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ARTICLE INFO ABSTRACT

Keywords: Paracetamol (PMCL) is an analgesic-antipyretic drug. It is frequently used as an over-the-counter (OTC) drug in
Paracetamol many countries around the world, especially for headaches, mild pain, and fever. Knowing its toxic effects on the
Antimicrobial

nervous and hepatic systems, it has been combined with the psychoactive drug caffeine. However, PMCL's
antipyretic action during fevers caused by various pathogens might be due to its antimicrobial power. Therefore,
we have a question about whether PMCL can be used as an OTC medication or not. This review aimed to sum-
marize the antimicrobial activity, facts behind it, possible action mechanisms, and causes of resistance growth,
along with the antimicrobial and toxicological impacts of its metabolites, derived products, and combination
products, on the basis of database reports. Numerous pieces of evidence suggest that both PMCL and caffeine have
broad-spectrum antimicrobial effects. PMCL is evidently effective against gram-positive and gram-negative bac-
teria, fungi, viruses, and protozoa. Its major toxic metabolite, N-acetyl-p-benzoquinone imine (NAPQI), also has
antimicrobial potential. Despite its antimicrobial effects, PMCL has contributed to antimicrobial resistance. In
conclusion, according to the findings from database reports, PMCL is not only an analgesic-antipyretic drug, but it
also has broad-spectrum antimicrobial potential against many pathogenic gram-positive and gram-negative
bacteria and fungi as well as some viruses and protozoa. The use of PMCL as an OTC medication might bring
a dangerous health issue in the future among the population, for example, growing microbial resistance and
harmful toxicological impacts in different organs in humans.

Microbial resistance
Paracetamol derivatives
Toxicological profile

osteoarthritis pain. Besides these, PMCL is used in mild migraine, dental
and other post-surgical pain, low back pain, cancer pain, neuropathic
pain, musculoskeletal pain, procedural pain in newborn babies, periph-
eral pain, ductal closure in the patent ductus arteriosus, and so on.
PMCL's mechanism of action involves inhibiting cyclooxygenase enzymes
(COX-1 and COX-2) in both the peripheral and central nervous systems,
reducing prostaglandin synthesis at low concentrations of arachidonic
acid and peroxides, with a preference for COX-2. It exerts
anti-inflammatory effects via COX inhibition in the CNS and acts as an
antinociceptive through a '"redox" mechanism. Its active metabolite,
N-arachidonoylphenolamine (AM404), is a weak agonist of cannabinoid
receptors CB1 and CB2, inhibits the endocannabinoid transporter, and

1. Introduction

Paracetamol (recognized in this article as PMCL) is a popular and
frequently used antipyretic-analgesic drug worldwide. Joseph von Mer-
ing synthesized PMCL in 1893, later recognized for its antipyretic and
analgesic properties and marketed as the OTC drug acetaminophen
(1955) in the U.S. and paracetamol (1956) in the U.K. as an aspirin
alternative [1]. PMCL is primarily used as an alternative to non-steroidal
anti-inflammatory drugs (NSAIDs) for headaches, fevers, bronchial
asthma, peptic ulcers, hemophilia, salicylate sensitivity, children under
12, and pregnant or breastfeeding women and as a first-line treatment for
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Abbreviations

cAMP Cyclic Adenosine Monophosphate
GSH Glutathione
HCV Hepatitis C Virus

HIV Human Immunodeficiency Virus

im. Intramuscular

ip. Intraperitoneal

iv. Intravenous

1Z Inhibition Zone

1Cso Half Maximal Inhibitory Concentration
MIC Minimum Inhibitory Concentration
MMP Matrix Metalloproteinase

NSAIDs Non-Steroidal Anti-Inflammatory Drugs
COX Cyclooxygenase

CNS Central Nervous System

AM404 N-arachidonoylphenolamine

CB Cannabinoid Receptor

PG Prostaglandin

IL Interleukin

PMCL Paracetamol

OTC Over-the-Counter

NAPQI  N-acetyl-p-benzoquinone imine
QS Quorum sensing

RBD Receptor Binding Domain

activates the TRPV1 receptor, producing an analgesic effect in animals
[2]. AM404 activates TRPV1 receptors to reduce neuronal excitability
and has anticonvulsant effects, while also inhibiting COX-1/COX-2 and
reducing inflammatory mediators, demonstrating its anti-inflammatory
action in animals [3,4].

PMCL is well tolerated with minimal gastrointestinal side effects,
rapidly absorbed in the small intestine and on an empty stomach, while a
full stomach delays peak plasma concentration by 70 min, and a high-
carbohydrate diet reduces it fourfold [5]. Its elimination half-life is
1.9-2.5 h, and the volume of distribution is roughly 50 L [6]. It has
negligible protein binding capacity; in an overdose, it may reach up to
15%-21% protein binding. PMCL is metabolized primarily in the liver,
mainly by glucuronidation (50-70% by UGT1A1 and UGT1A6) and
sulfation (25%-35% by SULT1A1, SULT1A3, and SULT1E1) [7]. Day by
day, its use is steadily increasing around the world [8]. However, at
present, it has been claimed that PMCL is one of the most dangerous
compounds for medical use. It is causing hundreds of deaths each year
worldwide due to acute liver failure. Due to its unavoidable production of
the highly toxic metabolite paracetamol, N-acetyl-p-benzoquinone imine
(NAPQY), it exerts toxic effects on the liver as well as on the kidney. It also
causes impaired development of the fetus and the newborn child [9].

The modern era is becoming challenging due to growing microbial
resistance, making it difficult to find new antimicrobial drugs. PMCL is a
known antipyretic drug. Numerous studies suggest that it has antibac-
terial, antifungal, antiviral, and antiprotozoal activities. During fever,
numerous exogenous substances enter the body, for example, exogenous
pyrogens, and initiate the fever cycle. Gram-negative bacteria-derived
lipopolysaccharide, the most potent exogenous pyrogen, is evident to
initiate fever by inducing host cells (primarily macrophages) to produce
and release endogenous pyrogens such as interleukin-1 (IL-1). The later-
type pyrogens then transmit to the hypothalamic thermoregulatory
center, specifically the organum vasculosum of the lamina terminalis,
where they cause the synthesis of prostaglandins (e.g., PGE2), resulting
in a febrile response [10]. On the other hand, each pain syndrome has an
inflammatory profile consisting of one or more inflammatory mediators.
Thus, activation of pain receptors, transmission and modulation of pain
signals, neuroplasticity, and central sensitization all affect inflammation
and the inflammatory response [11]. Pain is commonly accompanied by
infections caused by bacterial, fungal, and viral pathogens. Pathogens
directly activate nociceptor neurons that contribute to pain during
infection [12]. Thus, it is a time-needed matter to reassess PMCL's
risk-benefit ratio based on the existing evidence. Knowing the overall
facts, this paper aims to revise its antimicrobial properties along with its
roles in antibiotic resistance in humans. Additionally, the antimicrobial
derivatives of PMCL have also been considered in this paper.

