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Preface

The food ingredients have been considered essential for maintenance of routine body
functionalities from the beginning of human civilization. On several instances, the
food has demonstrated to have effects such as cure, treatment, mitigation, or
alleviation of manifestations of ailments. The same spirit could be witnessed in
famous quote of Hippocrates Let food be thy medicine and medicine be thy food.

The market for nutraceuticals and functional foods attained peaks following the
health-related claims; this triggered the regulators across the globe to regulate the
whole domain of nutraceuticals. Now only safe, pure, and efficacious products are
given market authorizations. The emergence of nutraceuticals and functional foods
as alternative to synthetic drugs has been proved to be beneficial in numerous clinical
conditions. The need for immunomodulators as a prophylactic has witnessed an
exponential demand during the disastrous pandemic Covid-19 which of course has
led to an increased awareness and consumption of nutraceuticals and functional
foods possessing immunity boosting abilities.

In view of manifold merits associated with nutraceuticals and functional foods,
this book has strived to present its readers a holistic picture of these products as
immunomodulators. The chapters are contributed by experts from academia as well
as industry so as to provide the nuances of domain in an elaborated fashion.

This book has 14 chapters which have been divided into two parts.

Part I: Nutraceuticals and Functional Foods

The role of nanotechnology-assisted immunotherapy has been described in Chap. 1
entitled “Nanotechnology-based bacterial immunotherapy” written by Rajeshwar
Kamal Kant Arya and colleagues. The authors have highlighted the role of immunity
in cancer, and role of bacteria in cancer genesis, how the bacterial immunotherapy
used in combating with cancer, and how the nanotechnology-based bacterial immu-
notherapy works on cancer regression.

v



vi Preface

The basics of immune response and overview of different nutrients as immuno-
modulators have been presented in Chap. 2 entitled “Immunomodulatory properties
of nutraceuticals and functional foods” written by Adriana García-Gurrola and
associates. The chapter begins with introduction to immune system followed by
relationship between immunity and nutrition. Then many food ingredients having a
role in immunomodulation are discussed.

The structure activity relationship of phytoconstituents in immunomodulation is
discussed in Chap. 3 entitled “Immunoregulatory bioactive phytoconstituents: recent
trends and future challenges”written by Sreeharsha Nagaraja and group. The chapter
embraces introduction to immunomodulators, examples, and applications of isolated
phytoconstituents. The primary focus of this chapter is to provide a deep insight into
scientific data on immunomodulatory properties of plant-derived nutraceuticals,
mechanism of action, and challenges and clinical restraints.

The pharmacological immunity modifying action of plant-derived substances has
been given in Chap. 4 entitled “Effect of plant-derived immunomodulators on the
immune system” drafted by Divya Vani Koraganji and associates. This chapter starts
with introduction to immunomodulators and naturally existing plant-derived com-
pounds and types. It also discusses the quercetin and its derived compounds with
physicochemical properties and bioavailability. Further, it highlights the mechanism
of action of quercetin on immune system with future challenges.

The way polyphenols facilitate in modifying immunity is described in Chap. 5
entitled “Polyphenols and its effect on immune system” written by Kanchan Gairola
and colleagues. The chapter begins with a general introduction to immunomodula-
tors with specific description of polyphenols covering mechanism of action and
clinical applications.

The mineral nutraceuticals and their role in immunity is reviewed in Chap. 6
entitled “Mineral nutraceuticals and immunity enhancement” written by Manoj
Kumar Mishra and coworkers. The chapter emphasizes on probiotics, essential
amino acids, vitamins, dietary antioxidants, β-glucans, and other immunomodula-
tors. In the global marketplace, nutraceuticals and functional foods have become a
multi-billion-dollar industry, but the optimum intake level and recommended
amounts of functional food have not yet been established which can be overcome
by both experimental animals and in humans.

Chapter 7 entitled “Nutraceuticals as disease preventive food and immunity
boosters” written by Bhushan R. Rane and group. The chapter covers introduction,
classification, and applications of a variety of nature-borne substances having immense
potential in management of ailments involving compromised immune status.

Part II: Micronutrients and Macronutrients

In Chap. 8 entitled “Current and future prospects of flavonoids for human immune
system” authored by Sippy Singh and Durgesh Singh, polyphenolic compounds that
promote human immune system and protect body against several health ailments are
discussed. Flavonoids are potent substances which are widely used at present
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because of their antioxidative, anti-inflammatory, antiviral/bacterial,
cardioprotective, antidiabetic, antiaging, anticarcinogenic properties and still have
more to be explored and used in future. This chapter provides view of current and
futuristic application of flavonoids.

The significance of Resveratrol in immunomodulation is described in Chap. 9
entitled “Resveratrol and immunomodulation” drafted by Mayela Govea Salas and
associates. The chapter depicts a wholesome picture of this phytoconstituent cover-
ing its chemistry, mechanism of action, and applications in human health.

The healthy benefits offered by household condiment turmeric are quite known to
mankind for a long time. The immunomodulatory function of its key constituent
curcumin is discussed in Chap. 10 entitled “Immunomodulation impact of curcumin
and its derivative as a natural ingredient” by Eknath D. Ahire and his coauthors. The
chapter begins with chemical structure of curcumin and covers applications in
immunomodulation. The authors express the need for exhaustive clinical studies
so as to establish safety and efficacy in human.

The applications of colchicine and andrographolide in management of malignancies
and infectious diseases is presented in Chap. 11 entitled “Colchicine and andrographolide
as natural immunomodulators”written by S. Yasri and V.Wiwanitkit. In this chapter, the
authors have summarized and discussed some important natural immunomodulators.
The summary of colchicine and andrographolide as a natural immunomodulator is
provided. At present, both colchicine and andrographolide are well-known biochemicals
that are widely used in clinical practice. The immunomodulating role of both
biosubstances seems interesting.

Immuno-booster activity of catechin and epigallocatechin-3-gallate is discussed
in Chap. 12 entitled “Immune booster property of epigallocatechin-3-gallate and
catechin” written by Leidy Johana Valencia-Hernández and coworkers. The chapter
is aimed at describing the important biological activity of both compounds as booster
of the immune system.

A general discussion on nutraceuticals and functional foods is presented in
Chap. 13 entitled “Recent advances of nutraceutical and functional foods in immune
health” drafted by Saumya Das and associates. The authors have listed dietary
substances and their benefits in human health in particular immune status.

An overview of introduction and immunomodulatory role of Withania somnifera
is depicted in Chap. 14 entitled “Therapeutic effects of Withania somnifera: An
overview with special focus on Alzheimer’s disease and infertility among youth”
written by Deepika Saini and colleagues. The chapter has special focus on the
mechanistic insights into the therapeutic effect of Withania somnifera in treating
Alzheimer’s and infertility problem. This chapter also describes the latest attempts in
biotechnological production of withanolides.

Prayagraj, Uttar Pradesh, India Rajesh K. Kesharwani
Prayagraj, Uttar Pradesh, India Raj K. Keservani
New Delhi, India Anil K. Sharma
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Chapter 1
Nanotechnology-Based Bacterial
Immunotherapy

Rajeshwar Kamal Kant Arya, Deepak Sati, Dheeraj Bisht,
and Raj K. Keservani

Abstract Recently, the nanotechnology-based bacterial immunotherapy emerged
as a new combinatory therapeutic approach for the effective treatment of cancer,
which combines the bacterial immunotherapy with nanotechnology for treating
cancer. Although both bacterial immunotherapy and nanotechnology are very effec-
tive and advantageous solely, single treatment system is insufficient for complete
eradication of cancer. Combining nanotechnology with bacterial immunotherapy
opens new avenues for treating various diseases, abates the complication of bacterial
immunotherapy, and overcomes the deficiency of both systems. Nanotechnology is
helpful in targeting deep into the cancer cell due to its small size, enhanced
permeability and retention (EPR) effect, and immunomodulatory activity. It also
plays an important role in thermal and radio immunotherapy and cancer diagnostic.
In this chapter, we highlighted the role of immunity in cancer and the role of bacteria
in cancerogenesis, how bacterial immunotherapy is used in combating cancer, and
how nanotechnology-based bacterial immunotherapy works on cancer regression.

Keywords Nanotechnology · Immunotherapy · Cancerogenesis · Bacterial
immunotherapy · Immunosuppressant

1.1 Introduction

Immunotherapy is a therapy system used to combat cancer by stimulating the
inherent defense mechanism of the body. Immunostimulants are used to boost the
defense system to fight with cancer cells and destroy them. Immunotherapy is a kind
of natural treatment; it is comprised of white platelets, organs, and tissues of the
lymph framework. Biological therapy is a sort of treatment that utilizes substances
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produced using living life-forms to treat malignancy. Immunotherapy therapy
attracted attention as an emergent therapy system in cancer treatment due to its
potential to shatter immune tolerance and induce immune effects on selected cancer
cell without any side effect (Hu et al. 2015). Immunotherapy can slow down the
progress of cancer or arrest the spread of cancer. Bacteria-based immunotherapy for
cancer was initiated way back in the nineteenth century (McCarthy 2006). William
Coley in 1983 prepared bacterial endotoxin called “Coley toxin,” found its
regressing effect on carcinoma, and then successfully treated various types of
carcinomas (Kaimala et al. 2018). For the treatment of cancer using bacterial
immunotherapy, a thorough knowledge of bacterial immunity against cancer cells
is to be explored in a more aggressive way. In the last 10 years, various researches
have been performed for exploring the relationship between bacteria and cancer
(Linnebacher et al. 2011). The bacterial and microbial flora system maintains a
balance; the imbalance between microbial floras induces the carcinogenesis by
various ways, e.g., bacteria induced inflammation or immunomodulation (Song
et al. 2019). Bacteria are causative agents for various communicable diseases, but
they also have contribution in causing cancer, e.g., H. pylori-associated gastric
cancer; mutagenic bacterial metabolite is also thought to be a main factor for cancer
due to the inflammatory potential of the H. pylori that is associated with gastric
cancer (Parsonnet 1995). The chronicity of the infection is directly proportional to
the cancer; as long as the inflammation occurs, the chances of cancer development
also enhanced (Singh et al. 2019). The intestinal microflora contains microbes that
show symbiotic relationship and support the health system by enhancing the immu-
nity against microbial pathogenesis (Zheng et al. 2020). The microflora interactions
maintain the balance by protecting from detrimental microbes and provide a biolog-
ical fencing on the membrane for infiltrating infectious or immunogenic molecule
into the blood and also enhance forbearance toward the antigens available on the
mucosa (Linnebacher et al. 2011). This process impedes pathogenic colonization,
influences the mucosal barrier, and induces the immune response.

4 R. K. K. Arya et al.

The basic concept of immunotherapy was to exploit the patient’s immune system
as an effective tool for cancer treatment by stimulating the immune system to attack
cancer cells. Some old reports demonstrated that an inflammation-related cancer was
reduced by accidental infection by erysipelas (Patyar et al. 2010). The anaerobic
bacteria can grow in cancer cell, but being pathogenic, they are not good for cancer
treatment. Further, studies show that obligate anaerobic bacteria, e.g., Clostridia, can
proliferate in necrotic or anaerobic region of solid tumor and regress the cancer
(Barbé et al. 2006). Various in vivo studies show that Clostridium, Salmonella,
Bifidobacterium, and Escherichia can be accumulated in cancer cell than the normal
cell and can germinate spores in the cancer cell (Oelschlaeger 2010).Various studies
suggest that microbes influence the oncogenesis and immunotherapy; they can have
the inhibitory or stimulatory effect on the initiation of cancer and progression
(Inamura 2020). The bacteria generate toxin and carcinogenic substance that stim-
ulate inflammation or immunosuppression and promote oncogenesis (Nath et al.
2010). E. coli causes inflammation and stays in inflammatory cells that influence the
microflora composition that promote the carcinogenesis. Beside these carcinogenic



effects, several corroborations suggest bacteria can influence the chemotherapeutic
and immunotherapeutic potential (Song et al. 2019).
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Bacterial infection stimulates the immune system by modifying various cellular
components, e.g., CD4, CD8 T cell, myeloid-derived suppressor cell (MDSC),
regulator T cell (Treg), and tumor-associated macrophages (TMA). They also
influence inherent immune receptors, e.g., Toll-like receptor (TLR), that are respon-
sible for secretion of pro-inflammatory cytokines (Kaimala et al. 2018). Some
bacterial exotoxins also stimulate immune response against the cancer cell and
directly destroy cancer cell (Zahaf and Schmidt 2017). Immunotherapy is an impres-
sive strategy for cancer treatment, but the effectiveness is very limited due to their
inadequate assemblage at the cancer cell and various unwanted effects. Recently,
nanotechnology has gained popularity for conquering these technical shortcomings
due to their physicochemical property and versatility. The use of nanotechnology in
bacterial immunotherapy can enhance the immunotherapy potential multifolds with
their target specificity and intensify the delivery of tumor vaccine, immunomodula-
tor checkpoint inhibitors, etc. (Gupta et al. 2010; Li et al. 2019).

1.2 Role of the Immune System in Cancer

The presence of inflammatory cell in cancer tissue has given the idea of understand-
ing the relation between inflammation and cancer (Singh et al. 2019). Now, the
capability of the immune system for initiating and arresting the cancer is established.
The imbalance between intrinsic and acquired immunities show immunosuppressant
action that instigates the cancerogenesis and proliferation of cancer. Intrinsic immu-
nity generates macrophages against the infection and repairs the tissue (Gonzalez
et al. 2018). Macrophages release IFN-γ which destroy the cancer cells and IL-4 and
IL-13. TME induces protumorigenic tumor-associated macrophages (TAM) that
stimulate angiogenesis, lymphogenesis, and cancer growth (Dhabekar 2011),
releases immunosuppressant (IL-10 and TGF-β), prevents maturing of DC cell,
and diminishes effector T-cell activity (Taylor et al. 2006). It releases EGF and
VEGF that help in cell development, angiogenesis, and restructuring of the ECM by
secreting metalloproteinases (MMPs) (Anteby et al. 2004). Damaged and inflam-
matory tissues contain neutrophils that release the neutrophil extracellular trap
(NET), kill microbes, do phagocytosis (Riyapa et al. 2012), and also suppress
inflammation. The neutrophils show both protumor and antitumor activities
(Brandau et al. 2013). Cancer and stromal cells release chemokines that recruit
tumor-associated neutrophils (TANs) to TME. The natural killer (NK) and effector
T cells release the TNFα that stimulates the anticancer anti-metastatic hepatocyte
growth factor (c-MET). TANs generate new inflammation during cancerogenesis
and progression and induce immunosuppression in T cells by PD-L1 expression
induced by tumor-derived granulocyte-macrophage CSF (GM-CSF) (Masucci et al.
2019). PMN-MDSCs induce the chronic inflammation and antigen-specific toler-
ance by T cells (Dorhoi and Du Plessis 2018). NK cells destroy infected cells and



induce the apoptosis. The antigen-presenting cells (APCs) or dendritic cells (DCs)
interplay between intrinsic and acquired immunities (Steinman 2006) and present
internal and foreign antigens to T cells in the context of MHC molecules (Alberts
et al. 2003) and DCs found in all tissues throughout the body. During cancer
progression, the DCs prime naïve, memory T cells, and antigen presentation cells
develop resistance for antigens and evoke effector T-cell response. Various types of
cancer cell carry the cancer-infiltrating DCs (Hubert et al. 2019). At the initiatory
phase of cancer, T cell is generated, and naïve T cell invades lymph nodes, on
enticement migrated to cancer cell environment, exerts immune response, and
destroys cancer cells. T effector cell exhibits antigen-dependent anticancer activity.
The low immunogenic cancer cells escaped from T cell, and cancer cells develop a
system to prevent themselves from destruction from effector T cell (TAMs, NK
cells, and TANs). The effector cells regulate immune checkpoints on CTLS and
CD4+T and prevent tissue damage. The checkpoint molecules CTLA-4 and PD-1
inhibit T-cell function (Takeuchi and Saito 2017). The programmed cell death
protein (PD1) and programmed cell death protein ligand (PDL-1) are expressed by
immune cells and cancer cells, inhibit T-cell activity, and suppress the anticancer
function such as T-cell migration, proliferation, secretion of cytotoxic mediators, and
restriction of cell killing (Han et al. 2020). The cancer cell environment seize the
immune checkpoints and suppress anticancer activities by recruiting regulatory
CD4+ T cells (Tregs) that suppress cell destroying activity of Th1 CD4 T cells,
CTLs, macrophages, NK cells, and neutrophils (Lee et al. 2020). The expression of
PDL-1 LAG-3, CD39/73, or PD1 regulates the Treg-derived immunosuppressive
function, and LAG-3 and CD39/73 also exhibit immunosuppressant function by
contact-independent mechanisms, which sequester IL-2 and produce immunosup-
pressants IL-10, TGF-β, prostaglandin E2, adenosine, and galectin-1 (Cai et al.
2019). Invariant NK T (iNKT) cells, subset of T cells, identify the NK cell like
lipid antigen CD1d; upon activation, it secretes effector cytokines such as IFN-γ,
IL-4, and IL-17 (Fujii and Shimizu 2017). B cell exhibits humoral immunity for
microbes by extracting specific antibodies that converted into protein and B cells. B
cell assists cancer proliferation by releasing IL-35 and enhances immunosuppressive
function by secreting IL-10 and TGF-β (Klinker and Lundy 2012). B cell also
induces angiogenesis and chronic inflammation by activating myeloid cells via
FcRγ (Rivera and Bergers 2015).

6 R. K. K. Arya et al.

1.3 Role of Bacteria in Immunotherapy

Bacteria functioned as a dual-edge blade for cancer. In one hand, it instigates the
cancer, and in other hand, it induces the immune system and blocks cancerogenesis
(Linnebacher et al. 2011). In the last 10 years, the killed or attenuated microbes have
gained popularity as an important weapon for cancer immunotherapy (Kaimala et al.
2018). The explicit mechanism of bacterial immunotherapy is not so clear till date,
but it is believed that weak antigenic cancer with facultative anaerobic bacteria



promotes immunogenicity for cancer cell. There are several examples of bacterial
immunotherapy using the underlying mechanism (Fig. 1.1). The attenuated bacterial
infection harmonizes the activity of various cellular components (CD4+, CD8+ T
cells, Treg) and TAM of the immune system to wield their antitumoral immunity
(Nelson et al. 2015).
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Fig. 1.1 Bacterial immunotherapy

1.3.1 Effect of Bacteria on Myeloid Cell

1.3.1.1 Tumor-Associated Macrophages

A study on mice reveals S. typhimurium helps in reversing the cancer by helping in
the maturation of myeloid cell (MDCs), reduces the suppressive function, and
increases anticancer immune response (Kaimala et al. 2014). Another study revealed
that Salmonella shows the immunomodulatory effect by elevating the level of TILs,
CD11+myeloid cell, CD4+, and CD8 + T in mice and induces the inhibitory effect
on cancer cell. The Salmonella treatment enhances the level of TAM which is
responsible for the activation IFN-γ-dependent Sca-1 and MHC class II proteins.
Leschner and colleague have shown that S. typhimurium SL7207 on
i.v. administration activated the TNF-α and invades the tumor cell by disrupting
the vasculature (Leschner et al. 2009). Recombinant attenuated Salmonella enterica
serovar typhimurium vaccine arrests cancer development by inhibiting the HER-2/
neu expression. The vaccine shows anticancer effect by diminishing the



immunosuppressive function in cancer environment, increases the level of
CD11b+Gr-1+ myeloid cell MDSC and TNF-α, and modifies Treg, CD4+CD25+

Foxp3+ Tregs (Hong et al. 2013).

8 R. K. K. Arya et al.

1.3.1.2 Dendritic Cells and TANs

L. monocytogenes infect the melanoma cell in human or animal, convert them into
antigen-presenting cell like DCs, and express CD11c, F4/80, MHCII, CD40, and
CD83 similar to mature dendritic cells, and APC manages the host defense mech-
anism (Gorvel et al. 2014). Toll-like receptors (TLR) are responsible against micro-
bial infection. Salmonella stimulates TLR signaling pathways that increase the
expression of co-stimulatory molecules (e.g., CD86 and CD80) on APCs and
activate the antigen-specific CD8 T cells and natural killer cells that are responsible
for killing and relapse of cancer cell (Hajam et al. 2017). The TLR signal, a
cytoplasmic adaptor protein (MyD88a), is responsible for inducing the TLRs and
IL-1/IL-18 receptors and activation of downstream of IL-1 receptor-associated
kinases (IRAKs) and NF-κB (Cohen 2014). A study show the TLR-MyD88 is
necessary for bacterial immunotherapy and mice with MyD88 deficiency were
found to be unable to reverse the cancer after Salmonella treatment (Kaimala et al.
2014). Salmonella typhi vaccine also activates and recruits neutrophils at cancer cell
that releases the TNFα producing additive cytotoxic effect in the presence IFN-γ
(Vendrell et al. 2011).

1.3.1.3 Effect of Bacteria on Tumor-Associated Lymphoid Cells

Natural Killer Cell

The cancer microenvironment nurtures the lymphoid cells, e.g., NK cells, B cells,
CD4+ T cells, CD8+ T cells, and Tregs (Kaimala et al. 2018). The lymphoid cells
have both inhibitory and stimulatory effects on the cancer (Wagner and Koyasu
2019). The microenvironment can affect the function of lymphoid cells in cancer
cells, and the NK cells can identify and remove cancer cell without any previous
antigenic exposure (Kaimala et al. 2018). Salmonella infection enhances IFN-γ and
NK level in mice model (Harrington et al. 2007). The cancer depresses the host
immunity that disturbs the NK cell response for cancer cell (Guerrouahen et al.
2020). Recombinant Salmonella activates NK cell and IL-2 expression. This strain
exhibits excellent anticancer activity in vivo against metastatic cancer and also
enhances IFN-γ or TNF-α expression that stimulates the anticancer activity (Lin
et al. 2021).
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1.3.2 CD4+ and CD8+ T Cells

CD4 T cells exert anticancer activity due the helper cells (Th1, Th2, or Th17) that
secrete cytokines (IFN-γ and IL-12, IL-4, IL-5 and IL-13). Th1 cell shows anticancer
activity by stimulating the CD8 cell or kills the cancer cell by releasing TNF-α
and/or IFN-γ (Bascuas et al. 2018). Th1 ceases the progression of cancer by allowing
DCs and macrophages and enhances the antigen-presenting activity that allows
TCD8+ cell for strong anticancer activity. Th2 has insignificant effect in cancer
treatment, but T17 enhances the cancer progression by secreting IL-17 (Lee et al.
2019). The attenuated Salmonella increases the infiltration of CD4+ and CD8+ T cell
about threefold into cancer cell in mice model. M1 secretes macrophage inflamma-
tory protein 1-alpha that recruited stimulated T cell in cancer cell; Salmonella
follows this mechanism and increases the T-cell penetration into cancer cell. Sal-
monella typhi increases the leukocyte count and decreases the cancer progression
and mitotic index and increases the life span of mice (Vendrell et al. 2011).

1.3.3 Gamma-Delta (γδ) T Cells

Gamma-delta T cells belong to T-lymphocyte cell, having a surface antigen recog-
nition complex type 2. During stimulation, it exhibits excellent anticancer potential
due to the release of ample amount of IFN-γ and TNF-α (Silva-Santos et al. 2015).
Mycobacterium vaccae, M. obuense, and BCG stimulate the activation of γδ T cells
that result in upregulation of granzyme expression and synthesis of Th1 cytokines
(IFN-γ and TNF-α) (Fowler et al. 2012).

1.3.4 Effect of Bacteria on Immunosuppressor Cells

1.3.4.1 Myeloid-Derived Suppressor Cells

Cancer or autoimmune diseases can modify the myeloid-derived suppressor cells
(MDSCs), found in the bone marrow, peripheral blood, and spleen, that help cancer
cell in evading from the host’s immune system (Gabrilovich and Nagaraj 2009).
MDSCs do nitration of T cell that represses the CD4 and CD8 T-cell-induced
anticancer effect (Ostroumov et al. 2018). MDSCs can be a good target for cancer
treatment. Salmonella triggers the differentiation of intratumoral MDSCs and
improves immunomodulatory properties. L. monocytogenes LLO reduces the immu-
nosuppressant activities of MDSCs and Tregs in surroundings of cancer tissues.
MDSCs reduce Arg1 expression and IL-10 by Tregs. It both causes the above action
(Wallecha et al. 2013) and also depresses the expression of T-cell receptor and
immunosuppressive cytokines (Lindau et al. 2013).
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1.4 Regulatory T Cells (Tregs)

Tregs are involved in autoimmunity and cancer diseases. Generally,
CD4+CD25+Foxp3+ has the preventive immunogenic reaction for autoantigen.
These cells inhibit the tumor antigen-specific CLTs and decrease the anticancer
immunity (Manzo et al. 2015). Study shows attenuated S. typhi reduces Tregs cells in
cancer-draining lymph node that diminish lung metastasis and cancer progression,
improve animal life (Vendrell et al. 2013), and also decrease the proportion of
CD25+FoxP3+ cells in the spleen and CD4+ T cells in a colon cancer model. It
also elicits the conversion of immunosuppressive MDSCs into TNF-α-secreting
neutrophils and reduces the generation of Treg cells, especially in the presence of
tumor-specific CTLs (Hong et al. 2013). Salmonella vaccine also acts on the
downregulation of CD44, a key cell surface molecule on Tregs as well as tumor
cells, and contributes to angiogenesis and proliferative potential (Liu and Chopra
2010).

1.5 Nanotechnology in Immunotherapy

The cancer immunotherapy shows promising results, but developing a low toxic
dosage form with high targeting efficiency and excellent efficacy is a difficult task.
Nanotechnology has the revolutionary potential to reform the cancer therapy.
Nanoparticles have already established its significance in the modern drug delivery
system; it ameliorates the immunostimulation, cancer cell targeting, bio-distribution,
and release kinetics. All the nanoparticulated system (nanosized vesicular system,
e.g., nanoparticles, liposomes, etc.) could be utilized for passive and active immu-
notherapy (Sharma et al. 2017; Keservani et al. 2017a, b). Nanotechnology improves
the cancer immunotherapy by protecting the burden during circulation, targeting the
immunotherapeutics to the cancer tissues, inducing the immune system, and mod-
ulating the immunosuppressant action for cancer cell (Qian et al. 2018; Keservani
et al. 2017a, b). The nanosized immunotherapeutic system can improve the thera-
peutic techniques and conquer the difficulties related to the poor therapeutic
responses, for example, insufficient stimulation, side effects, and suppressed phar-
macological activity. Researchers are continuously evolving the nanomaterials with
improved structural properties and surface modification ability that can be exploited
for guiding nanotechnology-based immunotherapeutic into the vasculature, avoid-
ance of opsonization, and assemblage of nanoparticles at the cancer cell due to
enhanced permeability and retention (EPR) properties. A controlled drug release can
be used to design nanoparticle systems specific for microbiome intervention in
cancer. However, this represents a generally unexplored area (Song et al. 2019).
The first cancer vaccine, Sipuleucel-T was approved by the US Food and Drug
Administration (FDA) in the year 2010 for prostate cancer treatment (Cheever and
Higano 2011).
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1.5.1 Nanoparticle-Based Bacterial Immunotherapy

Recently, new combinatory therapeutic approaches emerged for the effective treat-
ment of cancer because single-treatment method is insufficient for complete eradi-
cation of cancer. The advantages of bacterial immunotherapy and nanoparticle-based
immunotherapy are combined together to overcome the deficiency of both systems
and also exploit its advantages. Both systems together work effectively with
enhanced cancer targeting and excellent efficacy; recently, the researcher has pre-
pared various vaccine and outer membrane vesicles (OVM) and nanobodies for the
therapeutic and diagnostic purpose as well; some example are given here. Figure 1.2
shows the nanotechnology-based immunotherapy.)

1.5.2 Nano-vaccine

Live or attenuated bacterial oral vaccine is unable to penetrate into the cancer
vasculature. To enhance the penetrability, Hu et al. (2015) prepared oral nano-
vaccine containing attenuated Salmonella bacteria; the cationic nanosized
enwrapped bacterial vectors efficiently deliver the vaccine into the cancer cell. The
nano-vaccine protects bacteria from phagocytosis and enhances the circulatory time
and acid tolerability in GIT. The nano-vaccine stimulates the T cell, increases the

Fig. 1.2 Nanotechnology-based bacterial immunotherapy



secretion of cytokine, and inhibits the cancer growth by suppressing the angiogen-
esis. In 2019, Terán-Navarro and team synthesized gold nanoparticles containing a
peptide (listeriolysin O) derived from bacteria for treating skin cancer. The vaccine
works on dendritic cell, modifies the cancer cell sensitivity toward the immune
system, and activates the cell killing function that ameliorates the cell viability.
The anti-PD-1 or anti-CTLA-4 checkpoint inhibitors when incorporated into the
nano-vaccine enhance the cancer eradicating function manyfold. The study shows
the nano-vaccine is a safe therapeutic system and enhances the immunity against the
cancer cell.
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The outer membrane vesicles (OMVs) derived from Gram-negative bacteria are
effective vaccine platforms with precedence for safe use in humans (Davitt et al.
2016). Unlike most subunit antigens and synthetic nanoparticles, OMVs contain
endogenous immunostimulatory ligands and deliver the antigens in their native
orientation. OMVs could induce antigen-presenting cells by engaging the intrinsic
receptors and CMI by activating the APC, co-stimulation, and cytokine production.
After the uptake, the DCs enhance the surface MHC classes I and II, CD80 and
CD86 expressions. OMV-induced DCs produce the T-cell polarizing cytokines
IL-1β, IL-6, IL-18, and IL-12 and their expression contributed by TLR4, whereas
the NLRP3 inflammasome was required for OMV-induced production of IL-1β and
IL-18. Following vaccination of mice, Th1- and Th17-type T-cell responses were
observed after ex vivo restimulation with OMVs and HK bacteria. In addition, OMV
vaccination produced functional CD8+ T cells capable of killing bacteria-infected
cells. Collectively, these results support the utility of the OMV platform as a
nonliving vaccine that can lead to protective CMI against bacterial pathogens
(Davitt et al. 2016).

In another study, the nanosized outer membrane vesicles (OVM) were prepared
from the Gram-positive and Gram-negative (E. coli Δmsb B and S. aureus) bacteria
(Kim et al. 2017). The bacterial cell allows genetic modification that can be utilized
to attach targeting moieties on the surface and enhance the safety feature by
eliminating the endotoxins. Bacterial cell can also load various chemotherapeutic
agents. Such system can be utilized for effective anticancer immunotherapy. These
extracellular vesicles induce IFN-γ generation, and the results exhibit the potential of
OVM as a cancer immunotherapeutic without side effects. The nanosized OVM
assemblage in the cancer cells produces the IFN-γ and cytokine CXCL10 in the
cancer microenvironment and elicits the anticancer effect. This system also enhances
the memory cell production for longer anticancer effects (Kim et al. 2017).

1.5.3 Nanoparticulate System for Cancer Therapy

In 2016, Lizotte and his team member prepared self-aggregating nano-based inhalant
system containing cowpea mosaic virus (CPMV) for treating lung cancer; the
inhalant system produces effective systemic cancer immunotherapy against the
B16F10 in the skin. The nano-based inhalant system stimulates cytokines and



enhances the potency of the immune system against lung cancer, ovarian cancer,
metastatic breast cancer, and colon cancer.
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As we know, phagocytosis minimizes the circulation time of nanoparticles in the
body. To overcome this problem, the attenuated Salmonella bacterial membrane
vesicles were combined with nanoparticles, and the nanoparticle surface was mod-
ified with polyethylene glycol (PEG) and also attached to the Arg-Gly-Asp (RGD)
peptide in which the Asp (RGD) peptide enhances the circulatory time and cancer
targetability and stability (Chen et al. 2020). Tegafur is loaded to this system that
removes MDSc and synergistically enhanced the anticancer effect and prevents
metastasis (Chen et al. 2020). This system also induces the intrinsic immunity and
accumulated into the cancer tissue due to the enhanced permeability and retention
(EPR) and active targeting effects.

Probiotic bacteria were utilized to deliver the nanoparticulated checkpoint
blocker to the affected area. The probiotic bacterial nanoparticulated system used a
synchronized lysing integrated circuit (SLIC) using E. coli Nissle 1917 strain for
releasing the target program cell death ligand and cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA-4) after intratumoral injection. The computerized SLIC model
was used for validating the lysis mechanism for higher therapeutic efficiency. The
formulation exhibited higher therapeutic efficiency over the other conventional
system and suppressed the cancer in mouse by potentiating the immunity; the
formulation enhanced the activation of T cells, an abscopal effect, and enhanced T
memory cell in mice. The formulation enhances the cytokine granulocyte-
macrophage colony-stimulating factor.

The swimming ability of Salmonella could be utilized for effective targeting of
cancer cell by incorporating the nanomedicine; it freed the drug by degrading itself at
cancer environment; for this purpose, doxorubicin incorporated nanosized liposome
into bacterial cell (Zoaby et al. 2017); and the bacterial motility is pH- and glucose-
dependent, which favors the cancer environment. The nanoparticles are incorporated
into the bacterial cell by incubation or electroporation. Electroporation builds
ephemeral aperture on the bacterial cell wall that provides entry to the nanosized
liposomes inside the bacteria. The metabolic process causes the drug release from
the liposome; mainly, ammonia causes the osmotic imbalance in the liposome and
releases the drug that destroys the bacterial carrier and kills the cancer cell. This
process enhances in situ therapeutic efficacy (Zoaby et al. 2017).

1.5.4 Thermotherapy

Several cancer therapies are available, but cancer monotherapy can result in
reappearance of cancer due to partial destruction of cancer tissue. To overcome
these problems, Park et al. (2020) developed nanoemulsion containing anaerobic
Clostridium novyi-NT spores for synergistic image-guided combinational cancer
therapy. The nanoemulsion also carries scintillators for guiding MRI and for an
image-guided X-ray photodynamic therapy (PDT) of the normoxic peripheral



cancer. The nanoemulsion was used for the treatment of the hypoxic central tumor
tissues. Photosensitizer-coated NSs (PS-NSs) and C. novyi-NT spores are emulsified
with clinically available ethiodized oil (Lipiodol) to be the nanoemulsion and
injected into the tumor with computed tomography image guidance. Following the
image-guided X-ray PDT and anaerobic C. novyi-NT combination treatment, apo-
ptotic cell death in cancer tissues, including both peripheral and central tumor
regions, is significantly higher than in the control groups. This nanoemulsion system
can overcome the limitations of conventional cancer therapy, resulting in increased
cancer therapeutic efficacy.
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1.5.5 Radiotherapy and Diagnostic Purpose

Nanoparticles coated with bacterial wall was prepared that also contains the
immunostimulatory PC7A/CpG Polyplex core and imide groups. The bacterial
nanoparticles with various attachments can ameliorate the antigen salvage, improve
the affinity of antigen toward the MHC-1, and also augment the innate immunity by
proliferation of the T cells. Nano-bacterial system on combining with radiotherapy
arrests the neoantigens and increases their absorption in DCs and from there
delivered to MHC-presenting cell and activated the effector T cell; PC7A and
CpG assist in modulating the antigen uptake in DCs, raise the expression of
MHC-I in TME, and increase the effector T cell and type I IFN. Treating mice
with this system exhibits 100% relapse of primary cancer with high survival rate and
low metastasis rate. For improving the immunotherapeutic efficiency of the nano-
bacterial system, the immune checkpoint can also be combined with the nano-system
that possibly impedes the immunosuppressive signals. Such nano-bacterial system
can ameliorate cancer immunity and long-term immune response (Patel et al. 2019).
In another study, melanin-containing OMVs were prepared from E. coli for thera-
peutic and diagnostic purpose (Gujrati et al. 2019). OMVs show good biocompat-
ibility, biodegradability, and low-cost manufacturing. The strong acoustic waves are
converted into optical image; OMVs show superiority over fluorescence method due
to high resonating efficiency. OMVs can be utilized for monitoring and imaging of
cancer in vivo. The nanosized bacterial cell escapes out from the phagocytosis and
the EPR effect; both the two events enhance the residence time in the cancer cell.
OMVs could penetrate into deep tissue due to high absorption coefficient. NIR
irradiation killed the cancer cell. OMVs also induce the production of anticancer
cytokines, including IFN-γ. Dosing for longer time induces IFN-γ production in a
sustained manner (Gujrati et al. 2019).
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1.6 Challenges and Opportunities
for Nanotechnology-Based Immunotherapy

Designing the nanotechnology-based bacterial immunotherapy faces several chal-
lenges, e.g., understanding cancer site, microenvironment, microbial flora, and
inflammation-derived cancerogenesis and bacterial efficacy against cancer with the
toxicological effect or side effects of microflora, and their relationships with
cancerogenesis, progression, and treatment of cancer (Song et al. 2019), in the last
10 years of research, several preclinical and clinical studies have been performed on
nanotechnology-based immunotherapy, but just a few approaches are so far clini-
cally approved. For example, attenuated herpes simplex virus (genetically
modified)-based cancer treatment successfully passed phase III (Shukla and Stein-
metz 2016). There is a lacuna between the understanding of cancerogenesis and
immunology and in vivo behaviors of nanoparticles that include long-time assem-
blage at the nontarget site and their safety concern. They can cause toxicity, e.g.,
hollow silica nanoparticles induce the release of pro-inflammatory cytokines that
damages the hepatic tissues. Nanoparticles can influence the constitution of micro-
flora; a depth understanding of nanoparticles and microflora is required for devel-
oping new strategy (Song et al. 2019). The intersubject variability should also be
considered. The microflora is patient-specific that changes with the food intake,
drugs, and other environmental factors, and the nanoparticles can modify the
composition of microflora that cannot be predicted in vivo or by clinical investiga-
tion. Other challenges may include the production, targeting efficiency, and distri-
bution. Targeting the nanoparticles to the specific organ or tissues is affected by
surface morphology, surface properties, and physicochemical properties of
nanoparticles (Song et al. 2019).

1.7 Advantage and Disadvantage

The distinct characteristics of nanoparticulated system and bacterial membrane make
them an excellent drug delivery system; nanoparticle-based bacterial immunother-
apy has excellent immunomodulatory properties, penetrability, biocompatibility,
and targeting ability to specific cells and sustained release (Li et al. 2013). The
nanosized bacterial system enhances the circulatory time and targeting into deep
vasculature because of EPR and also augments the efficacy of thermotherapy and
radiotherapy (Park et al. 2020; Patel et al. 2019). The nanoparticle surface also
allows surface modification and attachment of ligands that improve the targeting
(Li et al. 2013). The nanoparticle-based bacterial system not only improves cancer
targeting but also helps in cancer diagnosis. Nanoparticles that may cause immuno-
genic response have short residence time due to rapid blood clearance.
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1.8 Conclusion

The understanding of the role of immunity in cancer pushes scientist to make new
system that plays an important role in cancer. Cancer immunotherapy holds great
promise in cancer therapy. Collaboration between cancer immunologists and engi-
neers will further the understanding of the complex and underlying immunology,
therefore driving technological development. With emerging nanotechnological
interventions, the efficacy of many such immunotherapies could be drastically
improved, and a merger of these two rapidly growing fields of science could
facilitate clinical translation of many cancer immunotherapies.
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Chapter 2
Immunomodulatory Properties
of Nutraceuticals and Functional Foods
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Abstract The immune system is a complex assembly of coordinated cells to
maintain human health. Nowadays, there is a growing interest in maintaining the
immune system in proper conditions to counteract noncommunicable chronic dis-
eases, harmful entities (toxic xenobiotics, allergens, and microbial pathogens),
cancer, and emerging infectious and autoimmune diseases that currently affect health
systems worldwide. Adequate human nutrition is essential for the maintenance and
modulation of the immune system. This is due to the different functional ingredients
that can be found in food matrices such as fruits, vegetables, dairy products, meat,
cereals, and oils. Among these, polyphenolic antioxidants, vitamins, probiotics,
prebiotics, and peptides can be highlighted. All the above dietary functional ingre-
dients act as immunomodulators since they have a direct or indirect
immunostimulatory response by interacting with immune cells and triggering stim-
ulating responses for antibodies and anti-inflammatory cytokine and chemokine
secretions but also for suppressing pro-inflammatory cytokines. Therefore, these
immunomodulator compounds have been considered as adjuvants in the prevention
and treatment of some infectious diseases and some others related to autoimmunity.
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2.1 Introduction

It is well known that diet provides essential nutrients for energy production and to
sustain diverse body functions. However, growing evidence supports the idea that
nutrients and other food-derived xenobiotics have a greater impact on human health
including their immunomodulatory action. The influence of nutrition on the immune
system was initially delineated by the fact that malnutrition is a leading cause of
immunosuppression (Alwarawrah et al. 2018; Chandra 1974). Strong evidence
supports the notion that malnutrition leads to several immune abnormalities includ-
ing the impairment of physical barriers (e.g., mucosal layers) to protect tissues,
lymphoid organ atrophy, lymphopenia, subsequent recurrent infections, and
reduced, delayed, or null response to vaccination (Rytter et al. 2014). Immunomod-
ulators are compounds that regulate the immune system in terms by either stimulat-
ing or suppressing the action of key immune cell populations or their response
against a determined stimulus. The importance of nutraceuticals and functional
foods as immunomodulators relies on their potential to prevent or even treat immu-
nocompromised illnesses such as infectious diseases or chronic metabolic perturba-
tions (Chalamaiah et al. 2018; Keservani et al. 2020a, b). Such observations
suggested that food possesses functional ingredients with immunomodulatory
effects. In this context, a great effort has been made to elicit the identity and
mechanisms of the compounds modifying the immune response. Between them,
phenolic antioxidants, probiotics, prebiotics, vitamins, and peptides have been
identified as primary modulators of immune cells, cytokine release, and antibody
production (Cunningham-Rundles et al. 2005). This chapter aims to provide a
general overview of the immune system (innate + acquired), the pleiotropic effects
of certain functional foods and nutraceuticals with demonstrated immunomodulatory
properties (Fig. 2.1), and their role in preventing or treating immunocompromised
disorders.

2.2 The Immune System

2.2.1 Hematopoiesis and the Immune System

Most of the immune cells arise from a process of proliferation, differentiation, and
maturation of hematopoietic stem cells (HSC) called hematopoiesis (Dutra 2017).
Such process requires the coordinated interplay between diverse cells in primary
organs, where HSC reside and develop all the immune cell subsets. An HSC residing
in the bone marrow has the potential to divide into common myeloid progenitors that
eventually will differentiate into leukocytes with specific functions such as mono-
cytes, macrophages, dendritic cells (DC), eosinophils, neutrophils, etc. (Fig. 2.2).
HSC can differentiate into lymphoid progenitors that coordinate with other lym-
phoid organs to produce B lymphocytes, T lymphocytes, and natural killer



(NK) cells, which represent ~30% of the total blood leukocyte count. An adequate
hematopoiesis is necessary to generate a competitive immune system, and interest-
ingly some dietary compounds can alter the hematopoietic system and promote
either immunosuppression or boost of the immune system, as it will be discussed
later.
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Fig. 2.1 Selected dietary components with immunomodulatory action. Common foods and new
designed foods may contain several bioactive components with immunostimulatory activity. For
example, (a) whole milk is rich in oligosaccharides, vitamins and minerals (V&M), free fatty acids,
and many other molecules that make up milk fat globule (MFG). If fruit is added to whole milk to
turn it into a milkshake, other phytochemicals (PhyC) with immunostimulatory action (e.g.,
phenolic compounds) while enhancing, even more, this biological action. (b) If whole milk is
fermented by the action of probiotic bacteria (starter) or it is subject to protease hydrolysis, milk
proteins are transformed into bioactive peptides, some of which will enhance the cellular and
humoral immune response. (c) The hydrolysis of milk oligosaccharides/sugars (lactose) and pro-
teins will increase the amount, metabolic maturity, and activity of probiotic bacteria as monitored by
a sharp increase of several fermentation metabolites (postbiotics). Lastly, under colonic conditions,
the senescent probiotic bacteria will release cellular components also with immunostimulatory
potential (paraprobiotics). (d) A similar “probiotic” pathway may follow cereal and vegetable
sources rich in immunoreacting phytochemicals such as prebiotics

Evolution has led the organism to the development of the immune system as an
integral strategy to protect the body from harmful or unknown entities, although it is
as complex as its protective mechanisms. The innate immune system (IIS, aka
natural immunity, Fig. 2.3) is the first nonspecific line of defense and recruits
many cell lines, namely, neutrophils, monocytes, macrophages, NK, and DC, that
help the host to eliminate toxic xenobiotics, allergens, and microbial pathogens that
enter the body through mucosal surfaces, discriminating self from nonself (Dutra



2017). IIS also includes several physical barriers like mucous layers, membrane-
bound receptors such as toll-like receptors (TLRs), germline-encoded pattern rec-
ognition receptors (PRRs, e.g., Dectin-1, Nod12), host defense peptides (HDPs, e.g.,
defensins and cathelicidins), and other small molecules that are either constitutively
present or timely released from activated cells (e.g., cytokines, chemokines). PRRs
link the IIS to the adaptive immune system (AIS, aka acquired immunity) which, in
turn, is divided into two types: cell-mediated and antibody-mediated (humoral)
immunity (Palm and Medzhitov 2009). Cell-mediated AIS consists of a plethora
of highly specific immune antigen receptors located on the surface of T lymphocytes
[mainly CD4+ (helper T cells, Th) and CD8+ (cytotoxic T cells, Tc)] which are
responsible for antigen recognition, while CD4+ bearing T-regulatory cells (Treg)
are responsible for the tolerance to nonself but innocuous components such as food
(Childs et al. 2019).
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Fig. 2.2 Overview of the hematopoietic system

The major histocompatibility complex (MHC) I (MHCI) or II (MCHII) presents
antigens to CD8+ or CD4+ bearing T lymphocytes by simulating T-cell receptors
(TCRs) that mediate intracellular calcium influx and favoring the expression and
production of cytokines necessary for the activation and function of effector cells,
and it is noteworthy that vertebrates use somatic diversification to generate a highly
diverse repertoire of antigen receptors (Boehm 2011). Th cells secrete several
cytokines such as interferon γ (IFN-γ) and interleukins (IL)-2, IL-4, IL-5, IL-6,



IL-10, IL-13, and IL-25, while the expression of IL-37 (a formerly IL-1 member) in
macrophages and epithelial cells abrogates pro-inflammatory cytokines (Dinarello
et al. 2016). These and other cellular/molecular events link inflammation (systemic/
local) with immunity to such an extent that the systematic evaluation of immune cell
proliferation/activation and cytokine profiling are commonly assayed when validat-
ing the immunomodulator effect of nutraceuticals and functional foods such as
dietary peptides. Lastly, B lymphocytes produce antibodies (ab) upon Th activation,
initiating the humoral response. ab (namely, IgA [immunoglobulin A], IgD [immu-
noglobulin D], IgE [immunoglobulin E], IgG [immunoglobulin G], IgM [immuno-
globulin M]) can be found in several body fluids and within the bloodstream, and
their function is to recognize and block antigens of very diverse nature (Simon et al.
2015; Keservani et al. 2016).
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2.2.2 The Immune System in Disease

Many noncommunicable chronic diseases (e.g., obesity, type II diabetes, cancer),
malnutrition, and emerging infectious diseases [severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2)], which currently affect health systems worldwide, are
immunocompromised illnesses. For example, it has been observed that regardless of
the subtype, patients with diabetes mellitus exhibit a lesser peripheral blood mono-
nuclear cell count (PBMC, T and B cells, NK cells, and monocytes) and a lower
responsiveness to activating stimuli (Table 2.1), while uncontrolled diabetes often
results in polyneuropathy that negatively impacts the physical barriers of IIS pro-
moting the susceptibility to infections.

Unhealthy lifestyles may result in kidney failure and uremia, both coursing with
alterations on the immune system function, and considering that such patients
usually have protein-restrictive diets, nutritional support approaches to burst their
immune system must be explored. It has been documented that malnutrition also
leads to abnormalities in neutrophil and T-cell subsets and their response to mitogens
(activator stimulus) and further production of cytokines (Takele et al. 2016;
Fernández et al. 2005); such panorama was attributed to a decrease on K+ currents,
necessary for sustained Ca+2 intake and lymphocyte activation for the immune
response against infections. Lastly, obesity has a great impact on the immune system
associated with a leptin enhancement of IIS and AIS (Fernández-Riejos et al. 2010).
However, in obese patients with great number of adipocytes, leptin levels generate a
sustained activation of the IIS and AIS which resembles a chronic inflammatory state
(Fernández-Riejos et al. 2010). Another disease altering the immune system is
hypertension. It has been described that through autonomic system regulation,
hypertension can lead to the immunosuppression of different immune cell subsets;
however, some dietary components such as antihypertensive biopeptides can also
modulate AIS by promoting the cytokine expression and lymphocyte proliferation
(Singh et al. 2014).

Lastly, chronic inflammation is also a characteristic of most of cancers. Alter-
ations of IIS and AIS have been observed and include the augmentation and
recruitment of immune cells to the tumor of metastatic sites. Interestingly, the role
of the immune system infiltrates in tumor development has been discussed in terms
of antitumor and pro-tumor effects, depending on cancer type, stage, and immune
cell type (Gonzalez et al. 2018). However, in nonsolid cancers (such as leukemia,
lymphoma, or myeloma), normal hematopoiesis is deregulated as cancer cells
compete and modify the bone marrow microenvironment, the main lymphopoietic
site; such modifications displace the production of healthy B an T cells, resulting in
nonfunctional lymphoblast, therefore augmenting the susceptibility to infections
(Enciso et al. 2015). In conclusion, during sickness, the IIS/AIS repertoire is
deregulated with a disease-specific signature (see Table 2.1), and so, a greater effort
to reestablish immunocompetence not only by using drugs but with nutrition-based
approaches remains as an open scientific field.
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Table 2.1 Effect of principal diseases on the immune system

Immune
derangement

Diabetes
mellitus

# PBMC count
Response to activating stimuli

# Antigen phagocyto-
sis
" Susceptibility to
infection
Delayed or null
response to
vaccination

Daoud et al.
(2009)

Renal failure # Monocyte count
# Function of DC
Impaired maturation
Endocytosis

# Antigen phagocyto-
sis
# Antigen presenta-
tion
# T-cell activation
" Susceptibility to
infection

Lim et al. (2007)

Severe
malnutrition

# K+ currents in T cells
# T-cell activation
Cytokine production

# B-cell activation
# Effector function
" Susceptibility to
infection

Fernández et al.
(2005)

Obesity Chronic inflammation
" Innate immunity
" Phagocytosis
" Adaptive immunity
T-cell activation

" Monocyte phagocy-
tosis
" Cytokine production
" T-cell activation
" Potentiation of
mitogens

Fernández-
Riejos et al.
(2010)

Solid tumors Chronic inflammation
Recruitment and activation of innate
and adaptive immune cells

" Pro-inflammatory
macrophages
" Neutrophils
T-cell infiltration

Gonzalez et al.
(2018)

Nonsolid
tumors

Immunosuppression
Adaptive immunity

# Lymphopoiesis
# Functional B cells
# Functional T cells
" Susceptibility to
infection

Enciso et al.
(2015)

Hypertension " Adaptive immunity
Innate immunity

" Pro-inflammatory
cytokines
" Lymphocyte
activation

Singh et al.
(2014)

DC dendritic cells; PBMC peripheral blood mononuclear cell count

2.2.3 Nutrition and Immunity

The role of nutrition over the immune system was initially highlighted by the fact
that malnutrition is the main cause of immunodeficiency (Childs et al. 2019; Chinen
and Shearer 2010); interestingly, diet intake patterns can significantly determine the
systemic activity of immune components and the hematopoietic niche (Hastreiter
et al. 2020). Particularly, balanced diets containing high amount of vegetables, fish,



and oils significantly reduce serum inflammatory markers (Ahola et al. 2017) and
hematopoiesis (Xia et al. 2015). Unhealthy dietary habits promote inflammatory
states associated with a higher production of antigenic molecules of microbial origin
such as lipopolysaccharide (LPS) that possesses immunogenic activity by activating
patter recognition receptors (Ahola et al. 2017). Also, many cytokines such as tumor
necrosis factor α (TNF-α) and chemokines are deregulated in hyperglycemic states
and prolonged intake of high-fat diets, altering NK cell activity and favoring
inflammation which, in turn, stimulate the proliferation and recruitment of macro-
phages to adipose tissue, alter the migration of immune cells, etc. (Alwarawrah et al.
2018). Therefore, fat- and glucose-lowering diets must be implemented to reach
immunocompetence. Also, protein-/amino acid-deficient diets can promote the sus-
ceptibility to infections, and many studies have demonstrated that certain amino
acids such as glutamine are necessary for immunoglobulin synthesis and cytokines,
while its restriction can impair the activation of lymphocytes, macrophages, and NK
cells (Li et al. 2007). Amino acids can also alter humoral and cellular immunity at
different levels, favoring gene expression, lymphocyte metabolism, and production
of ab and enhancing the proliferation, between others. The lipids consumed in diet
can also affect immune cell function. Fatty acids (FA) have demonstrated the ability
to reduce T-lymphocyte proliferation. It has been attributed to a reduction on
cytokine production, such as IL-2, necessary for T-cell proliferation, or TNF-α
(Xia et al. 2015). Additionally, it has been proposed that lipids can alter lymphocyte
metabolism and migration. As for dietary fiber, its daily intake seems to be deter-
minant for improving the gut microbiota and short-chain fatty acids (SCFAs) which
in turn improves local lymphocyte CD4+ and CD8 count and function and Ig
(immunoglobulin) production (Yang et al. 2020). Lastly, not only macronutrients
but also micronutrients can also impact on the immune system: certain vitamins
(VTs) are essential for epithelial maintenance, and the lack of them increases the odd
for infections; particularly, liposoluble VTs are involved in immune cell prolifera-
tion, differentiation, homing of lymphocytes, antibody production, and inflammation
(Aslam et al. 2017). All these dietary components are just few examples of
nutraceuticals and functional foods with immunomodulatory properties, as it will
be discussed in further sections.
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2.2.4 Immunosenescence and Nutrition

Aging leads to the gradual deterioration of diverse systems, and the immune system
is not the exception. Immunosenescence is a term commonly used to describe the
differences observed between younger and older individuals in a broad range of
immune parameters (Pawelec 2018). It is known that during elderly, the suscepti-
bility to chronic diseases, cancer, and infections is augmented. Correspondingly, it
has been observed that age has a significant effect on HSC, reducing the homing in
the bone marrow, the response to macroenvironmental signals, and the differentia-
tion to lymphoid progenitors. Therefore, a lower humoral immunity in aged persons



is observed, as the Ig diversity and affinity are severely compromised. Also, aging
strongly impacts on thymus function. It has been observed that the thymus suffers
atrophy and together with the bone marrow the adipose tissue increases; conse-
quently, lymphocyte maturation is decreased, and an adipocyte-mediated chronic
inflammation is observed (Larbi et al. 2018). Thus, recently, novel interventions
potentiating the immune system and limiting the effects of age in the immune system
are being studied, and nutrition represents an attractive strategy. Indeed, several
compounds with immunomodulatory activity have been described and
recommended to reestablish the immune system during elderly, as some nutrients
as VTs and probiotics can boost the immune system; these and other dietary
senescence immunomodulators will be extensively discussed in this chapter.
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2.3 Immunomodulatory Response of Polyphenolic
Compounds

Polyphenolic compounds (PC) (Fig. 2.4) are the most abundant naturally produced
phytochemicals by vegetal organisms, and consequently, they have been present in
human diet since a long time ago. By its abundant distribution in plants and fruits, it
is not difficult to find important sources of these compounds (tea, coffee, berries,
spices, pomegranate, and all types of vegetables are abundant in polyphenols) as
well as beneficial claims associated with their consumption (Rothwell et al. 2013).
Each of the molecules that conforms this variated family can reach to different target
cells, interact with specific receptors, and elicit signaling pathways on multiple
processes. The antioxidant capacity of PC family is the main mechanism described

Fig. 2.4 Example of polyphenol classes and its representative molecules



by which these molecules exert beneficial effects; however, derived from the
variable structures of its subfamilies (anthocyanins, tannins, phenolic acids, etc.),
other biological actions have been recognized; they include metabolic regulation and
modulation of several cellular pathways related with cardiometabolic health,
improving cognition, anticancer effects, and immunomodulatory properties,
among others (Fraga et al. 2019; Keservani et al. 2016). The immunomodulatory
effects of PC have been considered an alternative as adjuvant for many disorders in
which antioxidant stress and inflammatory events are present and interrelated with
altered functions of the immune system. In this sense, several mechanisms have been
described, and they include the regulation of both IIS and AIS.
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2.3.1 Innate and Adaptive Immunity Regulated by
Polyphenolic Compounds

Advances in science have shown that PC can cause epigenetic changes on different
immune conditions; initially, PC can regulate IIS (Table 2.2). These activities
include the regulation of phagocytic action of myeloid cells (neutrophils, macro-
phages) after the activation of the signaling pathways of mitogen-activated protein
kinases (MAPK) and nuclear factor κB (NF-κB) (Boothapandi and Ramanibai 2019;
Tanaka et al. 2018), the modulation of the antigen-presenting cells such as DC
(Yoshimura et al. 2013), the activation of NK cells, as well as the release of diverse
substances with inflammatory properties such as cytokines and chemokines (Kumar
and Baradaran et al. 2020; Vugic et al. 2020). Noticeably, immunomodulation by PC
could be divided into two main actions, immunostimulatory when the cellular
response is boosted or immunosuppressant when the responses is diminished or
suppressed. As example, pyrogallol-type green tea PC modulates the IIS stimulating
the phagocytic activity of macrophages and DC in cell line studies. Surprisingly,
epigallocatechin gallate, epigallocatechin, epicatechin gallate, epicatechin, catechin,
and strictinin elicit this response through caspase signaling pathway (Monobe et al.
2010). Some of the mechanism and pathways related with the IIS are presented in
Fig. 2.5.

In the other hand, diverse strategies have been proposed to be regulated by PC
that comprise the AIS and provide long-term protection based on specific action and
memory recognition (Table 2.2). First, microbe infections could be blocked, for
example, releasing ab or inflammatory mediators or improving the microbicidal
activities of phagocytes (Abbas et al. 2011). However, the IIS and AIS are not
individual responses; on the contrary, they are intimately interrelated. For example,
the hemagglutination titer assay has been several times reported as equivalent of
active B-cell activity or humoral response. Employing this method, Guduchi and
Brahmi PC-rich extracts have demonstrated to trigger the Ig synthesis; this event
highly related with its subsequent activity over the pathogen marking (opsonization)
and its final consumption by phagocytic cells (Husain et al. 2017). Thus, the humoral



response is regulated by molecules in the blood and mucosal secretions, which can
bind to extracellular pathogens (and its toxins) and promote their elimination.
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Table 2.2 Immunomodulatory activities regulated by phenolic compounds in the IIS and AIS

Response Mechanism Action Phenolic compound Ref.

Innate Inflammation Recruitment of
phagocytic cells and
plasma proteins to
destroy the microbes

Gallic acid
Ellagic acid
Morin
CurcuminChlorogenic
acidCaffeic
acidResveratrol

de Moraes Alves
et al. (2017),
Jakhar et al.
(2014),
Keservani et al.
(2016)

Regulating antigen-
presenting cells

Oenothein BGallic
acidQuercetin

Jakhar et al.
(2014),
Yoshimura et al.
(2013), Chan
et al. (2015)

Antiviral Eliminating virus by
NK and secreting
cytokines such as
IFN-γ and TNF-α

Naringenin
Resveratrol
Caffeic acid
Ferulic acid
P-coumaric acid
Anthocyanins

Kim and Lee
(2015), Kilani-
Jaziri et al.
(2017), Filardo
et al. (2020)
McAnulty et al.
(2011)

Adaptive Humoral Production of ab that
binds to extracellular
microbesBlock the
infect capacity over
host cells

Aqueous extracts of
Guduchi and Brahmi
Hesperetin
Kaempferol

Husain et al.
(2017)
Shih et al. (2020)

Cell-
mediated

Microbicidal abilities
of phagocytes regu-
lated by Th

Cy3G
Apigenin
Malvidin
Caftaric acid
Procyanidin dimers

Zhao et al.
(2019)
Zhao et al.
(2020)
Chen et al.
(2020a, b)

Boost and enhance
the CD4+ or CD8+ T
cells

Apigenin
Catechin
Flavonoids

Li et al. (2010)
Gandhi et al.
(2018)
Kim et al. (2016)

Cy3G Cyanidin 3-O-glucoside; DC dendritic cells; IFN-γ interferon gamma; NK natural killer;
TNF-α tumor necrosis factor alpha; Th helper T cells

Complementary to the adaptive immunity, the regulation of T-cell lymphocytes
and its “messenger molecules” is a well-documented line of action to elicit several
cell responses. Interestingly, phenolic-rich extracts modulate lymphocyte subset as
part of the cell-mediated immunity. First CD4+/CD8+ T cell ratio has been proposed
as indicator of optimum IIS. Recent reports evidence that flavonoids could regulate
the number and activities of T cells maintaining adequate immune responses. As
example, several reports evidence the effectiveness of kaempferol, rutin, quercetin,
or icariin as modulating agents of the IL-2, IL-4, and IFN-γ secretions mediated by



Th (Gandhi et al. 2018). Although oral consumption of cyanidin 3-O glucoside
(an anthocyanin present in berry fruits) ameliorates the symptoms of aggressive
inflammatory responses against the exposition of antigens, the mechanisms pro-
posed involve the reduced macrophage recruitment and a reduction of
pro-inflammatory cytokines via signal transducer and activator of transcription
(STAT1) and/or STAT3 phosphorylation (Zhao et al. 2020). MAPK and NF-kB
signaling has been also related with alleviating Th responses by cyanidin-3-gluco-
side and chlorogenic acid (Zhao et al. 2019). On the other hand of the cell-mediated
response, CD8+ lymphocytes eliminate cells infected with cytoplasmic antigens,
thanks to their differentiation to cytotoxic T cells (CTLs). Thus, Lis et al. (2020)
have showed that epicatechin stimulates the maturation of thymocytes toward CD8+
cells in a dose-dependent manner. In this sense, PC can abolish the reservoirs of
infection by eliminating the infected cells.
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Fig. 2.5 PC as modulating agents over IIS. CAPE, caffeic acid phenethyl ester; CD, cluster of
differentiation; IFN, interferons; IL, interleukin; IRF, interferon regulatory factors; MCP-1, mono-
cyte chemoattractant protein-1; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B
cells. (a) Mirshekar et al. 2018; (b) Lawrence et al. 2006; (c) Xiao et al. 2013; (d) Li et al. 2019; (e)
Wu et al. 2016. Abbas et al. 2011

2.3.2 Overview of Immune Responses in Human Studies

Several human studies have investigated the beneficial health effect of PC on
immunomodulation (Table 2.3). Frequent consumption of PC-rich foods could



Food or PC Treatment N Main findings Ref.

regulate changes in general health and several disorders such as autoimmune
conditions. As example, regular bilberry consumption (400 g/d) decreased
low-grade inflammation regulating the serum levels of IL-12, molecule responsible
for the activation of the cell-mediated response of the AIS (Kolehmainen et al.
2012). This finding has in turn been evidenced by other sources such as green tea
or wine (Muñoz-González et al. 2014; Cuevas et al. 2013). Additionally, both IIS
and AIS have been regulated by PC present in cranberry juice. Nantz et al. (2013)
reported an increase of gamma-delta cells (γδ-T) and NK cells after the consumption
of 450 mL of cranberry juice. In counterpart, no effects have been reported by
Zunino et al. (2014) over the differentiation of T cells regulated by grape powder
consumption.
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Table 2.3 Human evaluations of PC consumption over general health and autoimmune alterations

Duration
(weeks)

Grape powder 23 g 24 9 No differences in
the proliferative
responses of CD4+
or CD8+ T cells
were observed
between the grape
and placebo powder
groups

Zunino et al.
(2014)

Cranberry juice 450 mL 23 10 Increase of γδ-T
cells and NK cells
proliferation

Nantz et al.
(2013)

Quercetin 500 mg
1000 mg

38
40

12 No influence over
the innate immune
function

Heinz et al.
(2010)

Bilberries 400 g 15 8 Decrease
pro-inflammatory
markers such as in
IL-12

Kolehmainen
et al. (2012)

Polyphenols in wine 1758 mg 34 4 Significant reduc-
tion of TNF-α, IL-6,
and IFN-γ

Muñoz-
González
et al. (2014)

Ginkgoflavonglycosides 60 mg 12 12 The progression of
vitiligo stopped

Szczurko
et al. (2011)

Curcumin 3 g 26 4 Remission of ulcer-
ative colitis

Lang et al.
(2015)

Epigallocatechin-3-
gallate

600 mg 18 12 Improves muscle
metabolism in mul-
tiple sclerosis
patients

Mähler et al.
(2015)

γδ-T Gamma-delta cells; NK natural killer cells; IL-12 interleukin 12; IL-6 interleukin 6; TNF-α
tumor necrosis factor alpha; IFN-γ interferon gamma

By its immunomodulatory activities, PC have been recently recognized as ther-
apeutic agents by its positive effects as adjuvants in several autoimmune conditions.



As example, curcumin was informed to be effective inducing remission in patients
with ulcerative colitis treated with mesalamine (Lang et al. 2015), flavonglycosides
from Ginkgo biloba were effective to ameliorate the vitiligo lesions and favoring
re-pigmentation (Szczurko et al. 2011), while epigallocatechin-3-gallate improves
the symptoms of muscle weakness and excessive fatigue in multiple sclerosis
patients (Mähler et al. 2015). Nowadays, other autoimmune conditions, such as
sarcoidosis, rheumatoid arthritis, and Addison disease, are being evaluated (Khan
et al. 2019).
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2.4 Immunomodulatory Effect of Vitamins

VTs were not recognized until about the start of the twentieth century. Unlike other
types of nutrients, VTs do not have structural functions and are not significant
sources of energy. Their functionality lies in their action as cofactors, biological
antioxidants, and hormones, all the above related to the host’s immune response.
VTs (vital amines) and their metabolites (vitamers) are organic compounds that are
required in trace amounts in the diet because they cannot be synthesized in enough
quantities by an organism. In this sense, the concept of vitamin is that “organic
compound other than carbohydrates, lipids and proteins, which is a natural compo-
nent in food and essential for normal physiological function, which, due to its
absence, causes a specific deficiency syndrome, and which furthermore, it is not
synthesized by the host in amounts adequate for physiological needs.” Currently,
33 substances have been recognized as VTs. In addition, each one of them has its
vitamers, which are compounds with a related chemical structure and qualitatively
comparable metabolic activities (but not quantitatively). Also, some of them have
their provitamins, compounds that when metabolized are precursors of a specific
vitamin (Combs 2012).

VTs are important cofactors for the proper function of the immune system and
have implications for both IIS and AIS. Fat-soluble vitamins A (VitA), D (VitD),
and E (VitE) are the compounds with the greatest evidence proven on immune
response, mainly VitD (Table 2.4). Also, some immunostimulating properties of the
water-soluble VTs such as the B complex (VitB) and vitamin (VitC) C have been
documented. In general, VitC, VitE, and members of the VitB complex can act in a
relatively nonspecific manner in the immune system (e.g., as antioxidants), but VitA
and VitD can influence the immune response in highly specific ways (Mora et al.
2008).



Vitamin Immunomodulatory response Ref.

"

#
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Table 2.4 Immunomodulatory response of fat-soluble and water-soluble vitamins

Study
type

Vitamin
A

In vivo
(mice)

" Regulation of the intestinal immune response through
immunomodulatory actions on intestinal DC and
lymphocytes

Zeng et al.
(2013)

In vivo
(mice)

" Improve diarrhea and enteritis in IBS and could pos-
sibly inhibit inflammation of the colon and cancer
development

Okayasu et al.
(2016)

In vitro " Expression of the integrin α4β7 and the production of
IL-5 and IL-13 and ILC2 cells

Ruiter et al.
(2015)

Clinical
trial

# Reduced TNF-α and IL-10 production after vaccina-
tion against diphtheria, pertussis, and tetanus in
newborns

Jørgensen
et al. (2013)

Vitamin
D

In vivo
(rats)

" Protection against memory and learning dysfunction
caused by inflammation, inhibiting oxidative stress and
inflammation in the hippocampus

Mokhtari-Zaer
et al. (2020)

Clinical
trial

" Ability of CD4+ CD25+ T cells to upregulate the
programmed death receptor and reduces CD69 expres-
sion in Crohn’s disease patients

Bendix et al.
(2017)

Clinical
trial

IL-8, IL-10, and IFN-γ levels in brain-dead subjects Custódio et al.
(2018)

Clinical
trial

" PBMC broad-spectrum pro-inflammatory cytokine
response in pregnant women, with an average 1.7- to
2.1-fold increase in pro-inflammatory cytokines
(GM-CSF, INF- γ, IL-1β, IL- 6, and IL-8)

Hornsby et al.
(2018)

Vitamin
C

In vitro " Active signaling pathways (NOD and TLRs) to pro-
mote the production of INF, activate and balance T
cells, and regulate inflammatory response by inhibiting
the MAPK signaling pathways

Chen et al.
(2020a, b)

Vitamin
E

Clinical
trial

Allergy and IL-28 production Elenius et al.
(2017)

DC dendritic cells; IBS irritable bowel syndrome; IL interleukin; ILC2 type 2 innate lymphoid cells;
TNF-α tumor necrosis factor alpha; IFN-γ interferon γ; PBMC blood mononuclear cell; GM-CSF
granulocyte-macrophage colony-stimulating factor; NOD nucleotide-binding oligomerization
domain-like receptors; TLRs toll-like receptors; INF interferon; MAPK mitogen-activated protein
kinases

2.4.1 Immunomodulatory Properties of Liposoluble Vitamins

2.4.1.1 Vitamin A

VitA is an essential organic compound that influences growth, epithelial cell com-
position, and the immune system. In nature, VitA occurs in the alcohol form known
as retinol, in the aldehyde form known as retinal, and in its acidic form known
as retinoic acid (RA) (Combs 2012). VitA can be obtained through the diet either as
provitamin A (carotenoids [pigments in green, orange, and yellow vegetables]) or as
preformed VitA (retinol and retinyl esters [animal tissues such as milk, egg, and



fish]). Once ingested, VitA is converted into RA in the liver, and subsequently, RA is
connected to the RA receptors (RXRs) in immune cells and here initiates the
complex molecular mechanisms for the immunological activation, mainly through
the expression of genes and regulatory cytokines (Harirchian et al. 2019). However,
the metabolism of VitA within DC and macrophages will depend on the immuno-
logical context and will be modulated through an interaction with available cyto-
kines, inflammatory signals, and signals with the TLRs of immune cells (Erkelens
and Mebius 2017). According to in vivo and in vitro studies, VitA has an
immunostimulating response by regulating both the IIS and the AIS (Huang et al.
2018). RA influences AIS as it increases cytotoxicity and T-cell proliferation,
regulates the maturation and differentiation of B cells, inhibits apoptosis of B
cells, and modulates antigen presentation through direct mechanisms in the
DC. Furthermore, in the presence of inflammatory stimuli such as TNF, RA pro-
motes DC maturation through receptor RXRs. In other immune responses, RA
promotes Th2-cell differentiation and blocks Th1 expression (Mora et al. 2008).
Also, RA acts on immune cells increasing lymphocyte mitogenesis and improving
monocyte/macrophage phagocytosis, altering the level of expression of Bcl-2 genes
(Huang et al. 2018), modifies the immune system through the cytosine IL-1 (Elitsur
et al. 1997), and modulates inflammatory responses by contributing to the synthesis
of ab such as IgA through the differentiation of B cells (Mora et al. 2008), in addition
to promoting DC to express CD103 and in turn Treg cells (Coombes et al. 2007). RA
can function as a pro- and anti-inflammatory molecule, this depending on the
microenvironment and the phenotype of the affected cells (Erkelens and Mebius
2017). In this sense, according to a meta-analysis of clinical trials, the gene expres-
sion of inflammatory cytokines (IL-17, IFN-g, and T-bet) and anti-inflammatory
cytokines (TGF-b and FOXP3) decreases and increases significantly due to supple-
mentation with VitA in patients with autoimmune diseases (multiple sclerosis and
atherosclerosis) (Harirchian et al. 2019).
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2.4.1.2 Vitamin D

VitD is a fat-soluble compound classified as a steroid hormone. It can be obtained
through the diet (salmon, tuna, cod liver oil, milk, etc.), but it is mainly
biosynthesized from 7-dehydrocholesterol in the skin exposed to ultraviolet light
(Adorini and Penna 2008). VitD is enzymatically hydroxylated in the liver to
produce 25-hydroxyvitamin (calcidiol), which is subsequently hydroxylated in the
kidneys to produce 1,25-dihydroxyvitamin D also known as calcitriol, which is the
biologically active circulating form of VitD (Chandran et al. 2020). The functional-
ity of VitD has been commonly related to the regulation of mineral homeostasis and
bone tissue; however, it also has functionalities related to the immune system,
mainly with the prevention of infectious and autoimmune diseases (Bivona III
et al. 2017).

VitD has an immunomodulatory response by enhancing IIS and an inhibitory
effect on AIS, the latter positively related to the prevention/treatment of autoimmune



"

"

"

"

"

diseases. The immunomodulatory effect of VitD on IIS was first recognized in 1986
when VitD treatment was found to inhibit the pathogenMycobacterium tuberculosis
in human monocytes (Rook et al. 1986). Subsequently, receptors for vitamin D
(VDR) were recognized in immune cells such as DC, macrophages, and lympho-
cytes. It was established that calcitriol binds to VDR and translocates to the nucleus
regulating the differentiation of macrophages, DC, and T helper (Triantos et al.
2020). Calcitriol also binds to VDR of PBMC to modulate the expression of genes
that encode molecules related to the antiviral and anti-inflammatory response, such
as defensins, antimicrobial peptides (cathelicidin), IL-10, and the inhibitor of
NF-kB. On the other hand, macrophages, DC, and B and T cells, through VDR,
can produce calcitriol, which has autocrine and paracrine activity (Adorini and
Penna 2008). Table 2.5 summarizes the main immunomodulatory responses to
VitD in immune cells.
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Table 2.5 Vitamin D immunostimulating action

Immune cell type Action

DC # Maturation
# IL-12
IL-10

Macrophages and monocytes " IL-1
" Proliferation
"Cathelicidin (an antimicrobial peptide)
VDR and the cytochrome P450 protein CYP27B1

T cells # Cytotoxicity
# IL-2, IFN-γ, IL-17
# Proliferation
# CD4+/CD8+ ratio
"IL-4 and IL-10
Treg cell generation

B cells # Proliferation
# IgG and IgM production
VDR and CYP24A1

DC # Maturation
# IL-12
IL-10

DC dendritic cells; IL interleukin; VDR vitamin D receptor. Source: Mora et al. (2008)

The potentiation of IIS by VitD is also related to the activation of TLRs and the
antibacterial response (Adorini and Penna 2008) since VitD promotes production of
cathelicidin and β-defensin and enhances the capacity for autophagy via TLR
activation in monocytes/macrophages. About its inhibitory effect on AIS, it inhibits
the differentiation and maturation of DC and B lymphocytes and weakens antigen
presentation. VitD also increases Th2 cytokine production and the efficiency of Treg
lymphocytes but suppresses the secretion of Th1 and Th17 cytokines (Skrobot et al.
2018). In this sense, VitD deficiency has been associated with an increase in
pro-inflammatory cytokines (IL-1, IL-2, IL-6, IL-8, TNF, and INF-γ) and a decrease
in anti-inflammatory cytokines (IL-4, IL-10, and IL-13) (Weir et al. 2020). In



addition, VitD deficiency is related to several common inflammatory disorders such
as the progression of liver fibrosis and cirrhosis and has an immunomodulatory
action on cancer and autoimmune diseases such as inflammatory arthritis, type
1 diabetes, and multiple sclerosis (Mele et al. 2020).

38 A. García-Gurrola et al.

VitD has been shown to have a potent immune response against various viruses,
including HIV, and possibly for coronavirus disease 2019 (COVID-19). Through
retrospective observational studies, it has been preliminarily suggested that the
development of COVID-19 by the SARS-CoV-2 coronavirus could be favored by
VitD deficiency in the geographic regions where the disease broke out (Chandran
et al. 2020). COVID-19 affects the immune system by producing a systemic
inflammatory response or cytokine release. Based on this, it has been suggested
that the immunostimulating effect of VitD to decrease the pro-inflammatory cyto-
kine IL-6 could counteract the development of COVID-19, since this
pro-inflammatory cytokine is related to the clinical feature of this viral disease
(Orrù et al. 2020). Similarly, it has been suggested that VitD could reduce the
thrombotic complications of COVID-19 by effecting an anti-inflammatory immune
response and reducing severe inflammatory episodes (Weir et al. 2020). However,
in vitro and in vivo studies in animals and humans are necessary to reach a robust
conclusion. On the other hand, in vivo studies show that calcitriol increases the
expression of the CAMP antiviral gene and decreases the percentage of CD4 + cells
infected by HIV, in addition to having a direct effect on the response of T cells, since
they decrease the production of IL-2 and IFN-γ in a dose-dependent manner
(Gonzalez et al. 2019). Also, within the immunostimulating responses of VitD, the
antimicrobial properties stand out. VitD has been shown to have a strong synergistic
effect with drugs on the induction of antimicrobial peptides in the lung epithelium of
cell lines and macrophages and in healthy human immune cells and acts as an
antimicrobial adjuvant to effectively treat tuberculosis (Rekha et al. 2018).

2.4.1.3 Vitamin E

The molecule commonly known as VitE is a fat-soluble compound first discovered
in 1922 by Evans and Bishop. Tocopherols and tocotrienols, which include alpha
(α), beta (β), gamma (γ), and delta (δ) structures, are the common types of VitE.
Dietary sources of VitE include vegetable oils and, to a lesser extent, seeds and
cereal grains. Once taken and absorbed, it is found in higher concentration in
immune cell and is one of the most effective nutrients known to modulate immune
function (Lewis et al. 2019). VitE is a powerful lipophilic antioxidant that has both
innate and adaptive immunomodulatory properties. VitE supplementation has been
shown to enhance the function of the immune system particularly in older individ-
uals by improving age-associated deteriorations (Bivona III et al. 2017).

