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Abstract
‘Severe acute respiratory syndrome coronavirus 2’ (SARS-CoV-2) is a highly transmissible viral pathogen responsible for the ongoing ‘coronavirus disease 2019’ (COVID-19) pandemic. The current re-purposed antiviral
interventions against SARS-CoV-2 are classified into two major groups: Group-1 represents the family of drugs,
mainly the vaccines that directly target the virus, and Group-2 includes a specific class of inhibitors that interfere with the host-cell machinery, which is critical for viral infection and replication. Global efforts to control
COVID-19 pandemic with vaccines and repurposed therapeutics represent only a phased victory. The emergence of several SARS-CoV-2 variants of concern (VOCs) has compromised several vaccinations and pharmatherapeutic protocols, which highlights the dire necessity for specific antiviral interventions that target highly
conserved domains, which are less likely to mutate in the SARS-CoV-2 genome. Several bioactive phytochemicals that block viral enzymes such as nsp5/main proteinase (Mpro) and RNA-dependent nsp7/nsp8/nsp12 RNAdependent RNA-polymerase (RdRp) complex, are extensively investigated in this direction. The SARS-CoV-2
infection triggers a complex human host-pathogen interaction(s) resulting in ‘host metabolic reprogramming’
(HMR), iron (Fe)-redox dysregulation (FeRD), and altered mitochondrial function that cumulatively disrupt several metabolic pathways involved in cellular energy and antioxidant enzyme function; thereby, compromise
the innate host defense. The circulatory/RAAS axis contributes to FeRD and any alteration or imbalance in
the Fe-redox homeostasis (Fe-R-H) may lead to ‘new onset’ metabolic disorders (i.e., diabetes). Such inherent body damage and its long-term health consequences in post-acute sequelae of COVID-19 (PASC) require
effective nutritional intervention strategies, particularly at the interface of organ system functions and immune system dynamics. The long-term sequelae of PASC indicate an accelerated rate of immune exhaustion
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in COVID-19 patients, due to prolonged antigen stimulation (also due to vaccine exposure). Abnormal immune
metabolism may also cause systemic perturbations (i.e., FeRD), ROS/RNS production, oxidative and nitrosative
stress, which could trigger multi-organ disorders ranging from mild symptoms to an incapacitating state and
reduced quality of life that could last for weeks or longer following recovery from COVID-19. The five most
long-term clinical manifestations of PASC include fatigue, headache, attention disorder, hair loss, and dyspnea.
This narrative review elucidates the intricate impairments and sequelae associated with eight major physiological systems in COVID-19 survivors (i.e., pulmonary, neuro-cognitive, cardiovascular, renal, gastrointestinal/hepato-biliary, endocrinal, skeleton-muscular, and reproductive)—triggered by the FeRD, amplified by the
HMR, altered mitochondrial function and ACE2/RAAS axis. We have attempted to explain the ongoing epidemic
of the residual, non-viral host metabolic disorders and complications in COVID-19 survivors and the supportive
role of specific host system-targeted nutritional interventions such as natural plant-based anti-inflammatories,
immune-modulators, antioxidants, and macro-/micronutrient metabolic optimizers to manage PASC, the newly
emerged post-COVID metabolic syndrome.
Keywords: COVID-19; Post-Acute Sequelae of COVID-19 (PASC); Host Metabolic Reprogramming (HMR); Iron (Fe)-Redox Dysregulation (FeRD); Food Bioactives; Nutritional Interventions.

1. Introduction
‘Severe acute respiratory syndrome coronavirus 2’ (SARS-CoV-2)
is a highly transmissible viral pathogen responsible for the ongoing ‘coronavirus disease 2019’ (COVID-19) pandemic. The
COVID-19 pandemic continues to affect millions of people worldwide. The current global statistics include 540 million cases, about
6.3 million deaths (WHO, 2022). The SARS-CoV-2 is a singlestranded positive-sense RNA virus with high mutation rate (up to
a million-fold higher than their hosts) and such extreme genetic
rearrangement correlates with enhanced adaptability and virulence, a trait that works for the viral advantage (Duffy, 2018). Its
replication machinery is highly error-prone without correction systems; therefore, coronaviruses (CoVs) are prone to several genetic
alterations during an infectious life cycle (Perales and Domingo,
2016). Accordingly, SARS-CoV-2 could rapidly evolve, pose high
risk of transmission, and frequently develop drug resistance as
well as evade vaccine-induced immunity (Duffy, 2018; Pruijssers
and Denison, 2019). Such genomic advantage makes the SARSCoV-2 pathogen a major challenge to develop effective antiviral
strategies and control COVID-19.
Considering that vaccination is an effective strategy to control COVID-19 pandemic, a massive public health campaign in
history, has administered more than 11.9 billion doses across
185 countries with a rate of about 19.3 million vaccinations
per day (WHO, 2022). However, the ability of SARS-CoV-2 to
evade vaccine-induced immunity—has become a global concern; since a large population has been vaccinated and the pressure of herd immunity could force genomic adaptation to evolve
novel viral variants as ‘escape’ mutants. Such genetic drift in
tandem with the evasion of immune recognition, has contributed
to the emergence of several SARS-CoV-2 variants of concern
(VOCs) (Koyama et al., 2020; Naidu et al., 2022a). Accordingly,
the recent spread of Omicron variant (B.1.1.529) compromised
several vaccination and public health safety protocols (Minka
and Minka, 2022). These VOCs show increased transmissibility
and/or immune evasion, traits that are linked to mutations in the
viral spike (S) protein (Harvey et al., 2021; Tao et al., 2021).
Such high number of mutations in the S-protein domain raises
concern that this CoV pathogen could evade antibodies elicited
by natural infection or vaccination and the therapeutic monoclo-
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nal antibodies may also become less effective (Hoffmann et al.,
2022). There is a desperate need for an effective COVID-19 vaccine to control rapid transmission of the viral pathogen, and to
contain the emergence of potential SARS-CoV-2 variants. Unfortunately, there is no effective ‘multivalent vaccine’ yet that
could provide immune protection against multiple SARS-CoV-2
variants (Naidu et al., 2022a).
The genomic size of an organism is inversely related to the
error rate during replication, also in case of SARS-CoV-2 (RNA
length ∼30 kb), which translates to one nucleotide substitution for
every 2-3 genomes synthesized (Swanstrom and Schinazi, 2022).
In general, most mutations are deleterious; however, a subset of
mutations may potentially give rise to a viral phenotype (Holmes,
2011), such as the VOC Omicron (B 1.1.529). A typical SARSCoV-2 infected individual is estimated to produce about 1-100 billion virions during peak phase of CoVID-19 (Sender et al., 2021).
Taken together, its high viral replication rate in tandem with inherent genetic mutability, its compact genomic size with lack of metabolic machinery makes SARS-CoV-2 an extremely challenging
druggable antiviral target. Current global health crisis highlights
the dire necessity for specific antiviral intervention strategies that
target highly conserved domains, which are less likely to mutate in
the SARS-CoV-2 genome (Krumm et al., 2021).
2. Viral pathogen-targeted COVID-19 interventions
The current vaccines and re-purposed antiviral interventions against
SARS-CoV-2 could be classified into two major groups: Group-1
are family of drugs, mainly the vaccines that directly target the virus,
and Group-2 includes the type of inhibitors that interfere with hostcell machinery critical for viral infection and replication.
2.1. Group-1: COVID-19 vaccines
Four COVID-19 vaccines, two mRNA-based: BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna), and two adenoviral
vector-based: Ad26.COV2.S (Janssen/Johnson & Johnson) and
ChAdOx1 nCoV-19 (Oxford/AstraZeneca) have been approved or
granted Emergency Use Authorization (EUA) for COVID-19 control in many nations worldwide. The ChAdOx1 nCoV-19 vaccine
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has not yet received a EUA or approval from the US-FDA (USFDA/EUA, 2022).
2.1.1. COVID-19 vaccines and the ‘original antigenic sin’
Based on meta-transcriptome sequencing of the bronchoalveolar
lavage fluid from COVID-19 patients, the viral pathogen seems to
evolve in vivo after infection, a characteristic that may determine its
virulence, infectivity, and transmissibility (Roncati and Palmieri,
2020). Therefore, this unprecedented race to develop COVID-19
vaccine should follow caution that the viral antigen candidates are
safe and not detrimental to host immune responses. Immune enhancement, also known as ‘immune backfiring’, could manifest in
multiple ways such as antibody-dependent enhancement (ADE),
a process in which a virus could leverage antibodies to aid infection; or cell-based enhancement, a category that includes allergic
inflammation caused by Th2 immunopathology (Peeples, 2020).
The anecdotal reports of COVID-19 reinfections may suggest the
relevance of ADE, where the viral antibodies (from immunization
or an initial natural infection) might have enhanced the viral entry
into host cells (Lan et al., 2020).
2.1.2. Covid-19 vaccine and autoimmune sequelae
During autoinflammatory and autoimmune syndromes, viruses
may activate an aberrant innate and acquired immune response,
with increased synthesis of cytokines, mainly TNF-α, IL-6 and
IL-1β, IL-17, IL-18, in genetically predisposed individuals (Caso
et al., 2020). Such immune hyperactivation and excess cytokine
release is evident in COVID-19 patients with multi-organ failure
and fatal outcomes (Rodríguez and Brodin, 2020a). Molecular
mimicry between SARS-CoV-2 antigens and the human proteome
could also play an important role is this response (Vojdani and
Kharrazian, 2020). Thus, after an infection or vaccination, the host
immune responses elicited by SARS-CoV-2 antigenic epitopes
may cross-react with human proteins that share peptide sequences
and trigger severe autoimmune sequelae. From a clinical context,
SARS-CoV-2 shares 6 minimal immune determinants with the Kawasaki antigen inositol-trisphosphate 3-kinase C that could predispose likely cross-reactions and consequent autoimmune Kawasaki
disease in COVID-19 patients (Ehrenfeld et al., 2020). Moreover,
the SARS-CoV-2 spike protein has been shown to share 13 out
of 24 pentapeptides homologous to the human lung surfactant
proteins (Kanduc and Shoenfeld, 2020). Therefore, identification
of human tissue cross-reactive epitopes in COVID-19 vaccine is
critical to avoid any possible autoimmune sequelae. Only peptide
sequences unique to SARS-CoV-2 could represent the basis for
safe and specific vaccination protocols.
COVID-19 vaccine-induced endocrine disorders include vaccine-associated thrombosis and thrombocytopenia (TTS) with
adrenal hemorrhage, derangements in glycemic control including new onset type 2 diabetes mellitus, and subacute thyroiditis (Mirza et al., 2022). TTS is a serious but rare adverse event
associated with exposure to adenovirus vector vaccines Ad26.
COV2.S and ChAdOx1 nCoV-19, which has raised immunization
safety concerns (Long et al., 2021; See et al., 2021). Symptoms
of such novel vaccine-induced clinical syndrome include severe
headache, blurred vision, seizure, severe and persistent abdominal
pain, painful swelling of the lower leg, and chest pain or dyspnea.
The TTS mimics autoimmune heparin-induced thrombocytopenia
(HIT) mediated by platelet-activating antibodies against platelet
factor 4 (Lai et al., 2021). It is also known as vaccine-induced pro-

thrombotic immune thrombocytopenia (VIPIT) in some European
nations and Canada (Aleem and Nadeem, 2022). A systematic review of 160 cases from 16 countries, revealed that the TTS onset occurs at a median of 9 (4) days after vaccination with a high
mortality rate of 36.2% (Waqar et al., 2021). Venous thrombosis
(61%) in TTS is prevalent and about 66.3% affected could develop
cerebral venous sinus thrombosis (CVST), predominantly among
the female patients (aged <55 years). By April 12, 2021, ∼7 million
doses of Ad26.COV2.S vaccine were given in the US, with 6 cases
of CVST with thrombocytopenia were reported, which called for
a temporary national pause in vaccination with Ad26.COV2.S on
April 13, 2021. The initial 12 US cases of CVST with thrombocytopenia after vaccination resulted in severe outcomes (See et al.,
2021). Newly emerged TTS is a major concern for global implementation of mass COVID-19 vaccination campaigns and requires
stringent caution with ongoing COVID-19 vaccine development
protocols.
2.2. Group-2: COVID-19 antiviral drugs
Specific novel anti-SARS-CoV-2 medications are anticipated to
play a major role in protecting unvaccinated or immunocompromised individuals, as well as at periods when vaccinations fail to
protect against circulating SARS-CoV-2 variant (Chavda et al.,
2021). The antiviral strategies for COVID-19 control fall under
four categories: i) inhibitors of viral entry, bioactives that block
human cell surface receptors such as ACE2 (TMPRSS2), neuropilin-1, and heparan sulfate that SARS-CoV-2 uses for cellular invasion; ii) inhibitors of viral proteases (i.e., Mpro, RdRp), enzymes
that hydrolyze long viral polypeptides to generate functional proteins; iii) inhibitors of viral replication, transcription, and translation, i.e., nucleoside analogs that mimic RNA bases that a virus
could potentially incorporate into copies of it’s genome; and iv)
inhibitors of viral assembly and release, i.e., bioactives that target
host cellular processes that are hijacked for transport and assembly
of viral particles.
2.2.1. Repurposed drug therapeutics
In the U.S., the Coronavirus Treatment Acceleration Program
(CTAP) initiated by the FDA, is an emergency plan to scrutinize
and introduce new effective therapeutics to COVID-19 patients,
supported by extensive safety and efficacy evaluation (US-FDA/
CTAP, 2022). As of March 19, 2022, the CTAP review included
(vaccines excluded) over 690 drug development programs (in planning stages), over 470 trials (under review), about 15 COVID-19
treatments (authorized for emergency use) and only 1 antiviral
drug (remdesivir) approved. Currently, the diversity of COVID-19
interventional strategies under CTAP investigation include: 50+
antiviral treatments, 60+ cells/gene therapies, 120+ immunomodulators, 60+ neutralizing antibodies, 110+ other interventions and
40+ combination therapeutics (from other drug categories) (USFDA, 2022). As of March 2022, over 7,710 ongoing clinical trials
were registered on ClinicalTrials.gov, which include 1,252 vaccine-related, 1,120 drug intervention and 155 dietary supplement
studies (NIH/US-NLM, 2022).
2.2.2. Current status
Despite robust efficacy in vitro data against the SARS-CoV-2 pathogen and previous clinical data from other human CoVs such as
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Figure 1. COVID-19: an iron (Fe)-Redox Dysregulation (FeRD) Syndrome. A SARS-CoV-2-induced host metabolic reprogramming (HMR).

SARS and MERS, the repurposed drugs have failed to demonstrate
beneficial effects against COVID-19 in human clinical studies (Indari et al., 2021; Martinez et al., 2021; Basu et al., 2022).
3. Human host-targeted COVID-19 management strategies
The virulence potential of SARS-CoV-2 to invade a wide range
of cells and tissues beyond the respiratory system, is manifested
into a broad range of clinical syndromes (i.e., FeRD, ARDS, SIRS,
AI, etc.), with varying degrees of severity ranging from asymptomatic, mild, moderate, to severe fatal multi-organ dysfunction
syndrome (MODS). The possible risk of a long-term damage to
certain affected host organ/systems or the elevated risk of disorders in later life could significantly worsen the burden on global
healthcare. Considering the broad diversity of clinical symptoms,
populations, and underlying comorbidities there is dire necessity
to develop human host-targeted clinical management strategies to
combat COVID-19 pandemic.
3.1. Host metabolic reprogramming (HMR) in COVID-19
Viruses hijack the host cellular metabolic machinery to extract adequate energy and carbon skeletons required for their entry and
further molecular constructions of viral progeny inside a host cell.
The SARS-CoV-2 infection could activate a complex human hostpathogen interactions leading to host metabolic reprogramming
(HMR). The HMR could alter mitochondrial function with signifi-

