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A B S T R A C T

Microbial infections have been a widely studied area of disease research since historical times, yet they are a 
cause of severe illness and deaths worldwide. Furthermore, infections by pathogens are not just restricted to 
humans; instead, a diverse range of hosts, including plants, livestock, marine organisms and fish, cause signif
icant economic losses and pose threats to humans through their transmission in the food chain. It is now believed 
that both the pathogen and the host contribute to the outcomes of a disease pathology. Researchers have 
unravelled numerous aspects of host-pathogen interactions, offering valuable insights into the physiological, 
cellular and molecular processes and factors that contribute to the development of infectious diseases. Poly
amines are key factors regulating cellular processes and human ageing and health. However, they are often 
overlooked in the context of host-pathogen interactions despite playing a dynamic role as a defence molecule 
from the perspective of the host as well as the pathogen. They form a complex network interacting with several 
molecules within the cell, with reactive oxygen species being a key component. This review presents a thorough 
overview of the current knowledge of polyamines and their intricate interactions with reactive oxygen species in 
the infection of multiple pathogens in diverse hosts. Interestingly, the review covers the interplay of the com
mensals and pathogen infection involving polyamines and reactive oxygen species, highlighting an unexplored 
area within this field. From a future perspective, the dynamic interplay of polyamines and oxidative stress in 
microbial pathogenesis is a fascinating area that widens the scope of developing therapeutic strategies to combat 
deadly infections.

1. Introduction

Microbes are ubiquitous entities of nature, occupying diverse 
ecological niches and sharing countless interactions amongst each other 
and with higher eukaryotes as symbionts, predators, and competitors. 
Apart from nature, they reside in multiple hosts as the so-called “com
mensals” regulating several host cellular and physiological functions. 
Animals and other higher eukaryotes are rich sources of nutrients for 
these microscopic creatures, providing sugars, amino acids, nitrogen- 
rich compounds such as ammonia, etc [1]. Apart from the commen
sals, certain microbes are capable of causing disease in their hosts. With 
the origin of the “germ theory”, only microbes that meet the set Koch’s 
postulates were classified as pathogens. Over the years with advance
ments in host-microbe interactions, theories to classify microbes as 
pathogens have also reformed. As defined by the “damage response 

framework” of microbial pathogenesis, the pathogenesis arises due to 
host and microbe interaction, and host damage is an outcome of the 
pathogenesis, while the damage can be due to both the microbial and 
host factors [2]. However, microbial pathogenicity is variable depend
ing on the extent of damage caused by the interactions between a host 
and a particular pathogen. Thereby describing infection as the ability of 
the pathogen to persist and multiply within the host while eventually 
leading to damage [3]. Thus, it can be considered that the evolution of 
the pathogenesis of microbes is due to the foraging of nutrients from rich 
animal sources while eventually sparkling disease pathologies [1].

Microbial pathogens are a cause of illness and morbidity worldwide. 
The WHO has issued a priority list of pathogens associated with severe 
illness and fatalities. The updated bacterial and pathogen priority list 
issued in 2024 is an important tool to educate and fight the global rise of 
antimicrobial resistance. It includes the names of Mycobacterium 
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tuberculosis, Salmonella, Shigella, Pseudomonas, Staphylococcus aureus and 
Neisseria gonorrhoeae [4]. On the other hand, the WHO fungal pathogen 
priority list released in 2022 was due to the substantial rise in fatal 
fungal infections during the COVID-19 pandemic and the subsequent 
increase in resistance to anti-fungal drugs [5]. Over 1.5 million deaths 
are caused worldwide by the disease caused by fungal pathogens [6]. 
Another major cause of mortality in the healthcare sector is 
healthcare-associated infections, also called nosocomial infections, 
leading to around 40,000 deaths per year. The incidences are increasing 
at 25 % in developing countries and 5–15 % in developed countries [7]. 
The antimicrobial-resistant strains of ESKAPE (Enterococcus faecalis, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinatobacter baumannii, 
Pseudomonas aeruginosa, Enterobacter aerogenes) pathogens are the major 
causes of nosocomial infections and associated deaths worldwide. 
Further, a recent cohort study accounted for the highest incidence of 
respiratory viral diseases caused by rhinoviruses and common cold 
Coronaviruses both before and post-COVID-19 pandemic [8]. The 
pathogenesis of these critical pathogens involves stealthy strategies to 
evade the host immune system, the ability to invade the host, competing 
with the resident microbiota to colonise the niche, and modulating host 
metabolic pathways to ensure nutrient availability and persistence. 
Multiple players are critical for the successful pathogenesis and infection 
by the pathogen, such as the elimination of motility structures as in 
Salmonella that sheds flagella when inside its host cells to prevent 
TLR-mediated immune responses, mutations of the surface protein 
structures as in SARS-Cov2, yeast to hyphae transition in Candida [8–10] 
and translocation of effector proteins to modulate host cellular processes 
[11]. One critical molecular player in host-pathogen interactions is the 
family of polyamines. Polyamines are polycationic small amines ubiq
uitous in nature and are key molecules regulating numerous cellular 
processes in both prokaryotes and eukaryotes. Studies over the years 
have linked these polycationic molecules to several aspects of 
host-pathogen interactions, particularly their involvement in microbial 
pathogenesis. Moreover, various host factors, such as oxidative stress, 
nitrosative stress, complement systems, pH changes, autophagy, hu
moral immune strategies, etc., employed to limit the infection are 

critical in such interactions. Pathogens occupying the host niches and 
counteracting the host immune strategies evolve to develop resistance 
and subsequently conquer the host in the arms race.

The significant rise in severe pathogen infections and associated 
mortality worldwide urges the need to delve deep into the unknown 
facets of host-pathogen interactions and widen the horizon. Under
standing the pathogenesis, identifying novel drug targets and devel
oping sustainable treatment strategies to curb such devastating 
infectious diseases is paramount. In this review, we integrate the recent 
advances in a comprehensive review of the polyamines in microbial 
pathogenesis from diverse pathogen and host perspectives. Polyamines 
are known to function by interacting with several biomolecules and 
molecular players. This review primarily centres on the unique interplay 
of polyamines and oxidative stress in host-pathogen interactions. We 
further highlight the key functions of polyamines in interactions of the 
commensals and pathobionts within the host niches, underscoring the 
host-commensal-pathogen interaction paradigm. We conclude by 
consolidating the present therapeutic interventions targeting poly
amines and oxidative stress pathways in curing multiple infections and 
explore this arena as a source of anti-pathogen drug discoveries and 
identification of novel and sustainable strategies to curb deadly path
ogen infections.

2. Polyamines in infectious diseases

With the discovery of polyamines by Antonie Van Leeuwenhoek in 
1678, a new arena of research has emerged in cell biology to delve into 
the functions of these polycationic molecules (Fig. 1). These molecules 
are ubiquitously present in all living forms, and their significant levels 
within the eukaryotic and prokaryotic cells have led to a substantial 
number of research to delineate the role of these critical molecules in a 
wide array of lifeforms [12,13]. The levels of polyamines within the cells 
change with the different conditions and are associated with a wide 
range of functions [14]. The function of polyamines has been deeply 
studied in mammals. However, with recent advancements in this field, 
the critical role of polyamines has also been explored in other organisms 

Fig. 1. The molecular reactions and metabolism of polyamines and ROS in cells- Polyamines and ROS are synthesized by distinct molecular reactions. The 
polyamines are synthesized from L-Arginine as the main precursor. They are also obtained from various dietary sources. Besides, the gut microbiota play a critical role 
in metabolising dietary components and produces polyamines for absorption, that is available to both the host as well as enteric pathogens. ROS members include the 
Hydrogen peroxides (H2O2) and superoxide anions (O2

◦ -), toxic hydroxyl radicals (◦OH), Nitric oxide (NO◦) and the peroxynitrites (ONOO− ).
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such as plants, bacteria, viruses, fungi, protozoa and a few other in
vertebrates. In mammals, they are linked to angiogenesis, growth and 
development, endocrine, reproductive, digestive and many more phys
iological processes [15]. Polyamines also play a key role in cancer 
development and tumour progression in the mammalian system [16,
17]. New investigations led to the exploration of their function in in
fectious disease pathogenesis. Microbes also have significant levels of 
polyamines, where these small polycationic molecules regulate their 
growth and virulence properties [18–21]. Bacterial pathogens such as 
Salmonella Typhimurium, Streptococcus pneumoniae, Helicobacter pylori, 
Vibrio cholerae, and many more utilize polyamines for their pathogenesis 
and infection into their corresponding hosts [19,22–24]. Recent studies 
highlight the role of polyamines in the expression and construction of 
the specialised Type 3 secretion system (T3SS) encoded by the Salmo
nella Pathogenicity Island-1(SPI-1) and also the surface adhesive struc
tures, thereby aiding in adhesion and invasion into the intestinal 
epithelial cells [25,26]. Similarly, in the fish pathogen Edwardsiella 
piscicida, which infects humans through contaminated food and water, 
polyamines contribute to immune evasion by upregulating host cyto
solic spermine levels. This accumulation inhibits K+-ion 
efflux-dependent NLP3 inflammasome activation, allowing the path
ogen to persist within the host [27]. Additionally, Acinetobacter bau
mannii, a critical nosocomial pathogen, encodes a novel polyamine 
transferase enzyme that plays a key role in motility and biofilm forma
tion, further supporting its survival and virulence [28].