1.1. Search strategy

An up-to-date search was made in the Google Scholar database for the

published evidence on the antimicrobial activities of paracetamol and its
derivatives with the common keyword ‘Paracetamol’ or ‘N-acetyl-para-
aminophenol’, or ‘Acetaminophen’ which was then paired with ‘Antimi-
crobial activity’, ‘Bacteria’, ‘Fungi’, ‘Virus’, or ‘Protozoa’. No language
restrictions were imposed; however, the majority of the studies retrieved
were in English. The database search was performed up to December 2024.

1.1.1. Inclusion criteria

a) In vitro, in vivo, or in silico studies on the antimicrobial effects of
paracetamol and/or its derivatives.

b) Studies mention mechanisms or not.

¢) Studies mixed with crude extracts and other drugs, chemicals, or
biochemicals.

d) Studies on paracetamol or its derivatives having antimicrobial effects
with other biological activities.

1.1.2. Exclusion criteria

a) Studies with paracetamol propose other biological activities.
b) Studies on the antimicrobial effects of other drugs or chemicals than
paracetamol.

1.2. Database reports

All pages of the Google Scholar and PubMed databases were searched.
A total of 4541990 reports were obtained, of which 163 met the inclusion
criteria of this study. Therefore, this study included only 0.002 % of re-
ports from the search engine. Results show that this study accommodated
data from 1984 to 2024. Among the included reports, 76 fall under
antimicrobial activity, which is further divided into anti-bacterial (n =
14), antiviral (n = 44), antiprotozoal (n = 8), and anti-fungal (n = 10);
toxicological (n = 36); and microbial resistance data (n = 51), each
representing distinct research data categories (Fig. 1).

1.3. Effects of paracetamol on microbial physiology and natural processes

PMCL is a highly water-soluble, weak organic acid (pH: 7.4; pKa
value: 9.5). Gastric juice's pH is 1.5-3.5, which is reduced to 5-6 in the
duodenum, 7-8 in the distal jejunum and ileum by 7-8, and finally in the
colon by 6, with some interindividual variability [13,14]. PMCL is readily
absorbed in the duodenum, with peak plasma concentrations occurring
about 10-60 min after oral administration. In general, 2-4 h are required
to move foods from the stomach to the small intestine. Thus, foods,
especially basic foods, may create a suitable environment inside the
stomach for PMCL's absorption. However, the rate and extent of ab-
sorption of a drug in the stomach also depend on the gastric emptying
time and the chemical nature and degree of ionizability of the drug
molecule.
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Fig. 1. Outline of data search, inclusion and exclusion criteria (This figure is drawn by the authors using Microsoft PowerPoint).

The gut of a healthy human is populated with billions of microbes
(weighing around 1.8 kg in adults), which play important immunological
and metabolic functions. Each individual possesses a unique mix of mi-
crobial species for proper human immune and metabolic function. Thus,
maintenance of a proper diversity of the microbiome of an individual is
much needed to avoid several diseases, including obesity and inflam-
matory bowel disease [15]. Besides these, many bacteria in the gut
microbiome metabolize drugs, thereby affecting drug pharmacokinetic
consequences [16]. pH is a critical parameter for the maintenance of a
healthy gut microbiota. A low pH modulates luminal and mucosal com-
munity evenness. For example, increases in abundance of Lachnospiraceae
(Enterocloster), Veillonellaceae (Megasphaera), Veillonellaceae (Sporomusa),
Erysipelotrichaceae (Eubacterium), and Alcaligenaceae (Sutterella), while a
decrease in the abundance of Odoribacteraceae (Butyricimonas), Fuso-
bacteriaceae (Fusobacterium), Veillonellaceae, Phascolarctobacterium, and
multiple Enterobacteriaceae species for both the luminal and mucosal
communities [17]. Therefore, the long-term endurance of this antimi-
crobial analgesic-antipyretic drug in an acidic environment will create an
unfavorable environment for certain species of gut microbiome. In
addition, an imbalanced organism population in the gut microbiota can
influence the biodisposition of orally administered drugs. For example,
amoxicillin or ampicillin/neomycin altered the biodisposition of PMCL
through changing gut microbiome composition in C57BL/6 mice [18].

PMCL, up to 50%, circulates together with plasma proteins, and the
liver microsomes are its main metabolism site. The central immunolog-
ical organ, the liver, is enriched with innate immune cells, which are
constantly exposed to circulating substances, including nutrients and
endotoxins from the gut microbiota. Thus, gut microbiota dysbiosis in
liver disease leads to an imbalance in microbial composition, promoting
pathogenic bacteria overgrowth and reducing beneficial diversity in
alcoholic liver disease, non-alcoholic fatty liver disease, and cirrhosis
[19,20]. On the other hand, the microbiome plays an important role in

maintaining healthy urinary function and bladder homeostasis. Thus,
urobiomes help to maintain urothelial integrity and prevent urinary tract
infection, along with promoting local immune function in humans. The
metabolism of PMCL is impaired in patients with liver damage, which
increases the plasma half-life of unchanged drug molecules. Moreover,
hepatic necrosis markedly delays the overall elimination rate of this drug
[21]. All these events can imbalance the urobiome, thereby destabilizing
bladder homeostasis, changing urothelial integrity, decreasing autoim-
mune function, and ultimately increasing the chance of getting a urinary
tract infection.

1.4. Antimicrobial profiles of paracetamol

1.4.1. Anti-bacterial activity

PMCL and its derivatives exhibit broad-spectrum antimicrobial ac-
tivity against gram-positive and gram-negative bacteria, fungi, and drug-
resistant strains [22,23]. A benzofuran 1,3,5-trisubstituted pyrazoline
derivative of PMCL showed activity against Mycobacterium tuberculosis
(M. tuberculosis) [24], while metal complexes with Fe, Mn, Zn, Cu, Ni, and
Cd demonstrated significant antibacterial effects (IZ: 6-44 mm) [25-27].
PMCL-Zn-Ciprofloxacin co-administration enhanced inhibition against
Bacillus cereus (B. cereus), Bacillus subtilis (B. subtilis), Staphylococcus
aureus (S. aureus), Escherichia coli (E. coli), Pseudomonas aeruginosa
(P. aeruginosa), and Shigella boydii (S. bodydii) [28]. Azo and Schiff base
derivatives exhibited moderate antibacterial activity [29,30], while
Mannich base compounds (IZ: 10-20 mm) and organoiron dendrimer 11
(ICs0: 0.52-1.02 pM) showed potency against multiple pathogens [31,
32]. The PMCL-azithromycin complex increased azithromycin's anti-
bacterial effect against E. coli, Salmonella typhi (S. typhi), and Klebsiella
pneumoniae (K. penumoniae) [33], and PMCL exhibited antimicrobial ef-
fects against 117 microbial strains, including drug-resistant bacteria
[34]. Additionally, co-administration with Baptisia tinctoria (Ba. tinctoria)
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and Belladonna showed promising antimicrobial effects [35]. These
findings highlight PMCL's potential as an antimicrobial agent, especially
in combination with other drugs or metal complexes (Table 1).

