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A B S T R A C T

Foodborne diseases (FBDs) are a severe threat to public health. FBDs are a leading cause of morbidity and 
mortality, particularly in developing nations with inadequate access to health care and poor sanitation. Patho
gens such as Salmonella, Escherichia coli (E. coli), Listeria monocytogenes, Campylobacter, and Vibrio cholerae can 
cause various illnesses, underscoring the urgent need for global improvements in food safety. Effective strategies 
are urgently needed to control and prevent such diseases and their causal agents. Myristica fragrans (L.) has 
emerged as a potential natural antimicrobial agent, but its activity against foodborne microbes has been poorly 
explored. Extracts obtained from M. fragrans extend their shelf life and reduce foodborne pathogens. M. fragrans 
holds promise as a natural antimicrobial agent, with implications for improving food safety and preservation, 
while urging continued research to overcome the existing challenges. To assess the effects of extracts and 
phytochemicals from M. fragrans and their method of action using in vivo models, more thorough research is 
required. The bioactive compounds found in M. fragrans, including myristicin and eugenol, demonstrate strong 
antimicrobial activity, making them promising candidates for food preservation. This review provides an 
overview of the antimicrobial properties of M. fragrans and its mechanism of action against foodborne bacteria.

1. Introduction

Infection with foodborne pathogens represents a significant threat to 
global public health because of the consumption of contaminated foods 
[1]. These diseases result from eating food that contains pathogenic 
microbes, toxins, and chemical contaminants. Foodborne illnesses are 
caused by various pathogens, including bacteria (a major source), vi
ruses, parasites, and fungi. Some of these bacterial pathogens include 
Salmonella spp., Escherichia coli, Listeria monocytogenes and Staphylo
coccus aureus [2]. Chemical preservatives prevail in the context of syn
thetic antimicrobial agents or antibiotics, which have been traditionally 
employed to reduce microbial contamination in food. In contrast, the 

need to find alternative antimicrobials has become apparent because of 
concerns over antibiotic resistance, potential health hazards, and con
sumer demand for minimally processed or natural foods. The utilization 
of natural antimicrobial compounds sourced from plants, herbs, spices, 
and other botanical sources is increasing as a viable alternative to syn
thetic options. The benefits of plant extracts as natural antimicrobials 
arise from their bioactive compounds, which offer perceived safety, 
non-toxicity, and the possibility of synergistic action. In addition, 
several natural antimicrobial agents have a long history of traditional 
use in medicine and food preservation, which forms an important basis 
for their study as contemporary food safety approaches [3]. Of the other 
botanical sources studied for their antimicrobial action, M. fragrans also 
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called nutmeg, is a tropical evergreen tree that belongs to the family 
Myristicaceae, which is found mainly on the Moluccas or Spice Islands 
within the Indonesian archipelago. M. fragrans has been appreciated for 
its culinary and medicinal benefits from time immemorial. It yields a 
pair Of The spices: nutmeg, which is derived from the seed and mace 
that come out of the aril surrounding the see Ref. [4]. In addition to its 
application as a spice and flavoring agent in culinary practices, 
M. fragrans is gaining attention for its putative antioxidant properties, 
particularly for food safety against microbial and parasitic threats [5]. 
The bacterial susceptibility of M. fragrans is summarized in Table 1, with 
positive values demonstrating the antagonistic effect of the plant extract 
on foodborne bacteria.

M. fragrans Houtt. Jaiphal in India, Javitri, and Nutmeg belong to the 
family Myristicaceae. Lagerstroemia is an evergreen tree that spreads 
widely, usually ranges from 5 to 13 m in height, and can grow up to 20 m 
in some instances. The pointed dark green leaves are arranged opposite 
and opposite to the arrangement, and they are on leaf petioles approx
imately 1 cm long. The upper leaf surfaces are glossy blooms, and 
although the flowers are often separated by sex, male and female blooms 
are present on the tree at the same time. The male flowers blossom in 
one to ten florets, whereas the female flowers blossom in one to three 
florets. The flowers are small, white, wax-like, fleshy, and campanulate 
in shape. The fruit is fleshy, drooping, gold, smooth, borne 6–9 cm in 
length, and has a longitudinal keel. On maturity, the succulent yellow 
pericarp breaks open to release two valves, and inside there is a purplish- 
brown, lustrous seed known as nutmeg surrounded by a scarlet coloured 
fleshy appendage known as mace. Nutmeg seeds are globular, have a 
smooth surface, are about 2–3 cm in length when dried, and are roughly 
oval shaped, hard, and heavy, which is off-white in color with red-brown 
markings on it. The aril, otherwise called mace, is a bright scarlet when 
fresh but waxy and shiny, yellowish-brown when dried. It takes the trees 
about nine years to mature so as to start flowering, but once they start 
flowering, they will go on to flower for a further 75 years. Usually, trees 
yield two–three crops per year. The seeds, or nutmegs, take 3–6 weeks to 
dry to be ready for use [17].

The quality of the contemporary food supply chain is crucial to 
eliminate foodborne illness outbreaks [1]. The dangers associated with 
foodborne microorganisms, encompassing various gastrointestinal dis
orders and their consequences, are significant for consumers. Therefore, 
there is a great need to develop efficient antimicrobial agents to control 
these infections to minimize the incidence of foodborne diseases [1]. 
Antimicrobial drugs can control the growth of potentially hazardous 
organisms, thereby ensuring the quality and safety of food available to 
consumers. In the food industry, synthetic antibacterial agents have 
been used to prolong the shelf life of food and reduce its microbiological 
load. With regard to natural substances, there is a growing concern 
regarding the use of natural chemicals in the form of chemicals from 
plants over the development of antimicrobial resistance and other health 
impacts of synthetic chemicals. This review aimed to determine whether 
the natural antibacterial characteristics of M. fragrans can be used to 
enhance food safety. This study will also elucidate the phytochemicals 
present in M. fragrans as well as a brief description of the active fractions 
in the antibacterial fraction, as well as a comparative analysis of the 
plant against foodborne infections, all documented in the recent 

Table 1 
Studies demonstrating the antimicrobial activity of M. fragrans against food
borne bacteria.

Study type Pathogens Tested Finding References

In vitro Salmonella spp., 
Escherichia coli, Listeria 
monocytogenes, 
Staphylococcus aureus

Significant inhibition of 
bacterial growth by 
nutmeg extracts using 
agar well diffusion 
assays.

Oo et al. [6]

In vitro Salmonella enterica 
serovar Typhi

Nutmeg essential oil 
demonstrated 
substantial inhibition of 
bacterial growth.

Ashokkumar 
et al. [7]

In vitro Escherichia coli O157: 
H7

Potent antibacterial 
activity of M. fragrans 
against E. coli O157:H7.

Al-Mariri 
et al. [8]

In vitro Foodborne bacterial 
strains

Effective antimicrobial 
activity of nutmeg 
essential oil against 
various foodborne 
bacteria.

Al-Mariri 
et al. [8]

In vitro Salmonella enterica Reduction in bacterial 
colonization and 
improvement in survival 
rates in mice infected 
with Salmonella enterica 
upon nutmeg extract 
treatment.

Matulyte et al. 
[9]

Clinical 
trial

High-risk population Significant reduction in 
the incidence of 
gastrointestinal 
infections in high-risk 
individuals 
supplemented with 
nutmeg compared to 
placebo.

Xu et al. [10]

Chemical 
analysis

Not applicable Identification of 
bioactive compounds 
such as myristicin, 
elemicin, and eugenol in 
nutmeg extracts with 
significant antimicrobial 
properties.

Setty et al. 
[11]

In vitro Multidrug-resistant 
Escherichia coli, 
Staphylococcus aureus

Synergistic antibacterial 
effects observed between 
nutmeg extracts and 
antibiotics against 
multidrug-resistant 
bacterial strains.