4

cant disruption of glycolysis/tricarboxylic acid (TCA) cycle affecting several metabolic pathways of amino acid, fatty acid, nucleotide, and antioxidant synthesis (Moolamalla et al., 2021; Shen and
Wang, 2021). The impact of HMR on COVID-19 pathobiology
is reflected during the hyper-inflammatory response (‘cytokine
storm’) while compromising the innate host defense. This could
sequentially trigger an array of clinical manifestations, either an
asymptomatic condition or progressive onset of mild, moderate to
severe phases of COVID-19 with life-threatening acute respiratory distress syndrome (ARDS), vascular dysfunction, multipleorgan failure, and death. Therefore, nutritional restoration of HMR
could provide a potential strategy to combat COVID-19 and its
post sequelae.
3.2. Tri-phasic symptomatic progression of COVID-19
The symptomatic progression of COVID-19 requires that a genetically competent (virulent) SARS-CoV-2—i) infects and invades
a susceptible host via specific cell surface receptors, ii) induces
HMR to ensure ready access to an active host cellular machinery for an uninterrupted viral propagation, iii) inactivates innate
host defense to evade viral elimination, and iv) exits the infected
host cell and repeats the viral propagation cycle for exponential
growth and transmission (Sicari et al., 2020). In accordance with
its virulence spectrum and host susceptibility pattern, the symptomatic outcomes of COVID-19 manifest in a tri-phasic manner as
iron (Fe)-redox disruptive hematological syndromes (Naidu et al.,
2022a) (Figure 1).
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3.2.1. Phase-I/hypoxia/hypoxemia (an acute depletion of oxygen
(O2) transport in the blood)
During the initial encounter, the SARS-CoV-2 anchors to the human angiotensin-converting enzyme 2 (ACE2) receptors on alveolar epithelia, alters the renin-angiotensin-aldosterone system
(RAAS), subsequently lowers both blood pressure and lung function of the infected host (Ni et al., 2020). Reduced O2 transport
that ensues from low hemoglobin (Hb) levels in the hypoxic blood
circulation (‘hypoxemia’), alters the mitochondrial function by
‘switching off’ the oxidative phosphorylation (OXPHOS)/TCA
cycle in favor of anaerobic glycolysis (Ferraro et al., 2021). Therefore, beyond the classical pulmonary immune-hyperinflammation
and ARDS, COVID-19 manifests also as a hypoxia-induced hematological syndrome with ‘iron-related’ HMR (Debuc and Smadja,
2021).
3.2.2. Phase-II/hyperferritinemia (an excess presence of iron
storage protein, ferritin, in the blood)
In its subsequent infectious phase, SARS-CoV-2 induces hyper-release of proinflammatory cytokines to stimulate synthesis of both
ferritin and hepcidin, the ultimate mediators of iron dysregulation
(Edeas et al., 2020). This pathological condition is reflected by
high iron content in reticuloendothelial cells with elevated serum
ferritin levels. Excess iron load further generates reactive oxygen species (ROS) through Haber-Weiss reaction, which leads to
oxidative stress, mitochondrial dysfunction and ferroptosis (Singh
et al., 2020c). Taken together, hyperferritinemia, cellular imbalance in iron metabolism plays a critical role in the pathogenesis of
COVID-19 (Muhoberac, 2020).
3.2.3. Phase-III/Thromboembolism (formation of blood clots
with severe obstruction of veins, arteries, and circulation)
During this severe stage of COVID-19, hematological parameters
such as anemia of inflammation (AI), low counts of peripheral
blood lymphocytes/eosinophils with increased polymorphonuclear-to-lymphocyte ratios are prominent risk factors (Sun et al.,
2020; Bergamaschi et al., 2021). Altered iron metabolism, iron-restricted erythropoiesis due to hyper-inflammation are predisposing
factors for AI (Wessling-Resnick, 2018; Weiss et al., 2017). The
hemolysis-derived heme could initiate oxidative and inflammatory
stress that may lead to microvascular thrombosis, organ ischemia
and multi-organ failure in severe COVID-19 cases (Wagener et al.,
2020; Varga et al., 2020).
3.3. Host Iron (Fe)-redox dysregulation (FeRD) in COVID-19
The significant role of iron metabolism in HMR and altered mitochondrial bioenergetics is evident in the pathobiology of COVID-19 (Terpos et al., 2020; Naidu et al., 2021c). Throughout the
tri-phasic clinical progression of COVID-19, the SARS-CoV-2
pathogen categorically targets the host hematopoietic system and
alters the host ‘iron (Fe)-redox homoeostasis (Fe-R-H)’ (Naidu et
al., 2022a). The Fe-redox dysregulation (FeRD) could also trigger
several clinical manifestations in COVID-19 patients including: i)
decrease the functional hemoglobin (Hb), ii) increase the cellular
iron overload, iii) release free toxic heme into the circulation, iv)
manifest hypoxemia and systemic hypoxia, v) reduce nitric oxide

(NO•) synthesis, vi) activate coagulation pathway(s), vii) trigger
ferroptosis with oxidative stress and lipoperoxidation, and viii) induce mitochondrial degeneration (Cavezzi et al., 2020). Therefore,
regulation and maintenance of systemic Fe-R-H is critical for the
clinical management of COVID-19.
Interestingly, FeRD and its associated physiological disorders
or disease states continue for extended periods (for weeks or even
months) in COVID-19 patients discharged as RT-PCR (SARSCoV-2) negative survivors (Taribagil et al., 2021). These observations further emphasize the need to identify intricate pathophysiological mechanisms underlying FeRD condition in COVID-19.
Based on the consequential clinical manifestation of SARS-CoV-2
infection (i.e., COVID-19) and the ‘post-acute sequelae of COVID-19’ (PASC), this disease should be considered as an Iron (Fe)Redox Dysregulation (FeRD) Syndrome.
A robust correlation between COVID-19 and the host Fe-R-H
dysregulation is also observed among specific population groups
with hemoglobin (Hb) anomalies (Rapozzi et al., 2021; Naidu et
al., 2022a). Global data indicate higher COVID-19 case fatality
rates (CFR) among men than women, a ratio >1.0, ranging up to
3.5 in some cases (Global Health, 2022), a gender trait attributed
to low Hb levels in females compared to males (Conti and Younes,
2020; Jin et al., 2020). Also, most newborns from COVID-19
positive mothers remain uninfected with the virus (Naidu et al.,
2022c), which could be related to the absence (and delayed synthesis) of Hb β-chain in neonatal erythropoiesis (Sankaran and Orkin,
2013). Interestingly, the low incidence of COVID-19 cases reported from certain Mediterranean territories is noteworthy, since this
geographical region is known for high prevalence of β-thalassemia
(blood condition linked to abnormalities in the β-chains of Hb)
(Drouin, 2020; Motta et al., 2020).
4. Nutritional strategies to reverse FeRD condition in COVID-19
Severe imbalance in iron metabolism (Fe-R-H dysregulation) is
prominent in every symptomatic (mild, moderate to severe) clinical phase of COVID-19. Functional iron deficiency and Fe-R-H are
reported in 80% of COVID-19 patients, and the advanced anemia
of inflammation (AI) is associated with significantly longer hospital stay and increased CFR. Notably, the recovery of COVID-19
patient results in resolution of anemia and normalization of dysregulated Fe-R-H (Lanser et al., 2021). The Fe-R-H dysregulation
with elevated ferritin/transferrin ratio predicts insufficient pulmonary oxygenation with the need for ICU admission and mechanical
ventilation for COVD-19 patients (Bellmann-Weiler et al., 2020).
Therefore, Fe-R-H restoration is a host biomarker-driven potential combat strategy for an effective clinical and post-recovery
management of COVID-19 (Naidu et al., 2022a). The following
section describes nutritional strategies, using Fe-R-H regulators,
ferroptosis inhibitors, anticoagulants, and iron chelators to reverse
host Fe-R-H dysregulation in COVID-19 patients (Figure 2).
4.1. Fe-R-H regulators for nutritional management of COVID-19
The Fe-R-H regulators, such as lactoferrin (LF), hemeoxygenase-1
(HO-1), erythropoietin (EPO), and hepcidin modulators are innate
bioactive molecules involved in iron metabolism, detoxification of
free iron-induced ROS, modulation of antioxidant responses and
serve as the first barriers against SARS-CoV-2 infection (Naidu
et al., 2022a). These Fe-R-H regulators could play a vital role in
alleviating cellular oxidative stress and inflammation, particularly
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Figure 2. Nutritional strategies to reverse host Fe-R-H dysregulation in COVID-19.

during ‘cytokine storm’ in COVID-19 pathobiology.
Lactoferrin, the iron-binding protein found in milk and several
exocrine secretions, could also interact with anionic compounds
i.e., heparan sulfate proteoglycan (HSPG), ACE2 etc., translocate
into the nucleus, modulate immune as well as inflammatory responses, and regulate the physiological Fe-R-H status (Naidu et
al., 2022a). Accordingly, LF is considered a potential natural intervention in the clinical management of COVID-19 (Chang et
al., 2020; Campione et al., 2021; Naidu et al., 2022b). Based on
iron sequestration and Fe-R-H restoration effects in vivo, LF could
potentially benefit COVID-19 patients to relieve oxidative stress
and hyper-inflammation (Naidu et al., 2021c). Several LF-based
intervention technologies are undergoing extensive clinical trials
for COVID-19 control.
Hemeoxygenase-1 (HO-1) regulates the Fe-R-H and provides
cytoprotective function via endogenous mechanisms to sustain
body’s antioxidant response against oxidative stress (Consoli et
al., 2021). The protective role of HO-1 against SARS-CoV-2 is
probably an emergency inducible defense mechanism to ameliorate oxidative stress from heme-released oxidants in severe cases
of COVID-19. Several natural phytochemicals are known to upregulate HO-1; thus, may provide protection from thrombotic
events and vascular inflammation during COVID-19 (Naidu et
al., 2022a). Nimbolide, a limonoid tetranortriterpenoid from neem
plant (Azadirachta indica), resveratrol (3,4′,5-trihydroxy stilbene)
and curcuminoids (with α, β-unsaturated carbonyl groups) are
potential inducers of HO-1 expression through Nrf2/antioxidantresponsive element (ARE) pathway (Chen et al., 2005; Jeong et
al., 2009; Mahapatra et al., 2012). The phytophenolic compound
quercetin, could induce HO-1 expression via mitogen-activated
protein kinase (MAPK)/Nrf2 pathway (Yao et al., 2007).
Erythropoietin (EPO) could protect pulmonary vascular beds
and counteract hypoxic pulmonary vasoconstriction (Nairz et al.,
2012). Neurological manifestations are prominent among COVID-19 patients, Also, EPO could relieve acute and chronic-progressive downstream sequelae of central and peripheral nervous
systems, which are now becoming common neurological manifestations among COVID-19 patients (Naidu et al., 2021c; Collantes
et al., 2021). A combination therapy of EPO with anti-coagulants
or anti-thrombotic agents (i.e., heparin) could circumvent complications in hospitalized COVID-19 patients (Nairz et al., 2012).
Hepcidin is a promising intervention target for COVID-19
control with iron overload syndromes. (Blanchette et al., 2016;
Banchini et al., 2020). Several dietary phytoestrogens could up-

6

regulate hepcidin expression, control systemic iron levels, prevent
iron-induced toxicity and provide protection against several oxidative stress-induced pathological disorders (Bayele et al., 2015).
Genistein, the isoflavone-related estrogen could induce hepcidin
transcription by both bone morphogenetic protein 6 (BMP6) and
signal transducer and activator of transcription 3 (STAT3) signaling (Zhen et al., 2013). Quercetin, a strong post-prandial hepcidin
inducer, has been shown to reduce iron overload (Kaltwasser et
al., 1998). Epigallocatechin-3-gallate (EGCG) may reduce iron
toxicity by chelation or blocking the iron release/efflux from cells
(Perron and Brumaghim, 2009). As potential inducer of hepcidin
expression, phytoestrogens are promising adjunctive supplements
to reduce iron overload and prevent any sequelae of iron-induced
toxicities such as hyperferritinemia, coagulopathies and/or thromboembolism, the prominent clinical manifestations in COVID-19
patients (Sonnweber et al., 2020; Edeas et al., 2020; Habib et al.,
2021).
4.2. Ferroptosis inhibitors for nutritional management of
COVID-19
Ferroptosis is an iron-catalyzed, non-apoptotic form of regulated
necrosis that causes oxidative damage of cellular lipid membranes
leading to severe mitochondrial dysfunction. The ferroptosis-mediated FeRD could cause suppression of erythropoiesis and anemia, which is a prominent feature in severe cases of COVID-19.
During ferroptosis, the accumulation of oxidized phospholipids in
myocardial and renal tissues cause ischemic-reperfusion injury, a
detrimental factor for cardiac damage and MODS in COVID-19
(Jacobs et al., 2020). Ferroptosis is linked to several neurological
disturbances including cognitive impairment, ageusia and anosmia in COVID-19 (Vaira et al., 2020b). Ferroptosis could also be
involved in the development of acute lung injury/acute respiratory distress syndrome (ALI/ARDS), a major contributor for high
morbidity and mortality in COVID-19 (Liu et al., 2022). Therefore, ferroptosis inhibitors could provide a potential intervention
strategy to alleviate thromboembolism and improve prognosis in
COVID-19 patients (Yang and Lai, 2020b; Naidu et al., 2022a).
The pharmaceutical drugs ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) are potent lipophilic free-radical scavengers that
could prevent lipid peroxidation and protect from ferroptosis.
Melatonin inhibits platelet activation and ferroptosis through activation of Nrf2 and HO-1 signaling pathways (Ma et al., 2020).
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This chronobiotic hormone is considered a potential intervention
to treat hemolytic, thrombotic, and thrombocytopenic conditions,
the widespread clinical manifestations among COVID-19 patients
(Naveenkumar et al., 2019; Naidu et al., 2022a).
Several phytochemicals are potential ferroptosis inhibitors. The
phytoflavone quercetin could upregulate cellular GSH and inhibit
ferroptosis of renal proximal tubular epithelia by reducing malondialdehyde (MDA) and oxidative damage of lipid membranes
(Wang et al., 2020b). Similarly, curcumin could inhibit renal tubular epithelial ferroptosis from myoglobin-mediated inflammation
and oxidative stress through activation of cytoprotective enzyme
HO-1 (Guerrero-Hue et al., 2019). Glycyrrhizin from licorice (Glycyrrhiza glabra) could provide anti-ferroptotic liver protection
through up-regulation of Nrf2, and HO-1 and down-regulation of
lactate dehydrogenase (LDH), MDA, and free iron (Wang et al.,
2019). Phyto-tannins chebulagic and chebulinic acids are natural
iron-chelators that inhibit ferroptosis through free radical scavenging and other regular antioxidant pathways (Yang et al., 2021a).
Dietary phytophenols such as piceatannol and astringin strongly
inhibit ferroptosis via preferential transfer of hydrogen (H+) atoms
as conventional antioxidants. (Chen et al., 2021a).
4.3. Anticoagulants for COVID-19 management
The severe phase of COVID-19 is a highly prothrombotic disease
state resulting from hyper-inflammation, endothelial dysfunction, platelet and complement activation, derangement of RAAS
system, and hypoxemia. The ARDS and multi-organ failure in
COVD-19 have been attributed to markers of coagulopathy such
as prothrombin (PT) prolongation, elevated fibrin degradation
products, reduced platelet count, and significantly elevated D-dimers (Giannis et al., 2020; Tang et al., 2020). Therefore, thromboprophylaxis with anticoagulant therapy has been widely practiced
as a COVID-19 clinical management protocol is several healthcare
facilities worldwide (Naidu et al., 2022a).
Heparin in nebulized unfractionated form, provides a powerful anti-coagulant and mucolytic support to ameliorate respiratory
symptoms, lower pulmonary dead space, and reduce ventilatory
support in COVID-19 patients. Heparin is a promising prophylactic against VTE and could also relieve hypoxia-mediated symptoms in COVID-19 patients (Negri et al., 2020). Heparin-induced
thrombocytopenia (HIT), a rare complication of heparin therapy,
is estimated to occur in few patients. The repurposing of heparin
and its derivatives as first-line therapy against SARS-CoV-2 is a
promising strategy; however, this clinical approach needs further
evaluation (Naidu et al., 2022a).
4.4. Iron (Fe)-chelators for nutritional management of
COVID-19
Iron is an essential element for all living cells; however, free unbound iron from FeRD contributes to mitochondrial dysfunction,
and dysbiosis of microbiota in lungs/gut (Edeas et al., 2020). Iron
overload, free radical-induced tissue damage, thrombosis and
erythrocyte dysfunction are implicated in hyperferritinemia, immune dysfunction and coagulopathy, a hallmark of severe COVID-19 (Muhoberac, 2020). Furthermore, free iron could target
vascular tissues (i.e., hepatic, cardiac and endocrine cells), and
cause severe damage to the corresponding organ function (Laforge
et al., 2020). FeRD is a major cause of diffused endothelial inflammation with systemic involvement that could trigger an array
of pathobiological manifestations during SARS-CoV-2 infection.