The immunomodulatory mechanism of VitE has been explored in animal and
human studies. It has been reported that VitE has an indirect and direct
immunoenhancing effect on immune cells, mainly based on its antioxidant capacity.
For example, VitE directly protects cell membrane integrity against oxidative



damage, which allows the correct transduction of cellular signals and the synthesis of
molecules of immunological interest, mainly in T cells (Wang and Quinn 1999). On
the other hand, indirectly, VitE modulates pro-inflammatory cytokines and prosta-
glandin E2 (PGE2), the latter related to the suppression of T cells and to affect both
the IIS and the AIS (Meydani et al. 2005). Similarly, VitE supplementation reduces
the production of other inflammatory markers such as TNF-α and IL-6 (Lewis et al.
2019). VitE and its derivatives improve the immune response mainly by modulating
the production of cytokines. For instance, α-tocopherol reduces inflammation,
inhibiting the production of INF-γ (cytokines Th 1) (Xue et al. 2016) and IL-6.
Furthermore, VitE supplementation increases the level of IL-10 (El-Feki et al. 2016),
the cytokine with the greatest anti-inflammatory response. Various studies in
humans have shown that VitE supplementation causes a higher production of IL-2,
a higher activity of NK, and a decrease in the production of IL-6, in addition to
changes in DC function, such as a lower production by IL-12 (Lee and Han 2018).
Also, VitE has been shown to modulate the immune system in response to Strepto-
coccus pneumoniae infection, specifically by limiting the migration of neutrophils
and reducing the production of pro-inflammatory cytokines (Ghanem et al. 2015).
Administration of VitE has also been shown to enhance cytokine production when
influenza and retrovirus infection occur. Furthermore, it has been shown as an
excellent adjuvant in immunization with tetanus toxoid, by increasing the production
of IFN-γ and IL-4 (Bivona III et al. 2017).
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2.4.2 Immunomodulatory Properties of Water-Soluble
Vitamins

VitB complex is essential for the healthy balance of the immune systems. VitB is
mainly found in cereals and cereal-based foods. These VTs have been extensively
related to biological functionalities related to the regulation of nutrient metabolism
(glucose, proteins, and lipids), cognitive development, temperature regulation, the
nervous system, and the immune system. VTs B1 (VitB1), B3 (VitB3), B6 (VitB6),
and B9 (VitB9) have various immune-stimulating responses. For instance, VitB1 or
thiamin prevents the expression of pro-apoptotic proteins (Bcl-2) and the activation
of caspase-3, intervenes in the regulation of the mitochondrial membrane and
apoptosis, and suppresses oxidative stress by the activation of anti-inflammatory
processes related to NF-kB. It is also related to the activation and migration of
monocytes, T cells, and NK cells. In this sense, VitB1 deficiency is related to
autoimmune diseases such as encephalomyelitis and with the overexpression of
inflammatory mediators (IL-6 and IL-1) and TNF (Spinas et al. 2015). On the
other hand, VitB3 (niacin, nicotinic acid, nicotinamide) can module the IIS. VitB3
protects against Staphylococcus aureus infections and can reduce the production of
pro-inflammatory cytokines (IL-1, IL-6, and TNF-α) and downregulates NF-B
activation by macrophages. For its part, VitB6 has been implicated in the regulation



of immune responses that are associated with a wide range of diseases, including
inflammation and various cancers. The serum ab (IgG, IgM) production in VitB6-
deficient mice decreased and could be recovered to normal level after a short term of
VitB6 supplementation. In this sense, the deficiency of VitB6 can enhance the
inflammatory response in DC, retard growth, inhibit lymphocyte proliferation, and
lead to decreased IL-2 and increased IL-4 (Mikkelsen et al. 2017). On the other hand,
VitB9 is also involved in some immunomodulatory responses, for example, it has
been shown that VitB9 is necessary for the differentiation and maintenance of Treg
cells in the intestine (Kunisawa et al. 2012).
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VitC (ascorbic acid) is a water-soluble compound that cannot be synthesized by
humans and has a fundamental impact on IIS and AIS. VitC accumulates in
leukocytes, in concentrations of 50–100-fold higher than in the plasma. Therefore,
VitC that is present in leukocytes is rapidly utilized during infection. VitC stores in
patients with viral infections increases and downregulates the production of
pro-inflammatory cytokines (Bivona III et al. 2017). In addition, VitC is necessary
for the proliferation of T cells and NK cells (van Gorkom et al. 2019). On the other
hand, increasing levels of oxidants lead to activation of NF-кB, triggering a signal-
ing cascade, with the result of further production of oxidative species and inflam-
matory mediators. In this sense, VitC acts as an antioxidant that can scavenge
reactive oxygen species (ROS) (Shakoor et al. 2020). Also, VitC has direct antiox-
idant capacity and contributes to the cell protection from the damaging effects of
ROS, e.g., during immune activation. For instance, VitC was shown to protect
neutrophils from ROS generated during phagocytosis and prevent oxidative damage
on lymphocytes and DNA (Wintergerst et al. 2006).

VitC supplementation confers a defense mechanism against viral respiratory
diseases such as pneumonia and tuberculosis. VitC may have a defense mechanism
against COVID-19 disease. The clinical characteristic of this viral disease is char-
acterized by a rapid elevation in the blood of pro-inflammatory cytokines such as
IL-1β and TNF-α and subsequently the secretion of IL-6 and IL-8, which results in a
highly inflammatory state. In this sense, VitC is effective in reducing the levels of
pro-inflammatory cytokines such as TNF-α. According to clinical trials 1 g/day of
VitC increases PMBC secretion of IL-10 to control inflammatory (Shakoor et al.
2020). VitC also has a mechanism of action against influenza caused by the H1N1
virus; administration of 125–250 mg/kg decreased the lethality of the virus in
animals and upregulates the mitochondrial antiviral response (Cai et al. 2015). The
intravenous administration of VitC alone or in combination with other drugs has also
been promoted for the therapeutic management of different types of cancer (Boretti
and Banik 2020). Furthermore, VitC, being a cofactor, has an important role in
the modulation of hydroxylase enzymes that regulate hypoxia-inducible factors and
the hypoxic cellular response that results from inflammatory clinical pictures due to
the oxidative metabolism of tumor tissues (Ang et al. 2018).
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2.5 Immunomodulatory Response of Probiotics

The term probiotic comes from the Greek word biotikos meaning “for life.” The
concept of probiotics was initially based on the observations of Elie Metchnikoff in
1907 who observed that the regular consumption of dairy fermented with lactic acid
bacteria (LAB) was associated with enhanced health and longevity in Bulgarian
elderly; due to this, the term probiotic has been directly related to gut beneficial
bacteria. Nowadays, probiotics are defined by the World Health Organization as
“living microorganisms that, when administered in sufficient quantities, confer a
benefit to the health of the host” (Corona-Hernandez et al. 2013), expanding their
benefits beyond gastrointestinal (GI) health. Nevertheless, the term probiotic is in
constant transition, and scientists have been tasked with introducing new subdivi-
sions and concepts. Within these new “biotic” subdivisions, the set of probiotics that
are aimed at improving the immune system are considered as “immunobiotics”.

The most common probiotics used by the food industry are LAB, namely,
Lactobacillus spp. and Bifidobacterium spp. The genus Lactobacillus was firstly
described in 1901 and comprised 261 species by 2015, but in 2020, it was
reclassified into 25 genera based on 16S rRNA-based phylogenic analysis to facil-
itate the understanding of common mechanisms that could mediate strain-specific
probiotic benefits (Zheng et al. 2020a, b). For example, while Lactobacillus aci-
dophilus remains in the emended Lactobacillaceae genus, L. rhamnosus is now a
Lacticaseibacillus specie (Table 2.6). As if this were not enough, other bacilli (e.g.,
Bacillus spp.), nonpathogenic Escherichia coli, and yeasts (e.g., Saccharomyces
boulardii) are also considered probiotic organisms. Most probiotic bacteria have
been isolated from fermented milk and other fermented foods (Fig. 2.6), and it has
been established that a food product must contain a minimum of 107 colony-forming
units per gram of food (CFU/g) to ensure sufficient bioavailable bacteria and exert a
functional effect within the body (Peng et al. 2020; Corona-Hernandez et al. 2013);
however, common intestinal inhabitants such as Akkermansia muciniphila
(Table 2.6) are now considered “next-generation” beneficial microbes (Azad et al.
2018).

Lactobacillus spp. are Gram-positive, homofermentative, thermophilic, and
nonspore-forming rods belonging to the Firmicutes phyla that ferment a relatively
broad spectrum of carbohydrates and have the strain-specific ability to ferment
extracellular fructans, starch, or glycogen (Zheng et al. 2020a, b); conversely,
Bifidobacterium spp. are heterofermentative, Gram-positive, nonspore-forming,
nonmotile, and catalase-negative anaerobic bacteria belonging to the phylum of
Actinobacteria. These and other probiotics used for human consumption must be
of human origin and nonpathogenic and survive GI transit to confer their health
benefits. Particularly, they must have the ability to withstand the low pH of the
stomach, bile salts, and pancreatin in the small intestine. In addition, certain probi-
otic characteristics are required to colonize the intestines, such as hydrophobicity,
self-aggregation, and co-aggregation (Khalil et al. 2018).

https://doi.org/10.1601/nm.5319
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Table 2.6 Probiotics with immunomodulatory activity and selected characteristics

Genus Strains Characteristics

Akkermansia A. muciniphila Mucin-degrading

Bacillus B. clausii, B. coagulans,
B. subtilis

Spore-forming, natural GI resistance

Bacteroides P. jensenii, P. freudenreichii Uses lactate, propionate producer

Bifidobacterium B. animalis, B. breve,
B. bifidum, B. lactis

Bacteriocin producer, gastric acid, and
bile-tolerant

Enterococcus E. faecium Wide pH resistance

Escherichia E. coli Inducer of human b-defensin

Faecalibacterium F. prausnitzii Produces butyrate and anti-
inflammatory factors

Lacticaseibacillusa L. rhamnosus, L. casei,
L. paracasei

Exopolysaccharide production

Lactiplantibacillusa L. plantarum Ubiquitous in plant foods

Lactobacillus L. acidophilus, L. delbrueckii,
L. helveticus

High intestinal adherence

Lactococcus L. lactis, L. reuteri, L. casei Strict homolactic producer

Levilactobacillusa L. brevis Produces anti-inflammatory factors

Ligilactobacillusa L. salivarius Bacteriocin producer

Limosilactobacillusa L. fermentum, L. reuteri Bacteriocin producer

Micrococcus M. luteus Biofilm producer

Pediococcus P. acidilactici, P. pentosaceus Bacteriocin producer

Peptostreptococcus P. productus Mucin-degrading

Saccharomyces S. cerevisiae, S. boulardii Polyamine production, enhances GI
enzyme activity

Streptococcus S. thermophilus High lactase activity

Source: Azad et al. (2018), Zheng et al. (2020ab), apreviously Lactobacillus

Probiotics play a key role in maintaining immunity by modulating both IIS and
AIS (Peng et al. 2020; Schaafsma and Slavin 2015). Probiotics significantly influ-
ence human health through the detoxification of xenobiotics, vitamin K biosynthesis,
metabolic effects of fermentation (postbiotic) of prebiotics (symbiotic effect), and
competition with pathogenic microbes for nutrients and binding sites in cell
epithelial mucosa (Hardy et al. 2013). Thereby, the probiotics are effective in the
prevention or treatment of several GI disorders such as infectious diarrhea,
antibiotic-related diarrhea, irritable bowel syndrome (IBS), or Crohn’s disease
(Linares et al. 2017).

Probiotics exert their immunomodulatory activity in many and very different
ways; however, these bioactivities can be framed into gut integrity-promoting
activities, direct stimulation of IIS and AIS immune cells, and production of
microbial metabolites and substrates (pharmabiotics: postbiotics and paraprobiotics)
with immunostimulatory properties (immunoprobiotics; Fig. 2.6).
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Fig. 2.6 “Biotic” spectrum of gut beneficial microbes. Probiotics (black ellipses) are live micro-
organisms that, when administered in adequate amounts (~107 to 108 colony-forming units (CFU)
per gram of food, probiotic gray zone), confer a health benefit on the host, and when
co-administered with probiotic growth-promoting substrates (prebiotics) such as nondigestible
carbohydrates, fatty acids, and phenolic compounds, a symbiotic (a.k.a. symbiotic) combination
is produced. When reaching maturity (differentiation at stationary phase), metabolically active
probiotics are efficient producers of bioactive bacterial products (e.g., exopolysaccharides and
bacteriocins) and “healthy” metabolites (e.g., indole and short-chain fatty acids), collectively
known as postbiotics that challenge the metabolic capacity of host’s microbiota to produce
unhealthy microbial end products and increasing the odd for probiotic colonization. Next-
generation probiotics (NGP) refer to live microorganisms fulfilling the probiotic definition but
that were identified based on comparative microbiota analyses. Lastly, senescent-death (ghost)
probiotic cells (postbiotics, crossed-gray ellipses, right) may also be a source of bioactive mole-
cules. From a nutraceutical perspective, improved probiotic strains and NGP are major drivers in
formulating live biotherapeutic products (LBP), and postbiotics and paraprobiotics are the present
future of pharmabiotics

2.5.1 Gut Integrity-Promoting Activities

Besides improving physical barriers (e.g., mucin layer) that protect intestinal cells
from foreign toxic substances, probiotics also compete with pathogens for nutrients.
For example, L. rhamnosus strain GG and L. plantarum can inhibit the adherence of
enteropathogenic E. coli in the GI tract (Galdeano et al. 2019). Probiotics also
modulate toxin receptors avoiding their entry to epithelial cells by mean of enzy-
matic mechanisms and production of specific microbial metabolites. For example,
S. boulardii produces polyamines which counteract and degrade Clostridium difficile
toxins by blocking their corresponding cell receptor. This barrier effect in the
intestine is also due to the production of broad-spectrum inhibitory bacteriocins



and microbial metabolites resulting from the fermentation of prebiotics and the
production of SCFAs. SCFAs lower the intestinal pH and discourage bacterial
growth. Also, SCFAs can act at the level of the signaling pathways that lead to an
increase in the mucus layer and the production of defensins and tight junction
proteins, improving the intestinal barrier (Butel 2014).
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2.5.2 Direct Stimulation of Innate and Adaptive
Immune Cells

Regular consumption of probiotics directly stimulates IIS and IAS, inducing net-
working signals mediated by the whole bacteria, their metabolic products, or com-
ponents of their cell wall structure. The GI tract is one of the most microbiologically
active ecosystems and plays a crucial role in the direct immune response since more
than 70% of the immune cells are found in the small intestine in the form of
lymphoid tissue associated with the intestine (GALT) (Butel 2014). Particularly,
fragments of probiotic bacteria are capable of internalizing in the epithelial cells of
the intestine, and therefore, the epithelial cells initiate a complex network of signals
that stimulate immune cells associated with the lamina propria and activate the IIS
and the cytokines released by T cells. Therefore, once administered, oral probiotic
bacteria interact with the TLRs present in immune cells, inducing the production of
different cytokines or chemokines (Galdeano et al. 2019).

Many probiotics also interact with macrophages and DC to induce cytokine
production that triggers specific immunostimulatory responses. For example,
L. casei is capable of stimulating macrophages to produce IL-12 and IL-10, both
involved in the immune response against infections and cancer and/or differentiation
of Th17/Treg cells to reduce intestinal inflammation (Kaji et al. 2018; Wang et al.
2017). Lactobacillus spp. also reduce the production of other pro-inflammatory
cytokines such as TNF-α and IL-8 (Tuo et al. 2018), while other probiotic strains
including S. thermophilus, L. rhamnosus, L. acidophilus, L. casei, B. bifidum, and
B. longum stimulate human PBMC to produce anti-inflammatory cytokines such as
TNF-α, IFN-γ, IL-1β, IL-6, IL-10, and IL-1ra (Djaldetti and Bessler 2017). This
AIS-stimulatory effect of probiotics is restricted not only to small intestinal cells but
also to peripheral ones; in this sense, oral probiotic supplementation has been found
to have an effect on salivary anti-inflammatory cytokines, primarily IL-1β and IL-8
(Ebrahimpour-Koujan et al. 2020). L. gasseri TMC0356 acts against H1N1 flu
influenza virus by stimulating both local and systemic immune responses and the
expression of IL-12, IL-15, and IL-21 in Peyer’s patch and IFN-c, TNF-α, IL-12a,
IL-12rbl, IL-2rb, and perforin 1 in lungs. In this sense, excellent review on the direct
immunostimulatory effect of probiotics has been published elsewhere (Nwobodo
and Ugwu 2020; Azad et al. 2018; Llewellyn and Foey 2017).
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2.5.3 Production of Microbial Metabolites and Substrates

The term probiotics fits into a bigger category called pharmabiotics. Pharmabiotics
are defined as “bacterial cells of human origin, or their products, with a proven
pharmacological role in health or disease.” In this category, it can include postbiotics
that are “non-viable bacterial products or metabolic products from microorganisms
that have biologic activity in the host” and paraprobiotics or inactivated probiotics
that are “non-viable microbial cells or crude cell extracts which when administered
confer a benefit on the human or animal consumer”, all of them with an
immunostimulatory effect.

Among postbiotics, heteropolysaccharides (HePSs) and homopolysaccharides
(HoPSs) stand as the most studied. While HePSs are synthesized intracellularly,
HoPSs come from the cell wall enzymatic degradation of mesophilic (e.g., L. lactis
subsp. lactis, L. rhamnosus, L. sakei, L. casei) and thermophilic (L. delbrueckii
subsp. bulgaricus, L. acidophilus, L. helveticus, S. thermophilus) LAB (Ripari
2019). Their main functions include protection against toxic compounds and
osmotic stress and to allow adhesion. Also, exopolysaccharides promote the growth
of the microbiota as the microbiota ferments these substrates to convert them into
SCFAs, resulting in a modulation of the host’s immune response (Chaisuwan et al.
2020). In addition, exopolysaccharides reduce inflammatory processes (Chen et al.
2019). The exopolysaccharides use TLR4 and TLR2 receptor on the macrophage
cell surface as a receptor and stimulate the cells via the NF-κB signaling pathway.
Genes, cytokines, chemokines, enzymes, and adhesion molecules are synergistically
involved in IIS and AIS, inflammation, proliferation, and anti-apoptosis.
Exopolysaccharides also bind to macrophage TLR4 or TLR2 and macrophages via
MAPK pathways, inducing their proliferation and phagocytic activity and enhancing
the immune response against pathogenic microorganisms. Other postbiotics exert
antimicrobial activity such as bacteriocins (Khalil et al. 2018); these bacterial
metabolites of proteinaceous nature have bactericidal or bacteriostatic activity
against closely related species (narrow spectrum) or across genera (broad spectrum).
LAB (e.g., Lactobacillus, Lactococcus, and Pediococcus) produce bacteriocins in
the ribosomes. Lactacin B (Lactobacillus), plantaricin 423 (L. plantarum), pediocin
ST18 (P. pentosaceus), and nisin Q (L. lactis) are just some examples (Gaspar et al.
2018).

Paraprobiotics are nonliving microorganisms, regularly obtained by inactivating
microbes using ultraviolet rays, high pressure, ultrasonication, ionization, and heat
treatments (de Almada et al. 2016). Heated L. gasseri TMC0356 has a better anti-
inflammatory effect when compared to the living organism; such activity is mediated
by IL-12 secreted by macrophages (Miyazawa et al. 2011). Cell components of
L. gasseri appear to be fundamental in the protection against viral infections,
increasing the immune responses of the intestine and respiratory system (Kawase
et al. 2012). Another paraprobiotic, L. casei, seems to have a remarkable immuno-
modulatory effect, since it modulates the response of macrophages by improving the
expression of pro-inflammatory cytokines and the transcription of TLRs (TLR2,



TLR3, TLR4, and TLR9) (Wang et al. 2013). In vitro evaluations of L. plantarum
b240 (another relevant paraprobiotic), has shown the hability to downregulate the
systematic infectious activity of the pathogen Salmonella enterica serovar
Typhimurium in various organs such as the Peyer’s patches, mesenteric lymph
nodes, spleen, liver, and blood of mice, based on in vitro studies (Ishikawa et al.
2010).
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It is noteworthy that paraprobiotic-formulated foods also possess immunomodu-
latory activity. Skim milk supplemented with heat-inactivated L. rhamnosus HN001
enhances IIS function characterized by an increased phagocytic activity in the blood
and peritoneum of mice associated with cell debris (Gill and Rutherfurd 2001). Also,
yogurt with inactivated L. bulgaricus, S. thermophilus, and L. acidophilus effec-
tively improves the epithelial barrier function in human intestinal Caco-2 cells
mainly due to the production of nitric oxide induced by pro-inflammatory cytokines
(Zeng et al. 2016).

2.5.4 In Situ Immunoenhancing Response of Probiotics by
Fermented Foods

Scientific evidence has increasingly shown that during the fermentation of dairy
products by probiotic bacteria, it results in the in situ production of bioactive with
immunostimulant activity. Bioactive compounds with immunostimulant response
are formed in situ during manufacture of fermented dairy foods. For instance, some
strains have produced VTs during fermentation procedure. Lactobacillus and
Bifidobacterium can provide B VTs during dairy fermentation. L. casei KNE-1
produce thiamine and riboflavin in fermented milk drinks. B. infantis CCRC14633
and B. longum B6 strains produce riboflavin and thiamine during soymilk fermen-
tation. Also, during milk fermentation, lactic acid bacteria can transform milk pro-
teins into biologically active peptides, that it can exert a wide range of effects, such
as antimicrobial, antihypertensive, antithrombotic, immunomodulatory, and
antioxidative. On the other hand, bacteriocins as antimicrobial molecules are
among the beneficial peptides intrinsically synthesized by certain LAB during
milk fermentation. They may function in the GI tract as biotherapeutic agents
facilitating the competition of probiotic strains and/or inhibition of pathogens
(Linares et al. 2017).

2.5.5 Live Biotherapeutic Products as Immune Probiotics

Designer functional foods with live or inactivated beneficial microbes and
by-products have increased in recent years. The purpose is to satisfy the demands
of the current healthy consumer, offering immunoprobiotics with preventive or



biotherapeutic function. Fermentation is a cheap biotechnological process used
worldwide to produce several functional foods and beverages, and LAB have been
widely used as starter cultures to produce a wide range of in-market products, and
dairy-based products such as fermented milks and yogurt are by far the most
produced (Linares et al. 2017). Strains of Bifidobacterium and Lactobacillus are
widely used in fermented foods (Butel 2014). Probiotic microorganisms mostly used
are L. acidophilus, L. gasseri, L. helveticus, L. johnsonii, L. (para) casei, L. reuteri,
L. plantarum, L. rhamnosus, and L. fermentum. Genera of Bifidobacterium are also
used, such as B. bifidum, B. longum, B. animalis, and B. breve. The use of these
beneficial microbes has been optimized in several cheese varieties. Kefir is another
milk-fermented product that has health-promoting bacteria. Other non-fermented
dairy foods such as low-fat ice cream, chocolate mousse, coconut flan, or infant milk
formula have also been supplemented with probiotic strains (Linares et al. 2017).
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Fermented dairy. Fermented milks are probably the most studied
immunoprobiotics with a wide range of metabolic benefits. The main
immunostimulant effects of these functional foods are related to the modulation of
the expression of cytokines, ab, antitumor, antibacterial, and antiviral activity. Both
in vitro and in vivo studies in animals and humans support these immunostimulant
responses. For instance, a recent study showed that 15 Lactobacillus strains isolated
from artisanal cheese and added to a fermented milk beverage modulate the immune
system due to the fermented enhanced IL-10 levels and upregulated IL-6 and IgA
levels in serum samples of rats (Santiago-López et al. 2018). Similarly, L. plantarum
(B7) from Brazilian artisanal cheese was added to a fermented milk and evaluated for
its action against Salmonella enterica serovar Typhimurium in mice; in vivo admin-
istration of fermented milk showed a protective effect demonstrated by lower
bacterial translocation, histological lesions, and cumulative mortality, while reduc-
tion in IFN-c and IL-6 expression and lower Salmonella spp. levels were observed in
mice ileum after treatment (Acurcio et al. 2017). Also, milk fermented with
L. helveticus decreases the growth rate of mammary tumors; the effect was mediated
by increased apoptosis and decreased production of pro-inflammatory cytokines,
IL-6, implicated in estrogen synthesis (Rachid et al. 2006). On the other hand,
drinking fermented milk may be an approach to raise immune response against
influenza virus type H1N1. A study showed that when healthy adults consumed
a fermented milk containing L. casei 431 and acquires the vaccination, higher
seroconversion rates for H1N1 were observed (Trachootham et al. 2017).

Several in vivo and in vitro studies have evidenced immunostimulatory effects of
probiotic yogurts. Such responses are mainly due to the modulation of inflammatory
processes associated with IBS, the maintenance of the intestinal barrier, and the
regulation of tumorigenesis. For instance, low-fat yogurt inoculated with
S. thermophilus and L. delbrueckii ssp. bulgaricus can maintain intestinal barrier
integrity and decrease pro-inflammatory cytokine IL-8 in vitro (Zhai et al. 2019). A
study in humans showed that the consumption of probiotic yogurt inoculated with
Bifidobacterium spp. and Lactobacillus spp. had effects on the inflammatory pro-
cesses related to the development of IBS. Consumption of yogurt with probiotics



caused a significant decrease in the expression of pro-inflammatory cytokines IL-1β
and TNF-α. In addition, the anti-inflammatory cytokines IL-6 and IL-10 were
upregulated (Shadnoush et al. 2013). Similarly, the administration of probiotic
yogurt has been related to the prevention of tumorigenesis due to a modulation of
pro-inflammatory cytokines (Urbanska et al. 2010).
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Nondairy fermented foods. LAB have been used to produce nondairy fermented
foods from vegetables, cereals, fruits, cocoa, and starchy root crops. Artisanal cereal-
based beverages such as “Boza” (barley, oats, rye, millet, maize, wheat, or rice),
“Bushera” (sorghum, millet), “kvas” (rye bread, rye, and barley malt/flour), or
“pozol” (maize) are fermented with LAB, and some of them have shown
immunoenhancing properties (e.g., cytokine production) besides exhibiting a better
biological/nutritional value (Ripari 2019; Panghal et al. 2018).

2.6 Immunomodulatory Response of Prebiotics

The health benefits of prebiotics with a focus on the immune system have been
increasingly documented. Prebiotics are a category of functional ingredients based
on nondigestible carbohydrates and fermentable substrates that selectively promote
the growth of colonic bacteria (probiotics) and confer several benefits for human
health. The term “prebiotic,” based on the term “probiotic,” was defined for the first
time in 1995. After several definitions, Gibson in 2004 redefined the term prebiotic
“to that selectively fermented ingredient that allows specific changes, both in
composition and/or activity in the GI microbiota that confers benefits on the well-
being and health of the host.” Indispensable criteria have been established to classify
a prebiotic ingredient. Scientific demonstration is required that the ingredient
(1) resists gastric acidity, hydrolysis by mammalian enzymes, and GI absorption,
(2) is fermented by the intestinal microflora (probiotics), and (3) selectively stimu-
lates gut growth and/or activity (Gibson et al. 2004).

Almost all oligosaccharides and polysaccharides in food have prebiotic activity.
Oligosaccharide-type prebiotics include lactose, lactulose, raffinose, stachyose,
fructooligosaccharides (FOS), galactooligosaccharides (GOS), xylooligosaccharides
(XOS), and mannooligosaccharides (MOS) (Shokryazdan et al. 2017; Lim et al.
2005). Prebiotic fibers include nondigestible carbohydrates that have three or more
monomeric units. These can be starchy-type (resistant starch) and non-starchy-type
(inulin, pectin, cellulose, and xylan), which are not digested in the upper GI system,
nor are they absorbed in the human small intestine (Meijerink et al. 2018). Oligo-
saccharides, particularly FOS and GOS, stand out over other types of prebiotics as
they selectively stimulate the growth of Bifidobacterium (Gibson et al. 2017).
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2.6.1 Immunostimulating Response of Prebiotics

Prebiotics exert an immunostimulating response indirectly or directly (Fig. 2.7). The
indirect way is dependent on microbial fermentation. VTs, bacteriocins, and SCFAs
(acetic, propionic, and butyric) are the products of this fermentation (Meijerink et al.
2018). SCFAs influence the immune system by binding to G-protein-coupled
receptors on immune cells within GALT (Shokryazdan et al. 2017; Hartog et al.
2015). Butyrate inhibits the production of the pro-inflammatory cytokines IL-2 and
IFN-γ, while acetate and propionate increase the production of the anti-inflammatory
cytokine IL-10 (Cavaglieri et al. 2003). In addition, prebiotics promote the growth
and development of probiotic microorganisms such as Lactobacillus and

Fig. 2.7 Immunostimulating response of prebiotics. The main prebiotics reported are
fructooligosaccharides (FOS) and galactooligosaccharides (GOS), inulin, pectin, and resistant
starch (RS). Prebiotics have a direct and indirect immunostimulating response. (a) The indirect
immunostimulatory response is dependent on microbial fermentation. Prebiotic compounds are
fermented by probiotic microbes in the gut, resulting in the production of short-chain fatty acids
(SCFAs), which can interact with immune cells in the lamina propria to trigger the secretion of
cytokines and antibodies (ab). In addition, the fermentation of prebiotics causes the reproduction of
probiotic bacteria and the production of metabolites (postbiotics) with immunostimulating
response. (b) The direct immunostimulatory response of prebiotics is characterized by the molec-
ular interaction of these with immune cell receptors (TLRs) and the production of different
cytokines and antibodies that have effects both on the epithelial cells of the intestine, on the
GALT, and on the systemic level



Bifidobacterium, which in turn decrease the level of invading pathogens such as
Helicobacter, Vibrio cholerae, and Enterococcus (Shokryazdan et al. 2017).
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Regarding to the direct immunostimulatory response, prebiotics interact directly
with immune cells and can stimulate the secretion of anti-inflammatory cytokines
IFN-γ and IL-10 by CD4 + cells. Shokryazdan et al. (2017) reported a comprehen-
sive review on the production of various cytokines as part of the immunostimulatory
response of various prebiotics (Shokryazdan et al. 2017). Prebiotics bind and interact
directly with the TLRs of the immune cells to trigger the immune response and cause
an increase in the production of mucin, the main barrier proteins in the intestine.
Some indigestible oligosaccharides, mainly FOS and GOS, act as TLR4 ligands in
both epithelial cells and monocytes, thus regulating cytokine secretion, related with
the IIS (Valcheva and Dieleman 2016). On the other hand, some prebiotics (starchy,
cellulosic, hemicellulosic, gums) have been associated with immunomodulatory
cellular responses since they activate PBMC (Meijerink et al. 2018), critical com-
ponents for the immune system and to fight infections. Also, the administration of
prebiotics such as inulin in combination with probiotics (symbiotic effect) increases
the serum level of IgA, an antibody widely found in the mucosa and with action
against pathogens in the intestine (Frece et al. 2009).

2.6.1.1 Fructans

Fructans are polymers of fructose (1–70 units) that can be found attached to a
terminal molecule of sucrose, and depending on their chemical structure, three
types can be distinguished: inulin (β2 ! 1 bond), levans (β2 ! 6 bond), and
graminans (bonds β2 ! 1 and β2 ! 6). In another classification, short-chain
fructans with a DP <10 are often referred to as FOS, while long-chain polymers
with DP > 10 belong to the name of inulin-type fructans (Dobrange et al. 2019).

Inulin-type fructans are the most studied. The response of the immune system is
modulated by inulin-type fructans by a direct mechanism through their interaction
with membrane receptors of immune cells, mainly of IIS, or by an indirect mecha-
nism through their fermentation products by intestinal bacteria. Studies in healthy
humans show that the administration of fructans increases at least three times the
content of fecal Bifidobacterium, the total concentration of SCFAs (especially
propionate and butyrate) and the cytokine IL-4 in the blood, in addition to the
cytokine GM-SCF and CD282 +/TLR2 + (Clarke et al. 2016).

DP has an important effect on the immunomodulatory activity of fructans. Short-
chain fructans like FOS induce greater anti-inflammatory activity and prevent
epithelial cell disruption due to their interaction with TLRs (Vogt et al. 2014),
particularly with TLR2 and, to a lesser extent, TLR4, TLR5, TLR7, and TLR8
(Dobrange et al. 2019). On the other hand, short-chain fructans are better at inducing
and regulating cytokine production in human PBMC (lymphocytes or monocytes),
compared to long-chain fructans (Vogt et al. 2013). However, long-chain inulins
promote splenocyte production in a dose-dependent manner (Kumar et al. 2015) and
can delay the development of autoimmune diabetes (type 1) by modulating



pancreatic and intestinal immunity, barrier function, and microbiota homeostasis.
Physiological mechanisms exerted include a decrease in Th17 (inflammatory) cells,
stimulation of the secretion of the regulatory cytokine IL-10, and a decrease in the
secretion of the inflammatory cytokine IL-1β (Chen et al. 2017). Fructans also act as
signaling molecules. After binding to TLRs, fructans trigger signaling pathways
dependent on the NF-kB, resembling a vaccination effect. On the other hand, the
antiviral properties of fructans are attributed to the ability to improve the production
of nitric oxide (NO, an inhibitor of viral replication), immunostimulating factors
(IL-1β, IL-6, IL-10, IFN-γ), and TNF-α (Dobrange et al. 2019).
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Several foods and agro-industrial subproducts are a potential source of fructans
with immunomodulatory activity, mainly garlic, onion, and agave. The fructans of
Agave (A. tequilana) can modify the evolution of autoimmune systemic lupus in
murine models by suppressing the cytokines IL-1β, IL-6, TNF-α, IFN-γ, and IL-10
(Gutiérrez Nava et al. 2017). They have also shown immunomodulatory activity
through the activation and differentiation of cells of the immune system and the
proliferation of probiotics. They modulate the expression of the CD69 ab, cell cycle
progression, and NO production and the expression of transcription factors for
lymphocyte differentiation (Moreno-Vilet et al. 2014). Studies on the effects of
agave fructans on immune cells suggest that they exert direct effects through
receptor-ligand interactions and subsequent cytokine production (Vogt et al.
2014). Onion (Allium cepa) is a food rich in fructans, and it has been documented
that onion FOS (50 μg/ml) increases the proliferation of splenocytes/thymocytes up
to �three times and improves (� 2.5 times) the production of NO in peritoneal cells
of Wistar rats, the latter related to the activation of macrophages and important in the
inflammatory response to eliminate antigens (Kumar et al. 2015). For their part,
fructans from garlic (A. sativum) have been shown to have antigenicity against
ovalbumin through the production of Ig (Chandrashekar and Venkatesh 2012),
exhibit mitogenic activity in splenocytes, and promotes macrophage activation
in vitro (Chandrashekara and Venkatesh 2016).

2.6.1.2 Pectin

Another group of prebiotics with remarkable documentation are pectins. Pectins are
heteropolysaccharides found in cell walls and belong to the group of acidic poly-
saccharides. Pectins are made up of polymers rich in D-galacturonic acid and contain
significant amounts of L-rhamnose, D-arabinose, and D-galactose (Naqash et al.
2017). Structurally, the linear region consists of 1,4-α-D-galacturonan units that are
linked together with one or two α-L-rhamnopyranose residues via 1,2-linkages. The
branched region consists of a substituted rhamnogalacturonan backbone with side
chains rich in neutral sugars such as arabinogalactan, arabinan,
galactooligosaccharides, and arabinooligosaccharides (Popov and Ovodov 2013).

The immunostimulatory response of pectins lies primarily in selectively stimu-
lating the growth and activity of Bifidobacterium and Lactobacillus probiotics.
Furthermore, the colonic fermentation of pectins results in the generation of



SCFAs and in a series of health effects such as the inhibition of pathogenic bacteria
(Babbar et al. 2016). Another immunostimulatory response to pectins lies in the
activation and regulation of phagocytic leukocytes, B and T lymphocytes, and
thrombocytes and the suppression of tumor cells (Popov and Ovodov 2013).
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The structural characteristics of pectins significantly influence the
immunomodulating properties. For instance, pectins with less than 75% galacturonic
acid increase the immunostimulatory response by stimulating macrophage activity.
However, others have reported that highly esterified pectic polysaccharides have
shown antitumor activity due to their ability to suppress suppressor cells of the
immune system (Dong et al. 2018). The branched region of pectins increased
phagocytosis and ab production. And the linear structure determines the stimulating
interaction between pectin and immune cells (Popov and Ovodov 2013). The
immunomodulatory activity of pectin is also related to the presence of
arabinogalactan structures linked to the rhamnogalacturonan domain (Georgiev
et al. 2017).

The powerful effects of pectins and some pectic polysaccharides on the IIS and
AIS are widely recognized for their antitumor response. Pectins have been shown to
have an antitumor effect due to their binding to carcinogens in the intestine. Pectins
inhibit carcinogenesis in the colon by increasing apoptosis, stimulating the prolifer-
ation of colon cells, reducing the activity of β-glucuronidase, inhibiting tumor
development and the expression of oncogenes, decreasing the cell cycle, and
inactivating caspase-3 (Naqash et al. 2017; Popov and Ovodov 2013). Highly
esterified pectic polysaccharides (from Curcuma kwangsiensis) decreased the
expression of myeloid-derived suppressor cells, the latter related to the suppression
of the immune system, since they inhibit T cells (CD4 +, CD8 +) and promote tumor
growth (Dong et al. 2018).

Pectins are found in fruits, mainly in citrus peels and apple pomace. The exhaus-
tive review carried out by Naqash et al. (2017) mentions that pectins obtained from
various natural sources showed immunomodulatory and anticancer activity due to
the inhibition of metastasis, angiogenesis, and tumor growth (Naqash et al. 2017).
For example, apple pectin showed anti-breast cancer effects in vitro and in vivo by
inhibiting cell growth and attachment, fragmenting chromatin, and blocking the
sub-G1 phase of the cell cycle (Delphi and Sepehri 2016). Citrus pectins also play
an important role. Lemon pectins with different degrees of esterification have been
reported to increase pancreatic cell viability through inhibiting the apoptotic effect of
streptozotocin on β cells, the production of free radicals, and the effect of the
inflammatory cytokines IL-1β, IFN-γ, and TNF-α, all of the above, factors that are
highly related to pro-inflammatory processes and apoptosis of the pancreatic islets
and the development of type 1 and 2 diabetes mellitus (Hu et al. 2020).

2.6.1.3 Resistant Starch

Resistant starch (RS) is another prebiotic with a remarkable immunostimulating
property. Starch is a polysaccharide produced by many plants as the main storage of



energy and is the second most abundant biomass material in nature after cellulose. It
is found in semicrystalline granules (1–100 μm) made up of amylose and amylo-
pectin molecules, in linear and branched structures, respectively (Escobar-Puentes
et al. 2019). Previously, it was believed that the starch provided by the diet was fully
digested during various digestive phases. However, over the years, it has been
recognized that some starch fractions may be slowly digestible or not digestible.
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RS refers to starch that is not digested within the first 120 minutes in the upper GI
tract and therefore passes into the large intestine, where it can act as a fermentative
substrate. There are five types of RS: type 1 RS, which is physically inaccessible to
digestive enzymes because it is trapped in the cell wall of the food matrix, for
example, whole grains; type 2 RS, which refers to native high amylose starch
granules or starch found in potatoes, unripe plantains, and some legumes; type
3 RS, which results after cooking and retrogradation of starchy foods such as bakery
products and pasta; type 4 RS, which results from subjecting starch to chemical
modifications such as etherification and esterification; and the recently added to the
classification, type 5 RS, which results from the inclusion of various molecules,
commonly lipidic, in the helical structure of amylose (Jiang et al. 2020).

The beneficial health properties of RS lie mainly in its therapeutics for metabolic
diseases. The immunostimulating response of RS is related to the regulation of the
GI microbiota and its anticancer properties. The consumption of RS increases the
level of beneficial bacteria such as Lactobacillus and Bifidobacterium (Zheng et al.
2020a, b). Furthermore, the fermentation of RS by colonic bacteria increases the
production of SCFAs, the SCFA receptor GPR43, and causes a reduction in inflam-
matory and carcinogenic processes in the colon (Yin and Zhao 2017). The intake of
RS downregulates the expression of genes associated with carcinogenesis in the
colon, while the expression of proteins (caspase-3 and caspase-9) and pro-apoptotic
genes is downregulated (Wang et al. 2018). The RS improves biochemical markers
related to inflammatory processes (IFN-IL-6, TNF-, IL-12). In addition, RS induces
regulatory mechanisms of the expression of pro-apoptotic proteins and genes (Bax,
caspasse-9, and caspase-3) and anti-apoptotic proteins (Bcl-2, p53) and the modu-
lation of gene expression related to inflammation (NF -κB, COX-2, iNOS) (Wang
et al. 2017). In a recent meta-analysis, it was found that high RS intake significantly
reduced inflammatory serum biomarkers in healthy volunteers, including IL-6 and
TNF-α levels, immunological effects highly related to SCFA production during
microbial fermentation (Sheikhhossein et al. 2020).

RS also has immunostimulating effects by interacting directly with specialized
receptors on immune cells. Direct interaction with the immune system is regulated
by binding of RS to PRRs, specifically TLRs, which are expressed in intestinal cells
and especially in immune cells in the intestine. Several structural characteristics of
RS such as chain length influence its interaction with immune cells. For example, the
amylose chain length in type 3 RS supports its immunological role by interacting
with the TLRs of lymphocytes in a dose-dependent manner, inducing T-cell polar-
ization, in addition to stimulating DC for the expression of various cytokines related
to anti-inflammatory processes (Lépine et al. 2019). Similarly, others have shown



that RS modulates human intestinal immune cells in a manner dependent on physical
morphology (Bermudez-Brito et al. 2015).
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2.7 Immunomodulatory Response of Bioactive Peptides

When dealing with acute or chronic immunocompromised illnesses, IIS and IAS
become imbalanced (Dutra 2017; Fig. 2.2). For example, the chronic inflammation
initiated by TNF-α and IFN-γ is followed by a dysregulated recruitment of macro-
phages and naïve DC and an accumulation of foreign microbial activating antigens
during the development of IBS, while the failure to eliminate foreign antigens,
bacterial translocation, and an inadequate humoral response may result in autoim-
mune diseases (Santiago-López et al. 2016). In these and other pathological condi-
tions, exogenous immunomodulatory aids are needed to reactivate and boost the
immune system by regulating many immune effector cells and molecules (Cai et al.
2020). Immunomodulatory dietary peptides (DIMPs), also known as
immunopeptides, comprise different classes of peptides such as anticancer and
anti-inflammatory peptide (Bechaux et al. 2019). Some food-derived immunomod-
ulatory agents have been discussed in depth in preceding sections, and now is the
turn of DIMPs. Before going any further on the specific health effects of DIMPs, the
human body produces its own immunomodulatory peptides whose amino acid
sequences have used the search for alternative naturally derived or synthetic
DIMPs. For example, without diminishing the role of other HDPs, the human
cationic antimicrobial peptide (hCAP-18) is abundant in neutrophils, macrophages,
lymphocytes, and epithelial, cells and its proteolysis at c-termini generates a
37-residue α-helical peptide (LL-37) which along with PRRs builds a bridge
between IIS and AIS by enhancing cell recruitment (e.g., neutrophils, eosinophils)
and activation and endocytic capability of DC (naïve T-cell activators) and
upregulates cytokine and chemokine [monocyte chemoattractant protein-1
(MCP-1/CCL-2), C-X-C motif chemokine ligand 8 (CXCL-8), and transforming
growth factor-β (TGF-β)] production that mediates Th1 polarization and
TLR-mediated inflammatory response from immune cells, epithelial cells,
keratinocytes, and other cell types (Cai et al. 2020). Interestingly, up to 0.6 mg.
kg�1 of LL-37 can be produced from transgenic barley seeds by using a low-cost
molecular farming technology (Holásková et al. 2018).

DIMPs typically consist of sequences of 2–43 amino acids of both hydrophobic
and hydrophilic nature, naturally encrypted and inactive in the parent protein
sequence (Maestri et al. 2016). From a structural function stand point,
immunopeptides interact on the opioid receptors that regulate the peripheral immune
system, and those with arginine (R), tryptophan (W), and phosphoserine in the N- or
C-terminal residues exert high reactivity in immune cells, while glutamine
(Q) residues recognize opioid receptors located on the surface of immune cells
(Orona-Tamayo et al. 2019). DIMPs can be released from a wide range of protein
sources by enzymatic hydrolysis or microbial fermentation or by the action of



proteases and peptidases during their GI journey (Sun et al. 2020; Reyes-Díaz et al.
2018; Santiago-López et al. 2016). These exogenous peptides can be administered to
humans, and they can perform their biological activity in the same way as endog-
enous peptides (Bechaux et al. 2019). LAB-mediated fermentation is an efficient and
cost-effective method for generating food grade hydrolyzed products including
DIMP and probiotics (Chatterjee et al. 2018). Immunomodulatory peptides produced
by enzymatic hydrolysis or microbial fermentation from animal (Reyes-Díaz et al.
2018) and vegetable (Orona-Tamayo et al. 2019; Rizzello et al. 2016) matrices are
resistant to GI peptidases, are readily absorbed actively by gut peptide transporters
(e.g., Pept-1) [paracellular, transcytosis, and passive transcellular transport mecha-
nisms; Xu et al. 2019], and can exert preliminary immunomodulatory effects by
directly affecting TLRs (Cai et al. 2020).
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The physicochemical nature of the original protein matrix and further processing
(e.g., liquid, purees, gels) modifies the chemical interaction of DIMP with other
components of the food matrix, affecting their GI digestibility and their first-pass
bioavailability (Sun et al. 2020) in such a way that most products have been mostly
introduced to the functional market as ready-to-drink or semisolid goods (Shimizu
and Hettiarachchy 2012). For example, the in vivo bioaccessibility of DIMPs from
dairy products depends on the original matrix, grinding level, and mixing along the
GI tract, more than enzymatic proteolysis itself (Barbé et al. 2014). As for plant
proteins, resistance to gastro-duodenal digestion is even higher due to the presence
of nondigestible macromolecules (e.g., dietary fiber) and their compartmentaliza-
tion, which impacts not only their bioaccesibility but also its residual immunoge-
nicity (De Angelis et al. 2017).

Once absorbed, DIMP interact with the gut-associated lymphoid tissue (GALT)
which is the largest lymphoid tissue in the body and includes Peyer’s patches, the
appendix, and isolated lymphoid follicles. GALT includes several immune cells
such as B and T lymphocytes, macrophages, antigen-presenting cells (e.g., dendritic
cells and intraepithelial lymphocytes), and HDPs involved in cell signaling. Den-
dritic cells located in the subepithelial region of the Peyer’s patches transport
immunoreactive peptides to the mesenteric lymph nodes (MLNs) via the afferent
lymphatics, and MLNs are the key site for oral tolerance induction. DIMPs are
further translocated to the bloodstream (portal bioavailability) at nano-to-picomolar
amounts and transported until reaching the target organ to exert their functions (Sun
et al. 2020; Keservani et al. 2017). During this journey, particularly under patho-
logical conditions, DIMP exert many protective effects, going from initial stimula-
tion of immune cells (proliferation and activation) and cytokine production to the
induction of immunological tolerance. It should be noted that omics sciences and
bioinformatics (data mining) have allowed us to discover alternative sources of
DIMP and their potential mechanisms (Nielsen et al. 2017; Maestri et al. 2016);
the most common sources, immunomodulatory actions, and amino acid sequence of
selected DIMP are reported in Table 2.7 and described in the following paragraphs.
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Table 2.7 Selected immunomodulatory dietary peptides (DIMP)

Source Amino acid sequence Action

Maize YA Antioxidant and ACE inhibition

Cow’s
milk

YG Lymphocyte proliferation

Cow’s
milk

LLY Stimulate phagocytosis, antigen-
dependent T-cell proliferation, antibody
production

Cow’s
milk

YGG Lymphocyte proliferation

Cow’s
milk

GLF Increases phagocytic activity

Soybean MITL TNF-α expression

Maize LMCH Antioxidant and ACE inhibition

Common
bean

LKBM Reduced cytokine production

Common
bean

LKBY Reduced cytokine production

Blood YPWT Antioxidant

Thymus* RKDVY Bactericidal

Soybean IYVFVR Antioxidant and IL-8 inhibition

Cow’s
milk

PGPIPN Stimulate phagocytosis, antibody
production

Cow’s
milk

VEPIPY Stimulate phagocytosis

Cow’s
milk

TTMPLW Murine macrophage stimulation

Amaranth SSDEIKE Anti-inflammatory and IgE activation

Cow’s
milk

YPFPGPI Stimulates/suppresses lymphocyte
proliferation

Soybean IYVVDLR Antioxidant and IL-8 inhibition

Cow’s
milk

VKEAMAPK Antioxidant and antimicrobial

Cow’s
milk

LAYFYPEL Increases antigen-specific IFN-γ pro-
duction from CD8+ T cells

Soybean MITLAIPVN Stimulate phagocytosis

Cow’s
milk

YQQPVLGPVR Stimulates/suppresses lymphocyte
proliferation

Soybean MITLAIPVNKPGR Stimulate phagocytosis

Cow’s
milk

YQEPVLGPVRGPFPIIV Bone marrow macrophage stimulation

Cow’s
milk

LLDAQSAPLRVYVEELKP Enhances CD11b+/CD103+ dendritic
cells and CD25+ Foxp3+ T cells in
mesenteric lymph nodes

Cow’s
milk

RPKHPIKHQGLPQEVLNENLLRF Stimulation of phagocytosis/immune
response
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Table 2.7 (continued)

Source Amino acid sequence Action

Cow’s
milk

RELEELNVPGEIVESLSSSEESITR Mitogenic activity

Cow’s
milk

RELEELNVPGEIVESLSSSEESITRINK Mitogenic activity

Source: Amigo et al. (2020), Cao et al. (2019), Orona-Tamayo et al. (2019), Chatterjee et al. (2018),
Nielsen et al. (2017), Lucarini (2017), Maestri et al. (2016), Rizzello et al. (2016), Sun and Jenssen
(2012), Nagpal et al. (2011). Synthetic (*)

2.7.1 Immunomodulatory Peptides from Animal Foods

Milk. Human milk is superior to other kinds of milk in terms of immune-modulating
components, including antigens, cytokines, immunoglobulins, polyunsaturated fatty
acids, oligosaccharides, exosomes, chemokines, and a wide range of immune cells,
whose role in the IIS and IAS of the newborn has been extensively examined (Simon
et al. 2015). Particularly, the protein fraction of breast milk contains lactoferrin and
other proteins with immunomodulatory peptide sequences that are bioaccessible
during GI transit, and together, they modulate mucosal immunity by nurturing and
improving the functionality of lymphoid tissues (GALT and MLNs) and by modu-
lating the newborn’s GI microbiome. However, DIMP from cow’s milk proteins
produced by enzymatic hydrolysis and fermentation with LAB are novel ingredients
to design food products for the functional adult market (Reyes-Díaz et al. 2018;
Santiago-Lopez et al. 2016). Nielsen et al. (2017) compiled a comprehensive
database of milk protein-derived bioactive peptides from which cow’s milk emerges
as the most studied source, a fact that has prompt the identification of the same
bioactive peptides among species due to the high-sequence homology within milk
proteins among species. Also, according to Coherent Market Insights, the global
bioactive protein and peptide market will reach US$ 88.3 billion in revenues by 2027
and a compound annual growth rate (CAGR) of 8.2% between 2020 and 2027, being
DIMP-based products one of the most important growing segments.

Cow’s milk proteins comprise 80% caseins and 20% whey proteins, respectively.
The casein fraction consists of s1-, β-, s2-, and k-CN families (38:38:11:13 by
weight), while whey proteins are basically α-lactalbumin (~25%) and
β-lactalbumin (~65%), bovine serum albumin (~8%), lactoferrin, and immunoglob-
ulins. The biological value of cow’s milk proteins as a source of indispensable amino
acids has been extensively recognized, but such biological value goes beyond this
matter. Proteins and peptides from cow’s milk could potentially be used in the
production of immunostimulating and immunosuppressant agents for both prophy-
laxis and treatment of infectious diseases and immune-related illnesses (Nielsen et al.
(2017), Lucarini (2017), Sun and Jenssen (2012), Nagpal et al. (2011)).
Colostrinin™ is a complex consisting of low-molecular-weight (0.5–3 kDa)
proline-rich (~25%) polypeptides (PRP) firstly identified in sheep colostrum that
are potent inducers of T-cell maturation and differentiation [Th and natural killer



cells (NK)], Th1-/Th2-modulating activity, radical-scavenging (vs. ROS, NOS), and
activation of certain cytokines [IFN-γ, TNF-α, and interleukins 6 and 10 (IL-6,
IL-10)] and interrupts several pathophysiological processes involved in the progres-
sion of Alzheimer’s disease (Ashraf et al. 2019) and other age-related disorders
(Boldogh and Kruzel 2008). Two peptides derived from α-lactalbumin [fractions
18–19 (YG) and 18–20 (YGG)] stimulate lymphocyte proliferation, and two from
β-casein named β-casomorphin-7 (fraction 60–66; YPFPGPI) and β-casokinin-10
(fractions 193–202; YQQPVLGPVR) suppress (low concentration) or promote
(high concentration) lymphocyte proliferation (Table 2.7; Nielsen et al. (2017);
Lucarini 2017; Nagpal et al. 2011).
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It can be ruled out that the smaller the DIMP, the greater the chance of finding the
same sequence in different parental proteins. For instance, the dipeptide YG previ-
ously mentioned can be also found in residues 38–39 of k-casein. Also, certain
peptides have multiple functions, such as the hexapeptide TTMPLW derived from
α-S-casein which exhibits antimicrobial, angiotensin-converting enzyme (ACE)
inhibitory, and macrophage-stimulating activity (Nielsen et al. 2017); other milk-
derived immunopeptides enhance phagocytosis, antioxidant/antimicrobial, antibody
production, enhanced cytokine production, dendritic cell/MLN stimulation, and
mitogenic activity (Nielsen et al. 2017; Lucarini 2017; Sun and Jenssen 2012;
Nagpal et al. 2011). Such diversity in immunomodulatory actions exerted by milk-
derived peptides makes them attractive candidates for the development of antiviral
drugs. Certain peptides derived from β-casein [e.g., HLPLP and WSVPQPK] have
demonstrated potent antioxidant and ACE inhibitory activity (Shahidi and Zhong
2008), a fact that could be useful in the treatment of hypertension and
immunosuppression-associated severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2; Mancia et al. 2020).

Dairy hydrolysates. Production of DIMPs from fresh whole milk during milk
secretion and storage is attributed to its own (e.g., plasmin and cathepsin D) and
microbial enzymes. Conversely, enzymatic proteolysis with exogenous GI (e.g.,
Alcalase, chymotrypsin) or microbial enzymes (from starter and nonstarter cultures)
results in many kinds of artisanal/industrialized dairy products such as fermented
milk, yogurt, kefir, and buttermilk (Albenzio et al. 2017; Santiago-López et al.
2015). The immunomodulatory action of hydrolyzed milk has been tested in vitro
using immortalized immune cell lines and in vivo (rodent models) but scarcely in
human clinical trials. Abelson murine leukemia virus-transformed macrophages
(RAW 264.7), human monocytes U937 and THP-1, and human T lymphoblasts
(Jurkat) have been used to test the immunomodulatory properties (mainly cytokine
release ability) of milk-derived peptides (Chalamaiah et al. 2018). O'Sullivan et al.
(2019) studied the immunomodulatory activity of a casein hydrolysate
(Flavourzyme®, FlavorPro Whey, and trypsin) fraction <5 kDa in concanavalin
A-stimulated Jurkat T lymphoblasts and lipopolysaccharide-stimulated RAW264.7
macrophages observing a low production/expression of IL-6, IL-1β, and NF-kB
subunit p65. Although the synthetic peptides usually are shorter than natural pro-
teins, the antiviral immune-regulating properties of many of these synthetic deriva-
tives appear to be similar for the entire proteins (Sun and Jenssen 2012). Lastly,



¼

fermented dairy products are commonly used as the most efficient vehicle to deliver
probiotics and bioactive peptides (Santiago-López et al. 2016) with synergistic
effects on cytokine production, phagocytic activity, IgA production, T-cell function,
and NK cell activity, and different studies have investigated the therapeutic effects of
probiotic-fermented milk on cancer, allergies, and infectious and GI disorders such
as IBS (Santiago-López et al. 2015). It is noteworthy that multifunctional activity
(e.g., antioxidant, immunomodulatory, or antimicrobial) of LAB-derived
immunopeptides is strain-specific and molecular size-specific (Amigo et al. 2020;
Aguilar-Toalá et al. 2017), and so, this will allow the formulation of a wide range of
fermented milks whose effect on health could be different from other similar
products on the market.
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Meat and other animal-derived peptides. Enzymatic hydrolysis and fermentation
(curation) of parent proteins present in beef, pork, mutton, chicken, duck, marine
organisms, and their by-products (e.g., skin collagen, blood protein) have been
recently proposed as valuable sources of DIMP (Xing et al. 2019; Albenzio et al.
2017). Convection drying, curing, and ripening of these animal protein sources also
promote the synthesis of bioactive peptides with antioxidant, opiate-like, and anti-
microbial activity all of them involved in immunocompromised illnesses such as
obesity and cancer. Thymopentin (TP5), a synthetic water-soluble pentapeptide
derived from thymopoietin (residues 32–36), exhibits bactericidal and protective
effect on dextran sulfate (DSS)-induced colitis by triggering the production of IL-22
in both IIS and AIS lymphocytes (Cao et al. 2019). Alternative sources of DIMP
from animal origin that include whey, egg, fish, chicken, shellfish, sheep, frog,
bivalves, and their by-products (e.g., blood) have been recently reviewed by
Bechaux et al. (2019) and Chalamaiah et al. (2018). For instance, Amigo et al.
(2020) performed a comprehensive in vitro and in silico analysis of the
multifunctionality of milk- and blood-derived peptides whose amino acid sequence
matched previously described opioid peptides, reporting that four peptides had the
ability to protect Caco-2 and RAW264.7 cells from the oxidative damage
(RYLGYLE, YLGYLE, YFYPEL, YPWT) caused by chemicals, stimulate mucin
expression and secretion (YLGYLE, YFYPEL), and had anticancer, antioxidant, and
opioid activity (IC50 1.2–45 μM).

2.7.2 Immunomodulatory Peptides from Vegetable Foods

Legumes. Approximately ~35–40% of raw soybeans (Glycine max L.) seeds are
good quality protein, and it is also considered as a major source of bioactive peptides
with relevant bioactivities such as ACE inhibitory, appetite, hypolipidemic, and
immunomodulatory activity (Chatterjee et al. 2018). Soymetides
13 (MITLAIPVNKPGR), 9 (MITLAIPVN), and 4 (MITL) from beta-conglycinin
enhance phagocytosis activity of human macrophages, but soymetide 4 promotes
TNF-α expression to a better extent than soymetide 13 (Kumar et al. 2017). Zheng
et al. (2020a, b) reported that certain two low-molecular-weight peptides



[IYVVDLR (877 Da), IYVFVR (795 Da)] from Alcalase-hydrolyzed soybeans have
cytoprotective effects in H2O2-stressed Caco-2 cells, characterized by a pronounced
downregulation of intracellular ROS generation and lipid peroxidation and
upregulation of glutathione synthesis, catalase and glutathione reductase activity,
and IL-8 inhibition. Lunasin is a 43-amino acid chromatin-binding peptide derived
from the 2S albumin fraction of soybean, barley, wheat, and Amaranthus that
exhibits anticancer (by inhibiting acetylation of histones) and immunomodulatory
activities (Fernández-Tomé and Hernández-Ledesma 2019). Thermolysin hydroly-
sates from yellow pea protein isolate (0% protein, dry weight basis) stimulate
phagocyte activity in LPS/IFN-γ-activated RAW 264.7 NO (�) macrophages and
IgA+/cytokine-positive murine intestinal cells (Ndiaye et al. 2012). Lastly, Chen
et al. (2019) reported the anti-inflammatory effect of small peptides (LKBM, LKBY)
obtained from common bean (Phaseolus vulgaris L.) in Caco-2 and Caco-2/EA.
hy926 monolayers characterized by a strong inhibition of TNF-α pro-inflammatory
mediators of the NF-kB and mitogen-activated protein kinase signal cascades in
vascular endothelial cells; the authors suggested that these peptides can be absorbed
and possibly have systemic inhibition on inflammatory responses in vascular endo-
thelial cells, indicating potential preventive effects on vascular diseases. Other
relevant bioactivities and molecular mechanisms of legume peptides have been
recently reviewed by Reyes-Díaz et al. (2019).
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Cereals and pseudocereals. Despite being low in protein content
(~7–14 g.100 g�1) and sometimes in quality, cereal and pseudocereals are also
important sources of DIMP. For example, protein fractions present in maize kernels
are mostly prolamins or zeins (40%) and glutelins (30%), and two peptides with
antioxidant (ABTS> DPPH> O2

.-) and ACE inhibitory activity have been identified
in Alcalase-/neutrase-hydrolzyed zein fractions (YA, LMCH), but the authors
observed that such bioactivities were strongly related to the molecular weight and
hydrophobicity of the identified peptides (Tang et al. 2010). Gluten represents 80%
of all wheat proteins and is rich in glutamine (Q), important in the process of cell
division in the GI and immune systems, while Q-containing peptides may also act as
immunostimulants and NK cell activators (Santiago-López et al. 2016). Other cereal
grains from which immunopeptides have been isolated include barley
(EVSLNSGYY), buckwheat (DVWY, FQ, VVG, GPP), kamut (KDVTDM,
GVSNAAVVAGGH, DAQEFKR), oat (VPP, IPP, LQP, LLP), rice (FRDEHKK,
KHDRGDEF, GYPMYPLPR), rye (VSP, LCPVHRAADL), and wheat (VY, IY,
TF, LQP, IQP, LRP) whose bioactivity has been reviewed by Maestri et al. (2016).
As for pseudocereals, Moronta et al. (2016) reported that the heptapeptide SSDEIKE
from amaranth contains sequences with anti-inflammatory effect.
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2.8 Perspectives

Immunocompromised illnesses are probably the highest public health burden world-
wide, causing high morbidity and mortality rates. While recognizing the strong
interplay between immune system derangements with infectious diseases, chronic
noncommunicable diseases such as cardiovascular diseases, type 2 diabetes mellitus,
and cancer are themselves immunocompromised diseases. Foods can also play a
significant role in fortifying and balancing immune responses in primary and
secondary prevention, but certain food components exhibit specific roles in modu-
lating key actors of both IIS and AIS cascades. Polyphenolic antioxidants, vitamins,
complex polysaccharides, immunobiotics, and immunopeptides were briefly
reviewed in this chapter, but others are yet to come with the advance in metabolomic
studies.
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Chapter 3
Immunoregulatory Bioactive
Phytoconstituents: Recent Trends
and Future Challenges

Sreeharsha Nagaraja, Vandana Gawande, Amita Joshi, and Swati Pund

Abstract Realizing the indispensable role of the immune system in maintaining the
disease-free state, concept of immunomodulation is gaining increased public per-
ception. Rising incidences of life-threatening infections need improvement in dis-
ease resistance ability of individuals by immune stimulation. In healthy state,
immunostimulants act as prophylactic on both innate and adaptive immune
responses and protect body against infections, allergy, as well as life-threatening
diseases like cancer. On the contrary, immunosuppressants are useful in autoimmune
inflammatory diseases and transplant recipients for prevention of graft rejection.
Wide range of synthetic or recombinant immunomodulators currently in use, like
levamisole, tacrolimus, and thalidomide, are associated with numerous side effects.
Microbiological or recombinant synthetic cytokines too exhibit severe adverse
reactions. Plant-derived nutraceuticals belonging to alkaloids, flavonoids, glyco-
sides, sterols, terpenoids, etc. not only protect the plant but also target oxidative
stress in the human body and show beneficial outcome in the management of chronic
inflammation, diabetes, cancer, and cardiovascular diseases and in developing
immunity. The primary focus of this chapter is to provide a deep insight into
scientific data on immunomodulatory properties of plant-derived nutraceuticals,
mechanism of action, and challenges and clinical restraints.
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3.1 Immunomodulators

The primary function of the immune system is to defend the body against infected
pathogens and harmful antigens and carry out these functions through its two main
branches, viz., nonspecific immunity and antigen-specific immunity. The immediate
defense system of the body that protects the body from invading pathogens is known
as the nonspecific immunity, while a more complex and antigen-specific or cell-
mediated immunity that also results in an immunological memory due to a prior
exposure to the antigen is known as antigen-specific immunity (Mohamed et al.
2017). The reaction of the body against any foreign body/pathogen is known as
immune response. There are certain molecules that can alter the immune response,
positively or negatively, and such molecules are known as immunomodulators (Nair
et al. 2019). Depending on this effect, the molecules can be classified as stimulant,
suppressor, or adjuvant. Accordingly, in the condition like an autoimmune disorder,
wherein the body immune cells do not differentiate between self-cells and foreign
cells and start eliminating their own body cells, an immune-suppressor molecule is
required. In such a condition, an immune-suppressor molecule will help to restore or
normalize the immune system. Even in conditions like organ transplant, immune
suppressors are administered so as to avoid transplant rejection. While in conditions
like AIDS wherein the immune system of the body is disengaged, an immune
stimulator activates/boosts the immune system toward normality. Immuno-adjuvants
are essentially used to augment the effect of a vaccine. An overview of immuno-
modulators and their functions is represented in Fig. 3.1.

Fig. 3.1 Types of
immunomodulators and
their applications
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All the three categories of the immunomodulators employ one or more of the
activities, viz., apoptosis, protein synthesis, antigen presentation, targeting various
transcription factors and immune mediators, etc., to exert their actions (Nair et al.
2019). Immunomodulator molecules either inhibit or proliferate the immune-
responsive cells, viz., lymphocytes, macrophages, neutrophils, natural killer
(NK) cells, and cytotoxic T lymphocytes. The immunomodulators can act by
specific or nonspecific action (Bascones-Martinez et al. 2014). Immunomodulators
that act on a specific immunity primarily act on the immune system of the cells
depending on the attacking antigen or immunogen, with discriminatory specificity
for immune response, while nonspecific immunomodulators stimulate or suppress
the immune response, without activating any specific immune cell for a specific
antigen. Nonspecific immunomodulators are further subdivided into three types
(Bascones-Martinez et al. 2014):

• Type I, which acts on normal immune system
• Type II, which acts on immunosuppressed immune system
• Type III, which acts on functionally normal and immunosuppressed immune

system

Cancer is one of the diseases wherein immunomodulators have been most
commonly used with an aim to prompt the immune system to respond against
tumor cells. The chief immune cells involved in body’s defense against tumor
cells are NK, dendritic cells, macrophages, polymorph nuclear cells, mast cells,
and cytotoxic T cells. Dendritic cells are the main antigen-presenting cells (APC)
and form a link between innate and adaptive immune systems. Dendritic cells
capture and present the tumor-associated antigen to naïve T cells through major
histocompatibility complex, classes I and II. This results in activation, cloning, and
proliferation of T lymphocytes into CD4+ helper T cell and CD8+ cytotoxic T cells.
Simultaneously, pro-inflammatory cytokines such as IFN-γ and IL-12 are released,
thereby improving the tumor uptake by APCs and activation of Th1 response. Th1
response eventually activates the cytotoxic T lymphocytes (Wu et al. 2009a).
Various immunomodulators currently used in clinical practice are tabulated in
Table 3.1.

It can be observed from Table 3.1 that currently used immunomodulators have
generalized effect on the immune system and several adverse effects. Therefore,
safer, effective alternative having specific mechanism of immunomodulatory effect
is need of the hour.

3.2 Immunomodulatory Phytochemicals

Currently, the pharmaceutical research and new drug development involve finding
new molecular targets for specific diseases and focus mainly on single-molecule
studies. However, the new drug development process is a time-consuming, slow, and
expensive business. Chances of discovering a potent drug with high selectivity and
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Table 3.1 Few commonly used synthetic immunomodulators, their mechanism of action, and
associated side effects

Drug Immunological effect Adverse effects References

Cyclosporine A Inhibits gene transcription
in T-cell lymphocytes for
IL-2

Tremors, kidney damage,
hypertension,
hypertrichosis,
hyperkalemia, and
hypomagnesemia

Rosmarin
et al. (2010)
and Kim et al.
(2018)

Tacrolimus Inhibits T-cell proliferation
by binding to FK506-
binding protein

Angina pectoris, cardiac
arrhythmias, hypertension,
alopecia, pruritus, rash,
new-onset diabetes mellitus
after transplant, electrolyte
imbalance, metabolic aci-
dosis, weight gain, abdom-
inal pain, nausea, vomiting,
diarrhea, urinary tract
infection, hepatotoxicity,
arthralgia, muscle cramps,
blurred vision, visual dis-
turbance, otalgia, otitis
media, tinnitus,
nephrotoxicity

Randomised
trial (1994)
and Pham
et al. (2011)

Sirolimus Interferes with signals from
growth factor receptors,
such as the IL-2 receptor
and blocks T-cell
proliferation

Increased susceptibility to
infection, graft loss, lym-
phoma, malignancy,
hepatic artery thrombosis in
liver transplant patients,
bronchial anastomotic
dehiscence in lung trans-
plant patients, hypersensi-
tivity reactions, exfoliative
dermatitis, angioedema,
hypertriglyceridemia,
hypercholesterolemia,
decline in renal function,
proteinuria, interstitial lung
disease

Jewett and
Tseng (2017)

Azathioprine Inhibits DNA and RNA
synthesis by interfering
purine synthesis and
suppressing de novo purine
synthesis Blocks lympho-
cyte proliferation and PL-2
production

Nausea, leukopenia, pan-
creatitis, risk of lymphoma,
fever, fatigue arthralgias/
myalgia, hepatotoxicity,
nephrotoxicity,
hypersensitivity

Morris (2014)
and Jewett
and Tseng
(2017)

Cyclophosphamide Alkylating agent and cross-
links cellular macromole-
cules like DNA, RNA, and
proteins

Hemorrhagic cystitis,
amenorrhea, alopecia,
myelosuppression, nausea,
vomiting, cardiotoxicity,
lung toxicity, hepatotoxic-
ity, and secondary
malignancies

Ogino and
Tadi (2020)
and Jewett
and Tseng
(2017)



low toxicity are extremely low. Therefore, scientists are looking for new drug
candidates from the well-established and proven alternative medicines like plants,
algae, and mushrooms, having better patient tolerance and acceptance. Salicin,
cocaine, codeine, digitoxin, quinine, vincristine, vinblastine, pilocarpine, paclitaxel,
and artemisinin are few representative isolated phytoconstituents being successful
today as drugs for the treatment of various diseases. The search for natural products
of plant origin as new leads for development of potent and safe immunosuppressant
and immunostimulant agents is gaining much major research interest. Wide varieties
of plants either whole or parts of plants have shown immunomodulatory mechanism
of action, thus having application as successful antioxidant, anti-inflammatory,
hepatoprotective, cardiotonic, and several other medicinal benefits. Very popular
examples of such plants are Curcuma longa,Withania somnifera, Ocimum sanctum,
Aloe vera, Andrographis paniculata, Asparagus racemosus, Boerhavia diffusa, and
Echinacea angustifolia (Kumar et al. 2012). Isolated phytoconstituents like glyco-
sides, coumarins, polyphenolics, flavonoids, polysaccharides, and alkaloids have
been reported to be responsible for the plant-immunomodulating properties
(Kesharwani and Misra 2010; Mishra et al. 2019) (Fig. 3.2).
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Table 3.1 (continued)

Drug Immunological effect Adverse effects References

Mofetil
mycophenolate
(prodrug)
Hydrolyses to
mycophenolic acid

Mycophenolate inhibits
inosine monophosphate
dehydrogenase which
eventually inhibits lym-
phocyte proliferation

Abdominal or stomach
cramps or pain; black; tarry
stools; bladder pain; bleed-
ing gums; bloating or
swelling of the face, arms,
hands, lower legs, or feet;
blood in the urine or stools;
bloody or cloudy urine;
burning; crawling; itching;
numbness; prickling; “pins
and needles”; or tingling
feelings

Jewett and
Tseng (2017)
and Ruiz and
Kirk (2015)

Leflunomide Inhibits pyrimidine synthe-
sis, block T-cell and B-cell
proliferation

Diarrhea, nausea, head-
ache, rash, stomach upset,
abnormal liver tests

Haraoui
(2015)

Muromonab Binds and blocks the CD3
complex of the T-cell
receptor

Increased risk of infection,
reduction in the number of
blood cells needed for
clotting, chest pain, dizzi-
ness, fever and chills,
shortness of breath, stom-
ach upset, and trembling or
shaking of the hands within
a few hours after taking the
first dose

Sgro (1995)
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Fig. 3.2 Various classes of immunomodulatory phytoconstituents and examples thereof

The literature of the last decade suggests that marine algae metabolites, namely,
lectins, laminarans, polyphenols, and sulfated polysaccharides like fucoidans and
carrageenans, have shown biological activities and applications for the treatment of
immunodeficiency diseases (Besednova et al. 2019). Lectins, carbohydrate-binding
proteins without any enzymatic activity, have therapeutic potential. Cyanobacteria
such as cyanovirin-N, microvirin, microcrystalline viridis-lectin scytovirin,
Oscillatoria agardhii lectin, and griffithsin inhibit the infection of cells with HIV
and also prevent the transmission of the pathogen from infected cells to uninfected
CD4+ T lymphocytes (Singh and Walia 2018). Eckol, a phlorotannin from marine
brown algae, exhibited in vivo antitumor effect in a sarcoma 180 (S180) xenograft-
bearing animal model (Zhang et al. 2019a, b). Eckol showed antitumor activity by
upregulation of Caspase-3 and Caspase-9 and downregulation of Bcl-2, Bax, EGFR,
and p-EGFR. Microalgae biosynthesize a large number of diverse bioactive metab-
olites, and therefore fractions of microalgae or pure compounds isolated from
microalgae have shown anticancer, anti-inflammatory, immunomodulatory proper-
ties (Martínez Andrade et al. 2018; Riccio and Lauritano 2019) and beneficial effects
in neurodegenerative diseases as well (Bule et al. 2018). Compounds like sulfated
polysaccharides, sulfolipids, polyunsaturated fatty acids, and astaxanthins from
microalgae are potential immunomodulators. Extracts from Alexandrium tamarense,
Chaetoceros calcitrans, Chaetoceros socialis, and Thalassiosira weissflogii have
shown activation of IL-6 and human peripheral blood mononuclear cells (Cutignano
et al. 2015). Food supplement of condensed water-soluble extract of commercially
available spray-dried Spirulina sp. activates human innate immune system



augmenting interferon production and NK cytotoxicity (Hirahashi et al. 2002).
Sulfated polysaccharides from Tribonema sp. showed immunostimulation and anti-
cancer activities on RAW264.7 macrophage cells and HepG2 cells and significant
immunomodulatory activity by stimulating macrophage cells, upregulating IL-6,
IL-10, and TNF-α (Chen et al. 2019). Manzo et al. (2017) synthesized a
sulfoglycolipid using microalgae-derived sulfolipids as lead compounds and used
it as vaccine adjuvant to trigger dendritic cell activation and improve immune
response against cancer cell. The synthetic sulfoglycolipid stimulated the production
of the pro-inflammatory cytokines IL-12 and INF-γ and increased the expression
levels of IL-1α, IL-1β, IL-18, and IL-27.
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Increasing body of scientific literature now suggests that, apart from plants, many
phytochemicals from edible and nonedible mushrooms too have diverse biological
actions (Xu et al. 2012). Mushrooms are considered as a healthy food as they contain
high protein, low fat, and essential amino acids like lysine and leucine and essential
micronutrient vitamins such as thiamine, riboflavin, niacin, biotin, ascorbic acid, and
vitamin D (Cardwell et al. 2018; Liu et al. 2019; Sliva 2004). In addition, mush-
rooms also contain polysaccharides, polysaccharopeptides, phenolic compounds,
and terpenoids. Polysaccharides, particularly β-D-glucans, are responsible for the
immunomodulatory activity. In many cultures, mushrooms are used as a food to
stimulate the immune system to cure diabetes and cancer. Mallard et al. (2019)
studied immune modulation by a medicinal mixture of three different mushrooms,
namely, reishi, shiitake, and maitake. The extracts of Ganoderma lucidum (reishi),
Lentinula edodes (shiitake), and Grifola frondosa (maitake), alone and in combina-
tion, were evaluated for their effect on the expression of cytokines IL-1α, IL-6,
IL-10, and TNF-α in human macrophages with and without lipopolysaccharide
(LPS) stimulation. All the extracts were found to be highly potent
immunostimulators as observed from very low effective concentrations (<100 μg/
mL). Combined extract formula exhibited lowest effective concentration for TNF-α
expression in LPS-stimulated macrophages compared to the individual extracts,
suggesting a potential synergism. Therefore, a combination of these mushrooms is
widely used in nutraceutical supplements (Keservani et al. 2016a, b, c, 2020).

Aqueous extracts from the vegetative submerged mycelia of these three mush-
rooms showed antitumor activity in vivo in rats with implanted kidney cancer
(Vetchinkina et al. 2016; Keservani et al. 2016a, b, c, 2018). Polysaccharide fraction
of Ganoderma lucidum has been extensively studied for identification of cellular
immunostimulatory mechanism. It exerts antitumor effects from human neutrophils
by inhibiting spontaneous and Fas-mediated apoptosis through activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway, independent of the extracellular
signal-regulated kinase pathway. It also stimulates phagocytosis and chemotaxis of
neutrophils through the mitogen-activated protein kinase and protein kinase C
pathways (Sliva 2004).