Khameneh 
et al. [12]

In vitro Listeria monocytogenes, 
Salmonella 
Typhimurium, 
Escherichia coli O157: 
H7

M. fragrans essential oil 
showed strong 
inhibitory effects against 
Listeria monocytogenes 
and Salmonella 
Typhimurium, with MIC 
values of 0.25 μL/mL 
and 1 μL/mL, 
respectively.

Sarengaowa 
et al. [13]

In vitro Staphylococcus aureus, 
Escherichia coli, 
Pseudomonas 
aeruginosa

Nutmeg essential oil 
exhibited dose- 
dependent antimicrobial 
activity against 
foodborne pathogens, 
with MIC values ranging 
from 0.1 to 1.0 μg/mL.

Ashokkumar 
et al. [7]

In vitro Salmonella enterica, 
Escherichia coli, Listeria 
monocytogenes

M. fragrans essential oil 
demonstrated significant 
antibacterial activity 
against all tested 
foodborne pathogens, 
with MIC values ranging 
from 0.5 to 1.5 μg/mL.

Kiarsi et al. 
[14]

In vitro Escherichia coli, 
Staphylococcus aureus, 
Bacillus cereus, Candida 
albicans

M. fragrans extract 
exhibited potent 
antimicrobial activity 
against Gram-positive 
bacteria and fungi, with 

Ali et al. [15]

Table 1 (continued )

Study type Pathogens Tested Finding References

MIC values ranging from 
0.2 to 0.8 mg/mL.

In vitro Salmonella 
Typhimurium, 
Escherichia coli, Listeria 
monocytogenes

Nutmeg oil 
demonstrated strong 
antimicrobial activity 
against all tested 
pathogens, with MIC 
values ranging from 0.25 
to 1.25 μL/mL.

Li et al. [16]

Z. Shafi et al.                                                                                                                                                                                                                                    Journal of Agriculture and Food Research 19 (2025) 101639 

2 



literature. This review examines the antibacterial properties of 
M. fragrans and their implications for food safety and preservation, 
focusing on its potential applications in the food industry. This study 
seeks to elucidate the complete potential of M. fragrans in food quality 
and consumer health by providing a comprehensive evaluation of the 
current research landscape and suggesting areas for future research.

2. Phytochemical profiling of M. fragrans

M. fragrans, commonly known as nutmeg, is a plant with complex 
phytochemical content that plays a role in modulating its biological 
activity. The bioactive chemicals found in M. fragrans include phenolic 
compounds, terpenoids, and essential oils, which are the most pre
dominant. These chemicals are mainly found in the seed (nutmeg) and 
outer skin (mace), which form the core of the spice and are endowed 
with various flavors and fragrances [18]. Mug worth up to 10 % is 
constituted of terpene hydrocarbons that include pinene and sabinene, 
terpene derivatives such as geraniol and linalool, phenylpropanoids 
including myristicin, elemicin, safrole, eugenol and their derivatives. 
Among these, myristicin (methoxy-safrole) results in the hallucinatory 
effect of nutmeg. Scent components in mace oil, which is equivalent to 
up to 12 % of the spice, also contain terpenoids in lower proportions, 
although the proportion is approximately 90 % less than that contained 
in nutmeg butter. Lignans, the diarylpropanoids, are nonvolatile dimers 
of the phenylpropanoid constituents of essential oils, such as dehy
drodiisoeugenol, found in nutmeg and mace with approximately 2 % 
content. Phenolic compounds, which are known for their antioxidant 
properties, are abundant in Myristica fragrans. Some of these chemicals 
include flavonoids and phenolic acids. It has been observed that these 
substances dimin, counteract oxidative stress, annihilate free radicals, 
and guard cells. It is also an aromatic spice, which means it has a 
different taste and odor compared to nutmeg, which is mainly due to the 
content of terpenoids, which include monoterpenes and sesquiterpenes. 
Additionally, M. fragrans contains several highly flammable chemicals 
with antibacterial and pharmacological effects, including myristicin, 
elemicin, and safrole. From the above discussion, it can be concluded 
that these are the unique contributing factors that affect the flavor and 
aroma of M. fragrans: phenolic compounds, Terpenoids, and Essential 
oils. These chemicals also have diverse biological functions, including 
antioxidant, bacterial fighter, and pharmacological effects [19].

3. Bioactive compounds of M. fragrans

3.1. Myristicin

The organic compound myristicin, which is abundant in plants, such 
as nutmeg and parsley, has recently been identified as a strong anti
bacterial agent. Its antimicrobial efficacy is associated with its impact on 
bacterial membranes. Myristicin is hydrophobic and has an affinity for 
the lipid portions of bacterial cell membranes. This interaction results in 
the loss of the membrane structure and stability, thereby enhancing 
permeability. Myristicin in the intermediate chain affects the lipid 
bilayer of the membrane, thus creating pores or channels. These pores 
disrupt the ability of the membrane to act as a barrier for other cellular 
structures, including ions, proteins, and other molecules. Myristicin has 
the ability to disarrange bacterial cell membrane permeability, which 
leads to the disruption of cellular equilibrium. Some of the necessary 
ions and chemicals that are needed for cell functioning begin to leak out, 
thus disrupting basic metabolic processes and ultimately leading to cell 
death. It also affects the bacterial membrane structure and inhibits en
ergy production at the cellular level. It can dissolve the membrane and 
hence negatively affect the functioning of ATP synthase complexes that 
are necessary for the survival of bacteria or any other enzymes involved 
in energy metabolism [20]. Most importantly, it has been established 
that myristicin is fairly toxic towards microbial cells, provided that it is 
not very toxic to mammalian cells. This selectivity is due to the chemical 

and structural differences between bacterial and mammalian cell 
membranes, and structures that make bacterial membranes more sen
sitive to myristicin disruption. The effect of myristicin on bacterial cell 
membranes causes heightened permeability and diminished integrity, 
ultimately resulting in cell death during microbial infections. The 
chemical myristicin is recommended for the development of novel 
antimicrobial agents against bacteria because of its method of action. 
Clinical isolates of methicillin-resistant Staphylococcus aureus (MRSA) 
have been shown to exhibit susceptibility to the synergistic antibacterial 
effects of myristicin and elemicin [21]. The aim of this study was to 
determine the level of enhanced inhibitory efficacy, and the findings 
showed that the combined therapy harbored improved efficiency 
against eight MRSA strains compared to individual treatments. The 
anti-bacterial and anti-biofilm potential of myristicin encapsulated 
within nanostructured lipid carriers (NLCs) against S. aureus was stud
ied by Ref. [22]. The researchers proved that myristicin possesses 
remarkable antibacterial effects when administered through NLCs, thus 
showing its ability to be used as a microbial agent. Ibrahim et al. [4] 
examined the antibacterial efficacy of myristicin against S. pneumoniae. 
Myristicin significantly inhibits bacterial growth and biofilm formation, 
indicating its potential utility in managing pneumococcal infections.