Iron chelators inhibit IL-6 synthesis by down-regulation of NFkB, and could suppress endothelial inflammation, a major risk factor for multi-organ failure in COVID-19 (Dalamaga et al., 2020).
Furthermore, naturally occurring iron chelators, such as LF and
transferrin (TF) could exert antiviral, anti-inflammatory and immunomodulatory effects that could be of high therapeutic value in
the ongoing COVID-19 pandemic (Naidu et al, 2022b). Accordingly, iron chelators could play a potential role to ameliorate the
systemic manifestations of COVID-19.
The FDA-approved oral chelators deferoxamine (DFO), deferiprone, and deferasirox can offer therapeutic solutions to treat iron
overload and clinical conditions associated with free radical pathology (Kontoghiorghes and Kontoghiorghe, 2020). The natural
siderophore DFO selectively removes iron from ferritin and hemosiderin to reduce the iron overload (Bellotti and Remelli, 2021. The
potent antioxidant and free radical scavenging activities of DFO
could be beneficial for highly vulnerable COVID-19 patients.
4.4.1. Phyto-chelators
Several plant-based compounds such as caffeic acid, curcumin,
α-lipoic acid (ALA), and phytic acid are natural chelators that are
known to protect cells from iron overload and restore mitochondrial membrane integrity, redox potential, and function. Caffeic
acid, a plant-based iron-chelator, redox modulator, and a powerful
natural antioxidant that could prevent lipid peroxidation in biological membranes (Hynes and O’Coinceanainn, 2004). Caffeic acid
chelates could also interfere with viral attachment to heparan sulfate proteoglycans (HSPG) on cell surface (Langland et al., 2018).
Curcumin from the Indian herb turmeric (Curcuma longa) is an
iron-chelator that could inhibit iron-catalyzed pathways of oxidative stress and protect cellular DNA, lipids, and protein from free
radical damage (Rainey et al., 2019). α-lipoic acid (ALA) could
increase intracellular levels of glutathione (GSH), prevent the Nrf2
pathway activation during iron overload and restore mitochondrial
membrane integrity, redox potential, and function (Camiolo et al.,
2019). Phytic acid, abundant in edible legumes, cereals, and seeds,
is an iron chelator with antioxidant activity could potentially inhibit
iron-catalyzed hydroxyl (OH•) radical formation (Graf et al., 1987).
5. Post-acute sequelae of COVID-19 (PASC)
Post-acute sequelae of COVID-19 (PASC), also referred to as the
‘long COVID’, has emerged as a novel clinical condition in COVID-19 survivors with lingering symptoms (or develop new ones)
and fail to return to their baseline health. Accordingly, PASC is
considered a post-COVID-19 sequelae with persistent symptoms
and/or delayed or long-term complications beyond 4 weeks from
the onset of acute or the initial phase of SARS-CoV-2 infection
(Carfì et al., 2020; Nalbandian et al., 2021). Based on the duration
of persistent clinical manifestations, PASC has been further categorized: i) post-acute COVID with symptoms and abnormalities
that persist 4-12 weeks; and ii) chronic COVID with symptoms
and abnormalities that persist >12 weeks and not attributable to alternative diagnoses (van Kampen et al., 2021; Shah et al., 2021). A
recent cohort (based on 250,351 COVID-19 survivors from 2,100
studies), reported the high global prevalence of PASC: 54.0% at 1
month (short-term), 55.0% at 2 to 5 months (intermediate-term),
and 54.0% at 6 or more months (long-term) (Groff et al., 2021).
The burden of individual PASC sequelae vary by demography
(age, race, and sex) but consistently higher among patients with
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Figure 3. Post-acute sequelae of COVID-19 (PASC). Iron (Fe)-Redox Dysregulation (FeRD) Syndrome/host metabolic reprogram (HMR).

existing metabolic syndromes and in survivors from severe acute
infection (Xie et al., 2021).
The PASC is a multi-organ disorder ranging from mild symptoms to an incapacitating state and reduced quality of life that
could last for weeks or longer following recovery from COVID-19 (Moghimi et al., 2021; Parker et al., 2021). The five most
long-term clinical manifestations of PASC include fatigue (58%),
headache (44%), attention disorder (27%), hair loss (25%), and
dyspnea (24%), and generally have an impact on everyday functioning. (Lopez-Leon et al., 2021). Other common symptoms include shortness of breath, cough, joint pain, chest pain or tightness,
loss of smell/taste, sore throat, diarrhea, depression, anxiety. Few
less frequently observed symptoms include insomnia, palpitations,
anorexia, tingling fingertips, and skin rashes (Ramakrishnan et al.,
2021) (Figure 3).
5.1. Host metabolic dysfunction sequelae in PASC
The PASC pathology is a cumulative outcome of several viralmediated alterations to host metabolism at cellular level such as:
i) SARS-CoV-2 infection-induced tissue damage, ii) hyperinflammation-mediated multiorgan impairment, iii) immune exhaustion/
dysregulation, iv) hormonal disturbances from maladaptation of
ACE2-related pathways, v) coagulopathies due to endothelial
damage/microvascular injury, iv) post-viral autoimmunity, vi) mi-
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crobial dysbiosis, vii) critical care-associated sequelae or a combination of all above (Nalbandian et al., 2021; Moghimi et al., 2021;
Ramakrishnan et al., 2021).
5.1.1. Dormant viral reservoirs
The prolonged symptoms of PASC may be attributed to earlier
endothelial and tissue damage caused by SARS-CoV-2 during
its acute clinical phases of infection. The multi-organ tropism of
SARS-CoV-2 could also play a role in the lingering long-term
sequelae of PASC, where the virus or viral epitopes may remain
dormant and trigger chronic inflammatory responses. The dormant
viral epitopes may also activate the adaptive immune cascade,
which may lead to a persistent hyperinflammatory syndrome. The
viral persistence and its probable genetic mutations could provoke
antiviral ‘antibody waves’ leading to immune exhaustion which
may further explain SARS-CoV-2 re-infections (Ramakrishnan et
al., 2021).
5.1.2. Host immune exhaustion
The long-term sequelae of PASC suggests an accelerated rate of
immune exhaustion in COVID-19 patients, a dysfunction of antigen-specific immune cells due to prolonged antigen stimulation
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(also from vaccination) (Diao et al., 2020; Zheng et al., 2020). Abnormal immune metabolism in may cause systemic perturbations
such as FeRD, ROS/RNS production, oxidative and nitrosative
stress (Naidu et al., 2022a).
Viral-induced autoimmunity is a possible contributing factor in
the development of PASC. The SARS-CoV-2 virus may develop
autoreactive T cells and antibodies to survive the post-acute infection or even develop post-viral clearance (Sette and Crotty, 2021).
Host mitochondrial dysfunction may predispose COVID-19
survivors to long-term health consequences and patients with
metabolic syndromes such as diabetes and obesity are at higher
risk of PASC (Scherer et al., 2022). Altered mitochondrial function
and cellular energy deprivation leads to HMR with a metabolic
switch from high energetic OXPHOS to low energetic glycolysis
in COVID-19 patients (Singh et al., 2020b; Naidu et al., 2022a).
Such patients demonstrate impaired cellular bioenergetics with altered metabolic pathways, including amino acids, lipids, sugars,
and O2, using the limited energy reserves (Naviaux et al., 2016).
A similar mechanism could be responsible for the chronic fatigue
observed in PASC patients. In COVID-19 patients, the glycemic
abnormalities could persist for at least 2 months after recovery,
which suggests the impact of metabolic alterations in PASC pathobiology (Montefusco et al., 2021).
Altered host gut microbiome in COVID-19 patients, in tandem,
with inflammatory and hematological markers, is an indicator of
disease severity and dysfunctional immune response (Yeoh et al.,
2021). The dysbiosis of gut microbiota persists for up to 30 days in
COVID-19 survivors, which could play a critical role in the later
onset of lingering PASC symptoms.
The renin-angiotensin system (RAS)/ACE2 axis plays a pivotal
role in metabolic homeostasis and in the regulation of multi-organ
functions in the body. ACE2, the enzyme critical for RAS activity,
is also a host cell receptor for viral entry and the SARS-CoV-2
infection leads to a decline in ACE2 expression, subsequent increase in Ang II levels and potential hyper-activation of RAS (Ni
et al., 2020). Elevated plasma Ang II levels have been associated
with ALI/ARDS in severe cases of COVID-19 (Wu et al., 2020b).
The imbalance between ACE2/angiotensin axis and RAS have also
been implicated in multi-organ dysfunction syndrome (MODS) in
COVID-19 (Rysz et al., 2021). The persistence of these clinical
manifestations in post recovery suggests a significant involvement
of ACE2 in PASC patients.
6. Nutritional strategies for PASC management
PASC is characterized by malnutrition, loss of fat-free body mass,
and low-grade inflammation. The recovery of these patients might
be complicated by persistent symptoms such as functional impairment (i.e., fatigue and sarcopenia), dysphagia (particularly among
intubated patients), loss of appetite, and taste/smell alterations
(ageusia/anosmia) (Cereda et al., 2021). Therefore, any nutritional
strategies for PASC management should address to rectify dietary
deficiencies for adequate recovery of physical and functional wellbeing, as well as mental health of patients. The primary goal of
such protocol is to prevent complications and support recovery to
enable COVID-19 and PASC patients to achieve the best possible
physical, functional, and mental health status.
6.1. Pulmonary impairments in PASC
Respiratory system is the most affected organ in COVID-19 and

its clinical impact may extend into the post-COVID-19 phase
even after patient recovery. In the respiratory sequelae, the SARSCoV-2 invasion of alveolar cells leads to acute perivascular inflammatory response with severe tissue damage to pulmonary
parenchyma (from vasculitis and endotheliitis), and to pulmonary
vascular endothelium (due to huge infiltration of inflammatory
cells) (Scholkmann and Nicholls, 2020). The ensuing breach of
endothelial-epithelial barrier allows the infiltration of monocytes/
neutrophils and extravasation of a protein-rich exudate into the
alveolar space, consistent with other forms of ARDS (Huppert et
al., 2019). The ARDS and atypical pneumonia could exert lasting
damage to the lung alveoli through irreversible scarring or fibrosis in COVID-19 patients. This could lead to long-term breathing problems as well as the development of pulmonary fibrosis
(Carsana et al., 2020). Pulmonary vascular micro-thrombosis and
macro-thrombosis have been observed in 20–30% of patients with
COVID-19 (Ackermann et al., 2020). The increased pulmonary
microthrombi and macrothrombi formation in COVID-19 patients
(Klok et al., 2020) may also contribute to the long-term respiratory PASC sequelae.
6.1.1. Pulmonary-PASC symptoms
Several COVID-19 survivors show long-term pulmonary postdischarge sequelae that include dyspnea (with or without chronic
oxygen dependence), fatigue, impaired lung diffusion capacities,
cough, and pulmonary fibrosis (Huang et al., 2021). Dyspnea is
a common persistent symptom across varying degrees of initial
COVID-19 severity and these survivors show reduced functional
capacity and increased exertional desaturation of lungs (CortésTelles et al., 2021). Long-term risks of chronic pulmonary embolism and consequent pulmonary hypertension cannot be ruled out
(Nalbandian et al., 2021).
6.1.2. Host metabolic targets for pulmonary re-optimization
Pulmonary impairment during COVID-19 is often accompanied
by prolonged immobilization, which could compromise muscle
function and lead to sarcopenia. Pulmonary rehabilitation should
include nutrition, airway, posture, clearance technique, oxygen
supplementation, breathing exercises, stretching, manual therapy,
and physical activity to improve quality of life of PASC patients
(Wang et al., 2020a).
6.1.3. Nutritional management of pulmonary-PASC
An analysis of 39 RCTs (n = 16,797) has identified various dietary supplements effective against viral respiratory tract infections (RTIs) (Shokri-Mashhadi et al., 2021). Vit-D could inhibit
pulmonary inflammatory responses and enhance innate defense.
Population-based studies showed a strong link between circulating Vit- D levels and lung function (Hughes and Norton, 2009).
Vit-D improved RTIs across cohorts, particularly among Vit-D
deficient patients. Specific Lactobacillus strains with selected
prebiotics showed positive effects on the prevention and treatment
of viral RTIs. A probiotic combination of Bifidobacterium sp. and
Lactobacillus sp.,shown to reduce the symptoms of upper respiratory tract infection (Picó-Monllor et al., 2021). A supplementation
with ginseng extract could also effectively prevent viral RTIs as
adjuvant therapy. In a recent meta-analysis, Vit-C supplementation shown to reduce the risk of acute respiratory infection (ARI)
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and shorten the duration of symptoms. The effect of Vit-C on preventing ARI was stronger among men and in middle-income countries, compared to women and high-income countries, respectively
(Abioye et al., 2021).
6.2. Neuro-cognitive impairments in PASC
Several neuro-COVID-19 impairments during PASC involve the
central nervous system—CNS (i.e., central demyelination, seizures, encephalopathy/encephalitis, neurocognitive dysfunction,
strokes); the peripheral nervous system—PNS (i.e., Guillain-Barréé syndrome/other neuropathies, neuralgias, myopathy, myositis),
and the autonomous nervous system—ANS (i.e., dysautonomia,
temperature and exercise intolerance), which increases long-term
post-infectious disability (Thakur et al., 2021; Buoite Stella et al.,
2022; Naidu et al., 2022c). The long-term neurological indications
of COVID-19 could be attributed to direct viral infection, severe
systemic and neuro-inflammation, microvascular thrombosis,
and neurodegeneration (Heneka et al., 2020). The SARS-CoV-2
infection could damage brain parenchyma and vessels, possibly
affect the blood-brain barrier (BBB)—cerebrospinal fluid barriers, which regulate neurons, supportive cells and brain vasculature
(Reichard et al., 2020). Systemic/neuro-inflammation could lead
to cognitive decline and the likelihood of neurodegeneration in
COVID-19 survivors (Ramakrishnan et al., 2021). Furthermore,
SARS-CoV-2 could affect the ANS and cause multiple neurological complications such as dysautonomia, orthostatic hypotension,
and postural tachycardia syndrome (POTS) in PASC patients
(Buoite Stella et al., 2022).
6.2.1. Neuro-PASC symptoms
Neurological complications in COVID-19 survivors frequent
and represent a risk that compromises their functional capacity
and the quality of life (Nordvig et al., 2021). More than half of
COVID-19 survivors experience fatigue, apathy, executive deficits, impaired cognitive control, and reduction in global cognition;
attributed to GABAergic impairment resulting from viral-induced
neuro-inflammation (Ortelli et al., 2021). Neuromuscular manifestations such as dizziness, headache, myopathy, and olfactory and
gustatory disturbances are frequently reported in PASC pathology
(Shimohata, 2022). Migraine-like as well as late-onset headaches
are prevalent PASC symptoms even after 6 weeks among 38% of
post-discharged patients (Nalbandian et al., 2021). The underlying pathophysiology could be linked to the activation of peripheral trigeminal nerve endings by the SARS-CoV-2 directly or via
vasculopathy and/or increased circulating pro-inflammatory cytokines and hypoxia (Bolay et al., 2020). Ageusia (loss of taste)
and anosmia (loss of smell) resulting from olfactory dysfunction is
a long-term PASC symptom reported persisted in more than 66%
of European and US patients (Chiesa-Estomba et al., 2020; Garrigues et al., 2020).
Cough is another common PASC manifestations that lasts for
weeks or months after SARS-CoV-2 infection. Such incessant
post-COVID cough hypersensitivity state could be due to virusmediated neurotropism, and neuroimmunomodulation of the vagal
sensory nerves (Song et al., 2021b). Neuro-PASC patients demonstrate a specific immunological signature composed of humoral
and cellular responses that are biased towards different SARSCoV-2 structural proteins compared to healthy COVID convalescents, including a significant elevation in nucleocapsid (N)-specific antibody and T cell response (Visvabharathy et al., 2021).
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6.2.2. Cognitive-PASC symptoms
Cognitive dysfunction, emotional distress, and functional decline
are found to be prominent clinical symptoms in COVID-19 survivors at 4 months after acute infection (Vannorsdall et al., 2022).
Psychological indications such as anxiety and depression; as
well as mental health impairments such as delirium, ‘brain fog’,
memory loss, hallucination, confusion, depression, and anxiety are
long-term PASC manifestations (Rubin, 2020; Sudre et al., 2021).
Post-COVID brain fog could result from dysautonomia, deconditioning or post-traumatic stress disorder (PTSD) (Kaseda and
Levine, 2020). Long-term cognitive impairment has been reported
in 20–40% of ICU discharged patients (Nalbandian et al., 2021).
Also, COVID-19 seem to pose an increased risk of long-term cognitive decline in elderly population (Liu et al., 2021b).
6.2.3. Chemo-sensory dysfunction and PASC
Most COVID-19 patients (84.8%) show chemosensory dysfunction within the first 4 days of disease onset, and about 50% manifest this disorder in 2 to 3 weeks after infection. The chemosensory disturbance in terms of dysosmia and dysgeusia may persist
in PASC patients (7.2%) even 60 days post-discharge (Vaira et
al., 2020a). Dysosmia is a condition that affects perception of
smell, which may lead to several chemosensory dysfunctional
states including anosmia (total inability to detect odors), parosmia (altered and often displeasing odor perception), hyposmia
(decreased ability to detect odors), and phantosmia (spontaneous
odor detection without a trigger). Dysgeusia is a condition that
affects perception of basic taste, which may lead to ageusia (total
loss of the ability to taste) and parageusia (altered and often displeasing taste perception) (Hummel et al., 2011). On a long run,
such debilitating olfactory and gustatory impairments could compromise the dietary intake of PASC patients with negative effects
on their recovery. Therefore, nutritional strategies for COVID-19
and PASC management should consider appetite serving parameters to reduce malnutrition and support optimum patient recovery
(Høier et al., 2021).
6.2.4. Host metabolic targets for neuro-cognitive re-optimization
PASC patients frequently report ‘brain fog’, a cognitive dysfunction involving memory problems, lack of mental clarity, and inability to focus. This dysfunction could be triggered by neuroinflammation from SARS-CoV-2 infection resulting in mast cell
stimulation and release of microglial-activating mediators that
inflame the hypothalamus (Marshall et al., 2019). Therefore, mast
cell inhibition could be a potential therapeutic target to resolve
brain fog-related issues during PASC.
6.2.5. Nutritional management of neuro-cognitive-PASC
Omega-3 polyunsaturated fatty acids (omega-3 or n-3 PUFAs)
play a major role in immunity, inflammation, oxidative stress, and
neurocognition at different symptomatic phases COVID-19. Omega-3 PUFAs, particularly EPA, is widely used to treat mood and
neurocognitive disorders by reducing pro-inflammatory cytokines,
altering the hypothalamus-pituitary-adrenal (HPA) axis, and modulating neurotransmission via lipid rafts. In addition, omega-3
PUFAs and their metabolites could ameliorate chronic inflammation, restore tissue homeostasis, and provide a promising strategy
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to treat ‘brain fog’ in PASC patients (Yang et al., 2022). Persistent
inflammation, thrombosis, and a dysregulated immune response
(auto-immune phenomena and/or persistent viral load) are major
clinical manifestations of PASC. Oxidative stress and inflammation lead to development/progression of fatigue and neuro-psychiatric symptoms in several diseases by disrupting tissue integrity,
blood flow and neurotransmitter metabolism. Intravenous Vit-C
could help relieve these symptoms and reduce the risk of severe
development of PASC (Vollbracht and Kraft, 2022).
Natural flavonoids, such as luteolin and quercetin are potential
mast cell inhibitors that could ameliorate neuroinflammation and
prevent cognitive dysfunction (Theoharides, 2020). Milk protein
lactoferrin (LF) could effectively cross the blood-brain barrier
and inhibits both microglia and mast cell-mediated inflammatory
pathways in neuro-COVID-19 (Naidu et al., 2021c). Nutrients, including vitamins (B1, B6, B9, B12, C, D, and E), ω-3 fatty acids,
and minerals (Fe3+, Zn2+, and Se2+), could help in down-regulation
of neuroinflammation and oxidative stress and help recovery of
PASC patients to regular cognitive state (Scarmeas et al., 2018;
Motti et al., 2022). Oral intake of Vit-D has been suggested to prevent loss of neural sensation in COVID-19 patients by stimulating
expression of neurotrophins such as the nerve growth factor (NGF)
(Xu et al., 2020).
6.3. Cardiovascular impairments in PASC
The cardiovascular manifestations of COVID-19 19 may initially
arise from subclinical pathology (i.e., myocarditis, pericarditis,
palpitations, and right ventricular dysfunction) and ultimately
evolve into myocarditis, stress cardiomyopathy, myocardial infarction, postural tachycardia syndrome (POTS), and arrhythmia
(Chilazi et al., 2021). In most cases, myocardial injury is a direct outcome of COVID-19 severity, where ensuing myocardial
fibrosis or scarring could manifest re-entrant arrhythmias (Liu
et al., 2020d). Incidentally, the stress cardiomyopathy during the
COVID-19 pandemic has been remarkably high (7.8%) compared
to the pre-pandemic period (<2%), despite the unchanged CFR
and re-hospitalization rates (Jabri et al., 2020). Based on the MRI
data, the rate of myocardial inflammation seems to have increased
as high as 60% after a 2-month diagnosis of COVID-19 (Puntmann et al., 2020).
6.3.1. Consequences of the viral spike (S) protein/ACE2 axis
The COVID-19 pathology perpetuates via the ACE2 receptor-mediated viral invasion of cardiac tissue (pericytes, cardiomyocytes,
cardio-fibroblasts, epicardial adipose tissue, endothelia, and vascular cells), hyperinflammation, endothelial dysfunction with
severe damage to myocardial/pericardial structural integrity and
altered conduction system (Siripanthong et al., 2020). Such histopathological changes lead to cardiac sequelae (thromboembolism
and blood pressure abnormalities) in PASC patients (Deshmukh
et al., 2021; which are mediated by the dysregulation of RAAS
and Kinin-Kallikrein System (KKS) (Cooper et al., 2021). Furthermore, COVID-19 survivors also demonstrate persistent cardio-metabolic demand with reduced cardiac reserve, and RAAS
dysregulation.
ACE2, the type-I transmembrane metallo-carboxy-peptidase,
is a critical regulator of the RAAS, and plays a vital role in the
Fe-R-H status of cardiovascular and immune systems (Naidu et
al., 2022a). The SARS-CoV-2 pathogen gains cellular entry is via
the docking of the viral spike (S) protein to the membrane bound