Considering the potential of immunoregulatory effect of plants and mushrooms,
intellectual property rights are being issued to protect the new and unique key
characteristics. The majority of patents and patent applications are of plant extract
or extracts of combinations of plants. Being mixtures of discrete components,



extracts usually display synergistic effects and multiple therapeutic actions than their
isolated constituents. However, issues pertaining to quality, safety, and efficacy, viz.,
authentication, variability due to geographic location, seasonal changes, soil,
weather, and microbial and other creature attacks, must be addressed. Advanced
chromatographic fingerprinting by HPLC, HPTLC hyphenated with spectrometric
detections like NMR, and MS in view of phytochemical profiling is of utmost
importance to account for batch-to-batch variations. Lack of toxicity data is also of
significant concern; assessing microbial content or mycotoxins would be of great
help. Thus, rigorous quality control and extensive physicochemical and biological
profiling can cater the need of developing potential herbal compositions into effec-
tive therapeutic agents (Gibbons 2003). Among Ayurvedic medicines, ashwagandha
(Indian medicinal herb) holds the first US patent (US 2010/0285064 A1) for acting
as a vaccine adjuvant. Its capability of invoking T-cell-dependent immune responses
against weaker antigens such as bacterial polysaccharide has been studied. Process
of preparing withanolide-rich fraction (withanolide A, withaferin A, withanolide B,
withanoside IV, withanoside V, and 12-deoxy-withastramonolide of ashwagandha
roots in high yields) has been patented by Jadhav et al. (2010). Adjuvant effect was
studied on meningococcal A polysaccharide vaccine, and IgG estimation was carried
out. Vaccine containing the adjuvant ashwagandha turned out to be more immuno-
genic and induced significant IgG response either if used immediately after combin-
ing with vaccine or when kept overnight with vaccine. However, higher adjuvant
activity was seen when kept overnight. Additionally, significant coadjuvant effect
was observed with alum, thereby suggesting its chance inclusion in adjuvant-
containing formulations (Keservani et al. 2016a). Summary of few patents from
the past two decades on phytoextracts as immunomodulator is presented in
Table 3.2.
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3.3 Isolated Phytochemicals as Immunoregulators

The possibility to enhance endogenous immune functions with the use of herbal
bioactive constituents/herbal nutraceuticals is extensively investigated (Trung and
An 2018). Several herbal nutraceuticals have been reported to modulate in immune
functions; however, their potentials as immune boosters are not systematically
investigated in well-controlled human clinical studies. Widely investigated isolated
phytoconstituents having potent effects on innate and adaptive immunity in preclin-
ical research, namely, resveratrol, epigallocatechol-3-gallate (EGCG), quercetin,
curcumin, gingerol, and genistein, are discussed here.

3.3.1 Resveratrol

Resveratrol is trans-3,40,5-trihydroxystilbene, a non-flavonoid polyphenolic phyto-
alexin derived from the skin of grapes and other fruits that demonstrate a broad range
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Table 3.2 Phytoextracts as immunomodulator

References
and patent
number

Brief description of the
invention

Patented herb/herbs and
their parts or chemical
constituents

Immunomodulatory
effect claimed

Oosthuizen
(2015)
WO 2015/
049643 Al

A crude or purified
ethanolic extract and its
pharmaceutical composi-
tions having immuno-
modulatory and
hepatoprotective activity
for the treatment of upper
respiratory bacterial
infections and immuno-
deficiency disorders

Euclea natalensis prefer-
ably shoots

Switching of Th2
immune response to a
Th1 immune response
Increase in three out of
four Th1 cytokines,
decrease in one of the
Th2 cytokines

Pylypchuk
(2011)
US 7.964.221
B2

Medicinal herb compo-
sitions for the treatment
of infectious diseases
Dzherelo (oral-
immunomodulating
agent produced from
26 plant materials)

Elecampane rhizome
(Inula sp.), fennel fruit
(Foeniculum sp.), juniper
berry (Juniperus sp.),
licorice root
(Glycyrrhiza sp.), oreg-
ano herb (Origanum sp.),
marigold flowers
(Calendula sp.), rose
hips (Rosa sp.), thyme
(Thymus sp.), etc.

Increase in total and
CD4 lymphocyte counts

Mitra et al.
(2009)
US 2009/
0136602A1

Natural
immunostimulant com-
position, methods for
obtaining, preparing, and
treating diseases related
to immunodeficiency,
e.g., cancer conditions,
hepatitis B, HIV

Symplocos racemosa
bark
Prosopis glandulosa
leaves

Cancer: surge in
pro-inflammatory cyto-
kine TNF-C-hastening
apoptosis
Increased macrophage
activity, phagocytosis of
the apoptosis cells
HIV: increase in cell-
mediated immunity by
initiating the clonal
expansion of the lym-
phocytes
Hepatitis B: increase in
cell-mediated response
and humoral response
and aid in scavenging of
the affected cells

Banerjee et al.
(2009)
US 2009/
0175964 A1

Edible composition for
enhanced immunity

Theanine or a source of
theanine Shankhpushpi,
shatavari, or a mixture
thereof

In vitro activation of
macrophage in cell cul-
ture assays leading to
higher phagocytosis
index
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Table 3.2 (continued)

References
and patent
number

Brief description of the
invention

Patented herb/herbs and
their parts or chemical
constituents

Immunomodulatory
effect claimed

Rangel
(2008)
US 2008/
0118582 A1

Phyto-nutraceutical
composition for preven-
tion and treatment of
chronic degenerative
diseases

Energy-enhancing herbs
Eleutherococcus
senticosus, Panax gin-
seng, Panax
quinquefolius, Pfaffia
paniculata, Rhodiola
rosea, and Schisandra
chinensis
Bio-intelligence modula-
tors
Andrographis
paniculata, Astragalus
membranaceus root,
Coriolus versicolor,
Echinacea spp.,
Ganoderma lucidum
mushroom, Grifola
frondosa mushroom,
Hydrastis canadensis
root, Lentinus edodes,
Morinda citrifolia,
Petiveria alliacea,
Sutherlandia frutescens,
Uncaria tomentosa,
Vitex agnus cactus
Organizational improver
Fulvic acid, Hydrocotyle
asiatica, Opuntia ficus
indica, shark cartilage

Bio-intelligence modu-
lator plants regulate the
neuroendocrine sys-
tems, immunological
systems, and cellular
processes
Eleutherococcus
senticosus stimulates
production of
T-lymphocyte and natu-
ral killer cells
Grifola frondosa
increases production of
cytokines IL-1 and IL-2
Hydrastis canadensis
increases production of
immunoglobulins G and
M and stimulates the
phagocytic capacity of
macrophages

Holt (2007)
US 2007/
0196381A1

Herbal compositions,
methods of stimulating
immunomodulation, and
enhancement of
immunomodulating
agents using the herbal
composition

Shiitake mushroom, Aloe
vera leaf, brewer’s yeast,
Coriolus mushroom,
active hexose correlate
compound,
Andrographis
Paniculata
Eleutherococcus
Senticosus

Strong direct activation
of NK cells by induction
of CD69

Patwardhan
and Kapadi
(2004)
US 2004/
0033273A1

Medicinal fractions hav-
ing immunostimulant
and antitumor activity
for reversing natural or
drug-induced immuno-
suppression or
myelosuppression and a
process for their
manufacturing

Withania somnifera root Increase in white cell
total counts and anti-
body titers
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Table 3.2 (continued)

References
and patent
number

Brief description of the
invention

Patented herb/herbs and
their parts or chemical
constituents

Immunomodulatory
effect claimed

De Souza
et al. (2002)
WO 2002/
053166A1

Standardized extract
compositions for the
treatment of immunity-
related disorders and
method of treatment
thereof

Tinospora cordifolia Increase in phagocyto-
sis by leukocytes
Increase in WBC counts
by induction of leuko-
cytosis
Induces release of gran-
ulocyte macrophage-
colony-stimulating fac-
tor (GM-CSF) abating
leukopenia

Lam (2003)
WO 2003/
068145A2

Dietary supplement
stimulating the immune
system without produc-
ing an allergic response

Ganoderma lucidum,
Dioscoreae oppositae,
Chrysanthemum
morifolium, Radix
astragali, Folium isatidis

Enhancement in pro-
duction of interleukin-1
ß without causing an
increase in the produc-
tion of interleukin-4

Lu (2008)
JP4980305B2

Herbal medicine extracts
capable of inducing
interferon production of
immune cells and acti-
vating a Toll-like recep-
tor and a method for
producing the same

Glycyrrhizae radix,
Bupleuri radix,
Scutellariae radix,
Schisandrae fructus,
Paeoniae radix rubra

Significant interferon-α
production induction in
cell line (NK92) of T
lymphocytes and NK
cells
Activation of various
Toll-like receptors
TLR2, TLR4, or TLR7

Lee-Huang
et al. (2009)
US 2009/
0061031A1

Methods and pharma-
ceutical compositions for
treating obesity or
obesity-related disorders
and for inhibiting the
infectivity of HIV

Oleuropein, its analogue,
derivatives, or
metabolites

Modulation of
adipogenesis,
lipodystrophy, reduc-
tion of fat accumulation
and weight gain. Pre-
vention of HIV viral
fusion/entry into a host
cell and binding of the
catalytic site of the HIV
integrase

Wong et al.
(2016)
US 2016/
0166661 A1

Carbohydrate-based
immunogenic composi-
tions containing fucose-
enriched polysaccharides

Ganoderma lucidum
(Reishi F3)

Antibodies generated
specifically binds to
tumor-associated anti-
gens, stage-specific
embryonic antigen, gly-
can antigen, α-L-
fucose-specific lectin,
Ulex europaeus
agglutinin-I, trigger
complement-dependent
cytotoxicity in cancer
cell



of biological activities. Resveratrol is effective anticancer, antioxidant, and anti-
inflammatory (Pund et al. 2014; Yuan et al. 2012) having significant potential for the
prevention or treatment of cardiovascular diseases, autoimmune disorders,
age-related neurodegenerative diseases like Alzheimer’s and Parkinson’s disease,
and other chronic disorders (Oliveira et al. 2017; Pund et al. 2020).
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Table 3.2 (continued)

References
and patent
number

Brief description of the
invention

Patented herb/herbs and
their parts or chemical
constituents

Immunomodulatory
effect claimed

Stamets
(2018)
US
9,931,316B2

Antiviral products useful
in preventing the spread
and proliferation of vari-
ous viruses afflicting
animals particularly
viruses harming humans,
pigs, birds, bats, and
bees

Aqueous—ethanol
extracts from the living
mycelium of Antrodia,
Fomes, Fomitopsis,
Ganoderma, Inonotus,
Schizophyllum,
Phellinus, Piptoporus,
Trametes, etc.

Activation of Th1 arm
of lymphocyte activity
Activation of the
ER-mediated ROS
pathway
Induction of apoptosis

Resveratrol mediates its several biological effects through modulation of multiple
signal inflammatory pathways which are generally dysregulated (Rieder et al. 2012).
By suppressing inflammation, resveratrol alleviates inflammatory symptoms in
cancer and several other autoimmune diseases such as colitis and rheumatoid
arthritis (Pund et al. 2014; Gambini et al. 2015). A key mechanism of action of
resveratrol is through inhibition of production of inflammatory factors through the
activation of Sirt1 (Saqib et al. 2018). Sirt1(mammalian) is an important deacetylase
member of the sirtuin family involved in a broad range of molecular events and
physiological functions like control of gene expression, metabolism, cancer, embry-
onic development, and aging (Rahman and Islam 2011). Sirt1 maintains periphery
T-cell tolerance and plays a major role in counteracting cellular stress and apoptosis
(Cattelan et al. 2015). Sirt1 regulates two main pro-inflammatory pathways in the
immune response, NF-κB and AP-1 pathways, and thus regulates the immune
system (Manna et al. 2000). Sirt1 has a direct regulatory role in macrophages, the
most abundant component of the innate immune system, and a main source of
pro-inflammatory cytokines TNF-α, IL-6, and IL-1 secreted in response to infection
and inflammation. The inhibitory effect of Sirt1 on the NF-κB pathway has an
essential role in suppressing the pro-inflammatory phenotype of macrophages
(Kong et al. 2012). Structural studies indicate that resveratrol binds to Sirt1, mod-
ulates the Sirt1 structure, and enhances binding activity to its substrates. RelA/p65 is
an NF-κBmember and principal substrate of Sirt1 that regulates leukocyte activation
and inflammatory cytokine signaling (Malaguarnera 2019). Resveratrol activates
Sirt1 and mediates RelA/p65 deacetylation, thus inhibiting TNF-α-induced NF-κB
transcription and sensitizing cells to apoptosis (Signorelli and Ghidoni 2005). The
antitumor effect of resveratrol was indirectly inhibiting its potential effect on
nonspecific host immunomodulatory activity and direct inhibition of growth of
implanted H22 cells tumor in Balb/c mice (Liu et al. 2003). Resveratrol by



intraperitoneal route could insignificantly increase the host nonspecific immunolog-
ical defense of mice with H22 tumor, by raising the level of serum IgG and TNF-α
and the number of plaques forming cells.
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Similar mechanisms were also observed in collagen-induced arthritis model in
mice. Resveratrol inhibited T-cell activation by enhancing the expression and
deacetylase activity of Sirt1, thereby decreasing the acetylation of c-Jun and
blocking the translocation of c-Jun into the nucleus (Zou et al. 2013). Prophylactic
or therapeutic administration of resveratrol attenuated clinical parameters and bone
erosion in collagen-induced arthritis model in DBA1 mice model (Xuzhu et al.
2012). Researchers specifically assessed the immune mechanisms by which resver-
atrol prevented and suppressed ongoing arthritis and determined its role in the
regulation of humoral immunity by measuring collagen-specific and total IgG levels
in serum. Resveratrol significantly prevented the development of serum collagen-
specific IgG2a and IgG1 without any influence on the levels of total IgG1 or IgG2a,
suggesting that resveratrol selectively controls the collagen-specific B-cell response
and is not a general B-cell-depleting/B-cell-suppressing factor (Xuzhu et al. 2012).
Resveratrol prevented hyperplasia of synovial cells by disrupting mitochondrial
membrane potentials, by decreasing B-cell lymphoma-extra-large expression, and
by allowing cytochrome c from the mitochondria into the cytosol (Nakayama et al.
2012).Resveratrol was found to be very effective in suppressing the potent immune
responses induced by inhalation of superantigen, staphylococcal enterotoxin B in
C57BL/6 mice acute lung inflammation model. Upregulation of Sirt1,
downregulation of NF-κB, and reduction in cytokine production were factors
responsible for neutralization of toxicity of superantigen (Rieder et al. 2012). In
case of inflammation in the colon induced with 2,4,6-trinitrobenzenesulfonic acid
solution (TNBS) in BALB/C mice, resveratrol induced a shift from a
pro-inflammatory to anti-inflammatory T-helper response in mesenteric lymph
node. Resveratrol regulated several microRNAs that modulated inflammatory
genes and factors. Decrease in the expression of several miRs (miR-31, Let7a,
miR-132) that targets cytokines and transcription factors involved in anti-
inflammatory T-cell responses (Foxp3 and TGF-β) was observed in resveratrol-
treated animals (Alrafas et al. 2020). Earlier, Zhang et al. (2019a) confirmed the
effectiveness of resveratrol treatment in dextran sulfate solution-induced colitis
through upregulation of colonic tissue levels of Sirt1, along with downregulation
of pro-inflammatory factors like autophagy-related 12, Beclin-1, and microtubule-
associated protein light chain 3 II. Natural killer cells serve as an antitumor defense
through their direct cytotoxic and indirect immunoregulatory capacities. Inactivation
of natural killer cells causes immune escape of tumor cells leading to rapid progres-
sion of cancer and the poor efficacy of immunotherapy. Natural killer group 2 mem-
ber D (NKG2D) is one of the most prominent activating receptors of natural killer
cells, and resveratrol upregulates NKG2D ligands. Resveratrol promotes NKG2D
recognition to induce the death of target cells by natural killer cells (Luis Espinoza
et al. 2013). Resveratrol also increases the expression of major histocompatibility
complex class I chain-related proteins A and B in cancer cell lines and xenograft
models and thus increases cytolysis of breast cancer cells by natural killer cells (Pan
et al. 2017).
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Cardioprotective effect of resveratrol is also through the activation of Sirt1. It
inhibits hypoxia-induced apoptosis via the Sirt1-FoxO1 pathway in H9c2 cells
proving its potential in preventing cardiovascular disease, especially in coronary
artery disease patients (Chen et al. 2009). Resveratrol reduces cardiomyocyte apo-
ptosis by Sirt1 activity and NAD (+) level by an AMPK-dependent mechanism and
attenuates caspase-3 cleavage via heat-shock factor 1 deacetylation and heat-shock
protein expression upregulation (Cattelan et al. 2015). Peroxide-induced apoptosis in
cardiomyocytes is arrested by resveratrol by activation of Sirt1, Sirt3, Sirt4, and Sirt7
(Yu et al. 2009). Activation of Sirt1 by resveratrol attenuates TNF-α-induced
vascular adventitial fibroblast apoptosis, cleaves caspase-3 protein expression, and
increases the Bcl-2/Bax ratio. The inhibitory effect of Sirt1 on vascular adventitial
fibroblast apoptosis is partly mediated by the deacetylation of FoxO1 (Wang
et al. 2013).

Resveratrol has shown to be effective for the treatment of organ-specific autoim-
mune diseases wherein a single organ is involved like type 1 diabetes mellitus,
inflammatory bowel diseases (Al Azzaz et al. 2019; Nunes et al. 2018; Shi et al.
2017), and psoriasis (Lai et al. 2017; Oliveira et al. 2017). Beta cells in the islets of
Langerhans are destroyed by the inflammatory environment resulting into insulin
deficiency and hyperglycemia. Differentiation of T-helper 1-activating B lympho-
cytes produces autoantibodies against beta cells. Th1 will also activate macrophage
and neutrophil migrations to the islet that will promote beta cell destruction by
increasing ROS (Wallberg and Cooke 2013). Resveratrol inhibits Th1 cell migration
by binding to chemokine receptor 6 and forming a complex with insulin for
increased glucose intake (Lee et al. 2011). Leukocyte infiltrates in psoriatic lesions
consist of dendritic cells, macrophages, neutrophils, and T cells. Dendritic cells
synthesize various pro-inflammatory cytokines, like TNF-α, IL-1β, IL-6, and IL-23,
that further promote IL-23 production in dendritic cells and IL-17 secretion from
Th17 cells which are inhibited by resveratrol (Kjær et al. 2015; Lai et al. 2017). On
similar lines, the adaptive immune system is generally considered as the primary
contributor to IBD pathogenesis through increased pro-inflammatory cytokines
driven by the T-helper cells or ineffective anti-inflammatory activity of regulatory
T cells (Wallace et al. 2014). The innate immune response is mainly triggered by
activation of the (NF-κB) pathway and macrophages, stimulating the secretion of
pro-inflammatory cytokines such as IFN-γ, IL-1β, IL-6, IL-8, and TNF-α (Dou et al.
2014). Resveratrol has promising effects in bowel inflammation by modulation of
inflammatory signaling pathways, inflammatory biomarkers, and intestinal micro-
flora, thus improving clinical outcomes (Altamemi et al. 2014; Rahal et al. 2012; Shi
et al. 2017; Yao et al. 2015; Yulug et al. 2015).

3.3.2 Epigallocatechin Gallate

The most popular global beverage, tea, is made from the dried leaves of the plant
Camellia sinensis. Green tea encompasses 20% of the global tea consumption. It is



usually prepared by steaming or panfrying the leaves; subsequently, these leaves are
dried to inactivate enzymes to preserve the tea constituents from the oxidation. This
process helps to preserve the distinctive polyphenols of the green tea, viz., catechins.
Almost 250–375-mg catechins are present in a typical cup of brewed green tea.
Majorly, these catechins include epicatechin (EC), epicatechin-3-gallate (ECG),
epigallocatechin (EGC), and epigallocatechin-3-gallate (EGCG). EGCG is the
most abundant and most biologically active catechin found in green tea. Peak plasma
levels of EGCG reach a maximum concentration of 1 μM after 1.5–2 h of green tea
consumption and have an elimination half-life of 5 h in humans. High doses of
EGCG (525 mg) supplements on oral administration resulted in a peak plasma
concentration of 4.4 μM, while 1600 mg of EGCG resulted in a peak concentration
of 7.4 and 9 μM on administration of 2000-mg EGCG. EGCG is well distributed
throughout the body, viz., the digestive tract, blood, brain, liver, kidney, and spleen,
among others, and ~80% of EGCG occurs in free form in plasma. Interestingly, other
catechins are found in highly conjugated forms like conjugation with glucuronic acid
and/or sulfate groups. Tea catechins undergo intestinal and hepatic metabolism and
undergo glucuronidation, salvation, methylation, and ring fission by the intestinal
microflora. Excretion of EGCG occurs through the bile into the feces, while EGC
and EC are eliminated through both bile and urine (Pae and Wu 2013). Japanese Zen
monk Eisai published a book in 1211, entitled Kissa Youjouki (meaning “promotion
of health by tea”) and described the benefits of tea as “tea is a marvelous preventive
medicine to maintain people’s health and has an extraordinary power to prolong
life.” Undeniably, recent scientific evidence supports the benefits of green tea for
health promotion (Hayakawa et al. 2016). Anti-inflammatory properties along with
the ability to modulate immunity enables catechins to exert protective effects against
various diseases such as cancer, obesity, diabetes, arteriosclerosis, neurodegenera-
tive diseases, tooth decay, hepatitis, allergy, and bacterial and viral infections.
EGCG has been found to alter immune function of the body predominantly T-cell-
related activities such as T-cell activation, proliferation, and differentiation into
different subsets of effector cells, both innate and adaptive (Pae and Wu 2013). In
an in vitro test, EGCG supplementation reduced the neutrophil migration induced by
chemokine IL-8 in a dose-dependent manner with an IC50 of >1 mM (Dona et al.
2003) and that of cytokine-induced neutrophil chemoattractant-1 at a dose of 15 mg
ml�1 or higher (Takano et al. 2004). Also, suppression of neutrophil recruitment
independent of chemokine level at the inflammation site in an ovalbumin-induced rat
allergic inflammation model was observed on oral administration of EGCG
(1 mg/rat). Oral gavage of 2% green tea was found to inhibit proteolytic enzymes
such as neutrophil elastase both in vitro (Sartor et al. 2002) and in vivo (Chan et al.
2012) indicative of an anti-proteolytic activity of EGCG on neutrophils. All these
effects of EGCG on the neutrophils suggest its protective effect in preventing
inflammation and inflammation-induced tissue damage (Pae and Wu 2013). EGCG
also prevents chemokine monocyte chemotactic protein-1 (MCP-1)-induced mono-
cyte migration and its adhesion to fibronectin in the human monocyte cell line,
THP-1, by obstructing β1 integrin activation. Monocyte chemotaxis is facilitated by
two key mediators, viz., MCP-1 secretion and its receptor (CCR2) expression. FCG
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has been found to reduce the MCP-1 secretion (Melgarejo et al. 2009). ECGC has
been found to modulate a number of inflammatory cytokines and cells involved in
their production. EGCG has been reported to inhibit TNF-α, IL-1β, and IL-6
production in various cell lines in vitro, viz., human monocyte cell lines (U937,31
THP-1) (Singh et al. 2005; Choi et al. 2009; Wu et al. 2009a, b), murine macrophage
cell lines (J774.1 (Ichikawa et al. 2004), RAW 264.7 (Yang et al. 1998), and primary
mouse macrophages (Choi et al. 2009)). Further, EGCG has also been shown to
inhibit pro-inflammatory gene expression in LPS-stimulated bone marrow-derived
macrophages including IL-6, IL-12p40, MCP-1, ICAM-1, and VCAM-1 (Joo et al.
2012). Suppression of NF-κB by EGCG has been reported to be the underlying cause
for all these effects (Joo et al. 2012). Another important immune cells that are
involved in the presentation of antigens are dendritic cells. Dendritic cells are the
cells bridging the innate and adaptive immunity. EGCG retards dendritic cell
maturation which ultimately leads to impaired functionality as antigen-presenting
cells (APC) to induce antigen-specific T-cell-mediated response (Ahn et al. 2004).
Also, EGCG increases IL-10 production in mature dendritic cells. IL-10 is an
inhibitor of dendritic cell differentiation and function. These effects of EGCG on
dendritic cells suggest the protective effect of EGCG in autoimmune diseases. Mast
cells are another cell involved in the innate immunity which is activated on exposure
to allergen like bacteria, etc. These cells further produce cytokines to aid the adaptive
immunity. It has been reported that EGCG inhibits the degranulation that results in
the release of histamine upon stimulation by an IgE-antigen complex (Matsuo et al.
1997). Dietary supplementation of EGCG has been found to suppress the T-cell
proliferation. The ability of T cells to proliferate reflects the immunocompetence of
an individual. It has been shown that Con A-induced splenocyte T-cell proliferation
is inhibited by EGCG at a dose of 25 mg ml�1 (55 mM) and higher via T-cell
mitogen concanavalin A (Wilasrusmee et al. 2002). EGCG has been reported to
greatly diminish T-cell proliferation by affecting both T cells and APC (Pae and Wu
2013). Survival, expansion, and differentiation of T cells are regulated via IL-15,
IL-7, and IL-2. EGCG induces the downstream signaling of these receptors and
thereby inhibits their expression. This eventually results in suppression of T-cell
proliferation and its effector function (Shim et al. 2008). Further, EGCG has been
reported to inhibit Th1, Th9, and Th17 differentiation while promoting the Treg
development. This affects the differentiation of CD4+ T cells, thus further strength-
ening the fact that EGCG can be effectively used in autoimmune diseases (Pae and
Wu 2013). Drinking green tea phenols protects against UV-induced immunosup-
pression by suppressing local and systemic contact hypersensitivity. Further,
UV-induced DNA damage repairing was hastened by green tea phenols along with
high levels of nucleotide excision repair genes in mice (Khan et al. 2013).
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All these studies clearly suggest that ECGC modulates the immune function, both
innate and adaptive immunity and inflammatory responses by altering various
immune cell functions. Essentially, ECGC is an anti-inflammatory and T-cell pro-
liferation inhibitor agent, thereby modulating immune functionality. Although most
of the studies have been carried out in murine models, these findings need to be
validated in human volunteers.
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3.3.3 Gingerol

Ginger (Zingiber officinale Rosc.) belonging to the family Zingiberaceae is a native
of Southeast Asia. It is widely used in Indian food as a spice and condiment. Apart
from being used in food, the rhizome of ginger has therapeutic utility which is
attributed to its rich phytochemistry. Ginger contains more than 60 compounds in
that can be categorized into two categories, i.e., volatile and nonvolatile constituents.
Volatile constituent includes sesquiterpene and monoterpenoid hydrocarbons that
give distinct aroma and taste to ginger, while nonvolatile pungent constituents are
gingerols, shogaols, paradols, and zingerone. Zingerones are converted to gingerols
or shogaols by thermal degradation (Butt and Sultan 2011). Gingerols are of major
importance and are homologous series of phenols that differ in their unbranched
alkyl chain length. On drying ginger, gingerols are converted to shogaols. Of the
different kinds of gingerols, 6- and 8-gingerol are of prime importance. Majority of
the medicinal properties of ginger have been ascribed to 6-gingerol. 6-gingerol has
antioxidant properties and suppresses the production of pro-inflammatory cytokines,
namely, TNF-α, IL-1, and IL-12 from macrophages (Williams et al. 2007). Treat-
ment with 6-gingerol in tumor-bearing mice has shown a massive increase in the
infiltration of tumor-reactive lymphocytes (Ju et al. 2012). In various tumor cell
lines, viz., OSCC and cervical HeLa, 6-gingerol has shown antiproliferative effect
by induction (Kapoor et al. 2016). Further, 6-gingerol has also exhibited inhibitory
effect on COX-2 expression by downregulation of p38 MAPK and NF-кB in vivo.
Additionally, an antimetastasis effect on lung B16F10 melanoma in an animal model
was shown by 6-gingerol (Kim et al. 2005). 8-gingerol has been found to be capable
of simultaneously inhibiting the humoral as well as cellular immune responses in
mice through B- and T-cell activation suppression (Lu et al. 2011). However,
detailed studies are needed to reinforce the utility of gingerols as immunosuppres-
sive agents.

3.3.4 Quercetin

Quercetin (3,30,40,5,7-pentahydroxyflavone) is a polyphenolic secondary plant
metabolite commonly found in fruits and vegetables. It is the most abundant
flavonoid and largely a part of diet. Onions, broccoli, apples, berry crops, and grapes,
few herbs, tea, and wine are the major dietary sources (Mlcek et al. 2016). It is
known to prevent cancer and cardiovascular and neurodegenerative disorders
(Ay et al. 2016). Apart from being immunomodulator, it displays wide array of
activities, viz., antioxidant, antidiabetic, anticancer, anti-inflammatory, antiplatelet,
antiapoptotic, nephoprotective, gastroprotective, angioprotective, cardioprotective,
and chondroprotective properties (Kawabata et al. 2015; Shebeko et al. 2018).

Major cellular signaling pathways regulated by quercetin to exert various thera-
peutic roles are apoptosis, cell cycle arrest, NF-κB pathway, MAPK pathway, PI3K-



AKT pathway, and mTOR (Sharma et al. 2018). It lowers Th1-lymphocyte differ-
entiation, thereby reducing levels of cytokines and factors like IL-1β, IL-4, IL-6,
IL-10, IL-12, IL-25, IL-33, MCP-1, NF-κB, VEGF-A, COX-2, 5-LOX, iNOS, NO,
CRP, TNF-α, TNFγ, and IgE along with lowering expression of VCAM-1, ICAM-1,
and MIP-2 (Burmańczuk et al. 2018).
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Transcription factors of nuclear factor-kappa B family are mainly involved in the
regulation of adaptive immune response, inflammation, lymphopoiesis, and osteo-
genesis. Quercetin helped improve conspicuously TNF-α, TRAF-2, TNFRSF1B,
NF-κBp65, and IFN-γ while lowering expression when fed to healthy Arbor Acre
broilers as a part of diet (Yang et al. 2020). During high-throughput screening of
immunoregulatory activity of natural products in human umbilical cord blood
mononuclear cells, quercetin displayed immunostimulatory effect. It reduced the
CD3 expression of T cells and induced CD34 expression of stem cells (Chen et al.
2006).

Cellular immunity is promoted by cytokines IL-2, IFN gamma, and IL-12 derived
by Th1, while humoral immunity is promoted by IL-4, IL-5, and IL-6 derived by
Th-2. Quercetin interacts with both these pathways to exhibit antiviral and antitumor
activities. Quercetin upregulates IFN gamma and downregulates IL-4 and acts as
immunostimulant (Nair et al. 2002). Recently, quercetin was seen to significantly
increase type I interferon-regulated genes and type I and II interferon and signifi-
cantly decrease pro- and anti-inflammatory cytokine expressions in macrophages
derived out of highly pathogenic porcine reproductive and respiratory syndrome
virus infection (Ruansit and Charerntantanakul 2020).

Apart from being immunostimulant, it possesses strong adjuvant potential as
evident by increased ovalbumin-specific serum IgG1 antibody titers indicative of
boosted humoral immune response in ovalbumin immunized Balb/c mice. It
enhanced infiltration of CD11c+ dendritic cells in the mouse peritoneum, and
elevated levels of LPS activated IL-1b and nitric oxide by peritoneal macrophages.
It also increased expression of Tbx21, GATA-3, and Oct-2 proteins in splenocytes.
Unlike other plant-derived molecules, it does not show hemolysis in human RBCs
dictating safety for in vivo administration (Singh et al. 2017). Quercetin exhibits
leishmanicidal activity, and being potent, it is the most attractive lead among
flavonoids. It induces reactive oxygen species generation in L. amazonensis-infected
macrophages (Naman et al. 2018), upregulates inhibition of TNF-α in phagocyte
migration, and suppresses L. major-induced apoptosis delay in vivo. It exerts weak
control on NF-κB level and induces cell death by apoptosis and necrosis (Belkhelfa-
Slimani and Djerdjouri 2017). Besides upregulation of Nrf2/HO-1 expression, it
depleted labile iron store-infected macrophages hampering L. braziliensis replication
(Cataneo et al. 2019).

Quercetin, however, had no effect on antibody production and did not alter white
blood cell counts in the lambs as a consequence of road transport but protected the
ruminal mucosa against the development of parakeratosis (Benavides et al. 2013).
Quercetin along with melatonin is more effective in protecting lungs against hypoxic
damage via downregulation of immuno-inflammatory mediators (TNF-a, IL-6, and
CRP) and heat-shock protein expression vascular endothelial growth factor (VEGF,



HSP70) (Al-Rasheed et al. 2017). Suppression of c-met and VEGF by liposomal
quercetin in the Eca109/9706 cells has been confirmed by using immunohistochem-
istry assay and Western blotting (Pei et al. 2009). Quercetin is known to stabilize
hypoxia-inducible factor (HIF)-1α under normal oxygen pressure because of its
ability to bind iron intracellularly leading to decreased iron stores in the cells and
also downregulate HIF-1 transcriptional activity by impairing the phosphorylation
and nuclear accumulation (Triantafyllou et al. 2008).
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Quercetin reduced expression of all inflammation-related cytokines and transcrip-
tion factors (IL-1b, IL-6, IL-8, IL-10 and TNF-a, NF-κB) of LPS-stimulated THP-1
macrophages, other than COX-2 (Chanput et al. 2010). Concentration of milk
leukocytes, also known as somatic cell count (SCC), is a key indicator of mastitis
in dairy animals (Rainard et al. 2018). In cows with clinical mastitis, quercetin was
found to significantly reduce somatic cell count after treatment for a week. However,
due to intramammary administration of quercetin, no general effect on the immune
system was seen; particularly no effect was seen on TNF-α (Burmańczuk et al.
2018). Recently, the role of quercetin in treating allergic inflammation was demon-
strated as it inhibited ovalbumin-induced allergic conjunctivitis in 16 C57BL/6 mice.
Quercetin was found to inhibit DNP-HSA/IgE induced Ca2+ 3 influx, MC degran-
ulation, 4 and chemokine release in LAD2 cells. Also, DNP-HSA/IgE induced
Lyn/PLCγ/IP3R-Ca2+ 5 and Lyn/ERK1/2; Lyn/NF-κB activation was inhibited
(Ding et al. 2020). Anti-allergic action of quercetin is attributed to inhibition of
enzymes, inflammatory mediators, and human mast cell activation via inhibition of
Ca2+ influx, histamine, leukotrienes, and prostaglandin release (Mlcek et al. 2016).
Quercetin was found effective in allergic rhinitis, elevating the production of an
endogenous antioxidant protein and immunomodulator “thioredoxin” and
suppressing oxidative stress responses in nasal mucosa (Edo et al. 2018).

Potential beneficial allo-herbal combination effect was observed when quercetin
was tested in combination with sitagliptin for streptozotocin-induced diabetes
mellitus in rats. The duo-regulated serum C-peptide, malondialdehyde, significantly
raised superoxide dismutase and glutathione and decreased nuclear factor kappa B
more than standalone treatment (Eitah et al. 2019). Quercetin-3-O-β-D-glucuronide
is a major metabolite of quercetin in the human body that might be responsible for
beneficial effects of quercetin (Kawabata et al. 2015). Isoquercetin (quercetin-3-
glucoside) which is a glycoside derivative of quercetin was found to reduce
ultraviolet-A radiation-induced damage in living skin equivalent cultures via reduc-
tion in 8-hydroxy-20-deoxyguanosine, TdT-mediated dUTP nick-end labeling, and
IL-1 α that too are more effective than hesperetin (Dekker et al. 2005). Another
glycosylated quercetin, i.e., quercetin 3-O-xyloside, was found more effective than
quercetin in activating redox-dependent ASK1/MAPK/NF-κB signaling pathway in
murine macrophage cell line RAW 264.7 resulting in secretion of TNF-α and IL-6
early innate immunity hinting its immunostimulator potential (Lee et al. 2016). A
new quercetin glycoside (30-methoxy-3-O-(400-acetylrhamnoside)-7-
O-α-rhamnoside) isolated from Cleome droserifolia showed significant antitumor
activity in triple-negative breast cancer. It showed a dose-dependent decrease in
MDA-MB-231 proliferation and viability through stimulation of TP53, repression of



its downstream miR155, and sevenfold and twofold upregulation of MHC class I
polypeptide sequence A and UL-16 binding protein 2, respectively (Abdel-Latif
et al. 2019).
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3.3.5 Curcumin

A potent antioxidant and anti-inflammatory polyphenol curcumin is most exten-
sively studied for immunomodulatory activities. Curcumin is one of the constituents
of curcuminoids, a fraction isolated from rhizomes of Curcuma longa. The other two
compounds in curcuminoids are demethoxycurcumin and bisdemethoxycurcumin,
and all have potential therapeutic activities (Upadhyaya et al. 2009a, b; Bose et al.
2015; Kesharwani et al. 2015). As an anticancer agent, curcumin recognizes and
elicits specific immune response to eradicate neoplastic cells from the host body. It
regulates several molecules in cell signal transduction and downregulates several
invasions, cell adhesion, and extracellular matrix molecules which are essential for
sustaining metastasis (Shehzad and Lee 2013). Various mechanistic pathways are
proven for its immunomodulatory effect of curcumin. Curcumin activates
proliferator-activated receptor-γ (PPAR-γ) and regulates various biochemical path-
ways in controlling the inflammatory responses (Fig. 3.3) (Mazidi et al. 2016;
Upadhyaya et al. 2009a, b; Singh et al. 2015a, b, c; Kesharwani et al. 2018).

PPAR proteins function within the cell nuclei; control metabolism, development,
and homeostasis; and play an important role in cell growth, differentiation, insulin
sensitivity, inflammatory response, reproduction, and adipogenesis (Wu et al.
2009b). Inflammatory pathways of curcumin suggest that the effect is achieved
mostly through the downregulation of NF-κB (Shishodia 2013). Narala et al.
(2009) suggested that PPAR-γ-mediated effects of curcumin are indirect and medi-
ated through endogenous ligands. By inhibiting PPAR-γ-mediated epithelial-
mesenchymal transition, curcumin prevents intestinal fibrotic stricture which is a
major complication of Crohn’s disease (Xu et al. 2017) and also activates hepatic
stellate cells to prevent fibrosis of the liver (Mazidi et al. 2016). Curcumin inhibited
epithelial-mesenchymal transition, reduced expression of α-SMA and PAI-1, and
increased E-cadherin in n renal tubular epithelial cells, thus preventing

Fig. 3.3 Mechanism of immunomodulatory action of curcumin through PPAR-γ



tubulointerstitial fibrosis in renal disease (Li et al. 2013). In case of progressive and
irreversible pulmonary fibrosis, a distinctive form of chronic interstitial pneumonia,
curcumin triggered the expression of nuclear peroxisome PPAR-γ, upregulated
cathepsin B and cathepsin L, and downregulated cystatin C (Saidi et al. 2019).
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Recently, the role of curcumin on induction, expression, and production of anti-
inflammatory cytokine IL-10 was studied (Mollazadeh et al. 2019). IL-10 plays an
important role in the prevention of infection-related tissue damage and curcumin-
alleviated coccidioidal infection in naturally infected lambs by downregulating
pro-inflammatory cytokines, i.e., IFN-γ, and increasing IL-10 (Cervantes-Valencia
et al. 2016).

By reducing the expression of iNOS, IFN-γ, and TNF-α, curcumin showed its
effect on adaptive immunity in Leishmania infection model (Adapala and Chan
2008). It activated PPAR-γ and deactivated type 1 response.

Curcumin inhibits JAK/STAT signaling by reducing IL-10 levels and increases
tumor apoptosis (Shiri et al. 2015). The anticancer activity of curcumin is by
blocking the tumor-induced T-cell depletion by increasing the production of IFN-γ
and IL-2. Several mechanisms, responsible for the potential antitumor activity of
curcumin, proposed were restoration of activated/effector CD+4 and CD+8 T cells,
secretion of IFN-γ, augmentation of tumor-infiltrating lymphocytes, and
upregulation of IFN-γ mRNA expression (Bhattacharyya et al. 2010).

In a hamster model of accelerated atherosclerosis, curcuma oil, i.e., lipophilic
fraction from turmeric, attenuated inflammation and arterial injury (Singh et al.
2015a, b, c). It also increased IL-10 and TGF-β mRNA expression in atherosclerotic
arteries and decreased mRNA expression of pro-inflammatory cytokines, namely,
TNF-α, IL-6, IL-1β, and IFN-γ. Curcuma oil-treated animals showed increased
IL-10 expression in peritoneal macrophages. Curcumin also regulates the expression
of genes implicated in tumor cell proliferation, metastasis, and angiogenesis. Phys-
iological and pathological angiogenesis is governed by endothelial progenitor cells.
Therefore, Vyas et al. (2015) studied the effect of curcumin on the growth properties
of circulating endothelial progenitor cells and showed that curcumin inhibits cell
growth by inhibiting the G1 to S phase transition in the cell cycle.

Low serum IL-10 and high serum TNF-α and IL-12 concentrations observed in
intestinal colitis are very well normalized by curcumin, thus reducing the disease
severity (Sreedhar et al. 2016). In small intestine inflammation, mice model of
hyper-acute Th1-type ileitis following peroral infection with Toxoplasma gondii,
curcumin, as well resveratrol downregulated Th1-type immune responses (Bereswill
et al. 2010). Significant increase in anti-inflammatory IL-10 in the ileum, mesenteric
lymph nodes, and spleen was observed, whereas pro-inflammatory cytokine expres-
sions, namely, IL-23p19, IFN-γ, TNF-α, IL-6, and MCP-1, were significantly
lowered in the ileum of treated animals. Curcumin, 50 mg/kg daily, by oral route
decreased serum lactic acid dehydrogenase, IL-1β, and TNF-α levels, as well as
colonic myeloperoxidase and lipid peroxide levels, and increased colonic prosta-
glandin E2 and IL-10 in acetic acid colitis model (Gopu et al. 2015). Lelli et al.
(2017) reviewed the application of curcumin in pulmonary diseases showing abnor-
mal inflammatory responses, like asthma or chronic obstructive pulmonary disease,



acute respiratory distress syndrome, pulmonary fibrosis, and acute lung injury.
Curcumin has pleiotropic effects, regulating transcription factor NF-κB, cytokine
IL-6, TNF-alpha, adhesion molecule ICAM-1, and matrix metalloproteases, and thus
is beneficial in inflammatory lung diseases and cancer (Singh et al. 2015a).
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Non-neuronal cells such as glial cells play a critical role in the pathogenesis of
chronic pain, and curcumin reduces chronic pain by blocking neuroinflammation
(Chen et al. 2015). A new application of curcumin, i.e., intrathecal injection for the
treatment of arthritic pain, was proven in complete Freund’s adjuvant injection-
induced arthritis model. Curcumin treatment efficiently reduced IL-1β, MCP-1, and
monocyte inflammatory protein-1α in the spinal cord and showed similar effect in
LPS-stimulated cultured astrocytes and microglia. In hind-paw incision model with
C57BL/6 mice, curcumin, 50 mg/kg, significantly reduced the intensity of mechan-
ical and heat sensitization (Sahbaie et al. 2014). In this experiment, the effectiveness
of curcumin in reducing the pain and inflammation was due to the increase of TGF-β.

In progressive neurodegenerative inflammatory disorders like Parkinson’s dis-
ease and Alzheimer’s disease, curcumin exhibited neuroprotective actions. Wang
et al. (2017) carried out systematic literature review of experiments performed on
neuroprotective actions of curcumin in toxin-base animal models of Parkinson’s
disease (Singh et al. 2014). Curcumin showed protection of substantia nigra neurons
and improvement in striatal dopamine levels through anti-inflammatory and antiox-
idant actions. The ability of curcumin to upregulate IL-10, a potent anti-
inflammatory cytokine, limits the inducible nitric oxide synthase gene expression,
thus reducing the production of neurotoxic nitric oxide. Even in chronic inflamma-
tory autoimmune disease like systemic lupus erythematosus, curcumin showed
protective effect by inhibiting maturation of immature dendritic cells, differentiation
of naive CD4+ T cells into Th17 and Th1 cells via inhibition of IL-6 and IL-12
production, and also reduction of IFN-γ production (Momtazi-Borojeni et al. 2018).

3.3.6 Genistein and Daidezin

Isoflavones are plant-derived nonsteroidal polyphenolic compounds representing
most common phytoestrogens, i.e., plant-based compounds resembling vertebrate
steroids, e.g., 17-β-estradiol. Phytoestrogens are broadly classified as flavonoids and
non-flavonoids. Flavonoids include isoflavones, coumestans, and prenylflavonoids,
and non-flavonoids include lignans. Isoflavones are considered as phytoestrogens by
virtue of their estrogen receptor-binding ability. Genistein, daidzein, glycitein,
biochanin A, and formononetin are important isoflavone phytoestrogens (Krizova
et al. 2019). Isoflavones have numerous health benefits such as prevention of
hormone-related cancers, cardiovascular disease, osteoporosis, and hormone
replacement therapy and improving cognitive function (Ko 2014). Specific
isoflavones have also shown remarkable biological effects, viz., genistein as antiox-
idant, anticancer, cardiovascular, and antidiabetic; daidzein as antioxidant,
antiosteoporotic, and immunostimulator; formononetin as cardiovascular,



antioxidant, and estrogenic; biochanin A as anti-inflammatory, antiproliferative,
antioxidant, antiviral, and anticancer; and glycitein as anti-inflammatory (Niaz and
Khan 2020).
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Genistein, 40,5,7-trihydroxyisoflavone, is a tyrosine kinase inhibitor abundant in
soy products such as soybeans. It is one of the promising and innovative
phytoconstituents for the treatment of cancer, osteoporosis, cardiovascular diseases,
and menopause exhibiting multifaceted action within the live cell and very low
toxicity (Ganai and Farooqi 2015; Polkowski and Mazurek 2000).

Genistein suppresses both the cell-mediated and humoral components of the
adaptive immune system as indicated by reduction in the number of developing
CD4+ and CD8+ thymocytes (Ganai and Farooqi 2015). It also inhibits tyrosine
kinase which is required for NK cell activation (Burkard et al. 2017). Masilamani
et al. (2012) has extensively reviewed the role of isoflavones such as genistein,
daidzein, glycitein, and their metabolites in regulating immune response. In phar-
macological doses, isoflavones particularly genistein exert protective effects over
tight junctions between intestinal epithelial cells and the mucosal barrier helping
cure inflammation conditions. Being phytoestrogens, isoflavones regulate dendritic
cells and downregulate TLR-dependent IL-6 expression. Genistein inhibited NF-κB-
dependent gene expression by stimulating p53 expression. In addition, genistein
suppressed MHC class II molecules. Inhibition of NK cell cytotoxicity and IgE
signaling are other noticeable effects. These effects are varied depending on their
cellular targets and also affected by the nature of the experimental setup, strain of the
animal used, and dose and duration of isoflavone treatments. Readers are strongly
urged to refer the text by Masilamani et al. (2012) for detailed account on the effect
of isoflavones on various cells and tissues of the immune system.

Genistein exerts anticancer effects in different types of cancers via cell cycle
arrest, apoptosis, antiangiogenesis, and antimetastasis. It acts via molecular targets
such as caspases, B-cell lymphoma 2, Bcl-2-associated X protein, NF-κB,
phosphoinositide 3-kinase/Akt, extracellular signal-regulated kinase 1/2, mitogen-
activated protein kinase, and Wingless/integration 1/β-catenin signaling pathway
(Tuli et al. 2019). Immunomodulatory effect of genistein has surfaced in a mouse
model of human papillomavirus-associated cervical cancer with significant increase
in lymphocyte proliferation, release of lactase dehydrogenase, and significant incre-
ment in IFN-γ (Ghaemi et al. 2012).

Antitumor activity of genistein is very well studied in prostate cancer, hepatoma
cancer, and pancreatic and lung cancer. Anticancer effect is seen via induction of
apoptosis through activation of caspase-3 and downregulation of antiapoptotic Bcl-2
and Bcl-XL family. Induction of G2/M cell cycle arrest by inhibition of AKT
phosphorylation and Cdc2 kinase, antiangiogenesis, and antimetastasis are also
observe. Genistein is also helpful as an adjuvant with other anticancer drugs such
as 5-flurouracil, all-trans retinoic acid, and trichostatin A (Mohamed et al. 2017).

Genistein can also be combined with antiretroviral drugs for inhibiting HIV
infection and HIV-related oxidative stress. It inhibits stromal cell-derived factor
1, HIV-mediated chemotactic signaling, and HIV infection of cultured blood T
cells and macrophages (Guo and Wu 2018).

https://www.sciencedirect.com/topics/medicine-and-dentistry/thymocyte
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Genistein reduces inflammation and enhances Th1/Th2 cytokine-mediated
responses mainly via IFN-γ and IL-10, IL-4, and IL-5 in rheumatoid arthritis and
allergic asthma (Gandhi et al. 2018). Genistein being immunomodulator, phytoes-
trogen, and kinase inhibitor showed benefits as prophylactic antiviral drug against
arenaviral hemorrhagic fever in the Syrian golden hamster (Vela et al. 2010).

Desmethylangolensin and equol are two major bioactive metabolites of
isoflavones. Peripheral blood mononuclear cells pretreated with genistein and
equol reduce IL-12/IL-18-induced IFN-γ production by natural killer cells without
consistently affecting cytotoxicity (Mace et al. 2019).

Daidzein is known to enhance animal resistance to heat stress and regulate animal
immunocompetence. It was found to raise serum IgG and IFN-α significantly upon
supplementation through diet to the cows in late lactation (Liu et al. 2014). Daidzein
significantly decreased the B-cell population (represented by CD3-IgM+) and
increased the T-cell populations (represented by CD3+IgM, CD4+CD8�, and
CD4�CD8+) in hybrid B6C3F1 and inbred type 1 diabetes-prone nonobese diabetic
mice (Huang et al. 2019). Daidzein supplementation to broiler breeder hens helps
improve immune function in offsprings visa increase in B cells and CD4+T/CD8+T
386 ratio as well as the proliferative response of B cells, but no effect was seen on T
lymphocytes of the offspring (Fan et al. 2018).

Recently, daidzein attenuated lipopolysaccharide-induced hepatic liver injury. It
was found to reduce ALT and AST expressions, reactive oxygen species, IL-lβ, IL-6,
and TNF-α with no cytotoxicity. Inhibition of p-ERK1/2, p-IκBα, and p-p65 expres-
sion, in addition to downregulating Keap-1, and upregulating Nrf2 expression were
revealed (Yu et al. 2020).

The duo genistein and daidzein were found to slow down aging processes by
affecting immune processes. Genistein reduced vitellogenin expression and also
resistance versus P. luminescens, whereas daidzein increased resistance versus the
pathogen in a vitellogenin-dependent manner (Fischer et al. 2012).

Glucosylated derivatives of isoflavones such as glycitein 7-O-β-glucoside,
glycitein 7-O-β-maltoside, and daidzein 7-O-β-glucoside inhibited the production
of IgE antibody in rats against 7S-globulin as antigen (Shimoda and Hamada 2010).
Ethyl acetate extract of Cordyceps militaris rich in isoflavones (genistein, daidzein)
and their derivatives (genistein 7-O-β-D-glucoside 400-O-methylate, genistein
40-O-β-D-glucoside 400-O-methylate, glycitein 7-O-β-D-glucoside 400-O-methylate,
daidzein 7-O-β-D-glucoside 400-O-methylate and adenosine) showed significant
antiallergic effect by inhibition of antigen-induced degranulation in RBL-2H3
cells and passive cutaneous anaphylaxis along with reduction of IL-4 and TNF-α .
In mast cells, inhibition of phosphorylation of Syk, ERK, p38, and JNK expression
was seen (Oh et al. 2011).

Other prominent isoflavones exerting immunomodulatory functions include
isonigricin and isoirisolidone (Nazir 2013).
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3.4 Concluding Remarks

The immune system is the most sensitive, however equally efficient integrated
functioning of numerous cells and biochemicals developed by these cells to maintain
the homeostasis and preserve the integrity of the organism against external harmful
stress stimuli. The systematic functioning of the immune system and the balance
between all chemicals are essential to the occurrence of any disease or disorder. To
date, evidence from literature highlights an increase in immunological diseases
because of change in lifestyle, and a great attention has been focused on the
development of molecules to modulate the immune response. There is continuously
increasing upward surge of demand for new effective therapies all over the world for
safe and effective treatments, and researchers are always exploring new avenues for
the same. One exciting strategy is the use of herbal medicines as their use in
traditional medicine for their properties and health benefits are well recognized
and established with safety, since ancient times. Natural products have a wide
range of diversity of multidimensional chemical structures; in the meantime, the
utility of natural products as biological function modifiers has also raised consider-
able attention and interest. Apart from versatility, safe and cost-effective therapy and
abundant availability are the added advantage of phytochemicals. Scientists have
successfully used isolated natural products and combinatorial chemistry in the
discovery of new drugs. Despite developments in drug discovery technology, natural
products from plants and other biological sources remain an undiminished source of
new pharmaceuticals.

Even though great advancements are happening in the area of fundamental
molecular biology and pathophysiology, the use of phytopharmaceuticals in modern
medicine era is still in preclinical stage, with very few products successful in the
market. Despite having beneficial health effects, therapeutic applications of bioac-
tive phytoconstituents are not yet successful due to its poor solubility, short biolog-
ical half-life, rapid metabolism, and elimination. In order to achieve a maximum
benefit of phytochemicals as immunomodulators for antioxidant, anti-inflammatory,
antifibrotic, chemo-preventive agents and also for metabolic and neurological dis-
orders for human use, efforts should be focused to improve upon the solubility,
stability, and targeted delivery for improving the bioavailability. Additionally, the
toxicity associated with the high doses of phytochemicals required to achieve
desirable response needs to be reduced. Nanotechnological strategies may be used
to improve the bioavailability and targeting efficiency, thus reducing the dose
requirements.
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Chapter 4
Effect of Plant-Derived Immunomodulators
on the Immune System

Divya Vani Koraganji, Addanki Mounika, Pureti Sushanth,
and Prameela Kandra

Abstract To regulate several immunological changes in the prevention of diseases,
immunomodulators are helpful compounds which are derived naturally from plants.
Since ancient times, people are using these natural compounds for treatment of
several diseases. Immunomodulators are capable to fight against invaders by pro-
ducing antibodies and cytotoxicity and maintain homeostasis of the immune system.
Recent research focusing on investigations of new developments in immunomodu-
lators has increased. Hence, this book chapter starts with introduction to immuno-
modulators and naturally existing plant-derived compounds and types. It also
discusses about quercetin and its derived compounds with physicochemical proper-
ties and bioavailability. Furthermore, it highlights the mechanism of action of
quercetin on the immune system with future challenges.

Keywords Immunomodulator · Quercetin · Bioavailability · Anticancer ·
Phytochemicals

4.1 Introduction

In recent times, therapeutic applications of medicinal plants and their derived
products have played a major role in controlling and prevention of diseases.
Immunomodulation is one of the approaches and homeostasis for host’s defense
system in impaired immune system (Singh et al. 2016). Even though natural plants
have been used from ancient times, now, scientists isolated several innovative
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compounds which can be recognized as immune modulators. The primary function
of the immune system is to protect the host against several disease-causing micro-
organisms. The collective action of immune cells in recognition of foreign pathogen
and activation of cascade networks will help protect from nonself-antigens and self-
antigens (Kharkar et al. 2017). Basically, innate and adaptive immune systems are
primary defense mechanisms against pathogens. A combined effort of cells like
macrophages, dendritic cells, granulocytes, and natural killer cells causes protection
of an organism, and the acquired adaptive immune response is a slow process and is
mediated by lymphocytes. It recruits different antigen receptors which give rise to
DNA rearrangement in mammalian cells (Wen et al. 2012). Figure 4.1 shows the
overview of both responses.
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Fig. 4.1 Overview of the immune system

However, cell mediated immune responses are mediated by T-helper cells and
cytotoxic T cells through the secretion of cytokines which stimulates various
pathways to kill microorganisms in an efficient manner. Cytotoxic T cells are not
only involved in killing of virally infected cells but also altered self-cells. In response



Followed by clinical manifesta�ons of various diseases

Secreted cytokines bind to their respec�ve receptors

Synthesis & secre�on of various cytokines

Engagement of nuclear factor, gene ac�va�on & mRNA transcrip�on

Ac�va�on of signalling molecules

Lymphocytes  recognize the Ag by their receptor

Ag is processed & presented to lymphocytes

to the invaders, the immune system activates the B lymphocytes to proliferate into
antibody-producing plasma cells. These secreted antibodies neutralize the antigen by
forming cross-linked clusters that can be phagocytosed by phagocytic cells and
eliminate the pathogen by several ways (Kharkar et al. 2017). Figure 4.2 shows
the sequence of events that occur during immune response.
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Fig. 4.2 Immune response in an orderly sequence of events

4.2 Immunomodulators

The compounds or agents involved to improve immunological response are called as
immunomodulators. Most of immunomodulators are in developmental stage. They
are used for transcription factor modulation, cytokine receptors and cell surface
molecules, gene activation and signalling sequences. The immunomodulation
approaches may be pathogen-specific and nonspecific to pathogens. Vaccines and
antibody reagents are pathogen-specific type and antimicrobial agents, cytokines,
and probiotics are nonspecific-type immunomodulators (Smit et al. 2009). Thus,
immunomodulators function by stimulating or suppressing the natural and adaptive
immune mechanism, which helps in tackling the body to various medical conditions.
Immunomodulators can be derived from natural or synthetic sources. The IM
compounds derived from synthetic sources have drawback of toxicity and other
side effects. In order to reduce the toxic conditions, present research is focusing on
natural immunomodulators. Natural IM derived from plant sources shows a potential



S. no Function Mode of action

immune response. Immunomodulators are classified into three major classes based
on clinical approach (Table 4.1).
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Table 4.1 Immunomodulators and mode of action

Type of
immunomodulator

1 Immunostimulants
1.1 Specific
immunostimulant
1.2 Nonspecific
immunostimulant

Activate the
immune system

Enhance the defense mechanism. Used in
the treatment of cancer and infection

2 Immunosuppressants
2.1 Specific immu-
nosuppressant
2.2 Nonspecific
immunosuppressant

Suppress the
immune system

Treatment of autoimmune disorders. Anti-
rejection medication in organ transplant

3 Immunoadjuvants Enhance the effi-
ciency of vaccines

Immune enhancer of antigenic component
of vaccine

4.2.1 Natural Immunomodulators

Plants contain secondary metabolite chemicals in the form of biomolecules such as
carbohydrates, lipids, and proteins which humans are dependent and also contain
several biologically active components such as alkaloids, glycosides, etc. These
natural compounds have immunomodulating activity (Shukla et al. 2012). Among
the secondary metabolites, flavonoids show strong antioxidant, anti-inflammatory,
immunomodulatory, and antiproliferative activities. Immunosuppression can occur
in aging, malnutrition, cancer and unwanted immunosuppresants may lead to
increase in suseptibility to various infectious agents in chronic infections (Abbas
et al. 2012; Kharkar et al. 2017).

4.2.2 Plant-Derived Immunomodulators

phytocompounds of plant extracts have immunomodulatory activity and they can
increase the host’s immune system against the pathogens by specific or nonspecific
manner in an innate and adaptive immune responses. The mode of action could be
immunostimulators, immunosuppressors, or immunoadjuvants to increase the
antigen-specific immune response. Below, phytocompounds with immunomodula-
tory activity are elucidated (Table 4.2).

Immune system is responsible for maintaining homeostasis inside the body.
Immune response is administered through various immune cells (lymphoid and
myeloid cells) and their metabolic by-products (immunoglobulins, interleukins,
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interferons, colony-stimulating factors, etc.). While innate and adaptive immunities
function complementarily to provide the human body with overall defense against
pathogens, they emerged during different evolutionary periods. General mechanisms
of innate immunity is present in vertebrates, invertebrates, and also plants, whereas
adaptive immune response is unique to vertebrates. The immune system’s function
and efficacy are governed by several exogenous and endogenous factors that result in
either in immunostimulation or in immunosuppression. Immunity is the mechanism
employed by the body to protect itself from different infectious diseases.
Immunisation prior to infection, and various external stimuli are the major factors
that trigger the immunity. Furthermore, the immune system can differentiate
between the self-cell and nonself-cells inside the body once a foreign particle is
detected (Baxter 2007). Biomolecules of synthetic or biological origin have the
ability to modulate, suppress, and stimulate any component of adaptive or innate
immunity known as immunomodulators, immunorestoratives, immunoaugmentors,
or modifiers of biological response.
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Immunomodulators are usually divided into immunoadjuvants,
immunostimulants, and immunosuppressants. Immunoadjuvants are unique immune
stimulators that strengthen vaccine effectiveness. Immunostimulants improve resis-
tance toward autoimmune diseases, cancer, asthma, and other infections. Immuno-
suppressants are the compounds that suppress the immune system; they can be used
to regulate the pathological immune response which occurs after organ transplanta-
tion. In addition, these agents can also be used to treat infection-associated immu-
nopathology, reactions to hypersensitivity, and autoimmune diseases.

Immunomodulatory compounds with high efficacy and safety standards are still
in demand. Natural immunomodulators are likely to replace synthetic chemical
drugs in medicinal therapies, due to adverse effects linked with chemical drugs.
Most research and development are currently focused on biochemicals or com-
pounds that target specific disease-related targets. Compounds with high potency
and selectivity with low toxicity may target diseases. Therefore, the design and
development of drug candidates from a wide range of traditional or alternative and
complementary medicine are gathering interest (Jantan et al. 2015).

Flavonoids are secondary metabolites of phenolic-type compounds which are
available in different forms like flavan, isoflavan, etc. This is rich in several foods
most especially abundant in vegetables and different berries. The foods that are
included are Brassica family vegetables, tomatoes, onions, green tea, berries, and
nuts and some medicinal plant leaves and barks and flowers such as Ginkgo biloba,
Hypericum perforatum, and Sambucus canadensis. The concentration of the avail-
ability of quercetin varies with variety of plants and their parts. Quercetin is a
flavonoid that contains double bonds with ketone as functional group (apigenin)
and hydroxyl group in the form of flavanols (quercetin, myricetin, etc.) and also
consists of dihydrogenated flavanone (hesperetin, naringenin) and flavanols
(taxifolin and dihydrokaempferol). Most predominant flavanol is quercetin
(3,5,7,30,40-pentahydroxyflavone), rutin, and isoquercetin (Valentová et al. 2016;
Istudor 1998; Chabane et al. 2009). Figure 4.3 shows the structure of quercetin.
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Fig. 4.3 Structure of
quercetin (Source: Mlcek
et al. 2016)
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4.2.3 Physiochemical Properties of Quercetin

Quercetin is derived from the quercetun a oak forest since 1857. It is a flavonoid
compound. It is a polar auxin transport inhibitor naturally. The International Union
of Pure and Applied Chemistry (IUPAC) nomenclature for quercetin is 3, 31,
41, 5, 7-pentahydroxyflvanone (or its synonym 3, 31, 41, 5, 7-pentahydroxy-2-
phenylchromen-4-one). It has five hydroxyl groups in its structure at different
positions. It is an aglycone having molecular formula of C15H10O7 (Chabane et al.
2009); hence, it is insoluble in cold water but soluble very slightly in hot water,
alcohol, and lipids. It will form glycoside bond with sugar residues like rhamnose
and glucose; hence, the solubility and absorption increase. Quercetin has brilliant
citron yellow needle crystal. When a glycosyl group is attached to quercetin, it forms
quercetin glycoside having high water solubility than quercetin aglycone (Li et al.
2016). Figure 4.4 shows the different forms of quercetin.

4.3 Bioavailability of Quercetin

The absorption of quercetin and its derivative are different from one another
depending upon the type of sugar. Quercetin glycosides are better absorbed than
its rutinosides which are found in tea. These glucosides are hydrolyzed to aglycone
with the help of beta-glucosidases and then absorbed effectively (Ader et al. 2000).
Quercetin sulfuric acid derivatives absorbed more quickly than quercetin. Hence, the
absorption efficiency of quercetin is also depends on the source from which it is
derived and also the dietary components such as fat and fiber (Guo et al. 2013).
Quercetin and its derivatives are stable to gastric acid. Once the absorption of
quercetin is completed, then it is metabolized in tissues like the liver, intestine,
kidney, and colon where it is transformed to phenolic acids by bacteria and enzymes.

Aglycone in the small intestine and colon resulted in the breakdown of quercetin
and formation of small phenolic compounds (Kim et al. 1999). These metabolites
accumulate in the organs, which are involved in metabolism and also excretion, and
also mitochondria (Konrad and Nieman 2014). The absorbed quercetin is



metabolized extensively and eventually eliminated by the lungs (Walle et al. 2001).
Glycosylated quercetin is absorbed completely than quercetin in the aglycone form
and that the simultaneous ingestion of quercetin with vitamin C, folate, and addi-
tional flavonoids improves bioavailability (Harwood et al. 2007). The enzymes of
the small intestine may enhance absorption, and later, they are modified to methyl-
ated, sulfo-substituted, and glucuronidated by enzymes in the liver and are finally
excreted in urine by the kidney.
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4.4 Biological Functions of Quercetin

Quercetin is available in different forms and has shown unique properties which lead
to several applications. The special biological functions of quercetin will reduce the
risk of infections and also increase physical and mental ability. In the organism due
to physical or chemical and biological factors, the production of free radicals is
increasing which may damage the tissues. Quercetin will neutralize the free radicals
especially smoke that damages erythrocyte membrane (Begum and Terao 2002).
This property of quercetin will have potential effect on resistance to toxic chemicals.
It is ubiquitous, having antiviral, anticarcinogenic, antioxidant, psychostimulant, and
anti-inflammatory activities. Quercetin can inhibit lipid peroxidation and restorative
mitochondrial biogenesis platelet and increases capillary permeability. It has
antiallergic property and modulates EGFR-mediated pathways. Inhibition of cyclo-
oxygenase (COX) and lipoxygenase pathways may prevent the production of
pro-inflammatory molecules. It also inhibits xanthine oxidase and averts uric acid
accumulation (Ahmad et al. 2008). One of the applications of quercetin is inhibit the
viral replication and also prevent the formation of reactive oxygen and nitrogen
species in MAPK and NF-kB pathways (Boots et al. 2008). Studies also refer to the
reduction of LDL levels when they consume food rich in quercetin content. Oxida-
tive damage of neurons can be inhibited, with the combination of ascorbic acid
reducing leukocyte destruction and also oxidative stress in neurological disorders
like Alzheimer’s and other diseases (Lakhanpal and Rai 2007). Several other
hypersensitivity reactions like asthma and bronchitis can be reduced by less produc-
tion of histamine; hence, quercetin is considered as antihistamine. Quercetin is
potent anticarcinogenic agent and reduces the growth of tumor in various tissues
like the liver, brain, and colon and also will reduce the spread of tumor (Vásquez-
Garzón et al. 2009).

4.5 Mechanism of Action of Quercetin

Lipopolysaccharide (LPS) is a bacterial endotoxin which is an inducer of inflamma-
tion and microglia activation. Treatment with quercetin inhibits the secretion of
TNF-α production in macrophage cell. Furthermore, LPS treatment of A549 cells in
the presence of quercetin results in the decrease of IL-8 production. The inhibitory
effect of quercetin in LPS-induced mRNA-level TNF-α and interleukin (IL)-1α
reduces the apoptotic neuronal death mediated by microglial activation. It inhibits
the production of both cyclooxygenase (COX) and lipoxygenase (LOX), which are
inflammation-producing enzymes. In-vitro treatment of quercetin on activated T
cells blocks IL-12 induced tyrosine phosphorylation of Janus kinase, signal trans-
ducer and activator of transcription factors which resulted in reduced interleukin-12
induced proliferation and also differentiation of Th-1.
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The effect of quercetin on immune system is by targeting numerous intracellular
signaling kinases and phosphatases and membrane proteins. These are frequently
crucial for a cellular function by either downregulation or suppression of the
pathway and functions (Chirumbolo 2010). Few studies shows that LPS-induced
inflammation is by several mediated kinases. The effect of quercetin on human cell
lines is as follows: one of the studies showed the inhibitory effect of quercetin on
human umbilical cord blood-derived cultured mast cells (hCBMCs) secretion of
FcεRI-mediated release of pro-inflammatory cytokines, tryptase, and histamine, as
well as on intracellular calcium ion levels and phosphoprotein kinase C (PKC).
Another study shows that quercetin against H2O2-induced inflammation shows the
protective effects of quercetin against inflammation in human umbilical vein endo-
thelial cells (HUVECs) via the downregulation of vascular cell adhesion molecule
1 (VCAM-1) and CD80 expression (Yao Li et al. 2016).

The immunostimulatory effects of quercetin may be mediated through the induc-
tion of Th-1-derived cytokine, IFN-γ, and inhibition of Th-2-derived cytokine
interleukin (IL-4) by normal peripheral blood mononuclear cells (PBMC). Further-
more, studies also explained that treatment of quercetin increased the phenotypic
expression of interferon (IFN-γ) cells and decreased IL-4 positive cells by flow
cytometry analysis, which give support to protein secretion and gene expression
studies (Nair et al. 2002). In human dermal fibroblasts and matrix
metalloproteinases, which are normally inhibited by plasminogen activator inhibitor
1 (PAI-1), studies show that quercetin is able to inhibit them (Lim and Hyun 2007).
Another study explains that quercetin is able to inhibit the selective mast cell
activation by inhibiting interleukin (IL-6) secretin induced by IL-1. IL-1 induce
the stimulation of IL-6 production from human mast cells which is regulated by
biochemical pathway distinguished from IgE-induced degranulation. Therefore,
quercetin can block both IL-6 secretin and two key steps involved in signal trans-
duction pathways (Kandere-Grzybowska et al. 2006; Penissi et al. 2003). It also
showed in both effects basophils at nanomolar doses and therefore effect on allergic
inflammation cells (Muthian and Bright 2004). The below flowchart explains the
working model on ERK (extracellular signal-regulated kinase), JNK (c-Jun
NH2-terminal kinase), NF-κB (nuclear factor-κB), and AP-1 (activator protein-1).
ERK, JNK, c-Jun, and NF-κB are potent inducers of inflammatory gene expression
and protein secretion and how quercetin block tumor necrosis factor (TNF-α) (Yao
Li et al. 2016) (Fig.4.5).

4.6 Conclusions

Quercetin is a natural immunomodulator with several biological functions. As it is
having poor solubility property, its use is restricted for oral administration. It is an
interesting challenge to improve the solubility of quercetin to enhance the therapeu-
tic usage. Although several modified quercetin forms are available, bioavailability is
a future emerging challenge. However, literature to biological functions is available,



but research is needed to understand the mechanisms to evaluate the prognosis of
immunomodulator research for therapeutic functions.
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Fig. 4.5 Action of
Quercetin
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Chapter 5
Polyphenols and Its Effect on the Immune
System

Kanchan Gairola, Shriya Gururani, and Shiv Kumar Dubey

Abstract The mainstay of good health is well functioning and strong immune
system which involves interaction between acquired and innate components of the
immune system that leads to immune responses. In the recent few years, polyphenols
are extensively studied for their immunomodulatory properties to achieve the pref-
erable and desirable effects. Polyphenolic compounds exert many biological activ-
ities and are known to considerably affect the efficiency of the immune system either
in a positive or in a negative manner by either stimulating or suppressing the immune
response; hence, they are regarded as important immunomodulatory agents. As these
bioactive leads generally show minimal toxicity and have better efficacy, a lot of
scientific studies are focused on their clinical uses. The aim of this chapter is to focus
on the adequacy and effect of the plant’s polyphenol, such as tannins, lectins,
flavonoids, glycosides, anthocyanins, and other phenolic compounds on the immune
system at the molecular level and their mechanism of immunomodulation. Keeping
the importance of polyphenols in medicinal field and immunomodulation in the
view, this chapter mainly highlights the effect of polyphenol on modulation of the
immune system.

Keywords Immune system · Polyphenols · Flavonoid · Cell signaling pathway ·
Antioxidant · Anti-inflammation

5.1 Introduction

The extensive study of immune mechanism is generally correlated to pathological
context as immune function is mainly affected by pathogen leading to immune
imbalances and dysfunction. Other causes that affect the immune system are phys-
iological stress. Nowadays, intensive and prolonged exertion results into perturba-
tion of the immune system that leads to malfunctioning of multiple compartments of
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the body due to which the human body experiences oxidative stress, muscle
microtrauma, inflammation, and suppressed function against pathogen (Nieman
et al. 2007). The influence of certain nutritional countermeasure is found to be
effective against these outcomes related to immune dysfunction (Nieman and Bishop
2006). Dietary interventions and functional food are considered to be potent immu-
nomodulators as it is contemplated to be targeting multiple immune functional
components.
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Polyphenols, one of the many nutritional interventions, are plant metabolites,
generally found in fruit and vegetables contributing their flavor and color and
response to pathogens and related damages, are known for their pleiotropic phar-
macological activities, and are well documented for its immunomodulatory activi-
ties. Polyphenols include flavonoids, tannins, stilbenes, phenolic acids, and their
various chemically modified or polymerized derivatives. Polyphenols are secondary
metabolites of plant that are produced ubiquitously in plants and have a defensive
mechanism to protect the plant through hazardous environment. Numerous studies
and prevailing evidence show that polyphenols not only can potentially prevent
several immune diseases but also can directly target the pathogen in the living
system affecting the immune processes (Ding et al. 2018).

Polyphenol present in red wine can induce interleukin-(IL-) 21 levels and reduce
the IL-1β and IL-6 level significantly (Magrone et al. 2017). Polyphenols have the
ability to inactivate prooxidant, scavenge free radicals, and regulate systemic inflam-
mation by inhibiting various cell signaling pathways that trigger inflammation in the
body. They are considered to be very effective in regulating innate and adaptive
immunity as they can modulate different type of cytokines involved in inflammation
process (Mao et al. 2017). Modulations of certain inflammatory process by poly-
phenols involve either individual mechanism or synergistic effects. Certain mecha-
nisms modulated by polyphenol include altering the signaling and enzymatic
processes involved in inflammation such as tyrosine and serine-threonine protein
kinases which involve B-lymphocyte activation and T-cell proliferation. They are
also involved in inhibiting the key inflammatory mediator, NF-κB, inducible nitric
oxide synthase (iNOS), pro-inflammatory enzymes such as COX-2, MAPK, and
protein kinase-C. Polyphenols exhibit blunt effects on inflammatory cell secretions,
scavenge free radicals and inflammatory prooxidant such as superoxide anions and
hydrogen peroxide, and protect cells from oxidative stress. Polyphenols modulate
inflammatory mediators such as cytokines, peptides, and arachidonic acid (Hussain
et al. 2016).