1.4.2. Anti-fungal activity

Aryl-imidazolidinyl compounds of PMCL (chlorobenzene and nitro-
benzene substitutions on the imidazolidine) were evident to work against
Aspergillus niger (A. niger) and Candida albicans (C. albicans) [48], while
2-oxo-azetidine derivatives of PMCL showed activity against A. niger and
Curvularia lunata (Cu. lunata) (IZ range: 14-22 mm) [49]. 5'-acet-
amido-2'-hydroxy acetophenone of PMCL produced an IZ value of 17 mm
against C. albicans [47]. Pyrazoline derivatives of PMCL were sensitive
against Penicillium chrysogenum (P. chrysogenum), A. niger, and C. albicans
[45], while Schiff base complexes of PMCL (20 pg/mL) produced an IZ
range of 9-28 mm against C. albicans and A. niger [30].

N-substituted acyclic nucleoside analogs of PMCL were also found to
act against Aspergillus and Candida spp. [42]. On the other hand, the (IV)
and Ce(Ill) derivatives of PMCL inhibited the growth of A. niger and
Aspergillus flavus (A. flavus) [41]. Another study demonstrates that Co [II]
and Cu [II] complexes of PMCL showed IZ between 3 and 14.2 mm
against Phythophthora palmivora (P. palmivora), Ceratocystis parndoxa
(C. parndoxa), Helminthosporium toxicum (H. toxicum), and Pericularia
oryzal (P. oryzal), where the complexes were more active against Peri-
cularia oryzal (P. oryzal) [27]. Co(II), Ni(Il), Cu(Il), Zn(Il), and Cd(II)
complexes of PMCL also showed activity against A. flavus and Candida
spp. [53]. Moreover, PMCL is evident to act against A. niger and
Saccharomyces cerevisiae within an 1Z value of 6 mm and an MIC range of
<0.0625 to <2.5 mg/mL [23]. These results showed that PMCL and its
derivatives exhibit antifungal activity against Aspergillus, Candida, Cur-
vularia, and Saccharomyces spp., with 1Z ranging from 6 to 28 mm. Metal
complexes, Schiff base derivatives, and nucleoside analogs of PMCL
further enhance its antifungal potency.

1.4.3. Antiviral activity

PMCL exhibits antiviral potential by binding to the severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) spike glycoprotein
receptor-binding domain [54], but it does not influence
angiotensin-converting enzyme 2 (ACE2) expression or activity in in vitro
or in vivo [55], suggesting its mechanism of action is independent of
ACE2 modulation. Several studies report that PMCL has glutathione
(GSH)- depleting activity [56]; thus, the use of it in novel coronavirus
disease 2019 (COVID-19) is still controversial [57-60]. However, in
certain conditions, like during the COVID-19 pandemic, dentistry as a
short-term analgesia PMCL is preferable to dentists [61]. Moreover,
certain infections, especially those that affect liver metabolism, for
example, hepatitis C, are able to decrease its clearance from our body.
Hepatitis C infection is also evident to exacerbate PMCL-induced liver
injury through the induction and amplification of mitochondrial oxida-
tive stress in humans [62]. One study reports that caffeine can enhance
the clearance of PMCL in such a class of hepatitis C-infected patients
[63]. An earlier study suggests that a longer duration of rhinovirus type 2
shedding by the PMCL group was observed in humans [64]. A recent
study demonstrates that PMCL and non-steroidal anti-inflammatory
drugs (NSAIDs) can be used safely to control symptoms in COVID-19
patients [65].

PMCL metabolite AM404 (N-arachidonoylphenolamine) inhibited
Dengue virus replication by targeting DENV non-structural protein 4B
(NS4B), with escape mutations conferring resistance, and it was found
that the metabolite was active against NITD-618 and SDM25N-resistant
dengue viruses. In addition, the mechanism of inhibition involves
AM404 targeting the NS4B, a component critical for viral RNA replica-
tion. Mutations in NS4B, specifically at positions P104L, A119T, and
F164L, have been found to confer resistance to AM404, suggesting that
NS4B is a direct or indirect target of AM404's antiviral activity [66].
During dengue fever, the NS1 antigen is upregulated, which increases the
release of certain cytokines, e.g., interleukin (IL)-4, —6, and —10. One
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study suggests that PMCL treatment (1 or 2 mg/mlL) significantly
down-regulated the expression profile of matrix metalloproteinases
(MMP)-2, -8, -9, and -14 in a concentration-dependent manner in THP-1
monocytes [67]. The dengue virus-PMCL association is able to induce
changes in the gene expression profile of AML-12 cells, which might be a
cause for cellular homeostasis during dengue infection [68]. PMCL
showed activity against the Zika virus by potently reducing the expression
of AXL, the entry cofactor of the virus. It also downregulated the pros-
taglandin Ey/prostaglandin E receptor 2 (EP2)/cAMP/protein kinase A
(PKA) signaling pathway and reduced PKA-dependent CDC37 phos-
phorylation and the interaction between CDC37 and HSP90, which
subsequently facilitated CHIP/ubiquitination/proteasome-mediated AXL
degradation [69].

An intraperitoneal PMCL treatment significantly decreased the infil-
tration of inflammatory cells into the airway spaces, reduced pulmonary
immunopathology associated with acute infection and improved the
overall influenza A-mediated lung function of mice without adversely
affecting the induction of virus-specific adaptive responses [70]. Forty
children (aged 3-12 years) with acute viral infections of the lower res-
piratory tract receiving PMCL 120-288 mg 3 times daily for 3-7 days
suggest a significant reduction in fever with inflammatory indices [71].
In another study, PMCL showed remarkable efficacy in 64.8% of children
aged 2-5 years with symptomatic relief of upper respiratory tract in-
fections [72].

Control or proper use of PMCL is always preferable for physicians.
Chronic use of PMCL is evident to increase the risk of susceptibility to
microbial infection [73], such as hepatitis E [74] and SARS-CoV-2
infection [75]. In contrast, regular PMCL had no effect on viral shed-
ding, temperature, or clinical symptoms in influenza patients [76]. One
study suggests that a young woman (age 33 years) experienced fulminant
hepatitis due to uncontrolled reception of PMCL-containing medicines
for acute viral infection [77]. Another study reports that prophylactic
PMCL treatment during vaccination has a negative influence on the
antibody concentration after hepatitis B vaccination in adults [78]. In
contrast, an earlier report suggests that PMCL has no impacts on influ-
enza immunization in humans, as it neither affected the immunization
process nor ameliorated the side effects of vaccination even at a 1950 mg
dose [79,80].

