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Abstract

Amidst, the global pandemic of antimicrobial resistance (AMR), the rate at which

AMR increases overwhelms the increased efforts to discover new effective

antimicrobials. There is a persistent need for alternative treatment modalities so

as to keep up with the pace. AMR is the leading cause of death in the world and its

health and economic consequences suggest the urgent need for sustainable

interventions. Vitamins have consistently proven to have antimicrobial activity as

well as slowing down the AMR rate by influencing the AMR genes even towards

extensive multidrug resistant strains. Evidences suggest that the use of some

vitamins on their own or in combination with existing antimicrobial agents could be a

breakthrough towards combating AMR. This will widen the antimicrobial agents'

options in the treatment arena, preserve the antimicrobial agents susceptible to

develop resistant so that they can be used in severe infections only, reduce the

tension and burden of the AMR crisis significantly and give enough room for

development of new antimicrobial agents. Moreover, almost all viral, fungal, parasitic

and bacterial resistant strains of concern as listed by World Health Organization

have been found to be sensitive to several vitamins either synergistically with other

antimicrobials or independently. Considering their widened spectrum of immuno-

modulatory and antimicrobial effect, some vitamins can further be repositioned as

prophylactic antimicrobial agents in clinical situations like in presurgeries prophylaxis

so as to avoid unnecessary use of antimicrobials especially antibiotics. Various

relevant AMR stakeholders should invest in clinical trials and systematic

reviews with available data to enable quick repositioning of some potential vitamins

as antimicrobial agents as an emergency rapid response towards AMR Crisis. This

includes the preparation of guidelines containing specificity of which vitamin to be

used for treatment of which type of infection.
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1 | INTRODUCTION

Antibiotics and infectious diseases have a longstanding timeline that

comprises preantibiotic era and postantibiotic era. The preantibiotic

era was dominated by death that resulted from mild bacterial

infections.1 Thereafter, the postantibiotic era was followed by the

golden age, lean years and currently there is a growing threat of

postantibiotic era.2 Antimicrobial resistance (AMR) appears to be a

natural phenomenon that has existed for millions of years.3 However,

the burden of resistance is becoming more evident currently due to

irrational use of antimicrobials like antibiotics and antibiotic selection

pressure on bacteria as it was foreseen by Fleming.4 AMR is claiming

more lives, longer hospital stay and economic burden to patients and

governments, and effects are likely to worsen if no immediate

measures are taken.5 Alongside other initiatives taken, the use of

drug combination, adjuvants, drug repurposing, sequential treatment

and precision medicine are continuously being used to fight

resistance at the therapeutic level.6,7 In light of this, vitamins have

been used as adjuvants and showed success in treatment against

multiple infectious diseases.8–11

This article aims to expound the existing body of evidence for

immunoregulatory role and antimicrobial properties of vitamins in

fighting AMR. It describes the potentiality of vitamins to increase

susceptibility and reduce emergency of resistance.

2 | AMR CRISIS

It took nearly 10 years since the discovery of penicillin by Alexander

Fleming for the penicillinase enzyme to be discovered, just before

penicillin was officially used for therapeutic purpose.3 Bacteria cells

use efflux pumps, alter their cell membrane permeability, use

antibiotic degradation enzymes, develop new metabolic pathways

and modify their receptors or antibiotic target sites to counteract the

effect of antibiotics.12 The World Health Organization (WHO)

published the list of bacteria that required urgent discovery of new

antibiotics. They were classified as critical priority, high priority and

medium priority which were resistant to third generation cephalo-

sporins, carbapenem, methicillin among others.13 The global report

on the burden of bacterial AMR reported six pathogen that

accounted for high morbidity which are Escherichia coli, Staphylococ-

cus aureus, K. pneumoniae, S. pneumoniae, Acinetobacter baumannii,

and Pseudomonas aeruginosa.5

Most recent global data suggest that AMR is the leading cause of

death around the world with highest burden in low‐resource settings.

There were an estimated 4.95 million deaths associated with AMR in

2019, including 1.27 million deaths attributable to bacterial AMR.5 In

2021, the WHO declared AMR to be among the top 10 global public

health threats facing humanity.14 The cost of AMR to the economy is

significant.15–18 In addition to death and disability, prolonged illness

results in longer hospital stays, the need for more expensive

medicines and financial challenges for those impacted.14 There is

persistent need to come up with interventions to combat AMR.

