Bruce NC, Alkaloids. In: Biotechnology Set. Weinheim: Wiley-VCH, 2008. 

[27]  Pawlik JR, The chemical ecology of sponges on Caribbean reefs: natural products shape natural 

systems. BioScience 2011; 61:888-898. 

[28]  McClintock JB, Amsler CD, Baker BJ, Chemistry and ecological role of starfish secondary 

metabolites. In: Starfish: Biology and Ecology of the Asteroidea. Baltimore: JHU Press, 2013. 

[29]  Dembitsky VM, Astonishing diversity of natural surfactants: 6. Biologically active marine and 

terrestrial alkaloid glycosides. Lipids 2005; 40:1081-1105. 

[30]  Baker DD, Alvi KA, Small-molecule natural products: new structures, new activities. Curr Opin 

Biotechnol 2004; 15:576-583. 

[31]  Chadwick NE, Morrow KM, Competition among sessile organisms on coral reefs. In: Coral 

Reefs: An Ecosystem in Transition. Houten: Springer, 2011. 

[32]  Moore KS, Wehrli S, Roder H, Rogers M, Forrest JN, McCrimmon D et al. Squalamine: an 

aminosterol antibiotic from the shark. Proc Natl Acad Sci USA 1993; 90:1354-1358. 

[33]  Iannone LJ, Novas MV, Young CA, De Battista JP, Schardl CL, Endophytes of native grasses 

from South America: biodiversity and ecology. Fungal Ecol 2012; 5:357-363. 

[34]  Heeb S, Fletcher MP, Chhabra SR, Diggle SP, Williams P, Cámara M, Quinolones: from 

antibiotics to autoinducers. FEMS Microbiol Rev 2011; 35:247-274. 

[35]  Mithöfer A, Boland W, Plant defense against herbivores: chemical aspects. Annu Rev Plant Biol, 

Vol 63 2012; 63:431-450. 



22 
 

[36]  González-Lamothe R, Mitchell G, Gattuso M, Diarra MS, Malouin F, Bouarab K, Plant 

antimicrobial agents and their effects on plant and human pathogens. Int J Mol Sci 2009; 

10:3400-3419. 

[37]  Dewick PM, Alkaloids. In: Medicinal Natural Products. Chichester: Wiley, 1997. 

[38]  Kemami Wangun HV, Hertweck C, Epicoccarines A, B and epipyridone: tetramic acids and 

pyridone alkaloids from an Epicoccum sp. associated with the tree fungus Pholiota squarrosa. 

Org Biomol Chem 2007; 5:1702-1705. 

[39]  Kittakoop P, Mahidol C, Ruchirawat S, Alkaloids as important scaffolds in therapeutic drugs for 

the treatments of cancer, tuberculosis, and smoking cessation. Curr Top Med Chem 2014; 14:239-

252. 

[40]  Stegelmeier B, Edgar J, Colegate S, Gardner D, Schoch T, Coulombe Jr RA et al. Pyrrolizidine 

alkaloids plants, metabolism and toxicity. J Nat Toxins 1999; 8:95-116. 

[41]  Klier B, Schimmer O, Microsomal metabolism of dictamnine: identification of metabolites and 

evaluation of their mutagenicity in Salmonella typhimurium. Mutagenesis 1999; 14:181-185. 

[42]  Tai Y-T, Lau C-P, Young K, But PP-H, Cardiotoxicity after accidental herb-induced aconite 

poisoning. The Lancet 1992; 340:1254-1256. 

[43]  Matulkova P, Gobin M, Evans M, Parkyn PC, Palmer C, Oliver I, Gastro-intestinal poisoning due 

to consumption of daffodils mistaken for vegetables at commercial markets, Bristol, United 

Kingdom. Clin Toxicol 2012; 50:788-790. 

[44]  Green BT, Lee ST, Panter KE, Brown DR, Piperidine alkaloids: human and food animal 

teratogens. Food Chem Toxicol 2012; 50:2049-2055. 

[45]  Dasari S, Naha K, A rare case of strychnine poisoning by consumption of Strychnos nux-vomica 

leaves. Asian Pac J Trop Biomed 2011; 1:S303-S304. 

[46]  Calcul L, Longeon A, Mourabit AA, Guyot M, Bourguet-Kondracki M-L, Novel alkaloids of the 

aaptamine class from an Indonesian marine sponge of the genus Xestospongia. Tetrahedron 2003; 

59:6539-6544. 



23 
 

[47]  Chakraborty A, Chowdhury BK, Bhattacharyya P, Clausenol and clausenine - two carbazole 

alkaloids from Clausena anisata. Phytochemistry 1995; 40:295-298. 

[48]  Chakraborty A, Saha C, Podder G, Chowdhury BK, Bhattacharyya P, Carbazole alkaloid with 

antimicrobial activity from Clausena heptaphylla. Phytochemistry 1995; 38:787-789. 

[49]  Maneerat W, Phakhodee W, Ritthiwigrom T, Cheenpracha S, Promgool T, Yossathera K et al. 

Antibacterial carbazole alkaloids from Clausena harmandiana twigs. Fitoterapia 2012; 83:1110-

1114. 

[50]  Nakahara K, Trakoontivakorn G, Alzoreky NS, Ono H, Onishi-Kameyama M, Yoshida M, 

Antimutagenicity of some edible Thai plants, and a bioactive carbazole alkaloid, mahanine, 

isolated from Micromelum minutum. J Agric Food Chem 2002; 50:4796-4802. 

[51]  Won TH, Jeon J-E, Lee S-H, Rho BJ, Oh K-B, Shin J, Beta-carboline alkaloids derived from the 

ascidian Synoicum sp. Bioorg Med Chem 2012; 20:4082-4087. 

[52]  Kim H, Lantvit D, Hwang CH, Kroll DJ, Swanson SM, Franzblau SG et al. Indole alkaloids from 

two cultured cyanobacteria, Westiellopsis sp and Fischerella muscicola. Bioorg Med Chem 2012; 

20:5290-5295. 

[53]  Samoylenko V, Ashfaq MK, Jacob MR, Tekwani BL, Khan SI, Manly SP et al. Indolizidine, 

antiinfective and antiparasitic compounds from Prosopis glandulosa var. glandulosa. J Nat Prod 

2009; 72:92-98. 

[54]  Iwasa K, Moriyasu M, Tachibana Y, Kim HS, Wataya Y, Wiegrebe W et al. Simple isoquinoline 

and benzylisoquinoline alkaloids as potential antimicrobial, antimalarial, cytotoxic, and anti-HIV 

agents. Bioorg Med Chem 2001; 9:2871-2884. 