3.2. Eugenol

Eugenol has been categorized under phenylpropene, which is a class 
of chemical molecules comprising a benzene ring with a propene side 
chain. The chemical structure of this compound is composed of a hy
droxy group (-OH) and a methoxy group (-OCH3), with the latter being a 
substituent at position three on the benzene ring and the former at po
sition four. Eugenol is present in some parts of M. fragrans notably the 
seed or nutmeg and the aril, which is the red skin surrounding the seed. 
Eugenol is responsible for the distinctive flavor and scent of both nutmeg 
and mace, as well as its therapeutic qualities. They are used in culinary 
practices and, among other applications, in traditional medicine. 
Eugenol is also credited for the aroma and taste of nutmeg and mace. It 
has a warm sweet spicy smell akin to that of a clove, but not as strong 
and sharp. This scent has seen nutmeg becoming widely used in baked 
products, spice blends, and many savory dishes. Eugenol has been 
evaluated for its therapeutic effects owing to its many characteristics 
that have been studied for their potential to promote a healthy body. 
Dzotam and Kuete [23] observed that eugenol could reduce oxidative 
stress and free radical generation in the body. The antibacterial prop
erties of eugenol, a bioactive compound found in significant concen
trations in M. fragrans (nutmeg), have been well investigated and 
documented. Eugenol has broad-spectrum antibacterial activity against 
bacteria, fungi, and viruses. It has been proven to suppress the growth of 
both gram-positive and gram-negative bacteria such as Staphylococcus 
aureus, Escherichia coli, Salmonella spp., and Pseudomonas aeruginosa. 
Eugenol may help inhibit the cell membrane permeability of microor
ganisms and cause leakage of cellular content, leading to cell death. 
Eugenol can interfere with microbial enzymes that are essential for their 
metabolic processes, energy production, synthesis, and other cellular 
activities required for their metabolism and survival. The present study 
further demonstrated that eugenol could increase the formation of 
reactive oxygen species (ROS) in microbial cells and lead to oxidative 
stress and cell death. Several studies have shown that eugenol possesses 
a powerful antifungal effect against many kinds of fungal infections, 
such as Candida albicans, Aspergillus spp., and dermatophytes. It can 
disrupt the lipid layer in fungal cell membranes and hinder the 
biosynthesis of fungal cell walls, thus preventing fungal development 
and leading to cell derangement. Compared with the antibacterial and 
antifungal potential of eugenol, the compound displayed promising 
antiviral properties against viruses such as herpes simplex virus (HSV) 
and human immunodeficiency virus (HIV). This may hinder viral 
replication by blocking viral entry, fusion, and other phases of the viral 
replication cycle [24]. Eugenol has antimicrobial properties that make it 
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an appropriate natural preservative for food to enhance its shelf life. 
Lavender oil has been used extensively in oral health care products such 
as mouthwash, toothpaste, and dental care products because of its 
ability to exterminate bacteria and relieve pain. Eugenol is used in 
pharmaceuticals as an agent for the treatment of various illnesses 
because of its antibacterial properties, such as topical antifungal solu
tion and oral antiseptic. Eugenol is a antibacterial natural molecule that 
can be applied in fields such as food preservation, healthcare, and 
pharmaceuticals [25]. However, more research is necessary to provide a 
deeper insight into the ways in which nanomaterials work and how they 
can be effectively applied in several fields.

3.3. Elemicin

One of the main components of nutmeg oil, elemicin, has strong 
antibacterial and antioxidant properties that are useful for different 
purposes, including food safety and preservation. Elemicin has also been 
investigated for its potential to combat different types of bacteria, such 
as gram-positive (Staphylococcus aureus) and gram-negative (Escherichia 
coli) bacteria, owing to its elemicin content (Zhou et al., [26,27]). Ele
micin may also interact with the lipid bilayer of bacterial cell mem
branes, which affects cell fluidity and permeability. This damages the 
structural capacity of the membrane and cell contents to leak through, 
finally causing cell death. Like any other macrolide antibiotic, elemicin 
may interfere with other essential aspects of the bacterial cell, including 
metabolism and enzymatic processes. Elemicin inhibits certain cellular 
functions by binding to the active sites of enzymes or interfering with 
such reactions, thus halting bacterial growth and reproduction [28]. 
However, elemicin has shown significant antioxidant properties in 
addition to its bactericidal properties. It scavenges free radicals, which 
are highly reactive species that the human body’s tissues and cells can be 
adversely affected by oxidative stress. Elemicin promotes general health 
and well-being by preventing oxidative damage and oxidative stress in 
cells by scavenging free radicals (Sen and Chakraborty, 2023). Reports 
have indicated that elemicin can enhance the effects of both myristicin 
and safrole, which are additional chemicals found in nutmeg oil. These 
studies revealed that the antibacterial properties of these compounds are 
enhanced by elemicin when utilized in a mixture [29]. This suggests that 
both elemicin and other compounds in nutmeg oil may work synergis
tically to enhance the efficacy of microbial spoilage removal from foods. 
Therefore, elemicin has many benefits and is a crucial element present in 
nutmeg oil for various purposes such as food preservation and health 
enhancement. Its antibacterial activity and synergistic interaction with 
other phytochemicals, besides its antioxidant effect, are very important 
to demonstrate the possibility of its use as a natural preservative to in
crease food shelf life and safety [30].

3.4. Safrole

Safrole, a phenylpropene derivative isolated from nutmeg (M. fra
grans), demonstrates excellent antibacterial and insecticidal properties 
that are pivotal for several uses, including food conservation. Safrole is 
considered to possess strong and broad-spectrum antibacterial activity 
against a variety of bacterial pathogens of foodborne and environmental 
origin. Some of its modes of action include the following pathways [31]. 
Safrole binds directly or indirectly to the phospholipids of bacterial cell 
membranes, which have a distortive effect on the membranes. This 
interaction eventually leads to bacterial death, where membranes start 
to permeabilize and release cellular contents. Furthermore, it has been 
found that safrole acts on bacterial enzymes by binding to reactive sites 
or has an impact on other reactions without which bacteria cannot grow 
and thrive. This inhibition also helps improve its function as an anti
bacterial agent. Owing to its ability to inhibit the growth of foodborne 
bacteria, its antimicrobial property will contribute to preventing the 
deterioration of food. The following foodborne diseases are caused by 
bacteria that are effective: Salmonella, Escherichia coli and Staphylococcus 

aureus as depicted in research. Safrole and other phytochemicals present 
in nutmeg, such as myristicin and elemicin, have been shown to have an 
additive effect. The incorporation of safrole in combination with these 
chemicals has been found to enhance the antibacterial potential of each 
of these chemicals against a broad spectrum of bacteria. This informa
tion shows that it is possible to obtain additional cooperation and co
ordination in antimicrobial action that can be used in the production of 
more effective antimicrobial drugs. These include the disruption of 
bacterial cell membranes and inhibition of enzyme action, which points 
to the effectiveness of safrole against bacterial diseases [32].

3.5. Phenolic acid

Phenolic acids, such as caffeic and ferulic acids found in this spice, 
exhibit some functions including antioxidant, anti-inflammatory, and 
strong anti-bacterial properties against various types of bacteria, 
including gram-positive and gram-negative bacteria. The mechanisms of 
action demonstrated efficacy in dealing with microbial-related ailments 
and overall healthy lifestyles. Phenolic acids affect cell membrane 
structure; the fluidity and permeability of bacterial cells are affected as a 
result. This disturbance later leads to cellular content leakage and cell 
lysis, which in turn slows down bacterial growth and multiplication 
[33]. The antibacterial properties of ferulic acid and caffeine result from 
the suppression of bacterial enzymes. The inhibition of bacterial growth 
is accomplished by binding to active sites and disrupting essential pro
cesses such as replication and synthesis, which are crucial for bacterial 
metabolism [34]. Phenolic acids can induce ROS and reactive oxygen 
stress in bacterial cells. As pointed out by Juan et al. [35], these ROS 
negatively impact lipids, proteins, and DNA in cells, thereby affecting 
bacterial survival and metabolism. Phenolic acids can enhance antimi
crobial activity when interacting with other phytochemicals, including 
flavonoids and essential oils. To increase the general effectiveness of 
antimicrobial treatments, for example, they can increase vessel perme
ability, which allows bioactive products to penetrate intracellular bac
terial spaces better. Consequently, phenolic acids recycle antioxidant 
molecules and neutralize free radicals, thereby increasing the antioxi
dant potential of other phytocomponents. This combination enhances 
the total capacity of extracts or food matrices to scavenge and protect 
cells and overall well-being. Moalla et al., Barrie, and Frederickson 
concluded that phenolic acids enhanced the effectiveness of traditional 
antibiotics by preventing antimicrobial resistance. They offer a means of 
supporting the impact of antibiotics in the bacterial biofilm formation 
process and in general countering antibiotic resistance, since they act 
independently of one another to hinder the formation of bacterial 
resistance to multiple antibiotics. Caffeic acid and ferulic acid are ex
amples of phenolic acids that display strong antibacterial effects caused 
by changes in the oxidation status of the cells, inhibition of vital en
zymes, and damage to cell membranes. They interact positively with 
other phytochemicals by enhancing antioxidant activity, preventing the 
acquisition of resistance by microorganisms, and enhancing antimicro
bial activity. This creates new prospects for use in medicine as well as in 
food preservation [36].