3 | VITAMINS AND ANTIMICROBIAL
ACTIVITY

Vitamins are known for their outstanding immunoregulatory effect of

both humoral and cellular immunity.19 Generally, vitamins enhance

stability of physical barriers, proliferation, differentiation, and proper

functionality of various immune components.20 Apart from immuno-

regulatory roles, vitamins have a long‐standing history of anti‐

infective properties.21 In the era of AMR, discovery of novel

antimicrobial agents is being promoted. Alongside this, adjuvant

molecules that can enhance the action of antibiotics is important to

halt the growing burden of AMR.22 Different studies have docu-

mented vitamins to possess anti‐microbial properties, improving host

immune responses and enhancement of antibiotic activity against

bacterial infections.8,23

The water‐soluble vitamins comprise of vitamins B and C, both

have potential in fighting infections and modulating the immune

system even towards multidrug‐resistant strains and they have

shown synergism antibiotic effect when combined with other

antibiotics.24,25 Moreover, majority of bacteria have a well‐

established and developed vitamin B transport system to help them

acquire it from the host and environment. This makes vitamin B a

potential molecule for conjugation with antibiotic molecules to

enhance influx into the bacterial cell.11 Vitamin C has been suggested

to be safe and effective antibiotic agent independently against both

gram negative and positive bacterial strains including resistant strains

while being stable at different temperatures.26,27 One study showed

that vitamin C exhibited independent antibiotic effect significantly in

both in vitro and in vivo settings in a mouse model against

carbapenem‐resistant hypervirulent Klebsiella pneumonia.28

The other group of vitamins is the fat‐soluble vitamins comprising

of vitamins A, D, E, and K. The use of vitamin A as an anti‐infective

agent dates far before the second world war when it was thought to

reduce morbidity caused by respiratory tract infections, puerperal sepsis

and measles among other infectious diseases.21 Subsequent studies

found contradicting results that did not support the hypothesized anti‐

infective property of vitamin A.29 Despite presence of contradicting

evidence for anti‐infective properties for vitamin A, it has immuno-

regulatory potential.19 Vitamin D is an immunoregulatory molecule

mediated by the vitamin D receptor, improves bacterial cell permeability

and expresser of cathelicidin and β‐defensin both of which are potent

antimicrobial peptides.30 Not only that, vitamin D possess bacteriostatic

effect.9,31 Another important bacteriostatic vitamin is vitamin E.32

Vitamin E owes a potent ability of reducing biofilm formation in medical

devices33 and increasing susceptibility of bacteria.34

Vitamin K plays a great role in improving cell membrane

permeability and fighting AMR, specifically by preventing efflux of

antimicrobial agents.35,36 For example, in staphylococcus aureus,

vitamin K diminishes the expression of NorA gene to act as efflux

pump inhibitor.35 Unlike vitamin B, vitamin K interrupts the cell

membrane stability, as a result increases its permeability to antibiotic

molecules,36 and also interacts efflux pumps to inhibit efflux of

antibiotic molecules from bacterial cells.35
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The WHO reported the prevalence of resistance of 10% among

human immunodeficiency virus (HIV)/acquired immunodeficiency

syndrome (AIDs) population initiated on first line ART regimen by

2021 and reported the rising of resistance among antimalarial drugs

too.37,38 There are limited studies on the potential antimicrobial role

of vitamins in treatment of viral and parasitic infection especially of

resistant strains. Nevertheless, several studies have supported the

fact that vitamins A, B, C, D, and E might act synergistically or

independently with both immunomodulatory and antimicrobial effect

in treatment of both viral and parasitic infections like HIV/AIDs and

Malaria.39–51 One study specifically shown that vitamin C can inhibit

blood stage plasmodium significantly via oxidative stress and

suggested that this vitamin is effective enough in inhibiting even

chloroquine or artemisinin‐resistant parasites.45 Vitamin B3 also was

found to have specific antimicrobial effect towards HIV52 and

Plasmodium falciparum,53 African Trypanosomes54 and showed antile-

shimanial activity in vitro.55

In 2022, the WHO again declared a list of fungal priority

infections that are of public health threatening concern because of

resistance reasons towards antifungals.56 There are limited studies

also on the role of vitamins towards combating fungal infections.