5.2 Structure and Function of Polyphenols

Polyphenols are generally characterized as aromatic rings with hydroxyl groups or
multiple phenol structural units (Cheynier 2005). Polyphenols are generally classi-
fied into flavonoids and non-flavonoids (Fig. 5.1) based on their chemical structure,
or it can be subdivided into many subclasses depending on the presence of phenol



units, substituent groups, or the linkage type between phenol units (Cardona et al.
2013). Flavonoid comprises largest group of polyphenols and are most structurally
diversified compound among polyphenols because of the variation in their hydrox-
ylation pattern and in oxidation state of central pyran ring. Flavonoids include
flavones, flavanols, anthocyanins, isoflavones, anthocyanidins, flavanones, and
flavanonols. Non-flavonoid includes phenolic acids, tannins, and stilbenes. Basic
structure of non-flavonoids is single aromatic ring. This group mainly consists of
phenolic acid predominantly benzoic acid and cinnamic acid derivatives (Singla
et al. 2019).
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Fig. 5.1 Classification of polyphenols

Polyphenols are generally present as a complex mixture in food, and they do not
get absorbed easily in a natural form as they exist in the form of esters, glycosides, or
polymers. Some of the polyphenols may be absorbed in small intestine, and some
have pro-host effect, but those polyphenols which tend to be not absorbable are
hydrolyzed enzymatically by the intestine to facilitate the absorption. Polyphenols
with different structure have different function. In previous studies, it is reported that
polyphenols have various activities including antioxidant, anti-inflammatory, and
antitumor properties (Kim et al. 2014; Romier et al. 2009; Szliszka and Krol 2013).
Flavonoids generally consist of benzophenone structure with more than one aro-
matic ring; each has one or more hydroxyl group that is connected by Carbon Bridge
(Szliszka and Krol 2011). Phenolic acid which is a non-flavonoid secondary metab-
olite averts damage caused by ultraviolet rays in plants. It also protects plant from
insects, viruses, bacteria, and other microorganisms. Some plant produces phenolic
acids which are known to inhibit the growth of their plant competitors (Heleno et al.
2015). Subgroup of phenolic acid is hydroxybenzoic acid and hydroxycinnamic acid



(Taofiq et al. 2015). In a study, it is demonstrated that in cell RAW264.7, the
production of TNF-α which is stimulated by lipopolysaccharide (LPS) inhibited by
ferulic acid (Park et al. 2011). In an immunological-related study, it was reported that
the activity of interferon gamma-induced protein in response to TNF is significantly
decreased by phenyl ethyl caffeate. The study also reports the strong effect of phenyl
ethyl caffeate against the activation of nuclear factor-(NF-) kB and production of
lymphoid factor (Wang et al. 2009). Tannins are non-flavonoid phenolic com-
pounds, generally present in bark and fruits of many plants; they are well known
for its anticarcinogenic, antioxidant, and antimutagenic activity. The structure of
tannin has central carbohydrate and ten galloyl group (Lopes et al. 1999). In a report,
the effect of total 67 tannins and structurally related compounds is tested against
Leishmania parasite RAW 264.7 cells. Tannins show effective antileishmanial
activity, and it also shows its effect on macrophage activation for the release of
TNF, NO (nitric oxide), and interferon activities (Kolodziej and Kiderlen 2005).
Stilbenes are that class of compound, which is characterized by the
1,2-diphenylethylene. Stilbenes are reported to have remarkable potential in the
field of biomedical especially in the human immune system.
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5.3 Immunomodulatory Mechanism of Polyphenols

After decades of studies, researchers develop the insight on the effect of polyphenols
on immune system functions. Earlier, it was reported that polyphenols regulate host
immune response by interfering cell signaling pathways. It binds to one or more than
one receptor, triggering cell signaling that ultimately leads to the regulation of the
immune system. Polyphenols interfere cell regulation, pro-inflammatory cytokine
synthesis, and gene expression. Polyphenols are known to modulate epigenetic
mechanisms and have effect on enzymes too. It is reported that polyphenols are
involved in inhibiting certain enzyme that is responsible for ROS (reactive oxygen
species) production such as NADPH oxidase (NOX) and xanthine oxidase. It is also
involved in upregulating the endogenous antioxidant, modulation of mitogen-
activated protein kinase, and arachidonic acid pathways. Polyphenol immunomod-
ulatory mechanism involves inhibition of NF-κB, phosphatidylinositide 3-kinases/
protein kinase B, kappa kinase/c-Jun amino-terminal kinases (IKK/JNK), and mam-
malian target of rapamycin complex 1 (mTORC1) which is a protein complex that
controls protein synthesis and inhibition of JAK/STAT pathway. Pro-inflammatory
genes and Toll-like receptor are also suppressed by polyphenols (Yahfoufi et al.
2018). Polyphenols have their effect on different types of immune cell. In a study, it
was reported that red wine, having polyphenols, can induce the production of NO
from human monocytes that leads to the vasodilatory action and could prevent
atherosclerosis. Dihydroxyl phenolic acid is known for exhibiting anti-inflammatory
properties. It reduces the secretion of IL-6, TNF-α, and IL-1β from PBMCs (periph-
eral blood mononuclear cells) (Monagas et al. 2009). Their experimental data
suggest that polyphenols can be used for the treatment of controlling tumor growth



(Oršolić et al. 2004). Researchers while working with CBA mouse on metastatic
effect of transplantable mammary carcinoma (MCa) reported that polyphenolic
compound such as caffeic acid (CA), caffeic acid phenethyl ester (CAPE), quercetin
(QU), and water-soluble derivative of propolis (WSDP) significantly decreases the
tumor nodules present in the lungs.
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Flavonoids are responsible for downregulating the expression of cyclooxygenase
(COX)-2 which is demonstrated in lipopolysaccharide (LPS)-stimulated J774A.1
cells. Similar effect was shown by citrus polymethoxy flavones and quercetin in
human synovial fibroblast and in mouse macrophage, respectively. Polyphenols
present in green tea is reported to have the ability of suppressing mRNA and protein
expression of COX-2 in the RAW 264.7 cells. Similarly, genistein shows its effect in
colon cancer cell by downregulating the COX-2 promoter (González-Gallego et al.
2010). Polyphenols are involved in the production of eicosanoid that contributes to
the anti-inflammatory property of polyphenols. It also inhibits enzymes that are
involved in the process of ROS production such as NADPH oxidase (NOX) and
xanthine oxidase and enhances the upregulation of enzymes such as catalase,
peroxidase, and superoxide dismutase (Bengmark 2004). Polyphenols are associated
with the regulation of T regulatory (T-reg)/T-helper 17 (Th17) balance and the level
of plasma and intestinal mucosal cytokines including interleukin 10 (IL-10),
transforming growth factor-beta1 (TGF-β1), interleukin 6 (IL-6), and interleukin
17 (IL-17). Polyphenols also have an activity against NF-κB activation; they inhibit
its activation and suppress the growth of dextran sulfate sodium (DSS)-induced
colitis (Mileo et al. 2019).

5.4 Polyphenol’s Regulatory Effects on Different Immune
Responses

Polyphenols have immense application in insulin resistance, inflammation, neuro-
logical disorders, allergic responses and in carcinogenesis involving modulation of
many signaling pathways (Table 5.1).

5.4.1 Polyphenol and Insulin Resistance

Polyphenols regulate insulin by reducing its resistance. It generally promotes gly-
colysis by inhibiting mTORC1 and PI3K/AkT and activating the AMP-activated
protein kinase. Polyphenols by activating the AMPKs effectively increase the uptake
of glucose. Activation of AMPK positively affects eNOS imitating muscle contrac-
tion and activity of insulin which in turn increases the glucose uptake (Fryer et al.
2000). It was demonstrated in a study that polyphenols inhibit p/AkT and JNK
activation of the AMPK-SIRT1-PGC1α axis by which it lowers the insulin
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Table 5.1 Cell signaling pathway that is mainly targeted by polyphenols (Khan et al. 2019)

Polyphenols Signaling pathway Actions References

Quercetin, kaempferol,
galangin, catechol
(1,2-dihydroxybenzen),
resveratrol, p-coumarin,
myricetin, morin

Arachidonic acid-
dependent pathway

Inhibiting LOX enzyme
Inhibiting PLA2
Inhibiting COX enzyme

Baumann et al.
(1980)
Laughton et al.
(1991)
Makanjuola
et al. (2018)

Resveratrol, quercetin,
EGCG, ellagic acid,

Phosphatidylinositol
3-kinase/protein
kinase B
(PI3K/Akt) signaling
pathway

Downregulating the
expression of
pro-inflammatory cyto-
kines by alteration of
PI3K/Akt signaling path-
way
Protect HUVECs from
apoptosis mediated by
PI3K/Akt activation
Neuroprotection in rats
undergoing ischemia
induced cerebral damage

Abdel-Aleem
et al. (2016)
Venkatachalam
et al. (2008)
Yang et al.
(2018a, b)

Resveratrol
Fisetin
Curcumin
Quercetin, myricetin
EGCG

Epigenetic modula-
tion (DNA methyla-
tion,
histone modifica-
tions, and posttran-
scriptional
regulation by
miRNAs)

Activation of SIRT1
resulting in the inhibition
of NF-κB and its down-
stream genes such as
COX-2 and iNOS
Increase SIRT1 and
SIRT3 expression
Inhibiting DNMTs
Regulation of HATs and
HDACs
Regulate miRNA expres-
sion (miR-181b)
Reactivate the neprilysin
gene leading to inhibition
of NF-κB
Downregulate c-Myc,
PHD2, and β-catenin
expressions via SIRT1
activation in a manner that
mimics hypoxic
preconditioning
Hypoacetylation of p65 by
inhibiting the activity of
HAT which results in
reduction of the activity of
NF-κB

Boyanapalli and
Kong (2015)
Choi et al.
(2009)
Cordero-
Herrera et al.
(2017)
Hong et al.
(2012)
Li et al. (2013)
Song et al.
(2016)

Quercetin, resveratrol,
EGCG, apigenin,
luteolin

MAPK pathway Suppressed the phosphor-
ylation of NF-κB, ERK1/
2, JNK, and p38 pathway
proteins which alter the
production and expression
of pro-inflammatory
Cytokines

Chen et al.
2004, Yang
et al. 2018a, b



resistance and prevents diabetes and reduction of insulin. Polyphenols such as
flavonoids effectively reduce apoptosis of pancreatic β-cells and improve insulin
secretion (Chu 2014).
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Table 5.1 (continued)

Polyphenols Signaling pathway Actions References

Resveratrol, EGCG,
quercetin, genistein

NF-κB signaling
pathway

Modulating NF-κB sig-
naling pathway which
alters the genetic regula-
tion of COX enzyme,
pro-inflammatory
cytokines, and
chemokines

Chen et al.
2018,
Wheeler et al.
2004

5.4.2 Polyphenols and Inflammatory Neurological Diseases

Neurological diseases include epilepsy, Parkinson’s disease, Alzheimer disease, and
other dementia. In earlier studies, polyphenols show protective effect in neurological
disorder. Polyphenol such as flavonoid significantly reduces the aging and dementia
by 50%. It is also helpful in flaying the onsets of diseases like Alzheimer’s and
Parkinson’s diseases (Dai et al. 2006). Due to the activities like reduction in reactive
oxygen species (ROS) and presence of cellular GSH contents, EGCG has
neuroprotective properties. Polyphenols can modulate glial signaling pathway
related to signaling in the brain and also neuronal signaling pathways. Polyphenols
can downregulate NF-κB related with iNOS generation in glial cells (Vafeiadou
et al. 2009; Singh et al. 2014).

5.4.3 Polyphenols and Allergic Diseases

Polyphenols significantly work against allergic reaction. It effectively regulates the
pathways that lead to allergic reaction in the human body. Allergic disease can affect
elder one as well as a newborn child. It can occur at any stage of life. Sometimes, it
occurs due to the genetic predisposition. Polyphenols exhibit anti-allergic effects
including inhibition of histamine release, leukocyte production, and reduction of
pro-inflammatory cytokines (Di Meo et al. 2013). Polyphenols inhibit IgE antibody
formation and regulate Th1/Th2 balance by which polyphenol might affect the
binding of allergen-IgE complex to its receptor (FceRI) on mast cells and basophils
and can affect the formation of allergen-IgE complex (Choi and Yan 2009).
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5.4.4 Polyphenol and Tumor

Polyphenols have a very crucial role in regulatory activities and suppressing tumor
formation by altering the cell signaling pathways and regulating enzyme kinases.
Polyphenols induce tumor cell death (apoptosis) as determined by the activation of
caspase-3 and caspase-9, mobilization of cytochrome C, and externalization of
annexin V on the cell surface (Gomez-Cadena et al. 2016). It significantly inhibits
the chymotrypsin like activity in proteasome and proliferation of multiple myeloma
cells. It was reported that polyphenols bind to 20S proteasome and inhibit it to
accompany the suppression of tumor cell proliferation (Mujtaba and Dou 2012). In
earlier study, it was reported that dietary polyphenols inhibit cancer cell growth by
inducing apoptosis of tumor cell. They mainly target the tumor necrosis factor-
related apoptosis inducing ligand (TRAIL)-mediated apoptotic pathway. Most of the
tumor cell has anti-apoptotic property in it, and polyphenols significantly target that
tumor cell and induce apoptotic activity in it by targeting TRAIL cell (Szliszka and
Krol 2011).

5.5 Different Types of Polyphenolic Compound and Their
Effect on the Immune System

Polyphenols are generally secondary metabolites of plants and are reported to have
more than 8000 structural variants in their family. Important polyphenols (Fig. 5.2)
and their important immune responses are discussed in this section.

5.5.1 Quercetin

Quercetin is an aglycone categorized as flavanol, basically obtained from fruits and
vegetable, known for its unique and exceptional biological properties for improving
mental or physical performance, and reduces the risk for infection (Davis et al.
2009). It shows potential benefits toward improvement in overall health and acts as
potential resistant toward carcinogens, inflammation, free radicals, and viral infec-
tion. Quercetin also has the ability to inhibit capillary permeability, platelet aggre-
gation, and lipid peroxidation and is known for stimulating mitochondrial biogenesis
(Aguirre et al. 2011). Quercetin is reposted to be responsible for the enhancement in
neutrophil chemotaxis, respiratory burst activity, NK cell lytic activity, macrophage
phagocytosis, and mitogen-stimulated lymphocyte proliferation (Gleeson 2006).
Quercetin regulates the expression of some genes including transcription factor
nuclear factor-kappa B (NFκB). It shows antipathogenic activities against a wide
variety of viruses and bacteria (Cushnie and Lamb 2005) and also shows activity
against HSV-1 and HSV-2 at early stages; adenoviruses 3, 8, and 11; and



coronaviruses (Dimova et al. 2003). Another study shows that conjugates of quer-
cetin reduce replication of various viruses such as HIV, SARS, and rhinovirus
through different pathways such as reducing lipase activity, inhibition of DNA
gyrase and proteases, and also binding of viral capsid (Nieman et al. 2007). It
induces the gene expression and production of helper T-lymphocyte-1 (Th-1)-
derived interferon gamma (IFNγ), and it downregulates Th-2-derived IL-4 (Nair
et al. 2002).
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Fig. 5.2 Structure of immunomodulatory polyphenols

5.5.2 Resveratrol

Resveratrol, chemically known as 3,5,49-trihydroxystilbene, is found usually in
grapes and is an important constituent of red wine. Resveratrol exerts chemopre-
ventive properties and anti-inflammatory activity in macrophage. It is reported to
inhibit the development of DMBA-induced preneoplastic lesions in mammary
glands of mouse (Jang and Pezzuto 1999). Resveratrol also shows its effect on
TLR-mediated inflammatory responses and chronic diseases that are associated with
TLR activation such as Crohn’s disease, type 2 diabetes mellitus (T2DM), rheuma-
toid arthritis, and neurodegenerative and cardiovascular disorders (Narayanankutty
2019). It was reported that COX-2 expression and NF-κB activation in LPS were
decreased by resveratrol. It also actively reduces the production of granulocyte-
macrophage colony-stimulating factor (Schwager et al. 2017). Resveratrol also
influences the activity of NK cells and simultaneously has an effect on other cells



like CD8+and CD4+ T cells (Falchetti et al. 2001). It was observed in a study that
resveratrol inhibits active single transducers and STAT3 signaling activators, in turn
of which it helps in augmenting NK activity against cell leukemia (Malaguarnera
2019).
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5.5.3 Punicalagin

Punicalagin is an ellagitannin which is isolated from the pomegranate (Punica
granatum) and also present in abundant amount in fruit husk and juices. In China,
it is widely used in the form of medicine for the treatment of various diseases
including inflammatory bowel disease, ulcer, and diarrhea. It significantly reduces
LPS -induced formation of nitric oxide (NO), TNF- α, (IL)-1β, IL-6, and prosta-
glandin E2 in RAW264.7 cells in a dose-dependent manner. It could also suppress
the phosphorylation of extracellular signal-regulated kinase, mitogen-activated pro-
tein kinase including p38, and c-Jun N-terminal kinase (Xu et al. 2014). It was
reported that punicalagin works as a potent immunosuppressant and inhibits the
activation of NFAT (nuclear factor of activated T cells). Interleukin-2 which is the
expression of mRNA and soluble protein was downregulated by punicalagin from
anti-CD3-/anti-CD28-stimulated murine splenic CD4+ T cells. It is also documented
to reduce and suppress MLR (mixed leukocytes reaction) without exhibiting any
kind of cytotoxicity of cell (Lee et al. 2008).

5.5.4 Apigenin

Apigenin is a very common dietary polyphenol classified as flavonoid. It is present
in abundant amount in many vegetables and fruits. Apigenin potentially possesses
anti-inflammatory, antioxidant, antibacterial, and antiviral activities and is used in
traditional medicine for centuries. It helps in blood pressure reduction significantly,
is highly effective against cancer cells, and has low toxicity in comparison to other
anticancerous medicine. It significantly suppresses the tumor cell by triggering cell
apoptosis and autophagy, inducing cell cycle arrest, suppressing cell migration and
invasion, and stimulating an immune response (Yan et al. 2017). Apigenin acts as an
anti-allergen against airway inflammation. It significantly reduces the degree of the
inflammatory cell infiltration, airway hyper-responsiveness, and total immunoglob-
ulin E levels compared with the ovalbumin group. It also helps in triggering the
switching of the immune response to allergen toward a T-helper (type 1) profile
(Li et al. 2010). Among all the phenolic compounds, apigenin is considered to have
countless nutritional and organoleptic characteristics. Apigenin exhibits potential
therapeutic action such as it can induce apoptosis and cell cycle arrest. Other than
that, it also shows anti-inflammatory and antioxidant activities. It has access to
different proliferative stages and can have cell cycle arrest at G1/S and G2-M



phase by modulating different CDKs and other factors required for their initiation. It
also regulates change in the potential of mitochondrial membrane and is able to
cause the release of cytochrome C in cytoplasm which in turn activates caspase-3
through mean of activation of APFA and turns on the apoptosis process in cells that
grew uncontrollably. Apigenin is proved to be a very potent inducer of apoptosis by
regulating intrinsic apoptotic as well as extrinsic apoptotic pathways and is involved
in activation of caspase-8. Apigenin modulates Bcl-2, Bax, STAT-3, and Akt protein
expression in cancer cells and activates apoptosis (Salehi et al. 2019).
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5.5.5 Genistein

Genistein, an isoflavone generally present in soybean, is described to be an effective
phytoestrogen in the field of therapeutics as a putative preventer of breast and
prostate cancer. A study on genistein reported that it exerted beneficial effect on
various diseases such as cardiovascular diseases, cancer, osteoporosis, and also
postmenopausal symptoms (Verdrengh et al. 2003). Genistein plays an important
role in signal transduction in cells related to the immune system, reduces inflamma-
tion, and shows antioxidant and anti-promotional effects. Genistein is also consid-
ered as a potent inhibitor of TPA-induced hydrogen peroxide (Wei et al. 1995). In a
study with adult female B6C3F1 mice, it was demonstrated that genistein has a
chemopreventive effect as it significantly increases the host resistance toward the
tumor cell B16F10. It effectively decreased the number of tumor nodules in lungs
(Guo et al. 2001). Genistein also has its effect against the cell that is responsible for
allergy. Delayed-type hypersensitivity (DTH) comes under type IV allergy response
which is mediated by macrophage and cell. Genistein suppresses DTH reaction to
oxazolone- and granulocyte-mediated response. It is reported that genistein at high
concentration shows its effect on inhibiting lymphocyte proliferation response that is
induced by mitogen. Genistein not only shows cellular immune response but also
suppresses antigen (Ag)-induced antibody (Ab) production. In a research, it was
demonstrated that mice which was treated with genistein show less severe arthritis
than mice which are taken as control concluding that genistein has its effect on
collagen-induced arthritis (CIA). It is also reported that genistein-treated mice show
less frequent synovial hyperplasia and bone or cartilage destruction in joints (Sakai
and Kogiso 2008).

5.5.6 Chrysin

Chrysin is present in honey, propolis, and numerous plant extracts. It is also found in
passion flowers including Passiflora incarnata, Passiflora caerulea, and Oroxylum
indicum (Su et al. 2013). Chrysin exerts antitumor, antioxidant, antibacterial, anti-
allergic, anti-inflammatory, antiaging, antihypertensive, antiviral, antiangiogenic,



antiatherogenic, antidiabetic, hepatoprotective, and neuroprotective activities
(Zeinali et al. 2017). In a study, it was demonstrated that chrysin shows its effect
on M1 and M2 macrophages. It increases the upregulation of M2 marker genes such
as Arg1, Ym1, and CD206 and reduces the mRNA level in M1 macrophage marker
genes such as IL-12b and CCL3. It also suppresses the M1 phenotype and reduces
anti-inflammatory effect by inducing M2 phenotype (Feng et al. 2014). Chrysin have
response against allergic reaction. It suppresses the OVA-induced airway hyper-
responsiveness and inhibits IgE level in serum. It inhibits TH2 cytokines including
IL-4 and IL-13 production that is responsible for allergic reactions. It also decreases
the production of gene expression of TNF-a, IL-1b, IL-4, and IL-6 in mast cells
which are responsible for inflammatory diseases (Vickers 2017).
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5.5.7 Curcumin

Curcumin is generally present in rhizomes of the plant Curcuma longa, i.e., tur-
meric. It is commonly used as spice and flavoring agent in food product. It is used as
traditional medicine in India from centuries because of its pleiotropic therapeutic
properties (Dubey et al. 2008; Upadhyaya et al. 2009a). Curcumin shows antioxi-
dant, anti-inflammatory, antiaging, antidiabetic, antimicrobial, antidepressant,
antiarthritic, and neuroprotective properties. It inhibits the ROS enzymes such as
COX, LOX, and xanthine dehydrogenase to prevent inflammation. It also induces
NOS associated with inflammation (Aggarwal et al. 2007; Mishra et al. 2019;
Kesharwani et al. 2015). Curcumin blocks signaling pathways such as activator
protein (AP)-1, nuclear factor (NF)-B transcription factors, and MAPKs in particular
chondrocytes which are responsible for activation of the inflammatory cytokinesis
and matrix metalloproteinase. By blocking these signaling pathways, curcumin
inhibits inflammatory cytokinesis and matrix metalloproteinase which is associated
with rheumatoid arthritis. It also protects human chondrocytes from IL-l-induced
inhibition of collagen type II and β1 integrin expression and activation of caspase-3.
Curcumin synergistically potentiates the growth inhibitory and proapoptotic effects
of celecoxib in osteoarthritis synovial adherent cells (Momtazi-Borojeni et al. 2018).
Curcumin has been shown to have antiproliferative properties against many cancers
including breast and colon cancer. Curcumin is known to reduce self-renewal
capacity of breast cancer stem cells and induce differentiation in it with least toxicity
to normal cells (Upadhyaya et al. 2009b; Kakarala et al. 2010; Kesharwani et al.
2018). It is also known to modulate cancer stem cell signaling pathways, i.e., Wnt,
Notch, and Hedgehog pathways, dysregulation of which leads to modulation of
cancer stem cells (Gairola et al. 2021; Norris et al. 2013). However, poor bioavail-
ability of curcumin is one of the main barriers in exploring it for therapeutic use
because of its poor absorption, rapid metabolism, and rapid systemic elimination
(Kesharwani and Misra 2010; Singh et al. 2016a, b). Glucuronidation and sulfatation
at free phenolics of curcumin lead to systemic elimination of curcumin leading to
poor bioavailability. Therefore, an efficient drug delivery system is anticipated to be



a breakthrough technology for the successful medical application of curcumin
(Singh et al. 2016a, b).
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5.5.8 Epigallocatechin Gallate (EGCG)

EGCG is a flavanol and one of the major polyphenols present in tea. It was
demonstrated that EGCG is very effective in reduction of autoimmune disease and
very effective antioxidant, anti-inflammatory, anti-allergic, and anti-tumorigenic
agent. EGCG reduces neutrophil migration by inducing chemokine interleukin-
8 and cytokine-induced neutrophil chemoattractant. It represses the recruitment of
neutrophils by reducing the chemokine and lipopolysaccharide (LPS) and prevents
inflammation. It effectively reduces the proteolytic enzymes such as neutrophil
elastase (Donà et al. 2003). In a recent report, it was demonstrated that EGCG
shows potent activity against rheumatoid arthritis. EGCG test on a male Sprague
Dawley rats by gavage shows that the EGCG help in administrating the elevated
expression of BAFF receptor, P110d, pAKT, mTORC1, and anti-apoptotic Bcl-xL
and normalized their effect by which it becomes a protection against rheumatoid
arthritis (Liu et al. 2012). EGCG inhibits MAPK pathway, NF-κB activity, and
activator protein-1 (AP-1) activity. It was demonstrated that EGCG inhibit DNA
synthesis in human epidermoid carcinoma cell line, A431. The protein tyrosine
kinase activity of fibroblast, platelet-derived, and epidermal growth factor receptor
was inhibited by EGCG. It also inhibited the phosphorylation of EGF receptor by
EGF and blocked the binding of EGF to its receptor (Kanwar et al. 2012).

5.5.9 Phenolic Acid

Phenolic acid that includes ellagic, gallic, ferulic, caffeic, p-coumaric, syringic, and
catechol shows antioxidant, anti-inflammatory, and other therapeutic activities such
as chemoprevention and efficacy against cardiovascular disease. Caffeic acid works
as a selective blocker for the biosynthesis of leukotrienes by which it is involved in
the regulation of various diseases, allergic reactions, and asthma. Phenolic acid
effectively acts on the transcriptional activity of AP-1 and regulates cell differenti-
ation, cell proliferation, and inflammation. p-Coumaric is one of the polyphenol
compounds that have its effects against autoimmune diseases such as rheumatoid
arthritis. p-Coumaric acid efficiently works as an immunosuppressor against auto-
immune diseases. Recently, the blocking activity of p-coumaric acid on MAPKs and
NF-κB pathways was significantly observed (Kilani-Jaziri et al. 2017). A remarkable
antioxidant effect of various phenolic acids such as gallic acid, caffeic acid, ferulic
acid, and p-coumaric acid is observed in different literatures. The multifaceted effect
of phenolics was also observed against the cancerous cells, and they are also known
to modulate the cell mechanism related to tumor cell. Phenolics alter the cell



signaling pathway and regulated the growth factor receptor interaction including
transcription factor and kinases in cancer cell that eventually lead to cell cycle arrest
and apoptosis. Phenolics enhance the immune system of the body to recognize and
destroy the cancer cells and inhibit the development of new blood vessels, thus
preventing angiogenesis that is essential and vital for tumor growth (Wahle et al.
2010).
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5.6 Cross Talk

Recent findings with modern medicine are that multi-targeted therapy works well
than monotherapy. The role of polyphenol on the immune system is interconnected
and converges at some regulatory point. Most of the polyphenol have synergistic
effect on each other for boosting the immune system. The advantage of using a
combination of these interventions establishes synergistic/additive effects of these
bioactive components and would corroborate the idea if the combination of these
nutritional interventions improves bioavailability of each other. Polyphenols, quer-
cetin, and apigenin show synergistic effect on reducing the number of tumor nodules
in the lungs. In combination, quercetin and apigenin show an effective inhibition of
melanoma growth and metastatic potential (Caltagirone et al. 2000). The activity of
quercetin with EGCG, iso-quercetin, and n-3-PUFA was effectively improved
against inflammation. The report supports the concept that the effect of quercetin
was amplified as an anti-inflammatory agent with other polyphenols (Nieman et al.
2009). It was demonstrated that polyphenols such as EGCG, along with lycopene,
oleanolic acid, and kaempferol-3-O-sophoroside, play important role in anti-
inflammatory activity. They show inhibition of high mobility group box1 protein
which is a very important chromatin interacting with transcription factors, histones
regulating transcription, and nucleosomes (Bae 2012). Earlier, it was reported that
the polyphenols present in green tea mainly EGCG are highly effective in protecting
lipid peroxidation when intervened with vitamins E and C. It was revealed that the
antioxidant synergism in EGCG was due to the regeneration of vitamin E by green
tea (Dai et al. 2008). Study by molecular docking reveals that three polyphenols, i.e.,
quercetin, cinnamic acid, and ferulic acid, might have synergistic role toward the
inhibition of tyrosinase. Curcumin with quercetin shows increased therapeutic
efficacy. Curcumin with quercetin reduce adenomas in patient with adenomatous
polyposis. Curcumin with piperine effectively reverse the lipid peroxidation to
prevent tropical pancreatitis (Kunnumakkara et al. 2017).

5.7 Conclusion

Polyphenols are significantly effective on the immune system as reported in earlier
in vitro studies. It shows effective result against malfunctioning of the immune
system. Discoveries in the field of dietary polyphenol are a significant step toward



enhancing immune response against factors that are involved in immune imbalances
ultimately leading to various diseases. Although therapeutic efficacy of polyphenols
is reported in earlier studies, there are some aspects that we have to resolve for
further enhancement of polyphenol’s effect on the human body using advanced
clinical trials. Polyphenol might have different expression in different population of
the world since different population have different microbial population according to
their age, environment, life schedule, and other related things. By knowing the effect
of polyphenol on different microbiota, the immune response could be increased. The
intervention result of polyphenol in previous studies differ vigorously, so it is
important to study the mechanism to increase the understanding about the doses
formulated to be given for increasing immunity, the interaction with food matrix,
and the bioavailability of the polyphenols. The improvements in the bioavailability
of polyphenol prove to be beneficial in enhancing the immune response in host
against pathogens. The immunoregulatory studies of polyphenol help us to under-
stand the capacity of these magic molecules toward the immune system and also
their therapeutic management toward the inflammatory activities, cell apoptosis, and
other cell signaling pathway regulatory activities which lead to enhancement of
health.
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Chapter 6
Mineral Nutraceuticals and Immunity
Enhancement

Manoj Kumar Mishra, Jitendra Gupta, and Reena Gupta

Abstract The health and wellness of human beings is largely dictated by the
consumption of nutritious foods. Various studies have linked foods as helpful in
combating a number of degenerative diseases, as such a lot of research on functional
attributes linked directly to the health benefits. Explosive growth, research develop-
ments, lack of standards, marketing zeal, quality assurance, and regulation will play
a vital role in its success or failure. The importance of a proper functioning and well-
balanced immune system for maintaining health has become strikingly evident over
the past decades. With a concomitant increase in immune-related disorders, both diet
and nutrition can affect the functioning of various immune parameters. Functional
food not only enters the concept of considering food as a source of mental and
physical well-being but also contributes in the reduction of several diseases or
certain physiological functions. Some micronutrients incorporated into functional
foods contribute to an enhancement of immunocompetence. The ultimate goal of
scientific community and food industry is to develop functional foods for improving
quality of life. Malnutrition and deficient intake of quality foods facing up a
progressive increase in immune-mediated health problems. When functional food
aids in the prevention or treatment of disease or disorder other than anaemia known
as nutraceutical. The present review emphasized on probiotics, essential amino
acids, vitamins, dietary antioxidants, β-glucans, and other immunomodulators. In
the global marketplace, nutraceuticals and functional foods have become a
multibillion-dollar industry, but the optimum intake level and recommended
amounts of functional food have not yet been established which can be overcome
by both experimental animals and humans.
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6.1 Introduction

A healthy immune system is the only weapon currently to combat the COVID-19
pandemic. This immunity system defends the body against attack by pathogens and
maintains the normalcy of health condition. Various factors like undesirable life-
style, diseased state, aging, mental stress, malnutrition, etc. have an impact on it. The
use of vitamins and trace elements in desired quantity leads to a successful func-
tioning of the immune system (Wintergerst et al. 2007). The nutraceutical comprises
a broad range of products which includes the complete diet or a nutrient imparting
some certain health benefits by suitable prevention and treatment of diseases
(Trottier et al. 2010; Braga et al. 1996). Reduced immunity is partially responsible
for an increase in morbidity and mortality as an outcome of infectious disease.
Hence, continuous ingestion of foods with immune-modulating activities is helpful
to decline the risk of infection (Kaminogawa and Nanno 2004; Keservani et al.
2010a, b).

6.2 Overview of Nutraceutical and Its Classification

Application of nutraceuticals may be for several reasons like:

• To remain fit
• To remain young
• To be safe from diseases
• To enhance life span
• To improve proper functioning of body part or organs (Zhao 2007)

It consists of herbal products, food supplements, probiotics, and prebiotics which
have medicinal health benefits (Artukoglu et al. 2016). Nutraceuticals are found and
well established in many sectors like:

• Food industries
• Natural and dietary supplement industries
• Pharmaceutical industries
• New reformed pharmaceutical-agricultural-nutrition industries

Maintaining an optimal level of health condition and suppressing disease are
major challenges with most of the nutraceuticals (Makrides and Gibson 2000).

For better application and understanding point of view, nutraceuticals can be
organized as follows:

• In academics
• Clinical studies
• Functional food and dietary supplements
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Classification of nutraceuticals is based on type of food, utilization, and chemical
entities (Kokate et al. 2002). Many nutraceuticals have the potential to be established
in the current and future market (Keservani et al. 2016a, b).

6.3 Role of Various Minerals as a Nutraceutical

Timely consuming of minerals enhances the nutritional quality of the diet and
simultaneously prevents a number of chronic diseases like:

• Malignancy cases
• Heart-related disorders
• Parkinson’s disease
• Early aging (Kersting et al. 2001)

Also, energy obtained from minerals could be assessed by bioavailability, assay,
percentage of drug release, permeation coefficient, and other factors dependent on
size, weight of the human body, age, sex, and health conditions (Dokkum 1995).

Various mineral elements like calcium, iodine, zinc, iron, manganese, magne-
sium, etc. are essential components obtained from plant and animal origins required
in trace amounts for humans, and deficiencies of any or all may cause serious health
problems among infants, children, and adults (Kaushik et al. 2003).

Many reasons creating the need for proper balanced nutrition are:

• Imbalanced and irregularities in diet practice
• Lipids and vitamin coenzymes
• Different absorption rate of minerals
• Health condition
• Lower drug absorption

6.3.1 Zinc

Zinc is required for growth, appetite, immunity (Read et al. 2019), and normal
functioning of above 100 enzymes related to digestion, metabolism, and wound
healing. Dietary sources of zinc include the liver, beef, and dark meat or poultry
(Shrimpton et al. 2005). Zinc deficiency occurs in those who consume diets enriched
with phytate and low protein (Tapiero and Tew 2003) (Table 6.1).

Continuous zinc supplementation exhibits a significant reduction of 25–30% in
acute and chronic diarrhea and up to 50% in the incidence of pneumonia (Ruel et al.
1997). Intake of zinc on a daily basis improved immunity level in elderly patient. But
excessive intake may have adverse effects like diarrhea, vomiting, and headache
(Scherz and Kirchhoff 2006). Zinc affects immunity too (Keservani et al. 2020).



S. no. Reference

144 M. K. Mishra et al.

Table 6.1 Abnormalities occurred in the absence of various minerals

Name of
mineral

Major abnormalities occurred in the absence of the
mineral

1 Zinc Zinc deficiency has a bad impact on dermal, nervous
system, immunity, gastrointestinal tract, skeletal, and
reproductive systems

Verstraeten
et al. (2004)

In children, lack of zinc may reduce the numbers of
lymphocytes (T cells), in the blood and peripheral
lymphoid tissues

Prasad (2000)

Major populations remain at high risk of HIV Acevedo-
Murillo et al.
(2019)

Viral infection cases enhance with zinc deficiencies

2 Selenium Less selenium use had increased risk of mortality, poor
immune function

Rayman (2012)

In the absence of selenium patients with AIDS, the
health condition may worsen

Stone et al.
(2010)

Heart-damaging effects of the cytomegalovirus may
occur

Du et al. (2018)

The antioxidant activity of glutathione will not work
properly to remove excess damaging radicals

Lobo et al.
(2010)

3 Copper A big loss of immunity in the absence of copper Li et al. (2019)

Patient may increase antiviral activities

Impaired intestinal absorption of nutrients Institute of
Medicine
(2001)

4 Magnesium Decreased immune function Institute of
Medicine
(2001)

5 Iodine Goiter and hypothyroidism Institute of
Medicine
(2001)

Delayed physical development and impairment of
mental function in adults

Zimmermann
and Crill (2010)

Deficiency leads to brain damage Laurberg et al.
(2010)

Thyroid hormone secretion highly influenced by iodine Wolff (1989)

6 Iron Physical built-up, immune strength, and behavior
worsened apart from increased infection rate

Walker (1998)

7 Manganese For normal immunity function, blood sugar regulation
and development along with function of the brain

Takeda (2003)

Skeletal defect, epilepsy, and abnormal absorption of
carbohydrate and lipid

Nkwenkeu et al.
(2002)
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6.3.2 Selenium

These are found naturally in water, food, and soil, aid in cell apoptosis, and prevent
oxidative damage and DNA synthesis and repair (Wu et al. 2017). Highest concen-
trations of selenium found in animal proteins are plenty available (Institute of
Medicine 2000; Keservani et al. 2018).

6.3.3 Copper

It is a trace mineral found in Earth with many major activities like:

• Used as cofactor in enzymatic reactions during skin pigmentation, redox reaction,
collagen cross-linking, and physiological pathways, such as connective tissue
maturation, neurotransmission, energy production, and iron metabolism (Kanteev
et al. 2015)

Highest concentration of copper is found in seafood, meat, nuts, and grains.

6.3.4 Magnesium

Magnesium controls immune function by influencing:

• Immunoglobulin synthesis
• Macrophage response to lymphokines
• Attachment to immune cells
• Binding of IgM lymphocytes
• Attachment to T-helper B cell (Liang et al. 2012)

6.3.5 Iodine

Dietary intake of iodine produces:

• Thyroid hormones
• T4

• T3, regulating physiological processes (Haldimann et al. 2005)

Unawareness about proper utilization of iodine leads to more than 1.9 billion
individuals with lowest iodine deficiency in America only (de Benoist et al. 2003).
Excessive consumption of iodine may lead to thyrotoxicosis along with hyperthy-
roidism, euthyroidism, hypothyroidism, or autoimmune thyroid disease (Wolff
1989).
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6.3.6 Iron

It utilizes oxygen and affects several metabolic pathways like:

• O2 transport
• Synthesis of DNA
• Transportation of electron (Puntarulo 2005)

Around 60–70% of iron attached with hemoglobin present in RBCs and mostly
preserves in the liver, spleen, and bone marrow. Excessive bleeding in menstrual
cycles leads to iron deficiency worldwide (Deegan et al. 2005). Accumulation of
excessive iron can be stopped by homeostatic mechanisms generating oxidative
stress by catalysis number of chemical reactions, may lead to cell damage
(Pietrangelo 2002) and cancer, and augments heart-related disorders (Keservani
et al. 2016c). Iron overloading is seen in some cases like:

• Heavy dietary intake
• Hereditary diseases such as idiopathic hemochromatosis, congenital

atransferrinemia, and thalassemia (Fontecave and Pierre 1993)

Iron develops immunity by cell proliferation and maturation by lymphocytes,
responding to infections.

6.3.7 Manganese

It is an essential trace element highly concentrated in tissues like the brain, and the
retina, dark skin, bone, liver, pancreas, and kidney are required for a variety of
biological functions (Aschner and Aschner 2005). Only 3–5% of manganese in diet
is absorbed, metabolized in the liver, and finally excreted in the bile (Mergler 1999).
Overconsumption of manganese damages the ganglia and enhances neuropsycho-
logical and behavioral irregularities and parkinsonism (Ordonez-Librado et al.
2010).

6.4 Immune System and Effect of Nutrition

The immune system protects the most affected parts like the heart, thymus, pancreas,
kidney, spleen, and lymphatic nodes. Regular intake of balanced diet or nutrition
eradicates immunity-related complications (Basoglu and Turnagol 2004). Strain,
traumas, and ambustions destroy protein, ultimately reduce body protection, and
pave the way for infections and other related complications (Chandra 2003).
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6.5 Effects of Nutrition on the Immune System

Annually, around six million children die in infections caused by malnutrition. So
requirement of biological proteins is needed like:

• Milk
• Dairy products
• Eggs
• Vitamin C
• Vitamin E
• Beta-carotene

Antioxidants as a micronutrient can protect against free radicals (Palmer 2011).
Repressive immunity cases have been increasing recently – a substantial loss in the
immune system due to abnormal absorption of food energy.

Minerals in combination with vitamins eradicate many disorders like:

• Hypertension
• Heart arrhythmia
• Muscular disorders
• pH maintenance
• Antifertility

With aging, immune response of the body reduces, which contributes for more
infections. An increased life expectancy in developed countries increases age-related
conditions like decreased T cells, possibly from the thymus atrophying with age.
Additional supplement of micronutrient, essential vitamins, and trace minerals
enhanced immunity with food intake.

6.6 Nutrients and Food Components for Modulation
of Immunity

For normal functioning, proper nutrients or diet is required. Nutritional immunology
identifies dietary factors and an optimal requirement for development of immuno-
logical balance and stronger defense system against microbes.

6.6.1 Vitamin D

In the presence of sunlight, 7-dehydrocholesterol gets converted to vitamin
D. Common function of vitamin D is the regulation of calcium homeostasis and
bone health. New discoveries like vitamin D receptor (VDR) and vitamin
D-activating enzymes (hydroxylases) are available in cell and tissue.



148 M. K. Mishra et al.

6.6.2 Vitamin E

Vitamin E is a generic name for all tocopherols, among which α-tocopherol is much
more predominant compared to others in the blood due to the difference in the rate of
ADME. Vitamin E is an antioxidant present in the cell membrane, and these cells
have high PUFA content (Coquette et al. 1986).

6.6.3 Fish Oil

Many dietary lipids like PUFA regulate cell function. The marine animal-derived n-3
PUFA, composed of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), has a great impact on immune cell functions and has been studied exten-
sively. N-6 PUFA, however, is less significant (Calder 2017; Whelan et al. 2016;
Galli and Calder 2009).

6.6.4 Probiotics

These are living microorganisms when abundantly taken give health benefit (Hill
et al. 2014). Various microorganisms included are Lactobacillus (L.),
Bifidobacterium (B.), and Streptococcus (S.) found in dairy products and normalize
the gut.

6.6.5 Green Tea

It contains majorly the following constituents:

• Catechins
• Epicatechin (EC)
• Epicatechin-3-gallate (ECG)
• Epigallocatechin (EGC)
• Epigallocatechin-3-gallate (EGCG)

EGCG is a biologically active, beneficial ingredient responsible for health benefit
innate and adaptive immunity (Pae and Wu 2013).
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6.6.6 Beta-Glucans

These are natural polysaccharides obtained from barley, oats, bacteria, algae, yeast,
and mushrooms. With variations in their structure, beta-glucans are responsible for
specific biological properties. β-glucans consist of (1,3)-β-linked backbone with
small fraction (1,6)-β-linked-side chains and plays a major role as immunomodula-
tors (Stier et al. 2014). Glucans has many activities like:

• Phagocytic activity
• Production of IL-2
• Release of antibody
• Superoxide forming
• IFNγ formulation
• Cancer model inhibition

Pleuran, a β-glucan obtained from mushroom, reduces upper respiratory tract
infections and its related signs and increases circulated NK cell number
(Bergendiova et al. 2011).

6.6.7 Polyphenols

Polyphenols are secondary metabolites of plants that protect them from photosyn-
thetic stress. A large number of polyphenols are used like:

• Flavanols
• Flavones
• Flavanones
• Anthocyanins

Dietary polyphenols are gaining popularity as it controls many processes like:

• mRNA expression
• Apoptosis
• Aggregation of platelets
• Intercellular signal transduction (Duthie et al. 2003)

The bioavailability of polyphenol determines their therapeutic activity depending
on the chemical’s nature of polyphenol conjugation in the intestine (Yang et al.
2001).
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6.6.8 Dietary Supplements

These are the products which supplement the diet with one or more dietary
ingredients like:

• Vitamin
• Mineral
• Herb or other botanicals
• Amino acid
• Product concentrate
• Metabolite
• Extract

All of the above may be consumed in single or combinations in dosage forms like
tablet, pill, capsule, soft gel, extract, gel cap, liquid, or powder (Regulation of
nutraceuticals, 1999).

It is not a conventional food or meal or diet but intended to treat or cure disease
(Ross 2000). The interest toward dietary supplements has increased for the following
benefits:

• Improve health
• Fitness
• Delay aging
• Stamina
• Body-building

Vitamins and minerals are also dietary supplements that exist in single or multiple
ingredients in a product (Pandey and Kumar 2011). The demand potential is
increased in developing and developed countries such as China, Brazil, India,
Russia, etc. (Norman et al. 2010).

6.7 Discussion and Future Scope

Nowadays, nutraceuticals are gaining popularity with its efficient nutrition, thera-
peutic, and safety profile. Consumer acceptance and demands made it a profitable
business both for pharmaceutical and nutritional companies. Nutraceuticals come
out with many names like functional foods, phytochemicals, herbal food, agri-foods,
baby foods, dietary product, etc., although having marginal differences in all of them
separately. Nutraceuticals prevent diseases, but its eye keeps on the current market
demand, upcoming invented products in the name of research, and consumer’s
choice with warrant of its usage safe and effectiveness.

Various mechanisms like gene expression activation of signal transduction path-
ways, antioxidant protection, cell growth, differentiation, and mitochondrial preser-
vation are useful for nutraceuticals.
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6.7.1 Future Scope

As per the survey report, functional foods will be the fastest and largest growth
market for future days to come. But the demand of herbal dietary supplements will
not be diminished among the nutraceuticals (64% market value). Majority of the
bulk demand from the pharma division in the name of vitamin and minerals.
Developing countries are the major expansion centers of nutraceuticals. Current
sedentary lifestyle, lack of exercise, and high intake of junk food lead to increased
obesity and stepped-up cases of diabetes and cardiovascular diseases, consumer
demand along with medication increasing. The long-term benefits of nutraceuticals
depend on the purity, efficacy, and safety. The focus arena is the product evaluation
compared to standards, various dosages allowed, product categories, country-based
label claims, and advertisement. However, the future of nutraceuticals with mean-
ingful doses with multiple therapies may combat cancer, immunity boosters, anti-
inflammatory agents, arthritis, allergy, macular degeneration, vision impairment, and
Parkinson’s disease.

6.8 Conclusion

Any dietary deficiencies of iodine, iron, magnesium, manganese, copper, or zinc are
major sources of increased death rate among children due to decreased immune
systems and even lead to death. Due to the lack of knowledge regarding the usage, its
outcome, and safety profile, many nutraceuticals and phytonutrients are not utilized
by mankind. Modified biosynthetic pathways and better yield of minerals, nuts,
long-chain PUFA, and crop of medicinal and aromatic plants produce sufficient
phytonutrients. These technological grafted crops produce some magical properties.
The easiest way of avoiding deficiencies and related disorders is to consume diets
with high vegetables, fruits, and meats. In the current lifestyle, antioxidant defense
mechanisms decrease appreciably with age prone to a variety of immunity-related
health issues. Antioxidant acts intrinsically to scavenge free radicals. A detailed
study on nutraceuticals is conducted in this present study, but individually acting
response of nutraceuticals needs to be established although it has a proven health
benefit.
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Chapter 7
Nutraceuticals as Disease Preventive Food
and Immunity Boosters

Bhushan R. Rane, Rutuja R. Patil, Ashish S. Jain, Raj K. Keservani,
and Rajesh K. Kesharwani

Abstract Nutraceuticals are medicinal foods that play a role in maintaining
wellbeing, enhancing health, modulating immunity and thereby preventing as well
as treating specific diseases. Thus, the field of nutraceutical can be envisioned as one
of the missing blocks in the health benefit of an individual. Nutraceuticals are foods
providing all the essential nutrients required for maintaining the optimal health. They
are used as alternatives to modern medicines to promote quality of health, increase
nutritive value of the diet, and prolong life expectancy. They have received consid-
erable zest for their expected safety and therapeutic effects. Generally, consumers
prefer food supplements to improve their health, as drugs show various side effects
and adverse reactions. The principle reason for the growth of the nutraceutical
market worldwide is current health status and lifestyle disorders. Nutraceutical
market is seeing tidal growth mainly in the United States, India, and European
countries.

Keywords Nutraceutical · Functional foods · Disease · Fortified foods · Health
benefits

7.1 Introduction

The term nutraceutical was coined by Stephen DeFelice, founder and chairman of
the foundation for Innovation in Medicine, located in Cranford, New Jersey
(Lakshmana et al. 2012). It combines the word nutrient (a nourishing food or food

B. R. Rane (*) · R. R. Patil · A. S. Jain
Department of Pharmaceutics, Shri D.D. Vispute College of Pharmacy and Research Center,
New Panvel, Mumbai, Maharashtra, India

R. K. Keservani
Faculty of B. Pharmacy, CSM Group of Institutions, Prayagraj, Uttar Pradesh, India

R. K. Kesharwani
Department of Computer Application, Nehru Gram Bharati (Deemed to be University),
Prayagraj, Uttar Pradesh, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
R. K. Kesharwani et al. (eds.), Nutraceuticals and Functional Foods
as Immunomodulators, https://doi.org/10.1007/978-981-19-2507-8_7

155

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2507-8_7&domain=pdf
https://doi.org/10.1007/978-981-19-2507-8_7#DOI


component) and pharmaceutical (a medical drug) (Ross 2000). The word “nutraceu-
tical” is defined as any substance which will be considered as a food or a part of a
food and provides medical and health benefits, including the prevention and treat-
ment of disease. Pharmaceuticals may be considered as the drugs used mainly to
treat diseases, while nutraceuticals are those that are intended to prevent diseases.
Both pharmaceuticals and nutraceuticals can cure and prevent diseases, but only
pharmaceuticals have sanctions from the government. Nutraceuticals may range
from isolated nutrients, dietary supplements, and diets to genetically engineered
designer foods, herbal products, and processed foods like cereals, soups, and
beverages. Hippocrates emphasized “Let food be your medicine and medicine be
your food” (Rajasekaran et al. 2008, Brower 1998, Kalra 2003).
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There is a slight difference between the terms functional foods, nutraceuticals,
dietary supplement, and medical foods. When food is being cooked or prepared
using “scientific intelligence” with or without the knowledge of how or why it is
being used, then it is called “functional food.” It provides the body with the required
amount of vitamins, fats, carbohydrates, etc. for the healthy survival. When func-
tional food aid in prevention and treatment of disease or disorder other than anemia,
it is called a nutraceutical (Kalra 2003).

A dietary supplement is a product that is intended to supplement the diet that
bears or contains one or more ingredients like vitamins, minerals, herbs, amino acid
or a concentrate, metabolite, constituent, extract, or combinations of these. Medical
foods are a specific category of therapeutic agents that are intended for nutritional
management of a specific disease (Rajasekaran et al. 2008).

Phytonutrients are plant nutrients with particular biological activities in
supporting human health. Compared to nutraceuticals, functional foods, and dietary
supplements, phytonutrients are more natural bioactive compounds from plants.
They have major role in many physiological functions like:

(a) Substrates for biochemical reactions
(b) Cofactors of enzymatic reactions
(c) Inhibitors of enzymatic reactions
(d) Absorbents that bind to and eliminate undesirable constituents from the intestine
(e) Enhancement of absorption and/or stability of essential nutrients
(f) Selective growth factors for beneficial bacteria
(g) Fermentation substrates for beneficial bacteria
(h) Selective inhibitors of deleterious intestinal bacteria
(i) Scavengers of reactive or toxic chemicals
(j) Ligands that agonize or antagonize cell surface or intercellular receptors

(Padmavathi 2018)

Nutraceuticals create a new era of research to promote quality of life. They can
reduce the risk of disease onset by retaining normal health condition and improving
immunity (Dutta et al. 2018). Food is not only the source of energy and nutrients but
also provides medicinal benefits, and nutritional therapy is based on complimentary
therapy with nutraceuticals (Chauhan et al. 2013).
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Large numbers of people are dependent on natural and alternative medicines in
India due to imbalance in the diet and nutritional deficiencies. Nutraceuticals are
now available as capsules, tablets, or powders in a prescribed dose. Vitamin D will
see the fastest growth in demand due to its increasing clinical evidence in the
treatment of swine flu, cancer and other preventive medicine benefits (Shinde et al.
2014). Some popular nutraceuticals include green tea (antioxidant), glucosamine
(for arthritis), lutein (for macular degeneration), ginseng (for cold), Echinacea (anti-
immune), folic acid, cod liver oil, etc. (Stephen 2012).

7.1.1 Advantages

Nutraceuticals play an important role in healthy eating and contributes in prevention
and treatment of diseases, enable consumers to derive daily dose of vitamins and
minerals and are less toxic when compared to conventional pharmaceuticals, cost
effective, and easily available (Sayeed 2015).

7.1.2 Emerging Trends in Nutraceuticals

Nutraceuticals could also be divided into herbal/natural products, dietary supple-
ments and functional foods. Out of those, most rapidly growing segment is herbal/
natural products followed by dietary supplements. The generation of scientific
research-linked foods of plant origin and health has resulted in understanding that
plant bioactive compounds have antioxidant and other health-promoting properties.

High dietary intake of fibers within the sort of fruits, vegetables and whole grains
is strongly linked to a reduced risk of chronic diseases like cancer and cardiovascular
diseases. Cancer development is a chronic, stepwise complex process culminating
into metastasis if not tackled in time. Epidemiological studies now provide convinc-
ing evidence that dietary factors may modify carcinogenesis. A number of phyto-
chemicals also as some plant origin foods with yet unidentified components possess
anticarcinogenic and antimutagenic properties. Thus, use of these bioactive com-
pounds as chemopreventive substances, in future, cannot be overlooked
(Cherdshewasart et al. 2009).

Similarly, isoflavonoids or soy products and flaxseed have the ability to decrease
total and low density lipoprotein cholesterol (LDL-C) and increase high density
lipoprotein cholesterol (HDL-C) resulting in reduced risk of cardiovascular diseases
(CVDs). Phytoestrogens are also reported to be beneficial in prevention of CVDs.
For CVD, important risk factors include obesity, hyperlipidemia, hypertension and
diabetes which can be countered by phytochemicals. Phytochemicals help in reduc-
ing oxidative stress also which is implicated in process of atherosclerosis.
Nutraceuticals help in boosting the antioxidant defense system of the body (Prakash
et al. 2011; Prakash and Gupta 2011).



158 B. R. Rane et al.

FOOD EXTRACTS
IN GEL FORM

EXTRACTED
VITAMINS

SUPERFOOD
SEED

EXTRACTS

FORMS OF
NUTRACEUTICALS

FORTIFIED
DRINKS

BACKED
GOODS

DIETARY
POWDERED

SUPPLEMENT

POWDERED
SUPPLEMENT
ENCLOSED IN
CAPSULE OR

PILLS

Fig. 7.1 Schematic representation of different forms of nutraceuticals (Kalra 2003)

7.1.3 Nutraceutical

The term “Nutraceutical” was coined from “Nutrition” and “Pharmaceutical” by
Stephen De Felice, founder and chairman of the Foundation for Innovation in
Medicine. According to De Felice, nutraceutical can be defined as, “a food (or a
part of food) that gives medical or health benefits, including the prevention and or
treatment of a disease” (Kalra 2003; Zhao 2007).

Nutraceuticals are found during a mosaic of products emerging from (a) the food
industry, (b) the herbal and dietary supplement market, (c) pharmaceutical industry,
and (d) the newly merged pharmaceutical/agribusiness/nutrition conglomerates
(Fig. 7.1).

7.2 Classification of Nutraceuticals

(Singh and Sinha 2012) (Fig. 7.2):
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Fig. 7.2 Classification of nutraceuticals

7.2.1 Nutraceuticals Based on Food Availability

Traditional Nutraceuticals
These classes are generally sourced directly from nature, without any changes in the
natural form. Various constituents such as lycopene in tomatoes, omega-3fatty acids
in salmon, or saponins in soy are available and consumed for different health
benefits. Further, various types of traditional nutraceuticals are as follows:

1. Chemical constituents

(a) Nutrients
(b) Herbals
(c) Phytochemicals

2. Probiotic microorganisms
3. Nutraceutical enzymes

1. Chemical Constituents
(a) Nutrients
Primary metabolites such as amino acids, various vitamins and fatty acids had

well-defined functions in various metabolic pathways. Plant and animal products
alongside vitamin have many health benefits and are helpful in curing diseases
associated with heart, kidney, lungs, etc.

Natural products obtained from plants are beneficial in treating various disorders
like brittle bones and low hemoglobin count, and they provide strength to bones and



muscles, help in neurotransmission, and maintain rhythm of heart muscles. Fatty
acids, omega-3 PUFAs present in salmon, had influenced the general inflammatory
response and brain function and reduced cholesterol within the arteries.
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(b) Herbals
Nutraceuticals along with herbs had an excellent impact on prevention of varied

chronic diseases to form life better. Salicin present within the willow bark (Salix
nigra) had been proved for anti-inflammatory, analgesic, antipyretic, astringent, and
antiarthritic response clinically. Flavonoids such as psoralen present in parsley
(Petroselinum crispum) are useful in diuretic, carminative and antipyretic.

Peppermint (Mentha piperita) contains various terpenoids especially menthol, a
bioactive constituent, and cures cold and flu. Tannin contents of lavender
(Lavandula angustifolia) help release stress and blood pressure and are useful for
lung disorders such as asthma (Ehrlich 2008).

(c) Phytochemicals
They are mainly classified on the based on phytochemicals. Carotenoids

(isoprenoids) are present in vegetables, enhancing immune system, mainly killer cells
accounting for an anticancer response. Legumes (chickpeas and soybeans), grains, and
palm oil contain noncarotenoids, which remove cholesterol and are anticarcinogenic.

Flavonoids, a category of secondary metabolites, which are present in most of the
plants, having quite 4000 varieties had been proven clinically for preventing various
diseases like cancer, diabetes, heart diseases and kidney problem through its anti-
oxidant properties and their bioactive components (Ehrlich 2009).

Phenolic acids are the most important class of secondary metabolites, mainly
found in citrus fruits and wine, and have the antioxidant activity of scavenging the
free radicals produced as a result of various metabolic pathways such as protein,
carbohydrate, and fat. They also have anticancer and antitumor activity.

One of the classical examples is curcumin (turmeric), used as phytochemicals in
most of the kitchen.

2. Probiotic Microorganisms
Metchniko coined the term “probiotic.” Its application is well boosted in modern

medicine due to its ability of making the intestine more friendly for processes like
absorption and metabolism. Probiotics are vital to form life smoother by removing the
toxic flora of the intestine and maintaining a friendly environment, e.g., useful
consumption of Bacillus bulgaricus (Holzapfel et al. 2001). Currently, various probi-
otic products are available within the market with adequate nutrients to counter various
pathogens in order that variety of ailments related to human body can be treated. The
antimicrobial property usually had an altering impact on the microflora, making the
epithelial tissues more grounded and making a situation for the supplements for better
retention, which is required by the body. Moreover, probiotics is very useful in lactose
intolerance by the production of related enzymes (ß-galactosidase) and hydrolyzing
lactose into its sugar components (Pineiro and Stanton 2007).

3. Nutraceutical Enzymes
Enzymes are proteinous in structure, are produced by the cell, and act as a

biocatalyst. It eases the metabolic rate and fastens the life process. The medical
problem mainly associated with the GIT whether GERD (gastro esophageal reflux
disease) or constipation or diarrhea or ulcerative colitis might be treated with enzyme



supplements. The enzyme could be a better option for diabetic patients. Nowadays,
enzyme therapies are used for several rare diseases such as Gaucher disease, Hunter
syndrome, Fabry disease, and Pompe disease. Although enzymes are produced by
their own cells, microbial sources are preferred more over plant and animal sources
as they are more economical.
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Nontraditional Nutraceuticals
They are foods enriched with supplements or biotechnologically designed crops to
boost the nutrients; e.g., rice and broccoli are rich in β-carotene and vitamins,
respectively. Food samples contain bioactive components which are engineered to
supply products for human wellness. They are arranged as follows:

1. Fortified Nutraceuticals
These types of nutraceuticals include breeding at the agriculture level or addition

of compatible nutrients to the main ingredients like minerals added to cereals; flour
fortified with calcium, iron, and folic acid (vitamin B); and milk fortified with
cholecalciferol commonly used for vitamin D deficiency (Casey et al. 2010).

2. Recombinant Nutraceuticals
Biotechnology tools have been well applied through a fermentation process in

various food materials like cheese and bread to extract the enzyme useful for
providing necessary nutrients at an optimum level.

7.2.2 Classification Based on Mechanism of Action

Nutraceuticals has been further classified in reference to specific therapeutic prop-
erties accounting for antimicrobial, anti-inflammatory, and antioxidant properties.

7.2.3 Classification Based on Chemical Nature

These types are classified depending upon their primary and secondary metabolite
sources like is oprenoid derivatives, phenolic substances, fatty acids, carbohydrates,
and amino acid-based substances.

7.3 Categorizing Nutraceuticals

Nutraceuticals can be organized in several ways depending upon its easier under-
standing and application, i.e., for academic instruction, clinical test design, func-
tional food development, or dietary recommendations. Some of the foremost
common ways of classifying nutraceuticals can be based on food sources,



mechanism of action, chemical nature, etc. The food sources used as nutraceuticals
are all natural and may be categorized as follows (Kalia 2005; Kokate et al. 2002):
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1. Dietary fiber
2. Probiotics
3. Prebiotics
4. Polyunsaturated fatty acids
5. Antioxidant vitamins
6. Polyphenols
7. Spices

More broadly, nutraceuticals can be categorized in two groups (Pandey et al.
2010):

1. Potential nutraceuticals
2. Established nutraceuticals

A potential nutraceutical could become an established one only after efficient
clinical data of its health and medical benefits are obtained. It is to be noted that
much of the nutraceutical products still lay within the “potential” category.

7.3.1 Dietary Fiber

Dietary fiber is that the food material, more precisely the plant material that is not
hydrolyzed by enzymes secreted by the digestive tract, but digested by microflora in
the gut. Dietary fibers mostly include non-starch polysaccharides (NSP) like cellu-
loses, hemicelluloses, gums and pectins, lignin, resistant dextrins, and resistant
starches. Foods rich in soluble fiber include fruits, oats, barley, and beans. Chemi-
cally dietary fiber means carbohydrate polymers with a degree of polymerization not
less than 3, which are neither digested nor absorbed in the small intestine. Based on
their water solubility, dietary fibers could also be divided into two forms:

1. Insoluble dietary fiber (IDF), which incorporates celluloses, some hemicelluloses,
and lignins which is fermented to a limited extend within the colon

2. Soluble dietary fiber (SDF), which incorporates β-glucans, pectins, gums, muci-
lages, and hemicelluloses that are fermented within the colon

The IDF and SDF compounds are collectively referred to as non-starch poly-
saccharides (NSP). The soluble components of dietary fiber by virtue of their bulking
and viscosity producing capabilities retard the gastric emptying of the stomach. This
affects the rate of digestion and the uptake of nutrients and creates a feeling of
satiety. Soluble fiber has been shown to lower selectively serum LDL cholesterol and
to enhance glucose tolerance (Glore et al. 1994). They also enhance insulin receptor
binding and improve glycemic response. In colon, dietary fiber increases fecal
bulking due to increased water retention, increased transit time, and increased
fecal bacterial mass caused by soluble fiber fermentation. The fiber also promotes



the growth of Bifidobacteria within the gut (especially fructooligosaccharides).
Persons consuming generous amounts of dietary fiber, compared to those who
have minimal fiber intake, are having low risk of CHR, stroke (Steffen et al.
2003), hypertension, diabetes (Montonen et al. 2003), obesity (Lairon et al. 2005),
and certain gastrointestinal disorders (Petruzziello et al. 2006). Again, increase in the
intake of high fiber food improves serum lipoprotein values (Brown et al. 1999),
lowers blood pressure level, improves blood sugar control for diabetes (Anderson
et al. 2004), aids weight loss, and promotes regularity (Cummings 2001). Research
reveals that certain soluble fibers enhance the immunity in humans (Watzl et al.
2005). Some potential negative effects of dietary fiber include reduced absorption of
vitamins, minerals, proteins, and calories. It is recommended that dietary fiber intake
for adults generally falls in the range of 20–35 g/day. The recommended dietary fiber
intake for youngsters and adults is estimated to be 14 g/1000 kCals. Several case
histories have reported that consumption of excessive amounts of dietary fiber
causes diarrhea (Saibil 1989).
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7.3.2 Probiotics

The history of probiotics dates back as far as the first intake of fermented milks, over
2000 years ago. The scientific interest during this area boosted from the work of
Metchinkoff (1907) to transform the toxic flora of the massive intestine into a host-
friendly colony of Bacillus bulgaricus (Hord 2008). A probiotics are often defined as
live microbial feed supplement, which when administered in adequate amounts
beneficially affects the host animal by improving its intestinal microbial balance
(Food and Agricultural Org World Health Org 2001). Probiotics generally include
the following categories of bacteria:

1. Lactobacilli such as L. acidophilus, L. casei, L. delbrueckii subsp. bulgaricus,
L. brevis, L. cellobiosus.

2. Gram-positive cocci such as Lactococcus lactis, Streptococcus salivarius subsp.
thermophilus, Enterococcus faecium

3. Bifidobacteria such as B. bifidum, B. adolescentis, B. infantis, B. longum, and
B. thermophilum. Probiotics are available in various forms as powder form, liquid
form, gel or paste or granule forms, capsule forms, etc. (Suvarna and Boby 2005).
Specific probiotics are generally wont to treat gastrointestinal (GI) conditions like
lactose intolerance, acute diarrhea, and antibiotic-associated GI side effects.
Probiotic agents possess the properties of non-pathogenic, non-toxic, resistance
to gastric acid, and adherence to gut epithelial tissues producing antibacterial
substances (Suvarna and Boby 2005). There are evidences that administration of
probiotics decreases the risk of systemic conditions, like allergy, asthma, cancer,
and number of other infections of the ear and urinary tract (Lenoir-Wijnkoop et al.
2007).
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7.3.3 Prebiotics

Prebiotics are dietary ingredients that beneficially affect the host by selectively
altering the composition or metabolism of the gut microbiota (Macfarlane et al.
2006). These are short-chain polysaccharides that have unique chemical structures
that are not digested by humans, especially fructose-based oligosaccharides that
exist naturally in food or are added within the food. The prebiotic consumption
generally promotes the Lactobacillus and Bifidobacterium growth within the gut,
thus helping in metabolism (Hord 2008). Vegetables like chicory roots, banana,
tomato, and alliums are rich in fructooligosaccharides. Some other examples of these
oligosaccharides are raffinose and stachyose, found in beans and peas. The health
benefits of the prebiotics include improved lactose tolerance, antitumor properties,
neutralization of toxins, and stimulation of intestinal immune system and reduction
of constipation, blood lipids, and blood cholesterol levels (Isolauri et al. 1991). A
daily intake of 5–20 g of insulin and oligosaccharides promote the growth of
Bifidobacteria (Schrezenmeir and De Vrese 2001). Again, consumption of huge
amounts of such oligosaccharides causes diarrhea, abdominal distension and flatu-
lence (Guarner 2005).

7.3.4 Polyunsaturated Fatty Acids (PUFA)

PUFAs also are called “essential fatty acids” as these are crucial to the body’s
function and are introduced externally through the diet (Escott and Mahan 2000).
PUFAs have two subdivisions: omega-3-(n-3) fatty acids and omega-6-(n-6) fatty
acids. The major omega-3 fatty acids are α-linolenic acid (ALA), eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA). ALA is the precursor of EPA and
DHA. EPA and DHA are found mainly in fatty fishes like mackerel, salmon, herring,
trout, blue fin tuna, and fish oils. Principal sources of ALA are mainly flaxseed,
soybeans, canola, some nuts (e.g., walnuts), and red/black currant seeds. Omega-
6PUFAs mainly consist of linoleic acid (LA), γ-linolenic acid (GLA), and
arachidonic acid (ARA). LA occurs mainly in vegetable oils, e.g., corn, safflower,
soya bean, and sunflower. ARA is found in animal products like meat, poultry, and
eggs. Studies suggest that omega-3 fatty acids have three major effects as cardio-
vascular diseases anti-arrhythmic (preventing or alleviating irregularities within the
force or rhythm of the heart), hypolipidemic (promoting the reduction of lipid
concentrations in the serum) (Bucher et al. 2002), and antithrombotic (decreased
arteriosclerosis) (Bucher et al. 2002). Emerging research evidence shows the advan-
tages of omega-3 oils in other areas of health including premature infant health
(Carlson 1999), asthma (Hodge et al. 1996), bipolar and depressive disorders
(Edwards et al. 1998), and dysmenorrhea and diabetes (Simopoulos 1991).
Omega-3 fatty acids have been shown to be beneficial at various stages of life.



Infant formulas nowadays contain DHA alongside with ARA, which closely mimic
the breast milk.
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7.3.5 Antioxidant Vitamins

Vitamins like vitamin C, vitamin E, and carotenoids are collectively referred to as
antioxidant vitamins. These vitamins act both singly also as synergistically for the
prevention of oxidative reactions resulting in several degenerative diseases including
cancer, cardiovascular diseases, cataracts, etc. (Elliott 1999). These vitamins are
abundant in many fruits and vegetables and exert their protective action by free-
radical scavenging mechanisms. Vitamin E which comprises of tocopherols together
with tocotrienols transfers hydrogen atom and scavenge singlet oxygen and other
reactive species thus protecting the peroxidation of PUFA within the biological
membrane and LDL (Meydani 2000). Tocotrienols are more mobile within the
biological membrane than tocopherols due to the presence of the unsaturated side
chain and hence penetrate tissues with saturated fatty layers, i.e., in the brain and
liver more efficiently. They have more recycling ability and are a far better inhibitor
of liver oxidation. Vitamin E and selenium have a synergistic role against lipid
peroxidation. Vitamin C, better referred to as ascorbic acid (vitamin c), donates
hydrogen atom to lipid radicals, quenches singlet oxygen radical, and removes
molecular oxygen. Scavenging of aqueous radicals by the synergistic effect of
ascorbic acid along with tocopherol supplementation is a well-known antioxidant
mechanism (Lee et al. 2004). Carotenoids like lycopene, βcarotene, lutein, and
zeaxanthin are known to be the most efficient singlet oxygen quencher in the
biological systems without the production of any oxidizing products. β-carotene
traps peroxy free radicals in tissues at low-oxygen concentrations. Hence, β-carotene
complements the antioxidant properties of vitamin E.

7.3.6 Polyphenols

Polyphenols form a huge group of phytochemicals, which are produced by plants as
secondary metabolites to protect them from photosynthetic stress, reactive oxygen
species. There are approximately 8000 different classes of polyphenols, the most
important being flavonols, flavones, flavan-3-ols, flavanones, and anthocyanins. The
highly branched phenylpropanoid pathway synthesizes majority of polyphenols. The
most commonly occurring polyphenols in food include flavonoids and phenolic
acids. Dietary polyphenols are of current interest because substantial evidence
in vitro has suggested that they will affect numerous cellular processes like gene
expression, apoptosis, platelet aggregation, and intercellular signaling, which can
have anticarcinogenic and anti-atherogenic implications. These apart, polyphenols
also possess antioxidant, anti-inflammatory, antimicrobial, and cardioprotective



activities and play a role in the prevention of neurodegenerative diseases and
diabetes mellitus (Scalbert et al. 2005).
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7.3.7 Spices

Spices are esoteric food adjuncts that are used for thousands of years to enhance the
sensory quality of foods. The quantity and therefore the sort of the spices consumed
in the tropical countries are particularly extensive. These impart characteristic flavor,
aroma, or piquancy and color to foods, stimulating our appetite also as to modify the
texture of food. Recent research reveals that dietary spices in their minute quantities
have an immense influence on the human health by their antioxidative, chemopre-
ventive, antimutagenic, anti-inflammatory, and immunomodulatory effects on cells
and a wide range of beneficial effects on human health by the action of gastrointes-
tinal, cardiovascular, respiratory, metabolic, reproductive, neural, and other systems
(Kochhar 2008; Lampe 2003).

7.4 Health Benefits (Chauhan et al. 2013; Baradaran et al.
2013)

• Avoid the side effect.
• May increase the health beneficial effect.
• May have naturally dietary supplement, so do not have unpleasant side effect.
• May increase the health value and our diet and improve medical condition of

human. May easily be available and economically affordable.

Nutritional therapy may be a healing system using dietary therapeutics or
nutraceuticals as a complementary therapy. This therapy is predicted on the assump-
tion that foods cannot only be sources of nutrients and energy but could also provide
medicinal benefits. According to nutraceutical and nutritional therapy theory, it
achieves this goal by using efficacy of such nutraceuticals in detoxifying the body,
avoiding vitamin and mineral deficiencies, and restoring healthy digestion and
dietary habit. Phytonutrients basically is plant nutrients with particular biological
activities in supporting human health.

The phytochemical works by the following ways:

1. Substrate for biochemical reactions
2. Cofactors of enzymatic reactions
3. Inhibitors of enzymatic reactions
4. Absorbents that bind to and eliminate undesirable constituent in the intestine
5. Enhance the absorption and/or stability of essential nutrients
6. Selective growth factor for beneficial bacteria
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Table. 7.1 Health benefits of natural nutraceuticals

S. No Nutraceuticals Health benefits and functions

1 Green tea Prevents allergy, possesses antibacterial activity. Helps in lowering
blood cholesterol preventing bone loss

2 Aloe vera Rich in antioxidant. Promotes immunity. Aids in weight loss

3 Garlic Aids in digestion process. Strengthen immunity. Helps in weight loss.
Possess antifungal and antibacterial properties

4 Ajwain Contains thymol aids in digestion and prevents regulations. Prevents
CVD (cardio vascular disease)

5 Cinnamon Rich in antioxidants like polyphenols. Phenolic acid and flavonoid.
Helps to control diabetes and prevent cancer

7. Fermentation substrate for beneficial bacteria
8. Selective inhibitors of deleterious intestinal bacteria
9. Scavengers of reactive or toxic chemicals

10. Ligands that agonize or antagonize cell surface or intracellular receptors
(Tables 7.1 and 7.2)

7.5 Role of Nutraceuticals

7.5.1 Role of Bacterial Nutraceuticals

Bacteria like lactic acid bacteria (LAB) are used everywhere the world in a large
variety of industrial food fermentations (Chelule et al. 2010). Some of the starter
bacteria used in dairy fermentation are the yoghurt bacterium Streptococcus
thermophilus and the cheese and butter (milk) bacterium Lactococcus lactis. This
property offers the possibility to fortify fermented dairy products with folate by
natural means, i.e., without the addition of food supplements. Some lactic acid
bacteria, such as Lactococcus lactis, are able to produce and excrete riboflavin into
the surrounding medium. Probiotics are live microbial food ingredients, which are
beneficial to health. They are friendly bacteria that promote healthy digestion and
absorption of some nutrients. They act to displace pathogens, like yeasts, other
bacteria, and viruses which will otherwise cause disease and develop a mutually
advantageous symbiosis with the human gastrointestinal tract. They have an anti-
microbial effect through modifying the microflora, preventing adhesion of patho-
gens to the intestinal epithelium, competing for nutrients necessary for pathogen
survival, producing an antitoxin effect, and reversing some of the consequences of
infection on the intestinal epithelium (Singh and Sinha 2012). The various types of
bacteria that are having the probiotics characteristics are Lactobacillus, Lactobacil-
lus rhamnosus, Lactobacillus reuteri, Lactobacillus case, Bifidobacterium,
Bifidobacterium lactis, Bifidobacterium longum, Bifidobacterium breve,
Bifidobacterium infantis, Streptococcus, Lactococcus, Lactococcus platinum,
Lactococcus reuteri, Lactococcus agilis, Enterococcus, Saccharomyces, Bacillus,
and Pediococcus. There are large numbers of advantages of using probiotics as



nutraceuticals. Some of these benefits include enhancing bowel function, preventing
colon cancer, lowering cholesterol, lowering of blood pressure, improving immune
function, reducing infections, reducing inflammation, improving mineral absorption,
preventing growth of harmful bacteria, fighting off diseases like candida and
eczema, and many more. As these “friendly bacteria” are beneficial for humans,
similarly there are large numbers of soil bacteria which act as probiotics for plants.
They are helpful in promoting the growth, health, and yield of crops (Pandey et al.
2011).
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Table. 7.2 Natural nutraceuticals along with mechanism

Nutraceuticals Mechanism activity

Proanthocyanidin (chestnut
fruits)

Inhibit IL-8 secretion by impairing NF-kappa-B signaling
(Sangiovanni et al. 2018)

Fish-based diet Severe osteoarthritis and hip and elbow dysplasia (Manfredi
et al. 2018)

Curcuma extract Decrease the level of PSA for prostate cancer (Fabiani et al.
2018)

Supplementation of live yeast
fostered

Regulate inflammation and epithelial barrier in the rumen and
express DFEB1 coding for an antimicrobial peptide (Bach
et al. 2018)

Inulin-type friction dietary fiber Immune responses against hepatitis-B (Vogt et al. 2017)

Bovine milk-derived oligosac-
charide and B. Lactis

Modulate gut microbiota and immune system (Radke et al.
2017)

Lipid-based nutrient supplements Prevent growth faltering in infants (Matsungo et al. 2017)

Partially hydrolyzed cow’s milk
proteins

Cow’s milk allergy in children (Kiewiet et al. 2017)

Lactic acid bacteria (LAB)
probiotic

Endometrial inflammation and infection (Genís et al. 2017)

Lipid-based nutrient supplement
(LNS)

Moderate acute malnutrition (MAM) (Fabiansen et al. 2017)

Vitamin D supplementation Extraskeletal benefits (Caprio et al. 2017)

Neutral amino acid supplements Optimize neurocognitive function (Van Vliet et al. 2016)

Myo-inositol Gestational diabetes (Santamaria et al. 2016)

Lactobacillus fermentum
CRL1446

Enhances metabolism and oxidative parameters (Russo et al.
2016)

Dehydrozingerone and its dimer Counteract the inflammation and oxidative stress (Profumo
et al. 2016)

7.5.2 Antioxidants in Disease Prevention

Antioxidants are known to defuse free radicals leading to limited risk of oxidative
stress (OS) and associated disorders. During the last few years, researches have
confirmed that a lot of common disease (CVS, diabetes, cataracts, high blood
pressure, infertility, respiratory tract infection, and rheumatoid arthritis) are related



to with tissue deficiency and/or low dietary levels of compounds called antioxidants
which make them an essential part of the nutraceutical market. Antioxidants are
found in the vegetable oils, e.g., soybean oil, canola oil, corn oil, oat oil, wheat germ
oil, palm oil, and evening prime rose oil. Antioxidants are very essential within the
treatment of just about all diseases because most chronic diseases carry with them an
excellent pact of oxidative stress. Oxidative stress plays a chief job in neurodegen-
erative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
Huntington’s disease (HD). Treatment with antioxidants is a hopeful loom for
slowing disease progression (Klatte et al. 2003).
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7.5.3 Phytochemicals as Potential Nutraceuticals

Phytochemicals (bioactive non-nutrient plant compounds), have raised interest in
human nutrition because of their potential effects as antioxidants, antiestrogenics,
anti-inflammatory, immunomodulatory, and anticarcinogenics (Laparra and Sanz
2010). Majority of foods, such as whole grains, beans, fruits, vegetables, and
herbs, contain phytonutrients/phytochemicals. They are naturally occurring bio-
chemicals that give plants their color, flavor, smell, and texture, which may help
prevent diseases. They are biologically active natural products such as
glucosinolates in cruciferous vegetables, limonoids in citrus fruits, lignans in flax-
seed, lycopene in tomatoes, and catechins in tea. They all have specific actions and
can be used variously, e.g., as antioxidants, and have a positive effect on health.
Recently, much attention has been given to phytochemicals that possess cancer-
preventive properties (Shukla and Singh 2007). Besides chemopreventive compo-
nents in vegetables and fruits, some phytochemicals derived from herbs and spices
even have potential anticarcinogenic and antimutagenic activities, among other
beneficial health effect. A broad range of phytopharmaceuticals with a claimed
hormonal activity, called “phytoestrogens,” is recommended for prevention of
prostate/breast cancer (Iriti and Faoro 2006). Tea contains catechin derivative and
amino acid theanine (shown reduced blood pressure in hypertensive rats). Black and
green tea both show equal activity in total plasma antioxidant status after single dose.
But some study shows green tea to be more effective than black. Tea polyphenols
have anti-inflammatory, antithrombotic, and antiplatelet properties and are effective
in lowering risk of developing Coronary Heart Disease. Flavonoids have
anticancerous properties by acting as antioxidants. They are found in citrus fruits,
soyfoods which are unique dietary source of isoflavones, green tea rich in
epigallocatechin gallate, and curcuma longa rich in curcumin. The main soybean
isoflavones, genistein, daidzein, biochanin inhibits prostate cancer cell growth.
Carotenoids and lycopenes are also important chemicals for human health (Pandey
et al. 2011).

