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Abstract: Nutraceuticals are essential food constituents that provide nutritional benefits as well as
medicinal effects. The benefits of these foods are due to the presence of active compounds such as
carotenoids, collagen hydrolysate, and dietary fibers. Nutraceuticals have been found to positively
affect cardiovascular and immune system health and have a role in infection and cancer prevention.
Nutraceuticals can be categorized into different classes based on their nature and mode of action. In
this review, different classifications of nutraceuticals and their potential therapeutic activity, such
as anti-cancer, antioxidant, anti-inflammatory and anti-lipid activity in disease will be reviewed.
Moreover, the different mechanisms of action of these products, applications, and safety upon
consumers including current trends and future prospect of nutraceuticals will be included.

Keywords: functional foods; anti-cancer; anti-inflammation; antioxidant activity; anti-lipid activity;
nutraceuticals safety and toxicity

1. Introduction

Since ancient times, conventional food and herbal extracts have been recognized
as a fundamental part of the holistic approach to achieve complete wellness and health,
especially in the ancient ayurvedic system in India, in addition to traditional Chinese,
Roman, and Greek medicine [1]. The Greek physician Hippocrates adopted the philosophy
of food as medicine, with his renowned quote “Let food be the medicine and medicine
be the food” [2]. Throughout human history, many natural sources were utilized for their
healing and strength restoring effects upon consumption, such as cinnamon, saffron, honey,
garlic, ginger, pomegranate, mint, and many more [3].

Nutraceuticals are known as bioactive substances that are present in common food
or botanical-based sources that can be delivered in the form of dietary supplements or
functional food, supplying beneficial effects in addition to the nutritional essential compo-
nents [4]. Nutraceuticals comprise a wide range of bioactive derivatives accumulated in
edible sources including antioxidants, phytochemicals, fatty acids, amino acids, and probi-
otics. With either established previously or potential effects, nutraceuticals are well-known
for their role of being involved in disease treatment and prevention, anti-aging properties,
and malignancy prevention. Consuming probiotics is encouraged due to its significant role
in the treatment and prevention of gastroenterological diseases [5]. Garlic, for example, has
been suggested as a complementary therapy for high blood pressure and cholesterol [6].
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With the presence of side effects induced by some pharmaceutical drugs and the
emergence of antimicrobial resistance, nutraceutical compounds have gained attention as
an alternative therapeutic and preventive approach alongside the advantages of being more
affordable and available. Several studies have significantly shown the beneficial effects of
nutraceutical ingredients on immune system functions. Such functions include enhancing
the infection response mechanism, boosting immunomodulatory activity, and contributing
to reducing the impacts of autoimmune disorders and hypersensitivity. Nutraceuticals have
also been shown to exert lipid-lowering, anti-inflammatory, anti-cancer and antioxidant
activity [7–10].

The immune system is a sophisticated host defense system, composed of different spe-
cialized cells and protein components acting as a unit in the defensive mechanism against
diseases. The immune system is divided into two subsystems, commonly known as the
innate and the adaptive immune systems. Both subsystems involve humoral and cellular
responses. The innate immune system is based on unspecific defense strategies and compo-
nents that are present from birth, starting with the first line defense (skin and mucous) and
the second line, which comprises cellular mediated (granulocytes, macrophages, and den-
dritic cells), as well as humoral components including cytokines and complements. On the
other hand, the adaptive immune system attains the immunological memory throughout
previous exposure to several antigens. Therefore, this will induce a corresponding response
regulated by a series of cell-mediated responses which consists of T lymphocytes respon-
sible for recognizing pathogens and destroying them. In addition to B lymphocytes that
produce specific antibodies corresponding to antigens or pathogens, it will also provide a
neutralizing effect and protection against any harm that the body might encounter [11].

When it comes to boosting external immunity, vitamin C is the one of most popularly
consumed compounds. Many studies have suggested the beneficial effects of vitamin C
in improving the immune system by supporting the innate and adaptive systems, aug-
menting defense mechanisms such as phagocytosis and chemotaxis, as well as possessing
antioxidant properties [12].

The acknowledgment of the science of nutraceuticals has been growing, with increased
interest in finding novel therapeutic options by utilizing new technologies and scientific
methods. Although many nutraceuticals have been reported for their effective properties
in the immune system, there is a necessity of conducting more high-level, clearly evidenced
clinical trials for further investigation regarding the long-term effects and public safety. We
have observed that it is necessary to broadly exploit the medicinal properties and nutritional
values of those compounds separately, because nutraceuticals still lie in the grey zone; being
confused by many whether they should be administrated as medicine, or if they are a basic
nutrient need. The advanced exploration of their safety, bioactivity, and bioavailability
perspective is crucial because it will contribute to translate these hypothetically potential
natural nutraceutical compounds into implementable, validated, regulated, and approved
effective medicinal products.

The main aim of this review is to highlight recent studies’ outcomes of the immune-
boosting properties of nutraceutical compounds and the potential therapeutic activities,
including an overview on several types of nutraceuticals and different mechanisms of action
on the immune system. Additionally, the safety of nutraceuticals, possible applications,
and future prospects will be discussed.

2. Types of Nutraceuticals Based on Source, Nature and Application

Nutraceuticals have been classified based on their application into traditional, non-
traditional, fortified, recombinant, phytochemical, herbal, functional foods, dietary supple-
ments, probiotics and prebiotics [13,14]. Nutraceuticals with their different classes have a
variety of applications and uses depending on their nature. The following subsections will
discuss different nutraceutical classes. Table 1 also summarizes the classes of nutraceuticals
with their beneficial effects to health.
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The classification of nutraceuticals and their definitions tend to overlap due to the
similarity among their chemical constituents and functions in delivering health benefits.
The Institute of Food Technologists (IFT) defines functional foods as “foods and food
components that provide a health benefit beyond basic nutrition”. Examples may include
conventional foods; fortified, enriched, or enhanced foods; and dietary supplements [15].
Traditional nutraceuticals are defined as natural foods with their potential health attributes:
this may include, but is not limited to, fruits, vegetables, grains, fish, dairy and meat
products [16]. Traditional foods or nutraceuticals can positively affect health by stimulating
the immune system, and lowering the risk of heart diseases and cancers [17–19]. Looking at
these definitions, the conclusion we have drawn is that nutraceuticals can be classified into
traditional and non-traditional groups. Further subclassification of each will be discussed
below, although some may overlap.

2.1. Traditional Nutraceuticals and Products
2.1.1. Functional Foods

Functional foods are foods with benefits in health improvement and disease preven-
tion other than only providing nutrients [13,20]. These foods have ingredients that enhance
antioxidant and anti-inflammatory activities, which are functional to prevent diseases such
as type-2 diabetes [21]. These foods are made available for daily consumption for a specific
population with a similar quality of other traditional foods in the market [22,23]. Examples
of these functional foods are rice, wheat, kidney beans, soybeans, lentils, chocolate, citrus
fruits, nuts, and fermented milk [13,24]. Rice is the first staple food consumed by the
majority of populations; its nutritional value is as a source of carbohydrates, containing low
levels of fat, salt and sugar, because all types of rice are gluten free and contain resistant
starch that helps in the growth of healthy bowel bacteria [25]. Traditional rice varieties
in India represent a great origin of minerals and vitamins such as niacin, thiamine, iron,
riboflavin, vitamin D, and calcium; in addition, they hold higher fiber and lower amounts
of sugar [26]. Wheat is the second staple food consumed across the world: wholegrain
wheat is made up of three layers which are the bran, the endosperm, and the germ; whole-
grain wheat can be processed to produce wheat bran and wheat germ [27]. Wheat brans
represent the most beneficial part of wholegrain wheat due it their fiber content which is
believed to play a role in improving gastrointestinal health [28].