3.6. Flavonoids

Flavonoids, which are inherent polyphenolic chemicals found in 
M. fragrans nutmeg, include quercetin and kaempferol. Certain phyto
chemicals, such as flavonoids, are well known to exhibit both antioxi
dant and antibacterial properties. Because they possess different 
mechanisms of sub- and synergistic actions, they are important for 
increasing the safety of food and the stability of food quality. Based on 
these interactions, flavonoids can change the permeability and structure 
of bacterial cell membranes. The cellular content thus emerges owing to 
this disruption and the activities of the bacterial stops, leading to cell 
death. Quercetin and kaempferol act as antibacterial agents by inhibit
ing bacterial enzymes. How they work, for instance, by binding to active 
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sites or restricting enzymatic processes fundamental for bacterial 
propagation, arrests bacterial growth and division. Quorum sensing is a 
bacterial cell-signaling mechanism that is inhibited by flavonoids. This 
disturbance impairs biofilm formation and diminishes pathogenicity by 
interfering with cell-to-cell signaling and regulating the expression of 
related virulence factors. It has also been speculated that flavonoids may 
have synergistic effects with other phytochemicals, such as phenolic 
acids or essential oils, and enhance the antibiotic activity. For instance, 
quercetin and kaempferol enhance the antimicrobial effect of the 
essential oil by enhancing permission and allowing bioactive chemicals 
to penetrate bacterial cells [37]. Therefore, they can be of assistance 
when administered together with the widely prescribed antibiotics in 
the battle against Antimicrobial Resistance (AMR). At the molecular 
level, quercetin and kaempferol enhance the effect of antibiotics in 
AppKB treatment of multidrug-resistant bacteria through the synergistic 
mechanisms of growth inhibition and efflux pump modulation. Flavo
noids are natural preservatives that enhance hygiene and food conser
vation. Owing to their ability to curb foodborne bacteria, including 
Salmonella and Escherichia coli, they are ideal food preservatives that 
enhance the quality of food and reduce the incidence of foodborne 
diseases [38]. The flavonoids that exist in energy drinks include quer
cetin and kaempferol, which exhibit antibacterial activity via different 
mechanisms, including membrane disruption, enzyme inhibition, and 
modulation of cell signaling pathways. Combined with other phyto
chemicals, they enhance the antimicrobial effect and have a positive 
effect on combating antimicrobial resistance, which in turn improves 
food safety and quality [39]. Fig. 1 shows the phytocompounds present 
in M. fragrans. Table 2 lists various mechanisms of action against food
borne pathogens.

4. Characteristic Features of M. fragrans in the food industry

M. fragrans, commonly known as nutmeg, is a versatile spice that has 
been used for centuries in the food industry because of its distinctive 
flavor, fragrance, and possible health advantages [45]. In this in-depth 
examination, we will examine the unique capabilities of nutmeg in the 
food sector, including flavor improvement, aroma and fragrance, 

preservation properties, digestive aid potential, anti-inflammatory 
benefits, and nutritional richness.

4.1. Flavor enhancement

Nutmeg is the seed of M. fragrans which has been used since time 
immemorial for its ability to enhance the taste of food products to the 
highest level. It is delicate, toasty, sweet, and contains nuts and spice 
notes, making it a versatile ingredient suitable for sweet and savory 
dishes. Some of the functionalities include nutmeg, which has the ability 
to provide warmth and sweetness to meals, which is characteristic of a 
flavor enhancer. This is because the warm resonant associations of 
nutmeg connect the spice with coziness and indulgence, much in the 
same way as cinnamon; for instance, it lends itself well to a number of 
recipes. Whether used to garnish a freshly brewed cappuccino incor
porated into cookies that have just been baked from scratch or to garnish 
a bowl of the oatmeal, nutmeg gives added a warmer feel to foods that 
elicit satisfaction with the taste buds. Moreover, nutmeg has a slightly 
sweet taste that blends well and brings out the natural flavors of other 
foods, especially dairy, chocolates, and fruits. It enhances creamy 
texture when used with milk or contributes a velvety ester when com
bined with chocolates, a sweet undertaste. Likewise, when used in 
connection with fruit-containing sweets or sauces, nutmeg heightens the 
fruity sweetness to levels of gourmet endorsement. Apart from 
enhancing warmth and natural sweetness, nutmeg provides a typical 
nutty and spicy note and amplifies the flavor of food. Because Nutmeg 
smells and tastes like roasted nuts, such as almonds or hazelnuts, and has 
a delightfully savory finish, it adds depth to the dishes. This nuttiness is 
versatile in pairing with almost any component of root vegetables that 
are closer to the ground to meat that is richer in terms of texture and 
flavor to the meal that contributes an elevated attribute to the same.

Furthermore, the very slight note of the spice there is in nutmeg is an 
awakening to the senses without actually overwhelming them. Nutmeg 
is a mildly flavored spice that enhances meals, but its intensity is not as 
high as that of spices such as chilli powder and cayenne pepper. Whether 
added to a rich soup, poured over a dish of savory sauce, or mixed into a 
marinade for grilled meats, the mildly spicy flavor of nutmeg elevates 

Fig. 1. Phytocompound Present in M. Fragrans and it’s their properties.
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the dish and has a lasting impact on those who consume it. The ability of 
nutmeg to improve flavor is evidence of both its culinary appeal and 
flexibility. A variety of recipes are elevated to new levels of flavor 
complexity due to their multifaceted taste, which is a result of their 
warm, somewhat sweet tones combined with traces of nuttiness and 
spice. Nutty flavors can be produced in both savory and sweet dishes, 
which is why nutmeg is a staple in the culinary world. Home cooks and 
chefs alike adore it for its capacity to elevate simple recipes to 
extraordinary culinary works of art [46].

4.2. Aroma and fragrance

In addition to its culinary uses, nutmeg is fascinating because of its 
fragrance, which attracts everybody’s senses and warms the atmo
sphere. The simple fact that nutmeg has a rather strong and distinct 
smell that can be easily recognized worldwide is one of its key assets as it 
helps improve the culinary experience while at the same time reminding 
people of home-cooked meals and happiness. The pungent smell, espe
cially in the newly prepared fresh nutmeg or that which has been ground 
into a power form, makes it regarded as having a good smell. It is tasty 
and aromatic; it is flavored as it contains spices. Nutmeg contains many 
volatile oils, including safrole, eugenol, and myristicin, all of which 
together play this aromatic composition. These ingredients are respon
sible for the specific scent of nutmeg, which enhances the collisions of 

the space with the scents of spice, warmth, and tender sweetness. Ease 
beside a kitchen sink, in front of dishes that lay covered, awaiting pre
sentation; the excitement and creativity that culinary artworks bring in 
early morning cooking times are captured by the nutmeg aroma. It 
evokes feelings of warmth and recollection and takes them to a place 
with which they are comfortable and need not fancy. This spice en
hances the sense of taste to extremes, making every meal an artwork of 
delight and taste through baking, cooking, or simple garnishing.

The aroma of nutmeg is particularly fascinating because it has a faint 
similarity to that of cloves, another popular spice with a warm, spicy 
perfume. Although nutmeg and cloves both include fragrant chemicals 
such as eugenol, nutmeg has a unique personality with small differences. 
This difference gives the scent of nutmeg more depth and complexity, 
giving it a genuinely exceptional degree of olfactory sophistication. 
Additionally, the perfume of nutmeg transforms food preparations by 
adding depth and nuances of flavor that entice the palate and please the 
senses. The fragrant presence of nutmeg lends a touch of refinement and 
elegance to both savory and sweet foods, taking even the most basic 
recipes to new culinary heights [19]. Nutmeg’s fragrant appeal is evi
dence of its culinary skills and timeless appeal. Its rich, aromatic aroma, 
which evokes memories of warm kitchens and joyous occasions, lends 
finesse, depth, and coziness to culinary creations. The scent of nutmeg is 
a delightful addition to food preparation, and a source of comfort, joy, 
and nostalgia. It can be used as a spice, garnish, or even fragrant garnish.