Most viral pathogens utilize host-derived polyamines to replicate, 
package, and stimulate viral proteins [29–32]. Inhibition of polyamine 
biosynthesis has been shown to significantly reduce the infectivity of 
several viruses, including Dengue virus (DENV), Hepatitis C virus 
(HCV), Japanese encephalitis virus (JEV), Herpes simplex virus (HSV), 
and Chikungunya virus (CHIKV). [33]. Additionally, HIV infection 
upregulates polyamine synthesis genes, contributing to T-cell dysfunc
tion, while polyamine-mediated hypusination of eIF5α is essential for 
Ebolavirus gene expression and replication [34,35]. Notably, blocking 
polyamine production using DFMO results in impaired attachment and 
entry of Coronaviruses into host cells [36].

The protozoan parasites such as Trypanosoma cruzi, Trypanosoma 
brucei, Trichoma vaginalis, Leishmania spp. and Plasmodium spp., also 
depend on polyamine biosynthesis and transport for survival and viru
lence, making these pathways promising drug targets for treating insect- 
borne human diseases [37–40]. n T. cruzi, disruption of polyamine 
transporters leads to reduced infectivity and increased susceptibility to 
trypanocidal drugs. The anti-protozoal drug pentamidine effectively 
decreases parasite burden in mouse heart tissue and reduces T. cruzi 
viability and proliferation in vitro by inhibiting polyamine transporters. 
[41,42]. Similarly, Leishmania donovani strains lacking ornithine 
decarboxylase, a key enzyme in polyamine biosynthesis, show impaired 
infectivity in macrophages and reduced parasitemia in the liver and 
spleen of infected mice [43]. These findings highlight the critical role of 
polyamines in pathogen survival and their potential as therapeutic 
targets.

In plants, polyamines are explored for the growth and cellular 
functions of the plant system, while they are extensively studied with 
respect to plant pathogen infections [12]. Polyamine oxidation serves as 
a key defense mechanism by generating reactive oxygen species (ROS) 
to combat invading microbes. However, the impact of polyamines on 
plant-pathogen interactions varies depending on the type of pathogen. 
[44,45]. For instance, in Nicotiana tabacum, infection by the necrotro
phic fungal pathogen Sclerotinia sclerotiorum leads to elevated levels of 
putrescine and spermine in the leaf apoplast, which correlates with 
increased disease severity [46]. Conversely, infection with the bio
trophic bacterium Pseudomonas viridiflava triggers an increase in apo
plastic spermine levels, and its subsequent oxidation limits bacterial 
colonization, highlighting the differential outcomes of polyamine 
modulation in plant defense. [46]. Additionally, in tomato plants, the 
effector protein Brg11 from the phytopathogen Ralstonia solanacearum 

induces polyamine production in the leaf apoplast, activating a defense 
response against competing microbes but not against R. solanacearum 
itself. [47]. This underscores the complex and dynamic role of poly
amines in shaping host-pathogen interactions across various plant spe
cies, making them a crucial element in the pathogenesis of infectious 
diseases.

3. Reactive oxygen and nitrogen species during infectious 
diseases

For a successful infection in the host, every pathogen must be able to 
persist and survive within the host tissues and cells. The host immune 
system employs multiple mechanisms to clear the invading pathogen; 
however, in several instances, the pathogen combats the host immune 
system and is able to persist within its host. The persistence is sometimes 
asymptomatic and recurs at a later stage, leading to chronic clinical 
symptoms [48,49]. In other cases, they result in acute infections and 
pathologies such as during Pseudomonas, Klebsiella, and Influenza in
fections [50,51]. Plenty of factors, including the host-derived and the 
pathogen’s intrinsic attributes, contribute to the persistence and sur
vival of the pathogen. One of the key innate immune strategies of the 
host is to generate oxidative and nitrosative stresses to kill the pathogen 
[52,53]. Host macrophages and neutrophils are the prime immune 
phagocytes that utilize the NADPH oxidases (NOX) to generate Reactive 
oxygen species (ROS) [54,55].

The existence of cyanobacteria and the occurrence of photosynthesis 
has led to the adaption of all life forms to the damaging by-product ROS 
of metabolic and respiratory pathways [56]. First introduced in the book 
‘Oxidative Stress’ in the year 1985, and then in the review ‘Biochemistry 
of Oxidative Stress’, it indicates an imbalance in the ability of the cells to 
scavenge and detoxify the toxic ROS species [57–59]. These species 
include the Hydrogen peroxides (H2O2) and superoxide anions (O2

◦-), 
which are generated by univalent and divalent reductions of oxygen 
molecules [60]. While reaction of hydrogen peroxide with Ferrous ion 
by Fenton reaction results in toxic hydroxyl radicals (◦OH) [61]. The 
highly reactive superoxide anion is further enzymatically converted to 
lethal hypochlorous acid (HOCl) [54]. Like NOX, Nitric oxide synthase 
(NOS) catalyses the formation of Nitric oxide (NO◦), the potent nitro
sative stress molecule, which reacts with superoxide anion to generate 
peroxynitrites (ONOO− ) [62] (Fig. 1).

Infectious diseases are closely linked to redox biology, with ROS 
playing a critical role in host-pathogen interactions. ROS is primarily an 
innate immune stress molecule generated in response to an infection to 
kill and clear the pathogen. However, in certain instances, ROS acts as a 
boon for the pathogen, which they use to spread and disseminate within 
the host system. Bacterial pathogens such as Salmonella, Klebsiella, 
Pseudomonas, Mycobacterium and Shigella need to encounter oxidative 
stress within the host cells and are required to evade the host oxidative 
stress for pathogenesis [63,64]. Also, the common action of bactericidal 
antibiotics is to hydroxyl radicals through the Tri-carboxylic acid cycle, 
destabilisation of iron-sulphur clusters and Fenton reactions [65]. 
Several ROS switches are involved in the microbial pathogenesis that 
regulates the pathogen’s ROS-sensing, adaptation and survival under 
these hostile conditions. Most pathogens are adept at sensing the envi
ronmental ROS through the established redox sensors, such as the 
SoxR/S and OxyR systems in bacteria. These sensors activate numerous 
genes such as the Type-3 secretion systems in Vibrio parahaemolyticus, 
antioxidants in Salmonella, E. coli and Shigella, and also toxins in Strep
tococcus pneumoniae (pneumolysins) [66–68]. In protozoan parasites, a 
major switch in adaption to oxidative stress is the increased synthesis of 
unique molecule trypanothiones, a conjugate of spermidine molecules 
with glutathione [69]. Trypanothiones acts as direct scavengers of ROS 
and most importantly, modifies cellular protein cysteine thiols and 
protects them from irreversible oxidation to sulfinic and sulfonic acids 
[70]. This phenomenon has recently been observed in bacteria as well, 
where glutathionyl-spermidine protects protein cysteine thiols [71]. 
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Candida utilises a Glucose-enhanced oxidative stress resistance mecha
nism to counteract the ROS burst from the attacking host neutrophils 
during systemic infection [72].

Meanwhile, Helicobacter pylori infection induces oxidative stress and 
damage, facilitating its spread and gastric cancer progression [63,73]. 
Chlamydia psittaci infection in host macrophages leads to mitochondrial 
ROS generation and mitochondrial DNA damage. The damage triggers 
IFN-1 and IL-1β production through the cGAS-STING pathways, killing 
the pathogen and limiting the infection by the host immune system [74]. 
Likewise, a significant cause of mortality upon Influenza virus infection 
in neonates is the generation of ROS through IFN-1 production and 
pulmonary tissue damage [75]. Hepatitis C Virus infection (HCV) dys
regulates the mitochondrial oxidative phosphorylation by blocking 
electron transfer from Complex-I, thereby increasing leaky reactive and 
nitrogen species generation [76]. However, the virus also evades 
oxidative stress by activating host glutathione peroxidases to prevent 
lipid peroxidation and enhance viral infectivity [77]. A study further 
shows that oxidative stress favours viral replication during the initial 
acute phase of infection, while in the chronic stage, it adversely affects 
by inducing autophagy [78]. The HCV protein NS3 triggers the host 
iNOS and NO◦ production and oxidative stress, which bring about mu
tations in most of the proto-oncogenes and tumour suppressor genes 
[79]. Together, these mutations contribute to the development of hep
atocarcinoma [80]. Similar to HCV, the Dengue virus serotype 2 
(DENV2) and Yellow fever virus infection also alter the redox balance 
within the host cells; it lowers the host antioxidant and increase the ROS 
[81,82]. Overall, oxidative stress is interrelated to infection and disease 
pathogenesis.

4. Polyamines and ROS/RNS interplay during pathogenesis

The notion of ROS/RNS in cellular physiology remains in the context 
of “oxidative stress and damage” however, scientists have shed light on 
an alternative role of these molecules. It is well established that ROS at 
high levels are harmful and toxic, but they are prime signalling mole
cules at low levels [83]. The “oxidative eustress” is the phenomenon 
where ROS is involved in redox sensing, signalling and regulation in the 
cells [84]. They are now known to be critical mediators of several sig
nalling cascades such as the mitogen-activated protein kinase pathways 
(MAPK), phosphoinositide-2 kinase/protein kinase B (Akt) and the 
apoptosis signal regulating kinase-1 (ASK1) [85,86]. They also regulate 
numerous transcription factors such as activator protein 1 (AP-1), nu
clear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 
hypoxia-inducible factor 1α (HIF-1α) and nuclear factor erythroid-2 
related factor 2 (Nrf2) [85]. While in plants as well, ROS activate the 
MAPK pathways and thereby transcription factors such as ZAT and MYB 
that further control the plant stress responsive genes to modulate lipid 
peroxidation, cell wall reinforcements etc. [87]. On the other hand, the 
small molecules polyamines are catabolized by Diamine oxidases (DAO), 
Polyamine oxidases (PAO) and Spermine/spermidine oxidases (SMOX) 
acting as ROS switches, that release hydrogen peroxide as a major 
product and the levels of hydrogen peroxide determines the overall 
response being beneficial or toxic to the cells [88]. As during abiotic and 
biotic stresses, polyamines are transported into the apoplast, where they 
are catabolized to generate hydrogen peroxide, while at low levels of 
hydrogen peroxide these act as signalling molecules to activate ROS 
dependent protective pathways to enhance tolerance in plants to abiotic 
stresses and killing of the pathogen in cases of infection [89,90]. The 
cross-talk between polyamines and ROS in plants further extends to 
control the transport across the plasma membrane by synergistically 
activating Ca2+-ATPases, H+ pumps and K+ influx while suppressing a 
few non-selective cation channels, thereby mediating adaptive re
sponses [91]. Apart from their direct interaction with each other, 
polyamines in most cases modulate the responses to ROS within the cells 
by regulating other molecular players, as the NADPH-oxidases. NAD
PH-oxidases are the prime enzyme complex that generates superoxide 

