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Preface

The goal of this book is to provide a review, as thorough and up-to-date as pos-
sible, of the state-of-the-art herbal therapy for strong human immune systems and
research-based information on medicinal plants used for this purpose. A large num-
ber of people around the world suffer from daily inconvenience and unpleasantness
of a deficient immune system. Tiredness, frequent colds, infections, allergies, mood
swings, and premature ageing are all common manifestations of a weakened immu-
nity. The human immune system is an invisible bodyguard, fighting off invasion
and working tirelessly around the clock to keep the human body fit and healthy. The
immune system is responsible for responding when anyone is exposed to viruses,
bacteria, or other microbes, has a cut or a broken bone, or when cells begin to change
in an abnormal way, as in the early stages of cancer. The immune system also plays
the vital role of differentiating the live materials belonging to the body from those
coming from outside, and quickly eliminating the foreign proteins from bacteria,
virus, or other microbes. It is also responsible for inflammation, the natural pro-
cess that occurs in response to injury and is incredibly important to initiate healing,
although too much of it can be detrimental and is linked to heart disease, diabetes,
cancer, and many other illnesses.

In this connection, medicinal plants and their products are able to affect the
immune system and act as immunomodulators. Numerous medicinal plants are
popularly used in folk medicine to increase resistance of the body; they strengthen
the human immune defence and improve body reactions against infectious agents
or exogenous injuries, suppressing the abnormal immune response occurring in
immune disorders. Many herbs, shrubs, climbers, or trees, such as Allium fistulo-
sum, Allium sativum, Aloe vera, Andrographis paniculata, Calendula officinalis,
Camellia sinensis, Catharanthus roseus, Cinnamomum camphora, Curcuma longa,
Echinacea purpurea, Echinacea angustifolia, Elettaria cardamomum, Emblica
officinalis, Eucalyptus spp., Glycyrrhiza glabra, Hypericum perforatum, Mentha
piperita, Nigella sativa, Origanum vulgare, Ocimum sanctum, Ocimum basilicum,
Panax ginseng, Salvia officinalis, Sambucus nigra, Taraxacum officinale, Thymus
vulgaris, Withania somnifera, Zingiber officinale, etc., have shown success in
strengthening immunity against the HINI virus, influenza, hepatitis and swine flu-
virus, among others. These plants and their products have some specific properties to
reduce stress and anxiety, absorb odours and mould, eliminate headaches, improve
mood and brain function, enhance blood and oxygen circulation, increase energy
levels, boost healing processes, maintain blood pressure, act as a source of vitamins
and improve a number of bodily functions. Moreover, these plants have acted as an
antiviral and antibacterial agent; and boosted the immune system against cancer,
HIV, and COVID-19. This book addresses these issues and many more. In the future,
medicinal plant-based products are likely to be in higher demand to facilitate and
strengthen the human immune system against infections, allergies, and related ail-
ments. Taken together, this book aims to cover both the indigenous and scientific



X Preface

knowledge about medicinal plants, and the protective and therapeutic potential and
mode of action of plant-based drinks, supplements, nutraceuticals, synergy foods,
superfoods, and other products. I hope that this book will be a useful resource to
stimulate further research interest in plant-derived medications and will inspire stu-
dents, industrialists, and policy makers.

With great pleasure, I extend my sincere thanks to all contributors for their timely
response, and the excellent, up-to-date contributions. I am extremely thankful to Ms.
Randy Brehm, Dr Julia Tanner, and all associates at Taylor & Francis Group, LLC/
CRC Press for their sustained cooperation. I shall be happy receiving comments and
criticism, if any, from subject experts and general readers of this book.

Azamal Husen
Wolaita, Ethiopia
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’I Plant-based Potential
Nutraceuticals for
Improving the Human
Immune System

Azamal Husen and Muhammad Igbal
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1.1 INTRODUCTION

Our immune system uses our body’s own defence mechanisms to guard against dam-
age, disease, and infections. Composed of various tissues, cells, and proteins, the
immune system is a highly complex and multifaceted system, forming an intricate
network of cells and proteins that moves throughout the human body via the lymph
stream and blood stream. A healthy immune system is able to distinguish between
body cells (self) and foreign materials (non-self), eliminating the latter. It can also
recognize and destroy abnormal cells derived from host tissues. In an autoimmune
reaction, however, antibodies and immune cells target the body’s own healthy tissues
by mistake, signalling the body to attack them (Terrie, 2017). Undernourishment or
deficiency of zinc, selenium, iron, copper, or vitamins A, C, E, B, or B, (folic acid)
significantly influence immune system responses. On the other hand, overeating
and being overweight or obese may also hamper the immune response. Moreover,
chronic stress, lack of sleep, specific medical conditions, prolonged use of cortico-
steroids or immunosuppressive agents, or immune-mediated diseases damage our
immune system (Terrie, 2017). Immunity decreases and morbidity increases with
increasing age due to deficiencies of vitamins C, D, E, B4, B,, and elements such as
zinc, and/or selenium. (Ritz et al., 2009). Use of vitamin D supplements strengthens
the physical barrier against viruses, stimulates production of antimicrobial peptides,
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and attenuates formation of inflammatory cytokines, whereas selenium improves
the function of cytotoxic effector cells and helps in maintaining T-cell functions and
the production of T-cell-dependent antibodies. Vitamin C enhances production of
antiviral cytokines and free radicals, thus reducing the virus yield, and also inhibits
excessive inflammatory responses and/or hyperactivation of immune cells (Bae and
Kim, 2020). Use of nutraceuticals supports restoration of the immune system, par-
ticularly in the elderly.

Immunomodulators influence the immune system efficiently. These agents
strengthen the immune defences, improve the body’s reaction against microbial
infections and/or injuries, and suppress irregular immune responses. Nutraceuticals
(chemicals from food with health benefits in excess of their nutritional value) are bio-
active compounds naturally present in foods, dietary supplements, and plant prod-
ucts/extracts, which have acknowledged potential health applications (Figure 1.1).
They play a vital role in maintaining a healthy body by providing necessary supple-
ments required for various metabolic processes in order to regulate bodily functions.

Immunity
booster

Cure of
cardiovascular
disease

Cure of

neurological
disorders

. Cure of bone

Hepatoprotective disorders

APPLICATIONS
OF

NUTRACEUTICALS

Antioxidant

Antidiabetic

Anti-

inflammatory

FIGURE 1.1 Various potential applications of nutraceuticals.
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Herbs or herbal products may not act as precisely as antibiotics but have proven to be
antibacterial (even antiviral) by boosting our body’s own defence mechanisms (Nasri
et al., 2014; Chanda et al., 2019). Nutraceuticals obtained from plants act as the
probable immunomodulating agents in such products. Phytochemicals (flavonoids,
folate, polyamines, alkaloids, terpenoids, etc.) and other, essential nutrients (mainly
carbohydrates, proteins, fatty acids, minerals, and vitamins) play an important role
in maintaining a balance between health and disease (Parveen et al., 2020b). Thus,
nutrition is a crucial factor in modulating immune homoeostasis. Protein—energy
malnutrition or even subclinical deficiencies of a single micronutrient may impair
immune responses (Bhaskaram, 2001). Calder et al. (2020) elucidated the signifi-
cance of optimal nutritional status to resist against viral infections, asserting the
roles of vitamins (such as A, By, B,,, C, D, E, and folate), trace elements (such as
zing, iron, selenium, magnesium, and copper) and the omega-3 fatty acids (such as
eicosapentaenoic acid and docosahexaenoic acid) in supporting the immune sys-
tem. Vitamins A and D have a potential benefit, especially in vitamin-deficient
populations, while the micronutrients selenium and zinc give favourable immuno-
modulatory effects during viral respiratory infections, and many nutraceuticals and
probiotics facilitate immune functions (Jayawardena et al., 2020). While proposing
nutritional strategies to reduce damage to lungs from coronavirus and other infec-
tions, Wu and Zha (2020) asserted that the most promising, fact-acting treatments
are herbal formulations, which probably address lung, heart, liver, and kidney func-
tions simultaneously. Rathaur et al. (2020) and Parveen et al. (2020a, 2020b) have
described the usefulness of single and compound herbal drugs used in the Ayurvedic
and Unani systems of Indian medicine, respectively.