Table 2 
Mechanistic approach of Myristica fragrans Phytochemicals against Foodborne Pathogens.

Phytochemical Mechanism of 
Action

Significance Example References

Myristicin -Disruption of 
bacterial cell 
membranes

Myristicin, abundant in nutmeg, exhibits potent 
antimicrobial activity against various foodborne 
pathogens, including Salmonella, E. coli, and S. aureus. It 
contributes significantly to food safety and preservation.

Myristicin from nutmeg oil effectively inhibited the 
growth of Salmonella and E. coli at low 
concentrations.

[40]

- Inhibition of 
enzyme activity

Elemicin - Disruption of 
bacterial cell 
membranes

Elemicin, a major constituent of nutmeg oil, displays 
antimicrobial properties effective against a wide range of 
foodborne pathogens, thereby enhancing food safety and 
extending shelf life.

Elemicin extracted from nutmeg oil showed strong 
inhibitory effects against S. aureus and L. 
monocytogenes.

[24]

- Inhibition of 
enzyme activity

Safrole - Disruption of 
bacterial cell 
membranes

Safrole, found in nutmeg oil, exerts antimicrobial effects 
against foodborne pathogens such as L. monocytogenes, B. 
cereus, and C. jejuni, contributing to food preservation 
and safety.

Safrole extracted from nutmeg oil demonstrated 
significant antibacterial activity against 
L. monocytogenes, reducing bacterial growth by over 
90 %

[14]

- Inhibition of 
enzyme activity

Phenolic Compounds 
Caffeic Acid, Ferulic 
Acid

- Disruption of 
bacterial cell 
membranes

Phenolic compounds present in nutmeg, such as caffeic 
acid and ferulic acid, exhibit robust antimicrobial 
activity against a broad spectrum of foodborne 
pathogens, while also providing antioxidant protection 
against oxidative stress.

Caffeic acid and ferulic acid extracted from nutmeg 
demonstrated strong antimicrobial activity against 
E. coli and S. aureus, with minimal inhibitory 
concentrations (MICs) below 100 μg/mL.

[41]

- Inhibition of 
enzyme activity
-Antioxidant 
properties

Flavonoids 
Quercetin, Kaempferol

- Disruption of 
bacterial cell 
membranes

Flavonoids found in nutmeg, including quercetin and 
kaempferol, possess potent antimicrobial effects against 
common foodborne pathogens like C. perfringens, V. 
parahaemolyticus, and L. monocytogenes. Their 
multifaceted mechanisms contribute to improved food 
safety and quality.

Quercetin and kaempferol isolated from nutmeg 
demonstrated significant antimicrobial activity 
against C. perfringens, inhibiting bacterial growth by 
over 80 % at concentrations of 50 μg/mL

[42]

- Inhibition of 
enzyme activity
- Modulation of 
cell signalling 
pathways

Lignans 
Trimyristin, 
Dehydrodiisoeugenol

- Inhibition of 
bacterial growth

Lignans, such as trimyristin and dehydrodiisoeugenol, 
present in nutmeg, exhibit antimicrobial properties by 
inhibiting bacterial growth and disrupting biofilm 
formation. This aids in preventing food spoilage and 
reducing the risk of foodborne illnesses.

Trimyristin extracted from nutmeg showed potent 
inhibitory effects against biofilm formation by E. coli, 
reducing biofilm biomass by 75 % at a concentration 
of 200 μg/mL

[43]

- Disruption of 
biofilm formation

Terpenes 
α-Pinene, β-Pinene

- Disruption of 
bacterial cell 
membranes

Terpenes present in nutmeg, such as α-pinene and 
β-pinene, possess antimicrobial effects against foodborne 
pathogens due to their ability to disrupt cell membranes 
and interfere with bacterial metabolism.

α-pinene isolated from nutmeg exhibited strong 
antibacterial activity against B. cereus, inhibiting 
bacterial growth by 90 % at a concentration of 100 
μg/mL

[44]

- Inhibition of 
enzyme activity
- Modulation of 
cell signalling 
pathways
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4.3. Preservative properties

For centuries, it has been known that nutmeg has properties that 
make food more tardy in spoiling. It is very useful in the preservation of 
food because it hinders the development of germs and fungi on food 
surfaces. It is not surprising that such an ingredient possesses antibac
terial action because of the presence of myristicin and elemicin in 
nutmeg. One of the preservation effects of nutmeg is its effect on 
extending the shelf life of food products. Nutrition/Taste: Manufacturers 
may assist in maintaining longer shelf life of their goods or food items by 
including nutmeg in the list of ingredients; thus, this aids in less spoiling 
of food or products, which in turn reduces wastage. This is particularly 
important for maintaining the quality of perishable foods such as 
cheeses, meats, and pickles for a long time. Some constituents found in 
nutmegs are effective in inhibiting bacterial and fungal formation, 
which leads to food spoiling. Myristicin, which is one of its primary 
constituents, has shown intense antibacterial properties against mi
crobes [47].

The second chemical component, elemicin of nutmeg, has bacterio
static properties that help increase the preserving effects of the spices. 
Moreover, it has been a few decades since the preservation of talent in 
traditional food preservation techniques has benefited from the use of 
nutmeg. Whole nutmeg seeds were crushed or grated and added to 
meats in a number of cultures before the meat was dried or smoked 
which was as much to do with preserving the meat as with enhancing the 
flavor. Besides prolonging the shelf life of meats, this method of pres
ervation gives the meat the taste and smell of nutmeg, thus enhancing 
the taste and bouquet of the finished meat products. Nutmeg has also 
been employed to preserve items such as cheese, pickles, baked prod
ucts, meats, and other items. Because its activity inhibits the develop
ment of spoiling organisms, its use has the effect of preserving perishable 
foods and the shelf life of such products. The ability of nutmeg to pre
serve food has made it an invaluable tool in the battle against food 
spoilage, preserving the quality and freshness of various culinary crea
tions. Nutmeg has a well-earned place in the culinary world as both a 
spice and preservative because of its capacity to suppress microbial 
development, whether it is utilized in conventional preservation 
methods or integrated into contemporary food items (Malik et al., 
2022).

4.4. Digestive aid

It is conventional wisdom that nutmeg has potential benefits with 
regard to the functioning of the digestive system and has been used as 
part of the Ayurvedic system of medicine. Because of its perceived 
positive qualities in digestion, nutmeg is a common ingredient used in 
herbal teas and cures, during which it facilitates and speeds up the 
digestion process, reduces and relieves stomach aches, and generally 
supports the digestive system. One of the principal digestive functions, 
nutmeg, has carminative effects. Carminatives contribute to the process 
of eliminating intestinal gases and, therefore, reduce their formation and 
occasional discomfort, thus contributing greatly to digestive comfort 
[48]. Two chemicals in nutmeg, myristicin and eugenol, make it a 
carminative that is useful in the treatment of diarrhea and other 
gastrointestinal disorders, such as stomach aches and bloating. The 
carminative actions of nutmeg, such as gas, pain, or bloating, are 
particularly beneficial in cases of discomfort after eating. Nutmeg alle
viates these symptoms and provides comfort to the digestive system by 
facilitating the expulsion of intestinal gases. Also, nutmeg is well known 
saying that it is very stomachic thus pointing towards the probable fact 
that nutmeg consumption helps strengthen the stomach lining and 
reduce the chances of having conditions such as Gastritis and Ulcers. It is 
believed to be beneficial to the health of the stomach owing to its 
anti-inflammatory properties that reduce inflammation and gastro
protective properties that protect the mucosa of the stomach lining. The 
spice also has applications in different natural medicine systems, 

including the Ayurvedic system, for the management of ailments with 
symptoms such as heartburn, nausea, and indigestion. It is believed to 
promote the health of the gastrointestinal tract by stimulating peris
talism and the release of enzymes in the gut, facilitating digestion and 
assimilation of nutrients into the body [49]. However, the usefulness of 
nutmeg for digestion does not end with its use as a remedy for extreme 
stomach pain. Normal digestion and nutrient absorption can be sup
ported by the regular intake of the product, indicating that the periodic 
use of nutmeg might not have serious negative effects on the body. 
Nutmeg enhances overall health and energy by supporting digestive 
wellness, which makes people feel more at ease and satisfied after 
eating. Owing to its digestive qualities, such as its carminative and 
stomachic actions, nutmeg is a great ally for enhancing digestive com
fort and gastrointestinal health. Nutmeg is a rightful position among 
natural digestive aid because of its capacity to ease digestive pain and 
support a healthy digestive system, whether it is used in herbal teas, 
traditional medicines, or culinary creations [48].