Flavonoids block the angiotensin-converting enzyme (ACE) that raises blood
pressure by blocking the “suicide” enzyme cyclooxygenase that breaks down pros-
taglandins; they prevent platelet stickiness and hence platelet aggregation.



Flavonoids also protect the system and strengthen the small capillaries that carry
oxygen and essential nutrients to all or any cells. Flavonoids block the enzymes that
produce estrogen, thus reducing the risk of estrogen-induced cancers. In recent
years, there is growing evidence that plant-food polyphenols, due to their biological
properties, could also be unique nutraceuticals and supplementary treatments for
various aspects of type 2 diabetes mellitus. Potential efficacies of polyphenols,
including phenolic acids, flavonoids, stilbenes, lignans, and polymeric lignans, on
metabolic disorders and complications induced by diabetes have been discovered
(Bahadoran et al. 2013).

170 B. R. Rane et al.

7.5.4 Polyunsaturated Fatty Acids as Nutraceuticals

The use of omega-3 oils/long-chain ω3 PUFA constitutes one among the most
promising developments in human nutrition and disease risk reduction within the
past three decades. Long-chain ω3 PUFAs are of great interest due of their effec-
tiveness in prevention and treatment of coronary heart disease, hypertension, diabe-
tes, arthritis and other inflammations, autoimmune disorders, and mental health
(psychological state) and neural function as in depression and schizophrenia and
cancers and are essential for maintenance and development of normal growth,
especially for the brain and retina. Polyunsaturated fatty acids (PUFAs) (which
include the omega-3 and omega-6 fatty acids) and phytochemicals also play a crucial
role as healthy dietary bioactive compounds. A balanced PUFA composition of food
influences diverse aspects of immunity and metabolism. Moreover, interactions
between PUFAs and components of the gut microbiota can also influence their
biological roles (Cencic and Chingwaru 2010).

7.6 Nutraceuticals in Diseases

7.6.1 Diabetes

Diabetes mellitus is characterized by abnormally high levels of blood glucose, either
due to insufficient insulin production or due to its ineffectiveness. The most common
forms of diabetes are type 1 diabetes (5%), an autoimmune disorder, and type
2 diabetes (95%), which is associated with obesity. Gestational diabetes occurs in
pregnancy.

In diabetic patients, omega-3 fatty acids are suggested to reduce glucose tolerance
and promote insulin sensitivity. Insulin is required for the synthesis of long chain n-3
fatty acids, which contain ethyl esters that may be potentially beneficial in diabetic
patients (Sirtori and Galli 2002). A high isoflavone intake (20–100 mg/day) is
associated with lower incidence and mortality rate of type 2 diabetes, heart diseases,
osteoporosis, and certain cancers (Brouns 2002). Docosahexaenoic acid modulates



insulin resistance, especially important in women with gestational diabetes mellitus
which foster the recommendation for essential fatty acids during pregnancy (Thomas
et al. 2006).
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Lipoic acid is a universal antioxidant, may be more effective as a long-term
dietary supplement aimed at the prophylactic protection of diabetic patients from
complications. Dietary fibers from psyllium help in weight reduction and glucose
control in diabetic patients and to reduce lipid levels in hyperlipidemia (Coleman
et al. 2001).

Magnesium reduces diabetes risk and improves insulin sensitivity. Calcium and
vitamin D also promote insulin sensitivity and improve glycemic control in some
diabetics. Caffeic acid reduces elevated plasma glucose levels in insulin-resistant
patients. Green tea and epicatechin-3-gallate reduce fasting and postprandial glucose
levels and improve insulin resistance. Bitter melon and pomegranates are good for
diabetes, as they regulate metabolism and transport glucose from the blood into cells
(Stephen 2012).

7.6.2 Cardiovascular Diseases

Cardiovascular diseases are the name for the group of disorders of the heart and
blood vessels and include hypertension (high blood pressure), coronary heart dis-
eases (heart attack), cerebrovascular disease (stroke), heart failure, peripheral vas-
cular diseases, etc. It was reported that low intake of fruits and vegetables is
associated with a high mortality in cardiovascular diseases. Antioxidants, dietary
fibers, omega-3 polyunsaturated fatty acids, vitamins, and minerals along with
physical exercise are recommended for prevention and treatment of cardiovascular
diseases (Mandala et al. 2010).

Nutraceuticals like phytosterols, policosanol, monacolin etc. tend to reduce
circulating levels of LDL-cholesterol. This is achieved by modulating cholesterol
production in liver, binding cholesterol within intestines, and/or increasing LDL-c
receptor uptake in the liver. Polyphenols present in grapes alter cellular metabolism
and signaling, thereby reducing arterial diseases. They also reduce the possibility of
oxidation by neutralizing free radicals. Nutraceuticals that show antihypertensive
activity by blocking calcium channels include alpha-lipoic acid, magnesium, vitamin
B6 (pyridoxine), vitamin C, N-acetyl cysteine, celery, omega-3-fatty acids, etc.
(Houston 2005).

Flavonoids in plants available as flavones, flavanones play a major role in curing
cardiovascular diseases. They inhibit cyclooxygenase pathway and angiotensin-
converting enzyme (ACE), which is responsible for high blood pressure, and also
prevent platelet aggregation and stickiness. Because of high ability to transfer
electrons, scavenge reactive oxygen species, i.e., decrease oxidative stress, flavo-
noids are considered as cardioprotectors in delaying the onset of atherosclerosis
(Hu and Willett 2002).
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Phytosterols compete with dietary cholesterol by blocking the uptake and facil-
itating cholesterol excretion from the body. Buckwheat proteins more importantly
lower cholesterol and high blood pressure and are also beneficial in constipation and
obesity. Dietary fibers from defatted rice bran have laxative and cholesterol lowering
ability. Essential fatty acids are required for production and rebuilding of cells, to
reduce blood pressure, lower cholesterol and triglycerides, reduce the risk of blood
clots, and help in preventing many diseases including arthritis, arrhythmias, and
other cardiovascular diseases. Octacosanol has gastroprotective and lipid-lowering
effects. Allicin lowers blood pressure and cholesterol (Nasri et al. 2014).

7.6.3 Cancer

Nutraceutical rich bioactive dietary components have the ability to prevent cancer.
Vitamins (folate) play a serious role in DNA methylation and cancer prevention.
Ginseng is an anti-inflammatory compound that prevents chronic inflammation of
cancer (Sabita and Trygve 2012). Flavonoids found in citrus fruits appear to supply
protection against cancer by acting as antioxidants. Fruits and vegetables containing
lycopene exert cancer-protective effect via decrease in oxidative and other damage to
DNA in humans. Tannins and saponins are found to have anticarcinogenic effect
(Stahl and Sies 2005).

Phenolics like ferulic, caffeic, gallic acids, and curcumin possess anticancer
activity. Thiosulfonates present in garlic and onions possess anticarcinogenic prop-
erties. Astragalus membranaceus (Fabaceae) may be a traditional Chinese herb, used
as anticancer, antidiabetic, immune enhancer, antioxidant, and hepatoprotective
agent (Chanda et al. 2019).

7.6.4 Obesity

Obesity may be a medical condition characterized by accumulation of excess body
fat and is related with various risk factors such as angina pectoris, congestive heart
failure, hypertension, osteoarthritis, hyperlipidemia, etc. A tolerable and effective
nutraceutical that can increase energy expenditure and/or decrease caloric intake is
desirable for body weight reduction.

5-hydroxytryptophan decreases appetite, whereas green tea extract increases
energy expenditure, thus promoting weight loss. Fenugreek, chitosan, vitamin C,
curcumin, black gram, and bottle guard also reduce body weight (Nasri et al. 2014).
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7.6.5 Osteoarthritis

Osteoarthritis is a disease with a multifactorial etiology affecting all joint tissues,
involving both biochemical and mechanical factors that act in synergy to degrade
cartilage. Nutraceuticals like glucosamine, chondroitin sulfate, ginger, green tea,
pomegranate, curcumin, avocado, collagen hydrolysate, etc. are used to decrease the
complications associated with osteoarthritis (Sacco et al. 2013). Nutraceutical anti-
oxidant agents have considerable evidence for treating inflammation, pain, and joint
destruction. Chondroitin sulfate and glucosamine supplementation prevent arthritic
pain and narrowing of joint space. Application of olive oil reduces pain, stiffness,
and swelling (Agarwal 2017).

7.6.6 Alzheimer’s Disease

Oxidative stress is etiologically associated with variety of neurodegenerative disor-
ders including Alzheimer’s disease, which is characterized by progressive dementia
with memory loss as the major clinical manifestation. Nutraceuticals like beta-
carotene, lycopene, curcumin, lutein, etc. act as antioxidants and stop oxidative
stress-induced neuronal damage (Klatte et al. 2003).

7.6.7 Parkinson’s Disease

Parkinson’s disease is a brain disorder that results from nerve damage in certain
regions of the brain causing muscle rigidity, shaking, and difficulty in walking. Plant
polyphenols, stilbenes, soybean and other phytoestrogens, vitamin C, vitamin D,
vitamin E, coenzyme Q10, and unsaturated fatty acids revealed protective roles
against progression of Parkinson’s disease. Creatine seemed to modify Parkinson’s
disease features as measured by a decline within the clinical signs (Nasri et al. 2014).

7.6.8 Allergy

Allergy is a condition during which body has an exaggerated response to either a
drug or food. Quercetin is a flavonoid, a polyphenolic substance, and a natural
antihistamine. It inhibits some inflammatory enzymes such as lipid peroxidases
and reduces leukotriene formation. It also exerts antioxidant properties by scaveng-
ing free radicals (Formica and Regelson 1995).
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7.6.9 Oral Diseases

Odontonutraceuticals represent pleiotropic phytotherapeutic agents in dentistry as
they regulate different molecular and biochemical targets. They include green tea,
grapes, and cocoa seed extracts which are rich in polyphenols, flavonoids, and
proanthocyanidins, thus preventing oral diseases. Probiotics are helpful in
preventing dental cavity, periodontitis, etc. (Gupta et al. 2015).

7.6.10 Eye Disorders

Lutein also known as helenin is one among the carotenoids found in fruits and
vegetables and is used for the treatment of visual disorders. Zeaxanthin found in
corn, egg yolks, green vegetables, and fruits is employed within the treatment of eye
disorders (Rajasekaran et al. 2008). Green tea, carotenoids, flavonoids, vitamin E,
and coenzyme Q10 possess antioxidant activity and are effective for presbyopia and
cataracts. Omega 3, 6, and 9 fatty acids and folic acid in rice bran also promote eye
health (Dutta et al. 2018).

7.6.11 Migraine

Migraine is a recurrent throbbing headache that typically affects one side of the top
and is often accompanied by nausea and disturbed vision. Nutraceuticals used for the
treatment of migraine are feverfew, petasites, coenzyme Q10, etc. Dried leaves of
feverfew contain melatonin and chrysanthenyl acetate, which play a role in treating
migraine. Petasites hybridus commonly known as butterbur is found to be safe and
effective for long-term use in management of migraine (Gupta et al. 2015).

7.6.12 Stress Management

Stress is a vital part of our psychological makeup and may be a threat to our
existence. The natural bioactive compounds called adaptogens help to cope up
against stress-related cellular damages. They cause nonspecific increase in resistance
of an organism to noxious influences and exert to normalize and provide balancing
action for both stress and mental health. Herbal nutraceuticals like ashwagandha,
rhodiola, L-theanine, and ginseng are effective adaptogens that activate the produc-
tion of stress-suppressing heat shock protein 70 (HSP-70) and stabilize physiologic
processes, promote homeostasis, increase resistance to environmental stress, reduce



moderate to severe anxiety, improve sleep, reduce depression, and improve second-
ary memory (Kalra 2003).
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7.6.13 Prolonging Life Span

Nutraceuticals present in citrus fruits and soybean has effect on epigenetic modifi-
cations, autophagy, and necrosis. Caffeic acid and rosmarinic acid present in fruits,
vegetables, and herbs are anticarcinogenic, antioxidant, antirheumatic, and antimi-
crobial in nature and can prolong healthy lifetime (Pietsch et al. 2011).

7.6.14 Oral Health

Oral infection such as dental cavity, teeth loss, periodontal diseases, etc. can greatly
affect the human health. Dental cavity could also be caused due to the various
infections related to the numerous reasons such as bacterial infections and nutritional
deficiencies. There are many growing evidence that the use of green tea and its
polyphenol plays a beneficial role in oral health. It is suggested that intake of green
tea defends healthy cells from transformation into malignant cells; additionally, it
also abolishes halitosis through modification of odorant sulfur components. None-
theless, consumption of green tea is often useful in prevention and treatment of oral
pathologies (Narotzki et al. 2012).

7.6.15 Bone Health

Osteoarthritis is a degenerative disorder with little or less curative treatment. Nutri-
tive approach has proven to be useful in maintenance and joint integrity and/or
health. Many researchers found that oral joint supplements work as anti-
inflammatory agent acting as building block for the formation and maintenance of
normal joint cartilage. It has been established that oral joint supplements contain
chondroitin sulfate and/or glucosamine. From the experimental evidence, it was
witnessed that nutraceuticals are capable of promoting or improving cartilage health,
when it reaches to the joint through the blood stream demonstrating effective
improvement and management in the osteoarthritis/joint health (Baici et al. 1992)
(Fig. 7.3) and (Table 7.3).
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Fig. 7.3 Role of nutraceuticals in health promotion and disease prevention

Table. 7.3 Role of nutraceuticals on disease prevention

Disease
prevention

Ginseng, beta carotene, sulfur compounds in garlic. Cancer (Cencic and
Chingwaru 2010)

Soy Isoflavones, omega 3 fatty acid, lipoic acid, Cate-
chins, spices like fenugreek and cinnamon, bitter melon,
pomegranate

Diabetes
mellitus

(Stephen 2012)

Diacerein, banana, ginger, green tea, pomegranate,
Boswellia, oxaceprol, tipi, willow bark, curcumin, avo-
cado, soybean, collagen hydrolysate, chondroitin sulfate,
and glucosamine

Osteoarthritis (Akhtar and
Haqqi 2012)

Plant polyphenols, stilbenes, soybean and other
phytoestrogens, vitamin C, vitamin D, vitamin E, coen-
zyme Q 10, unsaturated fatty acid, Brahmi, and inosine

Parkinson’s
disease

(Chao et al.
2012)

Curcumin, lutein, lycopene, Lavandula, Beta carotene,
folic acid, and vit. B12

Alzheimer’s
disease

Odontonutraceuticals, green tea, grapes, cocoa seed
extracts rich in polyphenols, flavonoids, and
proanthocyanidins

Oral diseases (Janczarek et al.
2016)

Lutein, DHA, green tea, carotenoids, flavonoids,
vitamin E, coenzyme Q10, zeaxanthin, melatonin, spiru-
lina, flavonoids, ascorbic acid, tocopherol, carotenoids,
caffeine, pyruvate

Eye disorders (Varoni and Iriti
2016)

Adaptogens (ashwagandha, rhodiola, L-theanine, ginseng) Stress
management

(Kalra 2003)

Flavonoids, flavones, flavonones, quercetin in onion, cru-
ciferous vegetables, blackberries, cherries, berries, apples,
and allicin

Cardiovascular
diseases

(Cicero et al.
2017)
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7.7 Functional Foods

Functional foods denote to a new and challenging concept which is slightly different
from the nutraceutical so these can be regarded as food products or ingredient,
consumed as a part of usual diet providing the beneficial effects beyond the basic
nutrients that traditionally it contains are called as functional foods (Whitman 2001)
such as nuts, garlic, and green tea.

Functional foods provide carbohydrates, proteins, fat, and vitamins to the body in
required amount for healthy survival of the body. When functional food contributes
in the prevention and treatment of disease, then it is referred to as nutraceuticals.
Otherwise, the difference between the functional food and nutraceutical is not
exactly clear, but the main difference is the form in which they are consumed, that
is, the nutraceutical, is ingested in the form of tablet, capsules, or pills, while
functional foods are ingested as “ordinary foods.” When phytochemical is added
to the food formulation, then they are considered as functional foods, and when
phytochemical is included in the capsule or any dosage forms, then they are
established as nutraceutical (Espín et al. 2007) (Fig. 7.4) and (Table 7.4).

fruit juice and
drinks increased
antioxidant levels

cereals and
grains such as

wheat,
oat, barely

provide
enhanced
amount of

dietary fiber.

functional
foods

yogurt enhanced
with live active

cultures
(probiotics)

milk, cheese, egg
enriched with
omega 3 fatty

acids.

Fig. 7.4 Few examples of functional foods
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Table. 7.4 Bioactive compound-based nutraceuticals possessing health benefits

Natural
sources

1 Glycerolipids Seed oils Skin care (Mendiola
et al. 2007)

2 Amino acids Sprouts,
sports
drinks

Effect on nervous system, antioxi-
dant, muscles energy

(Kim et al.
2006)

3 Milk proteins,
peptides

Milk
derived
product

Immunostimulating, antihyperten-
sive, antimicrobial

(Lacomba
et al. 2010)

4 Vitamin B1 and
vitamin B2

Mushrooms Antioxidant

5 Tocopherols
(vitamin E)

Vegetable
and vegeta-
ble oils

Antitumor, antioxidant, treatment of
cardiovascular disease

(Bakowska-
Barczak
et al. 2009)

6 Glycosides
(glycyrrhetic
acid,
glycyrrhizin)

Plants Diuretic, anticancer, antioxidant
properties

(D’Antuono
et al. 2008)

7 Saponins Vegetables Increase testosterone levels, and
stimulate muscle growth and
antidiabetic or antiobesity effects

(Brady et al.
2007)

8 Flavonoids Citrus peel Anticancer, anti-inflammatory (Li et al.
2006)

9 Phenolics Pepper Antioxidant (Chatterjee
et al. 2007)

10 Lignans Myristica
fragrans
(nutmeg)

Anticancer (Chung et al.
2006)

11 Catecholamines Banana
peel

Antioxidant (González-
Montelongo
et al. 2010)

12 Monacolins Rice Decrease cholesterol level,
anticarcinogenic

(Chairote
et al. 2008)

7.8 Significance of Synergic Foods

7.8.1 Synergistic Foods as Immune Boosters

Immunity, infection, and malnutrition are always interlinked. Malnutrition and
nutritional alterations, common complications of human immunodeficiency viral
infection, include disorders of food intake, nutrient absorption, and intermediary
metabolism which play a significant and independent role in morbidity and mortal-
ity. The immune system may be a complex network of focused tissues, cells, organs,
proteins, and chemicals. Hence, immune competence can be regarded as a measure
of adequate nutrition. Interindividual variations in many immune functions existing



within the normal healthy population are due to age, genetics, gender, ethnic
background, socioeconomic situation, diet, stress, habitual levels of exercise, alcohol
consumption, smoking habits, etc. Human cells are continuously exposed to diverse
oxidizing agents of which few are necessary for all time. The imbalance within the
production of oxidants may lead to oxidative stress, including viral, bacterial, and
parasitic infections in the human system (Liu and Hotchkiss 1995). Intake of certain
foods may help to keep our immune system strong. A balanced mixture of vitamins
and minerals over time reflects a healthy immune system.
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Foods like tea and black pepper work during a synergistic way and enhance the
bioavailability of epigallocatechin gallate (EGCG) which is present in green tea.
Lambert et al. (Lambert et al. 2004) conducted an in vivo study which reveals
piperine present in black pepper inhibits the glucuronidation of EGCG, thereby
lowering the transit rate of EGCG within the gastrointestinal (GI) tract. The reduced
transit rate in turn reduces the resident time of EGCG in GI tract which allows
maximum absorption. High amount of catechin present in green tea is related with
improved immune tolerance thereby leading to lower incidences of cancer, cardio-
vascular diseases, high cholesterol, and lots more. Also, lemon along with green tea
enhances the absorption of EGCG ten times more when compared to the absorption
when green tea is drunk alone (Tewari et al. 2000). A study published in Food
Chemistry ensured that vitamin C promotes the absorption and utilization of anti-
oxidant in green tea five times more when compared to green tea consumed alone.
The catechins and vitamin C act synergistically for better absorption of antioxidants.
Raspberries and chocolates show a better synergistic effect for their antioxidant
capacity. Todorovic et al. (2015) discovered significant increase in antioxidant
capacity in cocoa, polyphenol, proanthocyanidin, and flavonoids.

7.8.2 Synergistic Foods to Prevent Infections

Malnutrition is the primary cause of immunodeficiency and infections worldwide,
with infants, children, adolescents, and, therefore, the elderly most affected. There is
a strong relationship between malnutrition and infection and infant death rate,
because poor nutrition leaves children underweight, weakened, and susceptible to
infections, primarily due to epithelial integrity and inflammation. In our understand-
ing of this interaction between infection and malnutrition, it is important to remem-
ber that a decreased immune function is not always a defective one, and many
indicators of nutritional status are not reliable during infection. Food synergy plays
an important role in preventing infections.

Healing was more rapid in the skin of these rats treated with curcumin and ginger
extract which was found to be a completely unique approach in improving the
structure of the skin in rats (Bhagavathula et al. 2009). Through multiple signaling
of proteins, curcumin inhibits cell proliferation, metastasis, invasion, and angiogen-
esis in different types of cancers (Saw et al. 2010).
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Turmeric has its own potential anti-inflammatory effects, anticancer properties,
and tumor-fighting properties. The active component within the turmeric is
curcumin. Black pepper has its own hot and active component called piperine.
While adding black pepper to turmeric or turmeric-based foods, piperine increases
the bioavailability of curcumin to 1000 times. Piperine inhibits the metabolic
breakdown of curcumin compounds in the gut and liver. This increases the bioavail-
ability of curcumin compounds in the body (Shoba et al. 1998).

A significant contribution for the antibacterial activity is proved in garlic and
honey with phenols and fatty acids which act synergistically in higher growth
reduction of bacteria, enhancing the killing activity. This also helps to enhance the
shelf life of each other (Saad and Mona 2013). Both are powerful antibiotics that
preserve our immune system.

7.8.3 Synergistic Foods to Increase Bioavailability
of Nutrients

Plant foods are enriched with micronutrients, but a standard understanding on the
bioavailability of nutrients is primarily very essential. When we consume a food or
drink, certain nutrients are absorbed into the bloodstream and transported to their
respective target tissues. The nutrient supply within the physical body depends
mainly on the bioavailability of the actual nutrient instead of the quantity consumed.
The bioavailability of the nutrient is predicted on various factors like its reacting
medium, promoters and inhibitors, and, therefore, the host environment. Under-
standing nutrient bioavailability helps in setting appropriate dietary
recommendations.

Garlic and honey have a good synergistic effect; when garlic reaches the stomach,
it promotes the assembly of gastric juices which are essential for absorption of iron
and enrich the bloodstream (Shoba et al. 1998).

Flavonoids with almond skin predominantly benefit health and act synergistically
with vitamin C and vitamin E to protect LDL oxidation (Chen et al. 2005).

The carotenoids found within the salads include lycopene, lutein, beta-carotene,
alpha-carotene, and zeaxanthin. The egg yolk also contains zeaxanthin and lutein.
Eating boiled eggs with the salad of tomatoes, carrots, and green leafy vegetables
increased absorption of carotenoids three–ninefold.

Lemon and green leafy vegetables address iron deficiency anemia by increasing
hemoglobin. It helps in improving the bioavailability of iron within the blood
volume. Ascorbic acid or vitamin C enhances the dietary absorption of non-heme
iron. First, it forms non-absorbable iron, and later, ferric iron is converted to ferrous
iron which helps in better absorption of iron into the mucosal cells (Hallberg et al.
1989).

Yoghurt and banana play a big role in mutual benefits of probiotic and prebiotic.
Probiotics introduce good bacteria into the gut, whereas prebiotics act as a fertilizer



for the good bacteria. So, consumption of probiotics along with prebiotics is good for
the gut bacteria which enhance gastrointestinal digestion (Hallberg et al. 1989).
Inulin present in bananas energizes the expansion of good bacteria in yoghurt, which
helps to enhance immunity and regulate digestion. Inulin with probiotics (good
bacteria) found in yoghurt helps to increase the level of calcium in our body
(Fernandez and Marette 2017).
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7.8.4 Synergistic Foods to Reduce Chronic Diseases

Prospective epidemiological studies, some randomized prevention trials, and many
short-term studies of intermediate endpoints like blood pressure and lipids have
revealed an honest deal about the precise dietary and lifestyle determinants of major
chronic diseases. Most of those studies were in part with the historical importance of
those diseases. A general opinion is that reducing identified, modifiable dietary, and
lifestyle risk factors could prevent most cases of chronic diseases like coronary
artery disease, stroke, diabetes, and lots of cancers among high-income populations.
The essential bioactive compounds present in the foods help in preventing diseases
and betterment of health. Studies have shown that synergistic combination of foods
plays a crucial role within the prevention of chronic diseases.

7.8.5 Cardiovascular Diseases

Combination of honey and garlic potentially reduces the blood cholesterol and
triglyceride levels and helps in improving cardiovascular problems (Saad and
Mona 2013). Studies prove the better synergistic roles of honey with garlic to
regulate LDL levels (Chen et al. 2005).

Garlic and fish synergistically boost immunity and improve cardiovascular
health. Effects of fish oil and omega-3 fatty acids are modulated by the inhibition
of hepatic very-low-density lipoprotein (VLDL)-triglyceride synthesis and a rise
within the fractional catabolic rate of VLDL. Various co-factors like selenium,
copper, zinc, iron, and iodine work well with EPA and DHA for their anti-
inflammatory and cholesterol-reducing properties (Morcos 1997).

For tomatoes and olive oil, tomatoes contain carotenoids which are fat soluble,
and hence, absorption is improved with a fat medium like olive oil. Lycopenes, an
antioxidant in the carotenoids group, reduce the risk of cardiovascular diseases by
improving the serum lipid profile in high-fat diet in comparison to low-fat lycopene-
rich diet. Lycopene content increases by 5–6 times on cooking instead of eating them
raw (Ahuja et al. 2006; Story et al. 2010; Fielding et al. 2005).

Onion and grape combination resulted during a synergistic antiproliferative effect
(APE) instead of consuming onion or grape alone. Black grapes are rich in poly-
phenol antioxidant catechin, which helps to prevent cardiovascular disease, cancer,



and neurological disorders and in weight management. Together, onion and grapes
inhibit blood clots and boost cardiovascular health. Studies have shown that this
combination helps to relieve allergy symptoms and increases cardiovascular protec-
tion by improving circulation (Wang et al. 2013).
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7.8.6 Diabetes Mellitus

An in vitro study by Agustinah et al. (2016) reveals that a mixture of 80% apple cider
and 20% whole blueberry juice has potential antihypertensive and
antihyperglycemic properties. Increased blueberry juice proportion increases the
entire phenol content in apples with the inhibitory activity of angiotensin-1-
converting enzyme (ACE), α-amylase, and α-glucosidase; the ACE inhibitory activ-
ity is decreased.

Onion and garlic contain active components like methiin and S-allyl cysteine
sulfoxide (SACS), which stimulate the insulin production from the pancreas and
decrease the blood glucose level. This interference with dietary glucose absorption
by the insulin helps to control diabetes mellitus (Corzo-Martínez et al. 2007; Chung
et al. 2007).

Vitamin D and vitamin K supplements help to upregulate the insulin receptor
genes and promote secretion of insulin from pancreatic cell, thus enhancing blood
glucose metabolism [28, 29]. Interaction of vitamin D and K supplements can also
upregulate vascular smooth muscle cells (Van Ballegooijen et al. 2017).

Anthocyanin-rich black currant combined with rowanberry enriched in
chlorogenic acids may be a synergic combination to enhance diabetes mellitus. As
a synergic combination, both black currant and rowanberry extracts could replace
the inhibition lost by reducing the acarbose dose and help to take care or maintain
glycemic level for type 2 diabetes (Boath et al. 2012).

7.8.7 Cancer

Whole foods, like broccoli and tomatoes, have antitumorogenesis property by
themselves which can lower the growth of cancer cells. Prostate tumors grew
much less in rats that were fed with tomatoes and broccoli (Canene-Adams et al.
2005).

Apples contain variety of phytochemicals, like phloridzin, quercetin, chlorogenic
acid, and catechin; the peel of apple has potential phytochemical with anticancer
properties. Eating apple with skin inhibits neoplastic cell proliferation, reduces lipid
oxidation, and lowers cholesterol in cancer patients (Wolfe and Liu 2003). Almonds
with skin rich in antioxidants also benefits in the reduction of cancer and cardiovas-
cular risks.
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Apple and berry juices potentially benefit colon cancer within the presence of
dietary compounds like vitamins, minerals, phytochemicals, and fiber. They are
consumed among various ethnic groups widely based on their dual nutritional
value. Adequate intake of these phytochemicals may hinder the expansion of cancer
cells by enhancing DNA repair, thereby reducing the DNA damage by oxidative
stress (Jaganathan et al. 2014).

7.8.8 Synergic Foods to Improve Mental and Reproductive
Health

Diverse symptoms, including changes in mood, behavior, fluid retention, and certain
aspects of mental or physical functioning, are common among women within the
luteal phase of the menstrual cycle. Various reports, many of a preliminary nature or
based on clinical experience, suggest that these symptoms are associated to diet, in
particular, to high intakes of sugar or to deficiency of certain vitamins and minerals
or to both. Several studies are reported since the1970s on the effect of high-dose
vitamin B6 supplementation on the relief of premenstrual symptoms. Several studies
were carried out to find the effect of synergic foods on mental and reproductive
health.

Blueberries and strawberries have potential protective effects of antioxidant on
neuronal functioning. Antioxidant-rich blueberries and strawberries reduce oxida-
tive stress and inflammation and thus improve neuronal signal processing. Apples
are rich in flavonoids, and green leafy vegetables are rich in dietary nitrate. Studies
reveal that combination of flavonoids and nitrate could improve nitrous oxide
production. The increase in nitrous oxide following consumption of flavonoids
and dietary nitrate could improve cognitive function and mood (Bondonno et al.
2014).

Ethnic post-partum care nutritional practices act synergistically on rejuvenating
post-partum needs and addressing the nutritional support for delivered mother like
improving lactation, smooth bowel movement, immunity, better nourishment,
preventing excess bleeding, preventing infections, wound healing, and strengthening
of bones and muscles. Synergic combinations of foods would better help in relieving
post-partum symptoms. Chick pea and beetroot relieve anxiety associated with
menstrual symptoms. Vitamin B6 is required for maintaining normal intracellular
magnesium concentrations as vitamin B6 helps in transport of magnesium across the
cell membranes (De Souza et al. 2000).
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7.9 Current and Future Development of Nutraceuticals

Nutraceutical presents one of the most exciting areas for health innovation, offering
inexpensive, safe, and effective results for the today’s most challenging health
problem. The expanding nutraceutical market indicates that end users are seeking
minimally processed food with extra nutritional benefits and organoleptic value.
This development, in turn, is propelling expansion in the nutraceutical markets
globally. The emerging nutraceuticals industry seems destined to occupy the land-
scape in the new millennium. Its tremendous growth has implications for the food,
pharmaceutical, healthcare, and agricultural industries Many scientists believe that
enzymes represent another exciting frontier in nutraceuticals. “Enzymes have been
underemployed. They are going to be a hot area in the future.” Fermentation
technology using microbes to create new food products also represents potential.
Global trends to healthy products cannot be reversed. Companies taking the lead by
investing strategically in science, product development, marketing, and consumer
education will not go unrewarded (Pandey et al. 2010). Nutraceuticals supplied
through oral or transdermal delivery system would provide well-targeted health
benefits with optimal bioavailability. With the evolution of “Smart Nutraceuticals,”
a Futuristic “Physician’s Desk Reference” would contain information on individual
genetic profiles to be matched with specific nutritional interventions as well. This
would be a vast improvement over current nutritional recommendations which being
too generalized are reported to benefit only 60% of population (Ball 2003).

7.10 Some Marketed Products Available as Nutraceuticals
(Chaturvedi et al. 2011; Sarin et al. 2012; Pandey et al.
2010).

Many pharmaceutical companies are attempting to manufacture nutraceuticals in
therapeutic areas. Some of the commercially available nutraceuticals are discussed in
Table 7.5.

7.11 Conclusion

It is very imperative that nutrients found in many foods, fruits, and vegetables are
responsible for the well-documented health benefits. Nutraceuticals are widely
accepted by all the age groups due to their safety, efficacy, high quality, and purity.
They play a crucial role in protection against the pathologies of numerous
age-related or chronic diseases. Future demand of nutraceuticals depends on con-
sumer perception of the relationship between diet and disease. Nutraceutical industry
in India is one of the rapid growing markets. Because of their numerous health



Product Category Source Ingredients Benefits Manufacturer

–

benefits, they must be taken regularly to decrease risk factors like high cholesterol,
high blood pressure, and diabetes. With a little bit of careful handling, the future of
both plant and animal origin nutraceuticals holds exciting opportunities in the
medical field.
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Table. 7.5 Marketed products

Sr.
no

1 Glucon –D Energy
supplement

Fortified
glucose

Glucose Provide
instant energy
and
rejuvenation

Heinz

2 Glucose –
D

Energy
supplement

Fortified
glucose

Dextrose
monohydrate,
calcium phos-
phates, vitamin
D

Provide
instant energy
and
rejuvenation

Dabar

3 GRD Nutritional
supplement

– Vitamins, car-
bohydrates,
proteins

Helps in faster
tissue growth
and repair

Zydus

4 Proteinex Protein and
nutritional
supplements

– Essential vita-
mins, minerals,
protein hydroly-
sate, sugar,
malt, extract

Supports
healthy physi-
cal and mental
growth

Pfizer ltd

5 Tropicana Energy
drinks

Vitamin B-vitamin, thia-
mine, folate

Nutrient rich
juice and good
source for
heart health

Tropicana
product Inc.

6 Frooti Energy
drinks

Mango Water, mango
pulp, sugar,
anti-oxidant

Refreshing
juice

Parle agro.
Pvt.ltd

7 Abcor Heart
supplement

– Lowers
cholesterol

Nutin
pharma

8 Fish oil
plus

Brain
supplement

Salmon Omega 3 fatty
acids

Reduce risk of
heart disease
maintain
blood pressure
and
cholesterol

Pacific health
Inc.

9 Vectomega Dietary
supplement

Salmon Omega 3 fatty
acids

Enhance the
absorption of
omega-3

Europharma

10 Proplus Immune
supplement

– Mushrooms,
polysaccharide,
and folic acid

Provides pow-
erful immune
system

Native
remedies
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Chapter 8
Current and Future Prospects of Flavonoids
for Human Immune System

Sippy Singh and Durgesh Singh

Abstract Flavonoids are large group of plant-derived aromatic compounds which
have diverse functional capabilities. These polyphenolic compounds promote
human immune system and protect body against several health ailments. A lot is
needed to explore in terms of their bioavailability and their metabolism so as to
utilize their broad range potential. Flavonoids are potent substances which are
widely used at present because of their antioxidative, anti-inflammatory, antiviral/
bacterial, cardioprotective, antidiabetic, antiaging, and anticarcinogenic properties
and still have more to be explored and used in the future. This chapter provides view
of current and futuristic application of flavonoids.

Keywords Flavonoids · Immune system · Phytonutrient · Immunomodulator

8.1 Introduction

Flavonoids include diverse group of phytonutrients present in fruits and vegetables
which are utilized for their growth and protection against plaques (Havsteen 2002).
These are low-molecular-weight phenolic compounds having a benzo-γ-pyrone
structure distributed in all parts of plants (Dewick 2001). Because of their presence
in foods and beverages of plant origin, they are termed as dietary flavonoids. These
hydroxylated phenolic compounds are synthesized by plants to combat microbial
infection (Dixon et al. 1983) which exhibits antioxidant properties (Kumar et al.
2013; Kumar and Pandey 2013). Flavonoids consist of 15 carbon skeleton compris-
ing of two benzene rings: A and B which are linked through a heterocyclic pyrane
ring-C (Kumar and Pandey 2013). These can be further divided into subgroups like
flavones, flavonols, flavanones, isoflavones, anthocyanins, and chalcones which are
based on the carbon of C ring to which the B ring is attached and oxidation of the C
ring (Middleton 1998). Since these subgroups share a common precursor, chalcone,
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they all are biogenetically and structurally related (Grotewold 2006; Samanta et al.
2011; Pandey and Sohng 2013).
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Flavonoid term has been derived from Latin word “flavous”which means yellow.
Flavonoids perform various activities in different organisms. In plants, they are
impart color and aroma to flowers and help in attracting pollinators towards colorful
fruits thereby helping in seed dispersal and their growth (Griesbach 2005). Apart
from these, flavonoids also protect plants from different forms of environmental
stresses (Takahashi and Ohnishi 2004), act as signaling molecules, help in detoxi-
fication, and possess antimicrobial activity. Gene silencing in plants has also been
correlated with synthesis of flavonoid (Jorgensen 1995).

The hydroxyl and oxo group present in flavonoids have chelating properties
which possess pharmacokinetic and pharmacological properties. More interestingly,
flavonoids have been reported to have positive impact on human and animal health
and are widely used in treating diseases (Kumar and Pandey 2013; Panche et al.
2015). Flavonoids have several health-promoting effects because they exhibit
hepatoprotective (Kumar and Pandey 2013), antioxidative, anti-inflammatory,
antiviral/bacterial, cardioprotective, antidiabetic, antiaging, and anticarcinogenic
properties and can inhibit enzymes like cyclooxygenase, phosphoinositide
3-kinase, etc. (Hayashi et al. 1988; Walker et al. 2000). Flavonoids show several
antitumorous activities by one of the following mechanisms of action:
antiproliferation activity, preventing carcinogen metabolic activation, arresting cell
cycle, inducing apoptosis, promoting differentiation, inhibiting angiogenesis, and
modulating multidrug resistance (Patil and Masand 2019). Because of their broad
spectrum of utility and importance in health maintenance, they form an important
component of pharmaceutical, nutraceutical, and medicine factories (Keservani et al.
2010; Keservani et al. 2010; Rane and Kesarwani 2020). They can easily interact
with other nutrients (Scholz and Williamson 2007; Jakobek 2015) and lead to
various effects, for example, they lower down the absorption of glucose by
suppressing carbohydrate-hydrolyzing enzymes and glucose transporters (Gonzales
et al. 2015); intake of fat has been reported to improve bioavailability of flavonoids
and increase in their absorption within the body (Gonzales et al. 2015). On the
contrary, intake of protein leads to decrease in bioavailability of flavonoids thereby
affecting antioxidant property of flavonoids and protein digestion as well (Swieca
et al. 2013).

The presence of flavonoids can be detected by various tests such as Fast blue
reagent that is widely used to detect phenolic compounds, ferric chloride test, and
neutral lead acetate test. Shinoda tests can be also performed wherein alcoholic or
aqueous solution of extract is mixed with piece of magnesium ribbon and conc. HCl.
The presence of flavonoids can be confirmed by development of pink/magenta color.
Use of NaOH and H2SO4 can also confirm the presence of flavonoids in food
(Mondal and Rahaman 2020).

Flavonoids readily interact with many nutrients (Scholz and Williamson 2007)
and can reduce transportation of glucose and glucose absorption. Bioavailability of
flavonoids is of major concern, and it has been observed that intake of fat helps in
improving bioavailability of flavonoids and also promotes their absorption through



secretion of bile salts (Gonzales et al. 2015). On the contrary, protein intake
decreases the bioavailability of flavonoids (Swieca et al. 2013).
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Immune system helps in protecting human body from various infections and
diseases. It helps in combating against pathogens on two basis; it can be either innate
or acquired. The innate immunity helps in fighting against broad range of infectious
agents as it lacks specific recognition and does not depend on nature of pathogen
(Singh et al. 2014; Baranowski et al. 2012), whereas acquired immunity shows
pathogen-specific response. Proper diet and nutrition can enhance immune system as
it has been reported that improper diet/malnutrition can have negative and adverse
effect on immune system (Gerriets and Rathmell 2012). Important dietary compo-
nents which have been of prime interest are polyphenols; these flavonoids (phyto-
chemicals) have been suggested to act as immunomodulators and affect immune
responses (Akiyama et al. 2005; Abril-Gil et al. 2012; Hosseinzade et al. 2019).
Because of their potent activity and immunomodulatory effects, the flavonoids have
been currently promoted in pharmaceutical industry.

8.2 Use of Flavonoids and Their Immunomodulatory
Effects

Flavonoids exist as free aglycones and glycosidic conjugates (Middleton et al. 2000)
with varied structural ranges (Ravishankar et al. 2013). These diverse structures
enable them to harbor anticancerous, antibacterial, enzyme modulation, antioxidant,
and anti-inflammatory properties (Middleton et al. 2000; Ravishankar et al. 2013;
Cardenas et al. 2011). Generally, flavonoids exert immunomodulatory effect on the
components of both innate and acquired immune system which can be summarized
further.

8.2.1 Effect of Flavonoids on Cells of Innate Immune System

Flavonoid poses immunosuppressive and immunomodulatory effects on various
cells of innate immune system. Many flavonoids have been reported to stop these
allergic responses by inhibiting degranulation in mast cells and basophils (Matsuda
et al. 2016; Tanaka 2014). Quercetin (an aglycone) found in apples, berries, grapes,
tea, tomatoes, and various nuts (Rogerio et al. 2010) has been studied to inhibit
histamine production in rat basophilic leukemia-2H3 cell line (Matsuda et al. 2016;
Tanaka 2014). Some of the flavanols such as fisetin, quercetin, rutin, etc. inhibits
IgE-mediated effect, histamine release, and intracellular calcium level (Castell et al.
2014; Hagenlocher and Lorentz 2015). Many studies propose that flavonoids such as
fisetin block transcription and secretion of Th2-type cytokines leads to inhibition of
various transcriptional factors (Matsuda et al. 2016; Tanaka 2014; Castell et al.



2014; Hagenlocher and Lorentz 2015). These flavonoids act as anti-allergic sub-
stances which inhibited activation of kinase and transcription (Che et al. 2018) and,
therefore, can be used in treating allergic reactions.
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Neutrophils mount immune response against bacterial and fungal infection in
humans. These cells on stimulation lead to production of reactive oxygen species,
reactive nitrogen species, and many toxic mediators causing inflammation
(Hellebrekers et al. 2018). Polverino et al. (2017) reported that in many respiratory
diseases there is release of enzymes like neutrophil elastase (NE) and proteases
which prevents repair process. Chalcones, a potent flavonoid, have the ability to
inhibit the production of NE in humans and therefore act as promising anti-
inflammatory substance (Reddy et al. 2011). Most of the flavonoids having anti-
inflammatory activity binds to reactive oxygen species formed by neutrophils and
decreases their production (Ciz et al. 2012; Ribeiro et al. 2015).

Eosinophils are involved in Th2-type allergic reactions observed in case of
parasitic infection, asthma, and cancer (Ramirez et al. 2018). Eosinophils being
important inflammatory cells lead to pathogenesis of allergic inflammation, and
many flavonoids have shown inhibitory action on these inflammatory responses
brought about by inhibition of release of chemoattractant factors from eosinophils
(Sakai-Kashiwabara et al. 2014).

Monocytes shield the body against pathogens by phagocytosis, and in doing so,
they also release inflammatory mediators (Collin and Bigley 2016). These cells help
in tissue repair, inflammation, and antigen presentation (Murray 2018). Flavonoids
exert anti-inflammatory responses by inhibiting inflammatory mediators and TLR4
expression (Rahimifard et al. 2017). These flavonoids prevent activation of
inflammasome (Kim et al. 2017) which promotes autophagy and in turn improves
inflammation condition and helps in treating autoimmune diseases (Takahama et al.
2018).

Natural killer cells form an important component of immune system as they act
against virus-infected and cancer cells (Zhang and Huang 2017). They have cytolytic
activity, and their activity can be stimulated on tumorous cells (Lindqvist et al. 2014;
Burkard et al. 2017). Dendritic cell performs important function of antigen presen-
tation to T lymphocytes (Dress et al. 2018). Flavonoids modulate immune system by
bringing about the apoptosis of dendritic cells (Galleggiante et al. 2017; Nickel et al.
2011).

8.2.2 Effect of Flavonoids on Cells of Adaptive Immune
System

Adaptive immune system comprises of two types of cell: B lymphocytes and T
lymphocytes. Flavones have been proposed to be important for activation and
functioning of T cells in several disease conditions (Kim and Lee 2013). These
flavones inhibit transcription factors (Kim and Lee 2013; Yan et al. 2017).



Supplement of oral genistein in Hashimoto’s thyroiditis patients leads to reduction of
symptoms of this autoimmune disease (Zhang et al. 2017).

8 Current and Future Prospects of Flavonoids for Human Immune System 199

Flavonoids such as quercetin and astilbin have been reported to modulate prolif-
eration of B cells and production of antibody (Gong et al. 2011; Guo et al. 2015).
These increase B-cell activation and antibody production. Similarly, flavonoids have
their impact on T cells of immune system. In vivo and in vitro studies have shown
the direct effect of flavonoids on T CD8+ cells (Liu et al. 2010; Leischner et al.
2016). Compounds like gallotannin and apigenin stimulate CD8 cells and decrease
growth of tumor cells either by increasing apoptosis or promoting antigen presenta-
tion (Mantena et al. 2005; Zhang et al. 2018). Hence, these flavones and flavonoids
and their derivatives are promising its direct impact and positive application to
regulate immune system in humans.

8.2.3 Flavonoids as Radical Scavengers

Flavonoids show promising efforts in reducing the oxidative stress by scavenging
reactive oxygen species (ROS)/free radicals from body. Theses flavonoids on
interacting with free radicals get oxidized and deactivate the free radicals by making
them less reactive. Korkina and Afanaśev (1996) explained the reaction occurring
between flavonoids and free radicals as the hydroxyl group of flavonoids is highly
reactive which inactivates the radicals. The flavonoids can also scavenge superox-
ides (Hanasaki et al. 1994) and inhibit LDL oxidation and hence prevent atheroscle-
rosis (Kerry and Abbey 1997).

Nitric oxide is produced in the body by various cells such as macrophages,
endothelial cells, etc. Normal level of Nitric oxide released in body by the action
of enzyme nitric oxide synthase helps in dilation of blood vessel, however, higher
amount of nitric oxide creates oxidative damage. Nitric oxide reacts with free
radicals and forms peroxynitrite which results in irreversible damage to cell mem-
brane (Assreuy et al. 1994). Flavonoids can scavenge free radicals in the body and
therefore limit the availability of free radicals to nitric oxide, thus helps in avoiding
the harmful effects of higher level of nitric oxide within the body.

8.2.4 Flavonoids and Their Anticancer Activity

Flavonoids present in fruits and vegetables have been reported to have agents that
can prevent cancer (Mishra et al. 2013). Flavonoids act on initiation and promotion
stages of carcinogenesis and help in downregulating mutant p53, arresting cell cycle,
inhibition of tyrosine kinase, heat shock protein, and expression of Ras protein and
also affect estrogen receptor binding capacity thereby lowering the cases of cancer to
occur. Quercetin has been reported to inhibit tyrosine kinase (Ferry et al. 1996), and
genistein has been widely studied to possess anticancer activity both in vivo and



in vitro studies (Barnes 1995). Moreover, the anticancer activity of flavonoids can be
correlated with radical scavenging activity of these compounds as the reduction in
free radicals lowers the cancer-promoting risk within the body.
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8.2.5 Effect of Flavonoids on Various Neurodegenerative
Diseases

Studies conducted on different plant metabolites have suggested key role of flavo-
noids in enzyme as well as receptor system of brain or central nervous system.
Hence, these competent compounds can be effectively used in treating/managing
neurodegenerative diseases. Flavonoids can inhibit various enzyme activity such as
calcium ATPase, aldose reductase, lipoxygenase, etc. and, therefore, prevent neuro-
degenerative diseases (Jäger and Saaby 2011).

Alzheimer’s disease, a neurodegenerative disorder leading to loss of memory,
decreased cognition, and dementia has been suggested to occur due to many
mechanism involving deficiency of cholinesterases, deposition of β-amyloid
plaques, and oxidative stress (Ullah et al. 2016). Flavonoids such as quercetin and
gossypetin have been studied to block β-amyloid plaques and remove free radicals
(Ansari et al. 2009) and, therefore, can be used as promising drug for treating
Alzheimer’s disease (AD). Taniguchi et al. (2005) reported that flavonoids such as
myricetin and epicatechin-5-gallate can stop heparin-mediated tau protein formation
thereby helping in averting AD.

There have been reports that suggest the neuroprotective activity of flavonoids
such as reduction in risk of Parkinson’s diseases and ischemic hippocampal injury
due to consumption of green tea which can inhibit the formation of endogenous
neurotoxin toxins 5-S-cysteinyldopamine (Vauzour et al. 2007b). Flavonoids also
play neuroprotective role against Huntington’s disease by mediating cell signaling
through ERK pathway (Maher et al. 2011).

Flavonoids also exhibit anti-Parkinson activity. Parkinson’s disease includes
progressive neurodegeneration in substantia nigra pars compacta and nigrostriatal
tract (Tripathi 2013a, b). Neurodegeneration in Parkinson’s occurs due to processes
like oxidative damage, lipid peroxidation, reduced level of glutathione, increased
level of superoxide dismutase, etc. (Alam et al. 1997; Sofic et al. 1992; Dexter et al.
1989). Neuronal cell death is accompanied with all the abovementioned activities
which finally lead to one or the other mechanism of cell death. The production of free
radicals/reactive oxygen species causes peroxidation of lipids which in turn causes
leakage of cytochrome c from mitochondria, and finally the neuronal cell reaches to
death. Some of the flavonoids like naringenin has been observed to elevate expres-
sion of NF-κ and COX-2 (Park et al. 2012), whereas emodin and genistein suppress
TNF-α (Jia et al. 2013; Chen et al. 2012).



8 Current and Future Prospects of Flavonoids for Human Immune System 201

8.2.6 Flavonoid Participation in Cognition and Signaling
Pathway

Consumption of flavonoid-rich diet such as grape juice, coca, blueberry, etc. has
been reported to enhance cognitive abilities (Letenneur et al. 2007; Shukitt-Hale
2012). Fruits rich in quercetin and anthocyanins help in improving cognition, short-
and long-term memory, and memory retrieval (Hartman et al. 2006). File et al.
(2001) suggested that isoflavones are capable of enhancing learning and memorizing
abilities similarly in the way as the estrogen does in the brain. Apart from it,
isoflavones also modulate brain-derived neurotropic factors and nerve growth fac-
tors in brain regions (Pan et al. 1999a, b).

Flavonoids exhibit neuroprotective activity by binding to various neuronal recep-
tors and mediating signaling pathways (Lee et al. 2010; Incani et al. 2010). They
achieve this by stimulating or inhibiting receptors and modulating expression of
gene and leading to neuronal dynamics, synaptic protein synthesis, and other
morphological changes. Flavonoids can mediate MAPK cascade leading to down-
stream activation of CREB protein which in turn causes variation in synaptic
dynamism and memory formation (Impey et al. 1998). Flavonoids can also modulate
PI3 kinase activity such as quercetin which can inhibit Akt/PKB signaling by
inhibiting PU3-kinase activity (Spencer et al. 2003) and hesperetin which can
activate Akt/PKB signaling pathway by enabling cortical neurons to survive
(Vauzour et al. 2007a).

8.2.7 Role of Flavonoids in Apoptosis

Apoptosis also referred to as programmed cell death is an important phenomenon
which controls the development in body. Two main signaling pathways of apoptosis
are extrinsic and intrinsic where the former is related with tumor necrosis factor,
while the latter includes mitochondrial pathway (Abotaleb et al. 2018). The cancer-
ous cells do not undergo apoptosis that is why they undergo repeated cell division by
overexpression of oncogenic genes and suppression of tumor suppressor gene (Jan
and Chaudhry 2019). Flavonoids have the ability to suppress proliferation of can-
cerous cells by various means as they can inhibit mitogen-activated protein kinase,
epidermal growth factor receptor, PI3K, protein kinase B, and NF-κβ (Neagu et al.
2019; Abotaleb et al. 2018). Flavonoids target apoptotic signal pathway and guide
the infected cells towards cell death (Chirumbolo et al. 2018a, b).

8.2.8 Multidimensional Activity of Flavonoids

Apart from the above discussed activities, flavonoids have other interesting activities
also such as they exhibit anti-ulcer, spasmolytic, antidepressant, antibacterial, anti-
hypertensive, anti-inflammatory, and antidiabetic activity.
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Whenever there is imbalance in acid, pepsin, and bile and gastric mucus, nitric
oxide, and bicarbonate secretion in the stomach, it leads to peptic ulcers in gastro-
intestinal tract. Hesperidin (flavonoids) has been reported to have antioxidant and
mucoprotective activity; it slows down the injury caused by oxidation by
maintaining the level of enzymes. Hesperidin also allows the ulcerated tissues within
gastric layers (Bigoniya and Singh 2014). Similarly, quercetin is also a potent anti-
ulcer flavonoids by reducing the formation of histamine in gastric mucosa thereby
inhibiting production of HCl (Izzo et al. 1994).

Some of the flavonoids show spasmolytic effect by inhibiting or blocking M3

receptor; therefore, the visceral smooth muscles fail to contract (Tripathi 2013a, b).
Catechin has been reported to influence vasodilation of endothelium layer and
stimulate endothelium-dependent synthesis of nitric oxide (Ghayur et al. 2007). In
longitudinal muscle of guinea pig, flavonoids have been studied to result in influx of
calcium ions from extracellular region which leads to suppression of smooth muscle
contraction (Vasconcelos et al. 2015).

During state of depression, the transmission of monoaminergic within the brain is
affected, and there is depletion of 5-HT (Tripathi 2013a, b). Monoamine oxidase-A
is known for oxidative deamination of 5-HT, and the inhibition of the former can
help in amelioration of depressive state (Yamada and Yasuhara 2004). Quercetin can
inhibit monoamine oxidase-A and, therefore, can be used as an antidepressant
(Saaby et al. 2009). Repeated intake of reserpine can cause cognition deficit and
increase the level of oxidative stress, and as a remedy to it, quercetin has been
suggested to show protective effect which can avert the effects of reserpine-induced
dysfunction (Naidu et al. 2004). Apart from quercetin, fisetin, naringenin, luteolin,
and kaempferitrin have also been found to possess antidepressant potency (Zhen
et al. 2012; Yi et al. 2010; De la Peña et al. 2014; Cassani et al. 2014).

Flavonoids also show antibacterial activity as apigenin, vitexin, etc. show inhib-
itory effect on various bacteria like Enterobacter cloacae and Pseudomonas
aeruginosa (Basile et al. 1999). Extract of golnar has been reported to act against
gram-positive and gram-negative food poisoning bacteria (Mahboubi et al. 2015).

The antihypertensive, anti-inflammatory, and antidiabetic activity of flavonoids
have also been well documented. Quercetin has been found to result in fall in BP in
experimental rats (Perez-Vizcaino et al. 2009); naringin, hesperidin, and luteolin also
result in better in vitro acetylcholine-induced vasodilation (Gómez-Guzmán et al.
2012; Serafini et al. 2010). Flavonoids mediate anti-inflammatory activity by various
mechanisms such as stimulation of protein kinase C and inhibition of
pro-inflammatory enzymes and NF-κβ (Noreen et al. 1998; Cho et al. 2000). Chronic
inflammation many times continues with tumor development; hence anti-
inflammatory property of flavonoids can help in decreasing inflammation and
promote antitumorous activity of immune system. Researchers suggest that flavo-
noids lower the risks of diabetes mellitus by either avoiding absorption of glucose or
by improving the glucose tolerance (Johnston et al. 2005). Plaumann et al. (1996)
reported that genistein and capsaicin can improve obesity by controlling
AMP-activated kinase signaling pathway.
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According to previous studies, flavonoids can affect microbes within the body by
converting primary into secondary bile acids, production of endotoxin, participating
in nutrient absorption, and sustaining immune homeostasis (Ridlon et al. 2014;
Shortt et al. 2018). Intake of flavonoids during pregnancy has been studied to have
positive impact on health (Powe et al. 2011; Tomimatsu et al. 2017). However, a
study on mouse model suggests excessive intake of high amount of catechin, rutin,
and epicatechin during pregnancy and lactation adversely affects the fetal develop-
ment (Baksu et al. 2005).

Citrus flavonoids can reduce the level of triglyceride and apolipoprotein level in
plasma of patients suffering from high triglyceride levels. Even the cholesterol level
can also be reduce by flavonoids as they directly bind to estrogen receptors
(Seremak-Mrozikiewicz and Drews 2004; Sibai 1996). Flavonoids are widely used
in field of therapeutics and agriculture as medicine and pesticide, respectively
(Emerenciano et al. 2001). The health-promoting ability of flavonoids widens its
application be it nutraceuticals, medical, cosmetic, or biomedical use. Within plants,
it acts as antimicrobial, visual attractor or repellant, photoreceptor, antioxidant, and
antiviral substance (Dixon and Pasinetti 2010; Andersen and Markham 2006).
Incorporation of nanotechnology to bioactive compounds like flavonoids can
increase the bioavailability of compounds and potentially benefit in cancer treatment
(Bondonno et al. 2015; Keservani et al. 2017a, b).

8.2.9 Flavonoids and COVID-19

Humans across the globe have been facing serious threat of COVID-19 infection
which causes respiratory tract infection. This pandemic posed huge damage to
society, and to cope with it, many antiviral treatments were proposed such as use
of remdesivir, arbidol, nucleoside analogs, etc. Xu et al. (2020) reported nelfinavir as
the best potential inhibitor of COVID-19. However, currently there is no approved
drug for treatment of this infection. The presently used drugs primarily act on main
protease, and many herbal compounds are used to combat this infection.
Kaempferol, quercetin, naringenin, catechin, curcumin, and epicatechin-gallate are
some of the recommended flavonoids which have potential to act as potential
inhibitors of COVID-19 infection (Mondal and Rahaman 2020).

8.3 Flavonoids: Futuristic Approach

Flavonoids are potent compounds which have been analyzed and prove to be
promising therapeutic agents which can be successfully used in treating many
pathological conditions. Apart from this, they can equally be utilized in agricultural
sector as pesticides. These flavonoids have wider scope at present as antihyperten-
sive agent, anticholinesterase agent, antioxidant agent, anticancerous agent,



antiproliferative agent, antidiabetic agent, anti-inflammatory agent, and a tool for
treatment of neurodegenerative disorders. For future, it can act on wider scale in field
of nanomedicine for efficient drug delivery (Mondal and Rahaman 2020). Flavo-
noids are also promising option for antimalarial drugs, as they are expected to show
efficacious results with lesser toxicity (Rudrapal and Chetia 2017). Hence, these
plant-derived flavonoids have futuristic application in treating malaria. The benefits
of flavonoids have not been completely explored, there is very restricted data
available in relation to their presence in food items and their metabolites (Spencer
et al. 2008). The future of flavonoid application would rely more on developing
knowledge regarding bioavailability of flavonoids after processing of food and
impact of metabolic pathways; more focus is to be paid on biological activities of
metabolites despite on parent compound and also developing in vitro models of
bioactivity on conjugated analogues (Kay 2010). Therefore, a multidisciplinary
approach including human intervention, molecular approach, and epidemiology is
required to cover all the aspects and applicability of flavonoids. Flavonoids are
considered as promising medicine, and its use in diet can be helpful in maintaining
better human health. Use of molecular modeling and quantitative SAR can be
employed for gathering information related to possible target which will enhance
the use of flavonoids in therapeutic field.
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Table. 8.1 Some of the important flavonoids, their source, and potent action (Ayaz et al. 2019)

Flavonoids Source Action

Isoflavones Soy food Activates brain derived neurotropic factor

Quercetin Fruit, nut etc. Decreases neuroinflammation and nitric oxide production,
inhibits Akt/PKB signaling and cell cycle arrest in lym-
phoid cells, shows hepatoprotective activity

Rutin Green tea, cit-
rus fruits

Shows hepatoprotective activity

Myricetin Vegetables Inhibits heparin-induced tau formation

Epigallocatechin Green tea Increases removal of free radicals and metal ion chelation

Anthocyanin Cocoa, pome-
granate, etc.

Increases activity of CREB and ACh and improves
cognition

Genistein Green tea Reduces oxidative stress

This is just a fraction of application of these active compounds; much more is yet
to be explored, and these bioactive substances which are very much part of a
balanced diet have huge options for the future for treatment of acute and chronic
diseases (Table 8.1).
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Chapter 9
Resveratrol and Immunomodulation
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E. Patricia Segura Ceniceros, and Cristóbal N. Aguilar González

Abstract Resveratrol is a stilbenoid polyphenolic molecule widely known for its
biological properties, which is available in nature in various varieties of grapes,
berries, and some plants. It has been shown to play an important role in the
prevention and treatment of chronic diseases such as cancer, heart disease, meta-
bolic, degenerative, autoimmune diseases, and even viral infections. One of the main
mechanisms of action that it presents is linked to its antioxidant capacity as it is a
strict polyphenol, which gives it the ability to stimulate an immune response in the
host by regulating and differentiating immune cells, promoting the synthesis of
specific proteins, activate apoptosis, stimulate the secretion of pro-inflammatory
cytokines, and even modulate gene expression. These effects have favored the
decrease in the progression of various inflammatory and degenerative diseases,
thus demonstrating the immunomodulatory capacity of resveratrol on in vitro and
in vivo models.

Keywords Resveratrol · Immunomodulation · Immunotherapy · Bioactive
compound

9.1 Introduction

The use of products obtained from these natural sources such as food, plants, and
beverages has made it possible to use various natural molecules that are present in
sources as secondary metabolites mainly. There is a diverse variety of bioactive
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molecules of natural origin and that can be extracted by various physical and
chemical processes that are friendly to the environment, which can be purified and
characterized for use in various areas of research (Kesharwani and Misra 2010;
Keservani et al. 2017). An example of this is resveratrol, a molecule that has been
discovered for several years and has been purified and studied in various cell models
in vitro and in vivo, the number of investigations that generate contributions of the
effects of resveratrol on various pathologies increases. Resveratrol is a polyphenol of
natural origin that is found in various varieties of grapes and red berries; therefore,
beverages and foods prepared from these fruits are rich in this polyphenol. Its
structure is complex and has several structural varieties that are mentioned below.
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Several studies with resveratrol have shown that it has various biological prop-
erties against various pathologies such as metabolic, cardiac, degenerative, inflam-
matory, and cancer diseases and even in various viral and microbial infections. The
effects generated by resveratrol in these pathologies are attributed mainly by its
antioxidant properties, because the mechanism of action of this compound occurs
through immunomodulation processes, which allow the activation of various immu-
nological pathways and cells of the immune system so that they can fight disease, or
even promote the death of damaged or diseased cells, as well as the activation of
metabolic, cellular, and molecular processes linked to cellular oxidative stress.

This immunomodulatory effect has been widely used in the studies and develop-
ments of immunotherapies, since modifications of immune responses can be used in
various pathologies through the activation, attenuation, or induction of immunolog-
ical effects for therapeutic purposes. In the development of this chapter, different
biological activities related to the immunomodulatory effect of resveratrol will be
addressed on different in vitro and in vivo study models, elucidating the signaling
pathways, metabolism, and molecular processes related to resveratrol and its effect at
the cellular and molecular level, confirming that it is one of the nutraceuticals with
the highest number of therapeutic effects attributed to its structural properties.

9.2 Structure and Characteristics of Resveratrol

Resveratrol, also known as trans-resveratrol, is a hydroxylated stilbene derivative
with two phenolic rings. IUPAC nomenclature is 5-[(E)-2-(4-hydroxyphenyl)
ethenyl]benzene-1,3-diol. Being a stilbenoid compound, it is considered as an
aromatic lipidic polycide molecule. It presents a condensed chemical formula of
C14H1203 equivalent to 228.25 g/mol. This compound was first described in the
1940s when it was isolated from the plant Veratrum grandiflorum (Gambini et al.
2013). There are two isomers of this compound, cis and trans-resveratrol. The trans
isomer is the most stable form and the one commonly found in nature. Resveratrol is
considered a phytoalexin, because it is present in a wide variety of plant materials
and has been shown to be toxic to a wide variety of microorganisms.

In nature, it can be found as a glycosylated compound in fruits such as berries,
grosella, and peanuts (Catalogna et al. 2019). Another food with a higher resveratrol



content is grapes, and therefore, products derived from this fruit have a considerable
amount of resveratrol such as juices and wines.
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Fig. 9.1 Chemical structure of resveratrol, natural sources, and some bioactivities associated

This polyphenol presents interesting biological activities, the most important
being that of being a powerful antioxidant; another of the bioactivities shown is
that of being an excellent antimicrobial, and tests have been carried out to combat
cancer; it presents cardioprotective properties and helps in the reduction of inflam-
matory processes, anti-aging, and anti-diabetes and promotes neuroprotection
(Moshawih et al. 2019; Raskovic et al. 2019) (Fig. 9.1).

9.3 Sources/Production and Applications in Health

Resveratrol RESV (trans-3,4,5-trihydroxystilbene) is a natural polyphenolic phyto-
alexin composed of two phenyl rings linked by a double bond, produced by plants in
response to stress, and belongs to the group of phytoestrogens, it is attributed
antioxidant and enzyme inhibition functions (cyclooxygenase, lipoxygenase and
xanthine). In nature, it can be found in two isoforms, trans-resveratrol and
cis-resveratrol, where the former is the most stable form found mainly in grape
skins and red wine (Thapa et al. 2019).
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Resveratrol is a powerful antioxidant, a natural polyphenol produced by more
than 70 species of plants in response to stressful situations (ultraviolet radiation,
fungal infections, etc.) (Thapa et al. 2019); it is present in several fruits that are part
of the human diet, such as blueberries (Vaccinium spp.), currant, blackberries
(Morus spp.), peanuts (Arachis hypogaea), as well as red wine which is the one
that provides the highest content of this (Borge et al. 2013; Salehi et al. 2018).
Extracting resveratrol in commercial quantities is difficult due to its low concentra-
tion and several extraction and purification steps, which is harmful to the environ-
ment. However, it has been extracted from the wild root of Polygonum cuspidatum,
grape skins and seeds, and the domestic giant knotweed from China, the world’s
leading producer. To obtain resveratrol, alternative methods are needed as it has a
high medicinal and dietary value. However, a high amount of resveratrol can be
produced by chemical synthesis, with the formation of unwanted by-products that
contaminate the resveratrol and make its purification difficult (Salehi et al. 2018).

Resveratrol has a wide range of biological activities such as anti-inflammatory,
antiviral, and antitumor properties (rats). Proposed anticancer mechanisms for res-
veratrol include (a) inhibition of ribonucleotide reductase, DNA polymerase, protein
kinase C, or cyclooxygenase-2 activities, (b) inhibition of cell proliferation and free
radical-induced carcinogenesis, and (c) induction of apoptosis (Vélez-Marín et al.
2012). Resveratrol eliminates free radicals, such as reactive oxygen species and
reactive nitrogen species, produced by the metabolism of the body, minimizes
radical damage to delicate organs, inhibits lipid peroxidation, and increases choles-
terol in the blood, which improves neurological and cardiovascular activities
(Table 9.1) (Kuršvietienė et al. 2016).

Resveratrol is rapidly absorbed, metabolized by glucuronides or sulfate conju-
gates, and distributed to various organs. In general, polyphenol metabolites are
rapidly eliminated from plasma, which indicates that a daily consumption of plant
products is necessary to maintain high concentrations of these metabolites in the
blood. The pharmacokinetic parameters of resveratrol are half-life of 9.2 h, absorp-
tion of 75%, and low oral bioavailability, less than 1%; sulfation and glucuronidation
in the small intestine appear to be the limiting steps in bioavailability. Its most
important metabolites are glucuronide and resveratrol sulfate (Vélez-Marín et al.
2012). It is extensively metabolized in the liver mostly by glucuronidation and
sulfation, the latter carried out by phenol sulfotransferases.

There are multiple positive effects of resveratrol already demonstrated on in vitro
models and clinical trials in humans: antiatherosclerotic and cardioprotective effect,
antiplatelet, anticancer, antiviral, lipid-lowering, antioxidant, and neuroprotective
effect. Resveratrol is available for sale to the public as a dietary supplement, with the
premise of losing weight, as a cardiovascular protector and antioxidant, and even to
prolong longevity. Most of the current evidence is in animals, and human clinical
studies are needed to demonstrate its safety and tolerability (Gambini et al. 2013).

Flavonoids, including resveratrol, are associated with numerous mechanisms of
action, which exert beneficial effects in various conditions including obesity, met-
abolic syndrome, type 2 diabetes mellitus, cancer, dementia, and Alzheimer’s.
Resveratrol metabolites are found primarily in the liver, compared to muscle and
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Table 9.1 Immunomodulation effects of resveratrol in various pathologies

Bioactivity Effect References

Antioxidant
activity

The antioxidant capacity of resvera-
trol is due to the inhibition of nico-
tinamide adenine dinucleotide
phosphate oxidases, reducing ROS
and increasing the levels of mRNA of
antioxidant enzymes such as super-
oxide dismutase and catalase

Inglés et al. (2014), Banez et al.
(2020)

Anticancer effect Resveratrol inhibits the expression of
FAK, which stops carcinogenesis,
and decreases the expression of
H-RAS, which controls the cell cycle
of tumors. It increases the expression
of Bcl-2 and the activation of
caspase-3 within cells and increases
the expression of Fas, which controls
cell death outside them. It also can
suppress the protumor activation of
tumor-associated macrophages
(TAMS) which is associated with
malignant and metastatic cancers

Choi et al. (2013), Yoon et al.
(2015), Nitulescu et al. (2018)

Anti-inflamma-
tory activity

RSV blocks TyrRS and COX-1,
which are chemoattractant mole-
cules, activates SIRT1 which
decreases the production of
pro-inflammatory molecules such as
IL-8 or TNF-α, and also reduces the
expression of ICAM-1, decreasing
the adhesion of white cells

Latruffe et al. (2015), Berman et al.
(2017)

Antihypertensive
activity

Resveratrol causes vasodilation of
blood vessels by activating AMP/PK,
reducing blood pressure by
preventing smooth muscle contrac-
tion; it also reduces ICAM-1 expres-
sion, preventing HA

Cao et al. (2014), Berman et al.
(2017)

Antiviral effect MERS-CoV, RSV can block the
NF-kB pathway preventing the pro-
duction of inflammation molecules.
In HSV, it increases ROS, essential
to stop viral infection. It induces the
death of B cells infected with EBV
by inhibiting the expression of
LPM1, an essential protein for infec-
tion by this virus; in an infection with
IAV, it increases the expression of
MHC-1 to stimulate the immune cells
that will kill the infected cells

Chen et al. (2012), Teijaro (2016),
Taniguchi and Karin. (2018), Saha
and Robertson. (2019)

Resveratrol effect
in metabolic
diseases

RSV plays an important role in obe-
sity by activating SIRT1, which con-
trols the metabolism of lipids and

Howitz et al. (2003), Petrovski et al.
(2011), Huang et al. (2020)



carbohydrates, replacing the lack of
physical activity, and increases the
absorption of glucose into the cells
due to the lack of insulin in DM and
the production of NO in the endo-
thelial cells of the blood vessels, act-
ing as a vasodilator and preventing
platelet aggregation

adipose tissue. Resveratrol can be consumed in pills or food, especially fresh foods
(Nicol et al. 2020). However, the consumption of functional foods, including fruits
and vegetables, is lower than the recommendations (at least five servings a day) in
adults.
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Table 9.1 (continued)

Bioactivity Effect References

Resveratrol effect
in autoimmune
diseases

Resveratrol acts on DMT1, binding
to insulin to improve glucose
absorption; in Crohn’s disease, it
decreases the expression of MDSCs,
which inhibits the activation of
effector lymphocytes in the intestine.
Reduces the production of IL-17 and
IL-19 and activates the apoptosis of
keratinocytes which cause psoriasis

Lee et al. (2016), Oliveira et al.
(2017)

Resveratrol effect
in degenerative
diseases

In AD, resveratrol reduces MMP9
expression, decreasing the entry of
leukocytes to the brain, and restores
memory by eliminating the formal-
dehyde accumulated by age. In
AMD, COPD and DMD have an
anti-inflammatory role by reducing
the expression of IL-6 and IL-8,
preventing the accumulation of
leucocytes in damaged sites. Fur-
thermore, it is capable of decreasing
serum concentrations of VEGF and
CPR, preventing the development of
atherosclerotic plaques

Gordon et al. (2013), Lançon et al.
(2016), Moussa et al. (2017), Wang
et al. (2017a, b), Figueira and
González (2018), Liu et al. (2019)

9.4 Immunomodulatory Role of Resveratrol in Various
Pathologies

9.4.1 Antioxidant Activity

Antioxidant compounds are substances that can reduce, modulate, or prevent the
oxidation of essential molecules in biological systems, neutralizing pro-oxidant



molecules. Antioxidants prevent the reactive species as free radicals and reactive
oxygen and nitrogen species from acting on DNA, lipids, and proteins through
neutralizing its oxidative capacity by being oxidized themselves (Ajith et al. 2017;
Olszowy 2019). The role of antioxidant compounds can be done by different forms
such as scavenging the free radicals; preventing the reactive species formation;
forming chelate complexes with pro-oxidant metals, singlet oxygen, and photosen-
sitizers quenching; and removing and repairing damages caused by the reactive
species and enzyme deactivation or activation (Oroian and Escriche 2015; Olszowy
2019; Banez et al. 2020; Song et al. 2021).
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Resveratrol is a recognized antioxidant compound, with many health benefits
associated with low oxidative stress. Resveratrol allows the inhibition of the forma-
tion of oxygen free radicals inhibiting nicotinamide adenine dinucleotide phosphate
oxidases and subsequent production of reactive oxygen species and induces expres-
sion of antioxidant enzymes and their substrates (Banez et al. 2020).

Antioxidants have been widely studied for the treatment of various diseases since
the last decades, mainly in the treatment and prevention of cardiovascular and
neurodegenerative diseases. Many studies have shown that some antioxidant com-
pounds may also have potential immunoregulatory activity. The effect of
immunomodulation resulting by antioxidant effects is less explored; however, the
mechanism and effects of all health benefits and immunomodulations of resveratrol
have predominantly been attributed to its antioxidant activity and to some extent
direct target interaction (Ajith et al. 2017; Prysyazhna et al. 2019).

Some antioxidant molecular mechanisms of resveratrol have been elucidated, as
the positive regulation of the phosphatase and tensin homolog, which decreased Akt
phosphorylation, leading to an upregulation of antioxidant enzyme mRNA levels
such as superoxide dismutase and catalase (Inglés et al. 2014). Resveratrol activates
adenosine monophosphate-activated protein kinase to maintain the structural stabil-
ity of forkhead box O1, facilitating its translocation, and accomplish its transcrip-
tional function (Yun and Lee 2018), and it can reduce the ischemia-reperfusion
injury-induced oxidative stress by inhibiting the activation of the p38 mitogen-
activated protein kinase pathway; therefore, the levels of antioxidants like glutathi-
one increase, and free radicals are directly reduced (Fu et al. 2018; Meng et al. 2020).
Also, resveratrol exhibited antioxidant bioactivities by regulating antioxidant gene
expression via the Kelch-like ECH-associated protein 1 pathway and sirtuin
1 (Li et al. 2016).

Currently, resveratrol was associated to attenuate oxidative injury owing to the
induced autophagy via the AMPK-mediated inhibition of mammalian target of
rapamycin signaling or via the activation of transcription factor EB, which promoted
the formation of lysosomes and autophagosomes as well as their fusion into an
autolysosome (Zhou et al. 2019).



220 M. G. Salas et al.

9.4.2 Anticancer Effect

In recent years, the use of resveratrol and other polyphenols for cancer treatment has
been widely investigated. The research that was held by Jang et al. (1997) was one of
the first reports that mentioned the anticancer activity of resveratrol. They reported
that resveratrol could act as a chemopreventive agent by inhibiting tumor formation
on murine models of skin cancer. Even though the mechanism was not understand-
able at all, this study was the pioneer to be able to acknowledge different mecha-
nisms of action that resveratrol exerts on distinct types of cancer.

The anticancer activity of resveratrol is mainly due to it can intervene in different
cellular pathways related to apoptosis (Lin et al. 2011). Nevertheless, there are other
processes than resveratrol carries out to act against cancer cells, for example, by
reducing ROS production and the damage induced by oxidative stress or the
contrary, by promoting the production of ROS in cancer cells (Heo et al. 2018;
Yan et al. 2018) by increasing immunity in cosurveillance, cell cycle arrest (Ko et al.
2017), stopping the transformation of procarcinogen to carcinogen, among others.

Takashina et al. (2017) reported that resveratrol could induce apoptosis in
leukemia cells U937 (Human leukemic monocyte lymphoma) and MOLT-4
(Human acute T lymphoblastic leukemia) by reducing the expression of H-Ras
and consequently diminish the activation of Akt. H-Ras activates the PI3/Akt
pathway, which controls processes such as apoptosis, cell cycle progression, cell
size, and transcription; studies have proven that this pathway is hyperactivated in
different types of cancer, resulting in cell survival and apoptosis inhibition. In the
same way as the PI3K/Akt pathway, overactivation of Ras is also found in many
cancers (Asati et al. 2016; Nitulescu et al. 2018). Other authors have also mentioned
the anticancer activity of resveratrol in leukemia. For example, Fan et al. (2018)
described that resveratrol could induce cell death in HL-60 cells through autophagy
and apoptosis. Resveratrol could activate the intrinsic and extrinsic apoptotic path-
ways. The first one was triggered by increasing the production of Bcl-2 and
following the activation of caspase-3. Contrarily, the extrinsic pathway was stimu-
lated by increasing the expression of Fas and FasL; then caspase-8 was cleavaged to
activate other caspases and perform cell death. Also, resveratrol could induce
autophagy by inhibiting the negative regulator of autophagy mTOR through the
blockage activation of the PI3/Akt pathway. mTOR and PI3K/Akt may activate
some oncogenes resulting in the suppression of autophagy and improvement of
cancer formation (Choi et al. 2013).