ACE2; and this infection process down-regulates ACE2 and/or
sheds ACE2 from the cell surface (Cook and Ausiello, 2022). Such
reduced ACE2 expression on cell surface could dysregulate Fe-RH and initiate a plethora of cardiovascular impairments observed
in COVID-19 and PASC (Chung et al., 2020).
6.3.2. Cardio-PASC symptoms
The cardiovascular system is affected not only during the acute
phase of COVID-19, but also during the post-recovery phase.
Cardiomyopathy could develop in post-COVID-19 patients due
to persistent hyperinflammation, hypoxia, microvascular injury/
thrombosis, coronary thrombotic/plaque rupture events, and direct viral cardiotoxicity from abnormal troponin levels (Sandoval
et al., 2020). Fulminant myocarditis has been reported in several
COVID-19 survivors even after weeks of undetectable viral pathogen (RT-PCR negative); however, some of these cases resulted in
high fatality outcomes due to cardiac arrest (Inciardi et al., 2020)).
6.3.3. Nutritional management of cardiovascular-PASC
Dietary differences and ACE2 levels in populations influenced
COVID-19-related CFR outcomes in several European countries.
EU countries with high consumption of foods containing potent
antioxidants or with anti-ACE activity (i.e., cabbage or fermented
milk) showed low COVID-19-related mortality rate (Bousquet et
al., 2020). Vit-C may be an effective treatment in decreasing the
rates of mechanical ventilation and cardiac arrest in hospitalized
patients with severe COVID-19 (Hess et al., 2022).
Cardiac injury is common manifestation associated with poor
clinical outcomes in COVID-19 patients. In a retrospective cohort study, intravenous Vit-C (1.5 g/kg body weight) along with
symptomatic supportive treatment to COVID-19 patients with
ameliorated cardiac injury (ACI) group (n = 70), showed significant decrease in serum inflammatory markers (at day-21 during
hospitalization). Therefore, Vit-C can ameliorate cardiac injury by
alleviating hyperinflammation in severe and critically ill patients
(Xia et al., 2021).
6.4. Renal impairments in PASC
Renal involvement in COVID-19 is frequent, which ranges from
mild proteinuria to acute kidney injury (AKI). During the first
COVID-19 wave, AKI was reported in nearly 1 in 3 COVID-19
patients and about 9% required kidney replacement therapy (KRT)
(Lumlertgul et al., 2021). Viral-induced hyperinflammatory response and ischemic/hypoxic stress seems to be responsible for
tubular, endothelial, and glomerular damage, a hallmark of septic
AKI in COVID-19 (Diao et al., 2021; Long et al., 2022). Interestingly, several COVID-19 patients without any signs of AKI during the acute phase, show a gradual decline in renal function in
6–12-month follow-up period (Copur et al., 2022). The severity of
COVID-19, older age, patients with comorbidities (diabetes, hypertension, and cardiovascular disease) are more prone to develop
AKI (Yende and Parikh, 2021).
6.4.1. Renal-PASC symptoms
Renal sequelae leading to a progressive decline in kidney function has been widely reported in COVID-19 survivors. A decreased
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eGFR (estimated glomerular filtration rate) has been reported as a
major indication in 35% of patients at 6-months in the post-acute
COVID-19 (Huang et al., 2021). Collapsing glomerulopathy with
involution of the glomerular tuft in addition to acute tubular injury
(which is newly termed as the ‘COVID-19-associated nephropathy—COVAN’), may particularly impact patients of African ancestry, in some regions of the world (Velez et al., 2020). SARSCoV-2-induced thrombotic microangiopathy with diffused cortical
necrosis and microthrombi may also cause acute renal injury (Jhaveri et al., 2020).
6.4.2. Host metabolic targets for renal re-optimization
SARS-COV-2 infection could trigger the activation of multiple inflammatory pathways including angiotensin II, cytokine storm, Creactive protein (CRP), TGF-β signaling, complement activation,
and lung-kidney crosstalk could cause AKI. Hyper-inflammation
plays a key role in the pathogenesis of AKI in patients; therefore,
targeting these pathways with bioactive nutrients may represent a
novel and specific dietary intervention for AKI resolution in PASC
(Chen et al., 2021c).
6.4.3. Nutritional management of renal-PASC
In a meta-analysis (n = 1,459) a restricted protein diet supplemented with keto-analogs could effectively improve kidney endpoints
including preserving kidney function and diminishing proteinuria,
blood pressure levels, and CKD-mineral bone disorder parameters
without causing malnutrition (Chewcharat et al., 2020). In another
meta-analysis (8 RCTS/n = 371), supplementation with omega-3
fatty acid could decrease serum C-reactive protein levels in hemodialysis patients (Dezfouli et al., 2020). In another RCT (n = 60),
patients with diabetes and chronic hemodialysis, supplemented
with melatonin for 12 weeks showed beneficial effects on glycemic control and oxidative stress (Ostadmohammadi et al., 2020).
In a clinical study, CKD patients (n = 28) given a diet supplemented with beta-glucan showed significant decline in trimethylamine
N-oxide. Trimethylamine N-oxide levels, which is associated with
severe kidney and cardiovascular outcomes (Hill et al., 2020).
Quercetin, the natural anti-inflammatory agent, is shown prevent
AKI and provide nephroprotective potential to COVID-19 patients
(Wang et al., 2020b).
6.5. Gastrointestinal and hepato-biliary impairments in PASC
COVID-19 patients with gastrointestinal (GI) and hepato-biliary sequelae tend to experience severe clinical manifestations
(i.e., ARDS and MODS) of SARS-CoV-2 infection (Dong et
al., 2021). Gut impairment in COVID-19 patients has also been
linked to the up-regulation of ACE2 and the ACE2 receptors in
the GI tract (Hammoud et al., 2021). Prolonged fecal shedding
of SARS-CoV-2 virus (RT-PCR positive) for >4 weeks after the
onset of COVID-19 symptoms, as well as viral persistence for
a mean of 11 d after negative RT-PCR of respiratory samples
has been reported (Wu et al., 2020a). COVID-19 could alter the
gut microbiome, including the enrichment of opportunistic infectious agents and depletion of beneficial commensals (Donati
Zeppa et al., 2020). Intestinal microflora are known to influence
the ‘gut-lung axis’ and could alter the course of respiratory infections (Bradley et al., 2019); accordingly, a butyrate-producing
probiotic strain Faecalibacterium prausnitzii, associated with
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gut health was negatively correlated with the disease severity
(Miquel et al., 2013; Zuo et al., 2020). Long-term consequences
of COVID-19 on the GI tract, especially on post-infectious irritable bowel syndrome and dyspepsia is currently under clinical
investigation (NCT04691895).
6.5.1. GI/hepato-PASC symptoms
Gastrointestinal (GI) sequelae such as diarrhea, nausea, acid reflux, loss of appetite, abdominal pain, and anorexia were observed
in PASC patients at 90 days post discharge (Weng et al., 2021).
In a systematic review (total studies: 43 / total patients: 18,246)
diarrhea was reportedly common among 11.5% of the COVID-19
patients, followed by nausea and vomiting (6.3%) and abdominal
pain (2.3%) (Silva et al., 2020). Also, abnormal liver function with
increased ALT and AST levels was reported in 19% of PASC patients (Mao et al., 2020).
6.5.2. Host metabolic targets for GI re-optimization
SARS-CoV-2 could infect esophagus, stomach, duodenum, rectum, and the viral pathogen is detected in feces of COVID-19 patients. Prolonged clinical manifestation(s) of the virus in the GI,
mainly the diarrhea, has been correlated with altered gut microbiota, immune dysregulation, and delayed SARS-CoV-2 clearance
from the body. Elevated GI expression of ACE2 and TMPRSS2
proteins, the critical host cell factors for viral entry, could make gut
epithelia a direct target for SARS-CoV-2 infection. Accordingly,
the stool samples of COVID-19 patients exhibit proinflammatory
cytokines (IL8), calprotectin (neutrophils activity), and IgA antibodies against the virus. Furthermore, the impairment of gut epithelial integrity could evoke hyper-immune response, hypoxia, and
altered gut microbiota (dysbiosis) (Roy et al., 2021).
6.5.3. Nutritional management of GI and hepato-biliary-PASC
Medical care for patients hospitalized with COVID-19 is a challenging protocol. Most COVID-19 inpatients (58-95%) are commonly treated with broad-spectrum antibiotics to prevent ‘ventilator-associated pneumonia’ (VAP) and/or nosocomial infections.
A meta-analysis (31 studies) showed that only 7% of hospitalized
COVID-19 patients had bacterial co-infections; however, >90%
received empirical antibiotics (Lansbury et al., 2020). Such wide
use of antibiotics could pose a risk of ‘antibiotic-associated diarrhea’ (AAD) and Clostridium difficile infections (CDI) in some
patients. About 20% of patients on antibiotics may contract AAD
and the incidence varies depending on the type of antibiotic, age,
co-morbidities and other risk factors (McFarland et al., 2016).
Given the increase in antibiotic usage during this pandemic, there
could be a possible resurgence of CDI-related complications in
COVID-19 patients. Therefore, specific probiotic formulations
could be promising adjuvants to combat both AAD and CDI in
hospitalized COVID-19 patients. In a RCT, a multi-strain probiotic mixture was found to be effective in ameliorating COVID19-associated diarrhea (Kullar et al., 2021). In a Chinese cohort
study (n = 156), diarrhea was reported in 15.4% of COVID-19
patients and probiotic treatment seems to shorten the duration of
diarrhea (Wang et al., 2021). The epithelial mucosa from respiratory and GI tracts are both affected from dysbiosis and inflammation; therefore, proper probiotic supplementation to re-establish
healthy gut microbiota could be an important therapeutic strategy
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in the clinical management of COVID-19 and PASC.

6.6.3. Nutritional management of endocrinal-PASC

6.6. Endocrine impairments in PASC

Considering the pathobiological impact of endocrine disorders on
COVID-19 pandemic, metabolic re-optimization with nutritional
management should be considered an immediate priority. New-onset diabetes in PASC is not merely an extension of SARS-CoV-2
virulence but a combination of several host responsive intrinsic
factors with chronic effects on host metabolism (Accili, 2021). Hyperglycemia-mediated aberrant glycosylation of ACE2 receptors
could facilitates receptor-mediated viral invasion and increase the
possibility of SARS-CoV-2 reinfection; therefore, glucose control
with a strict dietary regimen an effective metabolic strategy for
managing critically ill COVID-19 patients (Brufsky, 2020; Gianchandani et al., 2020).
The pathobiology of COVID-19 is closely associated with the
host sirtuin activity—a family of NAD-histone deacetylase that
regulate metabolic/redox homeostasis at cellular level with ameliorating effects on oxidative stress and inflammation (Huarachi
Olivera and Lazarte Rivera, 2020; Wang and Wei, 2020). Sirtuin
synthesis and activity decline with age, and its deficiency leads to
an imbalance in redox homeostasis that could cause severe metabolic dysfunctions (Hall et al., 2013).
Dietary polyphenols such as pterostilbene and polydatin (precursors of resveratrol), are potential activators of sirtuins (Pacifici
et al., 2019). Pterostilbene and polydatin can also have beneficial
effects on metabolic diseases. In pre-clinical T2D, pterostilbene
could ameliorate glycemic control, dyslipidemia, and liver injury
(Zhang et al., 2020c). Oral administration of polydatin (50 mg/
kg) in diabetic rats significantly enhanced glucose tolerance and
insulin secretion (Yousef et al., 2021). Polydatin treatment could
protect biological membranes from oxidative damage, preserve
cell viability, and restore β-cell function.

SARS-CoV-2 affects most endocrine glands including the pancreas, thyroid, and adrenal glands (Lundholm et al., 2020). The
viral pathogen could affect endocrine system through various
routes (i.e., direct viral injury, immunological and inflammatory
damage) in emerging new-onset metabolic syndromes such as the
development of type 1 diabetes mellitus, worsening of glycemic
control (in pre-existing type 2 diabetes mellitus), primary Leydig
cell damage, critical illness-related corticosteroid insufficiency,
central hypocortisolism, pituitary apoplexy, immune-mediated hypophysitis, diabetes insipidus, sick-euthyroid syndrome, subacute
thyroiditis, and bone demineralization with enhanced fracture risk
(Pal and Banerjee, 2020; Makrydakis et al., 2022). These metabolic syndromes not only predispose the risk of severe COVID-19
but also increase the host susceptibility to SARS-CoV-2 infection
and aggravate pre-existing endocrine disorders (Puig-Domingo et
al., 2021). Recent studies have indicated that patients with history
of diabetes have increased susceptibility to SARS-CoV-2 infection
(Singh et al., 2020a; Abdi et al., 2020). Also, COVID-19 patients
with underlying metabolic and vascular disorders have reportedly
50% case fatality rate (CFR) (Steenblock et al., 2021).
6.6.1. Endocrinal-PASC/new-onset metabolic syndromes
Disrupted hypothalamic-pituitary-thyroid (HPT) axis with abnormal thyroid function is a prominent endocrine manifestation in
COVID-19 (Scappaticcio et al., 2021). The parathyroid dysfunction
with hypocalcemia is reported in two-thirds of COVID-19 patients
(Elkattawy et al., 2020). Both non-severe (1-2%) and severe (17%)
COVID-19 patients show pancreatic injury (Liu et al., 2020c). Incidence of hyperglycemia in these patients is high (50%) (Ceriello,
2020), which is significantly associated with increased risk of mortality (Saand et al., 2021). Endocrinopathies in COVID-19 survivors
include, hypopituitarism, central diabetes insipidus, SIADH, thyroid abnormalities, hyperglycemia, adrenal insufficiency, orchitis
and alteration in sperm morphology (Mirza et al., 2022). Diabetic
ketoacidosis (DKA) in COVID-19 survivors with no prior history of
diabetes mellitus has been reported (Suwanwongse and Shabarek,
2021). Also, subacute thyroiditis with clinical thyrotoxicosis could
ensue within weeks after the resolution of COVID-19 (Brancatella
et al., 2020). SARS-CoV-2 infections could cause latent thyroid autoimmunity with new-onset Hashimoto’s thyroiditis186 or Graves’
disease (Mateu-Salat et al., 2020).
6.6.2. Host metabolic targets for endocrine re-optimization
ACE2 receptors are expressed in various endocrine tissues; thus,
making the system a vulnerable target for SARS-CoV-2 infection
(Lazartigues et al., 2020; Mirza et al., 2022). In endocrine system,
ACE2 are localized in the paraventricular nucleus of hypothalamus (Chigr et al., 2020), in the acidophilic cells of parathyroid
glands (He et al., 2006), in the pancreatic ductal, acinar and islet
cells (Liu et al., 2020a), and co-expressed with TMPRSS2 in thyroid (Rotondi et al., 2021) and adrenocortical cells (Mao et al.,
2021). Since ACE2 is an important component of the RAAS axis
and a crucial entry point of SARS-CoV-2, the dynamics of ACE2
expression in endocrine tissue are also of contemporary relevance
(Rath et al., 2021).