Various food components have the ability to modulate cellular processes and
stimulate the immune system. For instance, peppermint (Mentha X piperita) and oils
obtained from this plant are used as antispasmodic, aromatic, and antiseptic agents
and are used for treating cancers, colds, cramps, indigestion, nausea, sore throat, and
toothaches (Briggs, 1993). Yellow turmeric powder, a product of Curcuma longa,
is very active against a range of bacteria, fungi, and viruses, as well as parasites
(Moghadamtousi et al., 2014; Prasad and Tyagi, 2015). Panax ginseng (Asian gin-
seng) is used as a tonic, is known to promote immunity (Kang and Min, 2012), and
has protective effects for the treatment of neurological disorders (Ong et al., 2015).
Astragalus membranaceus (commonly known as Mongolian milkvetch) is rich in
polysaccharides, flavonoids, and saponins (Auyeung et al., 2016), and exhibits pow-
erful immunity-enhancing, antioxidant, hepatoprotective, antidiabetic, and antican-
cer activities (Zhao et al., 1990; Auyeung et al., 2016; Wu et al., 2017). The most
common and widely used herbal plants, such Allium sativum (garlic), Allium cepa
(onion), and Zingiber officinale (ginger), are the basis of all healing herbal products,
and can be categorized as food and spice, as well as medicine. In many remote areas,
various plants and their products are used as ethnomedicines for treatment of all
physical ailments of the local populations (Anis and Igbal, 1994; Anis et al., 2000;
Beigh et al., 2014). We intend to briefly discuss in this chapter some plant-based
nutraceuticals and their role in improving the human immune system to ensure and
maintain a high quality of life.
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1.2  IMMUNOMODULATORY PHYTOCHEMICALS
AND ASSOCIATED RESPONSES

Phytochemicals, mainly alkaloids, phenolics, glycoproteins and saponins, can
exhibit anti-inflammatory and immunomodulatory features. Additionally, terpe-
noids, polysaccharides, fatty acids, minerals, vitamins, etc. also play an important
role as immunomodulatory agents and help in disease prevention. Polysaccharides
from plants have shown low toxicity in comparison with immunomodulatory bac-
terial polysaccharides and many synthetic compounds (Albuquerque et al., 2020).
Therefore, they are the ideal alternative agents to achieve immunomodulation. Since
ancient times, it has been recognized that plants, plant parts, or their products and
extracts are the sources of medicinally active compounds (Figure 1.2). For instance,
alkaloids from plants are utilized as antimalarial agents (quinine), anticancer agents
(vinblastine, vincristine, and taxol), and to regulate blood circulation, especially
in the brain (vincamine). The terpenoid steroidal saponins obtained from plants,
including Solanum aethiopicum (Ethiopian eggplant), Capsicum annuum (capsicum
peppers), Panax ginseng (ginseng), and Yucca schidigera (Mojave yucca) (Hussain
et al., 2015), have shown hypoglycaemic, antioxidant, antifungal, neurotrophic, neu-
roprotective, and viricidal effects. Such saponins are also involved in the reduction
of low-density lipoprotein (LDL)-cholesterol and serum cholesterol levels, inhibition
of cancer cell proliferation, and fortification of the cell-mediated immune system
(Ding et al., 2019). Reports have also suggested that carotenoids, another class of
terpenoids, significantly decrease the risk of prostate, lung, and breast cancers (Mills
et al., 1989; Ziegler et al., 1996; Zhang et al., 1997) and provide protection against
eye diseases (Yeum et al., 1995).

Many plants, such as vegetables (broccoli, green bell pepper, kale, onion, spinach,
and tomato), fruits and herbs, mainly Citrus grandis, Hypericum perforatum, and
Sophora japonica, are a rich source of flavonoids (a subclass of plant phenolics).
Flavonoids play a defensive role in coronary heart diseases, and exhibit antiviral,
anti-allergenic, anti-cholinesterase, anticancer, and antioxidant activities (Ren et al.
2003; Ullah et al. 2020). Quercetin, a plant flavonol from the flavonoid group of

Alkaloids Polysaccharides

Phenolics Terpenoids

PLANT-BASED NUTRACEUTICALS

Glycoproteins Fatty acids

Saponins Vitamins
:

FIGURE 1.2 Major plant-based nutraceuticals.
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polyphenols, is an effective antioxidant, and plays a significant role against cardio-
vascular disease (Finotti and Di Majo, 2003), diabetes, and HIV (Li et al., 2000).
Likewise, tannins (water-soluble polyphenol derivatives), which are naturally syn-
thesized and accumulated in various plant parts, are a secondary metabolic product
exhibiting numerous useful healthy properties, showing anti-inflammatory, antimi-
crobial, antileishmanial, immunomodulatory, analgesic, anti-lymphocytic, neuro-
protective, antidiarrhoeal, and antihypertensive activities (Uritu et al., 2018). Garlic
is rich in sulphur compounds, which stimulate the immune system and decrease
atherogenesis, platelet stickiness, and cancer (Arreola et al., 2015; Shang et al,,
2019). Sulphoraphane (an antioxidant and stimulator of natural detoxifying enzymes,
abundantly found in Brassica oleracea var italica (broccoli), is an effective phase 2
enzyme inducer, and produces D-glucarolactone, which is an important breast can-
cer inhibitor (Ghazanfari et al., 2002). Some common plant-based nutraceuticals and
their roles in stimulating the immune system are listed in Table 1.1.

1.3 SYNERGISTIC EFFECT OF HERBAL AND
OTHER PLANT PRODUCTS

Many nutraceuticals act together synergistically, exhibiting superior performances
when co-delivered (Leena et al., 2020). For instance, the interactive herbal combina-
tion, known as Triphala (“three fruits”), is prepared by mixing Terminalia bellirica,
Terminalia chebula, and Emblica officinalis together for use as a nutritive tonic.
This herbal preparation, based on synergy, benefits almost all organs/systems of the
human body, most specifically skin, liver, eyes, and the digestive and respiratory
systems. It is therapeutically useful in terms of immunomodulation, and as an anti-
bacterial and antimutagenic product (Belapurkar et al., 2014; Peterson et al., 2017).
Phytochemicals from tomatoes (Solanum lycopersicum) and olive oil from Olea
europaea also have synergistic effect, as tomatoes contain carotenoids (principally
lycopene), which are fat-soluble and their absorption into the bloodstream is higher
in a lipid medium, such as olive oil. Lycopene, with its powerful antioxidant nature,
minimizes the risk of cardiovascular diseases by improving the serum lipid profile
in a high-fat diet. Lycopene bioavailability increases between five- and six-fold fol-
lowing cooking of tomatoes, compared with eating them raw (Fielding et al., 2005;
Ahuja et al., 2006; Story et al., 2010). Black grapes are rich in catechins, polyphenol
antioxidants that can reduce the risk of obesity, cardiovascular disorders, cancer,
and neurological problems. In combination with onion, consumption of black grapes
causes a synergistic anti-proliferative effect, compared with consuming onions or
grapes alone. The combination inhibits blood clots, improves blood circulation, and
boosts cardiovascular health (Wang et al., 2013). Foods like green tea and black pep-
per also work in a synergistic way, with black pepper increasing the bioavailability
of epigallocatechin-3-gallate (EGCG), a useful component of green tea. Piperine,
a major alkaloid present in black pepper, inhibits the glucouronidation of EGCG,
thereby lowering the transit rate of EGCG in the gastrointestinal (GI) tract and thus
increasing its residence time, which ensures maximum absorption. The high catechin
content of green tea improves immunotolerance, thereby reducing the possibility of
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cancer incidence, cardiovascular disease, and elevated cholesterol (Lambert et al.,
2004). Similarly, lemon juice, consumed with green tea, enhances the absorption
of EGCG ten-fold, as compared with the absorption when green tea is taken alone
(Tewari et al., 2000). Furthermore, ascorbic acid (vitamin C), present at high con-
centrations in lemon, acts synergistically with catechins to stimulate the absorption
and utilization of the antioxidant components of green tea five-fold, in comparison
with green tea taken alone (Majchrzak et al., 2004; Intra and Kuo, 2007). All these
combinations of nutraceuticals boost our immune system in one way or another and
enable our body to fight against diseases and disorders.

Honey and garlic each have remarkable antibacterial properties, stimulating the
immune system and exhibiting antibacterial activity, while acting synergistically to
reduce bacterial growth, an effect which is further enhanced by the presence of phe-
nolics and fatty acids (Natarajan et al., 2019). The combination of honey and garlic is
also well known for lowering blood cholesterol and triglyceride levels and providing
relief of cardiovascular problems (Shoba et al., 1998). Garlic increases the production
of gastric juices and helps in increasing iron absorption (Shoba et al., 1998). Chen
et al. (2005) reported that the flavonoids from almond skin acted synergistically with
vitamins C and E to protect LDL-cholesterol oxidation. Similarly, a combination of
green leafy vegetables and lemon is effective at increasing haemoglobin concentra-
tion in iron-deficient anaemic patients, as vitamin C accelerates the dietary absorp-
tion of non-haem iron (Hallberg et al., 1989). Furthermore, Fernandez and Marette
(2017) suggested that bananas energize growth of beneficial bacteria in yoghurt, with
the combination increasing immunity and regulating digestion. Inulins, prebiotic
polysaccharides in a number of plants, are present in bananas, promoting the growth
of probiotic (good) bacteria in yoghurt, which improves immunity and help in regu-
lating our digestion. This banana—yoghurt combination also increases the level of
calcium in our body. Studies on the interaction between turmeric and fish revealed
that curcumin, the active component in turmeric, acts synergistically with the poly-
unsaturated fatty acids (PUFA), docosahexaenoic acid or eicosapentaenoic acid, in
fish, decreasing the production of inflammatory eicosanoids and reactive oxygen
species (ROS) to relieve oxidative stress (Saw et al., 2010). Piperine, the hot and
active component of black pepper, increases the bioavailability of curcumin 1000-
fold when added to turmeric or turmeric-based foods (Shoba et al., 1998). Piperine
inhibits the metabolic breakdown of curcumin compounds in the gut and liver, thus
promoting the bioavailability of curcumin compounds in the body.

In-vitro and in-vivo animal studies have shown that ginger (Z. officinale) has
excellent anti-inflammatory, antioxidant, anti-platelet, hypotensive, and hypolipi-
daemic effects. Human trials with low ginger doses have demonstrated significant
anti-platelet activity (Nicoll and Henein, 2007), although some recent studies have
emphasized the need for more clinical trials (Marx et al., 2015). Evidence from ani-
mal studies suggests that ginger may help prevent ischaemia—reperfusion injury (IRI)
in the heart. Hasanvand et al. (2019) have reported that the use of ginger reduced
chest pain during coronary angioplasty, but its effect on the release of biochemical
markers of myocardial damage was unclear. Pharmaceutical industries dealing in
herb-based Ayurvedic and Unani medicines have developed several combinations
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of garlic juice, ginger juice, lemon juice, honey, and apple cider vinegar for manag-
ing cardiovascular ailments and maintaining the overall physical and physiological
health of the patient. Lipikyure, from Ekyure Herbals in India, is one such prepara-
tion with markedly positive results in lowering cholesterol and triglyceride levels,
reducing body weight, improving blood circulation, and preventing cardiovascular
disorders (e-Kyure, 2021). In addition, Lipikyure also strengthens the digestive sys-
tem, lowers blood sugar, and ensures skin health due to the inclusion of apple cider
vinegar as one of its components.