Additionally, carrots and broccoli are examples of functional foods due to their active
components such as sulforaphane, and lycopene [29]. Although functional foods have
various health benefits due to several active ingredients, more studies with scientific
evidence are needed to provide these products with health claims in their labels [22,30–32].
Some of the active ingredients in functional foods are carotenoids, collagen hydrolysate,
dietary fibers, and fatty acids that possess various health benefits such as anti-inflammatory
activity and enhance body immunity. In the following subsections, the nature and various
health benefits of these functional ingredients will be discussed.

2.1.2. Carotenoids

Carotenoids are natural compounds and sources of pigmentation that accumulate
abundantly in plants, fruits and vegetables, and algae. A wide range of carotenoid deriva-
tives are found in the human diet, including α-carotene, β-carotene, β-cryptoxanthin,
lutein, lycopene, zeaxanthin, crocetin, fucoxanthin and astaxanthin [33,34]. They are
renowned for their wide spectrum of beneficial effects to health, including antioxidant
and anti-inflammatory properties [35]. In addition, carotenoids exert health benefits over
human vision, cognitive functions, heart functions, cancer prevention, and immune func-
tions [36–38]. A study revealed the anti-inflammatory activity of two forms of carotenoids,
astaxanthin and β-carotene, where both were found to be able to suppress the inflammation
induced by Helicobacter pylori by inhibiting the production of reactive oxygen species and
diminishing the level of inflammatory mediators being expressed [39].



Molecules 2021, 26, 2540 4 of 28

Carotenoids are also known for their antioxidant activity, which is credited to their
chemical structure consisting of a series of conjugated C=C bonds. This structure provides
carotenoids with the ability to interact with free radicals and act as effective antioxi-
dants [40]. Although carotenoids exhibit radical scavenging activity, which aids in diseases
associated with increased oxidative stress, they also exhibit cyto-genotoxic activity.

2.1.3. Collagen Hydrolysate

Collagen is a primary protein in mammals that can be extracted from bovine connec-
tive tissues such as skin, bone, cartilage, and tendons. Collagen extraction is obtained by
subjecting it to sources of hot water; this provides a partially hydrolyzed product called
gelatin. In order to completely hydrolyze gelatin, a process of enzymatic hydrolysis takes
place to produce collagen hydrolysates. Collagen hydrolysates provide various beneficial
effects such as antioxidant, anti-aging, antitumor, anti-inflammatory and anti-obesity ef-
fects [41,42]. A study has shown the immune-boosting effects of collagen hydrolysates that
have been extracted from domestic yak (Bos grunniens) bone and its potential in improving
the adaptive and innate immunity in mice [43]. Furthermore, a study conducted to investi-
gate the health benefits of collagen hydrolysate in females diagnosed with photoaged skin
showed a remarkable improvement in skin hydration, wrinkling, and elasticity [44].

2.1.4. Dietary Fibers

Fibers are plant-based non-starch carbohydrates that are poorly digestible and provide
various health benefits, as mentioned in many studies, and can be found naturally in a wide
variety of foods including vegetables, fruits, wheat bran, oats and ispaghula husk [45–47].
Dietary fibers can be classified into more than two categories on the basis of their solubility
in hot water, water-retaining capacity, and viscosity into soluble and insoluble fibers.
Soluble fibers comprise viscous components such as β-glucans, fructans, and non-viscous
fibers such as hemicellulose. Insoluble fibers tend to lose the characteristic of viscosity
and they are insoluble in water; insoluble fibers tend to accelerate gastric emptying time
which helps in relieving constipation, while soluble fibers tend to delay gastric emptying
time [48]. High fiber diets are found to have a positive impact on inflammatory bowel
diseases, because they can lessen the risk of Crohn’s disease and ulcerative colitis [49].

2.1.5. Fatty Acids

Fatty acids are the component of oils and fats that are present in animal fats, fish oil
supplements, seeds, olive oil, and coconuts. Aside from their role in energy storage, they
have been documented for their ability to act as an anti-inflammatory and immunomod-
ulatory component in various studies. In one study, the omega-3 polyunsaturated fatty
acids (PUFAs) administered at a dose of >2.7 g/day for at least three months to patients
with rheumatoid arthritis (RA) showed reductions in the severity of rheumatoid arthritis
(RA) symptoms [50].

2.1.6. Phytochemicals

Phytochemicals are beneficial, concentrated or purified chemicals from plants that
have active components for biochemical and metabolic reactions in humans, such as lutein
and lycopene [13]. Phytochemicals can help in maintaining chemical balance of the brain,
thus providing neuroprotective activity [51]. Additionally, high consumption of vegetables
and fruits that contain phytochemicals can reduce the risk of cancers, and cardiac and
neurodegenerative disorders [29,51].

2.1.7. Herbs

Herbs are plants that have no woody tissue and can be processed in many ways depending
on each individual preference. Herbs can be dried; however, the drying process leads to a
reduction in the effectiveness of herbal properties [52]. Herbs that are rich in antioxidant have
been used in flavoring and aroma for more than two thousand years [53]. Garlic extracts, ginger
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root, and aloe gel are herbs that have health benefits such as reducing cholesterol, wound
healing, and anti-ulcer and antioxidant activities [13,54].

2.1.8. Probiotics

Probiotics are microbes that are beneficial to health and used in food, especially in
milk products, which are important to promote health by providing immunologic and
digestive properties [55]. In addition, these live microbes can improve microbial intestinal
balance. Lactobacillus with its different species is the most common probiotic used that will
survive in the human gut. Currently, Bifidobacterium spp., and Streptococcus are also used as
probiotic strains [56].

2.1.9. Prebiotics

Prebiotics are ingredients consisting of short chain carbohydrates that improve the
probiotics’ activity [57]. These prebiotics are literally fertilizing agents for probiotics that are
not affected by gastric pH and stomach acids [13]. Prebiotics are non-digestible ingredients
that promote the growth of productive microorganism and affect the composition and
activity of gut microbiota. Fructo-oligosaccharides and inulin are examples of prebiotics
used in functional foods to improve gastric health [57,58].

2.1.10. Dietary Supplements

Although not entirely a traditional approach, dietary supplements are products that
can be taken as a dietary ingredient by individuals to maintain and improve health and
not to cure diseases [13,59]. These supplements are found in various forms, such as tablets,
liquid-based, capsules, powder, and concentrated with specific doses [2,60]. Omega-3,
vitamins A, B, C, D, and E, iron, folic acid, minerals, calcium, magnesium, etc., are some
examples of dietary supplements that can either be taken by an individual with or without
prescription [2,59]. Moreover, these supplements can be consumed to ensure that a diet
meets the sufficient nutrient requirements for the body and to prevent any deficiencies [61].
At the beginning of the 20th century, food extracts that contain important nutrients such
as vitamin C, and B were shown to be helpful to prevent some serious conditions such as
scurvy, pellagra, and beriberi [61,62].