[55]  Kelley C, Zhang Y, Parhi A, Kaul M, Pilch DS, LaVoie EJ, 3-Phenyl substituted 6,7-

dimethoxyisoquinoline derivatives as FtsZ-targeting antibacterial agents. Bioorg Med Chem 

2012; 20:7012-7029. 



24 
 

[56]  Nissanka APK, Karunaratne V, Bandara BMR, Kumar V, Nakanishi T, Nishi M et al. 

Antimicrobial alkaloids from Zanthoxylum tetraspermum and caudatum. Phytochemistry 2001; 

56:857-861. 

[57]  Xie Q, Johnson BR, Wenckus CS, Fayad MI, Wu CD, Efficacy of berberine, an antimicrobial 

plant alkaloid, as an endodontic irrigant against a mixed-culture biofilm in an in vitro tooth 

model. J Endod 2012; 38:1114-1117. 

[58]  Obiang-Obounou BW, Kang O-H, Choi J-G, Keum J-H, Kim S-B, Mun S-H et al. The 

mechanism of action of sanguinarine against methicillin-resistant Staphylococcus aureus. J 

Toxicol Sci 2011; 36:277-283. 

[59]  Tavares L de C, Zanon G, Weber AD, Neto AT, Mostardeiro CP, Da Cruz IB et al. Structure-

activity relationship of benzophenanthridine alkaloids from Zanthoxylum rhoifolium having 

antimicrobial activity. PLoS One 2014; 9:e97000. 

[60]  Li H-L, Zhang W-D, Zhang C, Liu R-H, Wang X-W, Wang X-L et al. Bioavailabilty and 

pharmacokinetics of four active alkaloids of traditional Chinese medicine Yanhuanglian in rats 

following intravenous and oral administration. J Pharm Biomed Anal 2006; 41:1342-1346. 

[61]  Wang X-X, Zan K, Shi S-P, Zeng K-W, Jiang Y, Guan Y et al. Quinolone alkaloids with 

antibacterial and cytotoxic activities from the fruits of Evodia rutaecarpa. Fitoterapia 2013; 89:1-

7. 

[62]  Kuete V, Wansi JD, Mbaveng AT, Kana Sop MM, Tadjong AT, Beng VP et al. Antimicrobial 

activity of the methanolic extract and compounds from Teclea afzelii (Rutaceae). S Afr J Bot 

2008; 74:572-576. 

[63]  Dekker KA, Inagaki T, Gootz TD, Huang LH, Kojima Y, Kohlbrenner WE et al. New quinolone 

compounds from Pseudonocardia sp. with selective and potent anti-Helicobacter pylori activity: 

taxonomy of producing strain, fermentation, isolation, structural elucidation and biological 

activities. J Antibiot (Tokyo) 1998; 51:145-152. 



25 
 

[64]  Kubota T, Iwai T, Takahashi-Nakaguchi A, Fromont J, Gonoi T, Kobayashi Ji, Agelasines O-U, 

new diterpene alkaloids with a 9-N-methyladenine unit from a marine sponge Agelas sp. 

Tetrahedron 2012; 68:9738-9744. 

[65]  Arai M, Yamano Y, Setiawan A, Kobayashi M, Identification of the target protein of agelasine D, 

a marine sponge diterpene alkaloid, as an anti-dormant mycobacterial substance. ChemBioChem 

2014; 15:117-123. 

[66]  Takahashi Y, Tanaka N, Kubota T, Ishiyama H, Shibazaki A, Gonoi T et al. Heteroaromatic 

alkaloids, nakijinamines, from a sponge Suberites sp. Tetrahedron 2012; 68:8545-8550. 

[67]  Tanaka N, Momose R, Takahashi Y, Kubota T, Takahashi-Nakaguchi A, Gonoi T et al. 

Hyrtimomines D and E, bisindole alkaloids from a marine sponge Hyrtios sp. Tetrahedron Lett 

2013; 54:4038-4040. 

[68]  Tsuda M, Takahashi Y, Fromont J, Mikami Y, Kobayashi Ji, Dendridine A, a bis-indole alkaloid 

from a marine sponge Dictyodendrilla species. J Nat Prod 2005; 68:1277-1278. 

[69]  Cimanga K, De Bruyne T, Pieters L, Totte J, Tona L, Kambu K et al. Antibacterial and antifungal 

activities of neocryptolepine, biscryptolepine and cryptoquindoline, alkaloids isolated from 

Cryptolepis sanguinolenta. Phytomedicine 1998; 5:209-214. 

[70]  Sawer IK, Berry MI, Ford JL, The killing effect of cryptolepine on Staphylococcus aureus. Lett 

Appl Microbiol 2005; 40:24-29. 

[71]  Bontemps N, Bry D, López-Legentil S, Simon-Levert A, Long C, Banaigs B, Structures and 

antimicrobial activities of pyridoacridine alkaloids isolated from different chromotypes of the 

ascidian Cystodytes dellechiajei. J Nat Prod 2010; 73:1044-1048. 

[72]  Bry D, Banaigs B, Long C, Bontemps N, New pyridoacridine alkaloids from the purple morph of 

the ascidian Cystodytes dellechiajei. Tetrahedron Lett 2011; 52:3041-3044. 

[73]  Araki A, Tsuda M, Kubota T, Mikami Y, Fromont J, Kobayashi J, Nagelamide J, a novel dimeric 

bromopyrrole alkaloid from a sponge Agelas species. Org Lett 2007; 9:2369-2371. 



26 
 

[74]  Kubota T, Araki A, Yasuda T, Tsuda M, Fromont J, Aoyama K et al. Benzosceptrin C, a new 

dimeric bromopyrrole alkaloid from sponge Agelas sp. Tetrahedron Lett 2009; 50:7268-7270. 

[75]  Tanaka N, Kusama T, Takahashi-Nakaguchi A, Gonoi T, Fromont J, Kobayashi Ji, Nagelamides 

X-Z, dimeric bromopyrrole alkaloids from a marine sponge Agelas sp. Org Lett 2013. 

[76]  Cafieri F, Fattorusso E, Mangoni A, Taglialatela-Scafati O, Longamide and 3,7-

dimethylisoguanine, two novel alkaloids from the marine sponge Agelas longissima. Tetrahedron 

Lett 1995; 36:7893-7896. 