Recently, Jampilek and Kralova (2020) have suggested a special kind of food
supplemented with various types of nanoparticles (nanonutraceuticals) for greater
stability, bioavailability, and efficacy. However, it is important to make sure that all
these combinations are safe, and do not have any adverse side-effects.

1.4 CONCLUSION

Nutraceuticals are foods based on plants and/or their products/extracts that have an
established positive effect on human health. Plants are rich in bioactive constitu-
ents (phenolics, alkaloids, terpenoids, folates, polyamines, etc.) and other, essential
nutrients (carbohydrates, proteins, fatty acids, minerals, and vitamins), which play a
significant role in maintaining the balance between health and disease. Upgrading
food products with nutraceuticals is highly desirable to reload the missing vitamins
and other health-promoting substances in foodstuffs. Furthermore, the concept of
food component synergy is beneficial as an immunity booster for disease control and
other health benefits. However, due to limited information, more intensive research
on this subject is both highly desirable and of vital importance. Additionally, the
concept and practice of using synergistic food combinations for specific health ben-
efits also require thorough investigation.
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2.1 INTRODUCTION

There are various types of disease-causing microorganisms in nature which can cause
infectious diseases in human beings. The main cause of morbidity and mortality is
still microbial contagious diseases and microbial disease remains a dominant threat
to the world (Cos et al. 2006). According to the World Health Organization (WHO,
2014), microbial infections are responsible for approximately half of the deaths each
year, occurring mostly in developing and tropical countries worldwide (Fankam et al.
2011). The occurrence of drug-resistant bacterial pathogens leaves many bacterial
infectious disease cases untreated and causes a major health problem in the world,
resulting in morbidity and morbidity due to such failures of treatment (Levy and
Marshall 2004; Ghosh and Haldar 2015). Inappropriate use of antibiotics is the main
cause for the development of multidrug- resistant (MDR) pathogens (Bologa et al.
2013). The occurrence of MDR bacteria throughout the world results in ineffective
treatment (Djeussi et al. 2013). This has an overwhelming effect on patients suffering
from MDR bacterial infections, with the increased treatment cost also making it dif-
ficult to afford, as well as causing long-lasting illness and even death (World Health
Organization 2014). Some infections diseases, such as cholera, diphtheria, gonor-
rhoea, meningitis, syphilis, tetanus, and tuberculosis, cause large numbers of deaths
annually, especially in developing countries, as a result of antibiotic resistance prob-
lems (Wang et al. 2008). Some research has indicated that, by 2050, the annual num-
ber of deaths annually due to MDR bacteria will increase to ten million each year, at a
cost of one hundred trillion dollars (Anand et al. 2019). Reports on the significance of
drug-resistant bacteria causing untreatable infections showed that the requirement for
the development of new antibacterial therapies is more pressing than ever (Cushnie
et al. 2014). To alleviate this problem, the use of natural active ingredients obtained
from medicinal plants is one of the alternatives (Dhama et al. 2014). Recently, the
interest in and awareness of medicinal plants as an alternative source of bioac-
tive compounds against drug-resistant microorganisms have been growing (Uche-
Okereafor et al. 2019). For instance, the bioactive compound berberine, extracted
from Berberis vulgaris, is active against bacteria and protozoa, and piperine, isolated
from Piper nigrum, is active against some fungi and bacteria, such as Lactobacillus
spp., Micrococcus spp., Escherichia coli, and Enterococcus faecalis. Moreover, some
infectious diseases caused by bacteria, fungi, and viruses can be treated by using tan-
nins isolated from Rhamnus purshiana (Khameneh et al. 2019) (Figure 2.1). Bioactive
compounds isolated from Dorstenia spp., such as amentoflavone and prenyl flavones,
showed marked antibacterial activities against Bacillus cereus with minimum inhibi-
tory concentration (MIC) values of 3 and 2.4 pg/ml, respectively (Kuete et al. 2007;
Mbaveng et al. 2008) and, from flower extracts of Retama raetam, bioactive flavo-
noids called licoflavones also showed antibacterial activities against E. coli, with a
MIC value of 7.81 pg/ml via the formation of complexes with soluble and extracellular
proteins (Edziri et al. 2012). The alkaloids isolated by ethanol extraction of Datura
stramonium tissue showed in vitro-antibacterial activities against some bacterial spe-
cies, such as Klebsiella pneumoniae, Proteus mirabilis, Staphylococcus aureus, E.
coli, and Pseudomonas aeruginosa, using the agar well diffusion method. The Datura
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FIGURE 2.1 Antimicrobial activity of some plants and their extracts.

extract showed greater antibacterial effect than that achieved by standard antibiot-
ics (Altameme et al. 2015). Adukwu et al. (2016) indicated that the components of
essential oils (EOs) obtained from Cymbopogon citratus reduced the growth of S.
aureus and Acinetobacter baumannii. According to Lahmar et al. (2017), synergistic
antibacterial activity was achieved by mixing antibiotics and different EO compo-
nents derived from Thryptomene calycina, Clausena anisata, Callitris glaucophylla,
Melaleuca alternifolia, and Eucalyptus spp. The results showed a marked inhibitory
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effect against Alcaligenes faecalis, E. coli, Salmonella typhimurium, S. aureus and
Ps. aeruginosa. Nanoparticles synthesized from plant have been used for antibacterial
activities, especially MDR bacteria (Alavi and Rai 2019). Nowadays, because of the
presence and growing impact of antibiotic-resistant bacteria and the failure of con-
ventional chemotherapy to treat infectious disease, the burden of bacterial infectious
diseases is increasing. The behaviour of only a few phytochemicals from medicinal
plants has been studied and the possible modes of action are not fully understood. The
aim of this chapter is to provide up-to-date information on the use of medicinal plants
as antibacterial agents and the challenges associated with this approach.

2.2 COMMON BACTERIAL DISEASES AND THEIR PATHOGENESIS

Bacteria are single-celled microbes (Bilombele 2019), coming in different sizes and
shapes, and being very diverse (Yang et al. 2016). Bacteria can exist in any envi-
ronment, such as in or on our bodies, in water, or in soil (Seiler and Berendonk
2012). Worldwide, they are the main cause of human morbidity and mortality. The
inappropriate and excessive use of antibacterial and antibiotic drugs has caused the
emergence of resistance in bacterial populations, which results in increases in the
risks of health problems, such as the inability to treat illnesses caused by antibiotic-
resistant bacteria (Asadi et al. 2019). Some examples of bacterial diseases include
Legionnaires’ pneumonia, bacterial vaginosis, gonorrhoea, chlamydia, syphilis,
anthrax, tetanus, botulism, cholera, Lyme disease, bacterial meningitis, pneumococ-
cal pneumonia, whooping cough, tuberculosis, listeriosis, etc. (Centers for Disease
Control and Prevention 1997).

Different types of disease are associated with, if not definitively caused by, bac-
teria. For instance, Lyme disease and its complications by the tick-borne bacterium
Borrelia burgdorferi (Diuk-Wasser et al. 2012), atherosclerosis is associated with
Chlamydia pneumoniae (Watson and Alp 2008), Sudden Infant Death Syndrome
(SIDS) with Clostridium perfringens (Deixler 2009), and bloodstream infections
with Klebsiella pneumonia (Trecarichi et al. 2016). Additionally, Parachlamydia
acanthamoebae in the human lung acts as an agent of pneumonia causing inflamma-
tion of the air sacs (Casson et al. 2008).

Another bacterial disease is cholera, caused by consuming drinking water or eat-
ing food contaminated with the bacterium Vibrio cholerae. It is an acute diarrhoeal
infection, which induces disease exclusively in humans (Moore et al. 2014). Pelvic
inflammatory disease (PID) is another bacterial disease that commonly occurs in
females aged under 24 years of age. It is caused by bacterial vaginosis and results in
infection and inflammation of the female genital tract, which can result in ectopic
pregnancy, infertility, and serious reproductive morbidity (Kamwendo et al. 2000;
Taylor et al. 2013). The common sexually transmitted disease (STD) gonorrhoea is
caused by the bacterium Neisseria gonorrhoeae. This disease is transmitted from
one person to another person via contact with contaminated clothes or bedsheets, or
by sexual intercourse (Torpy et al. 2013). Some other common bacterial diseases are
listed in Table 2.1.
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TABLE 2.1

Common Diseases Caused by or Associated with Different Bacterial Species

Bacterium

Bartonella henselae

Borrelia burgdorferi

Campylobacter jejuni
Chlamydia pneumoniae
Clostridium perfringens

Clostridium difficile

Corynebacterium amycolatum

Escherichia coli

Ehrlichia chaffeensis

Helicobacter pylori

Klebsiella pneumoniae

Legionella pneumophila

Enterococcus faecalis

Listeria monocytogenes

Methicillin-resistant
Staphylococcus aureus (MRSA)

Salmonella enterica

Staphylococcus aureus

Streptococcus pyogenes

Vibrio cholerae

Vibrio vulnificus

Disease

Cat-scratch fever

Lyme disease and its
complications

Gastroenteritis

Atherosclerosis

Sudden Infant Death
Syndrome (SIDS)