Multiple supratherapeutic doses of PMCL are also associated with the
development of fulminant hepatic failure in children [81]. Moreover, a
32-year-old woman (of Western Indian origin) also experienced dengue
infection development and suffered toxic epidermal necrolysis following
a five-day course of cefixime and a three-day course of two analgesic
drugs, PMCL and nimesulide, with the adverse event occurring on the
fifth day of the dengue infection [82]. In the C57BL/6N (B6) mice pre-
treated with influenza B virus and a mixed-function oxidase
system-inducing agent before administering PMCL, a significant inci-
dence of atypical "fatty" liver pathology was observed, which was similar
to the microvesicular steatosis seen in human Reye's syndrome [83].

PMCL at 300 mg/kg after a 24-h treatment caused liver mitochondrial
dysfunction in HCV-Tg mice, leading to increased susceptibility to
infection [84]. An earlier report demonstrates that PMCL is less prefer-
able to aceclofenac in improving the signs and symptoms of viral phar-
yngoamygdalitis [85]. In contrast, PMCI at 325 mg significantly reduced
the incidence of sore arms and nausea without affecting the antibody
response in influenza-vaccinated patients [86]. Maddox et al. also re-
ported that normal, noninjurious doses of PMCL can reduce hepatotoxic
inflammation caused by bacterial or viral origins [87]. Another study
reports that acute viral hepatitis can selectively down-regulate
PMCL-metabolizing P450s in the liver, thereby decreasing the risk of
PMCL-induced liver damage in animals [88]. Moreover, an enhanced
elimination of PMCL by detoxification metabolic pathways is thought to
be linked to its reduced hepatotoxicity in animals with chronic retrovirus
infection [89,90]. In contrast, patients with advanced HIV infection
reduced PMCL glucuronidation and increased the formation of hepato-
toxic oxidation metabolites [91]. Another study reports that PMCL
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Table 1
Paracetamol and its derivatives acting against bacteria and fungi.
Paracetamol/derivative FDA/EMA approval Dose/conc. Microorganisms Results References
Gram positive Gram negative Fungi
Combination of amoxyclav and Paracetamol N/A N/A E. coli N/A The addition of [36]
paracetamol (EMA and FDA) paracetamol to
Amoxyclav amoxyclav
(FDA) showed
antagonism
effect
Paracetamol Both EMA and 0.25-0.75 B. subtilis N/A N/A Antibacterial [37]
FDA mg effect
Paracetamol Both EMA and 0-64 mg/ E. coli |Biofilm [38]
FDA mL formation,
protease
production,
motility, and
serum resistance
(Anti-virulence
effects against
E. coli)

Baptisia tinctoria and Belladonna N/A N/A N/A N/A Good [35]
Belladonna co- (EMA and FDA) antimicrobial
administration activity

Paracetamol Both EMA and 10 mg/mL B. subtilis, S. aureus, B. P. aeruginosa, E. coli, K. A. niger, Antibacterial [23]

FDA cereus, Listeria pneumoniae, Saccharomyces and antifungal
monocytogenes, Citrobacter freundii, cerevisiae) activity (IZ: 6
Enterococcus feacalis) Proteus vulgaris, mm; MIC range:
Salmonella enteric, <0.0625 to
Yersinia enterocolitica, <2.5 mg/mL)
Paracetamol-azithromycin Paracetamol 2-256 g/ N/A E. coli, S. typhi, K. N/A Enhanced [33]
complex (EMA and mL pneumonia dissolution rate
FDA); and anti-
Azithromycin bacterial effect
(Both EMA and (IZ range: 7-23
FDA) mm)
MIC: 64, 64 and
32 pg/ml,
respectively

Co (I, Ni (II) and Cu (II) N/A 1000 pg/ B. subtilis, S. aureus, E. coli, P. aeruginosa 1Z range: 2-15 [39]
complexes mL mm

Paracetamol Both EMA and N/A Bacillus Acinetobacter alcaligenes, Candida albicans, Antimicrobial [22]

FDA amyloliquifaciens, Acinetobacter C. famata, effect (MIC
B. badius, B. brevis, calcoaceticus, range: 0.16 to
B. cereus, Acinetobacter lwoffii, >10.24 mg/mL)
B. licheniformis, Aerococcus spp.,
B. megaterium, Aeromonas bestiarum,
B. mycoides, Aeromonas caviae,
B. sphaericus, Aeromonas eucranophila,
Enterococcus durans, Aeromonas hydrophila,
Enterococcus faecalis, Aeromonas media,
Enterococcus faecium, Aeromonas popoffii,
Enterococcus Aeromonas salmonicida,
malodoratus, Aeromonas schubertii,

Enterococcus solitaries,
Geobacillus stearother-
mophilus, K.
pneumoniae, Kocuria
rosea, Micrococcus
luteus, Paenibacillus
lactis, Paenibacillus
larvae, Paenibacillus
pantothenticus,

S. arlettae, S. aureus,
Staphylococcus capitis,
urealyticus,
caseolyticus,
chromogenes,
delphini,
epidermidis,
equorum,
gallinarum,
haemolyticus,
hominis, S. hyicus,
intermedius,

lentus,

lugdunerisii,

Aeromonas trota,
Alcaligenes faecalis,
Arsenophonus nasoniae,
Burkholderia cepacia,
Cedecea lapagiae,

C. freundii, Edwardsiella
hoshniae, Edwardsiella
tarda, Enterobacter

agglomerans, Enterobacter

gregoviae, Erwinia
amylovora, Erwinia
aphidicola, Erwinia
carotovora, Erwinia
cyperipedii, Erwinia
nimipressuralis, Erwinia
stewartii, Erwinia
tasmaniensis, E. coli,

E. fergusonii, E. hermanii,

Gallibacterium anatis,
Gardnerella spp., Hafnia
alvei, Klebsiella oxytoca,
Klebsiella pneumoniae,
Moelerella wisconsensis,