2.2. Non-Conventional Approach

Non-traditional nutraceuticals, as a non-conventional approach, are artificially synthe-
sized foods or food products. The application of biotechnology or agriculture breeding is
used to add nutrient ingredients for the enhancement of food properties and human health.
Based on the processing method, non-traditional nutraceuticals may be differentiated into
fortified and recombinant nutraceuticals [14,60,63]. Rice enriched with β-carotene, and
cereals infused with vitamins and minerals are some examples of this class of nutraceuticals
which contain provitamin A that can boost antioxidant activity [13,64,65].

2.2.1. Fortified Nutraceuticals

Fortified nutraceuticals such as orange juice with calcium added, or milk with cholecal-
ciferol vitamin are foods that contain additional micronutrients or vitamins added to them
to improve their value [13,14,60]. These foods supply the body with important nutrients
that can prevent anemia and improve health [2,66]. For example, if calcium is added to
specific food such as orange juice, the orange juice can enhance glycemic control [67,68].

2.2.2. Recombinant Nutraceuticals

Recombinant nutraceuticals are foods that are produced by both genetic recombination and
biotechnology [14]. This type of foods and crops are genetically modified to develop products
that contain recombinant compounds and proteins that would be make them more beneficial to
health [69]. Iron rice, golden rice, maize, golden mustard, multivitamin corn, and gold kiwifruit
are examples of these nutraceuticals. Gold kiwifruit contains a recombinant gene that increases
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ascorbic acid levels, carotenoid, and lutein to enhance immune function. Additionally, it is
considered a source of vitamins, potassium and fiber [70–72].

Table 1. Summary of types of nutraceuticals and their potential effects on health.

Class/Type of
Nutraceutical Examples Active Ingredient Advantages References

Traditional
approaches

Functional foods

Tomatoes Lycopene
Anticancer activities,

e.g., lung and prostate,
reduce blood pressure

[17]

Salmon Omega 3 Lower cardiovascular,
diabetes disease risk [19]

Soy Saponins

Antioxidant,
detoxification of

enzymes, stimulate
immune response,

hormonal metabolism

[18]

Fermented milk and
milk products

L. acidophilus,
Bifidobacterium spp.

Prevent gastrointestinal
infections, lower the
level of cholesterol

[73]

Marine algae Fucoidans Antioxidant, anticancer,
anticoagulant activity [74]

Broccoli Sulforaphane,
glucosinolates

Decrease risk of several
cancers, antioxidant [29,75]

Carrots β-carotene
Reduce cancer risk,
improve immune

system
[29,76]

Aloe Aloins

Wound healing,
antiulcer,

anti-inflammatory,
immunostimulant,

antimicrobial activity,
hematopoietic

stimulation

[77,78]

Turmeric Curcumin Anti-inflammatory,
anticarcinogenic [77,79]

Dietary supplements

Folic acid
Prevent defect in neural
tubes, Red blood cells

formation
[77,80]

Vitamin A Antioxidant, growth,
treat some skin diseases [60]

Calcium
Bone, muscles, teeth
nerve health, prevent

osteoporosis
[81,82]

Iron Carry oxygen, produce
energy [60]

Vitamin D

Bone and teeth health,
help in calcium

absorption,
musculoskeletal health

[83]

Probiotics
Lactobacillus acidophilus,

Bifidobacterium spp.,
Streptococci, Enterococci

Gut health, replace
diarrhea-causing

bacteria, anticancer
[60,84,85]
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Table 1. Cont.

Class/Type of
Nutraceutical Examples Active Ingredient Advantages References

Prebiotics

Fructo-
oligosaccharides

Enhance probiotics
growth, bifidobacteria
growth enhancement

[58]

Inulin

Enhance immune
system, minerals

absorption, protect
bones

[57,84,86]

Non-conventional
approach

Fortified

Orange juice with
calcium Calcium, ascorbic acid

Glycemic control
enhancement,

sensitivity to insulin
[67]

Anthocyanin-fortified
bread Anthocyanin Reduce digestion rate [68]

Recombinant Gold kiwifruit Ascorbic acid,
carotenoids

Immune system
enhancement [13,71]

3. Classification of Nutraceuticals Based on Modes of Action

It is believed that nutraceuticals enhance human health and increase life expectancy
along with many other processes that delay aging and prevent chronic diseases [87]. Many
nutraceutical supplements have shown a positive impact on cardiovascular disease, cancer,
diabetes, obesity, osteoporosis and immune functions [88–90]. Generally, nutraceutical
modes of action take place to increase functional components which will lead to health
enhancement [91]. This section will discuss various biological activities in nutraceuticals.

3.1. Anti-Cancer Activity

The use of nutraceuticals as chemo-preventative agents has been studied, and promis-
ing results were obtained as per their ability to prevent and treat cancer. Nutraceuticals of
different origins have been shown to exhibit anti-cancer activity. Plants such as garlic, gin-
seng, curcumin, ginger, and green tea extract express several mechanisms of action against
oncogenesis. Such mechanisms include the inhibition of DNA alkylation, tumor initiation,
proliferation, and metastasis, in addition to the promotion of autophagy and intrinsic
apoptosis [92]. Furthermore, nutraceuticals have been found to attenuate cancer signaling
pathways that are believed to play a role in carcinogenesis [93]. Many studies have been
conducted to evaluate nutraceuticals’ modes of action against various types of cancer, and
a wide range of nutraceuticals have been found to express anti-cancer properties against
oral cancer, prostate cancer, breast cancer, lung cancer and colon cancer cells [94,95].

Activation of vitamin D receptor (VDR) results in cell cycle arrest, apoptosis, and
anti-angiogenesis [96,97]. This receptor is an intracellular nuclear receptor found in organs
and tissues. The active form of vitamin D binds to VDR, leading to activation of the
growth arrest gene and DNA-damage-inducible gene [96,97]. This concludes that vitamin
D deficiency would give rise to many diseases, while sufficient intake of vitamin D aids
in disease prevention. In addition, the potentials of vitamins such as vitamin A, C and
D have been studied for their mechanisms as anti-cancer agents. On the other hand,
complementary therapy incorporating the nutraceutical herb Clinacanthus nutans and
gemcitabine has been investigated. It has been found that application of C. nutans alone or
combined with gemcitabine exhibited anti-proliferative effects on pancreatic cancer cells.
The summary of this combinatory therapy is the upregulation of Bax and downregulation
of Bcl-2, cIAP-2, and XIAP in human pancreatic cancer cells [98].
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The role of prebiotics and probiotics has been investigated widely in colorectal cancer
(CRC). Both prebiotics and probiotics are believed to be of benefit in promoting human
health, specifically in the gastrointestinal tract. A study investigating the effect of pre-
biotics’ anti-cancer activity showed that high fiber intake elevates the number of short
chain fatty acids (SCFAs), thus producing bacteria and resulting in reduced number of
colon tumors [99]. Similarly, a study aiming to investigate the prophylactic activity of
Lactobacillus rhamnosus on the carcinogenesis of CRC showed that oral administration of
this probiotic inhibited inflammation associated with tumor development by observing
an increase in the expression of inflammatory proteins such as NFκB-p65, TNFα and
iNOS [100]. Moreover, tumor incidence, tumor multiplicity, and tumor size are all reduced
via consumption of probiotics Lactobacilus acidophilus, Bifidobacteria spp., and a combination
of fructo-oligosaccharide and maltodextrin [101]. Additionally, the synbiotic mechanism
lies in facilitating apoptotic responses to carcinogenesis-induced DNA damage in the colon,
SCFA production, and downregulation of carcinogenic enzymes [102]. This concludes
that the consumption of prebiotics and probiotics exerts immunomodulatory and anti-
inflammatory activity and increases lactic acid-producing bacteria, which in return express
their anti-cancer activity in colorectal cancer.