radicals and are upregulated by polyamines in Arabidopsis thaliana and 
Prunus armeniaca in response to microbial invasion [45,92]. Addition
ally, both NADPH-oxidases and polyamines synergistically generate 
ROS in the gut epithelial cells during H. pylori infection to limit the 
pathogen. But it is utilized by this pathogen as a blessing in disguise 
thereby inducing inflammation and carcinogenesis [93]. Interestingly, 
polyamines do show an unusual interplay with Endoplasmic Reticulum 
oxidative protein folding and ER stresses. Ero-1α is the key enzyme 
involved in the oxidative protein folding in the ER, which utilises 
hydrogen peroxides during the oxidation-reduction of Protein disulfide 
isomerases (PDI) [94]. From the perspective of defence, polyamines, on 
the other hand, act to quench, detoxify and neutralise the toxic ROS in 
cells as well as in microbial pathogens either by their direct action or by 
regulating antioxidants such as the superoxide dismutases and catalases 
[95–97]. In the following sections, we will further discuss the cross-talk 
of polyamines and ROS in microbial pathogenesis, pertaining to 
different pathogens and their corresponding diverse hosts and also 
summarised in Table 1.

4.1. Bacteria-host interactions

4.1.1. Human host
Bacterial pathogens thrive in a human host and encounter various 

environmental challenges. As a result, they have developed several ad
aptations to endure and proliferate under challenging circumstances. 
Bacterial physiology can alter significantly upon entry into its host and 
acquiring limited but necessary nutrients appears crucial for its cellular 
processes. Bacteria use multiple small molecule metabolites produced by 
themselves and from the host during colonization and infection, one 
being the polyamines. In bacteria, polyamine uptake, synthesis, and 
degradation processes are coordinated to regulate stringently intracel
lular polyamine levels [98]. Our understanding of polyamines and their 
role in the growth and virulence of human pathogens has recently 
increased substantially. Polyamines now appear to be more than trivial 
organic molecules whose functions are interchangeable or dispensable 
[99].

The most prevalent cellular polyamines, putrescine, spermidine, 
spermine, and cadaverine, are necessary for the regular growth and 
multiplication of bacterial cells [100]. Because of the polycationic na
ture of polyamines, they easily bind to anions in cells. Rather than 
binding to cytoplasmic proteins, intracellular polyamines are primarily 
observed as polyamine-RNA complexes and stabilize them. Shigella 
flexneri mutants of tgt cannot produce the modified nucleosides required 
for tRNA synthesis and are compromised in their virulence gene 
expression, which is restored by adding putrescine. It suggests that pu
trescine and virulence gene mRNAs interact directly, leading to more 
effective virulence gene translation and expression [101]. Also, the speG 
mutant of Shigella, which does not synthesize spermidine, showed 
attenuated survival in J774 macrophages, highlighting the role of 
spermidine in protection against oxidative stress [102]. When microbial 
pathogens encounter oxidative stress in vivo, they activate protective 
machinery as an adaptive response. One crucial enzyme that shields 
cellular nucleic acids from the harm caused by superoxide radicals is 
superoxide dismutase (SOD). Together with SOD, spermine and sper
midine limit the damage that oxygen radicals cause to DNA strands by 
acting as free radical scavengers [103]. A recent study has shown that 
polyamine spermidine activates a stress response mechanism by regu
lating key antioxidant genes in Salmonella. Gene knockout strains for 
spermidine transport (potA, potB, potC, and potD) and synthesis (speE and 
speD) cannot mount an antioxidative response, leading to elevated 
intracellular ROS levels [104]. Salmonella Typhimurium uses spermi
dine to regulate the transcription of multiple transcription factors like 
rpoS, emrR and soxR involved in oxidative stress response [104]. Sper
midine is conjugated with glutathione to form a specialised antioxidant 
in Salmonella that modifies proteins under oxidative stress and prevents 
protein oxidation and damage [104]. Similarly, in E. coli, spermidine 
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Table 1 
The role of polyamines in microbial pathogenesis through their interaction with ROS and associated molecular mechanisms.

Bacterial Pathogens

Pathogen Name Polyamines, associated players and targets Effect of the Function Consequence in Pathogenesis

Shigella flexneri (101,102) tRNA synthesis; speG mutant affects bacterial 
spermidine levels

Restores virulence gene expression; offers oxidative 
stress protection

Enhances intracellular survival and 
virulence

Salmonella Typhimurium (26, 
103, 104)

Antioxidant gene regulation via spermidine Regulates rpoS, emrR, soxR; forms Glutathionyl- 
spermidine antioxidant

Manages ROS, modulates virulence 
gene expression

E. coli (105, 106) oxyR, katG, rpoN, hns, cra via spermidine/ 
putrescine

Enhances antioxidant response and gene translation Increases survival under oxidative 
stress

Streptococcus pyogenes (108) Uptake of host spermidine Upregulates mtsABC, sodM, npx and virulence genes 
like hasA, sagA, slo

Promotes survival in macrophages

Streptococcus pneumoniae 
(109)

Spermidine uptake by potABCD transporter Loss of spermidine uptake downregulates treR, causing 
redox imbalance

in vivo fitness

Pseudomonas aeruginosa (111) Surface-localised spermidine Protects membrane against H2O2 and polymyxin B Confers resistance to oxidative and 
antibiotic stress

Mycobacterium tuberculosis 
(112, 113)

Arginine decarboxylase Loss increases ROS and DNA damage Decreases survival and enhances drug 
efficacy

Helicobacter pylori (96,114, 
115, 116)

Host spermine oxidases (SMOX), mir-124 Chronic ROS generation by polyamine catabolism in 
host

Promotes DNA damage and gastric 
carcinogenesis

Enterotoxigenic B. fragilis 
(117,118)

Host polyamine metabolism (SMOX-mediated 
ROS)

Stimulates host DNA damage and chemokine synthesis Drives colorectal cancer

Dickeya fangzhongdai (119) speA, speC for polyamine synthesis Loss decreases motility and plant cell wall degrading 
enzymes

Reduces virulence in taro and potato

Dickeya zeae (120) speA gene and potF transporter for putrescine 
signalling

Affects motility, biofilm formation; exogenous 
putrescine rescues phenotype

Critical for invasion and rice seed 
infection

Pseudomonas syringae (121, 
123)

Exogenous putrescine Upregulates catalase, enhances H2O2 tolerance Increases survival under oxidative 
stress

Pseudomonas viridiflava (124) Host spermine oxidase Increased apoplastic spermine; inhibition leads to 
higher colonization

Polyamine oxidation linked to 
biotrophic resistance

Pseudomonas cichorii (125) Induction of polyamine metabolic genes and 
ROS

Hypersensitive response triggered Contributes to localized defense in 
tobacco

Viral pathogens

Pathogen Name Polyamines, associated players and 
targets

Effect of the Function Consequence in Pathogenesis

Herpes Simplex Virus-1 (HSV-1) (133) Nucleocapsid and envelope Presence of spermine and spermidine in viral 
structure

Likely aids in viral stability and replication

Human Cytomegalovirus (HCMV) (134) Host polyamine metabolism Enhances polyamine metabolism for viral 
uptake

Supports viral replication and 
pathogenesis

Hepatitis C Virus (HCV) (135–137) Host polyamine biosynthesis and 
catabolism

Induces ROS production by upregulating 
ROS-generating enzymes

Increased ROS leads to liver cirrhosis and 
carcinogenesis

Influenza A Virus (IAV) (138) Host Polyamine biosynthesis and 
oxidative stress pathways

Inhibition of these pathways reduces viral 
survival

Polyamines are crucial for IAV survival

Porcine Epidemic Diarrhea Virus (PEDV) 
(139)

Host spermine oxidase and acetyl 
polyamine oxidase enzymes

Catalyses interconversions of spermidine and 
spermine, generating ROS

ROS aid viral infection and replication

HIV-1 (140,141) Spermine oxidase and Amine oxidase 
system

Increases ROS production via HIV-1 Tat 
protein. 
Generates hydrogen peroxide from 
spermidine/spermine

Causes neuronal toxicity, linked to HIV-1- 
associated cognitive disorders 
Antiviral activity in semen and vaginal 
canal

Ebola Virus (EBOV), Chikungunya Virus 
(CHIKV), Zika Virus (ZIKV) (142)

eIF5α (translation elongation factor) Uses spermidine-mediated hypusination for 
viral protein translation

Polyamines essential for viral protein 
synthesis

Coxsackievirus B3 (CVB3) (143, 144) Viral capsid protein (V3) and 
proteases 2A, 3C

Adapts to polyamine depletion by mutation, 
aids in host protein cleavage

Stealth adaptation to host response and 
enhances viral infection

Cucumber Mosaic Virus (CMV) (153,154) Spermine-responsive genes and ROS 
signaling

Triggers hydrogen peroxide signaling 
pathway

Enhances host defense response against 
CMV

Tobacco Mosaic Virus (TMV) (155,156) Polyamines as a hydrogen peroxide 
source

Generates ROS in resistant tobacco cultivars Provides symptomless resistance against 
TMV