4.5. Anti-inflammatory effects

Not limited to cooking purposes, nutmeg has been credited with 
some properties of its possible anti-inflammatory factors, which make it 
a valid method for enhancing health, as well as combatting several 
chronic inflammatory diseases. Recent studies have focused on the anti- 
inflammatory potential of nutmeg, which can be attributed to its rich 
source of bioactive constituents such as myristicin and eugenol. Myr
isticin and eugenol are two major constituents of nutmeg that have 
attracted interest in experimental studies because of their anti- 
inflammatory effects. Among them, C juveniles have established the 
capability to modify several inflammatory processes in the body by 
decreasing pro-inflammatory species, thus easing inflammation. 
Inflammation is a complex biological process that is of tremendous 
significance in the immunological response of the body to damage or 
infection. Although acute inflammation is necessary and beneficial for 
curing and protecting against diseases, chronic inflammation leads to 
several diseases, such as cardiovascular diseases, diabetes, arthritis, and 
neurological disorders [50]. In addition, new findings suggest that 
nutmeg has anti-inflammatory effects that may help patients with in
flammatory conditions in the absence of chronic diseases. For instance, 
evidence showing the anti-inflammatory properties of nutmeg may 
assist in managing the symptoms of certain diseases, including arthritis, 
pain, swelling, and stiffness, thus improving the quality of life and 
dexterity. Although the first index data advocates the therapeutic po
tential of nutmeg as an anti-inflammatory agent, there is a need to un
cover the bureaucacades by which this benefit occurs and explore the 
therapeutic applications of nutmeg extensively. It is also important to 
determine whether nutmeg plays any role in the bigger scheme of things, 
as far as the nutrition and physiological well-being of the human body is 
concerned. However, introducing nutmeg into one’s diet may have 
beneficial effects on health, and this could not be enough to eradicate 
the effects of constant inflammation. Nutmeg should therefore be seen as 
one part but not an exhaustive solution for health improvement, which 
requires people to take meals from healthy sources, exercise, and 
manage stress, and avoid vices such as smoking and excessive alcohol 
intake. Myristicin and eugenol, two chemicals in nutmeg that are 
thought to have anti-inflammatory properties, may have great potential 
for promoting health and preventing chronic inflammatory diseases 
[51].

4.6. Rich in nutrients

The nutritional value of nutmeg is extremely high, given that a single 
dose is as small as a nut. Most commonly, it is employed in limited 
quantities as a seasoning to enhance the taste and aroma of foods. 
Incorporating it into a balanced diet, the value of adding nutmeg to the 
diet arises from the numerous health benefits associated with its nutrient 
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content, such as vitamins, minerals, and antioxidants. For these quali
ties, the nutritive value of nutmeg is highly desirable and it is rich in 
vitamins and minerals, which are vital and fundamental nutrients for 
proper well-being and energy. Vitamin A is a fat-soluble vitamin that is 
essential for the maintenance of eyesight, enhancing the immune sys
tem, and improving the overall health of the skin. This vitamin can be 
found in large amounts in the nutmeg. In addition, vitamin A plays a role 
in supporting growth and development in young infants.

Vitamin C, a crucial water-soluble antioxidant and collagen biosyn
thesis and well-known wound healer, together with being an immuno
modulatory agent, is found in nutmeg. Vitamin C also has excellent 
antioxidant properties that help eliminate free radicals that harm cells. 
However, there are many small benefits to consuming it; in addition, 
nutmeg has useful minerals such as calcium, magnesium, and potassium, 
all of which are needed by the body to perform various functions. 
Although magnesium is good for nerve conduction, muscular relaxation, 
energy metabolism, and conduction, calcium helps in building strong 
bones and muscle contractions. Potassium is helpful in regulating blood 
pressure, heartbeat, and fluid levels. The antioxidant content of Nutmeg 
fortifies its nutritional value by extending protection against inflam
mation and oxidative stress [52]. These antioxidants help in cognitive 
function, heart function, and healthy aging because they reduce oxida
tive stress. Moreover, nutrients with high antioxidant levels in nutmeg 
are associated with other benefits, including anti-inflammatory and 
protective effects against chronic diseases, including diabetes, heart 
disease, and some types of cancer. The intake of dietary foods rich in 
nutmeg is a very effective traditional and modern way of ensuring a 

balanced diet and a positive impact on the life of an individual. Nutmeg 
provides depth of flavor and nutritional value to meals, whether it is 
used in savory or sweet recipes because of its high nutritional content. 
However, because nutmeg has a high concentration of certain compo
nents, it is vital to consume it in moderation, as excessive intake may 
have negative consequences. The nutritional advantages of nutmeg go 
well beyond its use as a flavoring agent. Nutmeg has several 
health-promoting qualities that boost immune system function, bone 
health, cardiovascular health, etc. It contains vitamins, minerals, and 
antioxidants. People may take advantage of the unique flavor and aroma 
of nutmeg as well as its nutritional richness by including it in a varied 
and well-balanced diet [53]. The characteristics of M. fragrans in the 
food industry are shown in Fig. 2.

5. Mechanistic action of M. fragrans against foodborne bacterial 
pathogens

This section explores the distinctive antimicrobial actions of M. 
fragrans and highlights its potential for food safety. Unlike traditional 
studies of natural antimicrobial agents, this review focuses on the 
diverse bioactive components of M. fragrans, such as myristicin, 
eugenol, and elemicin, and their targeted actions on bacterial 
pathogens.

5.1. Cell membrane disruption: a targeted mechanism

The cell membrane disruption mechanism of M. fragrans compounds, 
particularly myristicin and elemicin, occurs through a unique lipophilic 
action that allows these phytochemicals to be embedded within bacte
rial cell membranes. This integration destabilizes the membrane by 
altering the lipid structure and fluidity, leading to pores and lesions that 
increase permeability and cause essential ions, metabolites, and cellular 
contents to leak out [54]. Recent studies have shown that this targeted 
disruption prompts rapid cell lysis in bacterial cells, a mechanism sup
ported by findings on the ability of myristicin to quickly destabilize 
bacterial integrity through structural rearrangements. Additionally, 
M. fragrans compounds promote the production of reactive oxygen 
species (ROS), further damaging membrane lipids and proteins through 
oxidative stress. This dual mechanism of physical disruption and ROS 
inductionmakes M. fragrans especially lethal to bacterial cells, setting it 
apart from general antimicrobials that require internal cell penetration 
for efficacy [55].

Fig. 2. Characteristic Features of M. fragrans in the food industry.

Fig. 3. Illustration depicting the mechanistic action of Myristica fragrans (Jai
phal) against foodborne bacterial pathogens.
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Unlike conventional antimicrobials that rely on intracellular target
ing, M. fragrans uniquely affects the external structure of the cell, 
allowing it to evade bacterial defenses that often prevent antimicrobial 
entry. This characteristic, combined with its specific interaction with 
lipid molecules, minimizes the likelihood of rapid bacterial resistance. 
Cruz et al. [56] highlighted the potent bactericidal activity of M. fragrans 
compounds against foodborne pathogens, such as Escherichia coli and 
Listeria monocytogenes at minimal inhibitory concentrations. These 
findings indicate that M. fragrans is a promising natural preservative for 
food safety, offering broad-spectrum efficacy, resistance to adaptation, 
and alignment with the consumer demand for natural additives. This 
review identifies M. fragrans as a novel clean-label solution that en
hances food preservation through its multifaceted targeted antimicro
bial actions. Fig. 3 schematically shows the cell wall disruption 
mechanism.