Antibiotic-induced diarrhoea and
pseudomembranous colitis

Hospital-acquired endocarditis

Haemorrhagic colitis and
haemolytic uraemic syndrome

Human ehrlichiosis

Duodenal and gastric ulcers

Blood stream infections

Legionnaires’ pneumonia

Nosocomial infections

Listeriosis

Nosocomial and community-
associated infections

Salmonellosis

Toxic shock syndrome

Necrotizing and streptococcal
toxic shock syndrome

Epidemic cholera

Wound infection, septicaemia, and
gastrointestinal disease

Reference

Florin et al. (2008)
Diuk-Wasser et al. (2012)

Sails et al. (2003)
Watson and Alp (2008)
Deixler (2009)

Wilcox (2003)

Knox and Holmes (2002)
Ameer et al. (2020)

Mogg et al. (2020)

Ahmed and Belayneh (2019)
Trecarichi et al. (2016)
Edelstein et al. (2020)
Noskin et al. (1995)

Todd and Notermans (2011)
Alvarez et al. (2010)

Dallap Schaer et al. (2010)
Tang et al. (2006)
Tang et al. (2006)

Moore et al. (2014)
Tacket et al. (1984)

2.3 ORIGIN-BASED CLASSIFICATION OF MEDICINAL
PLANTS FOR TREATMENT OF BACTERIAL DISEASES,
AND THEIR IMPORTANT PHYTOCONSTITUENTS

2.3.1

AFRICAN MEDICINAL PLANTS

Approximately 80% of people in Africa cannot afford conventional drugs for treat-
ment of bacterial infections. Nowadays, considerable attention is paid to finding
new antibacterial drugs from local medicinal plants (Sieberi et al. 2020). In South
Africa, the bioactive compounds from Teucrium trifidum, like phenolic compounds
such as tannins and flavonoids, showed antibacterial activity against Bacillus sub-
tilis, Streptococcus pyogenes, K. pneumoniae, P. aeruginosa, B. cereus, S. aureus
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and V. cholerae (Mazhangara et al. 2020). In Ethiopia, the antibacterial activity of
Jasminum floribundum, Euphorbia hirta, Euphorbia abyssinica, Sarcophy tepiriei
or Commiphora myrrha extracts are used in traditional treatment of infections of
common human wounds by E. coli, Ps. aeruginosa, S. aureus, S. pyogenes, P. mira-
bilis, and K. pneumoniae. The results confirmed that the extracts exhibited growth
inhibition zones on bacterial plates ranging from (mean + standard deviation)
10 + 2 mm to 24.9 + 0.9 mm in diameter (Mahammed et al. 2020). Phytochemicals
such as glycosides (6.29 mg/g), flavonoids (6.51 mg/g), tannin (9.14 mg/g), sapo-
nins (10.54 mg/g), terpenoids (19.72 mg/g), and alkaloids (30.63 mg/g) were isolated
from Dacryodes edulis leaf extracts, which showed antibacterial activities (Hassan-
Olajokun et al. 2020). The polyphenols derived from four medicinal plants from
Burkina Faso, namely Sida acuta, Pterocarpus erinaceus, Khaya senegalensis,
and Combretum micranthum, were tested for their antibacterial activities against
pathogenic bacteria such as Klebsiella ozenae, S. aureus, Salmonella paratyphi, and
Shigella dysenteriae. The results showed antibacterial activities with MIC values in
the range of 202000 mg/ml (Karou et al. 2005). Phytochemicals that were extracted
in Kenya from Centella asiatica, such as terpenoids, flavonoids, tannins, saponins,
cardiac glycosides, and alkaloids, showed antibacterial properties. For instance, fla-
vonoids like catechins inhibited the growth of Streptococcus mutans and V. chol-
erae (Tapas et al., 2008), whereas quercetin caused growth reduction of S. aureus
(Zwenger and Basu 2008). Alkaloids extracted from Aspidosperma ramiflovum were
found to be significantly inhibitory toward E. faecalis and S. aureus (Tanaka et al.
2006), whereas those from Sida acuta showed antibacterial activity against E. coli,
E. faecalis, B. cereus, S. dysenteriae, and S. aureus (Oyekunle et al. 2006). Tannins
from extracts also showed inhibition against Bacillus subtilis and S. aureus (Kumar
and Pandey 2013). Saponins from Sorghum bicolor were reported to be active
against S. aureus (Anantharaman et al. 2010). In Nigeria, extracts of some plants,
like Acanthus montanus, Carica papaya, Acalypha fimbriata, Bauhinia variegata,
Azadirachta indica, and Berlinia grandiflora, have been used to treat syphilis (Abd
El-Ghani 2016).

2.3.2 MEDICINAL PLANTS FROM THE AMERICAS

In the Americas, 20% of deaths annually are due to infectious diseases caused by
bacteria. Approximately 2,600 species of vascular plants have been used as tradi-
tional medicines by people from North and South America (Mahady 2005). In Belize
in central America, methanol, chloroform or hexane extracts of herbal plants were
tested for the treatment of skin infections. Extracts of bark of Bursera simaruba,
leaves and bark of Syngonium podophyllum and Aristolochia trilobata, leaves of
Hamelia patens, and bark of Guazuma ulmifolia were tested against the bacteria E.
faecalis, S. aureus and Ps. aeruginosa (Camporese et al. 2003). In New York state in
the USA, the Haudenosaunee peoples used the medicinal plants Solidago canaden-
sis, Hieracium pilosella, Ipomoea pandurata, and Achillea millefolium for the treat-
ment of diseases caused by different bacterial species. The result of a study showed
that aqueous leaf extracts were strong enough to inhibit some species of bacteria,
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such as E. coli and S. typhimurium, with predicted MIC values in the range of 1 pg/
ml tol0 pg/ml. However, the value was 100—1000 pg/ml against Lactococcus lactis
and S. aureus (Frey and Meyers 2010). Medicinal herbs in North America, such as
Allium sativum, Hyptis suaveolens, Syzygium aromaticum, Artemisia absinthium,
Murraya koenigii, Datura metel, Lippia alba, and Chrysopogon zizanioides, were
used to treat Lyme disease and other tick-borne infections (Yarnell 2016).

2.3.3 CHINESE MEDICINAL PLANTS

Currently, the uses of Chinese herbal medicinal plants is receiving great attention.
These herbal medicines are used in traditional Chinese medicine (TCM) to treat dif-
ferent infectious bacterial diseases (Wang et al. 2018). In Northwest Yunnan, China,
some traditional medicinal plants, such as Potentilla fulgens, Geranium strictipes,
Elsholtzia blanda, and Elsholtzia rugulosa, exhibited inhibition of S. aureus (Zuoa
et al. 2008). McMurray et al. (2020) described the antibacterial activities of some
Chinese medicinal plants, such as Iris domestica, Anemone chinensis, Smilax
glabra, and Agrimonia pilosa, against E. coli and L. monocytogenes. The results
showed MIC values in the range between 7.81 and 125 mg/l, compared with ampi-
cillin. However, ampicillin MIC range was between 0.25 and 8 mg/l. Ginsenosides,
bioactive compounds extracted from Panax ginseng, a common plant important in
traditional Chinese medicine, also show a good antibacterial effect against L. mono-
cytogenes, Ps. aeruginosa, and Helicobacter pylori (Kim et al. 2017), while flavonol
glycosides extracted from another Chinese medicinal plant, Ginkgo biloba, indi-
cated antibacterial activities against E. coli and C. perfringens (Lee and Kim 2002).
Twelve A-type proanthocyanidins, isolated from Ephedra sinica using ethanol as the
solvent, exhibited high bacterial inhibition (MIC values in the range 0.00515-1.38
mmol/l) against bacterial species, such as S. aureus and Ps. aeruginosa (Zang et al.
2013). Phenolic compounds isolated from the TCM plant E. sinica also showed con-
siderable antibacterial activity against Gram-positive (S. aureus) and Gram-negative
bacteria (Ps. aeruginosa) (Khan et al. 2017). Janovska et al. (2003) examined the
antibacterial activities of ethanolic extracts of Tussilago farfara, Salvia officinalis,
and Chelidonium majus, which are all TCM plants, the extracts showing very high
activity against the bacteria B. cereus, E. coli, S. aureus, and Ps. aeruginosa, and the
fungus Candida albicans.

2.3.4 INDIAN MEDICINAL PLANTS

The antibacterial activities of some Indian medicinal plants have been investi-
gated. For instance, extracts of the plants Woodfordia fruticosa, Mesua ferrea,
and Manilkara hexandra exhibited significant antibacterial activity against several
Staphylococcus species (Hasan et al. 2013). Bioactive chemicals, like flavonoids,
steroids, saponins, and/or tannins, from leaf extracts of Cassia auriculata exhibited
strong antibacterial activities against five bacterial species, namely P. mirabilis, S.
aureus, P. aeruginosa, K. pneumoniae and E. coli (Murugan et al. 2013). Shihabudeen
et al. (2010) reported the antimicrobial effects of methanol extracts of C. auriculata
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or Eugenia jambolana, containing phytochemicals, such as steroids, saponins, tan-
nins, phenols, glycosides, coumarins, and flavonoids. The results revealed the great-
est toxicity against the bacteria E. coli, Staphylococcus epidermidis, Ps. aeruginosa,
K. pneumoniae, and S. aureus, and the fungi C. albicans and Aspergillus niger, using
the disc diffusion method. South Indian traditional medicinal plants, like Adhatoda
vasica, Aegle marmelos, Ocimum gratissimum, and Ocimum sanctum, were exam-
ined for their antibacterial activities against K. pneumoniae, S. paratyphi, S. typhi,
S. aureus, and E. coli. The methanolic extract of some of those plants, such as O.
sanctum and O. gratissimum. indicated antibacterial effects, with maximum zone of
inhibition diameters of 25.5 mm and 30.0 mm diameter, respectively, against S. typhi
(Prasannabalaji et al. 2012).