Autophagy plays an essential role in cancer, is related to tumor promotion and
suppression, and contributes to cancer cell development and proliferation. Miki et al.
(2012) also reported that resveratrol could induce autophagy and apoptosis in colon
cancer cells HT-29 and COLO 201. In that study, the activity of Caspase-8/Caspase-
3 was increased leading to apoptosis through the death-receptor pathway.
Autophagy was also induced by resveratrol and acted as a cell death mechanism;
protein LC3-II which is part of autophagosomal membranes was also found in the
analysis. Both apoptosis and autophagy were triggered by ROS production; even



though resveratrol is a natural antioxidant, there is evidence that supports that
resveratrol and other polyphenols can induce the production of ROS to lead apo-
ptosis in some types of cancer (Juan et al. 2008).
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Resveratrol has affected other types of cancer. Buhrmann et al. (2017) investi-
gated the effect of this stilbene in colorectal cancer cells (CRC) HCT116 and
SW480. They found that resveratrol reduced CRC invasion and proliferation by
enhancing the expression of Sirt1, inhibiting of NF-κB-mediated inflammatory
pathway, and suppressing focal adhesion kinase (FAK) activity. That results in a
loss of focal adhesion molecules, a planar surface of the CRC cells, and an increase
in apoptosis. FAK is a protein that regulates cell adhesion, migration, metastasis,
motility, proliferation, and survival (Yoon et al. 2015). In many types of cancers,
FAK is overexpressed, including CRC (Kong et al. 2015). The inhibition of FAK
results in the suppression of the early stages of carcinogenesis. In addition to this,
Buhrmann et al. (2017) reported that resveratrol showed to suppress the activation of
NF-κβ, suppressing the transcription of products involved in invasion (MMPs),
metastasis (CXCR4) and activating those involved in apoptosis such as cleavage
of caspase-3. The blockage of NF-κβ in this study was related to the upregulation of
Sirt1. Sirt1 plays a fundamental role in cell death, survival, and immune tolerance.
One of the principal substrates of Sirt1 is the p65/RelA, an NF-κB subunit which is
the primary regulator of leukocyte activation and inflammatory cytokines signaling.
The activation of Sirt1 by resveratrol generates the deacetylation of Re1A. That
action attenuates NF-κB-mediated gene transcription of factors that intervene in
inflammation pathways, including TNF, IL-1, IL-6, Cox-2, metalloproteases
(MMP)-1, and MMP3 (Yamamoto and Gaynor 2001; Lee et al. 2009a, b).

Chai et al. (2017) also mentioned the enhanced expression of Sirt1 by using
resveratrol on human hepatocellular carcinoma (HCC) cell lines. They reported that
the activation of Sirt1 is related to the deacetylation of FoxO1, which leads to tumor
suppression in HCC cells. Also, Sirt1 acts as a negative regulator of the PI3K/Akt
pathway, which is involved in cell proliferation, tumor growth, and metastasis (Jiang
et al. 2020). Resveratrol also showed to diminish the production of antiapoptotic
proteins Bcl-2/Bax and enhanced the activation of caspase-3 and caspase-7. In
another study, resveratrol also had activity against liver cancer. Bishayee et al.
(2010) demonstrated that resveratrol combats oxidative-nitrosative stress and sup-
presses the inflammatory cascade during liver carcinogenesis through the
overexpression of Nrf2. Nrf2 is a protein that protects cells against oxidative-
nitrosative stress. The generation of ROS and reactive species of nitrogen (RON)
is a crucial factor in the initiation and progression of hepatocarcinoma. Oxidative-
nitrosative stress also is involved in invasion, migration, and metastasis of HCC
(Fu and Chung 2018).

Furthermore, Sun et al. (2017) suggested that resveratrol could effectively inhibit
lung cancer progression by suppressing the protumor activation of tumor-associated
macrophages (TAMs). TAMs play a crucial role in cancer progression, evasion of
immunity, and dissemination of cancer cells. They are associated with tumor
malignancy and relapse. Sun et al. (2017) reported that resveratrol inhibited the
alternatively activated macrophage (M2) polarization of TAMs through the



inhibition of STAT 3 activation, a transcription factor that is involved in M2
polarization cell cycle progression and promotion of antiapoptosis and proliferation.
The inhibition of STATs signaling pathways can suppress tumor growth and metas-
tasis by inhibiting M2-like polarization of macrophages, further suggesting that
TAMs are a possible target in cancer therapy. Additional evidence suggests the
role of resveratrol in tumor growth, Kimura and Sumiyoshi (2016) reported that
resveratrol prevented tumor growth and metastasis in mice models with osteosar-
coma. According to this report, resveratrol prevented lung and liver metastasis by
different mechanisms of action. One of them was by stopping the activation and
differentiation of M2 in TAMs through the suppression of STAT3. The other was by
diminishing the expression of lymphatic vessel endothelial hyaluronan receptor-1
(LYVE-1). This protein is widely expressed in the endothelium of lymphatic vessels
of tumors and promotes lymphangiogenesis, metastasis, and tumor growth (Hara
et al. 2018).
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Even though the potential of resveratrol as a chemopreventive and chemothera-
peutic agent is promising, there are still crucial points that must be studied thor-
oughly. Among these points are resveratrol’s bioavailability, route administration,
formulation, and possible interaction with other compounds (Ko et al. 2017).

9.4.3 Anti-inflammatory Activity

Inflammation is an immune response to an injury or the presence of an antigen in the
body; it is characterized by pain, redness, heat, swelling, and even the loss of tissue
function (De Sá-Coutinho et al. 2018); it is normally linked to a large number of
diseases (Latruffe et al. 2015). Inflammation is the result of the signaling of
chemokines and interleukins that move leukocytes to the damaged site; this is
possible due to the release of pro-inflammatory molecules such as prostaglandins
and leukotrienes (Latruffe et al. 2014). Resveratrol is a molecule capable of modu-
lating different enzymes that intervene in this immune response like kinases,
lipoxygenases, cyclooxygenases, and sirtuins, in addition to eliminating free radicals
present in cells (De Sá-Coutinho et al. 2018).

Resveratrol can suppress inflammation by different mechanisms, which stand out:
aminoacyl-tRNA synthetases enzymes play an important role in inflammation;
tyrosine-tRNA-ligase (TyrRS) is normally inactive, but through natural proteolysis,
it fragments and forms mini-TyrRS which is a chemoattractant of leukocytes acting
like IL-8; and resveratrol has the ability to bind to the catalytic site of mini-TyrRS
and inhibit it causing an anti-inflammatory effect (Latruffe et al. 2015). Enzymes
such as prostaglandin-H synthetase, cyclooxygenase (COX), and lipoxygenase are
involved in the main route of synthesis of pro-inflammatory mediators from the
arachidonic acid (AA). Resveratrol can bind to the COX-1 catalytic site preventing
AA from catalysis. In addition, it decreases the expression of COX-2 through two
transcription factors: NF-κB and the AP-1 complex, which are controlled by an
IKKB/MAPK signaling cascade. Resveratrol prevents the phosphorylation of these



kinases causing the decrease in the secretion of pro-inflammatory cytokines such as
IL-6, IL-8, and TNF-α and increasing the anti-inflammatory cytokines, also reducing
the expression of adhesion proteins (ICAM-1) that help to the mobilization of
leukocytes (Latruffe et al. 2015). Resveratrol also activates the silent information
regulator T1 (SIRT1), affecting the nuclear factor kB (NF-kB) signaling pathway,
which deacetylates the RelA/p65 subunit of nuclear factor kB. NF-kB is present in
the cytoplasm of macrophages linked to an inhibitory protein Ikβ; when it is
phosphorylated, NF-kB is released and goes to the nucleus to activate the transcrip-
tion of genes involved in the inflammatory response, such as tumor necrosis factor-α
(TNF-α), interleukin 1β (IL-1β), nitric oxide synthase (iNOS), and increasing vas-
cular permeability (Berman et al. 2017). Resveratrol is capable of attenuating the
activity of the microsomal enzyme-prostaglandinE-synthetase-1 (mPGES-1) which
is responsible for the synthesis of PGE. (Moller et al. 2015). Another mechanism
involves the toll-like receptor 4; it is an important initiator in the inflammatory
response that, once activated, myeloid differentiation factor 88 (MyD88) binds to it
and activates NF-kB and therefore begins the production of cytokines
pro-inflammatory; resveratrol significantly reduces the levels of TLR4 and
MyD88, having an anti-inflammatory effect (Zhang et al. 2016). Resveratrol is a
powerful activator of poly (ADP-Ribose) polymerase 1 (PARP1), which is capable
of inhibiting the action of COX-2 and increases the production of B-cell lymphoma-
6 protein (BCL6) which has the ability to recruit monocytes in an inflammatory
environment (Yanez et al. 2019).
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Latruffe et al. (2015) observed the action of resveratrol in THP-1 monocyte cells;
this increased the expression of miRNA-663, which is directed to suppress genes
involved in the immune response, such as JUNB and JUND transcription factors,
and also decreases the transcription factor AP-1 activity, which is normally activated
by inflammatory cytokine stimuli. Wang et al. (2013) experimented with obese mice
giving them a resveratrol supplement to study its anti-inflammatory potential; the
results showed a decrease in TNF-α and IL-6 and an increase in IL-10 in a dose-
dependent manner.

Szkudelsk et al. (2020) studied the anti-inflammatory properties of RSV in
diabetic rats, he noted that the content of inflammatory mediators such as IL-6,
IL-1β, TNF-α, and NF-κB was low in skeletal muscle; however, in the adipose
tissue, release of these mediators was increased. Szkudelsk et al. (2020) reported that
the efficacy of resveratrol is tissue-specific. Wang et al. (2017a, b) did studies with
acute inflammation in rats, comparing the effectiveness of dexamethasone (DXM)
and resveratrol at different concentrations; in a xylene-induced edema, the degree of
inflammation was dose dependent, reaching the same effectiveness as the DMX. He
also caused an allergic inflammation, where mast cells release inflammatory medi-
ators and attract leukocytes; however, when treating them with resveratrol, the
number of leukocytes found in the area was low, which confirms the anti-
inflammatory capacity of resveratrol.

Senturk et al. (2018) made a wound in the spine of mice, treated it with
resveratrol, and had a notable reduction in the levels of pro-inflammatory cytokines;
this was confirmed by the increase in healthy glial cells and motor neurons.
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There is an inflammatory response in the pancreas due to insulin resistance as one
ages, Calvo et al. (2017) administered resveratrol in elderly mice, which had an
overexpression of pro-inflammatory cytokines; after treatment, a lower expression of
TNF-α was observed and IL-1β, as well as NF-κB p52; however, there was no
increase in anti-inflammatory interleukins such as IL-10.

Zhou et al. (2018) induced acute pharyngitis in rabbits, treatment with RSV
inhibited the activity of macrophage inflammatory protein 2 (MIP-2) and COX-2,
and it also stopped the increase in caspase-3/9 activity, which acts on the cell death.
In addition, low serum levels of TNF-α and IL-6 were observed. Likewise, Zhou
et al. (2018) demonstrated that resveratrol decreases the expression of TLR4 and
MyD88, which represent a pro-inflammatory signaling pathway.

Asthma is an inflammatory disease characterized by excessive infiltration of
leukocytes, mainly eosinophils, in the airways, causing bronchoconstriction. Lee
et al. (2009a, b) experimented in mice, administering resveratrol as a treatment, and
observed a decrease in the migration of white cells; the amount of immunoglobulin E
and the concentration of IL-4 and IL-5 in the lungs were also reduced. IL-5 is known
to stimulate eosinophils’s degranulation, so resveratrol stops or decreases the inflam-
matory response.

Owing to its great anti-inflammatory capacity, resveratrol could be used as a drug
for different diseases closely linked to inflammation; however, its bioavailability
within the body is very low, which limits its application (Malhotra et al. 2015).

9.4.4 Antihypertensive Activity

Hypertension is a disease that affects approximately 25% of adults worldwide, and
some hypertensive patients are resistant to blood pressure reduction with actual
antihypertensive drugs. Different complications are associated with hypertension,
including end organ damage, stroke, left ventricular hypertrophy, and arteriosclero-
sis. The number of people with metabolic syndrome is growing and contributes to
the increase in hypertension cases, which is creating an important alarm for the
search for new compounds or treatments to avoid cardiovascular complications
(Dolinsky et al. 2013).

A recent study showed the ability of resveratrol to induce vasodilation by
oxidative activation of protein kinase 1α and reduced blood pressure in hypertensive
wild-type mice. This activity was explained by the oxidation of phenolic rings of
resveratrol that paradoxically leads to oxidative modification of proteins, elucidated
by formation of a reactive quinone that oxidizes the thiolate side chain of cysteine
residues, which were improved in cells under oxidative stress (Prysyazhna et al.
2019).

Resveratrol showed to affect the activity of vascular smooth muscle cells and to
inhibit the expression of vascular cell adhesion molecules, which are responsible for
hypertension and the development of atherosclerosis, respectively (Berman et al.
2017).
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Grujic-Milanovic et al. (2017) demonstrated that resveratrol from red wine
improves the hemodynamics oxidative defense and aortal structure in essential and
malignant hypertension. Resveratrol exerts vasorelaxant properties, provides protec-
tion of endothelial milieu, acts as pleiotropic cellular effector, and developed
hypertrophy in female rat aorta. The results suggest that resveratrol may act
in vivo by reduction of free radicals, activation of antioxidant enzymes, removing
of superoxide anions, and promotion of nitric oxide availability, hydroxyl radicals,
and lipid peroxyl radicals. An important finding was the activation of AMP-activated
protein kinase induced by resveratrol and reduces blood pressure inhibiting human
vascular smooth muscle cells contractility through the suppression of myosin
phosphatase-targeting subunit 1 and myosin light chain phosphorylation (Cao
et al. 2014).

The treatment of hypertensive rats with resveratrol attenuates development of
hypertension and prevents endothelial dysfunction. The mechanisms proposed by
resveratrol effect was the attenuation of vascular oxidative stress resulting in
increased nitric oxide bioavailability, increased expression of important proteins in
nitric oxide pathway, and prevention of endothelial nitric oxide synthase uncoupling
possibly via inhibition of cofactor tetrahydrobiopterin oxidation by free radicals
(Bhatt et al. 2011). A meta-analysis of six randomized controlled human trials
(including 247 subjects) showed that high doses of resveratrol (>150 mg/day)
significantly decreased blood pressure, while lower doses had no effect (Liu et al.
2015).

9.4.5 Antiviral Effect

Resveratrol is one of the most well-known stilbenes and, as mentioned in previous
lines, is found in several natural sources. According to different studies, this com-
pound has shown multiple biological activities (Malaguarnera 2019); most of them,
including antiviral activity, are related to the immunomodulatory role that resveratrol
can exhibit. The antiviral activity of resveratrol has widely investigated, in different
studies, this effect is associated with cell signaling pathways, its interaction with
inflammatory signaling transduction, and the upregulating and downregulating of
genes involved in apoptosis (Abba et al. 2015; Malaguarnera 2019). In the following
paragraphs, a few examples will be discussed.

Lin et al. (2017) reported that resveratrol was able to inhibit the infection of
Middle East respiratory syndrome coronavirus (MERS-CoV) by different mecha-
nisms of action. One of these mechanisms was by blocking the NF-κβ pathway,
which involves the downregulating inflammatory signaling. The activation of NF-κβ
is necessary to produce inflammatory cytokines. It is worth mentioning that MERS-
CoV infection induces the production of pro-inflammatory cytokines such as TNF-α,
IL-1, IL-6, and IL-8, among others causing several effects or even death in patients
(Lau et al. 2013). By blocking the NF-κβ pathway, cells are not able to carry out the
transcriptional activity to produce these kinds of molecules (Taniguchi and Karin



2018). Xie et al. (2012) also mentioned the anti-inflammatory effect of resveratrol. It
is reported in their study that the stilbene inhibited the production of IL-6 in 9HTEo
cell lines infected with the respiratory syncytial virus (RSV) by controlling the
expression of Toll-like receptor 3 (TLR-3) and, thus, the suppression of Toll/IL-
1R domain-containing adaptor-inducing IFN-β (TRIF). TRIF is an adaptor of TL3
and is involved in the activation of NF-κβ. As mentioned before, NF-κβ is necessary
to produce different cytokines; in consequence, the changes in the expression TL-3
and TRIF may decrease the production of IL-6. Also, Xie et al. (2012) reported that
resveratrol could suppress the expression of TANK-binding kinase 1 (TBK1). This
molecule also participates in NF-κβ activation by inducing Iκβ degradation. There-
fore, the suppression of TBK1 also is involved in the inhibition of IL-6 production.
Other authors also explain the blockade of NF-κβ by resveratrol. For example, Faith
et al. (2006) and Annunziata et al. (2018) reported that resveratrol blocks NF-κβ
inhibiting the replication of herpes simplex virus (HSV). However, some reports
suggest other antiviral mechanisms against HSV by resveratrol and its derivatives.
For example, Chen et al. (2012) reported that a derivate from resveratrol was able to
inhibit HSV infection by increasing the production of reactive oxygen species
(ROS). Docherty et al. also proposed this mechanism against HSV by using resver-
atrol in cutaneous lesions. ROS play an essential role during the activation of the
innate immune response during viral infection, including autophagy, gene expres-
sion, and signal transduction. It is well-known that polyphenols are antioxidants, but
they can also act as pro-oxidants in a dose-dependent manner (Soares et al. 2018).
That could explain the mechanism of action of resveratrol during the infection of
HSV according to different authors. Another member that belongs to Herpesviridae
family and has been inhibited by resveratrol is Epstein-Barr virus (EBV). According
to Espinoza et al. (2012), resveratrol was able to interrupt the immortalization
process associated with EBV infection in human B cells by inducing apoptosis in
infected cells. This mechanism starts when resveratrol inhibits the expression of the
latent membrane protein 1 (LPM1), which is essential for EBV-transformation of B
cells since it acts as a homolog of CD40 and activates multiple cellular pathways
such as NF-κβ, AKT, JNK, STAT-3, and p38. They are involved in the regulation of
cellular apoptosis and proliferation, for example, by elevating the expression of
Bcl2, an antiapoptotic protein (Saha and Robertson 2019). Furthermore, Espinoza
et al. (2012) described that resveratrol blocks the activation of NF-κβ and suppresses
the production of IL-6 and IL-10; both of these interleukins also contribute to the
proliferation and survival of infected B cells.

226 M. G. Salas et al.

Resveratrol has also counteracted other viral infections. Lin et al. (2015) reported
that resveratrol was able to inhibit influenza A virus (IAV) replication by increasing
the production of IFN-β in infected cells. They suggest that resveratrol enhances the
expression of TLR-9, which is involved in the activation of interferon-alpha and beta
(IFN-α/β) genes through IFN regulatory factor 7 (IRF7) phosphorylation (Sun and
Reddy 2013). The activation of IRF7 mainly leads to the production of IFN-β. IFN-β
can inhibit virus propagation and stimulate the adaptative immune response by
promoting the MHC-I expression on various cell populations. MHC-I is essential



for T-cell stimulation, differentiation, and expansion and killing of cells that have
infected with the virus (Teijaro 2016). Summarizing this, resveratrol and IFN-βwork
synergistically to inhibit the replication of influenza A virus in lung cells. Even
though IFN-α/β response is one of the first lines of defense against viral infections, it
is reported that in some cases of infection by influenza viruses, this response is
diminished due to these viruses employ mechanisms to evade and antagonize the
effect through the nonstructural protein 1 (NS1) (Killip et al. 2015), PB1-F2 protein
(Dudek et al. 2011), and viral polymerase (Iwai et al. 2010). Resveratrol has tested
against other respiratory viruses. Mastromarino et al. (2015) studied the effect of this
polyphenol facing a strain of human rhinovirus (HRV). They reported reduced levels
of inflammatory cytokines such as IL-6, IL-8, and RANTES by using resveratrol.
This reduction of interleukins is related to the blockage of NF-κβ. Also, it is worth to
mention that RANTES and IL-8 are produced in high quantities during HRV
infection comparing to other viruses such as adenovirus and resveratrol (Chun
et al. 2013). The elevated production of these cytokines produces severe inflamma-
tion in the host. In particular, IL-8 acts as a mediator to activate neutrophils, and they
contribute to airway obstruction following severe asthma (Krawiec et al. 2001; Wark
et al. 2002). According to Mastromarino et al. (2015), resveratrol was also able to
inhibit HRV replication by diminishing the expression of intercellular adhesion
molecule 1 (ICAM-1), also known as CD54. During HRV infection, ICAM-1 is
overexpressed and is used by HRV to enter into the respiratory epithelium and start
the replication (Xing et al. 2003; Shukla et al. 2017).
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The several studies that prove the immunomodulatory-antiviral role of resveratrol
could lead to the development of alternative therapies for the treatment of viral
diseases.

9.4.6 Resveratrol Effect in Metabolic Diseases

Obesity is a global health problem. The World Health Organization (WHO) indi-
cates that obesity has almost tripled since 1975. In 2016, more than 1.9 billion adults
over 18 years of age were reported overweight of these. The world health organiza-
tion estimates that 650 million are obese. Obesity is an abnormal or excessive
accumulation of fat that is detrimental to health (WHO 2020a).

Obesity damages people’s health because it is a significant risk factor for devel-
oping cardiovascular diseases, insulin resistance, and type 2 diabetes mellitus (Fruh
2017). Obesity is characterized by the accumulation of fat in adipose tissue. How-
ever, there is a risk that fat accumulates in non-adipose tissues such as the liver and
skeletal muscle. Causing other diseases such as the fatty liver and decreased sensi-
tivity to insulin, it is related to reduced insulin sensitivity (de Ligt et al. 2015).

Resveratrol is a polyphenolic phytoalexin widely studied for multiple properties.
One of these approaches is the use of resveratrol for the treatment of metabolic
diseases. Therefore, the mechanisms of action of resveratrol in cells as a regulator of



metabolism have been elucidated; however, it is not yet fully understood, and more
human clinical studies are lacking (Szkudelska and Szkudelski 2010).
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Resveratrol is an activator of the deacetylase sirtuin 1 (SIRT1) protein gene that is
believed to regulate lipid and carbohydrate metabolism; its primary function is to
maintain normal cell energy levels (Howitz et al. 2003). Resveratrol can activate the
expression of SIRT1 directly or indirectly through the activation of AMP-activated
protein kinase (AMPK) (Howitz et al. 2003; Baur et al. 2006). In addition to
resveratrol, SIRT1 activation can be induced by exercise and calorie restriction in
the diet. The resveratrol resembles the mechanism that physical activity and
hypocaloric diet can perform in cellular metabolism (Ruderman et al. 2010).

The mitochondria of muscle cells show a reduction in the oxidative capacity of fat
in obesity. Peroxisome proliferator-activated receptor γ co-activator 1 α (PGC-1 α) is
a regulatory protein of mitochondrial biogenesis and metabolism. In addition, it
binds to specific transcription factors that participate in the expression of mitochon-
drial proteins that increase their activity. The participation of PGC-1 α as an effector
protein in the activation of the AMPK-SIRT1 signaling cascade of lipid and carbo-
hydrate metabolism has been reported (Mihaylova and Shaw 2011).

A reduction in the expression of the PGC-1 α gene has been found in people with
type 2 diabetes mellitus, suggesting that the decrease in the expression of PGC-1 α
leads to a reduction in mitochondrial function and, consequently, a decrease in
sensitivity to insulin in the muscle (Mootha et al. 2003). The physical activity and
reduction of the calorie intake improve the function of the oxidative capacity of the
mitochondria of the muscle cells and increase the sensitivity to insulin. Calorie
restriction for 6 months increases the expression of AMPK, PGC-1 α, and SIRT1
and also reduces insulin levels (Civitarese et al. 2007).

Animal studies have been conducted to understand the effect of resveratrol on the
oxidative activity of the mitochondria of muscle cells. Resveratrol influences mito-
chondrial biogenesis by activating the AMPK-SIRT1-PGC-1 α signaling pathway.
Resveratrol induces a reduction in adipogenesis and decreases the size of adipocytes.
This was tested in mice on a high-calorie diet (Lagouge et al. 2006). Resveratrol,
combined with a hypercaloric diet, increases the survival and motor function of
mice, in addition to changing gene expression towards normal expression in mice
with a normal diet (Baur et al. 2006; Lagouge et al. 2006). Resveratrol has also been
found to inhibit adipogenesis (Rayalam et al. 2008).

Diabetes mellitus is a chronic disease that occurs because the pancreas does not
produce insulin or defects in the use of insulin. It is classified as type 1 and 2. Type
1 diabetes is caused by the destruction of the beta cells of the pancreas by autoan-
tibodies, there is no insulin production. Type 2 diabetes is due to abnormal secretion
and action of insulin. Both types cause hyperglycemia, which, over time and poor
control, can damage organs (WHO 2020b).

Resveratrol regulates the metabolism of carbohydrates in different ways
according to what has been documented, mainly by reducing the concentration of
glucose in the blood; it has also been reported to improve the action of insulin and
protect the beta cells of the pancreas (Szkudelski and Szkudelska 2011).
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Animal models with diabetes have been used to assess the effect of resveratrol.
Finding a decrease in the levels of glycated hemoglobin (HbA1c) reflects the
reduction in blood glucose levels (Palsamy and Subramanian 2010). The reduction
in blood glucose is because resveratrol increases glucose uptake by cells in the
absence of insulin (Huang et al. 2020). Also, there are reports that it stimulates the
expression of insulin-dependent glucose transporter (GLUT4), which was tested in a
study in rats with induced diabetes and treated with resveratrol compared to the
control group of rats with induced diabetes without resveratrol (Penumathsa et al.
2008). Insulin resistance occurs when cells do not respond to insulin. It mainly
affects people who are overweight or obese. Exercise and a low-calorie diet decrease
adipose tissue thus improving insulin sensitivity. A study in mice fed a high-fat diet
in conjunction with resveratrol improved insulin sensitivity compared to the group
that only received the high-fat diet without resveratrol (Baur et al. 2006).

On the other hand, a clinical study carried out in male patients with obesity found
the administration of resveratrol, 75 mg twice a day for 30 days, had effects on
carbohydrate metabolism, reducing the blood glucose and improving insulin sensi-
tivity. In muscle cells, improvement in mitochondrial function by activating the
AMPK-SIRT1- PGC-1a pathway decreased levels of triglycerides, inflammation
markers, and intrahepatic lipids (Timmers et al. 2011).

Cardiovascular disease is a health problem. This group of diseases includes high
blood pressure, coronary artery disease, and atherosclerosis. Genetic factors and
environmental factors such as poor diet and sedentary lifestyle influence the devel-
opment of these pathologies. In atherosclerosis, the use of resveratrol at physiolog-
ical concentrations in the consumption of wine increases the expression of the
enzyme NO synthase that participates in the production of nitric oxide (NO) that
functions as a vasodilator in the endothelial cells that form the blood vessels and
decreases the expression of endothelin (ET) that functions as a vasoconstrictor.
Resveratrol works as a cardioprotective agent by inhibiting platelet aggregation. In
atherosclerosis, resveratrol decreases the production of cytokines IL-6 and IL-8 and
granulocyte-macrophage colony-stimulating factor (GM-CSF). Also, resveratrol
prevents the oxidation of low-density lipoprotein (LDL) from preventing its adher-
ence to the blood vessel. Hypertension is characterized by increased heart weight,
elevated blood endothelin (ET) and angiotensin II, and decreased NO (nitric oxide).
Resveratrol reduces heart weight, ET, and angiotensin II expression, while increas-
ing NO concentration (Petrovski et al. 2011).

9.4.7 Resveratrol Effect in Autoimmune Diseases

The immune system is responsible for maintaining homeostasis in the body by
protecting it from pathogenic microorganisms and developing abnormal cells
through different mechanisms that lead to the activation of specialized cells. How-
ever, when these mechanisms are abnormal, the immune system attacks cells,
organs, and tissues. Currently, more than 80 autoimmune diseases are known.



Autoimmune diseases happen by losing tolerance towards self-antigens,
pro-inflammatory cells, and auto-antibodies (Ramos et al. 2015). Resveratrol as a
possible therapeutic alternative for autoimmune diseases has had favorable results
according to various studies.
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Type I diabetes mellitus is a disease in which autoantibodies are produced that
destroy the pancreas beta cells, which are cells specialized in the production of
insulin, which is an essential hormone for the transport of glucose to the cells and its
deficiency causes hyperglycemia. Hyperglycemia is related to a decrease in antiox-
idant agents and an increase in oxidative stress due to the activation of the
NF-kappaB pathway, promoting pro-inflammatory cytokines and adhesion mole-
cules (Chang et al. 2012).

The immunological process that takes place in this disease is pro-inflammatory
activity. The activation of pro-inflammatory cytokines promotes apoptosis of beta
cells of the pancreas islets in an environment of oxidative and inflammatory stress
(Palsamy and Subramanian 2010). Resveratrol has antioxidant properties and can act
by scavenging free radicals. It also has anti-inflammatory properties, since it sup-
presses the activation of the NF-kappaB pathway and expression of cytokines
(Zhang Hanrui et al. 2009; Lee et al. 2011).

Resveratrol acts in different ways in DM1: it inhibits Th1 cells by binding to the
chemokine receptor 6 (CCR6 receptor). Resveratrol binds to insulin to promote
glucose uptake. Resveratrol activates the deacetylase sirtuin 1 (SIRT1) pathway,
increasing oxidation during cellular stress to decrease the concentrations of reactive
oxygen species (ROS) and prevent damage to the pancreas beta cells (de Oliveira
et al. 2017).

Crohn’s disease and ulcerative colitis are chronic and inflammatory diseases that
affect the intestine, originate from a combination of genetic, environmental, immu-
nological, and microbiological factors. These diseases are caused by changes in the
intestinal mucosa, causing the release of bacteria that induce the immune system
activation. Crohn’s disease is the result of the combination of genetic factors that
increase the susceptibility to the disease, environmental factors, and the intestinal
microbiota, resulting in an abnormal immune response in the intestinal mucosa that
affects the cells that line the intestine due to the inflammation produced by the
immune response (Torres et al. 2017).

Activation of the NF-kappaB pathway occurs to produce cytokines in response to
bacterial fragments recognized by NOD-like receptors, which causes the activation
of Th1 and Th17 cells. In ulcerative colitis, the inflammation affects the colon,
rectum, and distal colon. There is the activation of Th2 and Th17 lymphocytes,
releasing pro-inflammatory mediators such as ROS and TNF-a (de Oliveira et al.
2017; Shi et al. 2017). Oxidative stress occurs in both diseases with the release of
ROS, NO (nitric oxide), MDA (Malondialdehyde), and MPO (myeloperoxidase) and
inhibition of antioxidant enzymes such as sod and GP (glutathione peroxidase). It
was producing an inflammatory response. Resveratrol works by inhibiting inflam-
matory cytokines and neutralizing ROS. Preventive treatment with resveratrol works
by reducing tissue damage and oxidative stress and was determined by measuring



the reduction in malondialdehyde and the increase in glutathione peroxidase (Nunes
et al. 2018).
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There is also a decrease in pro-inflammatory cytokines. The microbiota increase
improves the intestinal health bifidobacteria and lactobacilli (Larrosa et al. 2010).
Studies in humans have found that an administration of 500 mg/day of resveratrol for
6 weeks interrupts the activation of NF-kappaB in mononuclear cells of peripheral
blood. In plasma, there is a decrease in TNF-a and C-reactive protein (Samsamikor
et al. 2016). Block the activation of TH1 lymphocytes by inhibiting the secretion of
IL-1, IL-6, and TNF-a. Also, resveratrol induces immunosuppression of myeloid-
derived suppressor cells (MDSCs) in the colon, suppressing the activity of effector
lymphocytes (Singh et al. 2012).

Psoriasis is a skin disease associated with dysregulations in the interaction of the
immune and adaptive system with skin cells. The mechanism of this disease is
controlled by the immune system, mainly dendritic cells and T lymphocytes.
Cathelicidin peptide LL-37 initiates it, and the host DNA forms complexes recog-
nized by dendritic cells, which produce interferon-a and other inflammatory medi-
ators such as TNF-a and interleukin-23. TNF-a induces secondary mediators and
binding molecules that participate in psoriasis, activating the keratinocytes that
release antimicrobial peptides, cytokines, and chemokines that act as attractants of
immune cells. The most reported symptoms are pain, itching, and bleeding
(Boehncke 2015).

Resveratrol has long been used for its anti-inflammatory properties. In vitro
studies have shown that resveratrol induces cell death of the keratinocyte cell line
HaCaT through the activation of SIRT1 that inhibits protein kinase B (Akt). This
protein participates in the regulation of cell proliferation (Lee et al. 2016). In vivo
studies in mice with induced psoriasis were treated with resveratrol, concluding that
resveratrol reduce symptoms such as itching and decreases the production of cyto-
kines that participate in the development of psoriasis such as IL-17 and IL-19 (Kjær
et al. 2015).

Rheumatoid arthritis is a disease in which the immune system is involved.
Immune complexes are created to mediate complement activation and cellular
response against self-antigens. In its development, genetic factors that play an
important role in the disease risk, severity, and progression are involved in this
development, such as the genetic susceptibility of the HLA (human leukocyte
antigen), HLA-DRB1, the gene encoding the non-receptor protein tyrosine phos-
phatase type 22 (PTPN22) and cytotoxic T-lymphocyte associated protein
4 (CTLA)-4) (de Oliveira et al. 2017). In addition to environmental factors such
as stress, smoking and obesity (Firestein and McInnes 2017).

The disease is characterized by chronic inflammation of the joints that can destroy
cartilage and bone erosion. In the immunological response, there is a loss of
tolerance towards self-antigens. Therefore, there is an activation of T lymphocytes
by macrophages. Adhesion molecules (CAMs) participate. Cytokines such as IFN-g,
IL-12, IL-21, and IL-23. IL-6 are related to synovial inflammation, cartilage, and
bone destruction. TNF-a acts on chondrocytes, which release matrix



metalloproteinase (MMP) that degrades cartilage and bone destruction (de Oliveira
et al. 2017).

232 M. G. Salas et al.

Resveratrol has anti-inflammatory activity by modulating cytokine secretion,
TNF-a, and IL-1b (Ma et al. 2015). In vitro studies with fibroblast-like synoviocytes
(FLS) treated with resveratrol decrease the generation of ROS and COX/PGE2. It
was concluding that resveratrol modulates the inflammatory response (Tsai et al.
2017). In vivo studies concluded that resveratrol administration intra-articularly in
an animal model significantly reduces cartilage destruction and reduces inflamma-
tion (Elmali et al. 2007).

9.4.8 Resveratrol Effect in Degenerative Diseases

Resveratrol can cross the blood-brain barrier (BBB), which means it has a
neuroprotective effect against neurodegenerative diseases (Zhang et al. 2018). The
mechanisms of inflammation in the brain are closely linked to age; the main
characteristic is the presence of reactive glial cells, which release
pro-inflammatory mediators such as prostaglandins, cytokines, and reactive oxygen
species; however, it is the response to maintain homeostasis of the brain (Liu et al.
2019).

Alzheimer’s (AD) is a disease that causes dementia and decreases the cognitive
capacity of patients (Ahmed et al. 2016); it is developed by the presence of dense
β-amyloid plaques (Aβ) and neurofibrillary tangles in the CNS (Bastianetto et al.
2015). This disease causes the degeneration of neurons and, therefore, of the
neuronal connections, causing an inflammatory environment throughout the brain
area, and the activation of glial cells (phagocytic brain cells). The resveratrol had a
protective effect by reducing the matrix metalloproteinase 9 (MMP9) of the cere-
brospinal fluid, which decrease the permeability of the BBB and therefore limits the
entry of leukocytes and inflammatory mediators to the brain (Moussa et al. 2017).
Resveratrol will mitigate the action of NF-kB, inhibiting the secretion of PGE,
TNF-α, and IL-6 and the expression of MCP-1 mRNA (Lu et al. 2010). Due to the
accumulation of Aβ, the expression of nitric oxide synthetase (iNOS) is increased,
which leads to cell apoptosis; this pro-inflammatory molecule is decreased with
resveratrol in a dose-dependent manner. Resveratrol improves long-term memory by
increasing brain-derived neurotrophic factor (BDNF); in addition, with advancing
age, formaldehyde accumulates in the brain which is eliminated by resveratrol; this
can restore memory (Liu et al. 2019). In addition to this, resveratrol binds to
β-amyloid peptides, inhibiting their aggregation, and binds to β-amyloid plaques to
break them, which reduces the progress of AD (Ahmed et al. 2016).

Parkinson’s disease (PD) is a neurodegenerative disease characterized by the
presence of Lewis bodies, formed by α-synuclein, causing the loss of dopaminergic
neurons (Feng et al. 2018). The accumulation of Lewis bodies will cause an
inflammation response, activating microglial cells which increase the production
of pro-inflammatory mediators such as TNF-α and IL-1β, as well as the activation of



astrocytes that release large amounts of species reactive oxygen which causes the
death of neurons. Different effects of resveratrol are known, one of them is the
decrease in miRNA-214 which is involved in the synthesis of α-synuclein (Wang
et al. 2015) and another is reducing the levels of activated astrocytes and microglial,
in a dose-dependent manner (Zhang et al. 2018). Liu (2019) indicates that resveratrol
reduces the levels of IL-1β and TNF-α and inhibits cellular apoptosis by increasing
the expression of Bcl-2 and decreasing the expression of Bax, an antiapoptotic
molecule.
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Age-related macular degeneration (AMD) is one of the main causes of vision loss
in adults; the retinal pigment epithelium (RPE) is responsible for phagocytizing or
degrading the photoreceptor segments in the eyes, which creates an environment of
oxidative stress in addition to inflammation. Lançon (2016) reported that the treat-
ment of AMD with resveratrol has an anti-inflammatory effect; it decreases the
expression of IL-6, IL-8 and inhibits the production of cell adhesion molecules
(ICAM-1) and protein monocyte chemoattractant (MCP-1), which reduces the
accumulation of leukocytes, mainly neutrophils, in the affected area.

Chronic obstructive pulmonary disease (COPD) is a disease characterized by
persistent respiratory symptoms and a very noticeable shortness of breath, which can
be caused by a respiratory disease, alveolar abnormalities, or the parenchymal
destruction of the lungs. Therefore, a severe inflammatory environment is generated
in all the patient’s airways, which aggravates the disease. Treatments carried out
with resveratrol showed an increase in the expression of SIRT1 and PCG-1 mRNA,
which are transcription factors that regulate the secretion of inflammatory mediators
such as IL-6 or IL-8, which are markedly decreased; in addition, the resveratrol
causes a decrease in the infiltration of white cells, freeing space in the pulmonary
alveoli, thus improving air flow (Wang et al. 2017a, b).

Atherosclerosis is a thickening of the intimal layer of blood vessels caused by the
recruitment of lymphocytes and monocytes when there is some injury to the vessel
wall, generating a large amount of cytokines (Chen et al. 2018). This will decrease
the lumen of the vessel and, therefore, the supplementation of oxygen, which causes
the release of vascular endothelial growth factor (VEGF); therefore, inflammation
and angiogenesis play an important role in this disease. Also, the C-reactive protein,
which increased in atherosclerosis, promotes the expression of cell adhesion mole-
cules (ICAM), stimulating the migration of leukocytes to the site and inducing the
secretion of pro-inflammatory factors such as IL-6, IL-8, and NF-kB. Studies show
that treatment with resveratrol was able to reduce serum concentrations of VEGF and
CRP, decreasing endothelial permeability and stopping the formation of atheroscle-
rotic plaques (Figueira and González 2018). In addition, Seo (2019) indicates a
decrease in the expression of adhesion molecules in the vascular endothelium, which
reduces the accumulation of leukocytes.

Osteoporosis is an age-related disease, caused by the resorption of bone tissue,
usually by an imbalance in the activity of osteoblasts and osteoclasts present in the
bones. Osteoblasts are the cells responsible for the formation of bones; therefore,
their inactivation is the main cause. It has been reported that the overexpression or
deletion of silent information regulator transcription 1 (SIRT1) increases or



decreases bone mass; resveratrol is an activator of SIRT1, so it helps to have a
balance between osteoblasts and osteoclasts, which has repercussions in the forma-
tion of bones. In addition, it has been registered that resveratrol helps maintain
mineral density in bones (Yang et al. 2019). On the other hand, active osteoclasts are
responsible for bone resorption, eliminating bone tissue and releasing minerals into
the blood; the resveratrol will intervene in the activation of osteoclasts, stimulating
the release of the inhibitory factor of osteoclastogenesis (OPG). The Fox01 protein
functions for the inhibition of osteoclastogenesis and is required for the proliferation
of osteoblasts; resveratrol improves Fox01 transcription by inhibiting the PI3K/AKT
signaling cascade which keeps Fox01 phosphorylated, preventing its expression
(Feng et al. 2018).
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Duchenne muscular dystrophy (DMD) is a genetic disease linked to the X
chromosome, which results in the translation of the dysfunctional protein dystro-
phin; this has an important role to join the intracellular cytoskeleton with the
extracellular matrix of the muscles. Without this connection, the muscles are easily
damaged causing a persistent state of inflammation. There will be regeneration/
degeneration cycles until the muscle fibers lose that capacity and will be replaced by
fibrous or fatty tissue. Treatment with resveratrol aims to increase the expression of
the peroxisome proliferator-activated receptor-gamma coactivator (PGC-1α)-1
alpha, a transcriptional coactivator that targets the utrophin gene, a protein capable
of taking the place of dystrophin. Gordon (2013) confirms the increase in utrophin
mRNA and also indicated that there was a reduction in total immune cell infiltration,
decreasing inflammation.

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease charac-
terized by the selective loss of motor neurons in the brain and spinal cord causing
muscle weakness and atrophy, spasms, paralysis, and respiratory failure until death
(Mancuso et al. 2014). The causes of this pathology are mutations in SOD1, which
causes the accumulation of free radicals; there is also an excessive accumulation of
glutamate in the synapse that can kill neurons; in addition, there is an increase in the
amount of free metals such as Cu, Zn, and Ca which generates oxidative stress;
neurons also have mitochondrial dysfunction by the presence of vacuoles in them.
Tellone et al. (2014) report that treating ALS with resveratrol, a favorable effect is
obtained, resveratrol will activate STIR1 transcription factor that will deacetylate
heat shock factor (HSF1) which reduces the death of neurons; in addition to this
activation, cell death factor p53 is inhibited by increasing the expression of
pro-apoptotic factors such as Bax. In addition to this, resveratrol activates PGC-1α
by activating STIR1, which favors the formation of mitochondria and improves
cellular respiration due to the induction of nuclear respiration factors (NRF) 1 and 2.
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9.5 Bioavailability and Metabolism of Resveratrol

The recent attention for this compound is expanded by several epidemiological
studies that demonstrate an inverse relationship among balanced consumption of
different food as wines, peanuts, and select teas, especially for several disease
applications (Chimento et al. 2019). Numerous studies have investigated the absorp-
tion, transport, and metabolism of resveratrol in vitro and ex vivo. Upon ingestion,
resveratrol or its precursors go through the gastrointestinal tract, and it is estimated
that around 70–75% of the intake of resveratrol is absorbed (Chaplin et al. 2018).
Almost several resveratrol and derived metabolites have been described in animal or
human plasma, urine, and various tissues, mostly generated by three major path-
ways: hepatic and intestinal glucuronidation, hepatic and intestinal sulfation, and gut
microbial transformation (Luca et al. 2020). Initially, absorption of resveratrol was
evaluated using isolated rat small intestine perfusion models, but other studies were
employed about glucuronidation (G), and sulfation (S) in the duodenum was used to
establish as comparative models as hepatic cells (Wenzel and Somoza 2005).

The biochemical structure of resveratrol conducts low water solubility (<0.05 mg/
mL), which influences its absorption. On the other hand, to increase its solubility,
require ethanol or organic solvents (Gambini et al. 2015). Resveratrol also demon-
strated its ability to generate organic molecular complexes; these bioactives can be
taken up by the intestine as xenobiotics and consequently cross the intestinal
epithelium to the blood via a transcellular pathway; this route takes place through
the enterocytes in the small intestine. Enterocytes are the first site of reported
resveratrol metabolism after being internalized by either passive diffusion (Springer
and Moco 2019). After absorption, resveratrol suffers serious and quick
metabolization. It is essential to reference that no phase I reactions of resveratrol,
such as oxidation, reductions, or hydrolyzes, were observed in the human systems
(Wenzel and Somoza 2005). Once resveratrol is absorbed into the enterocyte, it
undergoes phase II reactions of drug metabolism, producing polar metabolites, with
simpler excretion in the body.

Resveratrol conjugation with sulfate was mediated by sulfotransferases (SULTs)
and with glucuronate by uridine 50-diphospho-glucuronosyltransferases (UGTs)
(Springer and Moco 2019); on the other hand, intestinal bacteria also contribute
to resveratrol metabolism, having the ability to convert it via hydrogenation to
dihydroresveratrol (DHR), which is partly absorbed and further metabolized to
conjugated forms (monosulfate DHR, monoglucuronide DHR) that can easily be
eliminated in urine (Luca et al. 2020). The family of SULTs demonstrates a broad
spectrum of diverse endogenous and exogenous substrate activity (1A1, 1A2, 1A3,
and 1E1) and generates resveratrol-30-O-sulfate (R3S), resveratrol-40-O-sulfate
(R4S), and resveratrol disulfates (RdS) as metabolite result by the sulfate group to
a hydroxyl group in phenolic compounds. On the other hand, the UGTs are a large
family of related enzymes involved on detoxification, which activity (1A1,1A9,
1A3, 1A6, 1A7, 1A8, and 1A10) catalyzes the conjugation of resveratrol with
glucuronic acid, yielding principally resveratrol-30-O-glucuronide (R3G) and



resveratrol-40-O-glucuronide (R4G) (Wang and Sang 2018). Figure 9.2 represented
the metabolic fate and biotransformed resveratrol in the human gastrointestinal tract
and metabolism in different organs. After conjugation, resveratrol sulfates and
glucuronides have two possible fates; they can be transported through the apical
membrane and extent the intestinal lumen, or they can pass through the basolateral
membrane and enter the bloodstream. On both membranes, the enterocyte presents
ABC (ATP-binding cassette) transporters, which are part of a large family of
transport proteins that are considered instrumental in drug absorption and response
diffusion (Springer and Moco 2019). On the apical and basolateral membrane,
transporters are not limited to represent a role in the absorption and distribution of
resveratrol metabolites in the small intestine (when resveratrol or his metabolites
extent the bloodstream, they can be transferred by binding to blood proteins such as
hemoglobin, albumin, and lipoproteins) as they are also expressed in several tissues,
such as the liver or kidneys. Resveratrol demonstrate a high degree of lipophilicity;
cant circulates single in plasma, required to binding proteins, such as albumins or
low-density lipoproteins (LDL), occurs in a great extent (up to 90% of free resver-
atrol). However, despite being mostly bound to serum proteins, hepatic uptake is still
efficient, the liver being considered the primary accumulation site of resveratrol and
its metabolites (Gambini et al. 2015). Resveratrol is principally excreted in urine and
feces. Total elimination after oral administration of 14C-labeled resveratrol in
humans was demonstrated around 70 to 98%, which is 53–85% in urine and
3.3–35% in feces. In urine, metabolites are considered 22–44% of the ingested
dose, with 11–31% sulfate conjugates and 9–16% glucuronides (Walle et al. 2004;
Tome-Carneiro et al. 2013).
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The resveratrol oral administration is the ideal method for treatments in humans;
it is known that plasma absorption of the unchanged resveratrol depends on the
dosages consumed. Preclinical investigations elucidate the appropriate resveratrol



oral dosage and bioavailability by human patients. Several studies demonstrated an
oral dose of 25 mg of resveratrol, presented in plasma concentration around 1–5 ng/
mL of resveratrol (Chimento et al. 2019). Administration of higher dosages (up to
5 g) indicated the increase in the intensity of unchanged resveratrol up to 530 ng/mL,
demonstrating how, after a high resveratrol dosage, only a low quantity of the
unchanged resveratrol is present in the plasma. Even if resveratrol seems like to be
well-accepted, tolerated, and safe, administration of higher oral doses does not
consent to improve therapeutic effects, but, as an alternative, perhaps the cause of
the side effects seen at the dose of 1 g/kg (body weight) including diarrhea,
abdominal pain, and nausea.
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Consequently, based on the findings from clinical studies, it appears that the main
obstacle that must be overcome to consider resveratrol as a therapeutic agent is its
low bioavailability (Boocock et al. 2007; Almeida et al. 2009; Patel et al. 2011).
Wenzel and Somoza in 2005 conclude that resveratrol, in human patients, whether as
aglycone or in its glycosidic form, is also absorbed quite fast after oral consumption
and resveratrol levels were readily measurable in plasma and urine with the highest
level plasma concentrations around 30 to 60 min after ingestion.

In the present day, scientific resveratrol investigation in the world consists of
around 140 clinical trials in humans by disease treatments (clinicaltrials.gov), and
more than 10,000 scientific papers consist of realizing an effort to elucidate different
employs, uses, and effects of resveratrol. Due to differing doses, disparate experi-
mental setups, low statistical power, and a myriad of biological or other types of
confounders, the fate and effect of resveratrol in humans remain indefinable. Mech-
anisms of action are diverse and of potential use for obesity, cardiovascular health,
inflammation, metabolic health, antioxidant activity, and cancer management.
Therefore, resveratrol is of wide pleiotropy. Systems conducted approaches that
help map the impacts of multitargeted compounds such as resveratrol and emphasize
links among phase II metabolism, redox pathways, and bioenergetics, linked by
protein targets regulated by resveratrol (Springer and Moco 2019).

However, despite these factual scientific data, the resveratrol paradox (defined as low
bioavailability and high bioactivity) still raises serious questions, as the final responsible
mechanisms incriminated for the observed effects have not yet been elucidated. Since
oral bioavailability is mainly dependent on aqueous solubility, membrane permeability,
and metabolic stability, these factors are further addressed below to assess its problem-
atic bioavailability. Despite the advances, the scientific community still has yet to
continue with efforts to conduct more extensive and more deeply characterized studies
which could be an aim of the research community in order to bridge the current gaps in
knowledge on resveratrol metabolism and beneficial effects.

9.6 Therapy Resveratrol Carriers

Resveratrol, as described, is a well-studied natural compound with great therapeutic
potential (Wiciński et al. 2020). Despite promising results, the widespread use of
resveratrol has had limited success, largely due to its instability, low bioavailability

http://clinicaltrials.gov


and solubility, as well as insufficient systemic administration (Soo et al. 2016). Two
geometric isomers of resveratrol are known: trans and cis. Both isomers often exist
in combination. The trans form is more biologically active, and this isomer can
become cis under ultraviolet light. Resveratrol is characterized by low half-life (less
than 0.25 h). So, for its proper action, it is difficult to ensure the therapeutic
concentration. Previous in vitro studies have shown that 5μmol/L (Sessa et al.
2014) resveratrol is the minimum concentration required to achieve its chemopre-
ventive effects. It is known that 75% of resveratrol is possibly absorbed by
transepithelial diffusion under oral administration in humans. However, due to the
rapid and extensive metabolism in the intestine and liver, oral bioavailability is low
(<1%) (Christakis Sergides et al. 2016). The drug suffers enterohepatic recirculation
and extensive first-pass metabolism by CYP3A4 in the liver, resulting in very low
bioavailability. Oral administration of repeated or increased doses does not improve
compound levels. The pharmacokinetics of resveratrol have shown a circadian
variation, with greater bioavailability after morning administration (Christakis
Sergides et al. 2016).
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Resveratrol glucuronides and sulfates are the main metabolites detected in urine
and plasma, in addition to reduced dihydro-resveratrol conjugates and other
unknown highly polar products (Pecyna et al. 2020). In addition to metabolites
generated in the liver and intestine, the impact on resveratrol transformation can be
assigned to colonic bacterial activity (dos Santos et al. 2019). By controlling the
activity of β-glucuronidase and sulfatase enzymes, the efficacy of resveratrol at the
target site can be improved by tissue-specific accumulation of resveratrol (Lu et al.
2013; Pecyna et al. 2020).

Lu et al. (2009) propose the administration of resveratrol in a stable form
conjugated with sulfate, achieving the generation of parent compound gradually
for the beneficial effects in vivo. The activities of resveratrol metabolites were also
demonstrated, these being pharmacologically active in vivo (Kiskova et al. 2020).

So, pharmacokinetic properties of resveratrol such as low solubility, rapid deg-
radation, and extensive metabolism are known. This translates into insufficient
bioavailability in its oral application. Furthermore, it is known that under exposure
to light, trans-resveratrol, the biologically active isomer, is rapidly converted to
cis-resveratrol (Singh et al. 2014). This presents several problems for the application
of resveratrol in therapy that can be solved by such strategies as the
co-administration of enzymatic inhibitors of metabolism, the synthesis and use of
its analogues, as well as the design of new administration systems (Silva et al. 2014).
Moreover, to overcome the described physicochemical and pharmacokinetic restric-
tions, nanotechnology presents a powerful strategy considering the
nanoencapsulation of resveratrol (Wang et al. 2011; Soo et al. 2016). Nanotechnol-
ogy makes it possible to obtain nanoparticles loaded with biologically active com-
pounds. The use of nanoparticles was approved by the United States Food and Drug
Administration (FDA) in 1983. The particles are normally classified according to
their size: normally the diameter of nanoparticles loaded with resveratrol is less than
1000 nm, and only in some cases is the diameter of ultrafine particles less than
100 nm (Ansari et al. 2011; Keservani et al. 2017).
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The nanoencapsulation of this bioactive natural compound as one of the chemo-
therapeutic agents provides many advantages in control of degradation and in the
interaction with biological systems, as well as improvement in bioavailability,
retention time, absorption, and intratissue and intracellular penetration (Penalva
et al. 2015; Sharma et al. 2018). Several nanoformulations focused on enhancing
therapeutic potential of resveratrol have been developed Keservani et al. 2021)
(Table 9.2).

Initially, the nanoencapsulation of resveratrol was performed using chitosan
nanoparticles. However, the release of resveratrol was limited in the presence of
solidifying agents (Kiskova et al. 2020).

Nanosystems with biocompatible and biodegradable polymers have been applied
for resveratrol entrapment (Sanna et al. 2013). These systems made it possible to
improve the solubilization of the drug and protect it from degradation. Moreover,
different systems of nanoparticles loaded with resveratrol cause a greater effect on
the viability of cancer cells even in lower doses than free resveratrol (Table 9.2),
mediated by the discrepancy of intracellular reactive oxygen species. Often times,
nanocarriers coated with poly (ethylene glycol) (PEG) on their surface as well as
mPEG-poly(caprolactone)-based nanoparticles allowed compound accumulation in
tumors through the enhanced effect of permeability and retention (Wang et al. 2011;
Sanna et al. 2013) (Table 9.2).

Resveratrol-loaded nanoparticles protected cells from damage induced by beta-
amyloid peptide (Abeta) in a dose-dependent manner by attenuating intracellular
oxidative stress and caspase-3 activity (Lu et al. 2009, 2012) (Table 9.2). Solid lipid
nanoparticles (SLN) with a size smaller than 180 nm showed the ability to quickly
cross the cell membrane, were distributed throughout the cytosol and moved suc-
cessively between different cell levels, and were located in the perinuclear region
without inducing cytotoxicity. Moreover, in these nanocarriers, solubility, stability,
and intracellular delivery were all increased by loading into SLN (Shidhaye et al.
2008; Pandita et al. 2014).

In vitro assays revealed that liposome-encapsulated curcumin and resveratrol
successfully inhibited cell growth and induced apoptosis by inhibition of phospha-
tase and tensin homolog (PTEN), including p-Akt, cyclin D1, mammalian
rapamycin, and RA (Narayanan et al. 2009).

All studied nanocarriers are suitable to be used for the delivery of bioactive
resveratrol (Table 9.2). The encapsulation of resveratrol in polymeric nanoparticles
allows the optimization of its charge, an effective controlled release, and protection
against transformation by exposure to light, which opens new perspectives for its use
in (nano) chemoprevention/chemotherapy. Thus, solid lipid nanoparticles and nano-
structured lipid carriers enhance the oral bioavailability of resveratrol (Gokce et al.
2012; Jose et al. 2014).

The anticancer activity and the molecular mechanism of subcutaneously
implanted human ovarian primary carcinoma cells in nude mice were demonstrated
for resveratrol-bovine serum albumin nanoparticles. The growth of carcinomas was
inhibited to a greater degree when compared to free resveratrol due to the mitochon-
drial apoptotic pathway activated by applied treatment (Neves et al. 2013). An
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Table 9.2 Nanoformulations for resveratrol delivery to enhance its therapeutic effect

Delivery system Characteristics References

Poly(lactide) (PLA) nanoparticles Resveratrol-loaded polysorbate 80-coated
poly(lactide) nanoparticles (but not free res-
veratrol) demonstrated neuroprotective effect
in mice with induced Parkinson’s disease

Da Rocha
et al.
(2015)

Poly-(lactic-co-glycolic) acid
(PLGA) nanoparticles

Transferrin-conjugated polyethylene glycol-
polylactic acid nanoparticles conjugated with
resveratrol showed a therapeutic effect for
glioma

Guo et al.
(2013)

Poly(epsilon-caprolactone) (PCL)
nanoparticles

Nanosystems, composed of a biocompatible
blend of poly(epsilon-caprolactone) and poly
(D,L-lactic-co-glycolic acid)-poly(ethylene
glycol) conjugate, had antiproliferative effi-
cacy on prostate cancer cells

Sanna
et al.
(2013)

Polymeric micelles Resveratrol-loaded polymeric micelles basing
on amphiphilic block copolymer protected
PC12 cells from Abeta-induced damage in a
dose-dependent manner by attenuating intra-
cellular oxidative stress and caspase-3 activity

Lu et al.
(2009)

Nanoparticles based on zein, an
amphiphilic protein

Zein-based nanoparticles provided high and
prolonged plasma levels of the polyphenol,
increase in oral bioavailability of resveratrol,
decrease of the endotoxic symptoms in mice
treated with LPS, decrease in serum tumor
necrosis factor-alpha (TNF-α) in comparison
with control

Penalva
et al.
(2015)

Lecithin-based nanoemulsions Lecithin-based nanoemulsions were able to
transport resveratrol through cell monolayers
in characteristically shorter times (1–6 h) than
those required for their metabolization
(3–12 h), allowing for better preservation of
the integrity of the emulsion droplets,
protecting the resveratrol against chemical
degradation, providing the capability of
nanoemulsions in sustained release of
resveratrol

Sessa et al.
(2014)

Cyclodextrins Betta cyclodextrin-based nanosponges were
obtained for buccal delivery and topical
application by hyper-cross-linked cyclodex-
trin polymers with carbonyldiimidazole
forming three-dimensional systems. Formu-
lation increased resveratrol solubility, cyto-
toxicity against HCPC-I cells, permeation in
pigskin, and accumulation in rabbit mucosa.
Resveratrol solubility was improved by the
formation of inclusion complexes with
hydropropyl-cyclodextrins and micellar sys-
tems. Stable resveratrol system was achieved
to incorporate it in the food and pharmaceu-
tical products.

Ansari
et al.
(2011)
Silva et al.
(2014)
Venuti
et al.
(2014)



Resveratrol/sulfobutylether-β-cyclodextrin
inclusion complex was obtained with high
affinity for resveratrol with molar ratio 1:1
and high stability

antiglioma effect was observed in the presence of trans-resveratrol-loaded lipid core
nanocapsules in vitro and in vivo. A greater decrease in the viability of C6 glioma
cells was observed with encapsulated than free resveratrol, without toxicity to
healthy neural cells. The treatment caused apoptotic cell death through early arrest
in the S and G1 phases of the cell cycle. This treatment led to a marked decrease in
tumor size and reduced the incidence of some features associated with malignant
tumors compared to resveratrol in solution in vivo (Guo et al. 2013).
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Table 9.2 (continued)

Delivery system Characteristics References

Liposomes Resveratrol was stablished in formulations
obtained by reverse-phase evaporation
method with or without poly (ethylene glycol-
2000)—grafted distearoyl phosphatidyletha-
nolamine. Resveratrol-loaded liposomes
improve anticancer effect
A conjugate of dequalinium polyethylene
glycol-distearoylphosphatidylethanolamine
with resveratrol was obtained as a complex
targeting mitochondria. The complex was
considered a potential treatment for lung can-
cers that induces apoptosis through the mito-
chondrial signaling pathway

Lu et al.
(2012)
Wang
et al.
(2011)

Dual nanoencapsulation in cyclo-
dextrin inside liposomes

Resveratrol was encapsulated in cyclodextrin
inclusion complexes in the lipophilic and
hydrophilic compartments of the liposomes as
an example of a dual carrier system

Soo et al.
(2016)

Solid lipid nanoparticles (SLNs)
and nanostructured lipid carriers
(NLCs)

Solid lipid nanoparticles (SLN) and
resveratrol-loaded nanostructured lipid car-
riers (NLC) were obtained by a modified hot
homogenization technique. In vitro resvera-
trol remained associated with lipid
nanoparticles after incubation in digestive
fluids for several hours
Resveratrol-coated stearic acid-based SLNs
coated with poloxamer 188 were obtained by
the solvent diffusion and solvent evaporation
method. The lipid formulation improved at
8.035-fold the oral bioavailability of resvera-
trol compared to suspension of the drug

Neves
et al.
(2013)
Pandita
et al.
(2014)

Resveratrol-loaded nanoparticles based on poly(e-caprolactone) and poly(D, L-
lactic-co-glycolic acid)-poly(ethylene glycol) were used for prostate cancer treat-
ment. Resveratrol released under simulation from gastrointestinal fluids was 55%
resveratrol in the first 2 h in an acid medium and reached 100% in the next 5 h at



pH 7.4. Confocal microscopy revealed that CaP cell lines efficiently absorbed these
nanoparticles. Treatment of androgen-independent and hormone-sensitive prostate
cancer cells was more efficient in nanosystem than free resveratrol (Sanna et al.
2013).
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Resveratrol chemopreventive effect was observed as its ability to counteract
CSC-induced DNA fragmentation and to activate protective apoptosis in bronchial
epithelial cells in both in vitro and ex vivo experiments. Nanoparticles reduced the
toxicity of resveratrol and increased its ability to counteract the cytotoxicity of CSC
(Da Rocha et al. 2015; Beloqui et al. 2016).

Resveratrol is a suitable treatment for chemoprevention and is a viable option for
the control of cancer in the early stages of the carcinogenesis process and also in
other degenerative diseases. To take advantage of the beneficial therapeutic poten-
tial, pharmacokinetic problems are solved using resveratrol prodrugs and nanostruc-
tured delivery systems. The use of the latter leads to improvement in bioavailability,
intracellular penetration, and control of administration, as well as protection against
degradation and reduction of potential toxicity. Currently, studies are being devel-
oped to approve the use of resveratrol-based nanosystems in clinical practice, which
will drive the evolution of innovative nanodevices capable of consolidating the
chemopreventive potential of resveratrol.

9.7 Conclusions

The biological effects reported from the studies of resveratrol have shown that it is a
molecule with an important capacity to generate effects in diverse mechanisms of
action of a great variety of cellular models in vitro and in experimental models
in vivo. All these studies reveal the importance of this molecule as a target for
treatment and even prevention of various diseases that currently exist, such as
metabolic, degenerative, cardiovascular, inflammatory, carcinogenic, and neurolog-
ical diseases and even infections by etiological agents such as viruses and bacteria.

Scientific evidence indicates that the main effects they generate in tumor cells,
diseased or infected cells, are related to the chemical and immunological sensitiza-
tion that it causes, activating different signaling pathways and molecular mecha-
nisms that favor the therapeutic response, even activating the cells themselves of the
host to generate the immunological effect. Some of these mechanisms occur through
inflammatory processes, activating cells of innate and adaptive immunity to promote
their maturation and act as effector cells. In addition, it can stimulate the secretion of
pro-inflammatory cytokines, promote apoptosis, activate lipid and carbohydrate
metabolism, and even trigger specific responses through the expression of specific
proteins and the activation of genes.

All these promising effects of resveratrol place this molecule of natural origin as
one of the most promising nutraceuticals for the treatment of various pathologies,
having the advantage that being a molecule of natural origin, its bioavailability in
nature allows it to be easy access for consumption. However, more studies will



always be necessary to further understand the mechanisms on in vivo trials and even
clinical trials of resveratrol, since there are also reports of antagonistic effects of
resveratrol, and this could influence the desired effects in conjunction with physio-
logical conditions of the organisms in which it is evaluated.
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Immunomodulation Impact of Curcumin
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Abstract Curcumin is a phytochemical derived from the bulb of the plant Curcuma
longa and is the major component of turmeric. The herb has been used for thousands
of years in traditional Ayurvedic and Asian medicine, initially to heal wounds but
also to treat diverse conditions. There is a definite need to develop effective,
inexpensive, safe treatments for the millions of patients with chronic diseases,
including cancer, autoimmune diseases, and degenerative conditions such as arthri-
tis. From the current scenario and study of curcumin, it is believed that data from
ongoing and future research will continuously boost researchers to enhance the use
of natural, synthetic, and semi synthetic derivatives of the compound as both a
primary and secondary therapeutic in a variety of disease states. It has also been
reported that curcumin is capable of inhibiting the development of cancer cells
and/or inducing many signaling pathways affecting chronic inflammation, including
nuclear factor kappa beta (NF-κB) and cyclooxygenase-2 enzymes (COX-2).
Curcumin has also shown antiviral and anti-inflammatory effects and to be helpful
for both prevention and treatment of the new coronavirus. However, well-designed
clinical trials are needed to demonstrate the potential efficacy of curcumin against
SARS-CoV-2 infection and its ensuing complications.
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10.1 Introduction

Immune response modulated by using medicinal plants and their products as an
achievable remedial measure has become an accepted curative approach. Since
antiquity, plants and minerals sources have been used for the treatment of many
illnesses and disorders. When the defense mechanism of the host is triggered under
conditions that impede immune acceptance or when a selective immunosuppressive
drug has to be used in certain situations, such as in an autoimmune condition or
organ transplant, has helped to realize that immunomodulation of immune response
can be changed by conventional chemotherapy for a variety of disease conditions.
The homeostatic process is a series of finely balanced complex, multicellular, and
physiologic mechanisms that enable a person to distinguish foreign material from
“self” and being able to neutralize and/or eliminate the foreign matter is called
immunity (Šturdík 2013, Farooqui and Farooqui 2019).

10.2 Immunomodulation

Growth in the field of clinical and experimental immunology has shown that a
number of infectious diseases and disorders emerge because of environmental
situations associated with weakened immune responses. It is noticeable that some
types of stress evoke physiological changes that affect sensitivity to infection and
cancerous state. The capability to adapt the immune response in animals and humans
emerges from a desire to obtain higher protection against infectious material through
an entire understanding of the functioning of the immune system, and of the ways in
which nonspecific and specific immune mechanisms developed. Natural products or
synthetic compounds are able to alter those mechanisms allowing further prospects
for modulation of the immune system. Nutraceuticals are food products that are
known to provide health and medicinal benefits, including the prevention and
treatment of diseases (Keservani et al. 2010; Keservani et al. 2017a, b). Diet has a
major role in modulating the risk of developing a number of diseases. Edible plants,
through dietary compounds, are important in that they contain phytochemicals
which can control biochemical and physiological processes at the cellular level in
human organisms. Among nutraceuticals, preparations of the turmeric rhizome,
species Curcuma longa L., family Zingiberaceae, have been used medicinally and
as spices for millennia in several Asian countries and traditional Chinese medicine to
treat bacterial infections, digestive disorders, inflammation, and burns (Kesharwani
and Misra 2011; Vyas et al. 2010; Kesharwani et al. 2015). Some of the medicinal



properties are associated with curcumin (diferuloylmethane), a major polyphenolic
compound of the rhizome (5–10% of dry weight). Biomedical evaluations of
curcumin and curcuminoids have reported a wide range of molecular and cellular
activities, most related to anti-inflammatory, signal transduction, and redox reac-
tions. It is available in supplemental form for gastrointestinal discomfort as an
antiseptic (Zahedipour et al. 2020; Catanzaro et al. 2018; Scartezzini and Speroni
2000; Mishra et al. 2019; Singh et al. 2016). Turmeric is traditionally used in the
Middle East as a liver protector, a stimulant of bile duct secretion, antiflatulent, and
diuretic, for curing catarrh, for the circulation, antifever, anti-inflammatory, and for
rheumatisms or sprains. Safety assessment studies demonstrate that both curcumin
and turmeric can be used at a very high dose without any toxicity. Curcumin, a safe,
cheap, natural bioactive product of turmeric has shown efficacy against diverse
human ailments and is one of the most broadly considered natural compounds.
However, it is limited by its loss of aqueous solubility and poor bioavailability due
to poor absorption, rapid metabolism, and rapid systemic elimination. To reduce the
above limitations, different nanostructured water soluble delivery systems of
curcumin and curcuminoids were recently developed to increase the solubility and
bioavailability (Boroumand et al. 2018; Upadhyaya et al. 2009; Keservani et al.
2017a, b; Keservani et al. 2018).
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10.3 Chemical Composition of Turmeric

Turmeric (Curcuma longa L.), a tropical herb of the Zingiberaceae family, indige-
nous to southern Asia, is chiefly used in the form of the powdered rhizome, which
has a yellow pigment, and is one of the main natural spices used for centuries in
Indian cuisine. The curcuminoids and volatile oils are the main secondary metabo-
lites of turmeric, and they are mainly responsible for the biological activities of
turmeric powder extracted from rhizomes. Its medicinal properties have been attrib-
uted mainly to the primary compound of this group, that is, curcumin – (1, 7-bis
(4-hydroxy, 3-methoxyphenyl)-1, 6-heptadiene- 3, 5-dione), also called
diferuloylmethane. Curcumin has an equilibrium of equivalent enol forms rather
than a tautomeric keto–enol mixture. Nonetheless, the content of curcumin in
turmeric is approximately 4–5%. Commercially, curcumin has a purity >95% and
contains three major compounds: curcumin (77%), demethoxycurcumin (17%), and
bisdemethoxycurcumin (3%), which are called curcuminoids. Curcumin is hydro-
phobic and based on calculated log P values ranged from 2.56 to 3.29, which
explains the experimental conclusions about lipid membrane affinity, interaction
with hydrophobic territory of proteins, and ability to cross the blood–brain barrier
(Keservani et al. 2011; Rahimi et al. 2019; Kesharwani et al. 2018). Turmeric
(Curcuma longa), also known as “Indian saffron” due to its brilliant yellow color,
is a spice herb, member of the ginger family (Zingiberaceae) native to the Indian
subcontinent and Southeast Asia, and has a more than a two centuries old scientific
history (Cundell and Wilkinson 2014). The worldwide main producer of turmeric is



India, which has been used as an Ayurvedic remedy and flavoring agent since
antiquity (more than 4000 years). Depending on its origin and growth conditions,
turmeric obtained from the ground-dried root contains different percentages of
volatile and non-volatile oils, proteins, fats, minerals, carbohydrates, curcuminoids,
and moisture. Commercially available curcumin is a combination of three molecules,
together called curcuminoids. Curcumin is the most represented (60–70%), followed
by demethoxycurcumin (20–27%), and bisdemethoxycurcumin (10–15%).
Curcuminoids differ in potency, efficacy and stability, with no clear supremacy of
curcumin over the other two compounds or the whole mixture. In addition to
curcuminoids, the other active components of turmeric are monoterpenes,
diterpenes, and triterpenoids. To date, many limitations have been recognized for a
therapeutic use of curcumin: its poor pharmacokinetic/pharmacodynamic properties,
its chemical instability, its low efficacy in different in vitro and in vivo disease
models, its toxic profile under certain experimental settings, and the very recent
suggestion that curcumin may be part of a series of molecules recognized for their
interference with biological assays called pan assay interference compounds
(PAINS) (Sasikumar 2012; Singh et al. 2011).
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Different delivery systems have ways to overcome the pharmaceutical limitations
related to curcumin pharmacokinetics to enhance its therapeutic efficacy and give
new goals for clinical applications of this natural product. Distinct preclinical and
clinical data have indicated the efficacy of curcumin in the blockage and treatment of
various human diseases, including cardiovascular, cancer, metabolic, inflammatory,
neurological, and skin diseases. Among the distinct properties attributed to
curcumin, one of the most studied is the anti-inflammatory profile that may be
helpful in both acute and chronic inflammation. The immunomodulatory capabilities
of curcumin activate from its interaction with several immunomodulators, including
not only cellular components, such as macrophages, dendritic cells and both B and T
lymphocytes, but also molecular components involved in the inflammatory pro-
cesses, such as cytokines and various transcription factors with their downstream
signaling pathways(Ahire et al. 2021; Jayaprakasha et al. 2001; Sasikumar 2012).

10.3.1 Curcumin and the Curcuminoids: Structure–Activity
Relationships and Synthetic Analogs

Among the curcuminoids, diarylheptanoids, consisting of polyphenols in which a
seven-carbon (7C) chain combines together two oxygen substituted aryl rings,
constitute approximately 5% of the dried rhizome. Curcumin is the most predomi-
nant of these molecules, constituting around 77% of the available curcuminoids in
spice preparations, with demethoxycurcumin (DMC) and bisdemethoxycurcumin
(BDMC) at 17% and 3%, respectively, (Fig 10.1) (Amalraj et al. 2017).

As well as the three main curcuminoids from turmeric, distinct curcuminoid
metabolites have also been shown to be active moieties of which tetrahydrocurcumin



(THC) is indicated to give the majority of antioxidant activity to curcumin itself.
Research on THC in animals has also shown it is cardio protective through modi-
fication of cholesterol and low density lipoproteins (LDL) (Fig. 10.2) (Amalraj et al.
2017).
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The comparison of the structure–activity relationships of these curcuminoid
molecules suggest that those with o-methoxy substitutions, such as curcumin, are
more effective as oxygen radicals and antioxidants than those lacking this structure,
e.g., DMC. Furthermore, it was indicated that NF-κB and COX-2 enzyme inhibitory
activity, which is prominent in the THC molecule, is associated with the possession
of an unsaturated ß-diketone in conjugation with the aromatic rings (Shirley et al.
2008).