6.7. Skeleto-muscular impairments in PASC
Skeleto-muscular impairments are common in both acute COVID-19 and PASC (Soares et al., 2022), which include sarcopenia,
cachexia, myalgia, myositis, rhabdomyolysis, atrophy, peripheral
neuropathy, and Guillain-Barré Syndrome. The risk of developing
sarcopenia during COVID-19 illness or after recovery is relatively
high (Seixas et al., 2022). In critically ill patients, the diaphragm
damage has distinct myopathic features, which may contribute to
long-term dyspnea and fatigue in COVID-19 survivors (Shi et al.,
2021). Also, SARS-CoV-2 could affect the skeleto-muscular system indirectly via regulation of nerve impulses and blood supply.
The viral interaction with ACE2 could dysregulate the RAAS activity and induce severe consequences such as loss of muscle mass,
strength, physical dysfunction and delay the COVID-19 recovery
process (Gonzalez et al., 2020). Elevated levels of IL6, the proinflammatory cytokine, could also trigger myalgia and joint pain
(Roschel et al., 2020).
6.7.1. Skeleto-muscular-PASC symptoms
Myalgia (muscle pain)/fatigue is the third most common symptom
(after fever, cough and sore throat) related to COVID-19 disease
severity (Paliwal et al., 2020). Elderly COVID-19 patients with
preexisting metabolic syndromes (i.e. diabetes, obesity, CVD) are
highly prone to severe muscle injuries in later stages of COVID-19
(Pitscheider et al., 2021). Weight loss is common usually affecting non-fat mass (especially in obese patients), which may inflict
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dystrophic damages to skeletal muscle in COVID-19 survivors
(Haraj et al., 2021). One in five hospital admitted COVID-19 patients show serious weight loss and 73% experience high risk of
sarcopenia (Wierdsma et al., 2021). Rhabdomyolysis, an acute
muscle injury with intense muscle soreness, fatigue, weakness, and
lower limb pain/twitching, often observed in elderly patients, is a
characteristic feature of severe COVID-19 (Jin and Tong, 2020).
COVID-19-related sarcopenia and rhabdomyolysis could lead to
long-term disabilities.
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rum creatinine kinase levels to optimum values, improve the health
status and quality of life of COVID-19 patients during the recovery process (Caballero-García et al., 2021). Nutritional support to
restore muscle mass is critical in the management of PASC. The
minimum protein requirement is about 0.83 g/kg body weight per
day for elderly subjects. In addition, supplementation with leucine,
β-hydroxy-β-methyl-butyrate or creatine could be effective (Gielen et al., 2021). Such supplemental support (or in the form of a
balanced diet) may help support muscle mass restoration in PASC
patients with post-COVID-19 syndrome.

6.7.2. Host metabolic targets for skeleton-muscular re-optimization

6.8. Reproductive impairments in PASC

Skeletal muscle is the largest body tissue involved in glucose
metabolism (Riuzzi et al., 2018); therefore, a primary target for
SARS-CoV-2 infection (Ali and Kunugi, 2021a). The viral-induced hyper-inflammatory response may also exacerbate mitochondrial dysfunction with subsequent myofibrillar breakdown
and muscle degradation (Piotrowicz et al., 2021). Elevated synthesis of creatine kinase (CK), lactate dehydrogenase (LDH), and
myoglobin (a heme-containing globular protein) in hypercatabolic
conditions trigger oxidative stress and leads to severe myocyte
damage in COVID-19 (Welch et al., 2020). The decline in muscle
mass (sarcopenia) is a whole-body process that also affects respiratory, masticatory, and swallowing functions, which may also
have a negative impact on nutrient intake and increase the risk for
malnutrition. In a cohort, more than 90% of COVID-19 patients
showed some degree of dysphagia, with the need of a modified diet
consistency or nasogastric feeding (Brugliera et al., 2020).

The hypothalamic-pituitary-adrenal (HPA), -thyroid (HPT), and
-gonad (HPG) axes are readily impaired during SARS-CoV-2 infection, which may lead to sexual dysfunction in males (Pal, 2020).
In general, the testis is shielded from external factors by the bloodtesticular barrier; however, SARS-CoV-2 could easily breach this
physiological hurdle and cause inflammation (Massarotti et al.,
2021). Host receptor (ACE2) and serine protease (TMPRSS), both
critical for the viral cellular entry, are widely co-expressed in the
testes, which makes the male reproductive system a potential target
for SARS-CoV-2 infection (Zupin et al., 2020). ACE2 is also abundant in gametocytes, Sertoli cells and spermatogonia stem cells,
that makes testis a high-risk organ in COVID-19 (Vishvkarma and
Rajender, 2020). Thus, male gonads may be potentially vulnerable
to SARS-CoV-2 infection; therefore, caution should be exercised
by expectant women and couples planning natural pregnancy or
assisted reproduction.

6.7.3. Nutritional management of skeleto-muscular-PASC

6.8.1. Male reproductive complications

Several COVID-19 survivors may have sequelae of muscle wasting and require progressive dietary plan for gradual recovery to
pre-onset mobility function. Malnutrition has been attributed for
muscular and immune dysfunction in COVID-19 (Ali and Kunugi,
2021b). Age-related sarcopenia, similar to muscle loss in COVID-19, could be effectively reversed by high protein supplementation (Liao et al., 2019). Accordingly, effective nutritional strategies
(i.e., protein-rich diet, and specific bioactive food supplements)
could minimize the risk of sarcopenia in vulnerable COVID-19
patients (Chapple et al., 2020; Cawood et al., 2020). Specific marine protein hydrolysates are shown to interact with SARS-CoV-2
enzymes (Mpro and monoamine oxidase A) and may reduce the viral load and associated disease severity (Yao et al., 2020). Oral
administration of L-glutamine could shorten the hospital stay and
lower the CFR in COVID-19 patients (Cengiz et al., 2020). Also,
exposure to sunlight could stimulate vitamin D synthesis and promote muscle protein synthesis as well as strengthen the immune
system (Xu et al., 2020). Specific nutritional regimen (i.e., protein
diet and amino acid supplements) with adequate physical exercise
may help restore skeletal muscle metabolism and avert the aftereffects of physical disability in COVID-19 survivors.
Hyper-inflammatory state during COVID-19 could negatively
affect the muscle protein synthesis and this progressive disorder
leads to severe catabolic wasting of skeletal muscle mass and function loss, a condition known as sarcopenia (Crispo et al., 2021).
Acute sarcopenia is prevalent among elderly COVID-19 patients,
with direct implications in PASC onset and recovery (Piotrowicz
et al., 2021). Vit-D supplementation could help in muscle recovery
after damage (i.e., sarcopenia) from SARS-CoV-2 infection. Vit-D
supplementation (cholecalciferol: 2,000 IU/d) could decrease se-

Male patients with COVID-19 demonstrate elevated levels of prolactin and luteinizing hormone (LH) in contrast to low testosterone
and follicle stimulating hormone (FSH), which indicates primary
testicular damage during active illness (Selek et al., 2021). However, several COVID-19 patients exhibit damaged seminiferous tubules, reduced Leydig cell number, swollen Sertoli cells and mild
lymphocytic inflammation in the testes (Yang et al., 2020a). Severe
damage to seminiferous tubules with interstitial edema, congestion,
RBC exudation in testes, and epididymis, indicate a potential testis
injury in COVID-19. Furthermore, semen specimens from most patients (39%) indicate oligo-zoospermia (increased seminal levels of
IL-6, TNF-α, and MCP-1) with impaired spermatogenesis (Li et al.,
2020b). These patients also show scrotal discomfort, which is suggestive of viral orchitis. Also, a number of patients (31%) showed
significant alterations in semen parameters including sperm DNA
fragmentation and reduced sex-related hormone ratios, i.e., testosterone to luteinizing hormone (T:LH) and FSH:LH (Ma et al., 2021a).
Furthermore, SARS-CoV-2 has also been detected in the semen of
males with acute infection as well as in recovering patients (Polack
et al., 2020). These results collectively suggest that COVID-19 may
lead to potential male fertility issues. Therefore, COVID-19 survivors especially individuals in reproductive age, andrological consultation and evaluation of gonadal function including semen analysis
has been highly recommended (Corona et al., 2020).
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6.8.2. Female reproductive complications
The SARS-CoV-2 could also invade the female reproductive system through the ACE2/TMPRSS2-mediated host viral entry mech-
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anism. The ACE2 receptor is widely expressed in the ovary, uterus,
vagina, and placenta, which in tandem with Ang II and Ang-(1-7)
regulates the follicle development/ovulation, modulate luteal angiogenesis/degeneration, influence the regular changes in endometrial tissue and embryo development in the female reproductive
tract (Jing et al., 2020); therefore, COVID-19 could possibly affect
ovulation and pregnancy. There is an abundance of ACE-2 receptors in the ovaries and oocytes; however, the existing data on possible ovarian dysfunction in COVID-19 survivors or any long-term
sequelae on female fertility needs further investigaton (Segars et
al., 2020; Stanley et al., 2020).
6.8.3. Host metabolic targets for reproductive re-optimization
Both male and female COVID patients could develop sexual
and reproductive health issues on the long run, partly due to the
ACE2/TMPRSS2 axis that enables SARS−COV-2 entry into either reproductive systems (i.e., male gonads or female ovaries)
(Omolaoye et al., 2021). Interestingly, ACE 2 is highly expressed
in the testes of infertile men than normal, which suggests that
COVID-19 may cause male reproductive disorders via ACE2 activated pathway and men with reproductive issues may be more
susceptible to SARS-CoV-2 infection (Zupin et al., 2020). The
degree of ACE2 expression is age-related; accordingly, the middled-aged have demonstrated higher incidence of SARS-CoV-2
infection compared to young men (Shen et al., 2020). Several
postulated mechanisms include Fe-R-H dysregulation, inflammation-induced oxidative stress, HPA dysfunction and direct gonadal damage (Dutta and Sengupta, 2021; Seymen, 2021; Mannur et al., 2021).
6.8.4. Nutritional management of reproductive-PASC
Adequate maternal Se2+ levels are vital for immune response and
healthy pregnancy. Serum Se2+ levels of pregnant women in the
2nd and 3rd trimesters with COVID-19 (n = 71) were significantly
lower than in the healthy group (n = 70). Serum Se2+ levels gradually drop during pregnancy; however, this natural decline is enhanced with COVID-19 infection. The drop in maternal Se2+ levels
correlated with elevated IL-6 and D-dimers, which indicated the
effect of selenium on COVID-19 progression (Erol et al., 2021).
SARS-CoV-2 infections are more prevalent in men than women,
partly due to higher expression of ACE2 in the male reproductive
tissues (Zupin et al., 2020). The seminal dissemination of SARSCoV-2 and its mediated testicular disruptions have been reported.
Vit-C is a major testicular antioxidant that neutralizes excess ROS,
prevents sperm agglutination, blocks lipid peroxidation, recycles
Vit-E, and protects testicular tissue against DNA damage. Thus,
Vit-C could be an effective intervention to alleviate testicular
oxidative stress and associated male reproductive dysfunctions in
COVID-19 and PASC (Sengupta et al., 2022).
Balanced diet could provide essential nutrients, confer adequate
nutritional status, and improve metabolic activity of a COVID-19
or PASC patient to recover/regain optimal health. The nutritional
status of a patient is critical for effective outcomes of antiviral
drugs, vaccines, and other therapeutic regimens used in the clinical
management of COVID-19 and PASC. An adequate dietary plan
should (i) reduce post-viral fatigue, (ii) promote earliest recovery,
and (ii) provide future resistance in often malnourished patients
(i.e., elderly, obese, diabetics, etc) (Butters and Whitehouse, 2021).
Nutritional status of the patient population has been severely
compromised (directly or indirectly) by the COVID-19 pandemic.

Nutritional interventions through dietary support, food supplementation, and natural remedies could help manage PASC, the aftermath of COVID-19 survival. The nutrition-COVID-19 interaction
combined with the altered dietary intakes of COVID-19 survivors
may lead to malnutrition and the inherent micronutrient deficiencies resulting in metabolic disorders (i.e., new onset diabetes),
symptomatic progression to PASC with potential morbidity and
mortality scenarios (Antwi et al., 2021).
Nutrition could play a vital role in PASC management. Several food bioactives are known to deliver multifunctional benefits
to different host cellular targets, help reduce symptomatic burden
and revitalize affected organ/systems, through independent as
well as synergistic mechanisms. Nutritional inadequacy during
hospitalization exacerbates the likelihood of long-term PASC syndrome. Malnutrition could delay healing and increase the duration
of hospitalization. Monitoring the nutritional status is critical in the
management of hospitalized COVID-19 patients and in the rehabilitation of PASC individuals. Therefore, an early dietary support
with oral nutritional supplements (ONS), enteral and parenteral
nutrition, may ameliorate such detrimental effects and play a vital role in clinical management as well as aiding the recovery of
hospitalized patients (Volkert et al., 2019). The European Society
for Parenteral and Enteral Nutrition (ESPEN) recommends that
COVID-19 patients should be given ONSs that provide at least 400
kcal/day and ≥30 g protein/day (Barazzoni et al., 2020).
7. Nutritional strategies for COVID-19 management: a global
health perspective
Malnutrition (undernutrition) is highly prevalent among COVID-19 patients, which is about 37% in general patients, 52.7%
among elderly patients and 66.7% among patients admitted in ICU
(Latif et al., 2022). Duration of hospital stay for malnourished patients infected with SARS-CoV-2 is significantly higher (almost
double) than the non-malnourished cases (Yu et al., 2021). The
SARS-CoV-2 infection could severely compromise the dietary intakes of patients in several ways (Holdoway, 2020). The pulmonary-related COVID-19 issues such as coughing and breathlessness, dry mouth due to oral breathing, use of inhalers and oxygen
therapy, may cumulatively affect the eating and drinking regimen
of COVID-19 patients (British Lung Foundation (BLF), 2020).
Also, the sensory loss of smell (anosmia) or taste (ageusia)—the
distinctive symptoms of COVID-19, could affect patient’s appetite
and desire to eat (Xydakis et al., 2020). A raise in body temperature may increase the nutritional demand; however, the ensuing
hyper-inflammatory response could suppress appetite and lead to
muscle catabolism (Gandy, 2015). Furthermore, the aging process
profoundly alters several physiological functions in the body, that
eventually decreases the body’s ability to cope with stressors.
Many such changes are subtle but could negatively impact nutrient
intake and lead to malnutrition.
The pathobiology of COVID-19 could negatively impact the
metabolic parameters of a patient at different levels such as: i) by
increasing specific nutritional demand as a consequence of pyrexia, sepsis, dyspnea, and/or ii) by reducing dietary intake due to
excessive coughing, dysphagia, dysgeusia, chronic fatigue, poor
appetite and food access issues (Barazzoni et al., 2020). Therefore,
nutritional strategies or recommendations should consider both
the viral-specific virulence targets (i.e., viral entry blockers and
viral replication inhibitors), as well as specific host defense factors
(i.e., anti-inflammatories, immune modulators, antioxidants, and
metabolic optimizers) for obtaining effective outcomes. The fol-
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Figure 4. Target-specific nutritional strategies for COVID-19 management.