[77]  Kosina P, Walterová D, Ulrichová J, Lichnovský V, Stiborová M, Rýdlová H et al. Sanguinarine 

and chelerythrine: assessment of safety on pigs in ninety days feeding experiment. Food Chem 

Toxicol 2004; 42:85-91. 

[78]  Hannah JJ, Johnson JD, Kuftinec MM, Long-term clinical evaluation of toothpaste and oral rinse 

containing sanguinaria extract in controlling plaque, gingival inflammation, and sulcular bleeding 

during orthodontic treatment. Am J Orthodont Dentofacial Orthop 1989; 96:199-207. 

[79]  Tominaga K, Higuchi K, Hamasaki N, Hamaguchi M, Takashima T, Tanigawa T et al. In vivo 

action of novel alkyl methyl quinolone alkaloids against Helicobacter pylori. J Antimicrob 

Chemother 2002; 50:547-552. 

[80]  Jiao W, Zhang F, Zhao X, Hu J, Suh J-W, A novel alkaloid from marine-derived actinomycete 

Streptomyces xinghaiensis with broad-spectrum antibacterial and cytotoxic activities. PLoS One 

2013; 8:e75994. 

[81]  Alhanout K, Malesinki S, Vidal N, Peyrot V, Rolain JM, Brunel JM, New insights into the 

antibacterial mechanism of action of squalamine. J Antimicrob Chemother 2010; 65:1688-1693. 

[82]  Djouhri-Bouktab L, Alhanout K, Andrieu V, Raoult D, Rolain JM, Brunel JM, Squalamine 

ointment for Staphylococcus aureus skin decolonization in a mouse model. J Antimicrob 

Chemother 2011; 66:1306-1310. 

[83]  Locher HH, Ritz D, Pfaff P, Gaertner M, Knezevic A, Sabato D et al. Dimers of nostocarboline 

with potent antibacterial activity. Chemotherapy 2010; 56:318-324. 



27 
 

[84]  Kumar NS, Dullaghan EM, Finlay BB, Gong H, Reiner NE, Jon Paul Selvam J et al. Discovery 

and optimization of a new class of pyruvate kinase inhibitors as potential therapeutics for the 

treatment of methicillin-resistant Staphylococcus aureus infections. Bioorg Med Chem 2014; 

22:1708-1725. 

[85]  Wahba AE, Peng JN, Kudrimoti S, Tekwani BL, Hamann MT, Structure-activity relationship 

studies of manzamine A: amidation of positions 6 and 8 of the β-carboline moiety. Bioorg Med 

Chem 2009; 17:7775-7782. 

[86]  Ball AR, Casadei G, Samosorn S, Bremner JB, Ausubel FM, Moy TI et al. Conjugating berberine 

to a multidrug resistance pump inhibitor creates an effective antimicrobial. ACS Chem Biol 2006; 

1:594-600. 

[87]  Rane RA, Gutte SD, Sahu NU, Synthesis and evaluation of novel 1,3,4-oxadiazole derivatives of 

marine bromopyrrole alkaloids as antimicrobial agent. Bioorg Med Chem Lett 2012; 22:6429-

6432. 

[88]  Rane R, Sahu N, Shah C, Shah N, Design, synthesis and antistaphylococcal activity of marine 

pyrrole alkaloid derivatives. J Enzyme Inhib Med Chem 2014; 29:401-407. 

[89]  Alegaon SG, Alagawadi KR, Sonkusare PV, Chaudhary SM, Dadwe DH, Shah AS, Novel 

imidazo[2,1-b][1,3,4]thiadiazole carrying rhodanine-3-acetic acid as potential antitubercular 

agents. Bioorg Med Chem Lett 2012; 22:1917-1921. 

[90]  Singh P, Jindal B, Surolia A, Panda D, A rhodanine derivative CCR-11 inhibits bacterial 

proliferation by inhibiting the assembly and GTPase activity of FtsZ. Biochemistry 2012; 

51:5434-5442. 

[91]  Fan DL, Xiao XH, Ma XJ, Calorimetric study of the effect of protoberberine alkaloids in Coptis 

chinensis Franch on Staphylococcus aureus growth. Thermochim Acta 2008; 480:49-52. 

[92]  Sun N, Chan F-Y, Lu Y-J, Neves MA, Lui H-K, Wang Y et al. Rational design of berberine-

based FtsZ inhibitors with broad-spectrum antibacterial activity. PLoS One 2014; 9:e97514. 



28 
 

[93]  Rubinstein E, Keynan Y, Short-course therapy for severe infections. Int J Antimicrob Agents 

2013; 42, Supplement 1:S22-S24. 

[94]  Shetty RK, Madken M, Naha K, Vivek G, Successful management of native-valve Brucella 

endocarditis with medical therapy alone. BMJ Case Reports 2013; 2013. 

[95]  Levinson W, 'Pathogenesis' and 'Antimicrobial drugs: mechanism of action'. In: Review of 

Medical Microbiology and Immunology. London: McGraw-Hill, 2010. 

[96]  Steele RW, Managing infection in cancer patients and other immunocompromised children. 

Ochsner J 2012; 12:202-210. 

[97]  French GL, Bactericidal agents in the treatment of MRSA infections - the potential role of 

daptomycin. J Antimicrob Chemother 2006; 58:1107-1117. 

[98]  Otshudi AL, Apers S, Pieters L, Claeys M, Pannecouque C, De Clercq E et al. Biologically active 

bisbenzylisoquinoline alkaloids from the root bark of Epinetrum villosum. J Ethnopharmacol 

2005; 102:89-94. 

[99]  Sawer IK, Berry MI, Brown MW, Ford JL, The effect of cryptolepine on the morphology and 

survival of Escherichia coli, Candida albicans and Saccharomyces cerevisiae. J Appl Microbiol 

1995; 79:314-321. 

[100]  Wang X, Yao X, Zhu Za, Tang T, Dai K, Sadovskaya I et al. Effect of berberine on 

Staphylococcus epidermidis biofilm formation. Int J Antimicrob Agents 2009; 34:60-66. 

[101]  Rao KN, Venkatachalam SR, Inhibition of dihydrofolate reductase and cell growth activity by the 

phenanthroindolizidine alkaloids pergularinine and tylophorinidine: the in vitro cytotoxicity of 

these plant alkaloids and their potential as antimicrobial and anticancer agents. Toxicol In Vitro 

2000; 14:53-59. 

[102]  Beuria TK, Santra MK, Panda D, Sanguinarine blocks cytokinesis in bacteria by inhibiting FtsZ 

assembly and bundling. Biochemistry 2005; 44:16584-16593. 