Swain and Rautray (2021) examined the antibacterial activities of regularly con-
sumed Indian medicinal plants. The greatest antibacterial activities were observed
in methanol extracts of turmeric (Curcuma longa) tested against Ps. aeruginosa, K.
pneumoniae, and S. aureus, whereas some inhibition zone was observed in response
to extracts of ginger (Zingiber officinale) against the same bacteria. Some Indian
plants that had not previously been shown to be medicinal plants, such as Pterygota
alata, Murraya paniculata, Holigarna caustica, Acacia pennata, Elaeocarpus ser-
ratus, Bischofia javanica, Trema orientalis, Syzygium praecox, Smilax zeylanica,
and Cinnamomum glaucescens, have been used to control the formation of S. aureus
biofilms (Panda et al. 2020).

2.3.5 EurOPEAN MEDICINAL PLANTS

Different plants have been studied in European countries for treatment of bacterial
diseases (Toth et al. 2011). In a review of well-known medicinal plants in Italy used
between 1850s to 1950s to treat bacterial skin diseases, some bioactive compounds,
such as phenolics extracted from the root of Beta vulgaris, sulphides from the essen-
tial oil of garlic cloves (A. sativum), and alkaloids from the methanolic extract of the
leaves of lettuce (Lactuca sativa) were used to treat skin infections caused by bacteria
such as E. coli, S. typhimurium and Providencia stuartii (Mazzei et al. 2020). Aqueous
and alcoholic extracts of aerial parts of Achillea millefolium, which grows in Europe,
showed antibacterial activity against E. faecalis, Micrococcus luteus, Salmonella
enterica, S. aureus, Shigella flexneri, and Ps. aeruginosa, although the aqueous extract
exhibited low inhibition against M. luteus and Ps. aeruginosa. The greatest inhibitory
effect of the alcoholic extract was against M. luteus, S. aureus, and Ps. aeruginosa
(Hasson 2011). In another study, which was carried out on medicinal plants grown in
the warmer part of southern Europe, the aqueous, chloroform or ethanolic extracts
of Tribulus terrestris showed a marked inhibition of bacterial growth (Al-Bayati and
Al-Mola 2008). The fruit of the plant had significant antibacterial activity towards
Bacillus subtilis, Corynebacterium diphtheriae, and S. aureus, with effective MIC
values of 0.15, 0.31, and 0.62 mg/ml, respectively (Al-Bayati and Al-Mola, 2008). In
Poland, aqueous extracts of members of the Rosaceae family, such as Rosa canina,
Fragaria vesca, Rubus fruticosus, Rubus idaeus, and Agrimonia eupatoria, have been
widely used to neutralize the cholera toxin (Komiazyk et al. 2019) (Table 2.2).
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28 Traditional Herbal Therapy for the Human Immune System

2.4 RECENT PROGRESS IN BACTERIAL
ACTIVITIES OF MEDICINAL PLANTS

2.4.1 MEeDICINAL PLANTS FOR TREATING BACTERIAL PNEUMONIA

Bacterial pneumonia is an infectious disease characterized by lung inflammation.
It is not a single disease but can be caused by many species of bacteria, such as
Streptococcus pneumoniae, S. aureus, P aeruginosa, Moraxella catarrhalis, K.
pneumoniae and Haemophilus influenzae (Brooks, 2020; Cock and Van Vuuren
2020). Different medicinal plants and parts which have been used for the treat-
ment of bacterial pneumonia include the root of Abutilon angulatum, Combretum
platypetalum, Rhynchosia caribaea, and Terminalia sericea, leaves of Acacia eri-
loba, Dodonaea viscosa, and Trichilia emetica, essential oils from the wood of
Cinnamomum camphora, tubers of Pelargonium sidoides, branches of Rhamnus
prinoides, the bark of Urtica urens, twigs of Dodonaea viscosa, and whole plants
of Oncosiphon suffruticosum (Cock and Van Vuuren 2020). Bioactive compounds
isolated from peel waste of Opuntia ficus-indica fruits, like isorhamnetin, isorham-
netin 3-O-glucoside, quercetin 5,4’-dimethyl ether, and flavonols, were shown to be
the most potent active fractions against pneumonia pathogens (Elkadya et al. 2020).
In the Himalayan region, the plant families most commonly used for the treatment
of pneumonia are the Fabaceae, Bignoniaceae, and Asteraceae, of which Justicia
adhatoda, Punica granatum, and Curcuma longa exhibited the greatest inhibitory
potential (Adnana et al. 2019).

2.4.2 MEeDICINAL PLANTS FOR TREATING CHOLERA

Cholera is an infectious bacterial disease of the intestine. The disease is caused by
the bacterium V. cholerae (Sousaa et al. 2020). In developing countries, it is an acute,
diarrhoeal illness, although it is rare in the developed world. The distribution of the
disease globally shows that it still occurs in Africa, South America, and Eastern
Asia, with the incidence increasing since 2005 (Mandal et al. 2011). The WHO has
encouraged the investigation of medicinal plants as alternative strategies for the
control of various diarrhoeal diseases, including cholera (Laloo and Hemalatha
2011). Flavonoids extracted from the leaves of Maytenus buchananii using methanol
showed a potential anticholera chemotherapeutic agent (Tebou et al. 2017). Kayira
and Nakanoa (2020) showed that cholera can be treated using methanol extracts
of Syzygium aromaticum, Corymbia citriodora, Glycyrrhiza glabra, Salvia ros-
marinus, Salvia officinalis, or Thymus praecox. Their results indicated significant
activity against V. cholerae with diameters of inhibitory zone of between 11.3 mm
and 25 mm. The antibacterial activity was in the order S. aromaticum > S. offici-
nalis > T. praecox > C. citriodora > G. glabra. Jose et al. (2017) also showed that
methanolic extracts obtained from the plants Holarrhena antidysenterica, Camellia
sinensis, Elephantopus scaber, or Centella asiatica exhibited promising antibiofilm
activity against V. cholerae. In some studies, aqueous extracts of members of the
Rosaceae family, such as Rosa canina, Fragaria vesca, Rubus fruticosus, Rubus
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idaeus, and Agrimonia eupatoria, have been widely used to neutralize the cholera
toxin (Komiazyk et al. 2019).

2.4.3 MEDICINAL PLANTS FOR TREATING DIPHTHERIA

Diphtheria is another bacterial infectious disease that can result in mortality.
Among infected people, 5-10 % of cases result in death. The mortality rate in peo-
ple with ages of 40 years old and above and 5 years old and below is approximately
20% (Holy et al. 2017). In developed countries, because of advances in medical
treatment, outbreaks of diphtheria are rare, although they are more common in
continents like Africa and South America (Truelove et al. 2019). The disease is
caused by the bacterium Cornyebacterium diphtheriae (Dover et al. 2004). Parts of
different plant species, such as leaves of Carissa edulis, Artemisia afra, Dodonaea
viscosa, Eucalyptus globulus, Carpobrotus edulis, Ficus carica, Mentha longifo-
lia, and Olea europea, the sap of Astridia velutina, the roots of Carissa edulis,
Ficus carica, Mentha longifolia, twigs of Dodonaea viscosa, stems of Mentha lon-
gifolia, and fruit of Vitis vinifera, have been used to prevent diphtheria (Cock and
Van Vuuren 2020).

2.4.4 MEeDICINAL PLANTS FOR TREATING GONORRHOEA

Gonorrhoea is the second most common sexually transmitted infectious disease
(Chinsembu 2016), and is caused by the bacterium Neisseria gonorrhoeae (Rice
et al. 2017). In the work of Silva et al. (2020), some traditional medicinal plants,
such as Prunus serotina (bark), Rhodiola rosea (root), Terminalia macroptera (root
and leaves), Senna podocarpa (root), Guiera senegalensis (leaves), and Bersama
engleriana (bark) were shown to be the most active in preventing gonorrhoea infec-
tion. In different countries, medicinal plants Adenia gummifera, Agave sisalana,
Anredera cordifolia, Jacaranda mimosifolia, Lantana camara, Opuntia stricta,
Senna didymobotrya, and Solanum mauritianum in South Africa (Maema and
Potgieter 2019), Abelmoschus moschatus, Abroma augustum, Acacia farnesiana,
Acalypha hispida, Aegle marmelos, Alternanthera sessilis, Arachis hypogaea,
Asparagus racemosus, Benincasa hispida, Boerhavia diffusa, Caesalpinia bon-
ducella, and Calophyllum inophyllum in Bangladesh (Rahmatullah et al. 2011),
and Centella asiatica, Curculigo orchioides, Gloriosa superba, Grewia subinae-
qualis, Ocimum gratissimum, Pedalium murex, Phyllanthus fraternus, Pouzolzia
zeylanica, Premna arborea, and Scoparia dulcis in India (Das et al. 2013) have
been used for gonorrhoea treatment. In Tanzania, for treatment of the disease, a
decoction made from roots of Achyranthes aspera is given to a patient, whereas, in
the Philippines, a decoction of the whole plant of Centella coriacea and or roots of
Amaranthus spinosus is given. In addition, Centella asiatica is very important for
treatment of gonorrhoea in the folk medicine of South Africa. The plant Grewia
asiatica is also used in the Himalayan traditional medicinal system of India to treat
gonorrhoea (Hossan et al. 2010).
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2.4.5 MEDICINAL PLANTS FOR TREATING LYME DISEASE

Lyme disease is a well-known tick-borne bacterial disease in humans. In the United
States, about 300,000 new cases of Lyme disease occur each year (Alinia-Ahandani
et al. 2020). In most cases of Lyme disease, a bacterium, such as Borrelia burgdor-
feri, Borrelia afzelii, or Borrelia garinii, are responsible (Aguero-Rosenfeld et al.
2005). Essential oils from several common herbs and medicinal plants show strong
activity against the bacterium that causes Lyme disease (Feng et al. 2018). Essential
oils from cloves of Allium sativum, berries of Pimenta officinalis, seed of Cuminum
cyminum, resin of Commiphora myrrha, flowers of Hedychium spicatum, wood of
Amyris balsamifera, leaves of Eucalyptus citriodora or Thymus vulgaris, and fruit
of Litsea cubeba have shown potent activities against Borrelia burgdorferi (Feng
et al. 2018). In some studies, medicinal herbs such as Hyptis suaveolens, Lippia alba,
Allium sativum, Syzygium aromaticum, Artemisia absinthium, Murraya koenigii,
Datura metel, and Chrysopogon zizanioides have been used to treat Lyme disease
and other tick-borne infections (Yarnell 2016).