5.2. Enzymatic inhibition

The inhibition of key bacterial enzymes by M. fragrans compounds is 
a unique and highly effective antimicrobial mechanism. The primary 
bioactive constituents—myristicin, elemicin, and eugenol—have been 
shown to interfere with enzymes essential for bacterial metabolism and 
cellular processes, thereby exerting bactericidal or bacteriostatic effects 
[6]. These enzymes are crucial for cell wall formation, DNA replication, 
and protein synthesis, and are integral to bacterial growth and survival. 
By targeting specific active sites on these enzymes, M. fragrans com
pounds can hinder enzyme catalysis, either reversibly or irreversibly, 
based on their chemical properties or binding capabilities. This prevents 
substrates from accessing enzyme active sites, freezes enzyme activity, 
or alters enzyme structure, rendering the enzymes nonfunctional. More 
specifically, M. fragrans compounds may inhibit cell wall-synthesizing 
enzymes, similar to penicillin-binding proteins (PBPs), thereby weak
ening the bacterial cell wall and leading to cell lysis. Additionally, 
compounds such as myristicin interfere with DNA-processing enzymes 
such as DNA gyrase and topoisomerase, which are crucial for DNA un
winding and replication. This interference results in the accumulation of 
DNA damage, ultimately causing bacterial cell death. Similarly, certain 
phytochemicals from M. fragrans can inhibit ribosomal function and 
aminoacyl-tRNA synthetases, impeding protein synthesis and resulting 
in the formation of defective proteins that are lethal to bacterial cells 
[57]. Beyond these primary mechanisms, M. fragrans compounds also 
affect enzymes critical to metabolic pathways, such as glycolysis, the 
TCA cycle, and fatty acid synthesis, leading to disrupted energy pro
duction and biosynthesis. Notably, when used in conjunction with other 
antimicrobials, M. fragrans phytochemicals have demonstrated 

synergistic effects that enhance antimicrobial efficacy and help over
come antibiotic resistance, making them valuable for combating resis
tant bacterial strains [58]. This combination of targeted enzyme 
inhibition and synergistic potential uniquely positions M. fragrans as a 
promising natural antimicrobial agent with broad-spectrum applications 
for food safety and preservation.

5.3. Quorum sensing (QS) Inhibition and biofilm disruption

Bioactive compounds in M. fragrans target quorum sensing (QS) 
pathways and biofilm formation, which are key bacterial processes that 
contribute to pathogenicity and antibiotic resistance. QS is a gene 
regulation mechanism used by bacteria to coordinate behavior, 
including biofilm formation, based on population density. M. fragrans 
compounds effectively interfere with bacterial communication by 
inhibiting QS signals, thereby limiting biofilm development and 
reducing virulence [59]. Specifically, M. fragrans compounds target 
acyl-homoserine lactones (AHLs) in gram-negative bacteria, and auto
inducing peptides (AIPs) in gram-positive bacteria. This disruption of QS 
signaling pathways and regulatory systems like LuxR/LuxI (Gram-
negative) and Agr (Gram-positive) downregulates genes associated with 
virulence factors, including haemolysins, proteases, exotoxins, and 
biofilm-associated proteins (Zhou et al., [26,27]).

Beyond QS inhibition, M. fragrans compounds prevent bacterial cells 
from adhering, congregating, and forming mature biofilms by inter
fering with extracellular polymeric substance (EPS) components, such as 
polysaccharides, proteins, and extracellular DNA. This interference 
compromises biofilm stability and structural integrity, leaving bacterial 
cells more vulnerable to antimicrobial agents and immune defense. 
Moreover, M. fragrans compounds can promote the dispersal of pre- 
existing biofilms, detach bacterial cells from the protective matrix, 
and enhance the effectiveness of conventional antibiotics [60]. Through 
QS disruption, inhibition of biofilm maturation, and biofilm dispersion, 
M. fragrans acts as a potent natural agent against biofilm-associated 
bacterial infections, positioning it as a valuable adjunct to antimicro
bial therapy and a promising candidate for natural food preservation. 
Fig. 4 shows the role of M. fragrans (L.) as a natural antimicrobial agent 
against foodborne bacteria.

6. Application of Myristica fragrans in food preservation

M. fragrans extracts or essential oils obtained through methods such 
as steam distillation or solvent extraction [61], can be effectively inte
grated into various food products. An optimal formulation requires 
careful selection of carriers, solvents, and emulsifiers to ensure 

Fig. 4. Role of M. fragrans (L.) as a natural antimicrobial agent against foodborne bacteria.
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compatibility and stability of the extract within the food matrix. 
Adjusting the incorporation level of M. fragrans extracts or essential oils 
helps achieve the desired antimicrobial effect without compromising 
sensory qualities, with minimum inhibitory concentrations (MIC) 
against foodborne pathogens such as E. coli and Salmonella typically 
observed in the range of 0.2–0.8 mg/mL, depending on the food matrix 
[62]. For stability and controlled release, M. fragrans compounds may be 
microencapsulated, which protects bioactive elements from degradation 
and ensures uniform dispersion throughout the product [63]. Microen
capsulation has been shown to maintain efficacy by slowly releasing 
active compounds, thereby extending the antimicrobial action over 
time. For instance, in meat products, studies such as that by Sarıcaoglu 
and Turhan [64] have reported a significant shelf-life extension of up to 
50 % when nutmeg essential oil was used to prevent spoilage bacteria, 
demonstrating a reduction in bacterial counts by 1.5–2.0 log CFU/g after 
7 days of storage. M. fragrans compounds act through several diverse 
pathways to protect food products from microbial contamination. 
Lipophilic components such as myristicin and elemicin integrate into 
bacterial cell membranes, destabilize them, and result in increased 
permeability. This leads to cell lysis and controlled microbial death, as 
evidenced by reductions in bacterial populations by 2–3 log CFU/g in 
dairy and meat samples treated with M. fragrans [65]. M. fragrans 
compounds inhibit enzymes that are essential for microbial growth, such 
as those involved in cell wall synthesis and metabolic pathways. This 
disruption arrests bacterial growth, contributing to a further 30–40 % 
reduction in spoilage rates. By disrupting bacterial quorum sensing 
pathways, M. fragrans inhibits biofilm formation, which plays a key role 
in bacterial resistance. This effect is particularly beneficial for processed 
foods where biofilm-associated pathogens are a significant concern. 
Studies have shown that biofilm formation can be reduced by up to 60 % 
in treated samples, helping to maintain food quality over extended 
storage periods (Zhou et al., [26,27]). To ensure consumer safety, food 
items containing M. fragrans must adhere to regulatory guidelines, 
including proper processing, labeling, and quantification of antimicro
bial levels. The integration of M. fragrans extracts or essential oils into 
food matrices provides an effective and natural alternative for 
enhancing food preservation while maintaining food safety and quality.

6.1. Indirect use in food packaging as an additive

Recent research has underscored the possibility of integrating 
M. fragrans essential oils into food packaging materials, offering a 
unique method for food preservation. These essential oils, which are 
abundant in bioactive components, such as eugenol, demonstrate potent 
antibacterial, antifungal, and antioxidant capabilities that successfully 
suppress the proliferation of spoilage microorganisms and foodborne 
pathogens, thus preserving food quality [66]. The integration of these 
bioactive compounds into packaging materials offers a cutting-edge 
solution to extend the shelf life of perishable foods without relying on 
harmful chemical preservatives.

When infused into packaging materials, M. fragrans essential oils 
create a dynamic antimicrobial environment that gradually releases 
these protective agents over time. This controlled release mechanism 
ensures continuous protection, reducing microbial contamination and 
spoilage, while maintaining the sensory integrity of the food, such as its 
flavor, texture, and appearance [67]. This innovative packaging method 
is especially beneficial for highly perishable products, such as fresh 
produce, meat, and dairy, which are particularly vulnerable to microbial 
growth.