[103]  Domadia PN, Bhunia A, Sivaraman J, Swarup S, Dasgupta D, Berberine targets assembly of 

Escherichia coli cell division protein FtsZ. Biochemistry 2008; 47:3225-3234. 



29 
 

[104]  Boberek JM, Stach J, Good L, Genetic evidence for inhibition of bacterial division protein FtsZ 

by berberine. PLoS One 2010; 5: e13745. 

[105]  Casu L, Cottiglia F, Leonti M, De Logu A, Agus E, Tse-Dinh Y-C et al. Ungeremine effectively 

targets mammalian as well as bacterial type I and type II topoisomerases. Bioorg Med Chem Lett 

2011; 21:7041-7044. 

[106]  Salmi C, Loncle C, Vidal N, Letourneux Y, Fantini J, Maresca M et al. Squalamine: an 

appropriate strategy against the emergence of multidrug resistant Gram-negative bacteria? PLoS 

One 2008; 3:e2765. 

[107]  Zuo G-Y, Li Y, Wang T, Han J, Wang G-C, Zhang Y-L et al. Synergistic antibacterial and 

antibiotic effects of bisbenzylisoquinoline alkaloids on clinical isolates of methicillin-resistant 

Staphylococcus aureus (MRSA). Molecules 2011; 16:9819-9826. 

[108]  Mitchell G, Lafrance M, Boulanger S, Séguin DL, Guay I, Gattuso M et al. Tomatidine acts in 

synergy with aminoglycoside antibiotics against multiresistant Staphylococcus aureus and 

prevents virulence gene expression. J Antimicrob Chemother 2012; 67:559-568. 

[109]  Cushnie TPT, Lamb AJ, Recent advances in understanding the antibacterial properties of 

flavonoids. Int J Antimicrob Agents 2011; 38:99-107. 

[110]  Lavigne J-P, Brunel J-M, Chevalier J, Pagès J-M, Squalamine, an original chemosensitizer to 

combat antibiotic-resistant Gram-negative bacteria. J Antimicrob Chemother 2010; 65:799-801. 

[111]  Mohtar M, Johari S, Li A, Isa M, Mustafa S, Ali A et al. Inhibitory and resistance-modifying 

potential of plant-based alkaloids against methicillin-resistant Staphylococcus aureus (MRSA). 

Curr Microbiol 2009; 59:181-186. 

[112]  Maurya A, Dwivedi GR, Darokar MP, Srivastava SK, Antibacterial and synergy of clavine 

alkaloid lysergol and its derivatives against nalidixic acid-resistant Escherichia coli. Chem Biol 

Drug Des 2013; 81:484-490. 

[113]  Marquez B, Neuville L, Moreau NJ, Genet J-P, dos Santos AF, Caño de Andrade MC et al. 

Multidrug resistance reversal agent from Jatropha elliptica. Phytochemistry 2005; 66:1804-1811. 



30 
 

[114]  Markham PN, Westhaus E, Klyachko K, Johnson ME, Neyfakh AA, Multiple novel inhibitors of 

the NorA multidrug transporter of Staphylococcus aureus. Antimicrob Agents Chemother 1999; 

43:2404-2408. 

[115]  Asok Kumar K, Mazumdar K, Dutta NK, Karak P, Dastidar SG, Ray R, Evaluation of synergism 

between the aminoglycoside antibiotic streptomycin and the cardiovascular agent amlodipine. 

Biol Pharm Bull 2004; 27:1116-1120. 

[116]  Renau TE, Léger R, Flamme EM, Sangalang J, She MW, Yen R et al. Inhibitors of efflux pumps 

in Pseudomonas aeruginosa potentiate the activity of the fluoroquinolone antibacterial 

levofloxacin. J Med Chem 1999; 42:4928-4931. 

[117]  Gibbons S, Oluwatuyi M, Kaatz GW, A novel inhibitor of multidrug efflux pumps in 

Staphylococcus aureus. J Antimicrob Chemother 2003; 51:13-17. 

[118]  Furlani RE, Yeagley AA, Melander C, A flexible approach to 1,4-di-substituted 2-

aminoimidazoles that inhibit and disperse biofilms and potentiate the effects of β-lactams against 

multi-drug resistant bacteria. Eur J Med Chem 2013; 62:59-70. 

[119]  Dasgupta A, Chaki S, Mukherjee S, Lourduraja J, Mazumdar K, Dutta NK et al. Experimental 

analyses of synergistic combinations of antibiotics with a recently recognised antibacterial agent, 

lacidipine. Eur J Clin Microbiol Infect Dis 2010; 29:239-243. 

[120]  Mullin S, Mani N, Grossman TH, Inhibition of antibiotic efflux in bacteria by the novel multidrug 

resistance inhibitors biricodar (VX-710) and timcodar (VX-853). Antimicrob Agents Chemother 

2004; 48:4171-4176. 

[121]  Chagnon F, Guay I, Bonin M-A, Mitchell G, Bouarab K, Malouin F et al. Unraveling the 

structure-activity relationship of tomatidine, a steroid alkaloid with unique antibiotic properties 

against persistent forms of Staphylococcus aureus. Eur J Med Chem 2014; 80:605-620. 

[122]  Zloh M, Gibbons S, Molecular similarity of MDR inhibitors. Int J Mol Sci 2004; 5:37-47. 



31 
 

[123]  Lee YS, Han SH, Lee SH, Kim YG, Park CB, Kang OH et al. Synergistic effect of tetrandrine 

and ethidium bromide against methicillin-resistant Staphylococcus aureus (MRSA). J Toxicol Sci 

2011; 36:645-651. 

[124]  Yang J, Tauschek M, Robins-Browne RM, Control of bacterial virulence by AraC-like regulators 

that respond to chemical signals. Trends Microbiol 2011; 19:128-135. 

[125]  Hung DT, Shakhnovich EA, Pierson E, Mekalanos JJ, Small-molecule inhibitor of Vibrio 

cholerae virulence and intestinal colonization. Science 2005; 310:670-674. 

[126]  Shakhnovich EA, Hung DT, Pierson E, Lee K, Mekalanos JJ, Virstatin inhibits dimerization of 

the transcriptional activator ToxT. Proc Natl Acad Sci USA 2007; 104:2372-2377. 

[127]  Lee J, Attila C, Cirillo SLG, Cirillo JD, Wood TK, Indole and 7-hydroxyindole diminish 

Pseudomonas aeruginosa virulence. Microb Biotechnol 2009; 2:75-90. 