Prostate, breast, skin, lung, and liver cancer have been shown to be targeted by
polyphenols particularly in green tea as chemo-preventive agents. Green tea is abundant
with catechins that possess antioxidant, anti-inflammatory, antiproliferative, and antiangio-
genic activity against cancer [103]. A study investigating habitual green tea consumption
among human subjects revealed that Epigallocatechin gallate (EGCG) reduced the risk of
prostate cancer [104]. Furthermore, the treatment of prostatic carcinoma cell line PC-3 with
green tea polyphenol E induced cell death by prompting intracellular oxidative stress that
subsequently inhibits the pro-survival pathway Akt [105]. Additionally, the administration
of EGCG demonstrated an inhibitory effect on lung cancer cells by activating reactive
oxygen species (ROS) that lead to oxidative DNA damage, causing cancerous growth inhi-
bition [106]. Apart from this, a practical study evaluating the effect of EGCG on mammary
tumors showed that the administration of poly E resulted in slowing tumor progression,
reductions in metastasis, inhibiting mammary ductal growth, and affecting angiogenesis
by reducing vascular endothelial growth factor (VEGF) levels. VEGF is an influential angio-
genic factor that allows for tumor proliferation and metastatic growth [107]. Additionally,
EGCG has shown its potential in inhibiting hepatocellular carcinoma growth by inhibiting
the proliferation of HepG2 and PC12, as well as inducing tumor cell apoptosis [108].

Chemopreventive, chemosensitization, and radiosensitization effects have been indi-
cated by curcumin. The curcumin mode of action refers to its ability in inhibiting multiple
cell signaling pathways such as AP-1 signaling, NF-κB signaling, and the Wnt/beta-catenin
signaling pathway [109]. The inhibition of NF-κB signaling increases cancer cells’ vulner-
ability to radiotherapy; thus, curcumins’ ability in inhibiting signaling pathways serves
as one of its radiosensitizing activity. The administration of curcumin demonstrated the
effects on T cell lymphoma, and the results indicate a decline in VEGF proteins resulting in
angiogenesis inhibition [110]. In addition, the same study found that curcumin inhibits
Glut1, thus resulting in decreased glucose uptake leading to induced apoptosis [110].
An in vitro study on breast cancer cells showed that curcumin decreased cell viability and
induced apoptosis by targeting the PI3K signaling pathway [111]. Additionally, it has been
found that curcumin up-regulates the expression of miR-99a, which consequently lead to
deactivation of the JAK/STAT signaling pathway. The previous processes exerted anti-
tumor results such as inhibited proliferation, migration, invasion, and induced apoptosis
in retinoblastoma cells [112]. These examples explain curcumin’s activity against tumor
progression factors, which justify its chemopreventive effect.

Cell signaling modulation activity has been shown by resveratrol, a polyphenol acting
as a chemosensitizer by inhibiting NF-κB and STAT3 pathways [113]. Furthermore, due
to resveratrol’s ability in reducing oxidative stress and upregulating the expression of
survival proteins, it is used to reduce the cellular damage of chemotherapeutic agents [114].
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A study conducted to assess the anti-cancer activity of resveratrol in melanoma determined
that resveratrol downregulates NF-κB expression, which in return inhibits the expression
of miR-221. The subsequent inhibition process leads to reductions in metastasis and
cancer cell proliferation [115]. Additionally, a study revealed that the administration of
resveratrol at high concentrations together with long-term treatment led to the promotion
of apoptosis and suppression of cancerous cell growth in human non-small cell lung
cancer [116]. Overall, nutraceuticals and functional foods participate in cancer treatment
as either chemopreventive or chemosensitizing agents. Table 2 summarizes anti-cancer
modes of action.

Table 2. Selected anti-cancer modes of action classified based on cancer type and nutraceutical.

Type of Cancer Mode of Action Nutraceutical References

Prostate cancer

Antiproliferation, cell cycle
inhibition, angiogenesis

inhibition and promotion of
apoptosis

Vitamin D [117]

Antioxidation,
antiproliferation, and

promotion of apoptosis
Catechins in green tea [118,119]

Colon cancer

Tumor marker suppression,
promotion of apoptosis,

metastasis inhibition, and
antiproliferation

Polyphenols [120,121]

Antioxidant, antiproliferation,
promotion of apoptosis,
inflammatory protein

inhibition

Terpenoids [122,123]

Autophagy induction and
promotion of apoptosis Alkaloids [124–126]

Induction of DNA
hypomethylation, promotion

of apoptosis, and
antiproliferation

Micronutrients [127,128]

Breast cancer

Antiproliferation,
angiogenesis inhibition, and

promotion of apoptosis
Allicin in garlic [129–131]

Antiproliferation and
promotion of apoptosis Curcumin [132]

Cell cycle inhibition,
promotion of apoptosis, and

inhibition of metastasis
Vitamin D [133,134]

Oral cancer

Prevent tumor initiation Strawberry [127]

Antioxidation Rosemary [128]

Antiproliferation, promotion
of apoptosis, and angiogenesis

inhibition
Geraniol [135]

3.2. Anti-Inflammatory Activity

Nutraceuticals exert anti-inflammatory activities which help in the prevention and
treatment of chronic inflammation-associated diseases [136]. Another benefit of nutraceuti-
cals as anti-inflammatory agents is that they can be used as a complementary alternative
to anti-inflammatory therapeutic drugs, which leads to a reduction in drug dosage, and
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therefore reducing side effects [137]. Chronic inflammation is the major cause of chronic
diseases such as cardiovascular diseases, pulmonary diseases, diabetes, and cancer [136].

Suppression of inflammatory cytokines such as interleukins, TNF-α and cyclooxygenase-
2 (COX-2) can occur upon the administration of a potent anti-inflammatory such as cur-
cumin [138]. Curcumin can act as an anti-inflammatory agent which can help in the
prevention and treatment of periodontitis [139]. Curcumin can reduce inflammation in
patients suffering from chronic cutaneous complications and improve patient’s condition
suffered from chronic pruritis caused by a chemical sulfur mustard by reducing IL-8 and
high-sensitivity c-reactive protein (hs-CRP) [140].

PUFAs are an example of nutraceuticals that have been shown to control inflammatory
disorders [141]. Treatment with PUFA reduced the expression of NF-κB. In addition, a
reduction in proinflammatory markers and an increase in IL-10 anti-inflammatory marker
was observed in patients suffering from Duchenne muscular dystrophy [142]. Another ex-
ample of a nutraceutical component is lycopene, which is an anti-inflammatory molecule
found in tomatoes that can protect the heart and prevent cardiovascular diseases such
as atherosclerosis and myocarditis [143,144]. A meta-analysis conducted to evaluate the
association between lycopene and cardiovascular disease (CVD) showed a reduction in
CVD risk by 17% [145].