Potato Virus X (157) Polyamines and ROS signaling ROS burst prevents severe symptoms Symptomless resistance in Nicotiana 
tabacum

Maize Chlorotic Mottle Virus (MCMV) (149) Polyamine oxidase (PAOX) gene 
regulation

miRNA-167 targets ARF30 to control PAOX 
expression

Restricts viral replication in maize

Citrus Tristeza Virus (158) p33 viral protein-induced ROS 
generation

Restricts viral entry into the phloem Limits viral spread in citrus plants

Sugarcane Mosaic Virus (SMV) (159) Polyamine oxidases Inhibition of enzyme promotes viral 
pathogenesis

Polyamine oxidase activation restricts 
SMV infection

Protozoan Pathogens

Pathogen Name Polyamines, associated players and targets Effect of the Function Consequence in Pathogenesis

Trypanosoma cruzi, 
Trypanosoma brucei 
(162–168)

Trypanothione (spermidine + glutathione) Antioxidant that quenches ROS Promotes persistence in host and resistance 
to benznidazole, nifurtimox

Leishmania spp. (170, 
178–180, 183)

Spermidine synthase, trypanothione pathway, 
exosome polyamines, miR-372, miR-373 and miR- 
520d

Resists ROS; exosomes promote M2 
macrophage phenotype

Promotes survival in host macrophages and 
chronic infection

(continued on next page)
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and putrescine increased the expression of vital antioxidant genes, oxyR 
and katG genes, indicating the presence of ‘polyamine modulon’ in these 
bacteria [105]. Putrescine and spermidine are the key factors that 
control the translation and transcription of several gene targets by 
interacting with the negatively charged nucleic acids. They enhance the 
translation of several transcription factors, such as rpoN and hns, in 
E. coli that harbor a distant Shine-Dalgarno sequence from the trans
lation start site [106]. Also, spermidine regulates the translation of 
transcription factors like cra and sigma factor fliA, which have an un
usual GUG start codon in their transcripts [25,106]. Beyond its key role 
in enhancing translation, polyamines interact with the DNA and aid in 
supercoiling and modulate the expressions of several redox switches 
under oxidative stress in bacteria [105]. Their role is further exemplified 
in the uropathogenic E. coli transposon mutants of the cadC gene or its 
transcriptional targets (cadA and cadB that synthesize cadaverine), that 
fail to survive in an acidified nitrite medium. Further, the wild-type 
bacteria upregulated these cadaverine synthesis genes upon exposure 
to nitrosative stress [107]. Together, these studies underscore the anti
oxidant role of polyamines in bacterial pathogens.

During infection, Streptococcus pyogenes experience oxidative stress 
within the host macrophages. Although it lacks biosynthetic machinery 
for polyamines, it utilises host spermidine to survive within hostile 
macrophages. Spermidine upregulates the oxidative stress response 
genes such as mtsABC, npx, and sodM and virulence factors such hasA, 
sagA, and slo in Streptococcus pyogenes [108]. In Streptococcus pneumo
niae, loss of spermidine transporter (potABCD) downregulated the treR, 
the scavenger of H2O2, implying an intracellular redox imbalance 
compromising it’s in vivo fitness [109]. Studies also show the protective 
role of bacterial polyamines against bactericidal antibiotics in a few 
pathogens. Polyamines in E. coli protect from the oxidative stress 
generated by the fluoroquinolones, aminoglycosides and cephalosporin 
class of antibiotics [110]. Likewise, the surface localised spermidine in 
Pseudomonas aeruginisa prevented damage to the outer membrane in the 
presence of polymixin B and H2O2 [111]. While in Mycobacterium 
tuberculosis, deprivation of arginine decarboxylase, a key enzyme for 
polyamine production, impaired survival in vivo with concomitant high 
intracellular ROS and DNA damage [112]. On the other hand, extra
cellular polyamines have been found to enhance the efficacy of 
anti-tuberculosis drugs such as Isoniazid and Rifampicin by escalating 
intra-bacterial ROS production [113].

Intracellular pathogenic bacteria use a secretion system to inject 
their pathogenic islands encoded virulence effector molecule to hijack 
the host machinery. The Type III secretion system (T3SS) is a key 

virulence factor in many pathogens, including Salmonella and Pseudo
monas, that aid invasion by translocating effectors into host cells. 
Spermidine synthesized by bacteria can regulate multiple downstream 
signalling inside the host cells. Pathogen’s interaction with the 
eukaryotic host polyamines is also crucial for infection. Salmonella 
Typhimurium assembles the type 3 secretion machinery by taking 
advantage of the host’s polyamines [26]. Salmonella infection also in
duces the expression of host genes ODC and SRM, which are involved in 
polyamine synthesis. Although polyamine supplementation increased 
Salmonella pathogenicity, on the other hand, Salmonella colonization 
was mitigated by the decrease in polyamine levels driven by an 
FDA-approved drug α-difluoromethylornithine (DFMO), which inhibits 
host polyamine production and induces production of nitric oxide by 
iNOS [26,104]. Correspondingly, the gastric cancer-causing Helicobacter 
pylori upregulates host polyamine oxidases to produce chronic low levels 
ROS in the gut epithelia. The ROS generated is well counteracted by the 
stealthy pathogen while initiating carcinogenesis [93]. The inhibitor of 
spermine oxidases (SMOX) or SMOX knock-out mice exhibited lesser 
DNA damage, β-catenin activation and reduced adenocarcinoma upon 
H. pylori infection [114,115]. The chronic ROS production contributes to 
genetic and epigenetic changes that drive carcinogenesis in infected 
patients. SMOX translation is controlled by mir-124 and binds to the 
3′-UTR of SMOX and inhibits the translation. The mir-124 methylation 
and thereby unregulated SMOX translation are observed in the Colom
bian population with H. pylori gastric cancers [114,116]. Furthermore, 
Enterotoxigenic Bacteroides fragilis (ETBF) is a driver of colorectal cancer 
(CRC) in the infected hosts. It secreted a toxin that targets host cell 
machinery and causes DNA damage [117,118]. As a countermeasure the 
host cells activate the ROS production, chemokine synthesis and altered 
mucosal immune response that eventually contributes to CRC. SMOX 
activity is a prime source of the ROS accumulation, DNA damage and 
development of carcinogenesis [117]. Thus, it can be concluded that 
polyamines are essential for pathogen survival in hostile host environ
ments characterized by excessive ROS and RNS, by regulating their gene 
expressions, and in some cases, that of the host genes. Besides, poly
amine metabolism is a suitable target for pathogen treatment and 
antibiotic-resistance medication development (Fig. 2).

4.1.2. Plant hosts
Numerous cellular functions, such as the regulation of gene expres

sion, cell proliferation, cell cycle, and cell signalling modulation, have 
been demonstrated to be controlled by polyamines in plants. Studies 
reveal the significance of polyamine biosynthesis in plant defence and 

Table 1 (continued )

Protozoan Pathogens

Pathogen Name Polyamines, associated players and targets Effect of the Function Consequence in Pathogenesis

Plasmodium falciparum (185) Spermidine biosynthesis Required for intra-erythrocytic stages; 
ROS tolerance via polyamine oxidase

Crucial for parasite survival; host uses ROS 
for counterattack

T. vaginalis (188) Putrescine synthesis; spermine import Alters redox-related proteome Required for survival; inhibition leads to loss 
of redox balance and parasite death

Fungal pathogens

Pathogen Name Polyamines, associated players 
and targets

Effect of the Function Consequence in Pathogenesis

Saccharomyces cerevisiae 
(199, 200)

spe2 gene (spermidine/spermine 
synthesis)

Loss causes high ROS under aerobic conditions Essential for growth and stress response

Penicillium marneffei (201) SAM decarboxylase Mutants show poor conidia formation and high 
ROS

Limits infectivity

Cryptococcus neoformans 
(204, 205)

Urease, spermidine synthase, 
arginine pathways

Mutants have lower melanin, higher ROS Affects CNS infection and macrophage survival

Candida albicans (207, 
208,210, 211)

SPE1, polyamine oxidase, 
camCA1 caspase

Lowers polyamine synthesis and increases ROS 
production upon inhibitor treatments

Compromises survival in hosts and biofilms

Blumeria graminis (214) Induces ODC, ADC in barley Local polyamine and ROS production Triggers a resistance response in plants upon a pathogen 
entry

Piriformospora indica (217) Polyamine metabolism in plants Enhances polyamine metabolism Protects host plants from crown rot of wheat plants caused 
by Fusarium pseuodograminearum
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plant-pathogen interactions. However, thoroughly comprehending 
polyamine functions in biotic stress is still elusive. Plants use particular 
polyamines to strengthen their immune systems, while plant pathogens 
use them to improve their invasion capabilities, such as through spor
ulation and appressorium production. Bacterial pathogens are devas
tating, infecting many crops and ornamental plants worldwide. 
D. fangzhongdai strain ZXC1 knockout strains of speA and speC, which 
encodes polyamine biosynthesis, reduced bacterial motility, decreased 
production of plant cell wall degradation (PCWD) enzymes, and atten
uated the bacterial virulence on taro and potato. The study demon
strated that the putrescine signalling system regulates D. fangzhongdai 
virulence mainly by modulating the bacterial motility and production of 
PCWD enzymes [119]. Further, the deletion of the speA gene in Dickeya 
zeae involved in putrescine synthesis decreased the bacterial swimming 
motility, swarming motility, and biofilm formation, and exogenous 
addition of putrescine effectively rescues the defective phenotypes of 
D. zeae. It could detect and respond to putrescine molecules produced by 
itself or from host plants through specific transporters PotF, and the 
putrescine signal is critical for D. zeae EC1 bacterial invasion and viru
lence against rice seeds [120]. The exogenously secreted putrescine acts 
as a protector and increases tolerance of Pseudomonas syringae to 
hydrogen peroxide and also upregulates the expression of bacterial 
catalases [121].