lowing section elucidates such target-specific nutritional strategies
for COVID-19 management (Figure 4).
7.1. Phytochemical blockers of viral-host interaction
Despite global immunization campaigns, the prophylactic efficacy
of vaccines seems to be compromised due to emerging ‘variants of
concern’ (VOC). Therefore, development of host-directed therapeutics and prophylactics could contain such resistance and offer
some urgently needed protection against VOCs. Antiviral drugs
with proven efficacy are not yet available to prevent transmission
or facilitate treatment of COVID-19. Natural compounds, especially plant-derived bioactives, have emerged adjuvant interventional options to overcome the limitations of existing antiviral
drugs against COVID-19 (Patil et al., 2021). In the onoing COVID-19 pandemic, several clinical practices have integrated complementary or traditional medicine, as adjuvant therapeutic protocol
with the Western medicine (Wan et al., 2020; Mani et al., 2020).
Computational drug repurposing is a promising alternative that
enables prioritization of existing compounds through rapid high
through-put screening analyses (Harrison, 2020). Several ongoing
in silico studies have demonstrated the antiviral potential of natural compounds and these phytochemicals also have multifunctional effects such as anti-inflammatory, antiviral, antioxidant, cardioprotective, and exhibit potent therapeutic benefits in the treatment
of COVID-19 associated clinical manifestations. The ‘repurpos-
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ing’ of approved antiviral drugs with adjuvant combination(s) of
well characterized phytochemicals could be one of the rapid and
safe strategies to combat the COVID-19 pandemic (Naidu et al.,
2021a; 2021b).
7.1.1. Host receptor (ACE2) blockers
Angiotensin-converting enzyme 2 (ACE2), also known as peptidyldipeptidase A, is a type I integral membrane protein. ACE2 has
been implicated in the regulation of heart function and also as a
functional receptor for the SARS-CoV-2 pathogen. The interaction between SARS-CoV-2 Spike (S)-protein and the host ACE2
receptor is essential for viral attachment and the subsequent fusion process. The interaction between the SARS-CoV-2 S-protein
and ACE2, triggers activation of several host membrane molecules such as the enzyme A disintegrin and metalloproteinase 17
(ADAM17) that regulates ACE2 expression, and transmembrane
protease serine 2 (TMPRSS2) that facilitates virus-cell membrane
fusion (Zlacká et al., 2021). Blocking the activity of these host
membrane factors is a promising strategy in the development of
prophylactic and therapeutic for COVID-19 management. Accordingly, ACE2 has emerged as a potential antiviral intervention target
against SARS-CoV-2.
Most ACE2 blockers in practice are synthetic chemicals with
limitations in molecular stability and adverse side effects. However, natural, and selective ACE2 blockers are highly stable with ex-
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cellent safety/tolerance profiles and could substitute the synthetic
drug inhibitors (Pokhrel et al., 2021). Historically, plants served as
bio-factories for the isolation of various bioactive compounds with
multifunctional health benefits and provided multitude of possibilities for therapeutic interventions. Molecular docking and ‘molecular dynamics simulation’ (MDS) studies have aided in rapid
screening of molecular interactions between effective phytochemical ligands (ACE2 blockers) and the receptor binding domain
(RBD) of viral S-protein. This could provide strategies to identify effective S protein-ACE2 blockers from natural sources and
explore the possible development of broad-spectrum anti-COVID
interventions. (Ma et al., 2021b) To combat the current COVID-19
pandemic, several plant-based natural compounds such as flavonoids, terpenoids, phenols, alkaloids, have been identified for their
potential to inhibit the SARS-CoV-2 pathogen and/or reinforce
host immune defenses.
7.1.1.1. Phytochemical interactions with ACE2 protein
Several flavonoids are known to inhibit ACE2 activity and play a
vital role in the regulation of arterial blood pressure (Muchtaridi
et al., 2020). Bioflavonoids from ethanolic extracts of bee propolis—caffeic acid, caffeic acid phenethyl ester, chrysin, galangin,
myricetin, rutin, hesperetin, pinocembrin, luteolin and quercetin
demonstrate high-affinity binding to ACE2 receptors (Guler et
al., 2021). Five compounds from sulawesi propolis—Tetragonula sapiens: glyasperin A, broussoflavonol F, sulabiroins A, (2S)5,7-dihydroxy-4′-methoxy-8-prenylflavanone and isorhamnetin
strongly inhibited the interaction of ACE-2 with SARS-CoV-2
(Khayrani et al, 2021). Several terpenoids (i.e., nimbin, withaferin
A, andrographolide, zingiberene) and alkaloids (i.e., berberine,
piperine, and thebaine) show high-affinity binding to ACE2 target
(in silico). Also, phyto-phenolic compounds, including quercetin,
curcumin, naringenin, luteolin, hesperidin, mangiferin, and gallic acid could avidly bind to ACE-2 (in silico), and the bioactive
esculetin could decrease ACE-2 expression (in vivo) (Junior et al.,
2021). Natural compounds such as hinokinin from grapes (Vitis
vinifera), gmelanone from ‘gamhar’ (Gmelina arborea), isocolumbin, and tinocordioside from ‘giloy’ (Tinospora cordifolia) as potent ACE2 inhibitors, which may block SARS-CoV-2 infection
(Sharma et al., 2021). Phytochemicals from crofton weed (Ageratina adenophora), 5-β-glucosyl-7-demethoxy-encecalin (5GDE)
and 2-oxocadinan-3,6(11)-dien-12,7-olide (BODO) were found to
be potential blockers of ACE2 (Neupane et al., 2021). Phytoconstituents of ‘long pepper’ (Piper longum) and ‘holy basil’ (Ocimum
sanctum)—vicenin 2, rosmarinic acid, and orientin could modulate ACE2 and TMPRSS2 expression in host cells and may therapeutic potential against COVID-19 (Jindal and Rani, 2022).
7.1.1.2. Spike (S)-RBD/ACE2 binding interceptors from medicinal
herbs
Ethanol extracts from the Traditional Chinese Medicine (TCM)
herb—‘ephedra’ (Ephedra sinica) could effectively intercept the
interaction between ACE2 and SARS-CoV-2 spike protein receptor-binding domain (RBD) (IC50 = 95.01 μg/mL) (Mei et al.,
2021). Three active compounds, 4,6-dihydroxyquinoline-2-carboxylic acid (IC50 = 0.58 μM), 4-hydroxyquinoline-2-carboxylic
acid (0.07 μM), and 4-hydroxy-6-methoxyquinoline-2-carboxylic
acid (0.15 μM) were identified to intercept ACE2-RBD interaction. These findings suggested that quinoline-2-carboxylic acids
from ephedra could be potential phyto-interceptors for COVID-19.

Extracts from ‘danshen’ (Salvia miltiorrhiza Bunge), widely used
in TCM, could effectively intercept SARS-CoV-2 binding to ACE2
receptor, as well as mitigate the inflammatory responses by interfering with the NFκB signaling (Petitjean et al., 2022). Geraniin,
the main ingredient of the medicinal plant Elaeocarpus sylvestris
var. ellipticus and Nephelium lappaceum, could effectively block
the binding of viral S-protein with hACE2 receptor, suggesting
that geraniin might inhibit the entry of SARS-CoV-2 into human
epithelial cells (Kim et al., 2021). The extract from Nigella sativa
seed (black seed oil), β-bisabolene showed a high-affinity binding
to the ACE2 target (- 8.0 kcal/mol) almost similar to the antiviral drug Remdesivir (- 8.1 kcal/mol) (Duru et al., 2021). Bioactive
extracts the neem (Azadirachta indica), azadirachtin H, quentin
and margocin were identified as potential viral cell entry inhibitors
with ability to effectively block SARS-CoV-2 spike RBD-ACE2
interaction (Shadrack et al., 2021). Isothymol derived from the
essential oil of Ammoides verticillate is a functional inhibitor of
ACE2 activity with best docking scores, compared to Captropil
(ACE2 inhibitor drug) and Chloroquine (Abdelli et al., 2021).
In a recent study, N-0385, a small-molecular compound, has
demonstrated low nanomolar potency and could inhibit SARSCoV-2 infection in human lung epithelia and in donor-derived
colonoids (Shapira et al., 2022). This compound also inhibited the
cellular (Calu-3 cell model) entry of SARS-CoV-2 VOCs B.1.1.7
(Alpha), B.1.351 (Beta), P.1 (Gamma) and B.1.617.2 (Delta). Notably, in the K18-human ACE2 transgenic mouse model of severe
COVID-19, the N-0385 has elicited a high level of prophylactic
and therapeutic benefit after multiple administrations or even after a single administration. The N-0385 could provide an effective early intervention strategy against COVID-19 and emerging
SARS-CoV-2 variants of concern.
7.1.1.3. Natural phyto-nutrient interceptors of spike (S)-RBD/
hACE2 interaction
Phytochemical extracts such as cinnamic acid (-5.20 kcal/mol),
thymoquinone (-4.71 kcal/mol), and andrographolide (-4.00 kcal/
mol) potentially intercept interactions between ACE2 and the
SARS-CoV-2 receptor protein. These compounds could efficiently
activate the biological pathway without changing the conformation in the binding site of the ACE2 receptor (Srivastava et al.,
2021). Naturally occurring triterpenoids such as glycyrrhetinic and
oleanolic acids, as well as primary and secondary bile acids and
their amidated derivatives such as glyco-ursodeoxycholic acid and
semi-synthetic derivatives such as obeticholic acid could potentially interfere in RBD/ACE2 binding and serve as phytochemical SARS-CoV-2 entry inhibitors (Carino et al., 2020). The natural
polyphenol—Kobophenol A, could intercept the interaction of viral spike (S1)-RBD domain with ACE2 receptor (IC50 = 1.8 μM),
as well as inhibit SARS-CoV-2 infection of host cells (EC50 = 71.6
μM) (Gangadevi et al., 2021). Natural stilbenoids analog, hopeaphenol (a resveratrol tetramer, IC50 = 0.11 μM), vatalbinoside A
and vaticanol B, are potent and selective interceptors of RBD/
ACE2 binding and viral entry across multiple VOCs (Tietjen et al.,
2021). Natural compounds (dosage:100 μM)—epigallocatechin
gallate (EGCG), ginsenoside Rg3, isobavachalcone, isochlorogenic A and bakuchiol, effectively intercept pseudo-virus entry,
inhibit SARS-CoV-2-induced cytopathic effect and plaque formation in Vero E6 cells. Interestingly, these compounds bind to ACE2
receptor that suggests a dual interaction with both RBD and ACE2
(Zhang et al., 2021a).
A novel mannose-binding plant lectin from Narcissus tazetta
bulb, NTL-125, could effectively intercept SARS-CoV-2 replica-
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tion. In silico docking studies revealed that NTL-125 has strong
affinity to spike (S)-RBD, intercept the viral attachment to hACE2
receptor, the gateway to cellular entry of the pathogen (Sarkar et
al., 2022). The unique α-helical tail of NTL-125 plays most important role in binding to S-RBD. NTL-125 also interacts with certain
glycan moieties of S-protein in addition to amino acid residues
adding to the binding strength. Thus, NTL-125 is a highly potent
antiviral compound of natural origin for management of COVID-19.
Corilagin derived from ‘leaf flower’ (Phyllanthus urinaria)
demonstrate high-affinity interaction with SARS-CoV-2-RBD or
human ACE2 (hACE2) protein (Yang et al., 2021b). Corilagin intercepts SARS-CoV-2-RBD binding in a dose-dependent manner
and abolish the infectious property of RBD-pseudo-typed lentivirus, which mimics the entry of SARS-CoV-2 virus in human host
cells. Corilagin (300 mg/kg/day) is safe and could be a potential
antiviral agent against the COVID-19 that blocks the fusion of
SARS-CoV-2 spike-RBD to hACE2 receptors. Natural polyphenols 1,3,6-tri-O-galloy-β-d-glucose (TGG) and, to a lesser extent,
corilagin, could block the SARS-CoV-2 viral entry into target cells
via the binding of RBD to ACE2 (Binette et al., 2021).
7.1.2. Host protease (TMPRSS) inhibitors
For host cellular entry, the surface spike (S)-protein of SARSCoV-2 must be cleaved at two different sites by host cell proteases,
the ‘proprotein convertase furin’ at the S1/S2 site and the transmembrane serine protease 2 (TMPRSS2) at the S2’ site (Bestle et
al., 2020). Type-II transmembrane serine proteases (TTSPs) such
as TMPRSS2; that cleave the viral spike (S)-protein to expose the
fusion peptide for cell entry (Hoffmann et al., 2020). The TTSPmediated proteolytic maturation of the S-protein is critical for
SARS-CoV-2 infection and any host-directed targets to impede
this viral entry mechanism could provide a potential antiviral intervention. Although the cellular entry of SARS-CoV-2 depends on
ACE2, the virus also needs TMPRSS2 for its spike protein priming. It has been shown that the entrance of SARS-CoV-2 through
ACE2 can be abrogated by cellular TMPRSS2 inhibitors.
Several TMPRSS2 inhibitors—camostat mesylate, nafamostat
mesylate, antiandrogens, inhaled corticosteroids and ADAM-17
enhancers (5-fluorouracil) are already in clinical practice (Ragia
and Manolopoulos, 2020). Bromhexine hydrochloride, the FDAapproved expectorant/mucolytic agent/cough suppressant, is a potent inhibitor of TMPRSS2 (Shen et al., 2017). Therefore, blocking
of pulmonary TMPRSS2 with bromhexine hydrochloride could
represent a prophylactic strategy against the airborne transmission
of SARS-CoV2 (Habtemariam et al., 2020). Marine natural bioactive, Watasenia β-D-Preluciferyl glucopyrasoiuronic acid, is a
potent inhibitor of TMPRSS2 with exhibited favorable drug-like
pharmacokinetic properties to combat SARS-CoV-2 (Mahmudpour et al., 2021).
7.2. Phytochemical inhibitors of viral replication
Natural compounds and bioactives from medicinal herbs that are
widely used for centuries in global healthcare, could pave a new
direction in the development of novel anti-COVID-19 prophylactics and therapeutics (Mahrosh and Mustafa, 2021a). Interestingly,
many potential drugs in current practice are based on the structure
of natural compounds with desired biological activities. Almost
half the drugs approved between 1981 and 2014 by the US-FDA,
were derived from or mimicked a natural compound (Newman
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and Cragg, 2016). Based on high diversity, complex molecular
structure(s), broad-spectrum activity including inhibition of viral
transcription and translation, as well as considering their overall
safety and non-cytotoxicity, phytochemicals may serve as promising anti-COVID-19 interventions (Lalani and Poh, 2020; Chojnacka et al., 2020). For example, several plant-derived flavonoids
are potential inhibitors of SARS-CoV-2 with comparable or higher
potency as that of antiviral drug, remdesivir (Tahir ul Qamar et al.,
2020). Such natural antiviral agents that target highly conserved
SARS-CoV-2 replication enzymes (i.e., Mpro or RdRp) provide
two advantages: (i) potential for broad-spectrum antiviral activity,
and (ii) reduced risk of mutation-mediated drug resistance (Naidu
et al., 2021a; 2021b).
7.2.1. Phyto-nutrient inhibitors of SARS-CoV-2 main protease
(Mpro)
Mpro also known as the chymotrypsin-like protease (3CLpro), is one
of the well characterized antiviral targets among CoV pathogens
(Grum-Tokars et al., 2008). Along with the papain-like protease
(PLpro), Mpro is critical to process polyproteins that are translated
from the viral RNA (Hilgenfeld, 2014). Therefore, Mpro is considered as one of the key antiviral targets to combat COVID-19 (Joshi
et al., 2020). Antiviral agents targeting the Mpro enzyme could
significantly reduce the risk of mutation-mediated drug resistance
and display broad-spectrum antiviral activity (Goyal and Goyal,
2020). The phytochemical Mpro inhibitors could effectively target
the large surface area of viral enzyme dimers (Hartini et al., 2021).
Medicinal herbs Isatis tinctoria, Torreya nucifera, Psoralea
corylifolia, and Rheum palmatum could elicit potent anti-Mpro activity (Mandal et al., 2021). Baicalein, a natural compound commonly used in TCM, is a potent inhibitor of Mpro. In a RCT (n =
72), baicalein (100-2,800 mg) was well tolerated to treat acute, or
chronic hepatitis (Li et al., 2014). The Mpro inhibitor NLC-001, a
phytochemical supplement that is currently undergoing a human
RCT in Israel, as a potential oral intervention against COVID-19
(Golodetz, 2021). Natural phytochemicals, pentagalloylglucose
(PGG), and epigallocatechin-3-gallate (EGCG) demonstrate potent inhibition of Mpro (Chiou et al., 2021). Based on the pH milieu,
Mpro could form dimers, tetramers, or even highly active octamers (Zhang et al., 2020b). Quercetin demonstrates a unique redoxbased mechanism and inhibits Mpro by altering the thermostability of the enzyme (Abian et al., 2020). Quercetin is a promising
scaffold to engineer new functional groups for the development of
novel Mpro inhibitors.
7.2.2. Phyto-nutrient inhibitors of SARS-CoV-2 RNA-dependent
RNA polymerase (RdRp)
RdRp also known as the ‘nsp12’, plays a central role in the replication and transcription cycles of SARS-CoV-2 (Gao et al., 2020).
The RdRp enzyme polymerizes a high quantity of nucleotides
to support an uninterrupted viral replication in the infected host
(Naidu et al., 2022a). Due to its high evolutionary stability, RdRp
has no counterpart in human cells; therefore, represents a unique
antiviral target (Gordon et al., 2020; Vicenti et al., 2021). Several
FDA-approved RdRp nucleotide analog inhibitors (NAIs) against
RNA viral pathogens have been repurposed and evaluated for
clinical management of COVID-19 (Chien et al., 2020). Furthermore, high through-put screenings and in-silico studies have also
elucidated the anti-RdRp activity of several FDA-approved nonnucleotide analog inhibitor (NNAI) drugs (Tian et al., 2021). Un-
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fortunately, the first open label, RCT with popular repurposed NAI
drugs such as remdesivir, favipiravir, lopinavir-ritonavir, ribavirin,
sofosbuvir, etc., showed poor efficacy against SARS-CoV-2 (Martinez, 2020). Considering the high morbidity/mortality rates of
COVID-19 pandemic and lack of effective antiviral drugs, the repurposing of traditional antiviral phytonutrients and natural bioactives could be a promising strategy (Mahrosh and Mustafa, 2021a).
A few phyto-nutrient RdRp inhibitors as potential intervention(s)
for COVID-19 control are described below.
Suramin, a phytochemical from eastern white pine tree needles
(Pinus strobus) is a potent NNAI against SARS-CoV-2 RdRp enzyme. A dosage of 100 µM suramin totally blocks the formation of
RdRp-RNA complex compared to a 5 mM dosage of remdesivir;
thus, the RdRp inhibition potency of suramin is at least 20-fold
higher than remdesivir (Yin et al., 2020). Suramin also inhibits
SARS-CoV-2 infection in cell cultures by blocking cellular entry
of the virus (Salgado-Benvindo et al., 2020). Silibinin, a flavonolignan from the herb ‘milk thistle’ (Silybum marianum), directly
inhibits the SARS-CoV-2 RdRp enzyme, and reduces the signal
transducer and activator of transcription (STAT3)-induced lung
and systemic inflammation in the infected host (Bosch-Barrera et
al., 2020). The dual action of silibinin to inhibit viral replication
machinery as well as host cytokine storm provides a strong rationale for clinical evaluation of this phytochemical for COVID-19
management.
Black tea polyphenols—theaflavin 3,3′-digallate (TF3),
theaflavin 3-gallate (TF2a) and procyanidin B2 could effectively
inhibit RdRp activity by blocking active site(s) in the enzymatic
scaffold (Lung et al., 2020). Baicalein, a bioactive flavone found
in the root of Scutellaria baicalensis, an ‘East Asian skullcap’
plant, could block viral replication in cell culture systems by inhibiting the RdRp activity (Song et al., 2021a; Zandi et al., 2021).
Corilagin, is a gallotannin from plants Caesalpinia coriaria, Alchornea glandulosa and Punica granatum (pomegranate) bind directly to RdRp and inhibit the viral polymerase activity (Li et al.,
2021b). Lycorine is a potent NNAI against SAR-CoV-2 RdRp enzyme with efficacy higher than the antiviral drug remdesivir (Jin et
al., 2021). Propolis from (honeybee products) contains phenolics
such as ellagic acid, hesperetin, and kaempferol that show highaffinity interactions with the SARS-CoV-2 RdRp and considered
as effective COVID-19 inhibitors (Shaldam et al., 2021).
Apart from the NNAI spectrum these natural plant-based RdRp
inhibitors also provide multifunctional dietary health benefits
(Naidu et al., 2021a). Accordingly, these phytonutrients could
provide synergistic or additive benefits with pharmaceutical drugs
in immune modulation, anti-inflammation, and relieve oxidative
stress in COVID-19 patients (Patil et al., 2021). Some predicted
drugs and potential phytoceutical compounds that inhibit SARSCoV-2 RdRp enzyme and modulate host physiological pathways
are currently undergoing human clinical trials (Aronskyy et al.,
2021).
7.3. Dietary/natural anti-inflammatories
Hyperinflammatory responses and inflammasome activation with
SARS-CoV-2 infection are manifested as severe symptoms during COVID-19 (Pan et al., 2021). Once the ‘cytokine storm’ is
triggered, just an anti-viral intervention alone is not sufficient to
ameliorate the symptomatic progression of COVID-19. Additional
anti-inflammatory treatments such as JAK inhibitors, IL-6 inhibitors, TNF-α inhibitors, colchicine, etc., may be necessary in the
clinical management of the disease (Stebbing et al., 2020). The
Nrf2/Keap1 signaling pathway mainly regulates anti-inflammato-