What makes M. fragrans essential oils even more appealing is their 
natural origin, which provides an eco-friendly and sustainable alterna
tive to synthetic additives. As consumers increasingly demand natural, 
safe, and environmentally conscious products, packaging infused with 
these essential oils has responded to this trend, offering a green solution 
for food preservation [68]. The antimicrobial properties of M. fragrans 
not only enhance food safety, but also reduce the need for artificial 

preservatives, aligning with the global movement toward clean-label 
products.

In addition to extending the shelf life, the incorporation of 
M. fragrans essential oils into biodegradable packaging materials en
hances sustainability, addressing both food waste and environmental 
concerns. Studies have demonstrated the successful infusion of essential 
oils into various packaging materials such as films, coatings, and con
tainers, many of which are derived from renewable sources [69]. This 
combination of functionality and sustainability offers a promising 
approach to revolutionizing the food packaging industry, providing a 
viable solution for food preservation and waste reduction. As research 
continues to explore the optimal concentrations, release dynamics, and 
compatibility of M. fragrans essential oils with various food products, the 
future of food packaging is expected to embrace this innovative, natural 
preservative technology, paving the way for safer, longer-lasting, and 
more sustainable food packaging solutions [70].

6.2. Effects on shelf-life extension and reduction of foodborne pathogens

M. fragrans exhibits potent antimicrobial effects against a broad 
spectrum of foodborne pathogens, including bacteria and fungi (Aru
mugam et al., 2019). When integrated into food matrices, M. fragrans 
compounds inhibit microbial growth, significantly reducing spoilage 
rates, and extending the shelf life of various products. For example, 
Xedzro et al. [65] demonstrated that the application of nutmeg extracts 
in dairy products, specifically milk, reduced bacterial counts by up to 2 
log CFU/mL, thereby improving microbiological quality and extending 
shelf life by approximately 50 % compared with untreated samples.

M. fragrans compounds inhibit key bacterial enzymes critical for cell 
wall synthesis and DNA replication, thereby arresting microbial growth. 
Cruz et al. [71] demonstrated that minced meat treated with M. fragrans 
extracts exhibited a 1.8 log CFU/g reduction in Staphylococcus aureus 
and Escherichia coli populations within 48 h of storage. Similarly, Zhang 
et al. [72] found that in poultry samples, M. fragrans essential oil at 0.5 
% concentration reduced bacterial counts by 2 log CFU/g, indicating 
strong enzyme inhibitory effects. By disrupting quorum sensing (QS) 
pathways, M. fragrans interferes with bacterial communication and 
biofilm formation. Oo et al. [73] reported a 60 % reduction in biofilm 
formation on food contact surfaces treated with M. fragrans, which 
enhanced food safety and extended shelf life. In a study on ready-to-eat 
vegetables, Cruz et al. [56] found that M. fragrans reduced QS-regulated 
virulence factors by 40 %, resulting in a 1.5 log CFU/g reduction in 
Listeria monocytogenes. Lipophilic compounds, such as myristicin, in M. 
fragrans destabilize bacterial cell membranes, leading to cell lysis. Sar
ıcaoglu and Turhan [64] observed that chicken meat treated with 
nutmeg essential oil showed a 2.5 log CFU/g reduction in total bacterial 
counts and an extended shelf life of up to 7 days when stored at 4 ◦C. 
Additionally, Bazaraa et al. [74] demonstrated a similar effect in seafood 
samples, where M. fragrans essential oil applied at 1 % concentration 
resulted in a 3 log CFU/g reduction in V. parahaemolyticus after 5 days 
of storage. M. fragrans compounds have been shown to function syn
ergistically with other natural preservatives. Abd Algaffar et al. [75] 
reported that bread treated with nutmeg extracts and rosemary essential 
oil prevented mold growth and extended shelf life by 60 % compared 
with untreated samples. Combined treatment reduced fungal counts by 
over 3 log CFU/g, indicating enhanced efficacy when used in conjunc
tion with other preservatives. These studies suggest that incorporating 
M. fragrans into food matrices can increase shelf life by 30–60 %, 
depending on its concentration and food type. Its multi-targeted anti
microbial mechanisms make M. fragrans a powerful natural alternative 
to synthetic preservatives, ideal for applications in dairy, meat, seafood, 
and bakery products.

6.3. Potential as a natural alternative to synthetic preservatives

The growing consumer desire for natural, clean-label preservatives 
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has heightened the interest in M. fragrans as a feasible substitute for 
synthetic chemicals. Essential oils extracted from M. fragrans signifi
cantly prolong the shelf life of food items while preserving their quality 
and flavor. In contrast to synthetic preservatives, which may present 
health hazards, M. fragrans offers a safe and consumer-friendly alter
native [14]. Notably, M. fragrans essential oils have been shown to retain 
antimicrobial efficacy when used in synergy with other natural pre
servatives, thereby enhancing overall food safety.

Quantitative studies highlight M. fragrans in extending shelf life and 
controlling spoilage. For example, Akanbi et al. [76] demonstrated that 
nutmeg extract, when incorporated into bread at a concentration of 0.4 
%, effectively prevented mold growth and extended shelf life by 60 % 
compared with untreated samples. Similarly, nutmeg extract in bakery 
products reduced mold counts by 2 log CFU/g after five days of storage. 
These findings suggest that M. fragrans is a natural substitute for syn
thetic preservatives in baked goods.

In combination with other natural preservatives, M. fragrans exhibits 
synergistic effects that boost the preservation efficiency. Maurya et al. 
[77] reported that when M. fragrans essential oil was combined with 
rosemary extract in processed meat products, it extended shelf life by 
approximately 40 % and reduced bacterial counts by 1.5–2.0 log CFU/g 
compared to either treatment alone. This synergistic action not only 
reduces spoilage, but also enhances the antimicrobial spectrum, making 
M. fragrans a sustainable choice for clean-label products. By incorpo
rating M. fragrans extracts or essential oils into food matrices, manu
facturers can meet consumer preferences for natural ingredients and 
reduce the use of synthetic additives. The combined benefits of 
enhanced antimicrobial efficacy, extended shelf life, and alignment with 
clean-label trends make M. fragrans an attractive solution for natural 
food preservation. Fig. 5 illustrates the application of M. fragrans 
(nutmeg) in the food industry.

7. Conclusion and future prospects

This review revealed that M. fragrans (L.) has promising prospects for 
application as a natural antibacterial food ingredient against foodborne 
bacteria. Alkaloids, including myristicin, eugenol, and elimicin, have 
shown in vitro antibacterial properties because of their effects on cell 
membrane integrity and are the most important enzymes involved in 
bacterial growth and division. Based on the results of this study, it can be 
concluded that M. fragrans has the potential to increase food shelf life 
and decrease foodborne pathogens, leading towards an approach for 
future food safety and preservation. Exploiting these antibacterial 
properties presents a possibility for an effective natural and environ
mentally friendly food preservation system to minimize the number of 
foodborne diseases, and is applied mainly in developing countries where 
health care and clean water are scarce.

However, these encouraging outcomes indicate that there are some 

challenges and research questions that need to be resolved to make 
better use of M. fragrans. Because the provision of a consistently bioac
tive product depends on the consistency and standardization of culti
vation, the set and targets for harvesting, and extraction methods for 
bioactive compounds, this is a challenge. Although the specific mecha
nisms of action have been described, the molecular basis of these action 
plans is not fully clear. Biological applications demand scalability 
studies and the tests establishing the in-vivo safety tests to establish non- 
toxicity, allergenicity, or adverse lifetime consequences. More studies 
should be carried out to evaluate the efficiency of the extraction process, 
confirm the in vitro results in in vivo models, and examine the combined 
use of other natural antimicrobial agents. Overcoming these limitations 
will enable M. fragrans to deliver its full potential for food preservation, 
minimize food-borne diseases, and improve the health of the global 
population.
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