Plants use an effective immune strategy during biotic stresses, 
amplifying cellular ROS by the catabolism of polyamines via polyamine 
oxidases [45]. In response to bacterial invasion, putrescine elicits an 

effector-triggered immunity and systemic acquired resistance by accu
mulating salicylic acid via ROS-dependent signalling in plants [122]. 
The transgenic line of Arabidopsis thaliana silenced in ADC genes 
(involved in PAs biosynthesis) with low polyamine content and high 
levels of ROS was more susceptible to Botrytis cinerea, showing more 
significant lesion length and a higher incidence of fungal infection. On 
the other hand, the ADC-silenced line showed increased resistance to 
phytopathogenic bacterium Pseudomonas syringae [123]. Also, the 
infection of Pseudomonas viridiflava in tobacco plants led to an increase 
in spermine levels in the leaf apoplast, and inhibitor of spermine oxi
dases led to higher biotrophic bacterial colonization in tobacco [124]. 
Furthermore, Pseudomonas cichorii infection resulted in the upregulation 
of polyamine metabolic genes and hydrogen peroxide production in 
tobacco as a hypersensitive response [125]. A similar hypersensitive 
response is also initiated by infection of Pseudomonas syringe in Arabi
dopsis thaliana and Magnaporthe grisea infection in rice plants [125]. 
Apart from being involved in immune response, the polyamine is a key 
factor regulating plant-bacteria symbiosis. The beneficial rhizobacterial 
strain of Bacillus megaterium BOFC15 induces polyamine production in 
the Arabidopsis and aids in stress resistance. Similarly, the symbiotic 
relationship between the rhizobacteria Sinorhizobium meliloti and 
legume Medicago truncatula largely depends on polyamine oxidases in 
the host plant [126]. At the host-pathogen interface, polyamines are 
secreted by both plants and pathogens during plant-pathogen interac
tion. While pathogens produce certain polyamines to increase their 
pathogenicity, plants secrete polyamines as a defense strategy. The 

Fig. 2. The diverse role of polyamines in bacterial pathogens during their pathogenesis- Polyamines are associated with the bacterial innate defence mech
anisms by either modulating their own gene expressions or host genes. They also act as quenchers of ROS and thereby aid in oxidative stress resistance in bacteria. 
While some bacteria upregulate polyamine oxidation and ROS production which is necessary for their disease pathogenesis. PAOX- Polyamine oxidase enzyme, ODC- 
Ornithine decarboxylase, SPD-spermidine, OxyR-oxidative responsive two-component system, Kat- Catalase, Sod- Superoxide dismutase, GshA- Glutathione synthase, 
GspSA- Glutathionyl-spermidine synthetase, NOS- Nitric oxide synthase.
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result is uncertain because both the pathogen and the plant can use the 
released polyamines [127] (Fig. 3).

4.1.3. Other hosts
In the invertebrate sea cucumber Apostichopus japonicus, nitric oxide 

is produced by iNOS upon bacterial invasion. The major pathogens of 
marine organisms Vibrio splendidus and Vibrio parahaemolyticus infection 
in A. japonicus result in a metabolism shift from polyamine biosynthesis 
to nitric oxide production by iNOS activation [128]. Besides, the 
deep-sea tube worm Riftia pachyptila depends mostly on the symbiont 
bacteria for nutrition as it lacks a digestive system. A recent tran
scriptomic study showed that Riftia does harbour polyamine biosyn
thesis genes, however, the polyamines spermidine and spermine play a 
significant role in their symbiotic relationship, which may be more than 
just a source of nutrition [129]. On the other hand, the host Riftia pro
tects its bacterial symbionts which populates the trophosome, from 
oxidative damage, with elevated levels of ROS detoxifying genes SODs 
and peroxidins [129] (Fig. 3). Polyamines also act as nutritive chemo
sensory molecules that attract C. elegans to its nutritive food source. 
Spermidine and putrescine from E. coli elicit a neural circuit via the AIB 
interneurons in these worms to direct the movement of C. elegans to
wards the nutritive bacteria while keeping them drifting from patho
genic Enterococcus faecalis [130]. Collectively, polyamines are essential 
mediators of host-microbe interactions across diverse invertebrates, 
influencing immune responses, symbiotic relationships, and behavioral 
adaptations. Their roles in metabolic shifts, oxidative stress protection, 
and chemosensory signaling highlight their significance in maintaining 
host health and microbial balance.

4.2. Virus-host interactions

4.2.1. Animal and human hosts
The presence of polyamines in viruses was first explored in bacteria 

infecting bacteriophages. The bacteriophages were critical models for 
studying the role of polyamines in viral infection and pathogenesis. 
Early studies in the 1970s showed the packaging of about 1000 poly
amine molecules in virions to neutralise the negative charge of the 
nucleic acids in them and its compaction [131]. Apart from neutralising, 

polyamines in bacteriophages have also been shown to be critical for 
virion packaging using polyamine-depleted E. coli K 12 strain [132]. The 
first study of polyamines in the human virus was in Herpes Simplex 
Virus-1 (HSV-1) with the observation of spermine and spermidine in the 
viral nucleocapsid and envelope, respectively [133]. The human cyto
megalovirus (HCMV) enhances polyamine metabolism in the host cells 
for its uptake [134]. Polyamines are linked to viral replication, survival 
and pathogenesis during infection. Polyamines are conventionally 
considered to be ROS-scavengers, while their catabolism releases ROS 
by the action of oxidases. The relationship between polyamines and ROS 
is complicated and contextual during pathogen infection. In some cases, 
ROS is beneficial to the pathogen, while in others, it negatively impacts 
the survival in the host.

In the case of the Hepatitis C virus (HCV), a vital step in its patho
genesis is boosting ROS production by induction of several ROS- 
generating enzymes in the host cells [135,136]. HCV infection in 
Huh7 cells led to decreased levels of spermidine and spermine, low 
expression of polyamine biosynthesis genes and high expression of 
polyamine catabolism genes such as polyamine oxidase and SMOX via 
its core and NS5A proteins [137]. It also led to overall decreased poly
amine levels in the host cells and high levels of ROS. Higher ROS 
correlated to higher HCV-driven liver cirrhosis and carcinogenesis 
[136]. The inhibition of polyamine biosynthesis and associated oxida
tive stress pathways attenuated Influenza A virus (IAV) survival in THP1 
cells [138]. Also, the Porcine epidemic diarrhea virus (PEDV), which is a 
cause of fatal viral infection in swine, upregulated the host spermine 
oxidase and acetyl polyamine oxidase enzymes upon infection into Vero 
cells. These enzymes catalyse the interconversions of spermidine and 
spermine, generating ROS [139]. At the same time, HIV-1 cause 
neuronal toxicity in human neuroblastoma cells by stimulating spermine 
oxidase, production of ROS and other byproducts via HIV-1 Tat protein 
[140]. HIV-1 infection is often associated with cognitive disorders like 
dementia, and Capone et al. hinted at the role of polyamines in HIV-1 
neuropathogenesis [140]. On the contrary, another study suggested 
that in the case of Human Immunodeficiency Virus type-1 (HIV-1), the 
amine oxidase system shows potential antiviral activity by the release of 
hydrogen peroxide from spermidine and spermine in the semen and 
vaginal canal [141]. Thus, polyamines like spermine and spermidine are 

Fig. 3. ROS and polyamines are essential in the interactions between pathogenic and symbiotic bacteria and their hosts - In plants, polyamine metabolic 
pathways are modulated in response to pathogenic bacterial infection to mount a hypersensitive reaction, while the symbionts regulate host pathways and mediate 
beneficial host-bacteria relationship. Polyamines and ROS are key players in the interactions between invertebrate hosts and bacteria. NOS- Nitric oxide synthase.
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one of the causes of the generation of ROS and ROS-associated species 
during viral infection in animal hosts, which acts as a boon for the vi
ruses. The role of these cationic molecules in the host-virus interplay is 
partially connected to ROS generation apart from their vital function in 
viral genome replication and packing.

Some viruses depend on polyamines during infection of the host. The 
EBOV, CHIKV and ZIKV rely on spermidine-mediated hypusination of 
host translation elongation factor eIF5α for viral protein translation 
[142]. Coxsackievirus B3 (CVB3) requires polyamines in several steps of 
its infection cycle and adapts stealthily to polyamine depletions by the 
host upon CVB3 infection. The V3 capsid protein of CVB3 undergoes 
mutation Q234R in polyamine-depleted conditions, which renders it 
invasive even in the absence of polyamines [143]. Moreover, its pro
teases 2A and 3C also undergo mutations during polyamine depletion 
and aid in cleaving the host proteins [144]. Thus, host cells regulate the 
polyamine production upon virus entry to limit the infection. Besides, 
the interferon-stimulating genes (ISG) are upregulated upon viral 
infection, which targets SAT1 through interferon α/β. SAT1 is a major 
inhibitor of ODC1 and polyamine biosynthesis [145]. Polyamines play a 
crucial role in viral infection and pathogenesis, facilitating viral genome 
packaging, replication, and host adaptation. Their interplay with reac
tive oxygen species (ROS) can either enhance or hinder viral survival, 
highlighting their dual role in both promoting infection and serving as 
potential antiviral targets (Fig. 4).