Probiotics with anti-inflammatory activity, exert its anti-inflammatory effect through
modulation of the NF-κB signaling pathway, inflammatory cytokines, and the regulatory
T cell response [146]. For instance, the mixture of probiotics L. rhamnosus, Bifidobacterium
lactis, and Bifidobacterium longum exhibited anti-inflammatory activity by inducing IL-
10 and reducing proinflammatory cytokine production [147]. Additionally, prebiotics
have also been suggested to express anti-inflammatory and immunomodulatory func-
tions [148]. Pretreatment with β-(1,3)-glucan prevented clinical manifestations of dextran
sulfate sodium-induced inflammatory bowel disease and inhibited the expression of in-
flammatory cytokines and reactive oxygen species (ROS) in mice [149].

Anti-inflammatory activities have also been exhibited by ginger, cinnamon, pepper-
mint, and lycopene. Ginger and its compounds exert anti-inflammation activity which
can reduce the inflammation [150]. In a study, orally administered ginger to newborn
rats with necrotizing enterocolitis showed a reduction in TNF-α, IL-1β, and IL-6, which
indicated a significant reduction in the inflammation [150], as well as inhibiting the acute
inflammatory response in ulcerative colitis [151]. Furthermore, cinnamon extracts were
able to inhibit more than 90% of the expression of IL-1 at the concentration of 50 µg/mL,
and peppermint extracts were capable of reducing 90% of the expression of IL-6 at the
concentration of 50 µg/mL; both indicated potent levels of anti-inflammatory activity [152].
Table 3 summarizes anti-inflammatory modes of action.

Table 3. Selected anti-inflammatory modes of action classified based on nutraceutical and benefits.

Mode of Action Nutraceutical Benefits Reference

Reduce nitric oxide synthase
(iNOS), tumor necrosis
factor-α (TNF-α), production
of nitric oxide (NO),
interleukin-1β (IL-1β), nuclear
factor kappa B (NF-κB)

Resveratrol Neuroprotective [153]

Inhibit the activation of NF-κB
and limits the inflammatory
response, such as ICAM-1,
MCP-1, Cox-2, TNF-α, IL-1β,
and IL-6

Baicalin
Improvement of
trinitrobenzene sulphonic acid
(TNBS) induced colitis

[154]

Reduce the expression of
TNF-α, COX-2, 5-LOX, and
IL-6 and increase IL-10 levels

Flavocoxid Protects from sepsis [155]
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Table 3. Cont.

Mode of Action Nutraceutical Benefits Reference

Reduces the expression of
TNFα, IL-1β and reduces
myeloperoxidase (MPO)
activity

Curcumin Improve dextran sulfate
sodium (DSS)-induced colitis [156]

Decreases the expression of
iNOS and COX-2 6-Gingerol

Protects from carbon
tetrachloride (CCl4)-induced
liver fibrosis

[157]

Inhibits the expression of
TLR4 and NF-κB and
suppress iNOS, COX-2,
TNF-α, IL-6, and IL-1β

Apigenin Protects against blood-brain
barrier disruption [158]

Reduced the expression of
TNF-α, IL-1β, and IL-6 and
increases IL-10 expression.
Decreases TLR-2 and TLR-4
expression
Inhibits phosphorylation of
I-κB, p65, p38, ERK, and JNK

Piperine
Reduces inflammatory injury
in Staphylococcus aureus
endometritis.

[159]

Suppresses the activity of
renal MPO Naringin Decreases neutrophil

infiltration in the kidneys. [160]

Reduces NF-kappa B p65
subunit activation which
decreases inflammatory cells
and reduces cytokine
secretion

Eucalyptol

Potential agent in the
treatment of cigarette
smoke-induced acute lung
inflammation.

[161]

Suppresses NF-kB and p38
and reduces the level of
TNF-α and IL-1β levels

Ortho-eugenol Treatment of pain and
inflammation. [162]

3.3. Antioxidant Activity

Oxidative stress is a result of the accumulation of free radicals in the body which
can subsequently lead to the development of various chronic diseases such as cancer, car-
diovascular and autoimmune disease, ischemic disease, atherosclerosis, diabetes mellitus,
and hypertension [163,164]. Normally, redox (reduction and oxidation) balance of the cell
maintains the generation and the removal of reactive oxygen species (ROS) [165]. However,
an imbalance in redox will result in the accumulation of ROS and reducing antioxidant
ability to neutralize ROS effects, which subsequently induces oxidative stress [166,167].

Exogenous antioxidants such as vitamin C, vitamin E, and phenolic antioxidants are
capable of removing free radicals [168]. Free radicals such as hydroxyl radicals and super-
oxide anion radicals can be scavenged by vitamin C [168]. Vitamin C is a potent antioxidant
that protects cells and DNA from oxidative stress by scavenging free radicals [169]. Vitamin
E and vitamin C are capable of protecting cells from lipid peroxidation [170].

Ginger extract and quercetin are also antioxidants; however, the ability of ginger
extract to inhibit hydroxyl radicals is greater than quercetin [171]. Ginger extract showed
an increase in the antioxidant enzyme and a reduction in the oxidative stress in blood [172].

The main sources of antioxidants are food, vitamins, and supplements. Foods such
as fruits and vegetables are considered a great source of antioxidants due to their high
levels of vitamins and phytochemicals [173]. Beetroot contains betalain and phenolic
compounds which cause an increase in the resistance of low-density lipoproteins (LDLs)
to oxidation [174], protect the liver from damage [175], and decrease blood pressure [176].
Dried fruits are a good source of antioxidants and have health benefits to humans. They
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can reduce glucose levels in the blood in addition to reducing risk factors associated with
heart disease [177].

Dates are an example of dried fruit which contains two compounds, isoflavones and
lignans; these two compounds can act as antioxidants which have a role in diabetes and
are capable of modulating the secretion of pancreatic insulin [178]. Nuts such as pistachios
are a rich source of antioxidants [179] which can reduce oxidative stress and prevent or
lower the risk of chronic diseases [180]. Pistachios and other nuts such as walnuts and
pecans contain polyphenolic compounds which act as antioxidants [181] that might protect
against diseases associated with the accumulation of free radicals [180].

3.4. Anti-Lipid Activity

Nutraceuticals such as vitamins, minerals, and antioxidants are considered useful
in the management of hypercholesterolemia in many conditions such as hypertension,
diabetes, and cardiovascular disease [88,182,183]. Hypercholesterolemia is a term used to
describe the presence of excessive low-density lipoproteins in blood [184]. The effects of
nutraceuticals on lowering lipid profiles in hypercholesterolemic patients have been inves-
tigated; therefore, this section will discuss nutraceuticals’ activity on multiple conditions
associated with elevated lipid levels. The application of nutraceuticals as hypolipidemic
agents has shown great potential in lowering total cholesterol (TC) and low-density lipopro-
tein (LDL) concentrations. Lipid-lowering nutraceuticals can be classified into three groups
based on their mechanism of action. Such mechanisms include the inhibition of cholesterol
absorption, inhibition of cholesterol synthesis, and excretion of LDL [185].