2.4.6 MEeDICINAL PLANTS FOR TREATING BACTERIAL MENINGITIS

Meningitis is an acute inflammation of the protective membranes covering the brain
and neural structure. The inflammation can be caused by infection with bacteria,
viruses, or other microorganisms (Priya et al. 2019). Tijani et al. (2019) studied the
potential medicinal values of Allium sativum on bacterial meningitis pathogens such
as K. pneumoniae, E. coli, S. pneumoniae, Neisseria meningitidis, and Haemophilus
influenzae. Their results showed that the plant extracts reduced bacterial growth,
with MIC values in the range 0.04—1.56 mg/ml. In the work of Akpo et al. (2020),
the antibacterial activity of Alchornea cordifolia and Moringa oleifera against four
meningitis-causing bacteria, namely E. coli, Micrococcus spp., B. subtilis, and S.
aureus were examined. The results indicated that an aqueous extract of A. cordifolia
inhibited all the bacteria tested, with a range of zones of inhibition from 7.0 mm to
17.5 mm in diameter, whereas the ethanolic extract of M. oleifera inhibited S. aureus
and B. subtilis, with zones of inhibition in the range of 3.0-9.0 mm diameter.

2.4.7 MEeDICINAL PLANTS FOR TREATING SYPHILIS

Syphilis is a common disease caused by the bacterium Treponema pallidum. The
disease can be transmitted via sexual activities or by contact with an infected person
(Santacroce et al. 2020). The disease can be treated using different medicinal plants,
such as Streblus asper (leaves, roots, and stems) or Plumbago indica (leaves and
stems). A tincture of the roots of Plumbago indica is also used to treat secondary
syphilis in India (Hossan et al. 2010). In Nigeria, parts of traditional medicinal plants,
such as leaves of Acanthus montanus, Carica papaya, Acalypha fimbriata, Bauhinia
variegata, or Azadirachta indica, the root of Bauhinia variegata or Berlinia grandi-
flora, the bark of B. variegata, B. grandiflora, and A. indica, seed of Carica papaya
or A. indica, the stem of B. grandiflora or A. indica, fruits of Carica papaya, and the
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whole plant of Ambrosia maritima, Centaurea perrottetii, or Adenia venenata, have
been used to treat syphilis (Abd El-Ghani 2016). In Jharkhand state in India, some
of the traditional medicinal plants used for the treatment of syphilis are Cynodon
dactylon (whole plant), Benincasa hispido (fruit), Benincasa hispida, and Fumaria
parviflora (aerial parts) (Pandey et al. 2020). An ethnomedicinal survey of plants
used by Abagusii traditional healers of Southwest Kenya indicated that the root of
Agave americana and Tabernaemontana stapfiana, whole plants of Achyranthes
aspera, leaves of Cassia didymobotrya, and stems of Cassia floribunda are used for
treatment of syphilis (Charles and Bonareri 2020).

2.4.8 MEDICINAL PLANTS FOR TREATING TETANUS

Tetanus is a serious, life-threatening infectious disease caused by a bacterial toxin
that affects the nervous system, leading to painful muscle contractions; if not diag-
nosed and treated at an early stage, it can result in death (Lakonawa et al. 2020). In the
developing world, tetanus has a high mortality rate but, in the developed world, the
disease is rare (Cook et al. 2001). Indian medicinal plants, such as Lantana camara,
are used to treat tetanus infections, possibly due to the presence of phytochemicals
like saponins, flavonoids, alkaloids, tannins, anthocyanins, flavones, isoflavones,
coumarins, lignans, catechins, carotenoids, carbohydrates, proteins, glycosides, and
steroids in the plant extract (Poddar et al. 2020). Hymenocardia acida extract is
used to treat tetanus in Benin (Novotna et al. 2020) and Aristolochia esperanzae,
Copaifera langsdorffii, Capsicum frutescens, and Nicotiana tabacum are also used
for treatment of the disease in Brazil (Ribeiro et al. 2017).

2.4.9 MEeDICINAL PLANTS FOR TREATING TUBERCULOSIS

Tuberculosis (TB) is one of the most serious infectious bacterial diseases of the
respiratory system, caused by the bacterium Mycobacterium tuberculosis (Floyd
et al. 2018). It is one of the top ten diseases in terms of number of deaths caused.
Nowadays, it is very difficult to control the disease, with the evolution of drug-resis-
tant bacteria making ineffective the use of medications previously used to control
the bacterium. This has resulted in an urgent search for new medicines from local
traditional medicinal plants (Tabuti et al. 2010). Flowers, leaves, roots, and the whole
plant of Taraxacum officinale can be used to treat TB. Furthermore, bark extracts of
Cryptocarya latifolia, Acacia xanthophloea, Berchemia discolor, Bridelia micran-
tha, Cassia petersiana, and Cassine papillosa, and leaf extracts of Artemisia afra,
Bauhinia petersiana, Chaetachme aristata, Clerodendrum glabrum, Combretum
molle, and Conyza scabrida have been used to treat TB (Cock and van Vuuren 2020).
Acalypha indica has proved to be important in treatment against M. tuberculosis.
Various phytochemicals, like gallic acid, myricetin, quercetin, piperine, vasicine,
curcumin, and ascorbic acid, obtained from A. indica have been shown to exhibit
antibacterial activities (Adnana et al. 2019). In addition, aqueous extracts of pure gel
from Aloe vera leaves, cloves of Allium sativum, bulbs of Allium cepa, Adhatoda
vasica, and Acalypha indica were examined in vitro for their potential activity
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against multidrug-resistant M. tuberculosis. Extracts of all five species exhibited
anti-tuberculosis activity with inhibition of 95, 32, 37, 72, and 32%, respectively
(Gupta et al. 2010).

2.4.10 MEeDICINAL PLANTS FOR TREATING TYPHOID

Typhoid is an infectious disease of concern throughout developing countries around
the world (Khadka et al. 2020). It is a systemic infection caused by the bacterium
Salmonella enterica ssp. enterica serotype typhi, by ingestion of contaminated water
or food (Iroha et al. 2010). Different solvent extracts of the bark of Azadirachta
indica, leaves of Crinum purpurascens, Bidens pilosa, Carica papaya, Cymbopogon
citratus, Mangifera indica, Momordica charantia, and Psidium guajava, and fruit
of Aegel marmelous, Punica granatum, Myristica fragrans, and Solanum lycop-
ersicum have been used to treat typhoid (Syarif et al. 2020). Traditional medicine
practitioners have described that the root of Vitex doniana, the leaf of Cassia tora,
the bark of Alstonia boonei, and the leaf of Stachytarpheta jamaicensis and Carica
papaya are also beneficial for effective treatment against typhoid fever (Abbas and
Ain, 2020). Roger et al. (2015) described Bidens pilosa antibacterial activity as being
effective against Salmonella. B. pilosa contains many phytochemicals, such as por-
phyrins, flavonols, chalcones, phenols, acetylenic hydrocarbons, aliphatic carboxylic
acids, saturated carbohydrates, tannins, triterpenoids, steroids, alkaloids, phenyl-
acetylenes, and flavonoids. According to Iroha et al. (2010), typhoid can also be
prevented by using medicinal plant extracts such as both crude cold and hot water
extracts and ethanol extracts of Carica papaya (leaf), Stachytarpheta jamaicensis
(leaf), Alstonia boonei (bark), Cassia tora (leaf), and Vitex doniana (root). More fre-
quently used medicinal plants to treat typhoid and the associated fever are Aconitum
gammiei, Neopicrorhiza scrophulariiflora, Abelmoschus manihot, Mussaenda fron-
dosa, Asparagus racemosus, Rubus ellipticus, Iris domestica, Begonia picta, and
Achyranthes bidentata (Khadka et al., 2020).