Since fungal infections are more likely in immunocompromised

individuals57 and Vitamins possess immunomodulatory effect, it is

more likely too for vitamins to be of pharmacological help in such

infections. It was found that vitamin B complex was effective as an

adjuvant therapy for the treatment of complicated vulvovaginal

candidiasis in mice when used with fluconazole.58 Vitamin B3 have

exhibited independent antimicrobial effect in both candida species

and non‐candida species including Cryptococcus neoformans.59

Another study suggested that vitamin C is of potential antimicrobial

agent towards Candida albicans infections through inhibition of

Hsp90‐Mediated Morphogenesis.60

4 | VITAMINS AND GENOMIC INFLUENCE
ON RESISTANT MICROBIAL AGENTS

Exposure of microbial organism to sub‐optimal dosages of anti-

microbial agents triggers mutations.61 As a result, bacterial cells

undergo mutations and evolution which is made possible by genetic

instability and horizontal gene transfer. Therefore, bacteria use their

DNA replication, recombination and repair systems to acquire more

virulent features and protective mechanism that are genetically

encoded.62 The existing body of knowledge appreciates the signifi-

cant role of vitamins on DNA/RNA replication and ensuring genetic

stability.63,64 However, with advancement of microbial genomics, it

may be possible to utilize vitamins to target DNA/RNA so as to

prevent growth and cause death.65,66 Example, vitamins B and C can

interfere with the normal DNA methylation causing reduced

thermodynamic stability and expression of the restriction modifica-

tion system of Mycobacterium bovis (BCG).67 Vitamin B12 serve as a

nonpeptidic carrier for peptide nucleic acid to target the messenger

RNA so as to inhibit gene expression in E. coli.68 Not only that,

vitamin E has a potential of binding to BcnA protein of Burkholderia

cenocepacia, hence increasing its susceptibility to antibiotics.34 Last,

vitamin K targets the NorA gene by interrupting with the signaling

pathways of the gene expression, ultimately inhibiting the efflux

pump of Staphylococcus aureus.35

An experimental study to demonstrate the effect of ascorbic acid

(vitamin C) on bacterial gene expression of AMR genes showed that

the expression levels of all tested AMR genes and biofilm associated

genes were downregulated under ascorbic acid‐treated condition

compared to untreated culture. This experiment was specific to

resistant strains of Pseudomonas aeruginosa but confirms the

potentiality of vitamin C to be used as alternative therapy to combat

the AMR pandemic.69

5 | DISCUSSION

Amidst a global AMR, efforts have been set to increase public

awareness on effects of irrational use of antimicrobial agents,

improve surveillance, infection prevention strategies and increase

research for new antimicrobial agents.70 However, the discovery of

new antimicrobial agents has been less successful, whilst infectious

diseases claim millions of lives each year.71 It is time that nutritive

vitamins to be repositioned and be utilized as antimicrobial agents

due to presence of promising epigenetic findings in combating

infectious diseases, ability to improve the host immune response and

attacking the pathogens. The use of nutritive vitamins as antimicro-

bial agents is coherently with use of antimicrobial peptides which are

part of the innate immunity.72,73 Vitamins may be also instrumental

to avert AMR due to their interaction with microbial genome and also

usefulness in precision medicine.74,75 This is a win–win initiative that

will improve host immunity, delineate bactericidal or bacteriostatic

effect, reduce virulence and increase susceptibility.

Some studies have reported significant synergistic effect of some

vitamins like vitamins A, B1, B2, B12, C, K, E, and D when used as

adjunct treatment along other antibiotics even to resistant

strains24,76,77 while others have reported that some vitamins

including vitamins C and E can act independently on their own as

effective antibiotic agents.69,78 Moreover, in 2017, the WHO listed

bacterial strains like Acinetobacter, Pseudomonas and various Enter-

obacteriaceae (including Klebsiella, E. coli, Serratia, and Proteus),

Salmonella andMycobacteriumTuberculosis as resistant bacteria which

poses public health threat and needs urgent new antibiotics

discovery.79 Almost all of these strains have been found to be

sensitive to several vitamins either synergistically with other

antibiotics or independently.8,24,27,52,67,80,81 This makes vitamins

ideal agents to be repositioned towards the fight against AMR Crisis.

Vitamins exhibit both immunomodulatory and antimicrobial

effects also towards both viral, parasitic and fungal infections despite

the fact that evidences in these areas are still few compared to those

in bacterial infections. This might be attributed to the fact that

bacterial infections are more common to the extent of being studied

more compared to viral and parasitic infections. However, the
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available evidences are supportive enough to consider repositioning

of some vitamins as potential antimicrobial agents towards viral and

parasitic infection.

6 | CONCLUSION AND
RECOMMENDATION

The battle between microbes with AMR patterns and antimicrobials is

getting worse and antimicrobials are undeniably losing the battle. AMR

has grown into major global health threat claiming millions of lives yearly.

Despite the efforts in discovering new antimicrobials, this problem

accelerates at a pace which requires a look on alternative treatment

modalities to control this pandemic. Several studies have proved that

vitamins have a number of properties than can help in slowing down the

rate of AMR crisis. They have shown antimicrobial activity as well as

genomic influence on different microbial resistant strains even to the

extensive multidrug resistant strains. Therefore, to a great extent they can

improve the treatment outcomes of patients infected with resistant

strains of both viral, parasitic, fungal and bacterial type.

Despite the fact that most studies have suggested the use of

vitamins as adjuvants to antimicrobial agents in clinical settings,

evidences support the fact that vitamins can be repositioned as

antimicrobial agents on their own. This will widen up the anti-

microbial agents' options in the treatment arena, preserve the

antimicrobial agents susceptible to develop resistance so that they

can be used in severe infections only, reduce the tension and burden

of the AMR crisis significantly and give enough room for develop-

ment of new antimicrobial agents. Considering their widened

spectrum of immunomodulatory and antimicrobial effect, some

vitamins can be further repositioned as prophylactic antimicrobial

agents in clinical situations like in presurgeries prophylaxis so as to

avoid unnecessary use of antimicrobials especially antibiotics.

Most reported studies on antimicrobial effect of different

vitamins have been done in bacterial infections. Such effect should

be explored more also in different viral, fungal and parasitic

infections. More studies on mechanism of action of vitamins with

antimicrobial effect should be conducted extensively at a molecular

level so as to understand when and to what kind of infections exactly

such vitamins can be useful and why. Moreover, various relevant

international and local AMR stakeholders should invest in clinical

trials and systematic reviews with available data to enable quick

repositioning of some potential vitamins as antimicrobial agents as an

emergency rapid response towards AMR Crisis. This includes the

preparation of guidelines containing specificity of which vitamin to be

used for treatment of which type of infection.
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