(continued on next page)
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Table 1 (continued)
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Paracetamol/derivative FDA/EMA approval Dose/conc. Microorganisms Results References
Gram positive Gram negative Fungi
S. schleiferi ssp. Moraxella bovis,
coaggulans, S. sciuri, Moraxella osloensis,
S. simulans, S. xylosus, Moraxella ovis, Moraxella
S. equi, phenylpyruvica,
S. zooepidemicus, Pasteurella canis,
S. milleri, S. phocae, Pasteurella multocida,
S. pnemoniae, Proteus mirabilis, Proteus
S. porcinus, penneri, Proteus vulgaris,
S. pyogenes, S. salivaris, Providencia stuartii,
S. suisk Providencia rustigianii,
P. aeruginosa,
P. alcaligenes, P. diminuta,
P. paucimobilis,
P. pseudoalcaligenes,
P. stutzeri, Raoultella
terrigena, S. enterica sp.
enterica, S. enterica sp.
indica, Serratia fonticola,
Serratia grimaceae,
Serratia marcescens,
Serratia odorifera,
Serratia plymuthica,
Serratia proteomaculans,
Serratia rubidaea,
Xenorhabdus bovienii,
Yersinia enteocolitica,
Y. ruckeri
Co [1I] and Cu [II] complexes N/A N/A S. faecadis, Chromobacterium Phythophthora 1Z: 2-12 mm, [27]1
liusdium, Erwinia palmivora, more active
carotovora, P. aeruginosa, Ceratocystis against
Xanthomonas axonopodix  parndoxa, X. axonopodix
Helminthosporium and S. faecadis
toxicumm 1Z: 3-14.2 mm,
Pericularia oryzal more active
against
Pericularia oryzal
Zn(II), Cu(Il), and Cd(II) N/A 20 or 40 B. subtills, S. aureus E. coli, P. aeruginosa N/A 1Z: 11-44 mm [26]
complexes bearing ppm
isonicotinic acid hydrazide
derivatives
Paracetamol Both EMA and 200-600 S. aureus E. coli N/A IZ range: <0.2-5 [40]
FDA mg/mL mm
Organoiron dendrimer 11 N/A N/A Methicillin-resistant N/A N/A ICs0: 0.52, 1.02, [32]
S. aureus, vancomycin- and 0.73 pM,
resistant E. faecium, respectively
and S. warneri
Mannich base compounds N/A N/A S. aureus, B. subtilis, E. coli, P. aeruginosa 1Z range: 10-20 [31]
mm
Thorium(IV) and cerium(III) N/A N/A B. subtilis, E. coli A. niger, A. flavus 1Z of Ce(III) [41]
derivatives complex: 11-26
mm
Th(IV) complex:
12-31 mm
N-substituted acyclic Both EMA and N/A S. aureus, E. coli, S. typhi, S. Aspergillus spp., Antibacterial [42]
nucleoside analogs FDA Micrococcus spp., paratyphi Candida spp. and antifungal
activities
Sulfa drugs azo complexes N/A N/A S. aureus N/A N/A 1Z: 11 mm [43]
Mn(II), Fe(I), Ni(Il), Cu(Il) and  N/A N/A Bacillus spp., S. spp., E. Coli, Proteus spp., P. C. albicans 1Z range: 6-23 [25]
Zn(II) mixed ligand Staphylococcus sp. spp., Salmonella sp., mm
complexes
Cefpodoxime acid and N/A N/A N/A N/A N/A Increase the [44]
Paracetamol solution antimicrobial
activity of
Cefpodoxime
acid
Schiff base complexes N/A 20 pg/mL S. aureus, E. coli C. albicans, A. niger 1Z range: 9-28 [30]
mm
Pyrazoline derivatives N/A N/A S. aureus, E. coli, E. aerogenes P. chryosogenum, A. Antibacterial [45]
B. subtillis niger, C. albicans and antifungal
activities
Substituted benzyl bromide N/A N/A N/A N/A N/A Antibacterial [46]
complexes and anthelmintic
activity

(continued on next page)
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Paracetamol/derivative FDA/EMA approval Dose/conc. Microorganisms Results References
Gram positive Gram negative Fungi
5’-acetamido-2'-hydroxy N/A N/A N/A N/A C. albicans 17 mm [471
acetophenone
Aryl-imidazolidinyl N/A N/A S. aureus, E. coli, A. niger, C. albicans Antibacterial [48]
compounds (chlorobenzene P. Aeruginosa and antifungal
and nitrobenzene activity
substitutions on the
imidazolidine)
2-oxo-azetidine derivatives N/A 100 pg/mL  S. aureus P. aeruginosa A. niger and 1Z range: 14-22 [49]
Curvularia lunata mm
Agnanoparticle—paracetamol Paracetamol N/A Gram positive Gram-negative bacterial Broad spectrum [50]
dimer (EMA and FDA) bacterial strains strains antibacterial
effect
Paracetamol-Zn-Ciprofloxacin Paracetamol 5 or 100 B. cereus, B. subtilis, E. coli, P. aeruginosa, S. N/A Significant anti- [28]
co-administration (EMA and pg/disc S. aureus boydii bacterial effect
FDA); (IZ range: 46-56
Ciprofloxacin mm)
(EMA and FDA)
Acetaminophen Both EMA and 20 pg/mL S. aureus, B. subtilis E. coli, S. typhi, N/A Antibacterial [51]
FDA Enterobacter aerogenes, effects
Enterobacter cloacae,
Paracoccus yeei
Azo complexes N/A 10 mg/mL S. aureus, E. coli, S. typhi, P. N/A 1Z: 6-10.5 mm [29]
aeruginosa
Fe (Par),Cl; complex N/A N/A E. coli N/A Anti-E. coli effect [52]
Benzofuran 1,3,5-trisubstituted N/A N/A N/A N/A N/A Anti-tubercular [24]
pyrazoline derivative and
antimicrobial
effect

therapeutic doses can alter surrogate markers of the severity of acute
viral hepatitis, especially hepatitis A [92]. However, this effect is related
to cumulated dosages and frequency of use of PMCL; for example, pa-
tients with hepatitis C infection are at increased risk of PMCL overdose
[93]. Shinzawa et al. supposed that an adolescent suffered from chole-
static hepatitis due to taking a low dose of PMCL [94]. PMCL at 500 and
1000 mg were more effective against fever and other symptoms of upper
respiratory tract infection (URTI) [95]. PMCL is also considered a safe
and effective alternative drug for treating herpes zoster neuralgia during
pregnancy in women [96].

One study demonstrates that PMCL did not inhibit the antiviral ac-
tivity of recombinant human interferon-alpha 2a (rIFN-alpha 2a) in
human amnion FL cells against vesicular stomatitis virus or interfere with
its antiproliferative activity against acute lymphoblastic leukemia MOLT-
4 cells or renal cell carcinoma NC 65 cells [97], suggesting its compati-
bility with this antiviral medication.

1.4.4. Anti-protozoal activity

One study demonstrates that substituted benzyl bromide complexes
of PCML showed significant antibacterial as well as anthelmintic ac-
tivity [46]. PMCL is evidently decreasing the density of Plationus patulus
and Moina macrocopa in culture medium [98]. Opisthorchis viverrini
results in opisthorchiasis, which causes cholangiocarcinoma in many
Southeast Asian countries northeast of Thailand. One study reported
that PMCL reduced cholangiocarcinoma in hamsters [99]. However,
PMCL overdose may enhance liver problems in animals [100]. The
combination of amoxyclav and PMCL exhibited an antagonistic effect
against E. coli [36]. PMCL, at concentrations ranging from 0 to 64
mg/mL, demonstrated anti-virulence properties against E. coli, signifi-
cantly reducing biofilm formation, protease production, motility, and
serum resistance [38]. Additionally, at doses of 0.25-0.75 mg, PMCL
exhibited antibacterial activity against B. subtilis [37]. On the other
hand, PMCL did not exert a toxic effect on the marine rotifer Brachionus
rotundiformis [101].