4.2.2. Plant hosts
The role of ROS and related species in plant-virus interaction is 

widely studied, where ROS plays a critical role in pathogen restriction 
and is also a signalling molecule that elicits a defense response [146,
147]. Infection of plants with the virus leads to a cascade of events, 
which eventually causes a burst of ROS both locally and in other major 
plant organs [148,149]. The ROS generated locally acts to kill the 
infected viruses, while globally, it also helps the plant to adapt to viral 
infection [150,151]. The destruction of tomato plants is often due to 
infection with the tomato mottle mosaic virus (ToMMV), which leads to 
mottling symptoms. Nagi et al. showed that infection of ToMMV in So
lanum pimpinellifolium induced Nitric Oxide(NO◦) production while 
decreasing polyamine biosynthesis [152]. The results can be justified by 
understanding arginine metabolism, the common precursor for 

polyamines and NO◦. Infection of the Cucumber mosaic virus (CMV) into 
Arabidopsis thaliana significantly stimulated the expression of 
spermine-responsive genes in the host tissues. CMV infection triggered 
ZAT7, ZAT12 and AtWRKY40 transcription factors, which are members 
of the hydrogen peroxide signalling pathway in A. thaliana [153]. These 
expression profiles were reverted upon treatment with inhibitors of the 
Spermine oxidase enzyme, which generates hydrogen peroxide by 
oxidation of spermine. Moreover, the inhibitor led to higher CMV loads 
in plant tissues [153]. Another study revealed that thermospermine 
(T-Spd) controls the multiplication of CMV in A. thaliana by activating 
spermine-responsive genes and ROS signalling pathway genes [154]. 
T-Spd activated mRNA expression of mitochondrial Alternative oxidases 
(AOX) and pathogen defence-associated hydrogen signalling cascade 
transcription factors such as ZAT7, ZAT12, NR, RAN1 etc [154]. During 
infection of Tobacco mosaic virus (TMV) in tobacco cultivars that show 
resistance to TMV, polyamines have been found to be one of the sources 
of hydrogen peroxide during plant hypersensitive reactions [155,156]. 
Furthermore, the burst of ROS provides a symptomless resistance 
against Potato virus X during infection in Nicotiana tabacum (tobacco 
plants) [157]. Polyamines serve as one of the primary 
defence-associated molecules during pathogen invasion in plants. The 
mechanisms involved in such processes often includes miRNAs, viral 
proteins, and also host protein factors. The miRNA-167 in maize targets 
ARF30 transcription factor for degradation. ARF30 functions to bind to 
the promoter of Polyamine oxidases (PAOX) and activates the PAOX 
expression. Interestingly, the Maize chlorotic mottle virus, activates the 
PAOX gene transcription. Thus, miRNA-167 is employed by the maize 
plant upon infection with MCMV to prevent PAOX expression and con
trol the viral infection [149]. In other instances, certain viral proteins 
are recognised by the host and, in turn, trigger a defence mechanism, 
majorly through the generation of ROS. The p33 protein of the Citrus 
tristeza virus triggers the activation of host ROS generation, restricting 
the virus entry into the phloem [158]. Similarly, a study shows that 
infection of maize plant with the Sugarcane mosaic virus (SMV) leads to 
differential regulation of several host genes. The genes include the 
polyamine oxidases, and inhibition of this enzyme promotes viral 
pathogenesis. The study suggested that polyamine oxidases are acti
vated to generate ROS and restrict SMV infection [159] (Fig. 4). Hence, 
polyamines play a pivotal role in plant-virus interactions by modulating 

Fig. 4. Viral-host interaction involves polyamines and oxidative stress interplay during infection in hosts- In animal and plant hosts, viruses utilize the host 
machinery to generate higher polyamine for viral survival and ROS for viral disease pathology and spread. Virus infection in plants activates plant immune response 
involving polyamine oxidation and ROS signalling for viral clearance. AOX- Alternative oxidases, PAOX- Polyamine oxidases, HSV- Herpes Simplex Virus, HCMV- 
Human cytomegalovirus, DENV- Dengue virus, JEV- Japanese encephalitis virus, EBV- Ebola virus, HIV- Human Immunodeficiency virus, HCV- Hepatitis C virus, 
IAV- Influenza A virus.
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ROS production, which can either enhance plant defense or influence 
viral pathogenesis. Their regulation through transcription factors, 
miRNAs, and viral proteins highlights their significance as key molec
ular players in plant immune responses.

4.3. Protozoa-host interaction

4.3.1. Human hosts
Protozoan diseases such as Chagas disease, Leishmaniasis and ma

laria are common in the tropics and have been classified as neglected 
tropical diseases by the WHO. However, they remain a significant 
problem worldwide due to travel and immigration. The disease occur
rences show a positive correlation with immunocompromised condi
tions, such as with patients suffering from acquired immunodeficiency 
syndrome (AIDS) [160,161]. The Trypanosomatids have unique struc
tural components, including a kinetoplast, a single mitochondrion and a 
layer of glycocalyx on the plasma membrane. They also encounter an 
array of stressful conditions during their life cycle. These protozoans 
harbour a specialised molecule, Trypanothione (T(SH)2), a major 
stress-resistance molecule during infection into the host and life outside 
the host [162]. Unlike higher eukaryotes, these protozoans have evolved 
to express the trypanothione synthetase enzyme, which conjugates two 
glutathione molecules to a single spermidine molecule and generates 
trypanothione [162,163]. The trypanothione and trypanothione reduc
tase replace the glutaredoxins (Grx) and thioredoxins (Trx) present in 
the other eukaryotes to regulate redox homeostasis [163]. Bacteria, on 
the other hand, harbor the enzyme Glutathionyl spermidine synthetase, 
which serves as an antioxidant among multiple other antioxidant en
zymes. In kinetoplastids, T(SH)2 is the most critical antioxidant enzyme, 
which is essential for infection into the host. During infection into the 
host, the host immune system is triggered to produce a burst of reactive 
species such as the superoxide radical (O2

◦-) and hydrogen peroxides 
[164,165]. The parasite takes countermeasures to sustain the attacks of 
the generated ROS and strategically utilises the host resources to facil
itate its growth in the host environment [164,166]. Trypanosoma cruzi 
and Trypanosoma brucei the causative agents of Chagas disease infect the 
host macrophages where they come across ROS generated by the 
NADPH oxidases [167]. However, the potent antioxidant property of 
trypanothione aids in quenching ROS and prolonging parasite persis
tence, leading to chronic inflammatory stress in Chagas disease [167]. 
The Trypanothione synthetase (TryS) enzyme is critical in imparting 
survival advantage in T. cruzi. The inhibition of this enzyme in T. cruzi 
led to attenuated survival and poor resistance to oxidative stress and 
heavy metal toxicity. While the overexpressing TryS in T. cruzi resulted 
in a higher resistance and proliferation. The over-expression also aided 
in tolerating benznidazole and nifurtimox, which are commonly used 
drugs for the treatment of Chagas disease [168].

Leishmaniasis is another protozoan parasitic disease which is widely 
spread worldwide [169]. This disease has three major clinical forms: 
visceral leishmaniasis, cutaneous leishmaniasis and mucocutaneous 
leishmaniasis. The first step to the disease is infection by the pathogen. 
The tissue-resident macrophages and infiltrating neutrophils are the 
major immune cells encountered by this pathogen. Neutrophils tend to 
control the spread of infection from the site by their phagocytic and 
enzyme/antimicrobial-protein mediated killing of the protozoa and 
forming the Neutrophil Extracellular Traps (NET) [170]. Leishmania spp. 
possess the 3′-Nucleotidase activity to degrade the NET, and higher 
Leishmania nucleotidase activity was correlated to the clinical manifes
tations in Leishmaniasis patients [171]. Furthermore, they utilize mac
rophages to survive and cause a long-lasting patient infection [172]. 
Although macrophages provide a toxic environment with NADPH oxi
dase (NOX2) and NOS2 mediated ROS and RNS production, and low pH, 
Leishmania spp. have evolved robust strategies to survive within the 
macrophages and cause infection [173–176]. In patients with diffused 
cutaneous leishmaniasis (DCL) caused by L. amazonensis, the skin lesions 
showed elevated expression of polyamine enzymes and transporters, 

suggesting the role of polyamines in the disease phenotype of tegu
mentary leishmaniasis [177]. Leishmania spp. also generates trypano
thione from spermidine and glutathione to restrain the host cells’ 
oxidative stress, which serves as the major antioxidant in these species 
and are the potential targets to generate anti-leishmanial drugs [178]. 
Hypericin, a natural compound and inhibitor of Leishmania spermidine 
synthase, was found to reduce the trypanothione levels in L. donovani 
and generate high ROS levels, resulting in the death of Leishmania pro
mastigotes [179]. The enzyme ornithine decarboxylase (ODC), which 
catalyses the rate-determining step of the polyamine biosynthesis 
pathway, serves to protect against the host immune system. The re
combinant enzyme from Leishmania donovani (rldODC) dampened the 
Th1 immune response in visceral leishmaniasis (VL) patients by upre
gulating IL10 production and suppressing IFNγ from the CD4+ T cells 
[180]. Moreover, rldODC led to very low levels of NO and ROS pro
duction in VL patients, which was rescued upon treatment with an ODC 
inhibitor, further shedding light on the predominant role of polyamines 
in Leishmania pathogenesis [180].