2.5 SIGNIFICANCE OF ANTIBACTERIAL DRUGS
FROM NATURAL SOURCES

Antibacterial drugs may be naturally derived from living organisms, such as plants,
actinomycetes, and fungi, and prepared semi-synthetically or synthetically in the
laboratory. Natural antibacterial drugs exhibit some remarkable properties, such as
the low possibility of the evolution of bacterial resistance, long-lasting antibacte-
rial effects, low cost, high solubility in the bodily fluids, nontoxicity to the human
body, and long shelf life (Moellering 1981). Over the past ten years, the develop-
ment of antimicrobial resistance (AMR), which started after the widespread use of
antibiotics, has focused attention on the sustainability of current modern medical
practices in the global arena (Moloney 2016). Each year, approximately 8,000 people
die from antibiotic-resistant infections; synthetic antibiotics or drugs could make a
significant contribution to reducing these deaths. Because of increasing resistance to
man-made antibiotics, there is a vital need to change the focus to naturally occurring
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plant-derived antibacterial products because their vast chemical diversity not only
possesses a potent therapeutic effect but also makes the microbes unable to adapt
to them to achieve resistance (Naqvi et al. 2019). Natural occurring antibacterial
drugs will be used to supplement the body’s natural ability to fight off bacterial
infections in the future. Unlike pharmaceutical antibiotics, with a single, specific
point of action, plant-derived antibacterial drugs have multiple points of action, so
that drug resistance does not develop in the target bacteria (Naqvi et al. 2019). Also,
they will not kill beneficial bacterial species that exist in our gut microbiome to help
break down the food we eat (Corréa et al. 2020), to benefit our immune system and
to improve other aspects of our physiological and mental health. The effectiveness
of traditional medicines is becoming widely accepted because of their fewer side
effects, better cultural acceptability, and greater compatibility with the human body
(Mustafa et al. 2017).

2.6 MECHANISM AND MODE OF ACTION OF
PLANT-BASED ANTIBACTERIAL DRUGS

In many countries, synthetic antibacterial drugs have been widely used, but the
importance of plant-derived drugs is increasingly attracting the attention of many
researchers (Khameneh et al. 2015). In nature, plants are rich in phytochemicals.
These plant-derived chemical compounds have advantages for controlling bacteria
through their antibacterial properties (Barbieri et al. 2017). Some of the bioactive
compounds in plants used as antibacterials are glucosinolates, lignans, tannins,
essential oils, terpenoids, flavonoids, alkaloids, phenolics, quinines, and other sec-
ondary metabolites (Chandra et al. 2017). Plant-based constituents may affect bacte-
rial cells in many ways (Figure 2.2), such as inhibiting bacterial enzymes involved in
the synthesis of essential structural bacterial components or in the production of cel-
lular energy, or by increasing the permeability of the cell, resulting in the loss of cel-
lular constituents (Kotzekidou et al. 2008), interrupting the communication between
normal cells, inducing the coagulation of cytoplasmic constituents, affecting RNA/
DNA function, interrupting cell component synthesis, disrupting the structure and
function of membranes, and interfering with intermediary metabolism (Radulovic
et al. 2013), plus synergistic effects (Wagner and Ulrich-Merzenich 2009).

In general, the mode of action of antibacterial phytochemicals is considered to
involve the coagulation of cell components, disturbance of active transport mecha-
nisms and electron flow, and disruption of the proton motive force and the cytoplas-
mic membrane function (Kotzekidou et al. 2008). Phytochemicals affect the stability
and structure of the phospholipid bilayer of the membrane, increasing its perme-
ability to ions as a result of damage or disturbed membrane integrity. The effect also
alters the electrochemical potential of membranes and membrane-associated enzyme
activities. Some phytochemicals can also affect the transfer of protons across the
membrane of the cell by interrupting the synthesis of ATP, inhibiting anabolism/
catabolism and respiration, and decreasing active transport (Radulovi et al. 2013).

Different phytochemicals vary in their mechanism of action (Omojate Godstime
et al. 2014). For instance, flavonoids have the following modes of action against
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FIGURE 2.2 Possible mode of action of plant-based metabolic products on bacterial cell
growth, damage, or death.

bacteria: attenuation of pathogenicity, change in membrane permeability, inhibi-
tion of nucleic acid synthesis, reduction in cell attachment and biofilm formation,
inhibition of energy metabolism, and change in the function of the cytoplasmic
membrane (Farhadi et al. 2019). Flavonoids like epigallocatechin, myricetin, and
robinetin (Figure 2.3) exhibit antibacterial activities against Proteus vulgaris due
to inhibition of DNA synthesis, by the formation of hydrogen bonds between the
B-ring of flavonoids and nucleic acid bases, preventing the synthesis of bacterial
DNA (Mori et al. 1987; Cushnie and Lamb, 2005). Sophoraflavanone G and nar-
ingenin (Figure 3) exhibit considerable antibacterial activity against methicillin-
resistant Staphylococcus aureus (MRSA) and streptococci. A change of membrane
fluidity in the region of hydrophobic and hydrophilic may be attributed to flavonoids,
decreasing the fluidity of the inner and outer components of membranes (Cushnie
and Lamb 2005). Anthraquinones from Cassia italica showed antibacterial activi-
ties against Burkholderia pseudomallei, P aeruginosa, Corynebacterium pseudo-
diphthericum, and Bacillus anthracis because of their ability to make a complex
between the bacterial cell wall and extracellular soluble proteins (Al-AlSheikh
et al. 2020). Quercetin flavonoids, derived from the skin of yellow onion, reduced
the effect on antibiotic-resistant Helicobacter pylori by obstructing the DNA super-
coils from achieving DNA scission by forming the gyrase DNA-quercetin cleavable
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FIGURE 2.3 Structures of epigallocatechin (1), myricetin (2), robinetin (3), naringenin (4),
sophoraflavanone G (5), and quercetin (6).

complex. Other flavonoids, such as kaempferol, daidzein, and apigenin, act to reduce
the growth of some bacteria, like Vibrio harveyi, E. coli, and B. subtilis, by imposing
drastic effects on bacterial RNA and DNA synthesis (Naqvi et al. 2019).

Alkaloids also have different mechanisms in different classes of alkaloids, such
as polyamines, agelasine, quinolone, isoquinoline, and indolizidine alkaloids. A
class of phenanthroindolizidine alkaloids, including tylophorinidine and pergula-
rinine (Figure 2.4), operate by inhibiting the enzyme dihydrofolate reductase and
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FIGURE 2.4 Structures of the alkaloids berberine (7), pergularinine (8), tylophorinidine
(9), indolizidine (10), tylophorinidine (11), and protoberberine (12).

blocking nucleic acid synthesis (Cushnie et al. 2014), whereas a class of isoquino-
line alkaloids, including isoquinolines, protoberberine, and benzophenanthridine
(Figure 2.4), reduce the growth of bacteria by inhibiting cell division and by per-
turbing the Z ring at the site of cell division (Cushnie et al. 2014). In another study,
berberine (Figure 2.4), which is obtained from plants like Rhizoma coptidis and
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Cortex phellodendri, showed antibacterial activity against Streptococcus agalactiae
by increasing the membrane permeability of the bacteria, by intercalating with DNA
(Chandra et al. 2017). Antibacterial activity was also exhibited by alkyl methyl qui-
nolone alkaloids against Helicobacter pylori through a respiratory inhibitory effect
(Tominaga et al. 2002). Moreover, squalamine, a polyamine alkaloid, has the same
mode of action as a detergent. It depolarizes Gram-positive bacteria membranes,
leading, in Gram-negative bacteria, to the disruption of their outer membranes
(Alhanout et al. 2010).

Essential oils in different extracts from various plants have been used by exploit-
ing their antibacterial activities (Akthar et al. 2014). The chemical structure of
an essential oil enables it to have antibacterial activity against different bacteria.
Essential oils, like thymol, eugenol, and carvacrol, originating from various plants,
are highly active against many microorganisms (Saad et al. 2013). The hydroxide
group present in essential oils shows strong antibacterial activity (Guimaraes et al.
2019). Ultee et al. (2002) explained that the carvacrol phenolic hydroxyl group was
responsible for its antibacterial activities against Bacillus cereus by enhancing
membrane fluidity and reducing the pH gradient across the cytoplasmic membrane,
causing bacterial cell death by the resulting collapse of the proton motive force and
depletion of the ATP pool. Essential oils result in bacteria cell death by increas-
ing cell membrane permeability for K* and depleting intracellular ATP. A study
on the mechanism of antibacterial activity towards E. coli by thymol and carvacrol
(Figure 2.5) showed the leakage of protons and potassium ions, increased membrane
permeability, and the disruption of membrane integrity (Xu et al. 2008). Some essen-
tial oil components, like terpenoids and terpenes, exhibit a particular mechanism to
kill bacterial cells. The passage of lipophilic compounds through the cell wall and
disruption of cytoplasmic membranes are part of the mechanism. Permeabilization
is also involved in the mechanism of bacterial cell death by initiating a cascade of
reactions as a result of a collapse of proton pumps and depletion of the ATP pool,
reduction of the membrane potential, and damage to the cell wall and membrane,
resulting in leakage of macromolecules and subsequent cell lysis (Oussalah et al.
2006). Diterpenoid essential oils, like aethiopinone and salvipisone (Figure 2.5),
obtained from the roots of Salvia sclarea, kill bacterial cells, in combination with
betalactam antibiotics, as a result of increased cell surface hydrophobicity or greater
cell wall permeability (Walencka et al. 2007).