Paracetamol (PMCL) may exhibit antimicrobial activity through
several mechanisms. It could inhibit the growth and multiplication of
microbes by disrupting their metabolic processes, thereby reducing their

ability to thrive. Additionally, it might alter the expression of virulence
factors, diminishing the pathogenicity of the microbes. The drug could
also impact biofilm formation by affecting microbial adhesion and sur-
face interactions, making it more difficult for microbes to establish in-
fections. Furthermore, PMCL may induce DNA alterations in microbes,
leading to reduced viability or increased susceptibility to other antimi-
crobial treatments. These combined effects suggest that PMCL has the
potential to act as an antimicrobial agent under certain conditions. This
figure is drawn by the authors using Microsoft PowerPoint.

1.5. Toxicological profile

PMCL induces various toxicities across different organ systems, with
the injuries assessed using a range of methods. Liver injury was evaluated
through serum biochemical markers such as elevated ALT and AST levels
(300-600 mg/kg, p.o. in mice), histopathological analysis showing he-
patocellular necrosis, and oxidative stress markers indicating liver
damage [102-107]. Kidney toxicity was assessed by measuring serum
creatinine and BUN levels (750 mg/kg, i.p. in rats), with histopatho-
logical analysis showing tubular necrosis and glomerular damage
[108-114]. Lung injury was assessed using pulmonary function tests,
histopathological examination of lung tissue (280 mg/kg, i.p. in mice),
and oxidative stress markers indicating lung damage [115-118].
Neurotoxicity was evaluated through behavioral tests (500-1000 mg/kg,
im. in chicks), brain histopathology for neuronal degeneration, and
oxidative stress markers [119-121]. Cardiovascular toxicity was assessed
by measuring blood pressure, heart rate, and pulmonary pressure (1-4.8
gm, p.o. in humans), along with ECG changes indicating cardiovascular
dysfunction [122,123]. Aquatic toxicity in marine organisms was eval-
uated through luminescence inhibition assays (500 mL of 1.0 mM PMCL
in Vibrio fischeri), mortality tests, and behavioral observations [124,125].
Finally, carcinogenicity was assessed by observing tumor incidence in
experimental animals (4 g/day, p.o.), along with histopathological ex-
amination confirming carcinogenic effects [104]. These methods, com-
bined with specific dosages, provide a comprehensive view of PMCL's
toxicological profile across multiple organ systems (Table 2).
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Table 2
Toxicological profile of paracetamol based on database reports.
Toxicological effect Dose, RA Method Mechanisms/Results References
Liver injury/ 300, 600 mg/kg (p.o.) (Acetaminophen induced) Wild-type (WT) C57BL/6J male mice, tHepatotoxicity, liver damage, oxidative [102]
hepatotoxicity C57BL/6J Glrx2-deficient (Glrx2™/~) mice stress
300 or 500 mg/kg (i.g.) (Acetaminophen induced) Mice THepatotoxicity, acute liver damage, [103]
oxidative stress, liver injury
N/A (Acetaminophen induced) Patient investigation tHepatotoxicity, mitochondrial [104]
dysfunction, DNA damage
7.5 gm or more (p.o.) (Acetaminophen induced) Patient investigation - [126]
12 g or more (p.0.) (Acetaminophen induced) Patient investigation THepatotoxicity, liver injury, renal failure, [127,128]
300 mg/kg (Acetaminophen induced) Mice by NMRI tHepatotoxicity, acute liver failure, [105]
Oxidative stress
| Serum ALT and AST levels
250 mg/kg i.v. or 300 (Acetaminophen induced) Female and male mice tAcute hepatic damage, hepatotoxicity, [106]
mg/kg body i.p. acute liver failure
7.5 gm or more (Acetaminophen induced) Patient investigation tHepatotoxicity, [129]
Less than 6 g/day (Acetaminophen induced) Patient investigation tAcute liver failure [130]
710 mg/kg, i.p. (Acetaminophen induced) Obese rats THepatotoxic and nephrotoxic [131]
300 or 600 mg/kg, i.p. (Acetaminophen induced) Diabetic KK-A(y) mice, C57Bl/6 mice tOxidative hepatocellular damage, liver [132]
injury
300, 500 mg/kg, i.p. (Acetaminophen induced) Male C57Bl/6 mice tLiver failure, hepatic toxicity [133]
150, 500 mg/kg, i.p. (Acetaminophen induced) Genomic and proteomics analysis of tCentrilobular hepatic necrosis, liver [107]
mice Mice liver toxicity
50, 150, 500 mg/kg, i.p. (Acetaminophen induced) NMR spectroscopy, mice tMitochondrial inability, Oxidative [134]
damage
N/A (Acetaminophen induced) Clinical study tAcute liver injury [135]
10 mg over lessthanan8  (Acetaminophen induced) Patient investigation tHepatotoxicity, liver injury [136]
h period (p.0.)
Kidney injury/renal 22.5 and 45 mM (Acetaminophen induced) Zebrafish (Danio rerio) tNephrotoxicity, [108]
toxicity 750 mg/kg, i.p. (Acetaminophen induced) Rat tNephrotoxicity [109]
N/A (Acetaminophen induced) Acute severe acetaminophen tNephrotoxicity [110]
intoxication patient
12.5 g (p.o.) (Acetaminophen induced) Acetaminophen intoxication patient tLiver damage, nephrotoxicity, renal [113]
failure
750 mg/kg (p.o.) (Acetaminophen induced) Male F344 TRenal [112]
Failure, Nephrotoxicity
100 mg (p.o.) (Acetaminophen induced) Acetaminophen intoxication patient THepatic and renal injuries [114]
N/A (Acetaminophen induced) Acetaminophen intoxication patient tAcute kidney injury, hepatic toxicity [111,137]
Lung injury 280 mg/kg, i.p. (Acetaminophen induced) Adult (6-8-week-old) male ICR mice tPulmonary dysfunction, CYP2E1 [115]
1-20 mM (Acetaminophen induced) Rat type II pneumocyte and alveolar tOxidative stress, Lung injury [116]
macrophage
N/A (Acetaminophen induced) Case report tLung injury [117,118]
Neurotoxicity 500, 1000 mg/kg, i.m. (Acetaminophen induced) Chicks tAcute neurotoxicity [119]
1 g/kg, i.p. (Acetaminophen induced) Rats tNeurotoxicity, oxidative stress, reactive [120]
astrogliosis,
|Neuron processes
N/A (Acetaminophen induced) Autism tNeurotoxicity [121]
Cardiovascular 1 g (p.o) (Acetaminophen induced) Patients with coronary artery disease tCardiovascular risk, ambulatory blood [122]
toxicity pressures
4.8 g (p.o.) (Acetaminophen induced) Patient investigation tPulmonary pressure, [123]
Toxicity 500 mL of 1.0-mM (Acetaminophen induced) Measuring the luminescence of marine  tAcute kidney injury, extrahepatic adverse ~ [124]
bacteria (Vibrio fischeri) effects
Acute aquatic toxicity ~ 16.5 pg/L (Acetaminophen induced) V. fischeri, tAcute aquatic toxicity [125]
Daphnia magna and Oryzias latipes
Carcinogenicity 4 g/day (p.o.) (Acetaminophen induced) tHepatotoxicity, mitochondrial [104]