[128]  Lee JH, Kim YG, Cho MH, Kim JA, Lee J, 7-fluoroindole as an antivirulence compound against 

Pseudomonas aeruginosa. FEMS Microbiol Lett 2012; 329:36-44. 

[129]  Zender M, Klein T, Henn C, Kirsch B, Maurer CK, Kail D et al. Discovery and biophysical 

characterization of 2-amino-oxadiazoles as novel antagonists of PqsR, an important regulator of 

Pseudomonas aeruginosa virulence. J Med Chem 2013; 56:6761-6774. 

[130]  Park J, Kaufmann GF, Bowen JP, Arbiser JL, Janda KD, Solenopsin A, a venom alkaloid from 

the fire ant Solenopsis invicta, inhibits quorum-sensing signaling in Pseudomonas aeruginosa. J 

Infect Dis 2008; 198:1198-1201. 

[131]  Jang KH, Chung S-C, Shin J, Lee S-H, Kim T-I, Lee H-S et al. Aaptamines as sortase A 

inhibitors from the tropical sponge Aaptos aaptos. Bioorg Med Chem Lett 2007; 17:5366-5369. 

[132]  Kim SH, Shin DS, Oh MN, Chung SC, Lee JS, Oh KB, Inhibition of the bacterial surface protein 

anchoring transpeptidase sortase by isoquinoline alkaloids. Biosci Biotechnol Biochem 2004; 

68:421-424. 



32 
 

[133]  Kudryavtsev KV, Bentley ML, McCafferty DG, Probing of the cis-5-phenyl proline scaffold as a 

platform for the synthesis of mechanism-based inhibitors of the Staphylococcus aureus sortase 

SrtA isoform. Bioorg Med Chem 2009; 17:2886-2893. 

[134]  Oh KB, Mar W, Kim S, Kim JY, Oh MN, Kim JG et al. Bis(indole) alkaloids as sortase A 

inhibitors from the sponge Spongosorites sp. Bioorg Med Chem Lett 2005; 15:4927-4931. 

[135]  Sun D, Courtney HS, Beachey EH, Berberine sulfate blocks adherence of Streptococcus pyogenes 

to epithelial cells, fibronectin, and hexadecane. AntimicrobAgents Chemother 1988; 32:1370-

1374. 

[136]  Sun D, Abraham SN, Beachey EH, Influence of berberine sulfate on synthesis and expression of 

Pap fimbrial adhesin in uropathogenic Escherichia coli. Antimicrob Agents Chemother 1988; 

32:1274-1277. 

[137]  Åberg V, Das P, Chorell E, Hedenström M, Pinkner JS, Hultgren SJ et al. Carboxylic acid 

isosteres improve the activity of ring-fused 2-pyridones that inhibit pilus biogenesis in E. coli. 

Bioorg Med Chem Lett 2008; 18:3536-3540. 

[138]  Chorell E, Pinkner JS, Bengtsson C, Banchelin TS-L, Edvinsson S, Linusson A et al. Mapping 

pilicide anti-virulence effect in Escherichia coli, a comprehensive structure-activity study. Bioorg 

Med Chem 2012; 20:3128-3142. 

[139]  Piatek R, Zalewska-Piatek B, Dzierzbicka K, Makowiec S, Pilipczuk J, Szemiako K et al. 

Pilicides inhibit the FGL chaperone/usher assisted biogenesis of the Dr fimbrial polyadhesin from 

uropathogenic Escherichia coli. BMC Microbiol 2013; 13:131. 

[140]  Bryk R, Gold B, Venugopal A, Singh J, Samy R, Pupek K et al. Selective killing of 

nonreplicating mycobacteria. Cell Host Microbe 2008; 3:137-145. 

[141]  Felise HB, Nguyen HV, Pfuetzner RA, Barry KC, Jackson SR, Blanc M-P et al. An inhibitor of 

Gram-negative bacterial virulence protein secretion. Cell Host Microbe 2008; 4:325-336. 



33 
 

[142]  Kline T, Barry KC, Jackson SR, Felise HB, Nguyen HV, Miller SI, Tethered thiazolidinone 

dimers as inhibitors of the bacterial type III secretion system. Bioorg Med Chem Lett 2009; 

19:1340-1343. 

[143]  Sack RB, Froehlich JL, Berberine inhibits intestinal secretory response of Vibrio cholerae and 

Escherichia coli enterotoxins. Infect Immun 1982; 35:471-475. 

[144]  Hu J, Takahashi N, Yamada T, Coptidis Rhizoma inhibits growth and proteases of oral bacteria. 

Oral Dis 2000; 6:297-302. 

[145]  Huigens III RW, Rogers SA, Steinhauer AT, Melander C, Inhibition of Acinetobacter baumannii, 

Staphylococcus aureus and Pseudomonas aeruginosa biofilm formation with a class of TAGE-

triazole conjugates. Org Biomol Chem 2009; 7:794-802. 

[146]  Barczak AK, Hung DT, Productive steps toward an antimicrobial targeting virulence. Curr Opin 

Microbiol 2009; 12:490-496. 

[147]  Majik MS, Naik D, Bhat C, Tilve S, Tilvi S, D’Souza L, Synthesis of (R)-norbgugaine and its 

potential as quorum sensing inhibitor against Pseudomonas aeruginosa. Bioorg Med Chem Lett 

2013; 23:2353-2356. 

[148]  Skogman ME, Kujala J, Busygin I, Leino R, Vuorela PM, Fallarero A, Evaluation of antibacterial 

and anti-biofilm activities of cinchona alkaloid derivatives against Staphylococcus aureus. Nat 

Prod Commun 2012; 7:1173-1176. 

[149]  Samoylenko V, Khan SI, Jacob MR, Tekwani BL, Walker LA, Hufford CD et al. Bioactive (+)-

manzamine A and (+)-8-hydroxymanzamine A tertiary bases and salts from 

Acanthostrongylophora ingens and their preparations. Nat Prod Commun 2009; 4:185-192. 

[150]  Tuch BE, Lissing JR, Suranyi MG, Immunomodulation of human fetal cells by the fungal 

metabolite gliotoxin. Immunol Cell Biol 1988; 66:307-312. 

[151]  LaSarre B, Federle MJ, Exploiting quorum sensing to confuse bacterial pathogens. Microbiol Mol 

Biol Rev 2013; 77:73-111. 



34 
 

[152]  Brown DG, Lister T, May-Dracka TL, New natural products as new leads for antibacterial drug 

discovery. Bioorg Med Chem Lett 2014; 24:413-418. 