Plant sterol foods or supplements have displayed effectiveness in lowering lipid
profiles. It has been established that plant sterols modify lipid profiles by decreasing the
intestinal absorption of cholesterol [186]. It has been found that the intake of plant sterols
demonstrated an effect on lipid profiles by lowering the concentrations of triglycerides
and LDL in individuals at risk or suffering from type-2 diabetes mellitus [187]. A study
examining the effectiveness of plant sterol-enriched yogurt has demonstrated a modified
lipid profile resulting in reduced TC and LDL concentrations [188]. Moreover, the additive
effect of plant sterols with lipid-lowering therapies have been investigated, and it has been
determined that the addition of plant sterols to atorvastatin or ezetimibe resulted in further
reductions in total and low density cholesterol [189].

Red yeast rice (RYR) exhibited potent effects on lowering lipid profiles in patients
suffering from cardiovascular disease and dyslipidemia [190–192]. A study was conducted
to assess a group of nutraceuticals on their lipid modifying ability; the nutraceuticals of
choice were berberine, RYR and monacolin K, policosanol, and folic acid. The results
demonstrated that RYR significantly lowered TC and LDL [183]. The combination of
fermented red rice, liposomal berberine, and curcumin showed great results in improving
lipid profiles and reducing inflammatory markers in individuals suffering from hyperc-
holesterolemia [193]. RYR possess many functional components, although monacolin K
may be a major contributor to its effectiveness. Monacolin K mechanism of action lies in
decreasing hepatic cholesterol synthesis and inhibiting cholesterol absorption [194].

The consumption of dietary fibers is considered an effective approach in modulating
lipid profiles. Dietary fibers are divided into soluble and insoluble fibers. Soluble fibers are
more beneficial because they are fermented by the microbiota of the large intestine [195].

Cholesterol-lowering activity has been demonstrated by berberine, a plant alkaloid
known for its cholesterol-lowering activity [196]. Similarly, curcumin is also considered
a hypolipidemic agent that reduces TC, LDL and triglycerides, which is explained by
increased cholesterol excretion [197].

In summary, many nutraceuticals and functional foods have been proven for their
ability in regulating lipid profiles. Owing to their mechanism of action, nutraceuticals can
either inhibit cholesterol synthesis, inhibit cholesterol absorption, or enhance cholesterol ex-
cretion. Each nutraceutical mentioned above may display a single or combined mechanism
of action, resulting in lowered TC and LDL.
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4. Nutraceuticals’ Safety on Consumers

The majority of nutraceuticals on the market are safe for human consumption and
only in some instances may cause harm because some nutraceuticals have toxic effects on
human health. Studies have shown that some widely consumed nutraceuticals possess
many health benefits with very minimal toxicity when used in correct controllable amounts.
Nutraceuticals such as anthocyanins, polyphenols, and catechins are widely used and are
safe for human consumption on controlled use. There have been very few studies that have
indicated how these substances are harmful to human health.

Nevertheless, studies on nutraceuticals have shown that benefits of use outweigh
the risk, and they are widely approved for human use within the correct amounts and
dosages [185]. However, misuse and overuse of these products may pose health risks to
humans. The safety of these nutraceuticals on consumers basically depends on the type,
time, and the quantity used. Use of some nutraceuticals, especially when one is under
medication, can result in interactions between the drug and the nutraceutical compounds
causing very harmful effects on the body [198]. Thus, for safe usage, they should be used
only when prescribed by qualified personnel at the right quantity, the correct quality,
and timing.

Among the most important features of nutraceuticals are their cost effectiveness,
broad safety profiles both in humans and animals, tolerability, and easy availability [199].
Despite a broad safety profile, few of them are reported to have been compromised due
to contamination with heavy metals, toxic pesticides, drugs having potentials for abuse,
potentially toxic plants, fertilizers, and mycotoxins [200,201]. Unfortunately, the safety
profile of a large number of nutraceuticals is yet to be explored, and thus insufficient safety
data are available for these agents. Understanding of the pharmacokinetic behavior of every
drug is extremely important for the understanding of safety profile (toxico-kinetics), onset
of action, required dose, and dose frequency. Furthermore, interactions with other drugs
as well as nutrients/foods are another vital aspect of safety evaluations of nutraceuticals
that assess the effect of interactions on safety, efficacy, half-life and subsequent therapeutic
response [198].

In a majority of countries, including the United States, nutraceuticals are included
in the dietary supplements list and may not be subject to the laws and regulations for
safety standards of allopathic drugs. In 1994, the U.S. Congress established a regulation
called the “Dietary Supplements Health & Education Act” which included nutraceuticals
in a dietary list. These are not considered drugs; therefore, their sale without any safety
and efficacy evaluation is permitted. However, as per regulations of the European Union,
these herbal agents must prove scientific evidence of safety, efficacy, and quality before
being licensed for use in the public. Toxicity and therapeutic evaluations of nutraceuticals
are difficult as compared to pure synthetic compound-based products because they have
multiple compounds and usually are a complex mixture of several compounds. Further-
more, their chemical composition varies based on the area of plant collection, variable
effects of fertilizers/pesticides, and effect of stress [202]. All of the above factors, in ad-
dition to the unavailability of well-established techniques for extraction, identification,
chemical composition, purity, potency, and safety of active pharmaceutical ingredients
are the limiting factors of nutraceuticals, responsible for batch to batch variation and the
un-reproducibility of therapeutic responses [203]. Furthermore, nutraceuticals comprise
numerous compounds which can act synergistically as well as mediate an antagonistic
response. Both of these effects may range from high therapeutic outcomes to toxicity and
possibly a sub-therapeutic response [204].

In short, the use of nutraceuticals is tremendously increased both in humans as well
as in veterinary products. Consequently, toxicity risks associated with their use are also
increased due to the unavailability of large-scale evaluations of their safety and efficacy in
clinical trials. Furthermore, controlling variations and the presence of adulterants such as
heavy metals, agricultural chemicals, and mycotoxins, as well as proper pharmacokinetic
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and dynamic evaluations are extremely necessary for more effective utilization of these
important alternative agents.

4.1. Nutraceuticals Associated with Genotoxicity and Carcinogenicity

Nutraceutical-associated genotoxicity is the potential of a nutraceutical product or its
component to cause DNA lesion resulting in cellular death or genetic mutations, which may
lead to various types of cancers. However, Aloe vera is recommended as a remedy for many
diseases; studies involving oral therapy with Aloe vera whole leaf extract for two years in
F344/N rats evidenced some carcinogenic effects [205–208]. Aloe vera gel has been generally
found to be less genotoxic and less mutagenic as compared to whole leaf extracts [209],
and in agreement, it was unable to induce significant mutagenic effects in S. typhimurium
TA100 strain [210]. However, a positive mutagenic response was observed when an E.
coli repair-deficient mutant was treated with A. vera pulp extract [211]. Danthron, an aloe
constituent, is reported to initiate DNA damage and cause caspase-induced apoptosis via
Bax-elicited and mitochondrial permeability transition pore pathways in human gastric
cancer cells [212].