2.7 MEDICINAL PLANT-BASED ANTIBACTERIAL CHEMICALS

Plant-based antibacterial chemicals, either alone or in combination with antibiot-
ics, can be used to solve the problem of controlling infectious bacterial disease
caused by antibiotic resistance. A chemical compound obtained from saffron crocus
(Crocus sativus) has been studied by Carradori et al. (2016). The result indicated that
the plant extracts exhibited antibacterial activity to control multidrug-resistant S.
aureus. Also, the diverse effects of clinical isolates of MRSA in Kolkata, India were
resolved by using ethanolic extract of the stem bark of Cinnamomum verum (Mandal
et al. 2011). The result concluded that the plant can be used for the preparation of
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FIGURE 2.5 Structure of the essential oil chemicals carvacrol (13), eugenol (14), thymol
(15), salvipisone (16), and aethiopinone (17).

potential antibacterial agents against MRSA. Pandaa et al. (2020) prepared a novel
antibiotic drug from Indian plant extracts, such as those of Beilschmiedia roxburghi-
ana and Mikania micrantha. The bacterium Porphyromonas gingivalis is the key-
stone pathogen of periodontitis, a chronic inflammatory disease that results in the
deterioration of gingival tissues and causes tooth loss (Hajishengallis et al. 2012).
Carrol et al. (2020) showed that, to maintain oral hygiene and to prevent tooth loss
and deterioration, extracts of some plants, such as Sassafras albidum, Morella cerif-
era, Zanthoxylum armatum, Citrus sinensis, Juglans regia, Carya alba, and Vicia
faba, can be used as antibacterial agents. Their results indicated a promising collec-
tion of resources of natural products that could be further explored for use for the
development of oral hygiene care products and for pharmaceutical development.
The work of Fadhel et al. (2012) investigated, for the first time, the antibacterial
effects of leaf extracts of Eucalyptus cinerea and Eucalyptus odorata, applied on
wool or woven cotton fabrics, against E. coli and S. aureus. The results indicated that
the E. odorata extract showed good antibacterial activity when applied to a piece of
wool fabric. These effects remained without change until the wool was washed ten
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times, although loss of antibacterial activity occurred after only three washes of the
cotton fibre.

The antibacterial activities of some phytochemicals are very important for food
preservation and cosmetics. For instance, the bioactive compounds cinnamaldehyde
and eugenol eliminate or reduce bacterial degradation and decrease the incidence
of infection of cosmetics and food (Nabavi et al. 2015). Plant-based antibacterial
products also showed their importance in cleaning products, such as hand lotions,
disinfectants, toothpaste, cleaning cloths, soaps and detergents, and rubbish bags and
plastic wrap (Lewis and Elvin-Lewis 2003) (Figure 2.6). The antibacterial proper-
ties of extracts of different plant species can also be used for improved oral health
against P. gingivalis. For example, Syzygium aromaticum essential oil (mouthwash)
and Salvadora persica twigs (toothbrush) are very important for oral hygiene in
Africa and the Middle East. Also twigs of Azadirachta indica are used as tooth-
brushes, tongue cleaner, toothache reliever, and oral deodorant in Asia (Carrol et al.
2020). In India, Zanthoxylum armatum and Juglans regia bark and wood are used
as chewing sticks to control P. gingivalis bacteria, and, in the Americas, Sassafras
albidum is also used as a chewing stick (Lewis and Elvin-Lewis 2003).

2.8 PLANT-BASED NANOPARTICLES FOR
ANTIBACTERIAL ACTIVITY

The emergence of MDR bacteria and other drug-resistant pathogenic bacteria has
become a global health concern because of the inability to treat infectious diseases
caused by these bacteria (Tomasz 1994). Treatment of the illness using the available
antibiotics is insufficient to arrest the increasing incidence of multidrug-resistant
bacteria (Olaitan et al. 2014). Combined with plant-derived antibacterial drugs,
the development of nanotechnology offers an alternative means for treating and
curing an infectious disease caused by these bacteria (Yuan et al. 2018). Various
metal and metal-oxide nanoparticles (NPs) with different morphological features
have been synthesized (Siddiqi and Husen 2016, 2017; Siddiqi et al. 2016; 2020).
They have shown several uses, including antibacterial activities against a number
of Gram-positive and Gram-negative bacteria (Husen et al. 2019; Bachheti et al.
2019; Siddiqi et al. 2019, 2020; Bachheti et al. 2020a, 2020b, 2020c; Husen 2020a,
2020b, 2020c). NPs are designed at the atomic or molecular level, and as extremely
small-sized nanospheres. Hence, they can move more freely in the human body in
comparison to larger materials. Silver nanoparticles (AgNPs) exhibiting antibacte-
rial activities against Gram-negative and Gram-positive bacteria in combination
with different plant extracts were investigated by Mohanta et al. (2020). According
to their results, AgNPs prepared by using a leaf extract of Glochidion lanceolar-
ium exhibited MIC (ICs,) values of 43.94 mg/ml, 68.6 mg/ml, and 44.02 mg/ml
against S. aureus, Ps. aeruginosa, and E. coli, respectively, whereas AgNPs pre-
pared from extracts of Semecarpus anacardium showed corresponding MIC val-
ues of 33.77 mg/ml, 12.9 mg/ml, and 23.49 mg/ml. Moreover, AgNPs synthesized
with an extract of Breynia retusa also showed significant antibacterial activities
towards the test pathogens, with MIC values of 43.94 mg/ml, 12.90 mg/ml, and
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64.13 mg/ml for E. coli, Ps. aeruginosa, and S. aureus, respectively. In another
study, a preparation of zinc oxide NPs (ZnONPs) with aqueous Prosopis juliflora
extract was carried out by a straightforward green synthetic approach by Mydeen
et al. (2020), according to which the synthesized nanoparticles exhibited significant
MIC values against four different bacterial species, namely E. coli, V. cholerae, B.
subtilis, and Rhodococcus rhodochrous. A study on the green synthesis of chro-
mium oxide (Cr,0;) nanoparticles, using Abutilon indicum leaf extract as a capping
and reducing agent, showed significant antibacterial activities against B. subtilis,
S. aureus, E. coli, and Bordetella bronchiseptica, using the agar well diffusion
assay (Khan et al. 2021). In addition, the preparation of AgNPs, using an extract
of Allium giganteum, exhibited higher antibacterial activity than AgNPs without
the extract towards pathogenic bacteria such as Ps. aeruginosa, E. coli, B. subtilis,
and S. aureus (Taghavizadeh et al. 2019). Mubarak Ali et al. (2011) examined plant
extract-mediated synthesis of AgNPs and AuNPs and their antibacterial properties
towards clinically isolated pathogens, such as E. coli and S. aureus. The results
showed very strong antibacterial activities. Cavallo et al. (2021) examined the anti-
bacterial activities of polylactic acid (PLA) and PLA nanocomposite films contain-
ing 3 % wt of lipid nanoparticles (LNPs) against E. coli and Micrococcus luteus.
The results indicated that, for either bacterium, PLA/LNPs caused a decrease in the
growth of the microorganism, compared with PLA alone. In addition, the LNPs,
which were delivered by linen fabrics, using ultrasonic treatment, also exhibited
antibacterial characteristics for bacteria, such as Ps. aeruginosa, E. coli, K. pneu-
moniae, S. aureus, Staphylococcus haemolyticus, Micrococcus flavus, Bacillus
licheniformis, and Corynebacterium xerosis (Zimniewska et al. 2008). The biologi-
cal synthesis of gold nanoparticles (AuNPs) with essential oils (EOs) from Nigella
sativa (NsEO-AuNPs) exhibited antibacterial activities against Gram-positive bac-
teria, like S. aureus, and Gram-negative bacteria by reducing the hydrophobicity
index by 46% and 78%, respectively (Manju et al. 2016). In an alloy nanoparticle
antibacterial study against S. aureus and E. coli conducted using the agar well dif-
fusion assay, the bactericidal effect of the alloy nanoparticles has been shown to be
prominent against E. coli with an inhibition zone diameter of 28 mm at a concentra-
tion of 150 pl (Vilas et al. 2016).

2.9 CONCLUSION AND FUTURE PERSPECTIVE

Worldwide, especially in developing countries, the occurrence of human illness due
to different bacterial pathogens has become a great burden, resulting in huge eco-
nomic loss and social losses. For many years, the development and mass produc-
tion of chemically synthesized antibiotics have been very important in improving
health by controlling different bacterial pathogens in different parts of the world.
The evolution of drug-resistant bacteria due to the overuse and abuse of synthetic
antibiotics has increased the burden on people and society to treat bacterial diseases.
The presence of MDR bacteria is a global problem with respect to different bacteria
infectious diseases, such as pneumonia, cholera, diphtheria, gonorrhoea, meningitis,
syphilis, tetanus, tuberculosis, etc. MDR bacteria are continuously challenging the
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scientific community, especially in the developing world, and particularly in African
countries. The reduction in efficacy of synthetic drugs is aggravating the problem and
has forced researchers to look towards plant-derived bioactive antibacterial drugs to
alleviate the effects of diseases caused by bacteria, because plant-derived products
are safer, have fewer side effects, are cheap, offer new or alternative modes of action,
improve the body’s natural ability to fight off bacterial disease, and do not select for
resistant bacteria. For instance, berberine, which is extracted from Berberis vulgaris,
is active against bacteria and protozoa, and piperine, isolated from Piper nigrum, is
active against some bacteria, like Micrococcus spp. and E. coli. Alkaloids isolated
from Datura stramonium are active against E. coli, Ps. aeruginosa, S. aureus, P.
mirabilis, and K. pneumoniae. The antibacterial activities of nanoparticles, com-
bined with extracts of medicinal plants, also show great potential for addressing
the problem of MDR bacteria. However, only small numbers of combinations of
phytochemicals from medicinal plants and nanoparticles have been investigated and
the modes of action of different bioactive compounds have still not been widely
investigated. Great attention must be paid to evaluating and exploring molecular
characterization of the potential bioactive compounds found in plants to identify less
toxic and more effective drugs that will benefit the global population.
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