dysfunction and DNA damage

1.6. Antimicrobial resistance: causes of growing microbial resistance to
paracetamol

Antimicrobial resistance occurs if the microbes (e.g., bacteria, fungi,
and viruses) grow insensitive to the exposed substances that are designed
to kill them. It is a naturally occurring process, i.e., organisms do it for
their existence. This resistance may grow against a single or multiple
antimicrobial agents. The following are general mechanisms for antimi-
crobial resistance (Fig. 3): (i) Restricting access by limiting drug entry, as
seen in gram-negative bacteria; (ii) efflux pumps that expel drugs, such as
those in P. aeruginosa and Candida species; (iii) drug modification or
destruction via enzymes like carbapenemases in K. pneumoniae; (iv)
altering drug targets to prevent binding, as in E. coli (mcr-1 gene) and
A. fumigatus (cyplA gene); and (v) effect bypassing, where microbes
develop alternative pathways, like S. aureus against trimethoprim.
Resistance can also arise through mutations affecting drug targets, efflux

pump regulation, or cell wall/membrane composition. Non-synergistic
drug combinations can facilitate microbial resistance by allowing sub-
therapeutic drug concentrations at target sites. If drugs rely on the
same entry mechanism, (i) one may displace the other from its binding
site, or (ii) a weaker antimicrobial may outcompete a stronger one,
reducing overall efficacy. This antagonistic interaction can promote
multi-drug resistance by enabling microbes to adapt and survive despite
treatment [138]. Synergistic combination helps to overcome single drug
resistance [139]. A reduced fitness gain may develop due to antagonistic
combinations [140]. Besides these, collateral sensitivity and resistance
(also known as cross-resistance) also occur when a microbe grows
resistant to one drug and reduces sensitivity to another drug [141].
Microbes can develop resistance to PMCL through several mecha-
nisms, including restricting the drug's access by altering membrane
permeability or using efflux pumps to expel it. They may also produce
enzymes that modify or destroy paracetamol, rendering it ineffective.
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Additionally, microbes can change the drug's target sites, such as en-
zymes or proteins, reducing PMCL's ability to bind and exert its antimi-
crobial effects. Another strategy involves bypassing the drug's effects by
developing alternative metabolic pathways that allow survival despite
the presence of the drug. Understanding these resistance mechanisms is
crucial for developing strategies to enhance the efficacy of paracetamol
and other antimicrobial agents. This figure is drawn by the authors using
Microsoft PowerPoint.

The antipyretic drug PMCL exhibits antimicrobial activity through
multiple mechanisms (Fig. 2), including (i) inhibiting microbial growth
and replication, (ii) altering virulence factor expression, (iii) modifying
microbial surface liquidity, (iv) preventing biofilm formation, (v)
affecting motility, adherence, and metabolism, (vi) interacting with
antibiotic transport and release by leukocytes, (vii) increasing microbial
susceptibility to antimicrobials, and (viii) influencing mutation fre-
quency. Any disruption in these mechanisms may contribute to antimi-
crobial resistance [142]. For instance, microbial biofilms are considered
one of the major health problems in the modern era. It is due to biofilms
that they are capable of reducing immune defense power and growing
resistance to antibiotic treatments. One study reported that PMCL
enhanced biofilm formation in S. aureus, possibly through a marked in-
crease in N-acetylglucosamine components of the extracellular matrix,
presumably polysaccharide intercellular adhesion [143].

The study findings indicate that PMCL is a mild yet broad-spectrum
non-antibiotic antimicrobial drug, effective against various bacteria,
fungi, viruses, and protozoa within therapeutic doses. It plays a key role
in preventing infections linked to fever, inflammation, and inflammatory
pain. However, prolonged use may lead to resistance or cross-resistance
among microbes with similar structural targets. According to WHO,
major contributors to antimicrobial resistance include (i) misuse and
overuse of antimicrobials, (ii) inadequate infection prevention and con-
trol, (iii) limited access to quality medicines and diagnostics, (iv) lack of
public awareness, and (v) weak enforcement of antimicrobial regulations
(https://www.who.int/news-room/fact-sheets/detail/antimicrobial-res
istance).

PMCL is well known as a widely used OTC medicine. Its OTC use is
not restricted by race or age. According to a cross-sectional pilot study
done using 452 students in an urban area of Bangladesh, 87.53% of
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students frequently use this drug in a self-medication manner [144].
PMCL is a mild antimicrobial used for minor pain and inflammation, but
its use should follow specific guidelines. Overuse can disrupt gut
microbiota, reducing diversity, selecting resistant strains, and increasing
infection risk. Proper usage helps maintain microbial balance and host
health [145]. PMCL is used both with and without prescriptions, but its
antimicrobial properties are often overlooked. This misclassification
contributes to antimicrobial resistance despite its intended use.
High-dose formulations, such as extended-release versions for multi-
morbidity and fever, can harm gut microbiota. Additionally, excessive
and indiscriminate use of high-dose antimicrobials accelerates microbial
resistance. Proper awareness and regulation are essential to mitigate
these risks.

In underdeveloped countries, weak healthcare systems lead to the
widespread use of PMCL and antibiotics as OTC medications for fever,
inflammation, or pain, often without proper diagnosis. This misuse
significantly contributes to antimicrobial resistance. Before pursuing a
combined strategy, key considerations include (i) identifying a single safe
and effective target, (ii) ensuring a synergistic and safe combination, (iii)
economic feasibility, (iv) necessity of combination therapy, and (v)
assessing resistance patterns. Pathogen detection should be followed by
PMCL or antimicrobial sensitivity testing to optimize combination
dosing. A study found PMCL inhibited Serratia grimaceae and S. aureus at
10.24 mg/mL, with 11 of 34 doxycycline-resistant strains showing
sensitivity, highlighting its potential for combination therapy in antimi-
crobial formulations [34].

An insilico study reports that PMCL has potential interactions with the
proteins involved in the cellular processes, metabolism, and virulence of
Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia
[146]. Quorum sensing (QS) organizes gene expression among the bac-
terial community through communication through the secretion of small
signaling molecules (auto-inducers), through which bacterial pathogens
regulate genes that support invasion, defense, spread, and production of
virulence factors, such as toxins, proteases, and other immune-evasive
factors, and biofilm development. One study suggests that PMCL has
anti-QS activity in P. aeruginosa and A. baumannii, suggesting its possi-
bility of use in the eradication of infections in combination with suitable
antibiotics [147].
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Fig. 2. General outline for possible antimicrobial activity of paracetamol.
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Fig. 3. The probable antimicrobial resistance mechanism and pathways of paracetamol.