[153]  Junio HA, Sy-Cordero AA, Ettefagh KA, Burns JT, Micko KT, Graf TN et al. Synergy-directed 

fractionation of botanical medicines: a case study with goldenseal (Hydrastis canadensis). J Nat 

Prod 2011; 74:1621-1629. 

[154]  Hutter B, Fischer C, Jacobi A, Schaab C, Loferer H, Panel of Bacillus subtilis reporter strains 

indicative of various modes of action. Antimicrob Agents Chemother 2004; 48:2588-2594. 

 



 
 

 

Figure 1  Skeleton structures of (a) the major heterocyclic alkaloid classes possessing antibacterial activity and important 

antibacterial subclasses of the (b) indole and (c) isoquinoline alkaloids.   



 
 

Table 1 Information on the ten most potently antibacterial natural alkaloids as identified by PubMed and ScienceDirect searches 

(no date restrictions).   

 

Alkaloid Alkaloid class            

(& sub-class) 

MIC 

assay 

Cell density 

(CFU/mL) 

MIC (µg/mL) Reference 

Gram positive Gram negative Mycobacteria 

CJ-13,136 

 

Ascididemin 

 

Xinghaiamine A 

 

Eudistomin Y4 

 

Hapalindole I 

 

Squalamine 

 

Prosopilosidine 

 

Clausenol 

 

Chelerythrine 

 

8-ADHN  

 

Agelasine D 

 

Sanguinarine 

 

 

Quinolone 

 

Pyridoacridine 

 

Miscellaneous 

 

Indole (β-carboline) 

 

Indole 

 

Polyamine 

 

Indolizidine 

 

Indole (carbazole) 

 

Isoquinoline 

(benzophenanthridine) 

Isoquinoline 

 

Agelasine 

 

Isoquinoline 

(benzophenanthridine) 

BMAD 

 

BMID 

 

BMID 

 

BMID 

 

MABA 

 

BMID 

 

BMID 

 

AD 

 

BMID 

 

NS 

 

MTT 

 

BMID 

1 x 105 

 

2 x 108 

 

1 x 105 

 

5 x 105 

 

1 x 105 

 

1 x 105 

 

5 x 105 

 

NS 

 

1 x 105 

 

NS 

 

1 x 105 
 

1 x 106 

NA 

 

0.08 

 

0.3 to 4 

 

0.8 to 3.1 

 

NA 

 

1 to 2 

 

1.3 

 

1.3 to 14 

 

1.5 

 

1.6 

 

NT 

 

1.6 to 6.3 

0.0001 

 

0.06 

 

0.1 to 2 

 

0.4 to 50 

 

NA 

 

1 to >100 

 

NT 

 

7 to 14 

 

1.5 

 

NA 

 

NT 

 

NT 

NT 

 

NT 

 

NT 

 

NT 

 

0.7 

 

NT 

 

2.5 

 

NT 

 

NT 

 

NT 

 

1.6 to 3.1 

 

NT 

[63]* 

 

[71]* 

 

[80] 

 

[51]* 

 

[52]* 

 

[32,81,82] 

 

[53]* 

 

[47] 

 

[59]* 

 

[56]* 

 

[65] 

 

[58]   

Notes:  MIC ranges listed are for human pathogens.  Where MIC protocols were not stated or ambiguous in the journal article, 

authors were contacted for further details.  8-ADHN (8-acetonyldihydronitidine), agelasine D, and sanguinarine have comparable 

levels of antibacterial activity, so all three have been included in the table.  Studies marked with an asterisk identified more than 

one highly active compound.  BMAD, broth macrodilution assay;  BMID, broth microdilution assay;  MABA, microplate Alamar 

Blue assay;  MTT, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay;  NS, not stated;  NT, not tested;  

NA, not active (MIC >100µg/mL) 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table 2  Information on the five most potently synergistic alkaloid-antibiotic combinations as identified by PubMed and 

ScienceDirect searches (no date restrictions). 

 

(a) Naturally occurring alkaloids 

 

Alkaloid Alkaloid class Antibiotic Test bacteria Reduction in 

antibiotic MIC 

Reference 

Squalamine 

 

Lysergol 

 

Tetrandrine 

 

Compound 8 

 

Tomatidine 

 

Polyamine 

 

Ergoline 

 

Bisisoquinoline 

 

Pyridine 

 

Steroidal 

Ciprofloxacin 

 

Tetracycline 

 

Cefazolin 

 

Ciprofloxacin 

 

Gentamycin 

Klebsiella pneumoniae a 

 

Escherichia coli b 

 

MRSA 

 

S. aureus c 

 

S. aureus d 

16- to >32-fold 

 

8-fold 

 

4-fold 

 

3-fold 

 

2- to 32-fold 

[110]* 

 

[112]* 

 

[107] 

 

[113]* 

 

[108]* 

 

(b) Semi-synthetic and synthetic alkaloids 

 

Alkaloid Alkaloid class Antibiotic(s) Test bacteria Reduction in 

antibiotic MIC 

Reference 

INF392 

 

Amlodipine 

 

Compound 13 

 

GG918 

 

Compound 4e 

 

Pyrimidine 

 

Piperidine 

 

Quinoline 

 

Acridine-Isoquinoline 

 

Pyrrole-Imidazole 

Ciprofloxacin 

 

Streptomycin 

 

Levofloxacin 

 

Norfloxacin 

 

Oxacillin 

Bacillus subtilis c 

 

Salmonella Typhimurium 
 

P. aeruginosa a 

 

S. aureus a 

 

MRSA 

8-fold 

 

6.5- to 8-fold 

 

4- to 8-fold 

 

4- to 8-fold 

 

4-fold 

[114] 

 

[115] 

 

[116] 

 

[117]* 

 

[118] 

Notes:  All of the above studies tested for synergy using the broth microdilution method and/or checkerboard test.  Semi-

synthetic alkaloids which showed no improvement in activity compared to their parent structure have been excluded.  Studies 

marked with an asterisk detected synergy with more than one antibiotic and/or against more than one species.  a, efflux pump 

overproducing;  b, multidrug resistant;  c, NorA (efflux pump) expressing;  d, antibiotic-sensitive and multidrug resistant 

 

 

 

 



 
 

Table 3  Alkaloids identified as QS inhibitors based on their effects upon QS-regulated virulence factors and processes, and / or 

their interactions with specific QS targets.  