L. donovani secretes exosomes, which contain high levels of poly
amines and are readily internalised by the host macrophages. This 
causes enhanced phagocytic activity and uptake of the parasites by 
macrophages [181]. The exosomes containing polyamines modulate the 
host macrophage to the anti-inflammatory M2 phenotype, with high 
Arginase1 and low NOS2 activity. Also, boosts solute carrier transporter 
(SLC3A2) activity to increase the spermidine levels and thus maintain an 
anti-inflammatory environment [181]. Furthermore, another group 
explained that L. amazonensis utilises miR-372, miR-373 and miR-520d 
to reprogram the polyamine biosynthesis in THP-1 derived macrophages 
to favour the parasite survival and protection against host stress [182]. 
Apart from modulating the host metabolic pathways during infection, 
the parasite also rewires its own metabolic pathways under oxidative 
stress. Under in vitro oxidative stress, L. donovani shifts the metabolic 
flux from glycolysis to the pentose phosphate pathway and maintains 
the NADPH:NADP+ ratios to sustain the intracellular reduced thiols 
[183]. Also, recent studies have shown that spermidine synthase enzyme 
knockout in the malarial parasite Plasmodium yoelli caused significant 
defects in the blood-borne stages of malaria infection [184]. Further
more, spermidine is a vital metabolite for intracellular survival of the 
parasites, Babesia duncani and Plasmodium falciparum [185]. On the 
other hand, the hosts utilize polyamines to counteract the invading 
protozoan parasites by employing polyamine oxidases to generate ROS 
and cause intra-erythrocyte killing of multiple Plasmodium falciparum 
isolates [186]. While, infection of Trichomonas vaginalis results in the 
production of vaginal discharge, which is shown to consist of high levels 
of polyamine putrescine [187]. This protozoan parasite synthesises pu
trescine, secretes it into the discharge, and, in turn, antiports spermine 
from the host milieu [188]. A study presented that the inhibition of 
intracellular putrescine in T. vaginalis resulted in alterations in the 
proteomic profile of this pathogen, with downregulation of multiple 
pathways, including the redox homeostasis pathway [188]. Further
more, this sexually transmitted disease in humans is due to infection 
with T. vaginalis and Tritrichomonas foetus, which is treated by 
metronidazole-mediated ROS/RNS production [189,190]. Recently, a 
group showed a higher killing efficacy of a diamine compound that 
blocks polyamine pathways in this pathogen without producing ROS 
[191]. (Fig. 5). In conclusion polyamines play a critical role in protozoan 
pathogenesis by aiding parasite survival through antioxidant mecha
nisms, immune modulation, and metabolic reprogramming.

4.3.2. Other hosts
Vibrio cholerae, the causative agent of cholera in humans, thrives in 

aquatic systems, and it is required to protect and survive from the pre
dation of bacterivorous protists such as Acanthamoeba castellanii. M. M 
Hoque et al. found a mechanism that allows V. cholerae to survive within 
its protozoan hosts and showed that the bacterial flora mutant upregu
lated iron acquisition, amino acids biosynthesis and oxidative stress 
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genes upon infection into the A. castellani [192]. While highest upre
gulation was seen in arginine metabolism, a common precursor to 
essential metabolites such as polyamines and glutamate [192]. Poly
amines and reactive oxygen species (ROS) play a dynamic role in 
host-pathogen interactions, extending to other microscopic hosts.

4.4. Fungi-host interactions

4.4.1. Human hosts
There is a highly complex and dynamic relationship between the 

fungus and its diverse host, arising from the evolution of large numbers 
of fungal pathogens, the host niches they occupy and the immunity from 
the host. Adaptation of the fungal pathogens with the constantly 
changing host microenvironments set up the dynamic fungus-host in
teractions. These organisms are ubiquitous, and a few are associated 
with humans and plants, causing diseases [193]. The WHO has also 
published a Fungal pathogen priority list (FPPL) in the year 2022 and 
has enlisted the critical, high and moderate priority invasive fungal 
pathogens that cause morbidity and mortality worldwide [194]. Only a 
few fungal pathogens are considered true pathogens, able to infect and 
invade their hosts. In contrast, others are opportunistic pathogens and 
depend on poor immunity or loss of immune barriers to invade and 
infect the host [195]. The environmental challenges, both within and 
outside the host, require the fungal pathogens to adapt rapidly by 
altering multiple gene expressions. These organisms have conserved 
genes, including the carbohydrate, protein metabolic pathway genes, 
antioxidant and ROS stimulated genes, etc. The investigations of poly
amine metabolic pathways in fungi suggest the critical role of these 
cationic molecules in fungal stress responses [196–198]. The spe2 
mutant of Saccharomyces cerevisiae that does not synthesize spermidine 
and spermine showed cessation of growth under high oxygen levels 

[199]. Further, a follow-up study showed that in spe2 mutants, there is 
intracellular ROS accumulation when grown aerobically [200]. In the 
opportunistic human pathogen Penicillium marneffei infecting immuno
compromised individuals and with a travel history from southeast Asia, 
a mutation in the S-Adenosylmethionine decarboxylase that catalyses 
spermidine synthesis resulted in poor conidia formation and germina
tion. Since inhalation of conidia is a prerequisite for infection, the study 
suggested that spermidine biosynthesis in this pathogen might be a 
potential target for combating infections [201]. Furthermore, the 
assessment of polyamine metabolism in another opportunistic pathogen, 
Emergomyces africanus, revealed the high expressions of ornithine 
decarboxylase and agmatinase, with intracellular low putrescine levels 
and high spermidine levels and polyamine-mediated dimorphic 
switching in this yeast [202]. This suggested the importance of sper
midine in cellular functions, most importantly in oxidative stress 
regulation.

Cryptococcus sp. are other members of the opportunistic human 
fungal pathogens causing meningitis and death in immunocompromised 
humans [203]. Recent studies indicated that the urease-deficient Cryp
tococcus neoformans were defective in polyamine and arginine metabolic 
pathways and led to decreased melanin production and higher levels of 
intracellular ROS [204]. Urease is a cryptococcal virulence-associated 
gene vital for blood-brain barrier traversal, increasing the phag
olysosomal pH and survival within the host macrophages and alkalin
isation by release of ammonia to cause host tissue damage [204]. 
Another study previously showed that C. neoformans spermidine syn
thase mutants are impaired in melanin production, a key virulence 
determinant of this pathogen [205]. Corroborating from these, spermi
dine is a molecular player modulating the intracellular processes to aid 
in the pathogen survival via its complex and dynamic interactions with 
several virulence genes, such as the urease. Another study reported the 

Fig. 5. Protozoa and host interactions are influenced by polyamines - Human protozoan pathogens majorly depend on polyamines synthesized de novo or 
acquired from host cells for their survival and antioxidative responses during infection. Protozoan pathogens alter host gene expressions by regulating host miRNAs. 
They rely entirely on Trypanothione, a key protozoan antioxidant, for their antioxidative stress responses. T(SH)2 – Trypanothione, NOX- NADPH oxidase.
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effective killing of C. neoformans but not Candida albicans nor Aspergillus 
fumigatus in vitro by the polyamine oxidase system [206]. Oxidation of 
polyamines spermidine and spermine by polyamine oxidases produces 
reactive species such as hydrogen peroxides and acrolein, which show 
antifungal activity against C. neoformans [206]. Candida sp. is another 
critical group of fungal pathogens infecting immunocompromised 
humans. The widely used polyamine biosynthesis inhibitor D, 
L-α-diflouromethylornithine (DFMO) shows growth inhibition of path
ogenic isolates of Candida albicans, Candida tropicalis and Candida par
apsilosis [207]. The use of spermidine synthase inhibitor 
Cyclohexylamine with DFMO showed a higher antifungal effect in vitro, 
which was further enhanced by using spermidine analogue Triamine 
4–8 [208,209]. With the need to develop more potent and effective 
anti-fungal drugs, Mangiferin, a xanthone isolated from mango fruit, 
when administered with Caspofungin(CG), a commonly used anti-fungal 
drug, enhanced the antifungal activity of CG by destroying C. albicans 
biofilm and clearing pathogen in BALB/C mice [210]. Mangiferin, 
combined with Caspofugnin, inhibited SPE1 expression, increased 
oxidative damage, and led to fungal cell death [210]. Further, poly
amine biosynthesis inhibitors DFMO and 1,4-diamino-2-butanone 
(DAB) amplified the anti-biofilm activity of amphotericin B against 
C. albicans biofilm. The combination of the inhibitors and amphotericin 
B shoots up the ROS in biofilm cells via escalating CamCA1 caspase 
activity, leading to oxidative damage and fungal killing [211]. Thus, 
polyamines contribute to fungal survival by regulating oxidative stress, 
promoting virulence factors, and enabling morphological transitions. 

Meanwhile, ROS, generated through polyamine metabolism or host 
immune responses, can either aid fungal persistence or serve as a host 
defense mechanism. (Fig. 6).