ry gene expression, which could effectively contain SARS-CoV-2
infection (Cuadrado et al., 2020). Therefore, identification of new
Nrf2-dependent anti-inflammatory phytochemicals has become a
key investigative point in drug discovery (Ahmed et al., 2017).
The anti-inflammatory activity of several plant-based dietary
nutrients could play a beneficial role in down-regulating the cytokine storm during COVID-19 (Liskova et al., 2021). Hesperidin,
a glycosidic flavonoid from citrus species, could augment cellular
antioxidant defenses via the ERK/Nrf2 signaling pathway (Parhiz
et al., 2015). Hesperidin elicits anti-inflammatory effects via inhibition of the PI3K/AKT signaling pathway and suppress the secretion of proinflammatory cytokines such as INF-γ and IL-2, which
may reduce the potential risks of cytokine storm in COVID-19
(Qi et al., 2019; Haggag et al., 2020). Phytochemicals Rutin and
Punicalagin are also effective Nrf2 activators as well as potent
SARS-CoV-2 Mpro inhibitors (Tian et al., 2016; Yan et al., 2016;
Majumder and Mandal, 2020; Falade et al., 2021).
Quercetin is shown to inhibit inflammasome NLR family pyrin
domain containing 3 (NLRP3) in macrophages (Saeedi-Boroujeni
and Mahmoudian-Sani, 2021). Inflammasomes are cytosolic multi-protein complexes formed in response to cytosolic pathogenassociated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), which generate activated cytokines
IL-1β and IL-18 (Zhao and Zhao, 2020). In a prospective RCT,
quercetin supplementation (1-g daily/30 days) at an early stage of
SARS-CoV-2 infection seem to reduce the frequency and duration
of hospitalizations, the need for non-invasive O2 therapy, progression to ICU, and the CFR (Di Pierro et al., 2021). Several polyphenols (i.e., resveratrol, catechins), N-acetylcysteine (NAC), and
palmitoyl-ethanolamide (PEA) could block inflammatory pathways (i.e., NLRP3 inflammasome-mediated IL-1β synthesis and
pro-inflammatory cytokine release); as well as inhibit viral replication (by blocking the viral proteases (Mpro and RdRp) (Naidu et al.,
2021a; 2021b). Myo-inositol, a naturally occurring polyol, widely
found in foods, and actively synthesized in the body, seems to reduce IL-6 levels, and mitigate the inflammatory cascade (‘cytokine
storm’), a prominent clinical manifestation of COVID-19 (Bizzarri
et al., 2020).
7.4. Dietary/natural immune therapies
Optimal nutrition is essential for every cell in the body, including
those of the immune system for an effective host defense (Childs
et al., 2019). A ‘primed or activated’ immune system has a higher
energy demands with increased basal metabolic rate (BMR) during the SARS-CoV-2 infection. Typically, the BMR increases by
10% during viral infection, accordingly the energy intake should
be compensated during the illness (Kosmiski, 2011).
Both reactive and interactive states of host immune system
plays a decisive role in the initiation, progression, severity, and
fatality of a SARS-CoV-2 infection. Impaired Type I interferon
(IFN-I) response leading to hyperinflammation (with ARDS and
MODS) is a characteristic immune-pathobiology of COVID-19
(Mortaz et al., 2020), which is beyond the mechanistic explanation
of viral tropism through the ACE2 and TMPRSS2 receptors. Interestingly, retinol insufficiency and impaired retinoid signaling are
the intrinsic risk factors that may trigger immune dysregulation in
COVID-19 (Sarohan et al., 2021). Immunotherapies with natural
compounds that could help in inflammatory cytokine neutralization, immunomodulation, anti-inflammation and inflammation-associated systemic/organ damage could be potential adjuvant interventions in the management of acute COVID-19 or chronic PASC
(Bonam et al., 2020). Several bioactive nutrients and phytochemi-
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cals have potential to boost and restore both innate and adaptive
immune responses in COVID-19/PASC management. Therefore,
immune-nutrition that could modulate inflammatory responses/
cytokine release, viral antigen (wild epitopes or vaccines) recognition/processing and antibody production, could be an effective
strategy for COVID-19 control.
Vitamin-A (retinol) levels in plasma drop to remarkably low
levels during acute inflammation, which is evident in ARDS and
mortality outcomes of COVID-19 patients (Tepasse et al., 2021).
SARS-CoV-2 could suppress host type 1 interferons (IFN-I), the
early innate immune response against viral infection. Therefore,
replenishment of retinoid signaling pathways could be considered
an effective strategy for management of COVID-19 as well as for
treating chronic, degenerative, and inflammatory conditions in
PASC. Retinoids (fat-soluble molecules related to vitamin A) are
powerful immune-modulators capable of increasing IFN-I-mediated antiviral responses, which are currently investigated in several
pre-clinical studies as adjuvants for antiviral drugs, vaccines and
immune therapies against COVID-19 and PASC (Trasino, 2020).
Vitamin-A (Vit-A) plays a vital role in priming both innate and
adaptive immune responses as well as in antibody production in
COVID-19 patients (Midha et al., 2021). This fat-soluble vitamin
regulates IL-2, TNF-α synthesis, activates macrophages (towards
respiratory burst) and stimulates IFN-γ release to increase natural
killer (NK) cell activity (Gombart et al., 2020). Mechanisms of action of Vit-A against SARS-CoV-2 include enrichment of immune
reaction, containment of inflammatory reaction, and pathways related to ROS generation. Furthermore, seven core targets of VitA against COVID-19, including MAPK1, IL10, EGFR, ICAM1,
MAPK14, CAT, and PRKCB have been reported (Li et al., 2020c).
Several natural compounds demonstrate antiviral activity via
modulation of immune cell cascade (i.e., macrophages, dendritic
cells), generation of cytotoxic (antiviral) factors such as nitric oxide (NO•), cytotoxic T lymphocytes from CD8+ T-lymphocytes,
T-helper cells from CD4+ T-lymphocytes, activation of phagocytes, and proliferation of B-lymphocytes. (Jayawardena et al.,
2020). Marine algae-derived bioactive compounds such as phlorotannins, alginates, luminaries, fucoidans, polyphenols, carotenoids, carrageenans and fatty acids are shown to enhance the
human gut microbiota and revive health by enhancing epithelial
barrier integrity, immune activity, and optimal metabolic function
(Kumar et al., 2022). Milk proteins and peptides (i.e., lactoferrin
(LF), lactoperoxidase (LPO), serum albumin, β-lactoglobulin, and
α-lactalbumin) are well documented immune boosters (Naidu,
2000; Naidu et al., 2022b). Glycophosphopeptical (AM3) a natural
glucan that modulates both innate and adaptive immunity, has also
been suggested as an adjuvant for COVID-19 therapy (FernándezLázaro et al., 2021). Oral intake of glutamine (dosage: 0.3-0.5 g/
kg/d), a conditionally essential amino acid, has been reported to
modulate immune responses, which may alleviate clinical symptoms of cytokine storm during COVID-19 infection (Santos et al.,
2020).
7.5. Dietary/natural antioxidants
Oxidative stress (OS) results from an imbalance between the formation of reactive oxygen species (ROS) and the innate antioxidant
defense, which plays a crucial role in COVID-19 pathology (Cecchini and Cecchini, 2020; Suhail et al., 2020). The physiological
levels of cellular free iron (Fe2+) must be tightly regulated to avoid
ROS generation via the Fenton type-II reaction. In COVID-19 patients, the documented Fe-R-H alterations may cause iron overload,
and trigger ferroptosis in multiple organs (Edeas et al., 2020). Fe-
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redox dysregulation (FeRD) with ensuing free radical (ROS) oxidative damage, is a common denominator in all symptomatic clinical phases of COVID-19 (Naidu et al., 2022a). Accordingly, the
infected lungs COVID-19 patients show oxidized phospholipids,
the degradation product of OS, which are clinical markers for acute
lung injury (ALI) (Imai et al., 2008; Fratta Pasini et al., 2021). OS
induced by NOX2 activation is linked with severe clinical outcome
and thrombotic events in COVID-19 patients (Violi et al., 2020).
SARS-CoV-2 infection seem to alter mitochondrial dynamics and
trigger ROS production, with consequent OS, pro-inflammatory
state, cytokine production, and cell death (de Las Heras et al.,
2020). Such mitochondrial dysfunction may lead to different cellular responses such as adaptation to hypoxia, autophagy, inflammation, or ferroptosis. A decline in antioxidant defense, mainly
the glutathione (GSH) with significant elevation in blood serum
GSH reductase (from OS imbalance), has been observed in the ICU
admitted COVID-19 patients (Cao et al., 2020). Furthermore, low
levels of GSH show strong association with severe clinical outcomes and fatality rates in COVID-19 cases (Silvagno et al., 2020).
Therefore, intervention strategies to reduce OS using antioxidants,
NF-κB inhibitors, Nrf2 activators, and Fe-R-H regulators could be
a promising approach for COVID-19 management.
7.5.1. Nutrient-based natural free radical scavengers/antioxidants
SARS-CoV-2 dysregulates the intracellular iron-redox homeostasis
(Fe-R-H) state to manipulate host cell machinery for its advantage
(Naidu et al., 2022a). Accordingly, Fe-R-H regulators are potential
interventions to prevent both viral replication as well as virus-induced inflammation. Respiratory viruses, including SARS-CoV-2,
significantly elevate ROS production and impair cellular defense
systems; therefore, free radical scavengers could be considered as
potential antiviral interventions (Checconi et al., 2020).
N-acetylcysteine (NAC) is a natural antioxidant derived from
plants especially from the Allium species (Šalamon et al., 2019).
As a precursor of reduced-GSH and direct ROS scavenger, NAC
affects several cell-signaling pathways that regulate Fe-R-H, apoptosis, angiogenesis, cell growth and inflammatory response (Shi
and Puyo, 2020). NAC could reduce intracellular hydrogen peroxide levels, prevent the OS-mediated activation of NF-κB and
abrogate the upregulation of pro-inflammatory genes (Sadowska,
2012). NAC administration (oral, nebulization, or inhalation) has
been suggested to interfere in OS-mediated endothelial damage
and prevent micro-thrombosis in severe forms of the COVID-19
(Guglielmetti et al., 2020). The current experimental and clinical
data suggests that NAC is a potential intervention against multiple therapeutic targets involved in the pathophysiology of SARSCoV-2 infection (Fratta Pasini et al., 2021). However, these possible anti-COVID-19 mechanisms and properties of NAC need to
be confirmed in human RCTs.
Glutathione (GSH) is the ‘master’ antioxidant in all tissues; the
high GSH levels (reduced form) emphasizes its regulatory role
in several biological processes including free radical scavenging,
and resolving hyper-inflammation, the risk factors for multi-organ
failure in COVID-19 (Polonikov, 2020). Intracellular GSH levels
significantly decline during SARS-CoV-2 infection (Silvagno et
al., 2020), and the GSH replenishment could effectively block viral replication through modulation of cellular redox state (Checconi et al., 2020). Therefore, GSH supplementation may provide
an effective strategy to resolve inflammation and OS in COVID-19
and PASC patients (Guloyan et al., 2020). Oral administration of
GSH (2,000 mg) is shown to relieve severe respiratory symptoms
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in COVID-19 patients (Horowitz et al., 2020). GSH intervention
is a promising strategy; however, due to its poor bioavailability,
the GSH dosage requirement for therapeutic efficacy is high. Accordingly, dietary supplementation with GSH precursors such as
cysteine and glycine could be an alternate approach for effective
COVID-19/PASC management (Silvagno et al., 2020).
Several dietary and plant-derived compounds are natural antioxidants capable of neutralizing or scavenging harmful free radicals, modulating several OS-mediated signaling pathways and protect cellular systems. Phytochemicals from Cat’s claw (Cadambine
& Epiafzelechin-4β-8-epicatechin) and Ayurvedic medicinal herb
‘Tulsi’ (Isorientin 4′-O-glucoside) are active regulators of COXmediated inflammatory pathways (Yuan et al., 2020). Quercetin
is a naturally occurring plant flavanol from the flavonoid group
of polyphenols, is a powerful scavenger of free radicals (i.e., ROS
and RNS), hence classified as a redox nutraceutical known to reduce OS and inflammation (Xu et al., 2019).
Ergothioneine (ET) is a naturally occurring dietary amino acid
and an intracellular antioxidant with metal ion affinity that accumulates to high levels in certain tissues in the body due to organic
cation transporter novel-type 1 (OCTN1) (Gründemann et al.,
2005; Halliwell et al., 2018). ET is shown to modulate inflammation, scavenge free radicals, counteract FeRD, prevent endothelial dysfunction, protect against ischemia, reperfusion injury, and
ARDS. This broad-spectrum, multi-targeted therapeutic potential
of ET could be beneficial in alleviating some major clinical manifestations of COVID-19 (Cheah and Halliwell, 2020). Furthermore, the ability of ET to cross the blood-brain barrier (BBB) and
combat neuroinflammation, makes this natural antioxidant a promising candidate for intervention of both acute and chronic neuroCOVID symptoms (i.e., brain fog) during PASC (Koh et al., 2021).
Human RCTs needs to be undertaken to establish the therapeutic
and prophylactic potential of ET intervention against COVID-19/
PASC management.
7.6. Dietary metabolic optimizers
COVID-19 patients, especially hospitalized individuals, show severe clinical manifestations, such as hypermetabolism and muscle catabolism (sarcopenia), due to acute systemic inflammation,
with a reduced food intake leading to malnutrition. High oxidative
stress is a characteristic of SARS-CoV-2 infection; accordingly,
antioxidant supplementation may help reduce oxidative stress in
high-risk populations (i.e., elderly and obese) and combat COVID-19. Adequate nutrition is vital for the proper cellular metabolism, and certain bioactive compounds such as essential amino
acids, vitamins, and minerals, are critical for immune function and
optimal metabolic function.
7.6.1. Micronutrients (Vitamins & Minerals)
Nutrition, especially micronutrients, plays an important role
in reducing mortality and complications from COVID-19. The
multi-functional role of micronutrients on host defense to contain
SARS-CoV-2 infections would encourage several R&D strategies for prevention and control of acute COVID-19 as well as
chronic PASC. Deficiency in micro-elements leads to progression
of diseases and its replenishment to adequate levels could benefit
patients with several protective factors such as immune boosters, help maintain redox homeostasis for better recovery from
COVID-19. Nutrients such as vitamins A, C, D, zinc (Zn2+), and
selenium (Se2+), through their synergistic adjuvant effects, could