The comparison of the salient structural features of the curcumin molecule,
namely “a pharmacophore containing one aryl function with 3, 4 substitution, i.e.,
either a methoxylated phenol or catechol” and many natural analogs of the molecule
exist. These include phytochemicals with a single aromatic ring such as caffeic acid,
prominent in echinacea, gingerols from the related species ginger, and eugenols from
clove as well as those with two aromatic rings such as oregonin from oregano.
Computational chemistry studies for the curcumin molecule have suggested that its
optimal structure is a planar molecule. Derivatives of the molecule have then been
successfully obtained by a variety of reaction methods and several of these appear to
have more immunological potency than the original curcumin molecule. Most
originate from the altered assembly of the curcumin molecule using aldehydes and



acetyl acetone rather than modifications of the natural parent curcumin itself, and this
has also yielded new information on the structural features needed for anti-tumor and
anti-inflammatory (NF-κB and COX-2) activity. These grassroots studies are antic-
ipated to ultimately provide more of a guide to the molecules that will be useful in
clinical settings (Karbalaei and Keikha 2019; Kohyama et al. 2015).
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As well as synthetic analogs, many scientists have been designing effective
strategies aimed at improving the bioavailability of the curcumin molecule. First is
the usage of adjuvants such as piperazine, which interfere with enzymes that would
otherwise metabolize the phytochemical. In a small human study, six volunteers
took either curcumin alone or with piperazine for 1 week, and it was found that
piperazine doubled the absorption of the herb. Second, the use of lipid based delivery
systems (nanoparticles) has been demonstrated as a successful way to deliver
curcumin to rat macrophages through the bloodstream, as well as via topical



treatments. Bisht and colleagues were able to synthesize and characterize a
nanoparticular version of curcumin that they term “nanocurcumin. Nanocurcumin
was found to possess similar efficacy as native curcumin at inhibiting NF-κB
activation in pancreatic cell lines. Bisht and colleagues, demonstrated this was also
associated with the ability of both nanocurcumin and curcumin to maintain levels of
the inflammatory interleukins and tumor necrosis factor alpha (TNF-α) (Gupta et al.
2017; Jarouliya et al. 2018; Keservani et al. 2019; Sharma et al. 2018). A third
method to deliver curcumin is via the use of liposomes as delivery systems. Murine
studies by Ruby and colleagues, using liposomes loaded with albumin and
curcuminoids (11–20 mg/ml), have demonstrated that this delivery system resulted
in more curcuminoid bioavailability for lymphoma cells in Ehrlich ascites tumors
than did dimethyl sulfoxide or serum albumin alone. These authors also reported that
the lymphoma cells they used preferentially took up the liposomes compared with
normal B lymphocytes, results indicative of a targeted delivery to tumor cells. A
second study, by Bruzell and colleagues investigated the phototoxicity of liposomes
containing cyclodextrin and curcumin (0.4–13.5 μM) on a salivary gland cell line
(SM 10–12 cells). Bruzell and colleagues observed that the phototoxicity induced by
natural and synthetic curcumin was similar. Significant effects on the cells were seen
after 3 hours of incubation, using concentrations of curcumin below 1 μM and with
low doses of light. From these studies Bruzell and colleagues have suggested that
their liposome preparation is the most efficient delivery method for curcumin
(Sahebkar et al. 2015; Bisoffi and O’neill 2021). Finally, as with other pharmaceu-
ticals such as dolichol and silymarin, phospholipid complexing of curcumin has also
been shown to improve bioavailability. Liu and colleagues administered a
100 mg/kg oral dose of curcumin alone or as a complex with phospholipid to
Sprague-Dawley male rats. The authors observed that the complexed curcumin
was able to maintain maximal plasma levels of the herb of 600 ng/ml 140 mins
after ingestion, whereas for the free curcumin peaks of 267 ng/ml occurred only until
96 mins after oral dosing. Liu and colleagues also observed a 1.5-fold increase in
curcumin half-life for the curcumin phospholipid complex over free curcumin.
Complexes of curcumin with polyethylene glycol (PEG) have also been reported
to enhance the bioavailability of curcumin. In 2005, Anand and colleagues patented
Biocurcurmax® (BCM-95®; Arjuna Natural Extracts Ltd. (Patent No. 200430),
Edayar, India), which is a combination of sesquiterpenoids and curcuminoids from
turmeric that has demonstrated significantly improved bioavailability and blood
half-life compared with curcumin itself. BCM-95® is stated in the patent to be a
“reconstituted turmeric extract standardized with not less than 95% curcuminoids
(“curcuminoid” is a mixture of curcumin, demethoxycurcumin, and
bisdidemethoxycurcumin, wherein curcumin is the major component of the
curcuminoid and comprises about 95% of the curcuminoid, and demethoxycurcumin
and bisdidemethoxycurcumin are minor components of the curcuminoid).” Three
human trials have already been performed using this product, which will be
discussed later in this monograph (Campbell et al. 2018; Surana et al. 2021b;
Singh et al. 2013b).
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10.4 Immunomodulatory Effect

The immune system has an important role in the defense mechanism against
infections. Immunomodulators guide to improve or normalize the immune responses
by impairing or modulating the activity of the immune response, resulting in the
decrease of the inflammatory response (Singh et al. 2015). A number of flavonoids
have significant pharmacological and biochemical activity, influencing the normal
functions of immune cells, such as B and T cells, neutrophils, basophils macro-
phages, and mast cells. Curcumin has been known to downregulate the expression of
several pro-inflammatory cytokines such as TNF, IL-1, IL-2, IL-6, IL-8, IL-12, and
chemokines, most likely through inactivation of the transcription factor NF-κB.
However, at low doses, curcumin can also increase antibody responses, implicating
that curcumin’s favorable effects in curing of chronic diseases such as allergy,
asthma, arthritis, atherosclerosis, heart disease, AD, diabetes, and cancer may be
partially due to modulation of the immune responses (Boroumand et al. 2018).
Curcumin has been established to exert an inhibitory response on the production
of inflammatory cytokines by human monocytes (Mimche et al. 2011; Singh et al.
2013a, b). In an animal model of multiple sclerosis (MS) such as experimental auto
immune encephalomyelitis, curcumin decreases IL-12 production, and signal trans-
ducer and activator of transcription 4 (STAT4) activation. The action of curcumin on
STAT4 activation depends on the stimulus to which the T cells have been exposed.
The molecular mechanisms underlying the targets of curcumin for treating distinct
cancers and inflammation-mediated diseases are diverse and may involve combina-
tions of multiple signaling pathways, including NF-κB and STAT3 signaling
(De Geus and Vervelde 2013). Several preclinical and clinical trials have revealed
immunomodulatory actions of curcumin, which arise from its effects on immune
cells and mediators involved in the immune response (e.g., various T-lymphocyte
subsets and dendritic cells, as well as different inflammatory cytokines), implying
that curcumin can affect different immune cells, warranting that further consider-
ation of curcumin is required as a therapy for immune diseases (Cundell and
Wilkinson 2014). The dried powder of turmeric has the ability to modulate the
antimicrobial peptides, mainly crustin and lysozyme, of the shrimp M. rosenbergii
when boosted with V. alginolyticus. The combination of turmeric extract with
commercial feeds also enhanced the survival rate of shrimp infected with a bacterial
pathogen. The protective action of turmeric in viral infection will be worth pursuing,
and the plant can be used by the shrimp aquaculture industry for shrimp feed
formulation (Hosseinzade et al. 2019; Surana et al. 2021a).

It has also been reported that the antiviral action of curcumin is worth further
investigation to determine the potency of curcumin against the novel SARS-CoV-2
(COVID-19) infection. The ability of curcumin to modulate a broad range of
molecular targets makes it a suitable candidate for the treatment of COVID-19.
Curcumin is involved in modulating cellular signaling pathways such as apoptosis,
RNA replication, and inflammation. Curcumin may also suppress pulmonary edema
and fibrosis associated pathways in COVID-19 infection. Despite the potential



beneficial effects and safety profile of curcumin against various diseases, the limited
bioavailability of this turmeric-derived compound, especially via oral administra-
tion, may be a problematic issue. Several clinical trials have shown that the issue
regarding the bioavailability of curcumin can be mitigated by administering higher
concentrations within non-toxic limits. Since curcumin is known to have strong
inhibitory effects on NF-κB and several pro inflammatory cytokines, it can be
particularly helpful as an adjunct in reversing the fatal cytokine storm that occurs
in serious cases of COVID-19 (Alambra et al. 2012; Kim et al. 2005).
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10.5 Immunomodulation Properties of Curcuma
Derivatives

Curcuma species and their bioactive compounds were much investigated for their
diverse organic and pharmacological activities, such as antioxidant, anti-
inflammatory, anticancer, hepato-protective, antifungal, antihypertensive,
neuroprotective, and immunomodulatory outcomes via in vitro and in vivo research.
The six Curcuma species and their bioactive compounds mentioned in this text were
documented to demonstrate diverse pharmacological activities, mainly via modula-
tion of the immune system. There are in-depth mechanistic studies on the
immunomodulation outcomes of some of those species in the literature (Yuandani
et al. 2021).

10.5.1 Curcuma Longa

10.5.1.1 In Vitro Immunomodulating Effect of C. longa

Of all the Curcuma species investigated, the immunomodulatory consequences of
C. longa have been the most studied. Interestingly, most of the experimental research
studies involving the extracts of C. longa have used in vivo animal models, and there
have been few in vitro studies. The followings are reviews of the few in vitro
research studies that have been done to assess the immunomodulating consequences
of C. longa. C longa fermented with the aid of using Aspergillus oryzae (FCL)
exhibited immunomodulatory consequences in RAW 264.7 cells. The different
extracts of FLC on phagocytic activity, TNF-α, NO formation, NK mobileular
activity, and mRNA expression of LP-BM5 eco displayed the following results:
warm water and 20% ethanol extracts expanded the phagocytic activity; however,
there has been no considerable expansion in NO formation relative to the control
(Yuandani et al. 2021).
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10.5.1.2 In Vivo Immunomodulating Effect of C. longa

Most immunomodulating research has been performed using aqueous and alcoholic
extracts. The ethanol extract of C. longa was stated to suppress immune function,
and behavioral and neuroendocrine changes in a rat persistent slight stress (CMS)
model. The enhancement of cytokine stage (TNF-α and IL-6) activity and NK
mobileular activity inhibition in the CMS-prompted rat splenocytes was reversed
with the aid of 35 mg/kg of C. longa ethanol extract and 7 mg/kg of fluoxetine as a
control. The putative antidepressant properties of the extract had been due to
suppressive results on cytokine biosynthesis. However, the extract accelerated the
IL-6 stage in the nonstress group. There was no sizable distinction compared with
the ones of the everyday group and triggered a mild but not sizable reduction in
TNF-α levels. Although the extract is more suitable for splenic NK mobileular
activity in CMS-treated rats, the NK mobileular activity of nonstressed rats no
longer changed after treatment with C. longa. In another observation, treatment
with C. longa methanol extract with an unmarried dose of 200 mg/kg for 14 days
in mice induced innate and adaptive immunity. The impact of the extract on adaptive
immunity was investigated via immunizing the mice with sheep purple blood cells
(sRBCs) on days 7 and 14, respectively. C. longa was more suitable for the adaptive
immunity with growing leukocyte number, antibody titer, spleen index, and delayed-
type hypersensitive reaction. However, the outcomes of this observation are initial
because more doses of the extract need to be administered to decide a dose–reaction
relationship and the most effective dose for efficacy (Kumolosasi et al. 2018).

10.5.2 Curcuma Zanthorrhiza Roxb

10.5.2.1 In Vitro Immunomodulating Effect of C. zanthorrhiza

C. zanthorrhiza methanol extract has been stated to inhibit ROS technology in a
luminol and lucigenin-enhanced chemiluminescence (CL) assay. C. zanthorrhiza
rhizomes decreased ROS formation from whole human blood in an in vitro study.
Moreover, the extract considerably inhibited the launch of ROS from zymosan-
precipitated PMNs and macrophages. C. zanthorrhiza additionally confirmed strong
inhibition on PMN migration, with an IC50 amount of 2.5 μg/ml. A previous study
stated that the methanol extract of C. zanthorrhiza rhizomes confirmed strong
inhibition at the expression of CD18/11a; meanwhile, the extract has a low effect
on leukocyte phagocytosis. The mRNA levels of IL-1β, NF-κB p65, MMP-2, and
MMP-eight on LPS-induced human gingival fibroblast-1 cells decreased after treat-
ment with crude polysaccharide extract of C. zanthorrhiza. The extract of
C. zanthorrhiza inhibited MAPK/activator protein-1 (AP-1) signaling
pathways. C. zanthorrhiza has been documented to showcase anti-inflammatory
activity in LPS-induced RAW264.7 monocytes and H2O2-treated HT22 hippocam-
pal cells (Nogami et al. 2011; Kim et al. 2018).
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10.5.2.2 In Vivo Immunomodulating Effect of C. zanthorrhiza

Curcuminoid cider, a conventional fermented product made through the addition of
Acetobacter xylinum to curcuminoid extract isolated from C. zanthorrhiza,
decreased the gene expression of IL1β, TNFα, and chemokine in hypercholesterol-
emia rats, according to a study that confirmed the inhibitory activity of curcuminoid
cider and curcuminoid extract from C. zanthorrhiza at the gene expression of CD44,
ICAM-1, iNOS, and LOX-1 in high cholesterol weight-reduction plan rats. Volatile
oil from C. zanthorrhiza increased the lymphocyte proliferation from human male B
blood type. C. zanthorrhiza extract administration reduced inflammatory lympho-
cytes in alcohol-precipitated hepatitis in mice. C. zanthorrhiza ethanol extracts
strongly decreased cytokine gene expression, which consists of TNF-α, IL-6,
IL-1β, and C-reactive protein (CRP) in the liver, adipose tissue, and muscle of
high-fats weight-reduction plan-precipitated overweight mice (Kim et al. 2014;
Mauren and Yanti 2016; Miksusanti 2012).

10.5.3 Curcuma Aeruginosa Roxb

10.5.3.1 In Vitro Immunomodulating of C. aeruginosa

The methanol extract of C. aeruginosa at 106.25 μg/ml confirmed mild inhibition on
CD18/11a expression of phagocytes, which prompted the use of a flow cytometry
method. The extract on the identical concentrations additionally established low
inhibition on phagocytosis of leukocytes. A study on the impact of C. aeruginosa
methanol extract on ROS technology from polymorph nuclear cells (PMNs) and
peritoneal macrophages in human whole blood discovered that the extract possessed
ROS inhibitory action for luminol-induced chemiluminescence (CL). C. aeruginosa
rhizomes inhibited oxidative bursts of PMNs and macrophages, with IC50 values of
1.8 and 4.6 μg/ml, respectively. Interestingly, C. aeruginosa extract additionally
possessed enormous ROS inhibitory action for lucigenin-enhanced CL. However,
C. aeruginosa revealed low inhibition on PMN chemotaxis toward the
chemoattractant, N-formylmethionyl-leucyl-phenylalanine (fMLP), with 49.9%
inhibition (Harun et al. 2015; Jantan et al. 2011).

10.5.3.2 In Vivo Immunomodulating of C. aeruginosa

C. aeruginosa extract, acquired through steam distillation, has been indicated to
boost the number of CD4+ and CD8+ cells. A study investigated if C. aeruginosa
ethanol extract could boost IFN-γ, TNF-α, IL-2, and IL-12 tiers in 7,12-
dimethylbenz [a]anthracene (DMBA)-precipitated Wistar rats. The maximum stim-
ulation on cytokines launch was proven after treatment with the ethanol extract of
C. aeruginosa at a dose of 80 mg/200 g frame weight. The aqueous extract of



C. aeruginosa in aggregate with Piper retrofractum and Curcuma zanthorrhiza
supplemented in fish fed on the concentrations of 0.5, 1, and 1.5%, respectively,
presented better nonspecific immunity of Epinephelus fuscoguttatus. The addition of
C. aeruginosa extract precipitated enormous distinction in the general leukocyte
matter of Epinephelus fuscoguttatus after being inflamed through Vibrio
alginolyticus and V. parahaemolyticus at some stage in 15 days of
observation. C. aeruginosa treatment multiplied the entire leukocyte expect day
four and day eight. Moreover, C. aeruginosa at awareness of 1% confirmed the
most powerful stimulation on phagocytosis action, which became known on day
eight. In vitro and in vivo immunomodulating research on C. aeruginosa has been
done on their crude aqueous and ethanol extracts. The bioactive metabolites con-
tributing to the modulating results have not been identified. It is essential to
chemically signify the extract to determine the bioactive compounds contributing
to the immunomodulatory properties and mechanistic research to achieve the plant
efficiency and results for the immune-associated disorders (Jantan et al. 2011;
Yuandani et al. 2021; Subagiyo et al. 2019).
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10.5.4 Curcuma Zedoaria (Christm.) Roscoe

10.5.4.1 In Vitro Immunomodulating Effect of C. zedoaria

C. zedoaria (Christm.) Roscoe rhizome extract has been mentioned to inhibit NO
formation from LPS-induced RAW264.7 cells. It has additionally been shown to
lessen iNOS and COX-2 expressions. In another study, C. zedoaria prevented
ß-hexosaminidase launch in RBL-2H3 cells and confirmed passive cutaneous ana-
phylaxis response in mice. ß-Hexosaminidase is a marker of antigen-IgE-mediated
degranulation. Essential oil from C. zedoaria reduced TNF-α launch from
L. monocytogenes and S. aureus-induced RAW264.7 cells. The polysaccharide
fraction of C. zedoaria rhizome improved phagocytosis activity and splenocyte
proliferation. It additionally induced the number one and secondary titers as well
as a delayed-type hypersensitive reaction (Faradilla and Iwo 2014; Lobo et al. 2009).

10.5.4.2 In Vivo Immunomodulating Effect of C. zedoaria

The impact of C. zedoaria extract on tumor development and peripheral blood cells
in C57Bl/6 J mice injected with B16F10 murine cancer cells helped determine the
distinct routes of administration. A reduction in peritoneal mobileular range and a
big boost in general red and white blood mobileular counts has been observed. Oral
administration of the extract showed a noteworthy boost in the general leukocyte
count. C. zedoaria has additionally been mentioned to stimulate immune reactions in
fish. Supplemented diets with C. zedoaria improved the phagocytic reduction and
lysosome activity in Epinephelus coioedes fish. C. zedoaria boosted reactive oxygen



formation, determined the use of distinct methods, NBT check, and chemilumines-
cent assay (Nan et al. 2015).

10 Immunomodulation Impact of Curcumin and Its Derivative as a Natural Ingredient 265

10.5.5 Curcuma Mangga Valeton & Zijp

10.5.5.1 In Vitro Immunomodulating Effect of C. mangga

A study investigated in vitro NO inhibition action of C. mangga, which may
contribute to its anti-inflammatory effect (Liu and Nair 2011). Furthermore,
C. mangga rhizome extract and its chloroform, hexane, and ethyl acetate fractions
decreased NO formation from LPS-induced RAW 264.7 cells. Among the fractions,
the chloroform fraction confirmed the very best NO inhibition, followed by hexane,
and ethyl acetate fractions. A study investigating the methanol extract of C. mangga
rhizomes on whole blood confirmed that the extract exhibited inhibitory action upon
activation with zymosan. C. mangga rhizome extract possessed excessive ROS
inhibitory action in PMNs and peritoneal macrophages as investigated in a
luminol-enhanced CL assay. The extract also inhibited the discharge of ROS from
PMNs and macrophages in a lucigenin-based CL assay, with IC50 values of 0.9 and
6.6 μg/ml, respectively (Jantan et al. 2011).

10.5.5.2 In Vivo Immunomodulating Effect of C. mangga

C. mangga Valeton & Zijp rhizome ethanol extract, its different natural fractions
(hexane, chloroform, and ethyl acetate), and aqueous fraction have confirmed
considerable anti-inflammatory and analgesic activity in mice and inflammatory
activity using croton oil-induced mouse ear edema and carrageenan-induced rat
paw edema. The plant extract and its fractions at 200 mg/kg demonstrated analgesic
action using a decreased range of movement and also produced antinociception
using a warm plate and formalin test. At 200 mg/kg, the hexane and chloroform
fractions significantly extended the latency time; however, ethyl acetate and aqueous
fractions were then no longer active. In addition, the ethanol extract of C. mangga
rhizome and its fractions displayed a reduction of paw and ear edema in rats
(Ruangsang et al. 2010). A study suggested that the n-hexane, ethyl acetate, and
ethanol extracts of C. mangga rhizomes at the doses of 100, 200, and 400 mg/kg
accelerated the carbon clearance rate, indicating the enhancement of carbon engulf-
ment using cells in the reticuloendothelial system of mice, thus stimulating the
phagocytosis action in mice (Yuliasmi et al. 2019).
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10.5.6 Curcuma Amada Roxb

The ethanol, petroleum ether, chloroform, and acetone extracts of C. amada improve
the phagocytosis activity of PMNs. The ethanol extract at a dose of 3 mg/ml
confirmed the best stimulation on percent of phagocytosis. A further look at late
allergic reaction toward sRBCs confirmed that the ethanol extract of C. amada
accelerated the paw volume. Moreover, the ethanol extract at the doses of
100, 200, and 400 mg/kg improve the antibody titer dose-dependently (Karchuli
and Pradhan n.d.). Supercritical carbon dioxide (CO2) extract from C. amada rhi-
zomes has the potential for use for the treatment of immune ailments such as
autoimmune diseases. Specifically, the extract may be used to treat or prevent
allergic reaction diseases, especially IgE mediated allergies in addition to autoim-
mune disorders (Weidner et al. 2001).

10.6 Conclusion

Curcumin is a biologically active product of turmeric, and it is known to show strong
antioxidant, immunomodulatory, anti-inflammatory, anti-exitotoxic, anti-apoptotic
actions, and cognitive-enhancing properties. Many of the above reported actions of
curcumin may not be seen in target tissues in vivo with oral dosing. In spite of our
statement about its poor oral bioavailability, curcumin has some known
neuroprotective activity, and many of these may be realized later in vivo. Accumu-
lating cell culture and animal model data advise that dietary curcumin is a potential
molecule or compounds for utilization in the prevention or treatment of major
age-related neurodegenerative diseases such as AD and PD. Therefore, more com-
prehensive and well-controlled clinical trials are required to check its bio-efficacy for
treating neurodegenerative diseases in humans.
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Chapter 11
Colchicine and Andrographolide as Natural
Immunomodulators

S. Yasri and V. Wiwanitkit

Abstract Conceptually, a promotion of appropriate immune reaction to foreign
body will help in the management of the medical disorder. The immunomodulating
management is a specific approach. It is the use of other substances for modifying the
immunological process. The immunomodulator is a specific agent that has main
action in modifying of immunological reaction. This modulating process is helpful
for managing immune-related disorder. There are many immunomodulatory agents.
The examples of immunomodulating agents are methotrexate, alisporivir,
tocilizumab, chloroquine, anakinra, steroid, colchicine, and andrographolide. Of
the many immunomodulating substances, some are also naturally available. In this
chapter, the authors summarize and discuss on some important natural immunomod-
ulators. The summarization on colchicine and andrographolide as a natural immu-
nomodulator is done. At present, both colchicine and andrographolide are well-
known biochemies that are widely used in clinical practice. The immunomodulating
role of both biosubstances is interesting. The immunomodulation effect of both
biosubstances is already proposed in managing many medical disorders. The good
examples are the application of colchicine and andrographolide in management of
malignancies and infectious diseases. The applied usage of colchicine and
andrographolide is an extraordinary use apart from its classic indication. The studies
on the specific issues on immunomodulating action of both colchicine and
andrographolide are interesting and should be performed for getting useful data for
further application in the field of immunotherapy.
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11.1 Introduction

Immunity is an important thing for homeostasis. The good immune system is
required for maintenance of normal human health. The disorder of immunity is a
common problem in clinical medicine. There are many possible medical disorders
due to malfunction of the immune system. Physiologically, immune system is an
important system that plays important role in defense against foreign bodies. When
there is an invasion of foreign bodies, human body will create a defensive reaction.
Of several defenses, immunoreaction is an important biological process. If there is an
abnormality in immune reaction, there might be a possible medical problem.

Generally, there are many medical problems that are the results of the defect of
immunity. The examples are inflammation, infection, malignancy, hypersensitivity,
etc. There are many forms of abnormality of immune system. An appropriate
function of immune system due to the disorder can lead to abnormal clinical
presentation. Physically, an appropriate immunoactivity is required. A too much or
a too little immune reactivities are considered important problems in medicine. The
poor immune status or immune impairment or immunodefect can result in many
clinical problems. The medical disorders in the group of immunodeficiency include
immunodeficiency virus infection, opportunistic infection, and malignancy. On the
other hand, a too much immune activity can also result in an unwanted clinical
presentation. Hypersensitivity is the good example of inappropriate excessive
immune response causing medical problems.

Based on clinical epidemiological concept, the triad of host, foreign body, and
environment play a role in immune reaction process. The triad must exist at the same
time and same place. When interrelationship among triad occurs, the immunological
process will start. When a foreign body enters into human body, a defensive reaction
will be triggered. The defensive mechanism plays its important function for
counteracting the invader (Furman and Davis 2015). Immunological system is an
important part of defensive mechanism in human body. Ideally, if there is a strong
appropriate immunological system of the host, the clearance of any possible results
from alien foreign bodies is expected. This concept is applicable for management of
a disease. The clinical immunologist mainly focuses on the immune mechanism. The
specific study to understand the exact immunological pathway that host responded to
the different foreign bodies is useful. The studies can provide scientific data for
further searching for proper diagnosis and treatment of the medical disorders. The
knowledge on immunopathogenesis can help explain the pathobiology of the dis-
ease. For management of the medical problem, the immune system is an important
target since immune system has its main function in counteracting with alien foreign
bodies. Basically, a promotion of appropriate immune reaction to foreign body is a
way for managing the medical disorder. An immune system is manipulation of the
current concept of immunotherapy (Fig. 11.1).

For management of the disease, a promotion of appropriate immune reaction to
foreign body can help managing the medical problem. To specifically manipulate on
immune system is the core immunotherapeutic concept. There are many ways for



immunotherapy such as vaccine therapy, immunoglobulin therapy, and
immunomodulation. To achieve a successful immunotherapeutic outcome, the
basic requirements include (a) effective immunotherapeutic agent, (b) safe immu-
notherapeutic agent, (c) sufficient immunotherapeutic agent, (d) good immunother-
apeutic agent administration, and (e) good biotransportation and biodistribution of
the agent (Tiligada et al. 2015). As already mentioned, the immunotherapy is a new
therapeutic approach for management of several medial diseases such as infectious
diseases and cancers. The immunopharmacology regarding the immunotherapy for
treatment is interesting and will be further mentioned. To provide a good immuno-
therapy, the knowledge on both immunopathogenesis and immunopharmacology are
necessary. In immunopharmacology, the necessary knowledge include principles of
immunopharmaceutic, immunopharmacostatic, and immunopharmacodynamic
(Tiligada et al. 2015). At present, there are many new immunological treatments
proposed for management of the infection. The specific researches on this area are
necessary.
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Fig. 11.1 Epidemiological triad, immunological reaction, and immune-related disorder

As earlier mentioned, there are many forms of immunotherapy at present. The
good examples are vaccinotherapy, immunoglobulin therapy, and
immunomodulation. Immunoglobulin therapy is classified as a passive immunother-
apy, whereas vaccinotherapy is classified as an active immunotherapy. The
immunomodulation is another specific group. Immunomodulation makes use of
other substances for modifying the immunological process. The immunomodulator
is a specific agent that has main action in modifying of immunological reaction. This
modulating process is helpful for managing of immune-related disorder. There are
many immunomodulatory agents. The examples of immunomodulating agents are
methotrexate, alisporivir, tocilizumab, chloroquine, anakinra, steroid, colchicine,
and andrographolide. Of many immunomodulating substances, some are also natu-
rally available (Table 11.1).

The natural immunomodulating substance is a specific natural substance that has
the ability for immunological modification. The natural immunomodulating sub-
stance is considered as a natural product. Hence, it is concordant with present



concept of promotion of natural product use and green technology. As a natural
product, natural immunomodulating substance is usually available from natural
sources, especially for plants. The natural product can reduce the problematic
hazardous substance from chemical synthesis process. Therefore, it is within the
scope of natural medicine, which is a contemporary concept for managing medical
problem. In fact, phytomedicine is classical concept in alternative medicine. Several
herbs have been used for many centuries, and the rooted local wisdom is an actual
hidden gem in medicine. The natural immunomodulating substance will be a useful
tool for immunotherapy if there is a good systematic evaluation of it property.
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Table. 11.1 Examples of immunomodulatory agents for immunotherapy

Diseases Examples

1. Non-natural immunomodulator
2. Natural immunomodulator

Methotrexate, alisporivir, tocilizumab, chloroquine, anakinra
Colchicine, andrographolide, beta-glucan

In this chapter, the authors summarize and discuss on some important natural
immunomodulating agents. The authors hereby summarize on colchicine and
andrographolide as a natural immunomodulaton. At present, both biosubstances
are well-known biochemies that are widely used in clinical practice. The
immunomodulating role of these biosubstances is interesting. The
immunomodulation effect of the two biosubstances is already proposed in managing
many medical disorders. The good examples are the application of colchicine and
andrographolide in management of cancers and infections.

11.2 Natural Immunomodulator

As already mentioned, immunomodulation is an important kind of immunotherapy.
Conceptually, immunomodulation therapy uses the modifying of the existed
immune system for management of the disease. The modification might be a
stimulant or suppression. Also, it might be an induction for a new alternative
pathway. The use of substance that can affect the existing immunological process
is the main practice. For immunomodulation therapy, the immunomodulating sub-
stance plays important key function in treatment. There are many kinds of
immunomodulating substances. The natural immunomodulating substance is an
important group.

A natural immunomodulating substance is derived from natural source. It is a
kind of natural product. In fact, numerous substances existed in nature, and some are
medically beneficial (Bratman et al. 2019; Franco et al. 2017). Therefore, it is a basic
concept in natural medicine on use of natural product for management of a medical
disorder (Falzon and Balabanova 2017). In fact, there is a long history of natural
product use for management of medical disorder. It is the basic principle of many
alternative medicine systems (such as Chinese medicine and Ayurveda). Many



natural products are available from plants or animals and have been used for
alternative medicine treatment. It is confirmed that herbal medicine is a useful classic
wisdom for management of disease. Many new modern drugs are derived from well-
known herbs. The good examples are artemisinin, an effective antimalarial drug (Lee
2007). It is no doubt that there are many present ongoing researches to find active
components in classic herb for new drug search. Many herbs have their direct or
indirect effects on immune system. Many herbs give the biological components that
can be further used as immunomodulating substances.
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To find a new herb-derived immunomodulating substance is very interesting.
This might follow the standard guidelines for new drug search (Jiang et al. 2020;
Leonti and Casu 2018). Briefly, it is necessary to gather the discrete hidden data on
classic herbs. This might be by literature search on alternative medicine documents.
Sometimes, it might require an in-depth field study to explore hidden alternative
medicine practice within the community. The researcher has to follow the
ethnopharmacological approach to get the data on ethnopharmacological herbs.
Also, the manipulation of the herbal plant must base on the principles of medical
botany. The horticultural studies might also be needed for getting a pure sample of
herb for further studies. It should be noted that the active ingredient might be
available from any parts of the plant such as stem, bark, leaf, flower, or root. The
environmental contamination is possible.

The environmental contamination might be an important confounding factor for
verification; the active components of the herbal plant are well controllable by a
standard controlled horticulture.

When data are collected, a systematic arrangement for further analysis is required.
The analysis might be by component analysis. The herbal sample collection might be
done for further laboratory component analysis. Sometimes, the pharmaco-
informatics might be applied for comparative analysis Oprea et al. 2012; Tanaka
2005). The comparison on the available database of active ingredients within plants
might be done and can reduce required time for ingredient identification of the
collected samples. After getting the data on active ingredient, it can further be
considered for possible pharmacological usefulness. If it is evidenced that there is
a possible pharmacological useful component, the herb might be further studied for
extraction of active ingredient. If the active ingredients can be extracted and further
purified, a further pharmaceutical process can be started. When a formulated form of
active ingredients is successfully prepared, it has to pass further standard clinical trial
before it can be finalized for clinical usage. The mentioned process is a strict
requirement for scientific verification on the efficacy and safety of the new medical
natural product (Singh et al. 2012). Without standardization and quality control,
there might be a question on the quality and safety of the new natural product for
clinical use.

Many new drugs passed the mentioned process and are already in use. Many
drugs from natural source have its immunological modification property. This is an
interesting issue for modern immunotherapy. Briefly, natural substances have immu-
nological modification properties, and if those substances are well studied and
developed as new drugs, it will be very useful. The natural-derived



immunomodulating agent can promote the local research and local pharmaceutical
system. In fact, many countries with their own alternative medicine system can
develop new drugs including immunomodulating agents from local herbs. For
example, China can successfully prepare many new drugs from classic Chinese
herbs. The good examples are drugs made from ginseng (Shergis et al. 2013a, b) and
ganoderma (Cao et al. 2018; Pan and Lin 2019; Sanodiya et al. 2009). This is a way
to promote local wisdom and local pharmaceutic system. This can result in a cost-
effective pharmaceutical management.
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11.3 What Are Colchicine and Andrographolide?

As already mentioned, there are many biosubstances that might be used in immu-
notherapy. The application of immunotherapeutic agent is a new issue in clinical
medicine. The use of immunotherapy to manage disease is a very interesting clinical
issue. The data on this specific is little mentioned. Of several agents, the two
important agents, colchicine and andrographolide, are widely mentioned as a natural
immunomodulator. Here, the authors will summarize the important information on
both substances.

11.3.1 Colchicine

Colchicine is an anti-inflammatory agent that is widely used in clinical practice for
management of gout. This biosubstance that has been used for the treatment of
various medical problems for many years. Examples of medical problem that might
be managed by colchicine include gout, familial Mediterranean fever, atrial fibrilla-
tion pericarditis, chronic urticaria, cutaneous vasculitis, and psoriasis (Alkadi et al.
2018; Robinson and Chan 2018). Chemically, colchicine is a tricyclic, lipid-soluble
alkaloid (Angelidis et al. 2018). Colchicine is an alkaloid extracted from natural
source. Naturally, it is detected in the Colchicum autumnale plant. Colchicum
autumnale has its common name as autumn crocus, meadow saffron, or naked ladies
(Hermanns-Clausen et al. 2006). This plant is a toxic autumn-blooming flowering
plant (Hermanns-Clausen et al. 2006). It has leaves up to 25 cm (10 in) long. Its
flowers are solitary, about 5 cm, with six tepals and six stamens with orange anthers
and three white styles (Hermanns-Clausen et al. 2006). Its health effects have been
recognized for many centuries (Tsoucalas et al. 2018).

Regarding its alkaloids and colchicine, it was firstly isolated from colchicum
autumnale in the nineteenth century (Karamanou et al. 2018). The molecular chem-
ical formula of colchicine is C22H25NO6. This biosubstance consists of three rings
(Alkadi et al. 2018). The plant source is the Lily family Colchicum autumnale,
sometimes, or “autumn crocus” (Angelidis et al. 2018). Colchicine is predominantly
metabolized in the gastrointestinal tract (Angelidis et al. 2018). Two proteins,



P-glycoprotein (P-gp) and CYP3A4, are main determinants for colchicine pharma-
cokinetic (Angelidis et al. 2018). Usefulness of colchicine is impaired by the impact
of underlying comorbidities and drug interactions that can modify its pharmacoki-
netics and pharmacodynamics (Pascart and Richette 2018). The clinical use of
colchicine may be limited by concerns over its unwanted adverse effects and the
potential for toxicity (Robinson and Chan 2018). There are researches with structural
modification of colchicine in order to increase their pharmacological effectiveness
and reduce the side effects of toxicity arising from this substance (Alkadi et al.
2018). In clinical practice, colchicine is a widely used anti-inflammatory agent. This
specific drug is used for the treatment of several rheumatological conditions, espe-
cially for gouty arthritis (Indraratna et al. 2018). Gout is a specific metabolic disorder
that there is an abnormality of the nucleic acid biopathway (Akram et al. 2014; Desai
et al. 2017; Sunkureddi 2011; Wilson and Saseen 2016; Yamanouchi 2003). The
clinical presentations of gouty arthritis include hyperuricemia and arthritis (Akram
et al. 2014; Desai et al. 2017; Sunkureddi 2011; Wilson and Saseen 2016;
Yamanouchi 2003). In a severe case, it might cause renal problem. In gout therapy,
colchicine action is blocking polymerization of tubulin that further results in
preventing the activation of the inflammasome (Slobodnick et al. 2015). The primary
mechanism of action of colchicine is tubulin disruption that further results in
downregulation of multiple inflammatory pathways. This is the process of modula-
tion of innate immunity (Leung et al. 2015). Colchicine also has various inhibitory
effects on macrophages including the inflammasome, inhibition of pore formation
activated by purinergic receptors P2X7 and P2X2, inhibition of the NACHT-
LRRPYD-containing protein 3 (NALP3), and promotion of dendritic cell maturation
and antigen presentation (Leung et al. 2015). Additionally, colchicine also has
antifibrotic properties and endothelial functional regulatory effect (Leung et al.
2015).
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Since microtubule polymerization affects a variety of cellular processes including
maintenance of shape, signaling, division, migration, and cellular transport, colchi-
cine has effects on microtubule polymerization; hence, it can result in change of
cellular mechanisms (Angelidis et al. 2018). In brief, c colchicine interferes with
several inflammatory pathways including adhesion and neutrophil induction,
inflammasome activation, superoxide production, the RhoA/Rho effector kinase
(ROCK) pathway and the tumor necrosis factor alpha (TNF-α)-induced nuclear
factor κΒ (NF-κΒ) pathway (Angelidis et al. 2018). The mentioned change results
in a direct effect on the inflammatory response (Angelidis et al. 2018). The efficacy
of colchicine for the treatment of gout is confirmed from many randomized-
controlled trials. The use of colchicine must be with a high cautions. In pregnant
women, colchicine therapy did not cause fetal malformations or miscarriage when
taken during pregnancy (Indraratna et al. 2018). Colchicine therapy should not be
withheld in obstetric case (Indraratna et al. 2018). Additionally, Indraratna et al.
(2018) found that the incidence of miscarriage was significantly lower in women
who received colchicine therapy compared with those that did not.

The toxicity of colchicine is interesting. This drug has a narrow therapeutic index,
with no clear-cut distinction between nontoxic, toxic, and lethal doses. This nature



results in a substantial confusion among clinicians. The commonest side effects of
colchicine are nausea, vomiting, and, particularly, diarrhea (Angelidis et al. 2018).
The side effect is usually dose related, and it can occur in one-tenth of the patient
receiving colchicine (Angelidis et al. 2018). Toxicity of colchicine is also important
problem in clinical practice. Although colchicine poisoning is sometimes inten-
tional; unintentional toxicity is not rare (Babu et al. 2012). The colchicine’s toxicity
resulted from excessive action – binding to tubulin and disrupting the microtubular
network (Finkelstein et al. 2010). If the poisoning occurs, it is usually associated
with a poor clinical outcome (Finkelstein et al. 2010). Impaired glomerular filtration
rate also increases risk of colchicine toxicity (Solak and Sipahi 2016). Colchicine
also has an interaction with many drugs including clarithromycin, erythromycin,
ketoconazole, and ciclosporin (Finkelstein et al. 2010). It also has interaction with
natural grapefruit juice (Finkelstein et al. 2010). If drug-drug interaction occurs,
increased colchicine concentrations might occur (Finkelstein et al. 2010).
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11.3.2 Andrographolide

Andrographolide is a natural compound extracted from Andrographis paniculata
(Lu et al. 2019). Andrographis paniculata is a kind of plant. Its general name is creat
or green chiretta. The plant has a height of 30 to 110 cm and is well grown in moist
and shady places (Akbar 2011; Hossain et al. 2014). The stem color is dark green
(Akbar 2011; Hossain et al. 2014). It is square in cross-section and has longitudinal
furrows and wings along the angles (Akbar 2011; Hossain et al. 2014). The lance-
shaped leaves have hairless blades. It has small pink solitary flowers. Its fruit is a
capsule around 2 cm containing many yellow-brown seeds (Akbar 2011; Hossain
et al. 2014). Andrographolide was successfully isolated from the herbal plant as a
major bioactive in 1951 (Tan et al. 2017). The plant source is a well-known
traditional herb that has been used in ancient Asia for a very long time (Dai et al.
2019). This herbal plant is indicated for management of many medical problems
such as malignancy, rheumatoid arthritis, diarrhea, and upper respiratory tract
infection (Lu et al. 2019). The part of the herbal plant that has high andrographolide
content is its leaf. The pharmacological mechanisms of action of andrographolide
include antioxidative stress, anti-inflammation, antiapoptosis, and proapoptosis
(Lu et al. 2019). Therefore, andrographolide has a wide range of biological activities
such as antioxidant, anti-inflammatory, and anticancer properties (Gupta et al. 2017;
Mussard et al. 2019). Additionally, andrographolide is also proposed for its
antibacterial, antimalarial, anti-hepatitis, anti-HIV, anti-atherosclerosis,
hepatoprotective, and α-glucosidase inhibition properties (Kandanur et al. 2019).
Andrographolide expresses immunomodulatory effects. The immunomodulation is
by effectively enhancing natural killer (NK) cells, cytotoxic T cells, phagocytosis,
and antibody-dependent cell-mediated cytotoxicity (ADCC) (Mussard et al. 2019).
Andrographolide also has activities on cell cycle arrest, necrosis, and autophagy and
poses anti-angiogenic activity (Islam et al. 2018). Regarding the effect on



immunological system, inhibition of NF-κB activity is the prevailing anti-
inflammatory mechanism of andrographolide (Tan et al. 2017) Nrf2 activation is
also observed (Tan et al. 2017). Andrographolide and its analogs can provide anti-
inflammatory benefits in inflammatory disease models. There are also some clinical
trials conducted using andrographolide in fixed combination formulation. In those
studies, anti-inflammatory property is reported (Tan et al. 2017). Therefore, it is the
main focus for further research and development (Dai et al. 2019). Since the 1980s,
andrographolide and its analogs have been focused on new anti-inflammatory drug
search, and it is believed that the new drugs developed based on andrographolide
will be a new useful anti-inflammatory agent (Tan et al. 2017; Zhang et al. 2020).
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11.4 Colchicine and Andrographolide as Natural
Immunomodulators

11.4.1 Colchicine as a Natural Immunomodulator

As already mentioned, colchicine poses the anti-inflammatory and immunomodula-
tory property. The application in immunotherapy is a very interesting issue. Colchi-
cine is proposed for its role in immunomodification in many diseases. Regarding
infectious disease, colchicine is widely studied for its efficacy in many infections. Of
several infections, the role of colchicine in managing human immunodeficiency
virus (HIV) should be mentioned. At present, HIV infection is the most common
immune disorder. This disease results from a retrovirus infection. The impairment of
lymphocyte function is observed, and it can lead to clinical problem. Opportunistic
infection and opportunistic malignancy might occur in HIV-infected patient due to
immune status. To manage HIV-infected patient, the adjustment of immunity is an
important concept. It is questionable whether immunomodulatory effect of colchi-
cine can help immune adjust in HIV cases. There are many new attempts for new
drug design for managing HIV infection, and colchicine derivatives are under
research and development (Worachartcheewan et al. 2019). Tatematsu et al.
(1991) reported on inhibitory effects of colchicine derivatives on HIV replication
in H9 lymphocyte cells. Tatematsu et al. (1991) found that colchicine derivatives
might be useful for managing HIV infection. Zhang et al. (2011) performed an
animal study and found that an unpolarized release of and HIV antigen by colchicine
treatment could enhance intranasal HIV antigen expression and mucosal humoral
responses. Zhang et al. (2011) noted that this is an important clue for HIV vaccine
development. Nevertheless, some reports also present data that do not support the
usefulness of colchicine in HIV infection management. Yoder et al. (2011) reported
that although colchicine could disrupt microtubule integrity, almost no inhibition of
HIV-1 infection was observed. Yoder et al. (2011) gave a conclusion against the use
of colchicine for managing HIV infection.
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Table 11.2 Examples of using colchicine for cancer therapy

Authors Details

Bhattacharya et al.
(2016)

Bhattacharya et al. (2016) reported that colchicine could induce autophagy
and senescence in lung cancer cells at clinically admissible concentration.
Bhattacharya et al. (2016) proposed for a potential use of colchicine in
combination with autophagy inhibitor in cancer therapy

Cho et al. (2017) Cho et al. (2017) studied on anticancer effects of colchicine on
hypopharyngeal cancer. Cho et al. (2017) concluded that colchicine might
be a useful additional agent for cancer treatment

Kumar et al. (2016) Kumar et al. (2016) found that a colchicine analogue could trigger apo-
ptosis and autophagy in HCT-116 colon cancer cells

Kuo et al. (2015) Kuo et al. (2015) found that colchicine could reduce incident cancer in gout
male patients

Lin et al. (2013) Lin et al. (2013) studied on anticancer mechanisms of clinically acceptable
colchicine concentrations on hepatocellular carcinoma

Lin et al. (2016) Lin et al. (2016) studied on anticancer effects of clinically acceptable
colchicine concentrations on human gastric cancer cell lines

Sun et al. (2016) Sun et al. (2016) studied on proliferation inhibition and apoptosis pro-
cesses of breast cancer MCF-7 cells under the influence of colchicine

Another interesting application is the proposed usefulness for management of
coronavirus disease 2019 (COVID-19). COVID-19 is a new emerging coronavirus
infection that can induce a severe respiratory viral syndrome (Vieira et al. 2020).
This new viral respiratory infection causes pandemic in 2020. Many millions of
world populations already get COVID-19. The immunopathological process in
COVID-19 can lead to severe clinical presentation. The patient might have severe
pneumonia and other lung complications (Liang et al. 2020). Abnormal immune
responses in COVID-19 can result in immunopathological inflammatory disorder.
The use of colchicine for managing abnormal immune response in COVID-19 is
interesting. Mansouri et al. (2020) concluded that colchicine was a safe, inexpensive,
and oral medication for the treatment of mild-to-moderate COVID-19.

Focusing on cancer therapy, the immunomodulatory effect of colchicine is widely
studied, and it is a possible new application of the classic drug (Dasgeb et al. 2018)
(Table 11.2). At present, there are many novel colchicine derivatives that are
proposed for their useful anticancer activity (Johnson et al. 2017). It seems that
there are many in vitro reports showing possible advantages of colchicine in cancer
therapy. Since there is still no complete clinical trials in human subjects, it is difficult
to conclude on the advantage of the colchicine. Further researches are required.

Colchicine is usually for managing not only immune defect problem but also
hypersensitivity problem. The colchicine use for managing reactive vasculitis is
another interesting application. Colchicine is useful for managing nodular vasculitis,
a chronic relapsing lobular panniculitis that is believed to be a hypersensitivity
reaction to antigenic triggers (Gilchrist and Patterson 2010; Wee and Kelly 2017).
The main indication for using colchicine for managing cutaneous vasculitis is mild
recurrent or persistent disease (Chen and Carlson 2008). At present, colchicine
becomes a widely used immunological dermatologic therapeutic agent (Robinson



and Chan 2018, b). In addition to cutaneous vasculitis, colchicine is also useful for
managing visceral problem (Cocco et al. 2010). The management of pericarditis is a
good example. Colchicine is a recommended drug for management of immune-
related recurrent pericarditis (Imazio et al. 2016; Imazio et al. 2017). Morel et al.
(2015) reported an observational study on patients with systematic lupus
erythematosus. Morel et al. (2015) found that colchicine was safe and effective in
treating lupus pericarditis and proposed that colchicine might be used as a steroids-
sparing agent.
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11.4.2 Andrographolide as a Natural Immunomodulator

Andrographolide is proposed for its role in immunomodification in many diseases.
Regarding infectious disease, andrographolide is widely studied for its efficacy in
many infections. Dengue is a good example that is widely studied. In general dengue
is a mosquito-borne infection. This disease is an acute febrile illness and usually
presents with a clinical triad, hemoconcentration, atypical lymphocytosis, and
thrombocytopenia (Wiwanitkit 2010). The disease is endemic in tropical country,
and it is still an important public health problem in many countries. For treatment of
dengue, the fluid replacement therapy is the main management. For immunotherapy,
it is an interesting concept. Panraksa et al. (2017) studied on activity of
andrographolide against dengue virus. Panraksa et al. (2017) found that
andrographolide had expressed a significant anti-dengue virus activity in both cell
lines. Andrographolide could reduce both the levels of cellular infection and virus
output (Panraksa et al. 2017). Similar observations are also reported in other studies
by different investigators (Edwin et al. 2016; Paemanee et al. 2019). Apart from
dengue virus, the inhibitory effects of Andrographolide on other virus infection such
as hepatitis B virus are also reported (Mehrotra et al. 1990). Focusing on malaria,
another important tropical mosquito-borne infection, there are also reports on clin-
ical advantages of andrographolide. Zaid et al. (2015) found that andrographolide
could effect on both Plasmodium falciparum-infected erythrocyte. Zaid et al. (2015)
proposed that this observation might or might not associate with pathogenic parasite
cellular invasion.

An interesting use of Andrographolide is for management of HIV infection.
Andrographolide and its derivatives are tested for anti-HIV properties (Reddy
et al. 2005). Indeed, HIV infection is a well-known immunodeficiency disorder.
Since andrographolide has immunomodulatory effect, it might be useful for manag-
ing the HIV-infected patients. There are few reports on this specific issue. Uttekar
et al. (2012) studied on anti-HIV activity of semisynthetic derivatives of
andrographolide and concluded that andrographolide and its derivatives, 6 and
9, could inhibit gp120-mediated cell fusion. Additional molecular analysis showed
that the tested molecules reacted by binding to the residues of V3 loop of gp120
(Uttekar et al. 2012). In another clinical trial by Calabrese et al. (2000),
andrographolide showed inhibitory effect on HIV-induced cell cycle dysregulation,



and this could result in a rise in CD4(+) lymphocyte levels in HIV-1-infected
individuals.
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Another interesting application is used for management of COVID-19. COVID-
19 is caused by a new viral pathogen namely SARS-CoV2. The disease can result in
a respiratory viral syndrome (Vieira et al. 2020). This new viral respiratory infection
is an important global public health threat. After its first report from China, it already
spreads to more than 200 countries around the world. More than 22 million of world
populations already get COVID-19. The immunopathological process in COVID-19
can lead to severe clinical presentation. The patient might have severe pneumonia. A
respiratory distress syndrome (ARDS) and pulmonary fibrosis (PF) might be impor-
tant complications (Liang et al. 2020). Pathophysiologically, maladjusted, too
longed, or exaggerated immune responses can cause immunopathological inflam-
matory disorder. Therefore, the immunotherapy might play important role in man-
agement of this new emerging infection. Murugan et al. (2020) recently performed a
computational study on Andrographis paniculata phytochemicals to evaluate their
potency against SARS-CoV-2 pathogen. Murugan et al. (2020) focused on the
potency of the four selected phytochemicals namely andrographolide (AGP1),
14-deoxy andrographolide (AGP4), 14-deoxy 11,12-didehydro andrographolide
(AGP2), and neoandrographolide (AGP3) and from the plant. The four
biosubstances were tested against the four key targets including three nonstructural
proteins (3 L main protease (3CLpro), Papain-like proteinase (PLpro) and
RNA-directed RNA polymerase (RdRp)) and a structural protein (spike protein
(S)) of the SARS-CoV-2 (Murugan et al. 2020). Murugan et al. (2020) concluded
that AGP3 could be used for management of the infection, and note that this
substance was as a cost-effective drug analog. Regarding molecular mechanism,
Enmozhi et al. (2020) proposed that andrographolide acts as a potential inhibitor of
SARS-CoV-2 main protease. From an in silico molecular docking experiment,
Enmozhi et al. (2020) found that the andrographolide could successfully form a
molecular binding in the binding site of SARS-CoV-2 Mpro. Banerjee et al. (2020)
concluded that Andrographolide had many interesting pharmacobiological proper-
ties including immunomodulation and determining SARS-CoV-2 binding site.

Apart from andrographolide, Maurya et al. (2020) analyzed study on Indian
Ayurveda regimen and proposed that withaferin A, piperine, curcumin, nimbin,
mangiferin, thebaine, and berberine had significant binding affinity towards spike
glycoprotein of SARS-CoV-2.

Apart from infectious disease, the usefulness of andrographolide for managing
other medical disorders is also proposed. Regarding autoimmune disease, in animal
model experiment, andrographolide could affect PI3K/Akt pathway, and this process
is beneficial for management of autoimmune myocarditis (Zhang et al. 2019). In
another animal model study, Iruretagoyena et al. (2005) found that andrographolide
could interfere with T-cell activation, and this process is useful for managing
autoimmune encephalomyelitis. Additionally, andrographolide is also reported for
its usefulness in managing rheumatoid arthritis (Li et al. 2017). In an animal model
study, Li et al. (2017) found that andrographolide could inhibit rheumatoid arthritis
via inhibiting MAPK pathways.
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Table 11.3 Examples of using andrographolide for cancer therapy

Authors Details

Chen et al. (2014) Chen et al. (2014) studied on antitumor effect of traditional Chinese herbal
medicines against lung cancer. Chen et al. (2014) found that
andrographolide was one of the five identified useful substances. The other
four substances are polyphyllin I, tanshinone IIA, isochaihulactone, and
25-OCH3-PPD (Chen et al. 2014)

Gunn et al. (2011) Gunn et al. (2011) found that andrographolide could exhibit anticancer
stem cell activity in multiple myeloma

Nateewattana et al.
(2014)

Nateewattana et al. (2014) found that andrographolide analogue could
induce apoptosis in cholangiocarcinoma by topoisomerase II alpha
inhibition

Wang et al. (2016) Wang et al. (2016) proposed that andrographolide could reverse 5-FU
resistance in human colorectal cancer by elevating BAX expression

Wang et al. (2020) Wang et al. (2020) found that andrographolide could induce apoptosis in
human osteosarcoma cells via the ROS/JNK pathway

Yang et al. (2016) Yang et al. (2016) found that andrographolide could inhibit growth of
human T-cell acute lymphoblastic leukemia. Jurkat cells by
downregulation of PI3K/AKT and upregulation of p38 MAPK pathways

Zhang et al. (2014) Zhang et al. (2014) found that andrographolide could suppress tumor
growth by inhibiting TLR4/NF-κB signaling activation in insulinoma

Focusing on malignancy management, the immunomodulatory effect of
andrographolide is widely studied (Table 11.3). Sheeja and Kuttan (2007a) studied
on Andrographis paniculata extract and andrographolide and found that the tested
substances could activate cytotoxic T-lymphocyte responses (Sheeja and Kuttan
2007a). This process is useful for controlling tumor growth (Sheeja and Kuttan
2007a). Based on a cancerous animal model study, Sheeja and Kuttan (2007b) found
that the main pharmacological effect of andrographolide includes antibody-
dependent cellular cytotoxicity, modulation of natural killer cell activity, and
antibody-dependent complement-mediated cytotoxicity. In a cell line study, Khan
et al. (2018) found that andrographolide could induce cell cycle arrest and
programmed cell death via augmentation of intracellular reactive oxygen species
level. Khan et al. (2018) noted that the mentioned biological process results in
inhibitory activity against human colon cancer cells. Forestier-Román et al. (2019)
found that andrographolide could induce DNA damage in prostate cancer cells. This
process is useful for management of prostate cancer (Forestier-Román et al., 2019).
Liu et al. (2020) found that andrographolide could potentiate PD-1 blockade immu-
notherapy by inhibiting COX2-mediated PGE2 release. Liu et al. (2020) noted that
the COX2-mediated PGE2 release inhibition could promote antitumor activity of
anti-PD-1 therapy. An interesting consideration of using andrographolide in clinical
oncology is that there is still no complete clinical trials in human subjects for
conclusion on the advantage of the substance. Most reports are experimental studies.
It is an interesting research area for further studies.
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11.5 Future Prospects

The immunotherapy will become more clinical therapeutic management in the
future. The immunotherapy will be worldwide used. The immunopharmacological
modification will play important role in therapy of medical disorders including
cancer and infection. There will be new researches on this specific issue. There
will be some new treatments based on immunomodulatory concepts. The natural
immunomodulator will be the focused natural products for application on the
immunomodulating therapy. The two substances, colchicine and andrographolide,
are the examples of the natural immunomodulating agents that will be useful for
management of disease. Based on the continuous improvement of
immunopharmacological technology, there will be many new immunological
agents, including immunomodulatory agents, based on these two classic
biosubstances in the near future.

It is no doubt that the two biosubstances will be as therapeutic agents for many
new indications. The studies on immunopathogenesis of the disease and
immunopharmacological interrelationship with the two biosubstances will be
required. Attempts to improve the formulations based on the two biosubstances
will result in a more effective and safe new immunomodulating agents for manage-
ment of the medical problem. The newly registered and proven immunomodulatory
agents based on these two biosubstances will be new hopes for management of many
diseases. Nevertheless, there will be also new reports on possible adverse effects of
the biosubstances, and the closed monitoring of the unwanted adverse side effect will
be necessary.

11.6 Conclusion

Immunological response plays important role in defense process against alien
foreign bodies. The knowledge on immunopathology is very important in clinical
immunology. There are many kinds of immunotherapy including active immuno-
therapy, passive immunotherapy, and immunomodulation. The immunotherapy by
immunomodulation is the new concept that is usually proposed as an alternative new
treatment for many diseases. There are many available immunomodulating agents,
either natural or non-natural biosubstances.

The good examples of natural immunomodulating substances are colchicine and
andrographolide. Both are proposed for usefulness in immunotherapy. The agents
are applied for management of malignancies and infectious diseases. The applied
usage of colchicine and andrographolide is an extraordinary clinical use. The studies
on the specific issues on immunomodulating action of both biosubstances are
interesting. There are many concerns on the cost effectiveness, safety, and adverse
effects of the two natural immunomodulators. The assessment on effectiveness and
safety of the two immunomodulatory agents is required. Further researches on both



biosubstances are necessary for getting useful data for further application in the field
of immunotherapy.
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Chapter 12
Immune Booster Property
of Epigallocatechin-3-Gallate and Catechin

Leidy Johana Valencia-Hernández, Juan Alberto Ascacio-Valdés,
Jorge Enrique Wong-Paz, Haroon Khan, and Cristóbal N. Aguilar

Abstract The immune system plays a key role in the defense and protection of the
human being, and its protection and stability is fundamental to a good functioning of
it. The regulation of this system is complex but highly structured and synchronized.
Several phytomolecules can act as booster of this complex system promoting the
proper functioning and performance of the immune system. New trends in this
research topic are focused on finding bioactive molecules and phytochemicals to
modulate the biologic immune response and enhance the ability to resist disease.
Among these relevant bioactive molecules, catechin and epigallocatechin-3-gallate
stand out for their bioactivity, specificity, and reactivity, being the point of analysis,
and discussion of this chapter that aims to describe the important biological activity
of both compounds as booster of the immune system.

Keywords Immune system · Booster property · Catechin · Epigallocatechin-3-
gallate

12.1 Introduction

Human health could be considered as the absence of diseases in a person. In this
sense, the nutrition and immune system play an important role in promotion and
maintenance of an adequate state of health. Immune system involves the interaction
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of a large number of metabolites and cellular components (Nair et al. 2019).
Regulation of the immune system implies any modification in the induction, expres-
sion, amplification, and inhibition in the immune response including boosting, anti-
inflammatory, and antiviral efficacy (Khanal et al. 2020). Also, several cell receptors
and molecules implicated in signal transduction have been well identified in the
immune cells. Actually, the research has been focused on finding compounds and
substances that can modulate the biologic immune response and enhance the host’s
ability to resist disease (Ngcobo and Gqaleni 2016). Here the plants and phytochem-
icals seem to be a promising alternative in healthcare.
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Plant-derived compounds are widely used as supplement for maintenance of
health (Ngcobo and Gqaleni 2016). These compounds are considered as a safer
alternative to replace synthetic immunomodulators which have been reported to
possess adverse effects on human health (Nair et al. 2019). In fact, near to the
70–80% of the people belonging to the developing countries use herbal drugs as
primary healthcare in comparison to the modern synthetic drugs (Hamilton 2004;
Khanna et al. 2020; Kesharwani et al. 2019). Actually, the plant extracts and their
phytochemicals have play the prime therapeutic option mainly attributed to the
immunomodulatory effects. Its high use in the traditional medicine has originated
that the people use it as antiviral therapy in the Pandemic Covid-19 Battle. With this,
findings allow the development of deep and rigorous studies in order to determine
efficacy and safety of these products (Ngcobo and Gqaleni 2016).

Plants and phytochemicals with medicinal properties act through a nonspecific
widespread modulation of the immune response with effects on various immune
cells (Nair et al. 2019). These are considered as immune booster which decreases the
risk of getting sick because they improve the immune system. Polyphenols are
phytochemicals widely mentioned as a class of compounds with high potential to
be used as immune booster.

Polyphenols must be activated to different metabolites before reaching the bio-
logical targets (i.e., glucuronide, sulfate, and methylated). Some reports showed the
immune booster potential of conjugated catechins owing to the antioxidant and
immunomodulatory roles (González-Manzano et al. 2011). Epigallocatechin-3-gal-
late and catechin are some phytochemicals with high potential to be used as immune
booster (Fatima et al. 2013; Singh et al. 2014).

They have been reported as good alternative to control both obesity and
autoinflammatory arthritis aggravated by obesity (Byun et al. 2014). Also, catechins
have antioxidant, anti-inflammatory, and immunomodulatory activities resulting in
hepatic- and immune-protective properties against restraint stress (Tang et al. 2020),
may exert anticancer effect (Jung et al. 2001), and can be a potent natural inhibitor of
leukocyte elastase that may be used to reduce elastase-mediated progression (Sartor
et al. 2002). Litchi extracts (with contains catechins and procyanidins) (Miranda-
Hernández et al. 2019) diminish prostate cancer progression (Guo et al. 2017).



12 Immune Booster Property of Epigallocatechin-3-Gallate and Catechin 293

12.2 Phytochemicals with Immunomodulatory Activity

An immunomodulatory compound or agent (natural or synthetic) is one that has the
ability to modify or alter the immune system and help the body fight infection or
other diseases (Akram et al., 2020). Immunomodulators participate in dual phenom-
ena, such as immunosuppression and immunostimulation that control the function of
the immune system (Ganeshpurkar and Saluja 2018a, b). Natural plant-based immu-
nomodulatory agents can serve as an alternative to conventional therapies related to
the immune system and its response to infection or disease (Srikumar et al. 2006).
For a long time and throughout human history, medicinal plants have played a very
important role in healthcare, as alternative treatments. Due to this, synthetic com-
pounds have been developed and used as drugs that have a high similarity to
compounds of natural origin (Tilbur and Kaptchuk 2008). One of the main groups
of phytochemicals found in plants is phenolic compounds, and it has been reported
that these compounds have very relevant biological properties. Among these bio-
logical properties is the immunomodulatory property (Yahfoufi et al. 2018;
Kesharwani et al. 2020). These polyphenolic compounds are classified based on
their chemical structure into different groups: the flavonoids, such as flavones,
flavonols, chalcones, anthocyanidins, and proanthocyanidins, and the
nonflavonoids, such as phenolic acids, stilbenes, etc. (Tsao 2010). Flavonoids are
reported to be the main group of natural phytochemicals with different roles in
promoting human health (Formica and Regelson 1995). Catechin and catechin-
containing compounds in their composition (e.g., epigallocatechin-3-gallate) are
relevant compounds that possess important biological properties. In the specific
case of the immunomodulatory property, it has been evaluated the anti-inflammatory
and analgesic effect in different studies, and derived from these studies, it has been
demonstrated that flavonoids as the catechin have the capacity to inhibit interleukins
as the IL-1β and cytokines as COX-2 that are directly related to inflammation
processes (Ganeshpurkar and Saluja 2018a, b).

Another important biological effect that catechin has and that has been evaluated
in in vivo studies is the effect on cellular and humoral immunity. It has been
demonstrated that the administration of catechin in biological models causes an
increase in the total levels of antibodies and this is reflected in a positive immuno-
modulatory effect which demonstrates that phytochemical compounds such as
catechin and compounds that contain it have the capacity to promote this immuno-
modulatory effect (Ganeshpurkar and Saluja 2019).

12.2.1 Catechin

Catechins are important polyphenols in plants and fruits, also called flavan-3-ols,
that belong to the most studied polyphenol group, the flavonoids, which are repre-
sentative in green wine and tea plant Camellia sinensis (L.), representing in this last



vegetal material between 70 and 80% approximately of the total polyphenols (Liu
et al. 2014; Wang et al. 2015); research has reported that they contribute to the bitter
taste and black color to green tea in fermentation of tea leaves. Catechins can be
oxidized to higher molecular weight molecules such as thearubigins and theaflavins
in green tea and, in addition, are part of the basic structure of procyanidins.

294 L. J. Valencia-Hernández et al.

In fresh tea leaves, there are eight commonly reported catechins; these can be
grouped into esterified and non-esterified: the first group includes (+)-catechin (C),
(�)-epicatechin (EC), (�)-gallocatechin (GC), and (�)-epigallocatechin (ECG); the
second group includes (�)-catechin gallate (CG), (�)-epicatechin-3-gallate (EGC),
(�)-gallocatechin gallate (GCG), and (�)-epigallocatechin-3-gallate (EGCG). In
general, EGCG, ECG, and EGC are reported to be present with relatively high
contents in leaves of many tea cultivars (Chen et al. 2018a, b; Theppakorn, 2016).
EGCG is the most abundant catechin. Various studies have shown its benefit in
human health; some pharmacological actions have been reported including antiox-
idant, anti-inflammatory, anticancer, antifungal, antibacterial, antiproliferative, and
proapoptotic analgesic (Ma et al. 2019; Singh et al. 2014). Catechin can be associ-
ated in processes of angiogenesis, the regulation of cell death, and drug resistance
(Zanwar et al. 2013). However, catechins have some disadvantages such as unstable
at physiological pH, low bioavailability, and poor solubility; under alkaline condi-
tions can be degraded, sensitivity to oxygen, light, and heat, and its taste is bitter and
astringent (Cuevas-Valenzuela et al. 2015; Okabe et al. 1999). These characteristics
limit the development of food and pharmaceutical products (Ho et al. 2019; Wang et
al. 2015). In the food industry, catechins have been incorporated into oral supple-
ments, nutraceutical products, functional foods, and food additives, although they
are considered safe (Keservani et al. 2010; Mahindrakar and Rathod 2020; Chen
et al., 2019; Ho et al. 2019; Xiang et al., 2016; Keservani et al. 2010). Some studies
have evaluated the incorporation of catechin in food matrices such as cheese, yogurt,
and milk, allowing the study of its stability during storage (Ho et al. 2019;
Rashidinejad et al. 2016).

12.2.1.1 Chemistry, Sources, and Properties

Chemistry

Catechins (flavan-3-ols) are monomeric polyphenols with molecular structure of
2-phenylchromone (de Pascual-Teresa et al., 2010), known as a polyhydroxylated
compound. The basic structure of the catechin consists 3 types of rings, two benzene
rings and a dihydropyran heterocycle; the first ones are called A and B rings and the
third C ring (dihydropyran). These rings are hydroxylated by the regulation of two
enzymes flavonoid 30,50-hydroxylase (F3050H) and flavonoid 30- hydroxylase (F30H)
(Cuevas-Valenzuela et al. 2015). This flavan-3-ols contains two chiral centers
(carbons) on the ring B on C2 and C3. From these chiral carbons, cis and trans
configurations can be formed, equivalent to (+) catechins and (�) epicatechin,
respectively. These structural characteristics of catechin are like epicatechin, so
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both are isomers. The resorcinol and catechol moieties are similar on benzene rings
A and B, respectively (Braicu et al. 2013).
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Catechins can be divided into two groups according to the number of hydroxyl
groups present in the B ring, dihydroxyl, and trihydroxyl (Wang et al., 2014). Liu
et al. (2012) classified the monomeric catechins in galloylated that are galloylated in
position 3 of the C ring and the nongalloylated; the catechin belongs to the group of
those nongalloylated (Wang et al. 2018a, 2018b; Jiang et al., 2017; Madhan et al.
2005). The ability to quench free radicals and antioxidant action of the catechins is
due to these hydroxyl groups that allow delocalization of electrons. However, these
structures can increase their susceptibility (autoxidation) to neutral and alkaline
pH. Controversially, reports have indicated that the stability of the catechin was
altered to pH 7.4; the color of the solution changed after 96 h of incubation (Chobot
et al. 2009). Catechins can undergo epimerization under hydrothermal conditions
and at pH above 7, contributing to chemical changes and loss of these compounds in
food matrices (Chen et al. 2018a, b). These compounds can be degraded, polymer-
ized, and easily oxidized, which allows the generation of more complex structures
and other oxidized molecules such as quinones and semiquinone radicals (Ashihara
et al. 2010). Another characteristic of catechins is their susceptibility to illumination
(Shi et al. 2016) with visible light and UV, which promotes their epimerization and
degradation. Catechin can chelate metal ions, which avoid the formation of ROS
(Khan et al. 2011). They can also be degraded in the presence of oxygen and cuprous
or ferric ion (Yang et al. 2014; Sang et al. 2011).

The biosynthetic pathways have been widely studied; however, more research is
still needed; enzymes such as dihydroflavonol 4-reductase (EC 1.1.1.219),
anthocyanidin reductase (EC 1.3.1.77), anthocyanidin synthase (EC 1.3.1.77), and
leucoanthocyanidin reductase (EC 1.3.1.77) have been involved in the pathways
(Liu et al. 2012; Ashihara et al. 2010; Eungwanichayapant and Popluechai 2009;
Pang et al. 2007; Punyasiri et al. 2004; Xie et al. 2003, 2004; Stafford & Lester,
1984, 1985, 1980). In another study, it was shown that these compounds are
biosynthesized through the phenylpropanoid and flavonoid pathways; in tea plants,
some genes and enzymes were involved in these pathways, among them are phe-
nylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase (4CL), flavonoid 3-
0-hydroxylase (F30H), flavonoid 3050-hydroxylase (F3050H), cinnamate
4-hydroxylase (C4H), chalcone isomerase (CHI), chalcone synthase (CHS),
dihydroflavonol 4-reductase (DFR), anthocyanidin reductase (ANR), flavonol
synthase (FLS), and leucoanthocyanidin reductase (LAR) (Wang et al. 2018a, b).

Sources

Catechins are flavonoids with wide distribution in nature; they are detected in some
fruits such as apples, pears, grapes (black, seeds), strawberries blueberries, black-
berries, raspberries, cherries, gooseberries, cider, lemon, orange, kiwi, and peach
(Zanwar et al. 2013). One of the most consumed fruits worldwide is the apple; it
contains significant amounts of catechin, epicatechin, and chlorogenic acid

https://www.sciencedirect.com/topics/medicine-and-dentistry/gooseberry


(Napolitano et al. 2004). In obtaining apple juice, large quantities of apple pomace
are generated, from which catechins, epicatechin, chlorogenic acid, and other com-
pounds have been extracted (Casazza et al. 2020; W. Li et al. 2020). The recovery of
these compounds has been reported for the formulation of food products such dietary
supplements, food ingredient, cosmetics, and drugs (Dhadge et al. 2019; Oliveira
et al. 2015).
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Native plant sources in the Amazon have been studied, such as guarana seeds,
which contain catechins, epicatechin, and procyanidins. Experiments have been
carried out on the gastrointestinal bio-accessibility and stability of catechin seeds
obtained from different geographical locations. Catechin concentrations ranged from
30.0 to 26.8 mg catechin/g; moreover, the gastrointestinal bio-accessibility was high
(86–95%), proving that it varies according to the geographical origin of the samples.
Additionally, the results showed that the macronutrients did not affect the
bio-accessibility and permeability of catechins (Mendes et al. 2019). These results
can be compared with those obtained in food products derived from cocoa and
achieved gastrointestinal bio-accessibility between 77% and 91% (Neilson et al.
2009).

These compounds are considered one of the most studied polyphenols in green
tea and have received enormous attention due to its health-promoting effects, mainly
antioxidant, cardioprotective, antidiabetic, and anticarcinogenic (Pastoriza et al.
2017; Gadkari and Balaraman 2015). In recent experiments, catechins have been
isolated from Rosa chinensis flower buds, which had antiproliferative activity
against five cancer cell lines; in addition, they did not present cytotoxic activity
(Liu et al. 2020). Other points to note are the role of the catechin in stabilizing the
skin protein collagen and the quality of the tea leaves (Wang et al. 2018a, 2018b;
Madhan et al. 2005).

In recent years, new sources of phytochemicals have been evaluated, which are
characterized as little-known plants with antioxidant potential. Some examples of
catechin sources are those studied by Kah Hui et al. (2020) who recently reported
extractions of bioactive compounds from Morinda citrifolia leaves (MCL), which is
shrub commonly called as noni. Morinda citrifolia leaf extracts have been reported
to contain (+)-catechin, (�)-epicatechin, and types of catechins. These results can be
compared with data obtained from green tea leaf catechins. Other vegetable sources
have been used to obtain catechins, among them Azorean Camellia sinensis flowers
(Baptista et al., 2019) as well as off-season fresh leaves (Baptista et al., 2019).

Properties

Catechins have received great interest due to its biological and pharmacological
properties, including antioxidant, anticancer, antiproliferative, proapoptotic analge-
sic, neuroprotective, antihypertensive antidiabetic, antimutagenic, antimicrobial,
antifungal, antibacterial, antiviral, anti-inflammatory, anti-allergic, antiarthritic,
antiplatelet, anti-obesity, antiaging, hypocholesterolemic, and chemopreventive
(Jiang et al. 2019; Ma et al. 2019; Liu et al. 2014; Geetha et al., 2004). In addition,

https://www-sciencedirect-com.ezproxy.unal.edu.co/topics/biochemistry-genetics-and-molecular-biology/epicatechin


they can protect against ulcerative colitis and have the ability to reduce lipid content.
Also, they can also catalyze oxidation reactions through the bonding of metal ions
and have related to the environmental adaptability of the plant (Pheomphun et al.
2019; Zhang et al. 2017; Lambert and Elias 2010). Other properties have been found
in green tea catechins, which are potential in the inhibition of various types of cancer
such as the skin, stomach colon, mammary glands, prostate lung, liver, esophagus,
small intestine, and bladder (C. S. Yang et al. 2002). In addition, these also improve
the adaptability of the plants to the environment due to their ability to reduce reactive
oxygen species (ROS) (Pheomphun et al. 2019; Zhang et al. 2017).
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Numerous investigations have focused on the evaluation of the antioxidant
activity of catechins from different plant sources, as well as compare this property
with the other natural and synthetic antioxidants such as flavonols (morin and rutin),
flavanones (hesperidin, naringenin and naringin), hydroxycinnamic acids (caffeic
acid, chlorogenic acid, ferulic acid), and other polyphenolic compounds (Grzesik
et al. 2018), being most effective the catechins. This catechin has a strong chelating
and antioxidant activity, due to two gallocatechol rings which can directly remove
free radicals with high efficacy (Braicu et al. 2013). The catechins structural char-
acteristics confer antioxidant properties and the ability of ROS on them; this property
is attributed the benefits in human health. Several studies have evaluated the
effectiveness of catechin in all three stages of cancer (initiation, promotion, and
progression); some lines such as breast, lung, and skin have been tested (Seeram and
Nair 2002).

Several papers report the effect of catechin consumption on some diseases in
in vitro and in vivo assays. Yoo et al. (2020) indicate that the consumption of
catechin-rich green tea can prevent accumulation of lipids and their intestinal
absorption. Delgado et al. (2014) showed that the use of catechin concentration
over 10M could exert antiproliferative effect on cellular models. It was also effective
in regulating insulin signaling.

Catechin has been shown to have immunomodulatory effects on the cellular and
humoral system in the rat model. In this study, catechin administration increased
delayed type hypersensitivity reaction. Some treatments increased levels of white
blood cells, immunoglobulins, and antibody titer. All these effects can be due to the
biological properties of catechins such as cytoprotective, antioxidant, and anti-
inflammatory. The authors suggest that these results may be due to the effect on
“chemotaxis”, which is dependent of leucocytes migration (Ganeshpurkar and
Saluja 2018a, b).

12.2.1.2 Immune Booster Property of Catechin

Catechins can modulate biological processes related to the development of chronic
diseases (Kaliora et al., 2006). The mechanisms of action by which these compounds
act need to be investigated. One of the best-known modulatory effects is the
inhibition of the activation of NF-κB, associated with inflammation processes.
There are several cell signaling pathways that modulate the catechins, including

https://www-sciencedirect-com.ezproxy.unal.edu.co/topics/medicine-and-dentistry/humoral-immune-response
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inhibition of B-lymphocyte activation; T-cell proliferation; and inflammatory pro-
cesses involving enzymes and proteins such as COX-2, MAPK, protein kinase-C,
cytokines, tyrosine, serine-threonine, and protein kinases; other enzyme of impor-
tance in physiological processes is inducible nitric oxide synthase (iNOS) (Hussain
et al. 2016). Catechins have a role in the expression of apoptosis regulating genes
like caspase (Mandel et al. 2004), cyclogenase activity (Kapoor et al. 2004), and
growth factor signaling (Yang et al. 2004) and induced superoxide dismutase and
catalase activities (Meng et al. 2008). Furthermore, catechin has been found to
modulate the activation of neutrophils, macrophages, and dendritic cells (Kamalden
et al. 2012).
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Catechins can have potential antiproliferative role in cancer cells. The effect from
Ligaria cuneifolia catechin in the proliferation of cell lines associated with leukemia
(murine lymphoma cell line LB02) was evaluated by Papademetrio et al. (2013). In
this study was reported antiproliferative activity of catechin at concentrations of
50, 100, and 200 μg/mL; it was more effective at 100 and 200 μg/mL with reductions
in their rate of proliferation in a 33 and 97%, respectively. These results were
explained by the ability of the catechins to modulate the action of antiapoptotic
proteins, which is related to loss of mitochondrial membrane potential (ΔΨm) and
cell death in LB02 cells (Khiewkamrop et al. 2018).

Catechins are natural agents with potential in the treatment and prevention of
neurodegenerative disorders such as Parkinson’s (PD) and Alzheimer’s diseases
(AD). This progressive neurodegenerative disorder affects approximately ten million
people worldwide (Ball et al. 2019). The main characteristic is the degeneration of
dopaminergic neurons in the substantia nigra pars compacta (SNc) and can be
presented with motor symptoms, including bradykinesia, slowness of movement,
resting tremors, muscle rigidity, gait instability, and impaired postural reflexes
(Dickson 2018); other non-motor symptoms are olfactory dysfunction, constipation,
pain, sleep disturbances, anxiety, depression, and cognitive dysfunction. These
symptoms could occur due to the incorrect misfolding of proteins, which results in
the formation of β-sheet-rich amyloid fibrils (Thanikachalam et al. 2020). Alpha-
synuclein (SNCA) is an example of the proteins that cause this disease, which are
part of neuronal inclusions or intracellular deposits called Lewy bodies (LBs). Some
authors have reported that catechin could inhibit some signaling pathways associated
with disruption of protein degradation, activation of apoptosis by c-Jun N-terminal
kinase (JNK), mitochondrial dysfunction, and microglia-triggered inflammation
(Bossy-Wetze et al. 2004).

This disease can affect people over 60 years of age (Lashuel et al. 2013) and is
likely to be associated with genetic and environmental factors that can generate
oxidative stress (Ball et al. 2019; Brouwer et al. 2017; Del Rey et al. 2018).
However, the exact mechanisms of this disease remain to be fully elucidated; so
far studies have been conducted to understand it.

On the other hand, Alzheimer’s disease (AD) is the most common degenerative
disorder, which causes irreversible loss of neurons in the cerebral cortex and
hippocampus, characterized by chronic neuroinflammation, oxidative stress, reason-
ing impairment, loss of memory, and learning, swallowing, or walking problems,



which can eventually lead to death. Alterations in cholesterol homeostasis and
insulin signaling may also occur (Anand et al. 2014; Ying Liu et al. 2011). These
characteristics can occur by the formation intracellular neurofibrillary tangles of tau
protein and extracellular amyloid beta (Aβ peptide) plaques (Ittner and Götz 2011).
The Aβ peptide can accumulate senile plaques that can be oligomers or aggregates of
higher molecular weight (Sharman et al. 2019), which can lead to neuronal damage
and cause dementia (Ballard et al. 2011). Authors have proposed catechin as a
promising candidate for inhibiting the mechanisms of action on microglia-triggered
inflammation, mitochondrial alterations, activation of glutamate receptors, genera-
tion of nitric oxide species and free radicals, and increased intracellular calcium
levels, among others. (Bossy-Wetze et al. 2004).
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12.2.2 Epigallocatechin-3-Gallate

Epigallocatechin-3-gallate also known as epigallocatechin gallate (EGCG) is one of
the most abundant catechins of green tea (Camellia sinensis), as well as the most
biologically active, and has been reported with the highest antioxidant activity with
respect to the other types of catechins (N. Khan and Mukhtar 2007). EGCG has the
ability to inhibit peroxidative reactions, improve the function of mitochondria,
increase endogenous antioxidants, and increase catalase activity (Chen et al. 2016;
N. A. Singh et al. 2016; Tseng et al. 2015).