4.4.2. Plant hosts
Greenland and Lewis were the first to show the alterations in plant 

polyamine metabolism upon infection with a fungal pathogen. They 
observed that rust infection of the biotrophic fungal pathogen Puccinia 
hordei in barley plants increased leaf spermidine levels [212]. Further, 
Walters and Wylie reported the enhanced expression of polyamine 
metabolic genes such as ODC and ADC in the area surrounding the 
fungus pustule on the barley leaves upon infection with powdery mildew 
fungus Blumeria graminis f. sp. hordei [213]. Since then, numerous 
research studies have focused on understanding the role of polyamines 
in fungal-plant interactions. Ustilago maydis a dimorphic biotrophic 
fungal pathogen and causes the common smut disease in maize plants, 
resulting in tumours on the leaf blades. A study has shown that U. maydis 
infection in maize causes an increase in polyamine metabolism in the 
tumours and plant tissues surrounding the tumours during the early 
stages of plant infection [214]. Of the multiple fungal-plant interaction 
studies, several studies have presented the involvement of ROS and 
polyamines in such interactions. The beneficial Arbuscular mycorrhizal 
(AM) symbiont augments the polyamine metabolism in the host plants. 
This polyamine metabolism enhances the ability of the host to combat 
ROS and prevent chlorophyll damage [215]. Furthermore, a recent 
study revealed the favourable role of soil Arbuscular Mycorrhizal Fungi 

Fig. 6. Interactions between pathogenic and symbiotic fungi and their diverse hosts influence fungal behaviour and host responses- Fungal pathogens 
depend on polyamines to adapt and thrive within the harsh environments of the host during infection, using them to enhance survival, facilitate proliferation, and 
overcome the host’s immune defences. The beneficial soil fungi symbiosis with host plants regulates plant responses to phytopathogens and stresses.
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(AM) in the tolerance of host plants under soil moisture deficit stress 
(SMDS). The colonization of AM to the roots of trifoliate orange led to 
high levels of polyamines and polyamine precursors and high polyamine 
synthase activity in plants exposed to SMDS [216]. While a lower degree 
of membrane lipid peroxidation and low levels of reactive oxygen spe
cies in the roots [216]. Also, the endophytic fungus Piriformospora indica 
displayed a protective role against crown rot of wheat plants caused by 
Fusarium pseuodograminearum. The protective effect of the P. indica was 
found to be linked to polyamines and nitric oxide. Additionally, 
P. indica, when applied to bean plants along with thiamine, reduced the 
disease progression of phytopathogen Rhizoctonia solani in bean plants 
[217]. P. indica application led to decreased accumulation of hydrogen 
peroxide, superoxide anion and iron in the leaf discs while increasing the 
levels of putrescine, spermidine and spermine, indicating the beneficial 
role of the endophytic P. indica [217] (Fig. 6). The dynamic interplay of 
ROS and polyamines shapes the outcomes of infections and symbioses, 
making them crucial targets for disease management and therapeutic 
strategies.

5. Boon and bane: microbiota and polyamine in modulating 
microbial pathogenesis

Humans share a mutualistic relationship with diverse and numerous 
microorganisms, known as the microbiome. Over the past two decades, 
studies have discovered multiple facets of the host-microbiome in
teractions [218,219]. The resident microbiota has evolved strategies to 
use up the metabolites produced by the host or released into the 
gastrointestinal tract [220]. Apart from using the host-derived metab
olites, the microflora regulates several host functions such as immune 
responses, nutritional responses, digestion, etc [218]. One of the critical 
roles of the resident microbiota is to form an immune barrier at the gut 
mucosa and provide protection from invading pathogens [221–223]. 
The pathogens compete with the gut flora to attach and colonise the 
epithelial lining and infect the host tissues. A dysbiosis of the gut is 
connected to the development of various diseases such as obesity, can
cer, and infections.

Research has bloomed over the past two decades to unravel the 
mysterious roles of the gut microbiome. One of the critical functions of 
the gut flora is its interaction with the pathogen and regulation of in
fectious disease pathogenesis [224]. Obesity and Type-2 diabetes in
crease the risk of infection and post-infection pathologies such as 
osteomyelitis. Oligofructose feeding of mice led to the expansion of 
B. pseudolongum in the gut and increased the polyamine contents in the 
caecum [225,226]. Another study parallelly showed the bifidogenic diet 
(oligofructose) led to a decrease in S. aureus in infected bone and tissues 
of Type-2 diabetes mice models [227]. Also, supplementation of sper
midine in the diet showed a negative correlation with obesity. This was 
partly due to an increase in the Lachnospiraceae NK4A136 group in the 
gut and enhanced gut barrier function [228]. All of them highlight the 
potential pre-biotic role of spermidine in enhancing mucosal barrier 
functions and prevention of infections. Methicillin-resistant Staphylo
coccus aureus (MRSA) bloodstream infection alters the gut flora with 
elevated Bacteroides and reduced Firmicutes. Under the same conditions, 
spermidine levels were found to be low, while supplementation of 
spermidine in the drinking water of the mice relieves the MRSA blood
stream infection [229]. The authors show spermidine drives the M2 
polarisation of macrophages with low IL-6 and TNFα and high levels of 
IL-10 and protects from MRSA infection [229]. Some bacteria, like 
Helicobacter pylori, promote polyamine metabolism in the host tissues, 
which is critical for their pathogenesis and is a pre-requisite for H. pylori 
associated gastric cancer. A study shows that Lactobacillus brevis 
administration to H. pylori positive patients negatively regulated poly
amine biosynthesis by decreasing ornithine decarboxylase activity and 
reducing intragastric H. pylori load [230]. Furthermore, faecal micro
biota transplant (FMT) from donors having 80 % relative abundance of 
the Bacteroides and Firmicutes to Clostridium difficile infection (CDI) 

patients led to increased faecal putrescine, spermidine and butyrate 
levels with decreased immune activation promising a cure for CDI [231]. 
In HIV-infected patients, the gut flora and metabolites were altered with 
high putrescine and cadaverine in pre-AIDS and AIDS groups compared 
to the control. The pre-AIDS and AIDS group showed high levels of 
Lactobacillus and few pathogenic bacterial genera such as Pseudomonas 
and Enterococcus. Such alterations were correlated to immune activation 
and microbiota translocations, indicating to affect the mucosal barrier 
disruption during HIV infection [232]. Furthermore, probiotics produce 
spermidine, which stimulates intrahepatic IFNγ+ CD4+ T cell immune 
response, inhibiting Hepatitis B virus replication [130]. Besides the gut, 
the oral cavity harbours the second-largest diverse microbiota, and the 
latest research correlated the levels of spermidine, ornithine decarbox
ylase activity and Streptococcus bloom in the oral cavity during the 
clinical conditions of gingivitis to periodontitis. The study also showed a 
change in the diversity and abundance of the oral microbiota in the oral 
disease conditions. Authors suggest that the correlation explains the 
interrelations of polyamines, microbiota and Streptococcus in such clin
ical conditions. Together, these studies underscore the harmful as well 
as beneficial roles of the microbiome and polyamines interplay during 
pathogen infection.

6. Conclusion: therapeutics and future perspectives

With the advancement in the scientific field and research, under
standing the vital functions of polyamines has progressed. These poly
cationic molecules serve as the elixir of life with their involvement in 
diverse physiological and cellular processes [233]. The polyamines are 
found to decrease with age and are linked to multiple pathologies and 
disease conditions in humans as well as plants [234,235]. The molecules 
are ubiquitously present in all organisms, from archaea to eubacteria to 
mammals. In every organism, they are critically associated with 
numerous functions, such as transcription, translation, cell division, 
protein interactions, etc [236,237]. Microorganisms such as the Pro
teobacteria and protozoans can synthesize special thiol molecules with 
Glutathione and spermidine, which is a key antioxidant and is essential 
for survival under oxidative stress conditions [238]. However, the roles 
of these molecules and their interplay with other molecular players, 
such as ROS, are complex. As Paul Nurse explains, life is a complex 
system and urges us to describe the complexity of the living system and 
then try to understand the complexity of it [239]. Similarly, the inter
play of polyamines, ROS, host, pathogen and microbiota remains com
plex, with significant gaps in our knowledge. Future research must 
unravel the complexity of such interactions, molecular players, signal
ling networks, and cellular processes.

Nevertheless, the studies in this field have enhanced the compre
hensive understanding of polyamines and the design of drug and ther
apeutic strategies for combatting dreadful infections and disease 
pathologies. With the discovery of ornithine decarboxylase(ODC) as the 
rate-limiting enzyme in polyamine biosynthesis, inhibitors of ODC were 
the first class of molecules to be used as a therapeutic strategy for curing 
infections and other non-communicable pathologies [240]. ODC has 
been the key target for pharmacological interventions to treat human 
trypanosomiasis, Chagas disease, and leishmaniasis. The most 
commonly used drug, D,L-α-difluoromethylornithine (DFMO), is prom
ising in the treatment of protozoan diseases by targeting the protozoan 
thiol and polyamine pathway, which is critical for their survival within 
the host macrophages [241,242]. Furthermore, combinatorial treat
ments of polyamine transporter inhibitors such as Pentamidine along 
with DFMO show increased anti-trypanosoma activity [42]. At the same 
time, diamines have also shown a promising role as an anti-Trichomonas 
vaginalis/foetus activity over metronidazole by blocking polyamine 
biosynthesis [191]. Further, the novel synthetic spermidine analogues 
such as N1,N7-bis (3-(cyclohexylmethylamino) propyl) heptane-1, 
7-diamine tetrabromide was found to be an effective anti-malarial 
drug by inhibiting the Plasmodium falciparum growth and infection 
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with IC50 of 200 nM [243]. Research has also paved the path to 
designing novel anti-viral therapeutics by highlighting the efficacy of 
DFMO as a broad-spectrum drug, preventing RNA virus replication 
[244]. Moreover, synthetic spermidine analogues might also serve to 
prevent microsporidiosis in HIV-infected patients [245]. Also, the 
FDA-approved anti-viral drug ribavirin, in part, causes polyamine 
depletion by inducing spermine-spermidine acetyltransferase enzyme 
activity [246]. The Indole-3-carboxamido-polyamine conjugates also 
show a broad-spectrum antibacterial activity against Staphylococcus 
aureus, Acinetobacter baumannii, and Cryptococcus neoformans (MIC 
≤0.28 μM) and enhance the doxycycline mediated killing of Pseudo
monas aeruginosa [247]. Additionally, DFMO treatment in mice infected 
with typhoid-causing Salmonella Typhimurium extended the mice’s 
survival and reduced bacterial burden at the secondary sites of infection 
[104]. These studies underscore the potential of targeting polyamines in 
curing infectious disease and pathogenesis.

With the rampant use of antibiotics, we are heading towards a 
devastating era of antimicrobial resistance, demanding the development 
of alternative therapeutics to cure the terrifying bacterial diseases. The 
importance and involvement of polyamines in diverse cellular and mo
lecular roles by most pathogens open avenues to target polyamine 
metabolism and develop better controlling and curing strategies for in
fectious diseases. The future requires translating these effective 
polyamine-targeting drugs and compounds from bench to bedside.
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