PMCL at a 50 mg/kg dose in the presence of amoxicillin/clavulanic
acid and erythromycin (2.5 and 10 mg/kg) s.c. treatment at 2, 10, and 18
h after inoculation did not modulate antibiotics in penicillin-resistant,
amoxicillin/clavulanic acid, and erythromycin-sensitive pneumococcus
in a gerbil model [148]. This doesn't mean that PMCL will not modulate
other antibiotics acting against sensitive or resistant microbes. For
instance, the induction of antibiotic resistance by PMCL was relatively
higher and is partly dependent on marA and completely dependent on its
target gene acrB, especially at relatively higher concentrations (5-10
mM). It also lessens ciprofloxacin-mediated growth suppression in an
acrB-dependent manner [149]. Moreover, PMCL is supposed to drasti-
cally accelerate the conjugative transfer (antibiotic resistance genes) in
E. coli [150,151]. In another study, PMCL (15 pg/mL) with ampicillin
(8 or 15 pg/mL) resulted in growth, possibly by horizontal gene transfer
in E. coli or inhibiting the effects of ampicillin in culture plates [152].

1.7. Combination complications: problems associated with combination of
paracetamol with other drugs

At present, PMCL and caffeine are a popular combination, with 500
mg of PMCL and 65 mg of caffeine. Whether caffeine enhances the ab-
sorption of PMCL in humans is still controversial [153-155]. On the
other hand, an increase in the analgesic effect of this combination is still
not clear and is most often controversial due to (i) inadequate and
poor-quality trials, (ii) a minor percentage of positive outcomes, and (iii)
a lack of effects for repeat dosing [156]. Maternal PMCL use during
pregnancy is associated with asthma in the offspring. One study reported
that regular coffee drinking did not add significant benefit to overcoming
this situation [157]. Another potential shortcoming of this combination
is that caffeine cannot be added to pediatric PMCL formulations. For an
adult, a maximum of 4000 mg (8 tablets) of PMCL can be prescribed,

10

which may contain 520 mg of caffeine. A small dose (50 mg) of caffeine is
evident to result in tachycardia, anxiety, and ectopic beats. Normally, its
toxicity appears at doses >500 mg (except for the tolerance case).
Overuse of this combination also results in rebound headaches, signs of
withdrawal, and analgesic dependence [158]. More than 200 mg of
caffeine per day may increase the risk of spontaneous miscarriage, and
consuming >300 mg per day is evident to increase the risk of preterm
delivery and fetal growth retardation [159]. Regular caffeine consump-
tion may change in some intestinal microbiota groups, for example,
Bacteroides-Prevotella-Porphyromonas [160]. It causes a decrease in Clos-
tridium sp. and E. coli in the gut microbiota [161].

Dried powdered, or fresh leaves of Camellia sinensis (L.) is widely used
as tea as one of the major sources of caffeine, which is evident to act
against many gram-positive and gram-negative bacteria and fungi, such
as S. aureus, S. epidermidis, S. typhi, S. mutans, S. typhimurium, S. enteritidis,
S. flexneri, S. dysenteriae, Vibrio spp., V. cholera, Clostridium spp., Erwinia
spp., Pseudomonas spp., Trichophyton mentagrophytes, Trichophyton
rubrum, Mycoplasma pneumoniae, Mycoplasma orale, Vibrio para-
haemolyticus, Porphyromonas gingivalis, Treponema denticola, Tannerella
forsythia, and so on [162-165]. Caffeine also possesses antibacterial ac-
tivity against gram-positive bacteria (e.g., S. aureus and B. cereus) and
gram-negative bacteria (e.g., E. coli, Proteus mirabilis, and K. pneumoniae).
The MIC values ranged from 62.5 to 500 pg/mL [166]. At 500 mg/L, it
affected mycelial growth, sporulation, and spore germination of Mon-
acrosporium ambrosium in culture media [167], while at 2.5-10
g/100 mL, it inhibited the growth of Rhizopus oryzae on plate count agar
[168]. It is also evident that it inhibits the growth of Fusarium solani,
Sclerotium rolfsii, and Sclerotinia sclerotiorum molds [169,170].

The antimicrobial effect of caffeine may be due to its power to readily
cross the cell wall or membrane of the microorganism. Caffeine begins to
inhibit genetic material synthesis, thus lowering activity in organisms.
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Thus, it can inhibit required enzyme and protein synthesis for the cellular
function of organisms [171]. However, certain bacteria (by using
demethylase enzymes) can convert caffeine into theobromine and
para-xanthine, inhibiting caffeine's antibacterial activity [172]. In mold,
caffeine inhibits spore germination [167], which results in an extended
lag phase. However, caffeine degradation of molds (e.g., Aspergillus
tamari, A. niger, A. fumigatus, and P. commune) was seen at low nitrogen
contents. Caffeine can inhibit aflatoxins (a family of toxins) from molds
by stopping the synthesis of glucose, fructose, and maltose [173,174].

Recent evidence suggests that derivatives, including caffeine-metal
complexes, also possess good antimicrobial activities [22,175-177]. It
can also inhibit the biofilm formation of certain microbes (e.g., C. albi-
cans, P. aeruginosa) [178,179], and many synthetic caffeine derivatives
have been reported to act against resistant pathogens [180-182].
Therefore, both dietary and therapeutic doses of caffeine have potential
antimicrobial power [183]. Reports also suggest that caffeine can exert
synergistic antimicrobial activity with many substances, including
nanoparticles and antimicrobials [184-186], proving its modulatory
antimicrobial capacity with antimicrobials [187]. However, the impacts
of the PMCL-caffeine combination on our different microbiota pop-
ulations and pathogens are yet to be discovered. Medicinal scientists are
also continuing their search for new, safe, and effective combinations; for
instance, the acetylsalicylic acid-PMCL-caffeine combination has been
reported for treating migraine [188]. However, this is still under
pre-clinical trials.

2. Conclusion and future perspectives

PMCL has broad-spectrum anti-bacterial activity at its therapeutic
doses. It also possesses antifungal, antiviral, and antiprotozoal properties.
Although its impact on anti-fungal and antiviral drugs is yet to be found,
PMCL has synergistic, antagonistic, or non-functional modifying roles
with some standard antibiotics. Its wider antimicrobial property may be
linked to its microbiota modification roles in the gut and urinary systems.
Certain hepatic diseases decrease the elimination half-life of this drug,
leading to damaging effects on hepatocytes. NAPQI, the well-reported
toxic metabolite of PMCL, not only displays antimicrobial activity but
also plays important roles in hepatocyte damage through its glutathione
depletion capability in the liver. Taken together, we should conclude: (i)
Consideration as a prescribed drug: self-prescription of PMCL or use as an
OTC drug should be strictly taken into account under national and in-
ternational health policies. (ii) Best-based section: Structural analogy
may develop the cross-resistance of many antimicrobials. Therefore, the
selection of a proper synergistic or non-synergistic combination is a must
while prescribing it with other antimicrobials for various infectious dis-
eases. (iii) Need-based dosage and dose frequency setting: This should be
taken into consideration, especially while prescribing as a single drug in
microbial-origin pyrexia or prescribing with one or more antimicrobial
drugs. (iv) Co-administration with caffeine: Adequate preclinical and
clinical studies are required to claim beneficial impacts of the PMCL-
caffeine combination before prescribing this combination with or
without antimicrobials for infectious diseases.
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