In a different study, mutagenic effects were observed via the development of hepatocel-
lular carcinoma and hepa-blastoma in B6C3F1 mice in the presence and absence of external
S9 (liver extract from hamsters and rats) metabolic activation after chronic administration
of Ginkgo biloba. Mutagenic effects in S. typhimurium strains TA98 and TA, and E. coli WP2
uvrA pKM101 strain were also observed [213]. Several in-vitro studies using cell lines
demonstrated G. biloba as well as its isolated components including quercetin, kaempferol-
induced cytotoxicity, and mutagenicity [214]. However, no genotoxicity was experienced
in androstane receptor knockout and gpt delta mice following oral administration of 2000
mg/kg G. biloba extract [215,216]. Therefore, testing against S. typhimurium (TA98, TA100
strains) and E. coli (WP2 uvrA/pKM101 strain) revealed that 1–10 mg/plate of goldenseal
root powder was not mutagenic, while hepatocellular carcinoma/adenoma were observed
in F344/N rats and B6C3F1 mice orally supplemented with the same nutraceutical for two
years. However, when supplementation was performed only for three months, increases
in micro-nucleated erythrocyte frequencies were not significant [217]. In vitro studies
on HepG2 cells using commercial goldenseal products suggested that it damages DNA,
indicated by the induction of gamma-H2AX, which is a biomarker of DNA damage and
breaks [218].

Consumption of herbal products has been tremendously increased worldwide despite
inconsistencies in scientific evidence, although their health promoting benefits are reported
by numerous studies. Results of these studies suggest that despite dietary supplements,
herbs, and nutraceuticals are generally considered safe, however there is still a need
for rigorous toxicological testing. The currently available data regarding genotoxic and
mutagenic effects of these products are insufficient to provide conclusive outcomes of the
safe use of all nutraceuticals.

4.2. Models to Evaluate Safety, Efficacy, and Potential Toxicities of Nutraceuticals

Several models have been developed to evaluate the safety, efficacy, and toxicity of nu-
traceutical products and their active ingredients. Bioactive ingredients present in nutraceu-
ticals have exhibited diverse pharmacological properties such as antioxidant, sedative,
hypnotic, anti-inflammatory, immuno-modulatory and adaptogenic attributes [219–223].
Subsequently, these products were applied and their efficiency appraised using in vitro,
in vivo, in silico, high-throughput in vitro, and omics technology-reliant assays [224]. Fur-
thermore, various animal models have been used for in vivo, invasive, and non-invasive
studies depending upon study design [225]. Some invertebrate models have been de-
veloped for safety and efficacy evaluations of nutraceuticals [226,227]. Currently, some
alternative safety evaluation models are more preferred [228]. Novel and mechanism-based
predictive kinetic models have also been developed, which provide very useful information
regarding pathways involved in toxicity and efficacy [229,230].
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4.3. Toxicities Based on Interactions of Nutraceuticals with Other Drugs

Interaction of a drug with any herbal or dietary supplement may lead to severe undesir-
able health consequences [231]. Several factors including age, simultaneously administered
drugs, and multiple co-morbidities such as hypertension, diabetes, cancer, and infectious
diseases contribute to these unwanted interactions and pre-dispose patients to the side
effects of nutraceuticals. Of particular importance are drugs with a low therapeutic index
such as digitalis glycosides, anticoagulant drugs, chemotherapeutics, psychoactive agents,
and immune-modulators which can lead to life threatening reactions if their concentrations
rise beyond the safety range due to interactions [231]. Some nutraceuticals are inducers
and inhibitors of cytochrome P450 (CYTP450) iso-enzymes, and thus induce or inhibit liver
enzymes responsible for the metabolism of these drugs [232–234]. For instance, several
phytochemicals present in G. biloba are inducers as well as inhibitors of CYP450 [235,236].
Ginseng is an inducer of CYP450, whereas grapefruit juice is an inhibitor of it. Likewise,
peppermint oil is a well-studied inducer of several CYP450 isoforms including CYP1A2,
CYP2C9, CYP2C19 and CYP3A4 [237]. Furthermore, St. John’s wort and its constituents
inhibit CYP3A4-induced metabolism of testosterone and midazolam. Studies revealed that
several fold increases in the metabolic activity of hepatic CYP3A2 were observed fourteen
days subsequently of St. John’s wort administration [238,239]. Moreover, ginseng, an
inhibitor of P-glycoproteins type efflux pumps, causes a 3–4-fold increase in the activity
of several drugs [238]. St. John’s wort administration has major effects on the kinetics
and dynamics of several drugs, especially when poly-pharmacy is involved [240,241].
Most types of drug may affect nutriture, directly or indirectly, whereas nutriture affects
drug disposition and subsequent therapeutic responses.

4.4. Contaminants Compromising the Quality of Nutraceuticals

Several toxic adulterants or contaminants such as heavy metals, pesticides, mycotoxins,
phytotoxicants, and abused drugs can significantly compromise the quality as well as use
of nutraceuticals. Mixing of these adulterants in high amounts can lead to severe health
consequences and even death [242]. For instance, pyrrolizidine alkaloids are among the
most toxic alkaloids present in several plant species. These alkaloids contaminate several
foods and nutraceuticals and react with proteins causing abnormal mitosis, tissue necrosis,
and cellular dysfunctions [243–245]. These are hepatotoxic and have carcinogenic and
cytotoxic potentials [242].

On the other hand, microbial contamination may contribute to a deterioration in the
quality and stability of dietary foods and supplements [246]. For example, a Polish study
showed that from 152 products and samples tested, 92.1% and 86.8% exhibited different
degrees of bacterial and fungal contamination, respectively [246].

Mycotoxins are fungal secondary metabolites which significantly affect food and
nutraceutical quality. These are usually unintentionally added to the foods/products
during cultivation, storage, and transportation. Some common mycotoxins include citrinin,
aflatoxins, ochratoxins and other molds and their spores [247,248]. Likewise, heavy metals
including mercury, arsenic, cadmium and lead are contaminates added during harvesting
or storage; therefore, the World Health Organization (WHO) strongly recommends to
evaluate all herbal products for heavy metal contents due to their severe side effects [249].
Similarly, widespread use of pesticides causes accumulation in the products and causes
toxicity [250].

4.5. Regulatory Status of Nutraceuticals

Several organizations including government agencies have promoted nutraceuticals
and functional foods, and the public awareness regarding the use of these products has been
increased. In several countries, no specific standard guidelines are available regarding the
production and use of nutraceuticals. In the United States, some guidelines are provided
in the Dietary Supplement Health and Education Act (DSHEA), adopted by congress for
implementation in 1994. Likewise, in Poland, the Food and Nutrition Safety Act was



Molecules 2021, 26, 2540 16 of 28

adopted in 2006, whereas Canada has framed specific guidelines in their Food and Drugs
Act [16,251]. Proper regulatory recognition of these products will excel the pharmaceutical
industry with many new products and subsequent expansion of its market. A majority of
countries have not adopted specific regulatory guidelines for nutraceuticals, which could
possibly cause flooding of the healthcare sector with low-quality products, especially in
developing countries. Thus, there is a dire need for the global health community to prepare
regulatory guidelines for nutraceuticals to protect the market from the entry of spurious
and low-quality drugs. Furthermore, rigorous scientific research is necessary both in the
field of functional foods and nutraceuticals to uncover their exact mechanisms of action as
well as potential adverse effects.