Reportes recientes han evaluado el efecto de EGCG en diferentes enfermedades
degenerativas y actualmente en nuevos trastornos como el coronavirus (SARS-CoV-
2). EGCG isolation is low cost and safe for food and pharmaceutical use. Despite
these advantages, the EGCG present low intestinal bioavailability, unstable at
physiological pH, under alkaline conditions can be degraded, sensitivity to oxygen,
light, and heat (Cuevas-Valenzuela et al. 2015; Okabe et al. 1999). Therefore,
strategies to improve bioavailability have been carried out, as is the case of
nanoencapsulation (Aggarwal et al. 2020; Keservani et al. 2017; Keservani et al.
2018).

12.2.2.1 Chemistry, Sources, and Properties

Chemistry

EGCG which is a gallate-type catechin has been studied as a natural drug due to its
potential in the prevention of chronic and degenerative diseases. These beneficial
effects on human health are attributed to their structural characteristics. EGCG has a
catechin-like backbone structure with an m-5,7-dihydroxy substitution on ring A and
a di-hydroxyl or trihydroxy substitution on rings B and D; in ring C, at the 30 position
presents a gallate moiety (Braicu et al. 2013). This compound is part of the group of
the esterified and galloylated catechins (Davinelli et al. 2012). The polyphenolic



structure and the number of hydroxyl and galloyl groups of these compounds allow
electron delocalization and display biological effectiveness in in vitro and in vivo
models. Among all catechin derivatives and complex tannins, the EGCG is the most
effective at scavenging free radical and inhibits reactive oxygen species (ROS)
formation. Moreover, they make them good donors for hydrogen bonding and
important feature in the absorption and bioavailability of EGCG.
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These compounds can form dimers through autoxidation in cell culture condi-
tions, a process in which superoxide anion and hydrogen peroxide are produced. On
the other hand, EGCG has a catechol group, corresponding to a benzene ring, which
has two hydroxyl groups in positions 3 and 4. This catechol group causes the EGCG
to undergo methylation by the catecol-O-metiltransferasa enzyme. Other reactions
catalyzed by the enzymes glucuronosiltransferasas and sulfotransferasas can occur
as a defense mechanism (detoxification) (Lambert et al. 2003; Lu et al. 2003).

EGCG has a carbonyl group on the gallate moiety, which could avoid its
oxidation when dissolved in alkaline solutions under blue light illumination condi-
tions, giving the molecule stability. This polyphenol can suppress this type of
oxidation in other molecules such as epicatechins (Shi et al. 2016). Other authors
report low stability in cell culture media and pH above 7. These molecules not only
oxidize, but they can also degrade during storage at temperatures above 50 �C.
Polymerization and epimerization are other reactions that can occur in the presence
of oxidative agents and under specific conditions of temperature and pH (Chen et al.
2015). These reactions can modify EGCG structure and generate oxidation products,
such as dimer and dimer quinone (Ashihara et al. 2010; Wang et al., 2006). Despite
the potentialities of the EGCG, these characteristics presented make the EGCG have
low bioavailability.

Studies on the biosynthesis of EGCG from the phenylalanine pathway reported
that some enzymes are involved with this process including flavanol-3-O-gallate
synthase, dihydroflavanol 4-reductase, anthocyanidin reductase, and anthocyanidin
synthase (Ashihara et al. 2010). The synthesis of EGCG depends on the amount of
gallic acid, which is a precursor in the biosynthesis of galloylated catechins (Liu
et al. 2012), which in the presence of enzymes such as lipoxygenase, trypsin, and
pepsin can form precipitates; this phenomenon is attributed to the ester bonding of
these compounds (Sekiya et al., 1984). Other authors investigated enzymatic reac-
tions in in vitro assays to identify and purify the enzymes associated with the
biosynthesis of this type of polyphenols (Liu et al. 2012).

Sources

EGCG is a class of antioxidant compounds that are most found in cacao, grapes, red
wine, green tea, white tea, black tea, fruits, hazelnuts, pecans, and onions. EGCG is
one of the catechins with the greatest bioactive potential; it has been found abun-
dantly in green tea, representing contents between 32 and 75% of total catechins in
the plant (Xu et al., 2018). The biosynthesis of EGCG in tea seedlings was evaluated,
finding much greater concentrations in young leaves than the other organs. In



addition, this compound was predominant over other polyphenols (Mamati
et al., 2006).
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Several investigations have reported the bioactivity of EGCG obtained from dry
leaves of tea plants, reporting values between 3% and 13%. Other authors deter-
mined a content of EGCG of 3.51 y 6.78% in dried green tea leaves, corresponding
to the varieties Camellia sinensis and C. assamica var. kucha, respectively
(X. R. Yang et al. 2007).

Good dietary sources of EGCG are vegetables such as broad beans, apricots,
onions, lettuce, and tomatoes; also they have been found in legumes such as green
beans (Andersen and Markham 2005). High levels of total catechins are found in
products like red wine, beer, cacao liquor, chocolate, cocoa, and coffee. Recent
studies have reported that tea leaves contain high concentrations of catechin among
them monomeric and polymeric, accounting approximately 12% on dry basis
(Zhang et al. 2019). Although the content of catechins varies according species,
variety, to the distribution of plant tissues, season, geographical location, and growth
conditions such as altitude and illumination (Grzesik et al. 2018; Jiang et al. 2013).
Green tea is mostly made from the shoots and young leaves of the tea plant Camellia
sinensis L. (Liu et al. 2012).

Properties

EGCG is one of the catechins with the highest antioxidant potential and presents
important benefits for human health due to different biological activities such as
antitumor, anticarcinogenic, antimicrobial, anti-inflammatory, anti-cardiovascular
antiproliferative, antiangiogenic, anti-metastatic, antimutagenic, antibacterial,
antidiabetic, and antihypertensive activities (Liu et al. 2012; Oz et al., 2013, Wang
et al. 2018a, 2018b). Other disorders such as Parkinson’s disease, Alzheimer’s
disease, and obesity have been treated with EGCG, finding satisfactory results.
Some authors report that galloylated catechins have greater pharmaceutical potential
than nongalloylated catechins (Grzesik et al. 2018; Kao et al. 2006). The anticancer
role of EGCG has been widely studied; in vitro and in vivo trials have been
conducted to evaluate the benefits on different types of cancer including breast
(Zeng et al. 2014), gastric (Yang et al. 2016), prostate (Johnson et al. 2010), and
liver (Ni et al. 2017), among others.

Interesting results have been published on mechanisms of EGCG modulation in
cellular processes such as proliferation, differentiation, angiogenesis, apoptosis,
invasion, and cell death (Mondal et al. 2012). EGCG can inhibit cutaneous tumors
in mice, as well as malignant transformation of papillomas, which were induced by
UV light (Mittal et al. 2003). This catechin has been suggested to inhibit protein
kinases involved in cell growth and apoptosis, osteoclast differentiation processes in
stem cells, myeloperoxidase activity, metastasis of cancer cells, and infiltration of
leukocytes and suppress matrix metalloproteinase activity (Wang et al. 2018a,
2018b; Jin et al. 2014; Oz et al., 2013).

https://www-sciencedirect-com.ezproxy.unal.edu.co/topics/agricultural-and-biological-sciences/proanthocyanidin
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The anticancer effects of EGCG have been investigated focusing on various
mechanisms of action, such as electron transfer, hydrogen atom transfer, and the
chelation of catalytic metals, which are associated with antioxidant activity. It has
been proposed that EGCG has strong antioxidant activity due to the presence of
hydroxyl groups and a gallate group in its structure. Other studies have evaluated the
effect of EGCG on some mechanisms of action related to obesity, such as adipocyte
proliferation, preadipocyte differentiation, induction of thermogenesis, and lipid
accumulation, among others (Carrasco-Pozo et al. 2019). Moreover, EGCG can
chelate metal ions, which are involved in the oxidation reactions of lipid peroxida-
tion, also prevent oxidative DNA damage, and inhibit signaling pathway associated
with generation of pro-inflammatory cytokines (Lakshmi et al. 2020; Zhao et al.
2017).

Recent studies have reported the role of EGCG on mechanisms related to
mitochondrial function improvement, due to the importance of mitochondria in the
body homeostasis, redox status, and apoptotic cell death regulation (Bhargava and
Schnellmann 2017). Some organs are sensitive to cellular redox imbalance that leads
to a wide range of pathologies associated to increase in ROS (Pedraza-Chaverri et al.
2016). Authors have demonstrated the potential of EGCG on the decrease of
mitochondrial ROS in HK-2 cells and improvement of mitochondrial function of
the kidney (Pan et al. 2015). Other studies revealed that EGCG was able to inhibit
the formation of free radicals, oxidative stress, and lipid peroxidation;
pro-inflammatory gene expression in cell treatments is stimulated with cigarette
smoke extract (Lakshmi et al. 2020).

Currently, SARS-CoV-2, commonly known as coronavirus, has claimed more
than 750,000 people worldwide as of August 2020, so assays of the role of EGCG in
combination with other natural substances have been conducted. This study evalu-
ated the effect of EGCG administration and theaflavin on the activity of
3CL-proteasa of SARS-CoV-2 in HEK293T cells, finding a minimum inhibitory
concentration of (IC50) 7.58 μg/mL (Jang et al. 2020). This study reported the
potential of antioxidant compounds for the treatment of SARS-CoV-2. However,
more research is needed for prevention and treatment.

12.2.2.2 Immune Booster Property of Epigallocatechin-3-Gallate

EGCG and catechins have shown antibacterial, antioxidant, antimutagenic,
anticarcinogenic, cardioprotective, and neuroprotective potential using in vitro and
in vivo assays. These compounds can intervene in several pathways due to its ability
to interact with different proteins (Shukla et al. 2018). They can be more easily
accessible and less harmful to human health because of their side effects. EGCG is
another natural compound with immunological properties, which can prevent the
deterioration and oxidation of proteasome. However, the study of these regulation
pathways has yet to be clarified. The use of these compounds in cancer therapies is of
great interest, since it has been proven that they can regulate the functionality of the
system that degrades proteins (oxidized, unfolded, and misfolded) in prokaryotic and



eukaryotic cells, known as proteasomes. Other important functions are the regulation
of apoptosis, cell proliferation, and drug resistance in human tumors, neuropatho-
logical disorders, signal transduction, and antigen processing (Bonfili et al. 2011).
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These compounds are involved in the modulation of inflammatory signal
transduction pathways, suppression of chemokines and cytokines and interactions
with their receptors, and neutrophil responses to inflammatory stimuli (Li et al. 2012;
Santilli et al. 2013). The activity of the transcription factors (nuclear factor kB) and
other proteins (kinases and activator protein-1) is altered during the modulation
process (Pae and Wu 2013). Kasper et al. (2016) evaluated in vivo the effect of
intraoperative administration of EGCG on cardiopulmonary bypass-associated lung
injury, finding decrease of neutrophil infiltration, interstitial edema, apoptosis-
inducing factor translocation, and poly(ADP-ribose) polymerase 1 activation
(PARP-1). The PARP-1 is a protein activated by oxidative stress and is associated
with DNA repair. EGCG can also modulate MAPK pathway and inhibits the
expression of cyclooxygenase 2 (COX2), the epidermal growth factors such as
factor receptor-2 (HER2) in cancer cell lines (Shimizu et al. 2005), and monocyte
migration (Santilli et al. 2013; Pae and Wu 2013).

Epigallocatechin-3-gallate has been found to modulate the T helper 17 /Treg cell
ratio in animal with arthritis; these T cells play an important role in inflammation and
autoimmunity. The effects of the administration of EGCG on T-cell activation and
activation of transcription factors related to inflammation and inhibition of
osteoclastogenesis were evaluated. This study showed a decrease in the production
of cytokines IL-6, IL-17, and VEGF (vascular endothelial growth factor) in EGCG
treatments with concentrations of 50 mg/kg. These proteins and the growth factor are
involved in the processes of inflammation and have effect on the communications
and interactions between cells. Oral EGCG administration inhibited the
osteoclastogenesis and suppressed the p-STAT3 transcription factor, which inter-
venes in the activation and differentiation of Th17 cells. EGCG showed increase in
Nrf2 gene (nuclear respiratory factor 2) expression in splenic cells in mice. More-
over, they could activate phosphorylate-extracellular signal-regulated kinase
(p-ERK), which activates the STAT5 transcription factor, and finally, it occurs in
the suppression of Th17 cells (Lee et al. 2016).

Current EGCG has demonstrated cellular mechanisms including activation and
inhibition of signaling pathways (PKC, MAPK, and PI3K/Akt); enhancement of
antioxidant action (radical scavenging, lipid peroxidation and production of endog-
enous defenses); modulation of cell survival genes and cell death genes
(antiapoptotic action); neurite growth and bioenergetic action (stabilization of the
mitochondrial potential), induction of iron-chelating effects on Aβ, tau, and
α-synuclein; elevation of synaptic DA (via COMT activity inhibition and DAT
internalization); production of non-amyloidogenic sAPPα (by increasing α secretase
levels for preferential APP processing); and inhibition of Aβ fibrillation, plaques, tau
accumulation, NFT generation, and α-synuclein fibrillation (Singh et al. 2016).
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12.3 Conclusions

Catechin and epigallocatechin-3-gallate are two molecules with very outstanding
functionality for their immune booster properties; their high effectiveness makes
them target molecules in the design of new drugs and functional foods. However,
there are scientific and technological challenges for the recovery, extraction, sepa-
ration, purification, and stabilization of these molecules that are highly reactive and
whose efficiency and function are highly dependent on the structure and its degree of
oxidation and polymerization.
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Chapter 13
Recent Advances of Nutraceutical
and Functional Foods in Immune Health

Saumya Das, Manas Kumar Das, and Rajesh K. Kesharwani

Abstract The recent phytopharmacological studies of nutritional immunology are
part of a rapidly developing field. People’s tendency to consume non-nutritive foods
that reduce their fighting capacity against many diseases is a characteristic of the
modern age. Diseases such as obesity, acute pancreatitis, osteoporosis, cardiovas-
cular diseases (CVD), kidney dysfunction, cancer, diabetes, hepatitis, autoimmune
disorders, allergies, and dental problems are directly related to nutraceutical and
functional foods mediated immune health. In the current scenario, people worldwide
are facing similar problems related to ageing and consumption of a high-energy and
unbalanced diet. The nutritional components are very important and affect the
intestinal micro flora and certain probiotic bacteria directly or indirectly, which
play an important role in the modulation of the immune system. The present chapter
describes the role of nutraceuticals/functional foods/food supplements in mitigating
health problems, especially in the immune inflammatory diseases and gastrointesti-
nal (GI) tract-related diseases.
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13.1 Introduction

13.1.1 Nutraceuticals

Depending upon the property of nutraceuticals, therapists’ interests vary widely, for
example, neurologists are more interested in substances that boost or enhance brain
function and cardiologists may be interested in those functional foods that reduce
heart disease, hypertension, hypercholesterolemia, free radical-influenced disorders,
and platelet-dependent thrombotic activity (Keservani et al. 2016). The interest in
nutraceuticals and functional foods continues as research shows diseases can be
prevented by diet and lifestyle modifications. Supplementation and fortified foods
can optimize the health promoting capabilities of a person’s diet. It should be noted
that the term nutraceutical, as commonly used in marketing, has no regulatory
definition (Keservani et al. 2010; Williamson et al. 2020). Nutraceuticals differ
from dietary supplements in the following aspects: conventional foods use or as
part of a meal or diet depending on the trends in food production and their
consumption can have harmful health, environmental, and social impacts, and
therefore have a direct negative impact on human health. Dietary supplements play
a crucial role apart from normal daily food during some health issues.

Foods with nutraceutical factors such as omega-3 fatty acids, phytosterols,
quercetin, and grape flavonoids are some dietary components of choice. Several
naturally derived food substances with vitamin E, selenium, vitamin D, green tea,
soy, and lycopene have been studied in immuno therapies. These compounds
contribute to good human health, and many of these “natural” compounds have
been found to have high therapeutic potential for human health. Polyunsaturated
fatty acids (PUFAs) are abundant in flaxseed oil and fish oil. Based on the health
benefits of PUFA, a balanced consumption of both is promoted to enhance immunity
and metabolism.

13.2 Nutritional Food and Health

The understanding of nutraceutical and functional foods and their usability helps
people to live life with good immunity. Pregnant women and adults over 50 years of
age need vitamins such as vitamin D, folic acid, and minerals, especially calcium and
iron (Galindo et al. 2021). Non-nutritional and processed foods are sodium rich, and
are very dangerous for people with high blood pressure (Siscovick et al. 2017). The
USFDA advises adults to consume less than 300 mg/day. According to the WHO, it
is important that children 2 years or older should be fed a balanced diet with good
nutritional value to help reduce the chances of developing chronic diseases (Martin
and Li 2017). Vegetables and fruits are good sources of antioxidants, minerals, fiber,
etc., with nutritional values, some of which have anticancerours properties
(Springmann et al. 2018).
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13.2.1 Cardiovascular Diseases

Cardiovascular diseases and tumors are the main cause of death worldwide and
contribute more than 60% in economically developed countries. Recent studies
indicate free radical species (FRS) are more reactive in the pathogenesis of both
acute and chronic heart diseases as a result of cumulative oxidative stress. In
particular, oxidation of low density lipoproteins (LDL), the latter emanating from
saturated, trans fats and meat products, increases the chance of atherosclerosis and
cardiovascular heart diseases through the initiation of the plaque formation process.
The risk factor of CVD is increased not only by the consumption of poor diets
without any nutrients but also by lifestyle habits such as smoking and alcohol intake.
A reduced risk of CVD, leading to elevated serum total cholesterol,
LDL-cholesterol, and triacylglycerol concentrations, while leading to reduced
HDL cholesterol concentrations, leads to reduced risk of heart disease. Treatment
of hypercholesterolemia has focused on increasing fecal excretion of cholesterol and
bile acids, and reducing hepatic cholesterol synthesis through diet modification.
Blood pressure control is important in the prevention of coronary artery disease,
kidney disease, and stroke.

13.2.1.1 Blood Pressure

Blood pressure is an alarming indicator of human health that is influenced by many
factors including food habits and internal body imbalance caused by angiotensin,
insulin level, atherosclerosis, etc. Consequently, a general nutritional plan to mini-
mize hypertension risk includes attaining and maintaining a healthy body weight;
consuming a diet rich in calcium, phosphorus, and magnesium; and consuming
non-alcoholic beverages and sodium in moderation (Barham et al. 2000).

13.2.1.2 Obesity

Obesity is a medical condition characterized by accumulation of excess body fat or
increased cholesterol level. As a condition, obesity is associated with reduced life
expectancy and increased health problems. The food additives have relevant effects
on cells of the immune system that could contribute to immune-mediated metabolic
dysregulation. Numerous studies indicate that higher levels of body fat are associ-
ated with an increased risk of many adverse health conditions (Nijhawan and Behl
2020). Food habits and a sedentary lifestyle contribute to overweight and obesity,
especially in children of the western world over the past 20 years. Worldwide, over
20 million children under the age of six are obese or overweight. Some guidelines to
being healthier include making appropriate dietary choices, embarking on good
eating behavior, and having an active lifestyle (Joyce et al. 2020) (Fig. 13.1).
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RAW FOOD PYRAMID

Sea Weed
Nutritional yeast

Herbs, Microgreens
& Wheat Grass Juice

Leafy Greens

Fruits & Vegetables
FOUNDATION FOODS

EAT GENEROUSLY

Sprouts & Legumes

Nuts & Seeds
Flex, Hemp Seeds PROTEINS, AMINO ACIDS

EAT MODERATELY

MEDICINAL FOODS
EAT SPARINGLY

Fig. 13.1 Raw food pyramid (Barham et al. 2000)

13.2.2 Acute Pancreatitis and Immunity

Acute pancreatitis (AP) is a common type of gastrointestinal disorder in humans, and
many functional foods or nutritional supplements can help in the management of AP
(Gupta et al. 2021). It has been well proven that nutritional components are directly
related to the immune system of the body. Thus, nutritional foods are very important
for the enhancement of the immune system to defend against pathogens and also
play a key role in the maintenance of homeostasis (Moynihan and Irvine 2017). A
balance of innate and acquired immunity is desirable for good health (Yu et al. 2018)
(Figs. 13.2 and 13.3).

13.2.3 Hypersensitivity

Hypersensitivity is mainly due to genetic causes, but environmental factors, includ-
ing air pollution, dietary components and residential conditions, also play an impor-
tant role. An allergic reaction is a sequential immune response involving the
processing and presentation of the allergen, activation of allergen specific T and B
cells, production of IgE against the allergen, and activation of mast cells and
eosinophils triggered by the allergen.
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Fig. 13.2 Immune system

A Balanced Immune SystemA Balanced Immune System

Internal Threat External Threat

Autoimmune problem Allergic Reaction
(type 1 diabetes, rheumatoid arthritis, (hay fever, eczema, asthma, sinusitis)

psoriasis, multiple sclerosis, lupus,
inflammatory bowel disease)

Immune Over-reaction

BALANCED IMMUNE SYSTEM = OPTIMAL EFFECTIVENESS

Immune Under-reaction

Cancer

(hepatitis, HIV, shingles, TB)

Infection

(viruses, bacteria, fungi and parasites)

Fig. 13.3 Balanced immune system
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13.3 Functional Food

13.3.1 Medical Foods as Nutritional Supplements

Medical foods are foods that are specially formulated and intended for the dietary
management of a disease that has distinctive nutritional needs that cannot be met by
normal diet alone. They were defined in the Food and Drug Administration’s 1988
Orphan Drug Act Amendments and are subject to the general food and safety
labeling requirements of the Federal Food, Drug, and Cosmetic Act. Medical
foods are distinct from the broader category of foods for special dietary use and
from traditional foods that bear a health claim. In order to be considered a medical
food the product must, at a minimum:

• Be a food for oral ingestion or tube feeding (nasogastric tube),
• Be labeled for the dietary management of a specific medical disorder, disease or

condition for which there are distinctive nutritional requirements, and
• Be intended to be used under medical supervision.

13.3.2 Medical Foods Can Be Classified into the Following
Categories

• Nutritionally complete & incomplete formulas.
• Formulas for metabolic disorder.
• Oral rehydration products.

13.4 Nutraceutical Factors in Specific Foods

13.4.1 Antioxidative Vitamins

In an organization model, the nutraceuticals can be grouped based upon relatively
concentrated foods. There is interest in particular nutraceutical compounds and
specific foods for agricultural reasons or functional food-development purposes.
Several nutraceutical substances, such as antioxidative vitamins, ascorbic acid, and
the tocopherols, play an important role not only for limiting tissue damage but also in
preventing increased cytokine productions, which leads to hyperactivation of NF-κB
protein. Onion and garlic are rich with various flavonoids. Citrus foods are good
sources of antioxidants. On the other hand, flaxseed oil contains the omega-3 fatty
acid known as alpha-linoleic acid (ALA). The omega-3 supplements may improve a
number of skin disorders, including dermatitis, psoriasis, and skin damage attributed
to ultraviolet (UV) exposure. There are no guarantees that closely related foods



contain the same nutraceutical compounds, for example, onions and garlic are in the
same lily family; however, onions are loaded with quercetin and garlic is not
(Gutiérrez et al. 2019) (Table 13.1).
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Table 13.1 Nutraceutical substances grouped by food sources (Holban and Grumezescu 2018)

S. no Name of nutrients Name of the elements

1 Essential microbes Prebiotic

2 Microbial flora Probiotic

3 Minerals Nitrogen

4 Marine algae Phosphorous

5 Sea weed Potassium

6 Sea weed Molybdenum

7 Milk Calcium

8 Marine products Magnesium

9 Green leafy vegetables Sulfur

10 Healthy microbes Zinc

11 Green leafy veggies Copper

12 Fruits Iron

13 Microelements Manganese

14 Microelements Boron

15 Microelements Selenium

16 Essential fatty acids Omega-3 fatty acids

17 Essential
phytochemicals

Flavonoids

18 Phyto constituents Tannin

19 Primary metabolites Lignin

20 Primary metabolites Glycosides

21 Primary metabolites Serpentines

22 Primary metabolites Terpenoids

23 Primary metabolites Saponins

24 Phytoconstituents Alkaloids

25 Phyto bioactives Isoprenoid

26 Fiber sources Oats, peas, beans, apples, citrus fruits, carrots, barley and
psyllium

27 Antioxidative vitamins Tocopherol (vit E)

28 Antioxidative vitamins Ascorbic acid (vit C)

29 Micronutrients Vit. A, B1, B2, B6, B12 (vit. B complex), C, D.

30 Macronutrients Folic acid, biotin & carotenoids

13.4.2 Macronutrients

For a healthy person both micro and macronutrients are important, and as its name
implies, macronutrients are required in large quantity for normal human daily life.



Proteins are the building blocks of the human body and are also known as functional
and physiological units of life. They are also a source of energy after carbohydrate
and fat consumption. Macronutrients play a unique role in repairing mechanisms and
homeostasis. Our proteinaceous diets provide essential amino acids. Our bodies are
like recycling geniuses that can take an old pallet (plant and animal protein), break it
down (into amino acids), and make a bench from the parts (new protein).
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13.4.3 Micronutrients

Vitamins and minerals are types of micronutrients required in small amounts for the
function of the human body. They do not provide calories but are required to
modulate the production of enzymes, hormones, and other substances that affect
the capacity to defend against pathogens and are vital to development, prevention of
many diseases, and boost our immunity. Micronutrients are commonly referred to as
vitamins and minerals, and it is adequate intake of these micronutrients that help
reduce the risk of chronic disease, promote a longer life, and improve overall
wellbeing. Some research even indicates that higher intake of micronutrients is
associated with improved mood, energy levels, and appetite control. Micronutrients
such as essential proteins, antioxidants, essential amino acids, vitamins (A, B1, B2,
B6, B12, C, D, E, and folic acid), omega-3 fatty acids, minerals (iron, calcium,
selenium, zinc, and copper), and other certain phytochemicals are important for a
healthy immune system. However, over reaction of the immune system leads to
hypersensitivity reactions such as autoimmunity, which ultimately causes auto
immune diseases and allergic reactions. The key role of dietary factors in
immunotolerance promotion and skin disorders and allergic diseases prevention
has become an important tool in management of several diseases. The aim of the
chapter is the analysis of the impact of immunomodulatory dietary components,
consumed by many people, on the development of skin disorder, pollen allergy, and
hypersensitivity in their offspring. The antioxidative vitamins, ascorbic acid and the
tocopherols, play an important role not only for limiting tissue damage but also in
preventing increased cytokine production, which is a consequence of excessive
activation of NF-κB. Glutathione is a major endogenous antioxidant and is important
for lymphocyte replication. Two vitamins, vitamin B6 and riboflavin, participate in
the maintenance of glutathione status. The former vitamin acts as a cofactor in the
synthesis of cysteine and the latter vitamin is a cofactor for glutathione reductase.
Deficiencies in tocopherol, vitamin B6, and riboflavin reduce cell numbers in
lymphoid tissues of experimental animals and produce functional abnormalities in
the cell mediated immune response. Ascorbic acid and tocopherols have shown anti-
inflammatory effects in human and animal studies. In humans, dietary supplemen-
tation with ascorbic acid, tocopherols, and vitamin B6 enhances a number of aspects
of lymphocyte function.
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13.4.4 Omega-3 Essential Fatty Acids

Omega-3 fatty acids (ω-3 FA) are essential fats that every dietician recommends.
They provide numerous health benefits, such as a reduced risk of heart disease,
inflammation, and improved mood. Fish and flaxseed oils are good sources of
omega-3 fatty acids, and the two main types found in them are eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). A typical fish oil supplement contains
180 mg of EPA and 120 mg of DHA (Freeman 2000).

13.4.4.1 Good Source of Omega-3 Essential Fatty Acid Foods

Flaxseed Oil The flax plant (Linum usitatissimum) is an ancient crop that is rich in
omega-3 fatty acid. The flax plant contains nutritious seeds commonly known as flax
seeds. Flaxseed oil is obtained by cold-pressing ripened and dried flax seeds. The oil
is also commonly known as linseed oil. Flaxseed oil can be used in a variety of ways
and is available commercially in both liquid and capsule form. Flaxseed oil provides
powerful health benefits, likely related to its high content of omega-3 fatty acids (ω-3
FA), which have shown their efficacy in the treatment of chronic and acute diseases
due to their pleiotropic effects on cell signaling pathways linked to inflammation,
angiogenesis, and cell cycle progression (Mirshekar et al. 2015).

Fish Oil Fish oil is one of the most popular dietary supplements on the market. It is
made by extracting oil from fish tissue that is particularly rich in omega-3 fatty acids
and provides heart health benefits. It may improve some skin disorders, including
dermatitis, psoriasis, and skin damage attributed to sun exposure. Fish oil supple-
ments can help you consume an adequate amount of omega-3 fatty acids, especially
if you are not much of a seafood fan. Typical fish oil supplements contain 1000 mg
of omega-3 fatty acids. In fact, certain fish oil supplements are often prescribed by
healthcare providers to lower blood triglyceride levels, boost your immunity, and
boost your memory (Boberg 1990).

13.4.4.2 Examples of Different Forms of Omega-3 Fatty Acid/Oil
Products

I. Triacylglycerol (TAG) or TAG concentrate
II. Ethyl ester (EE) or EE concentrate of eicosapentaenoic acid
III. (EPA) and/or docosahexaenoic acid (DHA)
IV. Phospholipid 5. Chromium (III) – DHA complex
V. Phytosterol-DHA ester
VI. Epigallocatechin gallate (EGCG) – DHA ester (Fig. 13.4)
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Fig. 13.4 Cod liver oil (Guy 1923)

13.5 Omega-3 Essential Fatty Acids

13.5.1 Cod Liver Oil

Cod is the common name for fish from the genus Gadus. The most known species are
the Atlantic cod (Gadus morhua) and the Pacific cod (Gadus macrocephalus).
Throughout the world, the cod fish and its liver are well known. Cod liver oil is
exactly what it sounds like: the oil extracted from the liver of the cod fish. Cod liver
oil is a nutrient-dense oil made from the livers of several species of the cod fish, and
its powerful composition may help to reduce inflammation, promote brain function,
improve eyesight, and boost the immune system. The oil is known in traditional
folklore as a remedy for a wide range of different health issues. Research has found it
to be one of the richest sources of vitamins A and D, as well as omega-3 fatty acids,
including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which
manage the production of prostaglandins that regulate blood pressure, blood clotting,
inflammation and allergic responses, and gastrointestinal issues. It has the highest
concentrations in amounts of vitamins A and D, omega-3 fatty acids, structured fat,
and has been used for centuries to boost immune system health and prevent many
diseases such as type 1 diabetes and rickets. Rickets is a bone condition in children
caused by a lack of vitamin D. However, the health benefits of cod liver oil may not
end there. Eating fresh cod fish livers may provide many important health-boosting
benefits during pregnancy for the developing baby, especially brain and eye
development.
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13.6 Health Benefits of Cod Liver Oils as Nutraceutical
Supplements

13.6.1 Prevention of Rickets

In the past, rickets was a common disorder of the bones caused by a severe
deficiency of vitamin D. In rickets, the bones fail to mineralize, which leads to soft
bones and skeletal deformities in children, including:

• Bowed legs,
• Thick wrists and ankles,
• Projected breast bone.

The best source of vitamin D is sunlight, but people who live in northern latitudes
often do not get a lot of sun during the winter months. Before the discovery of cod
liver oil, many children suffered from deformed bones. Once mothers began includ-
ing cod liver oil in their child’s daily routine, incidence of rickets dropped dramat-
ically (Rajakumar 2003). Vitamin D drops for children are also widely available.
Along with the use of cod liver oil, these changes have made rickets a rare disease in
the United States, but a few cases are seen today. Rickets remains a major public
health concern in many developing countries.

13.6.2 Lowering the Risk of Type 1 Diabetes

Type 1 diabetes is an autoimmune disease that usually occurs in children, but its
exact cause is unknown. A meta-analysis of 11 different studies found that children
who took vitamin D supplements during their first year of life, including cod liver oil
or a supplement with vitamin D, had a significantly lower risk of type 1 diabetes. The
effect may be attributed to cod liver oil’s high vitamin D content. Another point of
view indicates the mother’s vitamin D deficiency as a culprit in type 1 diabetes. In
one article, researchers found that the odds of type 1 diabetes were more than two
times higher in children whose mothers had the lowest levels of vitamin D, com-
pared to children of mothers with high levels of vitamin D. At present, there is not
yet enough research evidence to show that vitamin D deficiency is definitely linked
to type 1 diabetes or that cod liver oil can reduce the risk.

13.6.3 Preventing Infections

Cod liver oil could mean fewer bouts of the cold and flu for your child, and fewer
trips to the doctor. It is theorized that an immune system boost comes from the oil’s
high content of vitamin D, though research has not yet shown this. In research
published in the Journal of the American College of Nutrition, cod liver oil



supplements decreased trips to the doctor for upper respiratory illnesses by 36–58%
(Cannell et al. 2008) (Fig. 13.5).
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Fig. 13.5 Omega-3 fatty acid rich foods

13.6.4 Protecting Eye Sight

Cod liver oil is rich in vitamins A and D. Both of these vitamins are essential for
maintaining healthy eyesight over the long term. Vitamin A is especially important
for preserving normal vision. It is also an antioxidant and could prevent the damage
that leads to glaucoma. Glaucoma is an eye disease that can damage the optic nerve,
leading to vision loss or even blindness. Scientists are exploring the relationship
between cod liver oil supplementation and glaucoma. It is thought that the high
omega-3 fatty acid content of cod liver oil could help improve blood flow to the eyes,
keeping children’s eyesight strong and healthy for a long time (Huang et al. 2011).

13.6.5 Reducing Depression

The vital component of cod liver oil is omega-3 fatty acids, which have been shown
to reduce depressive symptoms in people suffering from major depression. A
research study with over 20,000 people showed that those who regularly took cod
liver oil were roughly 30% less likely to have symptoms of depression than those
who did not taken cod liver oil. Research also suggests that omega-3 fatty acids may
improve overall mood and brain functions (Raeder et al. 2007).



13 Recent Advances of Nutraceutical and Functional Foods in Immune Health 325

Table 13.2 Non-essential
AA and essential AA

Non-essential AA Essential AA

Alanine Histidine

Arginine Isoleucine

Asparagine Leucine

Aspartate Lysine

Cysteine Methionine

Glutamate Phenylalanine

Glutamine Threonine

Glycine Tryptophan

Proline Valine

Serine

Tyrosine

13.6.6 Amino Acids (AA)

There are two types: non-essential amino acids and essential amino acids. They are
used to boost immunity and increase energy levels (Table 13.2).

13.7 Essential Phytochemicals

Phytochemicals is a broad term meaning plant (phyto) chemicals referring to a wide
variety of compounds that occur naturally in plants. Essential phytochemicals help in
the prevention of chronic diseases and are bioactive, but their intensities are reduced
during processing and handling. First described and discovered in the 1950s by
Julius Axelrod, cytochrome P450 (CYP450) are a set of enzymes capable of
promoting excretion of xenobiotics through hydroxylation reactions using a heme
molecule as a cofactor (Elseehy and El-Shehawi 2020) (Fig. 13.6).

13.7.1 Food and Non-Food Sources of Nutraceuticals

One of the broader models of organization for nutraceuticals is based upon their
potential as a food source for humans. Many nutraceuticals are found in plants and
animals and sometimes in microbes (i.e., bacteria and yeast) groups. An example is
conjugated linoleic acid (CLA), which is part of the human diet, mostly as a
component of beef and dairy foods. Food chains or symbiotic combination may
occur for some.
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piperidine, pyrrolizidine, quinoline, quinolizidine,
steroidal, tropane, amino acids, amine, cyanogenic
glycoside, purine, pyrimidines, proteins, peptides

Monosaccharide, disaccharide, polysaccharide,
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triterpenes, triterpenoidsaponins, sesquiterpenoids,

sesquiterpene lactones, polyterpenoids

Flavonoids, phenolic acid, Stillbenoids, tannins,
lignans, xantones, quinones, coumarins,

phenylpropanoids, benzofurans

Fig. 13.6 Types of essential phytochemicals (Alamgir 2017)

13.8 Classified by their Proven Physiological Properties

The nutraceutical ingredients with fish oil and flaxseed oil contains the hearty dose of
protein and fiber.

Dietary fiber is defined as a carbohydrate with three or more monomeric units,
which are neither digested nor absorbed in the small intestine, and soluble fiber is
found in oats, peas, beans, apples, citrus fruits, carrots, barley, and psyllium (Dwyer
et al. 2018) (Table 13.3).

13.9 Good Source of Balanced Dietary Supplements

13.9.1 Insoluble Fiber

This type of fiber promotes the movement of material through your digestive system
and increases stool bulk; therefore, it can be of benefit to those who struggle with
constipation or irregular stools. Whole-wheat flour, wheat bran, nuts, beans and
vegetables, such as cauliflower, green beans and potatoes, are good sources of
insoluble fiber. The amount of soluble and insoluble fiber varies in different plant
foods. To receive the greatest health benefits, eat a wide variety of high-fiber foods.



S. no. Anticancer

–

–

–

–
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Table 13.3 Nutraceuticals grouped by mechanisms of action (Khalaf et al. 2021)

Positive influence
on blood lipid
profile

Antioxidant
activity

Anti-
inflammatory

Osteogenetic or
bone protective

1 Capsaicin α-Glucan CLA Linolenic
acid

CLA

2 Daidzein δ-Tocotrienol β-Carotene DHA Genestein

3 Genestein γ-Tocotrienol Ascorbic acid EPA Soy protein

4 Sphingolipids Tannins α-Tocopherol Quercetin Inulin

6 Limonene β-Sitosterol Ellagic acid Curcumin Cholcalciferol

7 α-Tocopherol Pectin Glutathione – Phosphopeptides

8 Diallyl sulfide Saponins Lycopene –

9 Ajoene Guar Lutein –

10 Lactobacillus
acidophilus

Resveratrol Indole-3-
carbonol

Capsaicin –

11 Ellagic acid – Gingerol –

12 Lutein – Chlorogenic
acid

–

13.9.2 Benefits of a High-Fiber Diet

A high-fiber diet may lower your risk of developing hemorrhoids and small pouches
in your colon (diverticular disease). Some fibrous foods are fermented in the small
intestine (colon). Increasing your dietary fiber foods intake, especially cereal fiber, is
associated with a reduced risk of dying from CVD, liver dysfunction, and cancer
(Chhabra 2018). Elements of a high-fiber diet are described in the following
sections.

13.9.2.1 Normalizes Bowel Movements

Dietary fiber increases the weight and size of your stool and softens it. A bulky stool
is easier to pass, decreasing your chance of constipation. If you have loose, watery
stools, fiber may help to solidify the stool because it absorbs water and adds bulk to
stool.

13.9.2.2 Lowers Cholesterol Levels

Soluble fiber found in beans, oats, flaxseed, and oat bran may help lower total blood
cholesterol levels by lowering low-density lipoprotein, or “bad,” cholesterol levels.
Studies have also shown that high-fiber foods may have other heart-health benefits,
such as reducing blood pressure and inflammation.
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13.9.2.3 Control Blood Sugar Levels

In people with diabetes, fiber, particularly soluble fiber, can slow the absorption of
sugar and help improve blood sugar levels. A healthy diet that includes insoluble
fiber may also reduce the risk of developing type 2 diabetes.

13.9.2.4 Aids in Achieving Healthy Weight

High-fiber foods tend to be more filling than low-fiber foods, so you are likely to eat
less and stay satisfied longer. In addition, high-fiber foods tend to take longer to eat
and to be less “energy dense,” which means they have fewer calories for the same
volume of food.

13.9.2.5 Helps to Live Longer Life

Increasing your dietary fiber intake, especially cereal fiber, is associated with a
reduced risk of dying from cardiovascular disease and all cancers.

13.10 Conclusion

This chapter discussed the role of nutraceuticals and functional foods in
immunomodulation and the effects of nutritional foods intake for good health.
Smart nutrition and food choices can help to prevent many diseases. Eating the
right foods can help your body cope more successfully with an ongoing illness.
Understanding good nutrition and paying attention to what you eat can help you
maintain or improve your health. Modeling new eating habits using the existing
knowledge is needed for the eventual ideal of “health for all” vision.
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Chapter 14
Therapeutic Effects of Withania somnifera:
An Overview with Special Focus
on Alzheimer’s Disease and Infertility
among Youth

Deepika Saini, Mansi Srivastava, Sandhya Vaid, and Vipin Kesharwani

Abstract Immunomodulators are biomolecules that are recognized for their char-
acteristics to stimulate or suppress the adaptive or innate immunity. These agents
modify the immune response by either enhancing (immunostimulators) or
suppressing (immunosuppressants) the expression of inflammatory mediators such
as cytokines and chemokines that activate immune cells. Withania somnifera
(WS) is an ancient ayurvedic herb popularly known as “Ashwagandha” in India in
Sanskrit and “winter cherry” outside India in English that has been used in indige-
nous medicines for over 3500 years or more, owing to its inexhaustible therapeutic
value. Studies have shown a wide range of therapeutic applications associated with
WS such as antibacterial, anti-inflammatory, antioxidant, anti-stress, antitumor, and
anxiolytic, along with its protective role in numerous other ailments like cardiovas-
cular, epilepsy, arthritis, diabetes, and depression. WS has also been recognized for
its neuroprotective role in a number of degenerative conditions like Parkinson’s,
Huntington’s, and most importantly Alzheimer’s disease. In today’s global scenario,
the problem of infertility in males and disturbed sexual behavior in females is
commonly observed. Withania has been shown to cure disorders related to repro-
ductive system across countries with acceptable results. Currently, there is a drastic
universal demand for development of herbal therapies effective for these ailments to
minimize the side effects arising from chemotherapies. An overview of introduction
and immunomodulatory role of Withania somnifera will be presented here with
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special focus on the mechanistic insights into the therapeutic effect of WS in treating
Alzheimer’s and infertility problem. This chapter will also describe the latest
attempts in biotechnological production of withanolides.
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14.1 Introduction

Ayurveda is one of the world’s oldest traditional system of treating uncountable
human ailments. Since the life originated on the earth or from the origin of the
human civilization, man is continuously using plants/herbs in one or other way,
either as a food or as a medicine. India is the country purely known for its culture and
traditions.

Ayurveda is originated in India and is the world’s oldest and successfully
accepted medicinal system known to combat uncountable ailments using the thera-
peutic powers of herbs and plants. In the current scenario, we are living in highly
polluted, industrialized environment where we are consuming bulk of chemicals and
escalating the deadly ratio of various neurodegenerative, cardiovascular diseases and
cancer. Nowadays, the herb in demand is Withania somnifera, also known by the
name Ashwagandha, winter cherry, and Indian ginseng possessing an extremely
noticeable capacity as an immunomodulator. Ashwagandha name was basically
given due to horse like smell from the plants root, in addition when consumed
gives horse like power. WS belongs to family Solanaceae and is mostly found in
tropical and subtropical zones. Withania is known globally for its various pharma-
cological potentials; in Ayurveda, it is known by the word Rasayana, which means
potent rejuvenator; it is known to enhance hemoglobin count, treat melanin-based
pigmentation (Singham et al. 2011), and general health. Withania is known for its
extreme potentiality of treating anti-aging effects, body revitalization, and anti-stress
(Changhadi 1938; Mahima et al. 2012). Though Ashwagandha is nowadays also
available in capsule form, traditionally it is available in powder form which can be
consumed with water, honey, and clarified butter as per comfort (Singham et al.
2011). All the parts ofWithania are well-known to treat various body ailments, e.g.,
roots are widely used to treat rheumatic swelling as well as show health restorative
properties on old age people and pregnant woman (used in powder as well as paste
form). Few other ailments including insomnia, nervous breakdown, leukoderma,
constipation, and many more are also treated successfully using Withania somnifera
stem extract (Bhandari 1970). On the other hand, leaves ofWithania are also in high
demand due to its antipyretic, antihelminthic, anticancer, and antituberculosis prop-
erties as they are rich in secondary metabolites. Seeds are not lesser in potentiality of
combatting ailments than other parts. They have any amazing capacity of curing
white cornea spots, when mixed with rock salt. Despite this, they also possess an
amazing power of treating incurable mental health issues like insomnia, memory
loss, stress, and anxiety disorders with acceptable results. Ashwagandha is also



recognized nowadays due to its remarkable potentiality of improving sperm count in
males to combat infertility problems among youth (Govardhan 1938).
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14.2 Immunomodulatory Role of Withania somnifera (WS)

WS is widely appreciated over the centuries for its distinguished potential as an
effective medicinal herb for the treatment of broad range of diseases and for
improving health and longevity. Besides its notable Ayurvedic properties, several
studies have reported immunomodulatory, cardioprotective, neuroprotective, anti-
aging, and anticancer functions of WS (Mishra et al. 2000a, b; Ng et al. 2020). The
most vital immunomodulatory function of WS is reported to enhance the immune
system to improve body’s defense mechanism against infections and diseases (Kaur
et al. 2017; Singham et al. 2011). Furthermore, the antioxidant nature of WS
provides protection against free radicals that damage the cells (Singham et al.
2011). In addition to the antioxidant properties, it also includes other healing
properties such as anti-inflammatory and herbal supplement for curing various
ailments (Mandlik Ingawale and Namdeo 2020). Many glycowithanolides isolated
from W. somnifera were investigated for their immunomodulatory properties and
have shown to be effective in the activation of lysosomal enzymes, macrophage-
mediated phagocytosis, and anti-stress effects on the central nervous system
(Kuboyama et al. 2002; Pratte et al. 2014). Similar studies that have tested immu-
nomodulatory efficacy of W. somnifera in azoxymethane induced colon cancer in
mice, showing that it dramatically regulated the proportions of active immune cells
including neutrophils, lymphocytes, leukocytes, and immunoglobulins (IgG, M and
A) (Muralikrishnan et al. 2010). Furthermore, the immune regulatory properties in
the leaf extract components of W. somnifera are investigated in previous study and
have found to activate the immune system (Khan et al. 2009). Moreover, the
immunomodulatory properties of W. somnifera have been attributed to the antican-
cer effects, such as in the prostate cancer cells in a previous finding (Palliyaguru et al.
2016; Mulabagal et al. 2009). Another study conducted on myelosuppression mice
models demonstrated a significant upregulation of red blood cells, white blood cells,
platelets, and higher body weight in W. somnifera-treated mice compared to control
mice suggesting immunostimulatory functions of W. somnifera. A previous study
evaluated the effect of W. somnifera on the function of macrophages in carcinogen
ochratoxin A (OTA)-treated mice, showing that it is an inhibited form of
OTA-induced suppression of chemotaxis and production of critical cytokines such
as TNF-alpha and IL-1 in W. somnifera-treated mice compared to control mice
(Dhuley 1997). Another study on tumor-bearing mice model investigated the effect
ofW. somnifera on cellular immune response. The valid research study revealed that
W. somnifera significantly enhanced the proliferation of immune cells such as bone
marrow cells, lymphocytes, thymocytes, and splenocytes in response to mitogens
compared to control mice (Davis and Kuttan 2002). Furthermore, a study revealed
that administration of W. somnifera in mouse leads to a substantial increase in the



production of nitric oxide (NO) in macrophages in a concentration-dependent
manner, as a result of increased production of enzyme nitric oxide synthase and
other inflammatory mediators (Iuvone et al. 2003). In another report investigating
the aqueous suspension of W. somnifera root powder for their immunomodulatory
properties, the authors found immunosuppressive effects observed by inhibition of
lymphocyte proliferation, complement activation, and delayed-type hypersensitivity
reaction, suggesting a potential for expanding the applications ofW. somnifera as an
immunosuppressive drug. For the past few year, number of scientific researches has
been carried out to prove the incredible therapeutic potential of W. somnifera.
Previous study to explore the efficacy of aqueous extracts of W. somnifera-treated
animals immunized with DPT (diphtheria, pertussis, tetanus) vaccine has shown a
dramatic upregulation in the antibody titers as compared to untreated animals after
challenge (Gautam et al. 2004). Overall, these results are encouraging and establish
the role of W. somnifera beyond a traditional Ayurvedic medicinal herb. Owing to
the extraordinary potential of W. somnifera, additional studies must be conducted to
assess and validate its therapeutic efficacy in various clinical settings. The major
ingredients of W. somnifera include alkaloids and steroidal lactones that contribute
to its immunomodulatory and other medicinal properties. An interesting study
examined the key signaling mechanism in the prostate cancer cells using genomic
microarray analysis, indicating that W. somnifera treatment significantly
downregulated the pro-inflammatory cytokines IL-6 and IL-1β and transcription
factor STAT2 while at the same time upregulated crucial signaling molecules
including PI3K, p38 MAPK, cyclin D, and c-myc. These observations suggested
that W. somnifera modulated the expression of genes associated with immune
response, cellular signaling, and transcriptional regulation, thus indicating its poten-
tial effectiveness in prostate cancer (Aalinkeel et al. 2010). Oxidative stress due to
the rapid production of reactive oxygen species (ROS) and nitric oxide (NO) is the
primary cause of cell damage during chronic inflammation. A published study
established the inhibitory role of the withanolides during oxidative stress and
inflammatory disorders. In this study, the authors examined withaferin A and
withanolide A on mice BV-2 microglial cells; the results showed that
W. somnifera effectively inhibited the LPS-induced ROS and NO production and
activated the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway, leading to
induction of heme oxygenase-1 (HO-1). Among the two active constituents of
W. somnifera, withaferin A was found tenfold more effective compared to
withanolide A. In this context, another scientific evidence shows that W. somnifera
inhibited apoptosis via Akt-mediated inhibition of oxidative stress during cardiac
ischemia reperfusion injury illustrating its immunomodulatory potential for treat-
ment of cardiovascular diseases in the future (Mohanty et al. 2008; Gupta and Kaur
2019). Further,W. somnifera root powder has also shown potent inhibitory effect on
mitogen-induced lymphocyte proliferation, complement activation, and delayed-
type hypersensitivity reaction, making it a promising candidate as anti-inflammatory
drug. Taken together, W. somnifera extracts possess immense potential as effective
immunomodulatory agent by suppression of oxidative stress during inflammatory
outburst by targeting the Nrf2 pathway in the microglial cells. Immunomodulatory
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role of W. somnifera is also described by its anti-inflammatory activity of its
component “withaferin A” (WFA). Several studies have been conducted to assess
the properties of steroidal lactone withaferin A extracted from W. somnifera, show-
ing its potential for immunosuppression, anti-inflammatory, neuroprotective,
hepatoprotective, and antimicrobial activity (Dutta et al. 2019). These extracts are
reported to regulate immune response by diminishing the production of
pro-inflammatory cytokines such as IL1-β and IL-18 and transcription factors such
as NF-kB and AP1 in several in vitro models (Dubey et al. 2018; Martorana et al.
2015). Furthermore, the discovery of methanol extract of Withania somnifera was a
great success provided a novel compound “withanolide sulfoxide”was reported with
high selectivity for inhibiting cyclooxygenase-2 (COX-2) enzyme that is rapidly
produced during inflammation and suppression of TNF-induced NF-kappa B acti-
vation in multiple cancer cell lines including human gastric (AGS), breast (MCF-7),
central nervous system (SF-268), and colon (HCT-116) cancer cells (Mulabagal
et al. 2009; Ichikaw et al. 2006). More specific studies have been conducted on
withaferin A and withanolide E (steroidal lactone extracts from W. somnifera), for
uncovering their immunosuppressive potential on immune cells such as B and T
lymphocytes and mice thymocytes. The study demonstrated that withaferin A
inhibited the formation of E-rosetting (erythrocyte rosetting, a phenomenon where
red blood cells (erythrocytes) form a cluster around by normal T and B lymphocytes
giving an appearance of flower) (Plunkett et al. 1987). Several other studies have
illustrated that withaferin A is implicated in inhibition of T-cell responses by
exerting its mechanism via thiol-dependent inhibition of NF-kB pathway. In addition
to targeting NF-kB, withaferin A has also exhibited immunosuppression by targeting
signal transducer and activator of transcription 3 (STAT3) in human breast cancer
cells. These observations indicate therapeutic potential of withaferin A by inhibiting
the proliferation and migration of breast cancer cells by suppressing IL-6-mediated
STAT3 activation (Gambhir et al. 2015). More evidences show that administration
of W. somnifera extract reduced leucopenia induced by cyclophosphamide (CTX)
treatment in mice, delineating its potential for anticancer therapy (Davis and Kuttan
2000). The immunomodulatory and pharmacological properties of W. somnifera
described by multiple studies over the years show a promising potential for its
medicinal uses and therapeutic interventions. Overall, these observations further
provide important insights into the immunomodulatory functions of W. somnifera
in various pathological conditions and cancers. Thus,W. somnifera has emerged as a
plant with enormous ability to modulate the immune system, and several of its
extracts have proven their usefulness for biomedical applications. Thus, there is a
need to further investigate and explore the constituents of W. somnifera extracts and
establish their therapeutic efficacy in specific disease models.
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14.3 Therapeutic Role ofW. somnifera with Special Insights
on Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is basically a neurodegenerative disorder, commonly
associated with old age. The most common symptom of the disease is loss of
memory as well as cognitive functions. AD is characterized by behavioral changes
such as anxiety, inability to learn, irritability, stress, and depression (Apostolova
2016; Fan et al. 2019). The molecular mechanism of AD has been attributed to the
accumulation of (a) neuritic plaques consisting of amyloid β peptide (Aβ) and loss of
synapses, (b) neurofibrillary tangles in the brain composed of intracellular hyper
phosphorylated tau proteins (Apostolova 2016), and (c) oxidative stress due to Aβ
accumulation leading to neuronal death. Currently, the drugs available for treatment
of AD show very limited effectiveness against the disease pathology and are only
useful for suppressing the symptoms (Holtzman et al. 2012). In the recent years,
Ayurvedic plants and their phytochemical constituents are widely appreciated for
their efficacy in the treatment of neurodegenerative diseases including AD (Ma et al.
2019; Akram and Nawaz 2017; Eckert 2010). Active constituents of medicinal
plants such as polyphenols, sterols, alkaloids, flavonoids, tannins, and lignans
have shown promising anti-inflammatory, antioxidant and anti-amyloidogenic prop-
erties that are utilized to improve the treatment efficacy of neurodegenerative
diseases (Rao et al. 2012). Owing to its enormous calming effect on the central
nervous system, W. somnifera has shown a promising potential for AD patients
(Singham et al. 2011; Dimpfel et al. 2020). Previous studies on double-blind,
randomized, and placebo show that W. somnifera significantly reduced stress and
memory loss in a dose-dependent manner (Chandrasekhar et al. 2012). Several
interesting studies have documented the ability ofW. somnifera for their cholinergic
activity and memory enhancement by increasing the production of acetylcholine in
the brain (Gautam et al. 2016; Kuboyama et al. 2005). W. somnifera has also
demonstrated an immense potential for regeneration of dendrites and axons in
human neuroblastoma cells (Kuboyama et al. 2005; Keuboyama et al. 2014) and,
therefore, has appeared to be of great interest to researchers. In-depth studies to
understand the molecular mechanism exerted byW. somnifera have been conducted
by several research groups. The same study has shown that two dendritic markers
PSD-95 and MAP2 were significantly upregulated in cells exposed to W. somnifera
that lead to dendrite formation (Kuboyama et al. 2005; Keuboyama et al. 2014). The
same study also exhibited that rat cortical neurons having amyloid peptides that
caused axon and dendritic atrophy regenerated both axons and dendrites upon
treatment with W. somnifera extracts. These observations present valuable insights
into the effectiveness of W. somnifera against the neurodegenerative mechanism
underlying AD. Similar study on aqueous extract of W. somnifera roots showed its
ability and potential of inhibiting the formation of mature amyloid β fibrils in the
brain (Kumar et al. 2012; Jayaprakasham et al. 2010). More such studies have
investigated the methanol extracts ofW. somnifera dried roots using LC-MS analysis
showing that the extract is rich in alkaloid and steroidal lactone such as withanolides,



and more importantly it showed neuroprotective properties against β-amyloid-
induced cytotoxicity (Kurapati et al. 2013). These observations indicate towards
the neuroprotective role of W. somnifera in AD and related neurodegenerative
disorders. Another interesting study provided evidence that semi-purified extracts
of W. somnifera roots effectively reversed the plaque pathology, β-amyloid peptide
accumulation, and behavioral deficits in the brains of middle-aged and old AD
transgenic mice that was mediated by enhancing the low-density lipoprotein
receptor-related protein (LRP) in liver. In a recent study, an “i-Extract” of
W. somnifera was observed to restore the memory loss in scopolamine (SC)-induced
mice by targeting the muscarinic receptors, thus providing a mechanistic evidence
for the applications of W. somnifera in neurodegenerative disorders (Konar et al.
2019). Another study has illustrated that the leaf water extracts of W. somnifera
effectively inhibited LPS-induced impairment of synaptic plasticity,
neuroinflammation, and cognitive dysfunction with a gain of memory and learning
ability (Gupta and Kaur 2019). In the same study, the possible signaling mechanisms
that are targeted by W. somnifera are PI3K-Akt and BDNF-TrkB and PLCγ-IP3
known for regulating the survival and maintenance of neurons. Thus, this study
suggests W. somnifera leaves extract as a potential therapeutic candidate for
neuroinflammation. Collectively, these studies indicate that there could be multiple
mechanisms that are implicated in the neuroprotective ability of W. somnifera, and
the synergistic action of its constituents such as withaferin A and withanolides could
contribute to its therapeutic value as a neuroprotective agent. While the medicinal
uses of W. somnifera are well established in Ayurveda for centuries, there is still a
need to evaluate the therapeutic efficacy and underlying mechanism of various
unexplored components of this multipurpose herb. The current drug discovery
process for neurodegenerative disorders in the pharmaceutical industry is inefficient,
time taking, and expensive. In such a scenario, Ayurvedic medicines based on plant
extracts such as W. somnifera offer more rapid path towards treatment possibilities
with least toxicity and have therefore gained enormous attention in the recent years.
Although more rigorous efforts are required to describe the molecular mechanism
and enhance the applicability of herbal extracts for age-related neurodegenerative
therapies. Therefore, a combination of high-throughput screening methods for all
possible active components of W. somnifera along with mechanistic insights will
create hope for improved treatment approaches for neurological diseases.
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14.4 Role of Withania Somnifera in Infertility Treatment

Worldwide herbs are used as alternative medicines to cure infertility. Herbal therapy
uses WS, senna (Cassia angustifolia), Gokshura (Tribulus terrestris), Anantmool
(Indian Sarsaparilla, Hemidesmus indicus), Shatavari, Swet musli, wild yarn saw
palmetto, and rhodiola for men to cure infertility. For women, dandelion, aka
chasteberry, song quaint, black cohosh, maca, and schisandra, is used to cure
infertility. Whereas Withania Somnifera (WS) is the flagship herb in Ayurveda to



cure infertility in both men and women. WS (Ashwagandha, winter cherry, or Indian
ginseng) is a major source of phytochemicals and physiochemicals. WS is a leading
therapeutic plant which finds place in many alternative medicine (Meis et al. 2003).
Every part of WS plant has medicinal value. Shoots of WS plant contain calcium,
phosphorus, protein, and scopoletin. They are helpful in curing impotency. The stem
structure consists of condensed tannins free amino acids and flavonoids. Green
leaves are chewed to control diabetes, high blood pressure, and bad cholesterol.
Leaves which are bitter in taste are also recommended by practitioners in painful
swellings and fever. Extract of flowers is diuretic, depurative, aphrodisiac, and
astringent. The seeds in extract or powder form are treated as astringent and
anthelmintic. Among all parts of WS, roots are most valuable and have innumerable
uses. Therapeutic claims of WS roots are mentioned in the coming paragraphs
(Bonilla et al. 2021).
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14.5 Phytochemical and Physiochemical Aspects

Previous topic is dealt with biochemical structure of WS. Biochemical structure
outlines chemical processes which occur in living organisms. All the chemical
reactions which undergo in human body are biochemical reactions. Every part of
WS (shoots, stem, leaves, flowers, seeds, or roots) is an important alternative
medical curing agent. Extract or powder of WS roots contains steroidal and
non-steroidal alkaloids, neurotransmitters, ergostane, steroidal lactones, fatty acids
(non-essential and essential), flavonoids, amino acids, and withanolides.
Withanolides are further divided into withanosides, withaferin A, and beta-sitosterol
and sitoindosides. Among these constituents, various amino acids, withanolides, and
alkaloids play vital role in curing infertility (Mishra et al. 2000a, b). WS in pure
herbaceous powder form, apart from above, also contains saponins, namely,
anaferon, anahygrine, cuscohygrine, tyrosine, withanine, visamine, sitoindoside,
somnine, and amino acids like aspartic acid, glutamic acid, butyric acid, and
chlorogenic acid. WS is a rich source of iron, calcium, phosphorous, starch, glyco-
sides volatile oil, and chymase enzyme. All these components of WS deliver
countless therapeutic functions including infertility remover. WS has large historical
background of over 3500 years of its medical use in India. Abundance of steroidal
and non-steroidal alkaloids, withanolides, amino acids, withaferin A, starch, glyco-
sides, saponins, calcium, phosphorus, and iron make it herbal pick to perform broad
spectrum of biomedical functions. The broad spectrum exhibited by WS includes
anti-glycemic, anti-arthritic, anticancer, lactogenic, anti-inflammatory, antimicro-
bial, immunomodulatory, adaptogenic, and aphrodisiac. Classically, WS is treated
as stimulant, antioxidant, narcotic, aphrodisiac, diuretic, astringent, anthelmintic,
and thermogenic. However, most dependable application of WS is curing infertility
in both men and women. Classically, WS is used as Rasayan (tonic or rejuvenator) in
Ayurveda. Generally, root of WS is dried and granulated as powder in a grinder. WS



root powder taken in doses of 450 mg to 2 g twice a day certainly cures infertility
(Ilayperuma et al. 2002; Patil et al. 2012).
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14.5.1 Infertility at a Glance

Infertility is a complex jargon of problems arising out of physiological, biochemical,
psychological, or economical variants. According to the WHO report, worldwide
about 15% of married couples suffer from infertility. WHO estimate shows world-
wide 70–80 million couples have infertility problem. Infertility is a failure of couple
to conceive after having regular unprotected sex. Often, in simple words, infertility
can be defined as non-conceiving situation in couples after years of regular sexual
intercourse without introduction of birth control measures. Causes of infertility in
both men and women may be different. Low sperm count, poor sperm quality, less
motility, abnormal sperm, ejaculation disorder, stress, and hormonal imbalance may
be the few causes for men infertility. Etiology of men infertility classified on the
basis of testicular disorder is as follows:

• Pretesticular: Etiologies prior to testes, like hypothalamus-pituitary-gonadal axis
disorders, psychopathic, sexual disorder, or syntonic ailments

• Testicular: Causes like varicocele (low sperm production and poor sperm qual-
ity), cryptorchidism (dislocation of testes), semenal abnormality, and infection

• Post-testicular: Causes responsible for unsmooth sperm transfer like hypospadias
(anatomical abnormalities, disorder of penis), dysfunction, or obstruction of
epididymis

• Idiopathic: Unexplained or unidentified causes

In women, various reproductive dysfunctions along with physio-psycho stresses
are reasons of infertility. Failure to ovulate, menstrual disorder, egg immaturity, and
reproductive system structural problems are the common causes of women infertil-
ity. Other etiologies of women infertility include dysfunction of hypothalamus-
pituitary-ovarian axis, endometriosis, ovarian ailments, fallopian tubal disorders,
or uterine pathologies. Confirm studies have proved that regular intake of WS
(especially root powder) in doses specified by medical experts can eliminate problem
of infertility in both men and women. WS has potential to regulate hormonal
imbalance and can strengthen and rejuvenate reproductive system of both male
and females (Krauss 2011; Nasimi et al. 2018; Kelgane et al. 2020).

14.5.2 Ability of Withania somnifera to Cure Infertility

Studies reveal that WS roots have gonadotropic functions which increase seminif-
erous tubular cell layers in males and general weight in females by developing
follicles size. WS enhances spermatogenic activity due to hypothalmic-hypophysical



gonadal hormonal axis supporting and balance of testosterone in testes. WS affects
semen parameters of infertile men. The presence of high amount of alkaloids, amino
acids (non-essential and essential), and ergostane steroids increases vitamins A, C,
and E and improves semen quality thereby increasing fertility. These constituents of
WS are supposed to restore testosterone secretion, improve detoxification due to
scavenging activity, and reduce stress. Treatment by aqueous extract of WS into
infertile married couple has shown significant statistical increased sexual function
index (SFI) and retarding sexual distress index (SDI) in both male and female.
Endocrinologists prescribe medications such as human menopausal gonadotropin
(hMG), human chorionic gonadotropin (hCG), gonadotropin releasing hormone
(GnRH), recombinant FSH, or clomiphene citrate (estrogen receptor) for treatment
of reproductive dysfunctions of infertile couples. However, Indian Ayurvedacharyas
recommend use of WS to stimulate gonadotropin release (Lopresti et al. 2019).
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14.5.3 Mechanism of Function in Men and Women

Mechanism of effect of WS on endocrine glands/reproductive system is interesting
to study. Mechanism is linked with both oxidative and non-oxidative features and
the capability to expedite detoxification process and enhancement of the hormonal
balance of follicle stimulating hormone (FSH), luteinizing hormone (LH), and
testosterone. WS induces gonadotropin hormone secretion release. It also maintains
hormonal balance. WS provides metal ions which modify oxidative stress, prevent
cell apoptosis, and facilitate enzyme activities in men. Alanine in seminal fluid
increases due to alanine transaminase activity inducement by WS which results in
less oxidative stress index (OSI) and improved semen parameters. Another salient
feature of WS is to balance citrate glutamine, histidine, lactate, and phenyl amine in
seminal fluid thereby increasing enzymatic activity in fatty acid metabolism and
tricarboxylic acid (TCA) cycle. WS improves sperm concentration and increases
motility, release of mature ejaculation, and normal spermatozoa to counter stress-
related damages. Spermatogenesis function streamlines by WS. Stress also contrib-
utes towards the etiology of infertility. WS stimulate hypothalamus-pituitary-adrenal
(HPA) axis to nullify stress. Cortisol is the lead stress hormone. WS reduces the
generation of cortisol and reactive oxygen species (ROS). WS also controls GABA-
mimetic action. WS is known to be the best adaptive to secure fertility by balancing
homeostasis thereby protecting human body from the toxicity of stress. Regular
intake of WS decreases production and release of cortisol, epinephrine, and norepi-
nephrine to overcome stress and increase fertility.

Mechanism of function of effect of WS on women endocrine glands needs to be
investigated. Researchers have vast untamed field to explore. Stress-related impacts
of WS on women infertility are similar to that of men as already explained above.
Infertility cases may occur due to men, women, or both. Studies show that each
factor represents one third of the total infertility cases. Infertility in women may
primarily be due to endometriosis, abnormality in fallopian tubes, evolution



problem, or polycystic ovary syndrome. Women could have hypoactive sexual
desire disorder (HSDD), female sexual dysfunction (FSD), female orgasmic disorder
(FOD), or female sexual arousal disorder (FSAD). These disorders give rise to
reduced arousal, dryness in vagina, reduced libido, problems to achieve orgasm,
reduced genital perception, and pain during intercourse. WS due to its phytochem-
ical and physiological characteristics, as already explained in the previous para-
graphs, has potential to address sexual disorders and their effects on women.
Symptoms of polycystic ovarian syndrome (PCOS) are significantly suppressed by
WS. Intake of WS by women strengthens endocrine system and regulates adrenal
and thyroid glands which are responsible for balancing the reproductive hormones.
Lust, appeal for intercourse, readiness for courtship, and reaching orgasm exacerbate
after regular intake of WS by women. Vigor, vitality, and sexual satisfaction are
increased in women by prolonged WS intake. Lactation and ova production (Oogen-
esis) increase on WS administration. Endocrine/exocrine glands get activated and
ovarian ducts nourished by WS due to increased secretion of prolactin and proges-
terone hormones, resulting in improved fertility in women having conceiving disor-
ders. Thus, WS plays a vital role in female infertility and is a panacea for females to
infertility dysfunctions (Singh et al. 2011; Sharma et al. 2018).
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14.5.4 Benefits of Withania somnifera

WS in pure aqueous extract or powder form have many benefits over other substitute
herbs:

• WS as an adaptive, aphrodisiac, narcotic, or astringent is deemed to be the best
available herbal medicine to cure infertility.

• WS is well trusted by infertile couples being flagship of Ayurveda for curing
infertility of both men and women.

• WS is panacea for all women sexual disorders.
• WS is lactogenic and oogenesis promoter, helpful for infertile women to

conceive.
• WS is anti-hyperglycemic and can be taken by diabetic patients.
• WS as rejuvenator can be taken by all age groups in small doses to boost

immunity.
• WS easily grows in almost every region of India irrespective of topography.
• Every part of WS plant has medicinal utility and produces no herbal waste.
• Medical advantages of WS are well explained and reported in Ayurveda; infertile

couples are well aware about WS use.
• Agricultural productivity cost of WS is fairly low.
• Manufacturing cost of WS formulations is minimum, easily affordable by com-

mon citizen.
• WS being a purely herbal pack has no side effects.
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• WS can be easily consumed along with other medicines.
• Export of WS formulations contributes in countries GDP.

14.6 Biotechnological Outlook/Technologies
for the Production of Withanolides

Due to its immense medicinal values and therapeutic and pharmacological approach
towards various diseases, Withania somnifera is getting extreme importance from
the researchers and pharma industries. Nowadays, more focus is paid to WS to
develop biotechnological techniques and approaches to enhance the withanolide
production. The estimated production rate WS is 1500 tons/annum(approx.),
whereas its annual demand crosses 7000/annum thus creating a huge gap. The
major fact that renders the path to meet the current global demand is long cultivation
process ofWithania, which hampers all criteria to meet global consumption demand.
Nowadays, biotechnologists and researchers are emphasizing more on outstretching
the approach towards in vitro withanolide production in order to come up with the
shortage faced by pharma market globally. The main reason of drifting the outlook
from in-field to in vitro cultivation of WS is unavoidable factors which limit the
cultivation strategies, ultimately challenging the global market demands and ham-
pering the way to meet the input and output supply chain of medicine world. Poor
seed viability and germination rate, downwards seedling survival graph, water, and
climatic conditions are adverse yet need to be considered factors for moving towards
biotechnology for in vitro cultivation and production of secondary metabolites to get
immunomodulatory advantages. In Withania somnifera, withanolide production
occurs in two distinctive ways: first is mevalonate and the second is
non-mevalonate pathway. Squalene, cholesterol, and mevalonic acid act as three
immediate precursors in metabolic pathway during withanolide production.

14.6.1 Enhancement of Withanolide Production in WS by
Using Hairy Root Culture Technique

Currently, hairy root culture technique is emerging as one of the efficient techniques
giving revolutionary changes in the production strategies of secondary metabolites.
In this technique, susceptible explants are infected with Agrobacterium rhizogenes
for a particular time period and are observed by certain distinguished factors like
negative geotropism, positive growth rate symptoms, accurate genetic stability, and
remarkable profuse branching (Cai et al. 2012). The potentiality of hairy root culture
is directly proportional to any alterations in nutrient medium. A series of research
work has been carried out by Praveen and Murthy (2010) on WS hairy root culture
technique for the withanolide A production by simply optimizing the growth



parameters. As per their findings, they investigated that any changes in the type and
concentration of carbon source may show different growth and increased
withanolide production under optimal circumstances. It was concluded by their
series of experimental setup that sucrose as a carbon source (11.92 g/l DW and
11.96 mg/g DW of withanolide A) is best for maximum withanolide production and
bioaccumulation. Biomass accumulation was observed to be maximum (11.92 g/l
DW) at 3% sucrose concentration; on the other hand, production of withanolide A
was observed to have a favorable growth approach at 4% concentration of sucrose.
Elicitor treatment has also been introduced and giving new heights to the biotech-
nological approaches for increasing secondary metabolite production in case of
Withania somnifera. Hairy root when treated with methyl jasmonate (Mej) and
salicylic acid (SA) enhances the bioaccumulation and production rate of withanolide
A and of course of other metabolites possessing global pharmaceutical importance.
As per new findings by the team of researchers, it was revealed that ammonia nitrate
(NH4

+ /NO3
�) ratio imposes critical viability in the metabolite production rate.

When the concentration of NO3
� is higher than that of NH4

+ (0.00/18.80 mM),
the withanolide A production rate increases gradually. They concluded the series of
experimental setup by plotting a graph showing the maximum biomass accumulation
rate (148.75 g/l FW and 14.79 g/l DW) at 14.58/37.60 Mm (NH4

+/ NO3
� ratio)

concentration (Praveen and Murthy 2012).
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14.6.2 Use of Cell Suspension Culture for Enhancing
the Production of Withanolides

Nowadays, cell suspension culture technique is well known for its phenomenal
property of enhancing the ability to yield maximum metabolite production and
contribute maximum in global pharma market. According to research outcomes,
production of withaferin A in suspension cell culture was supported by proven
evidences of adding salicin at 750 μm, which resulted in an outstanding production
rate. WithaferinA, 25� 2.9 mg/l, which was comparatively very much more than the
yield observed under controls, 0.47 � 0.03 mg/l (Ciddi 2006; Nagella and Murthy
2010), used shake flask for setting up cell suspension culture technique for metab-
olite production in Withania somnifera. Nagella et al. studied the basic co-relation
between the effect of various factors like PH, media, growth regulators (like auxins
and cytokine), and source of carbon and their strength and of PH for withanolide A
production. As per their findings, for productive and maximum biomass accumula-
tion and withanolide A production (2.95 mg/g DW), the optimal condition was
observed in Murashige and Skoog (MS) medium, 10 g/l(FW) inoculum and 3% w/v
sucrose, and pH of the medium was adjusted to 5.8 along with culture period of
4 weeks (Table 14.1). Production of withanolide A is also observed to be enhanced
by the action of an endophytic fungus Piriformospora indica. A comparative study
was carried out by Ahlawat et al. (2015) to show how enrollment of fungus can help



Elicitor used Time taken Reference

in increasing the production of secondary metabolites in Withania somnifera. In the
repeated experimental setups, cell suspension and callus of WS were inoculated with
various disc of P. indica at different time intervals and obviously with varying
concentrations of cell homogenate and culture filtrate. Elicitation capacity of
P. indica when compared with controls was observed to be increased by 2.04
times, sequentially followed by 1.78 times and 1.46 times after the addition of 3%
(v/v) cell homogenate, 3% (v/v) culture filtrate, and culture disc. From the research it
has been found that after inoculation of P. indica cell homogenate, withaferin A
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Table 14.1 Biotechnological techniques for withanolide production using various plant tissue
culture techniques

Procedure
applied

Metabolite
produced

Hairy root
culture

NH4
+/NO3

� 4–5 weeks Withanolide A
15.27 mg/g

Praveen and
Murthy
(2010)

Hairy root
culture

Salicylic acid 4–5 weeks Withaferin A
70.72 mg/g
DW

Adventitious
root

Aluminium chloride
10 mg/L

4 hours, 6 weeks Withanone
84.35 mg/g
DW

Sivanandhan
et al. (2012)

Adventitious
root

Chitoan-100 mg/L 4 hours, 6 weeks Withanolide A
323.85 mg/g
Withanolode
B
0.275 mg/g
Withaferin A
4.347 mg/g

Sivanandhan
et al. (2012)

Adventitious
root culture

Salicylic acid 150 μm Approx.10 days
elicitation period

Withanolide A
64.65 mg/g
Withanolide B
33.74 mg/g
Withaferin-A
17.47 mg/g

Sivanandhan
et al. (2012)

Cell Suspen-
sion culture

NH4
+/ NO3

�
– Withanolide A

3.96 mg/g
Nagella and
Murthy
(2010)

Cell suspen-
sion Culture

Seaweed extracts
(Gracilaria edulis)

– Withanolide A
7.21 mg/g
Withanolide-
B
4.23 mg/g
Withaferin A
3.88 mg/g

Cell
Suspension

Homogenate suspension
of Priformospora indica

15 days elicita-
tion time

Withaferin A
4.9 � 0.23 mg/
L

Ahlawat et al.
(2015)
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production was 4.9 � 0.23 mg/l with an exposure period of 7 hours 9 (Table 14.1).
Productive and maximum biomass accumulation and withanolide production
(2.95 mg/g DW) were observed in MS medium, 10 g/l (FW) inoculum, and 3%W/
V sucrose, and pH of the medium was adjusted to 5.8 along with culture period of
4 weeks (Table 14.1). Addition of polyamines like spermidine, spermine, and
putrescine in nodal cultures of WS is known to increase the withanolide production.
Increased production of withanolide was remarkably noticed in the in vitro
regenerated plant parts (leaves, stem, root) when compared to the in-field grown
samples. Comparative production analysis of in vitro and in-field leave extract has
shown that in vitro regenerated leaves sample has shown 1.14- and 1.20-fold in
withanone and withaferin A production. On the other hand, in vitro regenerated root
has shown a remarkable increase of 1.10 times in withanolide A production than in
the in-field-grown roots (Table 14.1). No significant change was observed in
withanolide production of in vitro and in-field regenerated plant (stem).
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14.7 Conclusion

Withania somnifera has been used for centuries as an efficient immunomodulator
and is well known in pharmaceutical world especially in Ayurvedic medicines for
curing many human ailments like inflammation, cancer, and neurogenerative dis-
eases as well. The presence of few extremely important secondary metabolites like
withanolides, sitoindosides, and few alkaloids has been proved by valid scientific
research analysis, hence making it widely acceptable in pharma sector for treating
acute to chronic ailments. Acceptable and remarkable results of treating Alzheimer’s
patients with Withania somnifera are observed worldwide as it is known to improve
the cognitive declines and, on the other hand, increases the level of two major factors
responsible for synaptic plasticity and amyloid beta elimination, i.e., PSD-95 and
low-density LRP1. Somnifera has shown significant results in infertility treatment.
Valid experimental researchers have proved that Withania’s rich chemical compo-
sition helps in reducing stress level which is anyhow known as root cause for
infertility among youth. In addition, it improves the semen quality and antioxidant
level. Nowadays, biotechnology and biotechnologists are giving new heights and
direction to the in vitro production of withanolides and withaferin, in order to meet
the global demand with maximum yield and higher concentrations of metabolites.
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