 

Alkaloid (& 

alkaloid class) 

Virulence factors / processes inhibited QS target(s) Reference 

Compound 37 

(1,3,4-Oxadiazole) 

 

7-Hydroxyindole 

(Indole) 

 

 

Solenopsin A 

(Piperidine) 

 

Tomatidine 

(Steroidal) 

 

Inhibits toxin (pyocyanin) & QS signal precursor (HHQ) production in 

P. aeruginosa 

 

Alters virulence gene expression, inhibits toxin (pyocyanin), QS signal 

(PQS), biosurfactant (rhamnolipid), & siderophore (pyochelin) 

production, & abolishes swarming motility in P. aeruginosa 

 

Inhibits virulence gene transcription, toxin  (pyocyanin) & destructive 

enzyme (elastase B) production, & biofilm formation in P. aeruginosa 

 

Inhibits virulence gene expression & haemolytic activity in S. aureus 

 

 

PqsR 

 

 

PQS, PqsR 

 

 

 

rhl system 

 

 

agr system 

[129] 

 

 

[127] 

 

 

 

[130] 

 

 

[108] 

QS, quorum sensing;  PQS, Pseudomonas quinolone signal (2-heptyl-3-hydroxy-4(1H)-quinolone);  PqsR, PQS transcriptional 

regulator (also known as ‘Multiple virulence factor regulator’ or ‘MvfR’);  HHQ, 2-heptyl-4-(1H)-quinolone (a precursor of 

PQS) 

 

 



Supplementary Table 1  Details of alkaloids discussed within the review. 

 

(a) Alkaloid monomers 

 

Alkaloid class Alkaloid  ChemSpider ID Molecular 

formula 

Reference 

Published name Systematic name 

Aaptamine Isoaaptamine 8-Methoxy-1-methyl-1H-benzo[de][1,6]naphthyridin-9-ol 

 

350474 C13H12N2O2 [1] 

Agelasine Agelasine D 6-Amino-9-methyl-7-[(2E)-3-methyl-5-(5,5,8a-trimethyl-2-methylenedecahydro-1-

naphthalenyl)-2-penten-1-yl]-7H-purin-9-ium chloride  

 

28580684 C26H40ClN5 [2] 

Ergoline  Lysergol [(8β)-6-Methyl-9,10-didehydroergolin-8-yl]methanol  

 

14267 C16H18N2O [3] 

Indole Clausenol 

 

7-Fluoroindole 

 

7-Hydroxyindole 

 

Eudistomin Y4 

 

Hapalindole I 

6-Methoxy-3-methyl-9H-carbazol-1-ol  

 

7-Fluoro-1H-indole  

 

1H-Indol-4-ol  

 

(6-Bromo-9H-β-carbolin-1-yl)(3-bromo-4-hydroxyphenyl)methanone 

 

(6aR,8R,9R)-8-Chloro-10-isocyano-6,6,9-trimethyl-9-vinyl-2,6,6a,7,8,9-

hexahydronaphtho[1,2,3-cd]indole  

 

8529137 

 

2054901  

 

67953 

 

23314571 

 

10475139 

C14H13NO2 

 

C8H6FN  

 

C8H7NO 

 

C18H10Br2N2O2 

 

C21H21Cl N2 

[4] 

 

[5] 

 

[6] 

 

[7] 

 

[8] 

Indolizidine Pergularinine 

 

 

Prosopilosidine 

 

 

Tylophoridinine 

 

(13aS,14R)-3,6,7-Trimethoxy-9,11,12,13,13a,14-hexahydrodibenzo[f,h]pyrrolo[1,2-

b]isoquinolin-14-ol 

 

6-{10-[(2R,5R,6S)-5-Hydroxy-6-methyl-2-piperidinyl]decyl}-8-{10-[(2R,5S,6R)-5-

hydroxy-6-methyl-2-piperidinyl]decyl}-2,3-dihydro-1H-indolizinium chloride  

 

(13aS,14S)-3,7-Dimethoxy-9,11,12,13,13a,14-hexahydrodibenzo[f,h]pyrrolo[1,2-

b]isoquinoline-6,14-diol  

 

232616 

 

 

25061528 

 

 

142063 

C23H25NO4 

 

 

C40H72ClN3O2 

 

 

C22H23NO4 

[9] 

 

 

[10] 

 

 

[9] 

 

Isoquinoline 8-Acetonyldihydronitidine 

(8-ADHN) 

 

Berberine 

 

1-(2,3-Dimethoxy-12-methyl-12,13-dihydro[1,3]benzodioxolo[5,6-c]phenanthridin-13-

yl)acetone  

 

9,10-Dimethoxy-5,6-dihydro[1,3]dioxolo[4,5-g]isoquinolino[3,2-a]isoquinolin-7-ium  

 

8915378  

 

 

2263 

 

C24H23NO5 

 

 

C20H18NO4  

 

[11] 

 

 

[12] 

 



Alkaloid class Alkaloid  ChemSpider ID Molecular 

formula 

Reference 

Published name Systematic name 

Isoquinoline  

(ctd.) 

Chelerythrine 

 

Compound 9 

 

Sanguinarine 

 

SS14 

 

 

Ungeremine 

 

Virstatin 

1,2-Dimethoxy-12-methyl[1,3]benzodioxolo[5,6-c]phenanthridin-12-ium  

 

1-(4-Biphenylyl)-2,3,7,8-tetramethoxy-5-methylbenzo[c]phenanthridinium 

 

13-Methyl[1,3]benzodioxolo[5,6-c][1,3]dioxolo[4,5-i]phenanthridin-13-ium  

 

9,10-Dimethoxy-13-[2-(5-nitro-1H-indol-2-yl)benzyl]-5,6-dihydrobenzo[g]-1,3-

benzodioxolo[5,6-α]quinolizinium bromide  

 

2-Hydroxy-4,5-dihydro[1,3]dioxolo[4,5-j]pyrrolo[3,2,1-de]phenanthridin-6-ium  

 

4-(1,3-Dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butanoic acid  

2602 

 

28651733  

 

4970 

 

- 

 

 

140368  

 

128749 

C21H18NO4 

 

C34H30NO4  

 

C20H14NO4 

 

C35H28N3O6 

 

 

C16H12NO3  

 

C16H13NO4 

[13] 

 

[14] 

 

[15] 

 

[16] 

 

 

[17] 

 

[18] 

 

Manzamine 8-n-hexamidomanzamine A N-{1-[(1R,2R,4R,5Z,12R,13S,16Z)-13-Hydroxy-11,22-diazapentacyclo 