4.6. Effects of Processing on Nutraceuticals

Previous work considering some post-harvest abiotic elicitors proposed nonthermal
processing technologies (i.e., ultrasound, high pressure processing (HPP), and pulsed
electric fields (PEF)) to enhance the production of secondary metabolites. Interestingly,
however, the outcome of these effects have been shown to be highly similar to conditions
of plants under duress [252]. These treatments activate the biosynthesis of nutraceuticals
in crops by a similar mechanism exerted by wound stress. Another study has shown that
ultrasound treatment increases the levels of carotenoids in carrots [253]. Furthermore,
the same treatment enhanced phenylalanine ammonia-lyase activity (PAL) and phenolic
compounds in Panax ginseng [254], while phenolic compounds were increased in romaine
lettuce [255]. A different study has shown that HHP increased ascorbic acid, phenolic com-
pounds, and carotenoids in ataulfo mango [256]. Additionally, potato metabolism showed
PEF-specific responses characterized by changes in the hexose pool, which may result in
starch and ascorbic acid degradation [257]. The inadvertent production of metabolites may
further enhance the exerted health benefits of such foods compared to foods which are
consumed directly post-harvest. However, this is an area that is still under research, and
the perceived benefits in the long term to human health are very much unexplored.

5. Current Trends and Future Prospects of Nutraceuticals

Over the last 20 years, there has been a rapid increase in the use of nutraceuticals due
to mass information available on internet sources coupled with increased public awareness
of health issues [258]. The marked side effects and ineffectiveness of modern pharma-
ceuticals have compelled people to look for nutraceuticals as alternative therapy [259].
Nutraceuticals for a medicinal use have been justified on the basis that they treat disease
caused by the deficiency of nutrients. Clear evidence has been reported that nutraceutical
supplementation improves health and prevents diseases [260]. The treatment through
nutraceutical supplementation does not involve diagnosis by a trained practitioner, and
nutraceuticals with antioxidant activity are expected to have beneficial effects on the whole
body rather than to treat symptoms of a disease state. Consumers of nutraceuticals control
their health comfortably without needing consultation with their physicians.

Self-medications with nutraceutical for the long term may result in cost implications to
the consumers and may be more expensive as compared to other medications, despite their
benefits [261]. This is due to glorification of the benefits of nutraceuticals via advertising
and media coverage. Health professionals such as general physicians, nurses, pharmacists,
and nutritionist are well aware of nutraceuticals, and educate their patients or consumers
about the appropriate use of such products. Self-medication of nutraceuticals for serious
diseases is inappropriate, while their long-term use is safe and beneficial for the prevention
of chronic diseases. Nutraceuticals for serious diseases involve carnitine and flaxseed
oil mostly used for cardiovascular disease, and antioxidants mostly for the prevention of
cancer. Currently, many nutraceutical consumers believe that dietary supplements may be
safer than other synthetic substances, but their presumption could be wrong and medical
diagnosis is required for serious disease to prescribe effective conventional medicines. It
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has been reported that self-medication with complementary medicine has increased in
diabetic patients [262,263].

Manufacturers of nutraceuticals are well informed about the production cost and
profit. Manufacturers of nutraceuticals are also frequently launching new products into
the market to expand the nutraceutical industry. The use of nutraceuticals has been
encouraged for the prevention and treatment of chronic diseases. For example, green tea
and soy products are used to prevent cancer [264].

The developments of new medicines are more expensive and riskier than the already
available drugs in the market; therefore, most pharmaceutical companies are turning to
marketing nutraceuticals. The drug company “Novartis” has also launched functional
food for the health of consumer in the market and pharmacies [265]. In October 1998, Dean
Farms, Tring and Hertfordshire introduced “Columbus healthier eggs” which were rich
in fatty acid and available in all major supermarkets [266]. Similarly, burgeon bread is
another example of function food, which was introduced by Allied Bakeries in September
1997. This bread contains soya and flaxseed and is rich in natural plant estrogen and is
used to treat menopausal symptoms [266–268].

Meanwhile, government sponsorship for clinical trial has grown, and funding for
nutraceutical research has increased. The supply of nutraceuticals and writing of analytical
monographs of nutraceuticals for routine quality assurance is controlled by the regulatory
authorities. Analytical profiles of products published by consumer organizations enables
the consumer to pick out the best quality products. Available data showing the use of
nutraceuticals against certain life-threatening diseases are still insufficient to prove the use
of nutraceuticals for which they are sold in the market. Therefore, government support is
mandatory to improve or strengthen the research in these areas.

The identification of single nucleotide polymorphisms among the human population
has enabled us to predict variations in individual responses to drugs and materialize the
new concept of personalized medicines. Subsequently nutritional genomics has emerged,
which includes dietary component interactions with genomes and results in proteomic
and metabolic changes called “nutrigenomics”. Additionally, understanding of genetic
differences among individuals has developed; people respond differently to the same
nutraceutical, which is called nutrigenetics. The availability of genomic information ac-
celerates the progress of disease treatment, and genotyping is used by the pharmaceutical
companies to predict the efficacy, safety, and toxicity of drugs during clinical trials. In
pharmacogenomics, the patient’s response to medication is studied, whereas to study the
effect of nutraceuticals and dietary components on the health of particular individual,
“nutrigenomics” has been developed. Nutrigenomics uses genetic information of a particu-
lar individual to predict nutraceutical supplementation for to maintain health or prevent
diseases.

6. Conclusions

Nutraceuticals embody a novel and exhilarating research field for the discovery of
innovative health products with tremendous potentials of health benefits including safety,
efficacy, and economy. Globally, researchers have realized the fact that proper nutrition and
dietary supplements can prevent and cure chronic diseases. Several types of nutraceuticals
have been isolated from foods, and massive quantities are produced using biotechnology
and genetic engineering tools which provide pharmaco-economic benefits. These products,
beside their nutritional aspects, provide tremendous health benefits via the prevention
of several diseases. Nutraceuticals have proven efficacy in numerous diseases, including
cancer, rheumatism, diabetes, and other chronic diseases. The use of scientifically and
medically approved nutraceuticals can definitely improve health and prevent certain dis-
eases, and some have exhibited the same efficacy as that of conventional pharmaceuticals.
Generally, nutraceuticals have lower incidences of side effects, adverse effects, and drug
interactions as compared to both complementary medicines and conventional pharmaceu-
ticals. However, risk-benefit uses of nutraceuticals have not yet been documented as well
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as for other conventional pharmaceuticals, and the absence of side effects, adverse effects,
and drug interactions does not indicate that nutraceuticals lack these properties.

This research area has major attractions both for academia and pharmaceutical/food
industries. A few pharma-industries including Ranbaxy and Abbot have taken the initiative
of synthesizing a range of nutraceutical products for different age consumers. The preven-
tive role of these products is uncovered by researchers to a great extent; therefore, further
extensive research both from academia as well as the pharmaceutical sector is necessary
regarding their safety and efficacy. Furthermore, use of advanced and high-throughput
technologies can help us understand the underlying mechanisms of action and develop
this exciting area of research to new horizons for the betterment of humanity, both in terms
of economic benefits as well as health outcomes.
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