[11.11.2.12,22.02,12.04,11]heptacosa-5,16,25-trien-25-yl]-9H-β-carbolin-8-yl}hexanamide  

 

24647972 C42H55N5O2 [19] 

1,3,4-Oxadiazole Compound 37 5-[3-(Trifluoromethyl)phenyl]-1,3,4-oxadiazol-2-amine  

 

20618 C9H6F3N3O [20] 

Piperidine Amlodipine 

 

 

Solenopsin A 

3-Ethyl 5-methyl 2-[(2-aminoethoxy)methyl]-4-(2-chlorophenyl)-6-methyl-1,4-

dihydro-3,5-pyridinedicarboxylate 

 

(2R,6R)-2-Methyl-6-undecylpiperidine  

 

2077 

 

 

65431 

C20H25ClN2O5 

 

 

C17H35N 

[21] 

 

 

[22] 

Polyamine Squalamine (3β,5α,7α,24R)-3-({3-[(4-Aminobutyl)amino]propyl}amino)-7-hydroxycholestan-24-

yl hydrogen sulfate 

 

65407 C34H65N3O5S [23] 

Pyridine Compound 8 Diethyl 2,6-dimethyl-4-phenyl-3,5-pyridinedicarboxylate  

 

547037 C19H21NO4 [24] 

Pyrimidine 

 

INF392 2-(Benzylthio)-5-(diphenylmethyl)-6-hydroxy-4(1H)-pyrimidinone - C24H20N2O2S [25] 

Pyrrole Compound 4m 4,5-Dibromo-N’-(4-(2,6-dichlorophenoxy)benzylidene)-1-methyl-1H-pyrrole-2-

carbohydrazide 

 

- Not stated [26] 

Quinoline 

 

Compound 13 N2-[(2S)-2-Amino-4-phenylbutanoyl]-N-3-quinolinyl-L-ornithinamide  419715 C24H29N5O2 [27] 

Quinolone CJ-13,136 

 

2-[(2E)-3,7-Dimethyl-2,6-octadien-1-yl]-3-methyl-4(1H)-quinolinone  8079894 C20H25NO [28] 



Alkaloid class Alkaloid  ChemSpider ID Molecular 

formula 

Reference 

Published name Systematic name 

Quinolone 

(ctd.) 

Not stated 

 

Evocarpine 

1-Methyl-2[(Z)-7-tridecenyl]-4-(1H)-quinolone 

 

1-Methyl-2[(Z)-8-tridecenyl]-4-(1H)-quinolone 

 

- 

 

4524183 

C23H33NO 

 

C23H33NO 

[29] 

 

[29] 

Steroidal 

 

Tomatidine 

 

(3β,5α,25S)-Spirosolan-3-ol 

 

59019 

 

C27H45NO2 

 

[30] 

 

Thiazole CCR-11 

 

D155931 

 

 

D157070 

 

 

TTS29 

2-Thioxo-5-({5-[3-(trifluoromethyl)phenyl]-2-furyl}methylene)-1,3-thiazolidin-4-one  

 

3-[(5Z)-5-{[5-(2-Chlorophenyl)-2-furyl]methylene}-4-oxo-2-thioxo-1,3-thiazolidin-3-

yl]benzoic acid  

 

3-Hydroxypropyl 3-[(5Z)-5-{[5-(2-chlorophenyl)-2-furyl]methylene}-4-oxo-2-thioxo-

1,3-thiazolidin-3-yl]benzoate 

 

(2Z,5Z)-5-(4-Hydroxy-3,5-dimethoxybenzylidene)-3-phenyl-2-(phenylimino)-1,3-

thiazolidin-4-one  

 

2120791  

 

24958530 

 

 

24958531 

 

 

1050113 

C15H8F3NO2S2  

 

C21H12ClNO4S2 

 

 

C24H18ClNO5S2 

 

 

C24H20N2O4S 

[31] 

 

[32] 

 

 

[32] 

 

 

[33] 

Miscellaneous 

 

Xinghaiamine A Not stated - C50H48N2OSNa [34] 

 

 

(b) Alkaloid dimers and oligomers 

 

Alkaloid class Alkaloid  ChemSpider ID Molecular 

formula 

Reference 

Published name Systematic name 

Acridine-

Isoquinoline 

 

GG918 N-{4-[2-(6,7-Dimethoxy-3,4-dihydro-2(1H)-isoquinolinyl)ethyl]phenyl}-5-methoxy-9-

oxo-9,10-dihydro-4-acridinecarboxamide  

106620 C34H33N3O5 [35] 

Bisindole 

 

 

 

 

NCD9 

 

5,6,6’-Tribromo-1H,1’H-

2,2’-biindole 

2,2'-(1,10-Decanediyl)bis(6-chloro-9H-β-carbolin-2-ium) 

 

Not stated 

25036916 

 

- 

C32H34Cl2N4 

 

C16H9Br3N2 

[36] 

 

[37] 

Bisindole-

Imidazole 

 

Bromodeoxytopsentin  [5-(6-Bromo-1H-indol-3-yl)-1H-imidazol-2-yl](1H-indol-3-yl)methanone  

 

354909 C20H13BrN4O [38] 



Alkaloid class Alkaloid  ChemSpider ID Molecular 

formula 

Reference 

Published name Systematic name 

Bisisoquinoline 

 

Tetrandrine (1β,1'ξ)-6,6',7,12-Tetramethoxy-2,2'-dimethylberbaman 4479515 C38H42N2O6 [39] 

Pyridoacridine 

 

Ascididemin 9H-Quinolino[4,3,2-de][1,10]phenanthrolin-9-one 164401 C18H9N3O [40] 

Pyrrole-Imidazole 

 

 

Compound 4e 

 

N-(2-{4-[5-(2-Amino-1-isobutyl-1H-imidazol-4-yl)pentyl]-1H-1,2,3-triazol-1-

yl}ethyl)-4-pentylbenzamide hydrochloride (1:1)  

29417820 C28H44ClN7O [41] 

Bisthiazole 

 

 

Compound 6f 2-((5Z)-5-((2-(trifluoromethyl)-6-(4-methoxyphenyl) imidazo [2,1-b][1,3,4]-thiadiazol-

5-yl)methylene)-4-oxo-2-thioxothiazolidin-3-yl)acetic acid 

- C18H11F3N4O4S3 [42] 

Note: Readers are referred to the Royal Society of Chemistry ChemSpider database (http://www.chemspider.com/) and supporting references for alkaloid structures and further details.  -, not 

available 
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