activate innate and adaptive immunity and counteract the progression of COVID-19 (Renata et al., 2022).
Vitamin-D (Vit-D), a widely studied prohormone associated
with skeletal health, is a potent immunomodulator, with pleotropic
effects on innate and adaptive immune cells (Kalia et al., 2021).
Vit-D is shown reduce the synthesis of inflammatory cytokines
(IL-2 and INF-γ) and elicit anti-inflammatory effects (Mansur et
al., 2020). Vit-D receptors expressed on macrophages and other
immune cells, regulate transcription of several genes, including
those that produce antiviral peptides against SARS-CoV-2 (Kloc
et al., 2021). Vit-D could affect ACE2 expression and regulate the
host immune/vascular system through different mechanisms. It
enhances the ACE2 to ACE ratio; thereby, increases angiotensin
II hydrolysis, reduces subsequent inflammatory cytokine response
and lung injury in COVID-19 (Rhodes et al., 2021). 1,25-dihydroxy-vitamin D (25OHD), the active form of Vit-D could protect
endothelial membrane stability.
7.6.1.1. Vit-D deficiency (hypovitaminosis-D) and COVID-19
Vit-D deficiency is a high-risk factor for morbidity and mortality
in COVID-19. Skin exposure to sunlight-UV stimulates Vit-D synthesis in the body. A significant correlation has been established
between the geographical latitude of 88 countries and COVID-19
mortality rates, which corroborates with the observation that Vit-D
deficiency contributes to COVID-19 pathobiology (Whittemore,
2020). A report from five W.H.O. regions (except the African continent), showed that low serum 25OHD levels are linked to higher
risk of SARS-CoV-2 infection (Margarucci et al., 2021). Also, VitD deficiency is strongly associated with COVID-19 case fatality
rates (CFR) in Europe and Asia. In a population analysis of 47
countries, the prevalence of Vit-D deficiency ranged from 6.9 to
81.8% in EU countries and 2.0 to 87.5% in Asian countries (Sooriyaarachchi et al., 2021).
Vit-D deficiency is linked to high risk of invasive mechanical
ventilation and/or death (IMV/D) and increased CFR. In a clinical
study (n = 185), a total serum 25OHD level of <12 ng/mL (<30 nM)
has been considered as Vit-D deficiency (Radujkovic et al., 2020).
A meta-analysis of about 2-million adult population revealed that
Vit-D deficiency/insufficiency increases susceptibility to SARSCoV-2 infection and severe COVID-19 outcomes (Dissanayake et
al., 2022). The prevalence of Vit-D deficiency was 58.4% in COVID-19 patients with elevated levels of serum inflammatory markers (i.e., IL-6, ferritin, TNFα) (Jain et al., 2020). This observation
translates into higher CFR in COVID-19 patients. COVID-19 patients with vitamin D-deficiency (<8 ng/mL) were reportedly four
times more prone to severe fatality outcomes (Rodríguez et al.,
2020b). Low 25OHD levels may predispose COVID-19 patients
to an increased 28-day mortality risk (Vassiliou et al., 2020). Vit-D
deficiency is more common among obese and diabetic individuals,
major risk groups for COVID-19. Also, a relationship between VitD status and the severity of COVID-19 has been reported among
pregnant women (Seven et al., 2021).
7.6.1.2. Vit-D supplementation for COVID-19
Vit-D status could serve as a prognostic marker for SARS-CoV-2
infections; accordingly, a Vit-D supplemental plan can be recommended to improve the clinical outcomes in COVID-19 patients
(Ünsal et al., 2021). A large, population-based cohort study from
Spain has reported that patients supplemented with cholecalciferol
(n = 108,343) or calcifediol (n = 134,703) achieved serum 25OHD
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levels ≥ 30 ng/mL with better COVID-19 outcomes (Oristrell et al.,
2022). A clinical study from Turkey reported that Vit-D supplementation (n = 163) could increase serum 25OHD levels (>30 ng/
mL) in COVID-19 patients within 2-weeks, shortened the hospital
stay and reduced the CFR by 2.14 times in COVID-19 patients
(Gönen et al., 2021). An open-label, multicenter RCT has reported
the effect of Vit-D supplementation on the prognosis of COVID-19
in high-risk older patients (n = 260). High-dose cholecalciferol
(200,000 IU/d) was found effective, well-tolerated, and readily accessible for COVID-19 treatment (Annweiler et al., 2020).
Treatment of hospitalized COVID-19 patients (n = 106) with
25OHD could correct the Vit-D deficiency/insufficiency, improve
the immune function by elevating lymphocyte percentage in the
blood and decreasing the ‘neutrophil-to-lymphocyte’ ratio (Maghbooli et al., 2021). The lower neutrophil-to-lymphocyte ratio is
associated with reduced ICU stay and CFR in COVID-19. In a
placebo-controlled RCT (n = 40), vitamin D-deficient COVID-19
patients receiving cholecalciferol (60,000 IU/d) for 7 days, turned
RT-PCR negative for SARS-CoV-2 with a significant decrease in
serum fibrinogen levels (Rastogi et al., 2022). Also, oral Vit-D
supplementation (5,000 IU/d) for 2-weeks could effectively reduce
the recovery time for cough and ageusia (sensory loss of taste) in
Vit-D-deficient patients with mild to moderate COVID-19 symptoms (Sabico et al., 2021).
Individuals with hypovitaminosis-D are at higher risk of SARSCoV-2 infection; therefore, should consider consuming Vit-D to
maintain the circulating 25OHD at optimal levels (75-125nmol/L)
to combat COVID-19. Hypovitaminosis-D affects over 1 billion
people worldwide with severe implications on cardiovascular and
inflammatory disorders. Since many clinical studies have reported
a strong correlation between hypovitaminosis D and COVID-19,
management of COVID-19 and PASC through Vit-D supplementation is a promising intervention strategy (Verdoia and de Luca,
2021). However, well-designed RCT studies with robust field data
is warranted to establish the efficacy of Vit-D supplementation in
COVID-19 and PASC control.
Vitamin-C (Vit-C), also known as L-ascorbic acid, is a watersoluble nutrient with potent antioxidant, anti-inflammatory activities and plays a major role as co-factor/modulator in various
pathways of the immune system. Vit-C helps in normal neutrophil function, free radical scavenging, regeneration of vitamin E,
modulation of signaling pathways, activation of pro-inflammatory
transcription factors, activation of the signaling cascade, regulation of inflammatory mediators, phagocytosis and increasing the
neutrophil motility to the site of infection (Uddin et al., 2021).
Vit-C is a promising therapeutic candidate, both in prevention and
amelioration of COVID-19 infection, and in adjunctive therapy for
critical care of PASC.
7.6.1.3. Intravenous Vit-C for COVID-19
A meta-analysis of 12 RCTs (n = 1,766) showed that Vit-C could reduce the length of ICU stay on average by 8%, shorten the duration
of mechanical ventilation in ICU patients and significantly reduce
the CFR in sepsis patients (Hemilä and de Man, 2021). In a RCT (n
= 120), Vit-C (500-mg/day for 2 weeks) supplementation resulted
in a higher mean survival duration compared to the control group
(Majidi et al., 2021). In another RCT, COVID-19 patients receiving intravenous Vit-C (50 mg/kg/day) along with standard therapy,
turned symptom-free faster with reduced hospital stay, than patients
on standard therapy only. A high dose of intravenous Vit-C may
block several critical inflammatory pathways of cytokine storm,
help improve pulmonary function and reduce the risk of ARDS of
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COVID-19 (Liu et al., 2020b). In a retrospective cohort study (n =
76), high-dose intravenous Vit-C (6-g twice on day-1, and 6-g once
for the following 4 days) reduced the risk of 28-day mortality and
improved the oxygen support status in COVID-19 patients (Gao et
al., 2021). In a critically ill COVID-19 patients, intravenous sodium
ascorbate (60 g) could restore arterial pressure, improve renal function and increase arterial blood oxygen levels (May et al., 2021).
COVID-19 patients (n = 55) administered with high-dose intravenous Vit-C (n = 55, 100 mg/kg/da) showed shorter duration of systemic inflammatory response syndrome (SIRS), lowered C-reactive
protein levels and higher number of CD4+ T cells, compared to
the control group. The levels of coagulation indicators, including
activated partial thromboplastin time and D-dimer were also improved in the Vit-C treated group compared to the control (Zhao et
al.,2021). Vit-C may prevent disease aggravation in the early stage
of COVID-19, which may be related to improved inflammatory
response, immune function, and coagulation function. Intravenous
Vit-C administration may reduce the need for vasopressor support
in hospitalized COVID-19 patients. The use of high dose of intravenous Vit-C for management of COVID-19 in China and the United
States has shown promising results.
7.6.1.4. Vit-C status in COVID-19 pandemic
Supplementation with micronutrients, such as vitamins and minerals, has gained an increasing interest as part of the supportive
management for COVID-19. Serum Vit-C levels and leukocytes
are depleted during the acute stage of infection due to increased
metabolic demand; therefore, high-dose Vit-C helps normalize
such clinical condition (Abobaker et al., 2020). Patients with hypovitaminosis C or severe respiratory illnesses, such as COVID-19,
may benefit from taking Vit-C, due to its well documented safety
profile, simplicity of use, and potential health benefits. Oral Vit-C,
when taken at onset of SARS-CoV-2 infection, may reduce the
duration of symptoms including fever, chest pain, chills and bodily aches and pains (Schloss et al., 2020). Vit-C represents an appealing option for clinical management of the global COVID-19
pandemic due to its clinical efficacy, relative safety, and low cost.
However, there is an absence of high quality, contemporary RCTs
to better understand the value of both oral and IV vitamin C for
COVID-19 management.
Mineral - Zinc (Zn2+) is the second most abundant trace element
in the human body, an integral component of several enzymes and
transcription factors in human physiology. Zn2+ is critical for maintaining the natural tissue barrier function (such as in the respiratory
epithelium) and establish redox homeostasis to block cellular entry
and detrimental progression viral pathogens, such as SARS-CoV-2
(Wessels et al., 2020). The anti-COVID spectrum of Zn2+ revolves
around its ability to inhibit viral enzymes—RNA-dependent RNA
polymerase (RdRp) and Mpro (Panchariya et al., 2021). Zn2+ also
down-regulates ACE2, the zinc metallo-enzyme that serves as host
cellular receptor for SARS-CoV-2 infection (Karim et al., 2021).
The immune-regulatory activity of Zn2+ includes antiviral protection via up-regulation of interferon-α (IFN-α) synthesis, elicit antiinflammatory activity by inhibiting NF-κB signaling and by modulating the regulatory T-cell functions that could limit the ‘cytokine
storm’ in COVID–19 (Skalny et al., 2020). Additionally, Zn2+
could protect against hypoxic damage, a detrimental end-organ injury in ARDS (Perera et al., 2020). Therefore, Zn2+ is considered
a promising prophylactic and therapeutic adjuvant for COVID-19
control, that helps reducing inflammation, improving muco-ciliary
clearance, preventing ventilator-induced lung injury, and modulating antiviral immunity (Skalny et al., 2021).
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7.6.1.5. Zn2+ deficiency in COVID-19

7.6.1.7. Se2+ deficiency and COVID-19

A strong correlation exists between low zinc levels and severe ARDS
in critically ill COVID-19 patients (Gonçalves et al., 2021). Zn2+ deficiency has been attributed with the insurgence and progression of
COVID-19 in the elderly population with severe clinical outcomes
with increased risk of ARDS (Coni et al., 2021). Zn2+ deficiency
alters ACE2 activity, which may lead to a hyper-inflammatory response, vasoconstriction and pro-thrombotic events (Gouda et al.,
2021).Furthermore, several widely used anti-hypertensive drugs
and statins could negatively affect Zn2+ status, impair antiviral immunity, increase susceptibility to SARS-CoV-2 infection (Mossink,
2020). Therefore, Zn2+ supplementation should be considered a prophylactic measure for such COVID-19 risk groups.
Free Zn2+ is an exchangeable and bioactive form of metallic ion
in serum, a reliable biomarker for alterations in zinc-homeostasis
and may serve as a prognostic tool to measure severity and course
of COVID-19. Accordingly, SARS-CoV-2 infection is characterized by a marked decline in total serum Zn2+ levels and such deficiency is associated with increased risk of mortality in COVID-19
patients (Maares et al., 2022). In a hospital study, COVID-19 patients showed significantly lower Zn2+ levels (n = 47; median ∼75
μg/dL) compared to the healthy controls (n = 45; median ∼105 μg/
dL). Such patients exhibit severe clinical manifestations including
ARDS, extended hospital stay, and increased mortality (Jothimani
et al., 2020). A cohort study from Belgium (n = 139) reported that
an absolute majority of COVID-19 patients (96%) were deficient
with Zn2+ (<80 µg/dL) (Verschelden et al., 2021). Such Zn2+ deficiency appears to be associated with impaired antiviral response,
cytokine releasing syndrome (CRS), and ARDS, which are prominent during severe COVID-19.

The deficiency of Se2+ in COVID-19 patients correlates with disease severity and mortality risk (Demircan et al., 2022). Serum
Se2+ levels are significantly lower in COVID-19 patients (∼78
μg/L) compared to healthy controls (∼92 μg/L) (Younesian et al.,
2022). Also, Se2+ and SELENOP levels are significantly low in
acute patients compared to post-COVID-19 patients (Skesters et
al., 2022). Notably, COVID-19 survivors tended to have higher
Se2+ levels after 10-14 days compared to non-survivors (Notz et
al., 2021). The Se2+ deficiency is also associated with higher viral
susceptibility and more severe clinical outcomes, especially in the
elderly COVID-19 patients.
In a German study, serum samples from COVID-19 patients
(n = 33) when compared to the reference data from a European
cross-sectional analysis (EPIC, n = 1,915), patients showed a pronounced deficit in total serum Se2+ (<45.7 µg/L) and SELENOP
(<2.56 mg/L) levels (Moghaddam et al., 2020). Notably, the Se2+
status was significantly higher in COVID survivors compared to
non-survivors. The Se2+ status analysis seems to provide a prognostic tool and an adjuvant strategy for Se2+ supplementation to
treat severely diseased and Se-deficient COVID-19 patients.
In a China study (14,045 cases from 147 cities) the CFR for
COVID-19 showed an increase from 1.2% in non-Se-deficient
areas, to 1.3% in moderate-Se-deficient areas, and further to
3.2% in severe-Se-deficient areas. Based on Se2+ content in ‘top
soil’, the CFR gradually increased from 0.8% in non-Se-deficient areas, to 1.7% in moderate-Se-deficient areas, and further
to 1.9% in severe-Se-deficient areas (Zhang et al., 2021b). The
incidence of COVID-19 was >10-fold lower in Se-enriched than
in Se-deficient regions in China (Liu et al., 2021a). Persistent
Se2+ deficiency may further lead to infertility in adult population
(Kieliszek, 2021).

7.6.1.6. Zn2+ supplementation for COVID-19
A recent meta-analysis (5 studies with 1,506 participants) suggested that Zn2+ supplementation is associated with a lower mortality
rate in COVID-19 patients (Tabatabaeizadeh, 2022). In another
RCT, patients (n = 164) administered with zinc sulfate as adjunctive therapy showed a low 30-day mortality and this additional
treatment in critically ill COVID-19 patients seem to improve survival rates (Al Sulaiman et al., 2021). Cohort studies and RCTs are
further warranted to establish robust evidence on the association
between individual Zn2+ status and COVID-19 pathophysiology.
Mineral - Selenium (Se2+) is one of the major trace elements
required for redox homeostasis related to immune-endocrine function and signaling transduction pathways (Gorini et al., 2021). Se2+
is incorporated into seleno-proteins with broad protective functions
that may reduce the incidence and severity of COVID-19 (Zhang et
al., 2020a). Se2+, more specifically the amino acid seleno-cysteine,
is present in at least 25 human seleno-proteins involved in several
vital biological functions, ranging from free radical scavenging to
hormone biosynthesis (Barchielli et al., 2022). Accordingly, Se2+
is a cofactor for several antioxidant enzymes such as Glutathione
peroxidases (GPx) that regulates inflammatory responses in the
body (Kieliszek, 2021). In the seleno-enzyme GPx, both the functional complexes—Se2+ and GSH, correlate with clinical outcomes
of SARS-CoV-2 infection. Any dietary deficiencies of Se2+ and/or
GSH precursors would increase oxidative stress and inflammation
that may trigger potential damage to multi-organ systems (Taylor
and Radding, 2020). The Se-transporter seleno-protein P (SELENOP), the Se2+ status biomarker, is particularly low (<2.6 mg/L) in
COVID-19 patients (Heller et al., 2021).

7.6.1.8. Se2+ supplementation for COVID-19
Se2+ and seleno-proteins modulate host redox homeostasis, oxidative stress, and inflammatory responses (Bermano et al., 2021).
Therefore, Se2+ supplementation could be beneficial to restore host
antioxidant capacity, reduce apoptosis and endothelial cell damage as well as platelet aggregation. In severe phase of COVID-19,
the host antioxidant system(s) exhaust while neutralizing toxic free
radicals in the body; which is linked to a decline in Se2+ and SELENOP levels (Skesters et al., 2022). Administration (i.v) is shown
to provide cytoprotective benefits in resolving clinical manifestations such as SIRS, septic shock, sepsis, ARDS, ventilator associated pneumonia (VAP); therefore, suggested as an adjuvant option
for COVID-19 (Oliveira et al., 2022). Intravenous administration
of selenite (1-mg) could elevate both Se2+ as well as SELENOP
levels to normal range, and also increase GPx3 activity over time
(Notz et al., 2021).
The Se2+deficiency could alter host defense cascade and allow
viral infection by inducing OS and enabling viral mutagenicity that
may amplify the virulence trait(s) of the viral pathogen to inflict
severe damage to the host (Martinez et al., 2021). Therefore, Se2+supplementation could provide an adjuvant support for vaccines
and antiviral drugs in reducing the viral load, mutation frequency,
and enhance herd immunity in populations with Se-deficiency. In
summary, Se2+ supplementation at an appropriate dose could be an
effective adjuvant therapy for SARS-CoV-2 infections. However,
large cohort studies are warranted to verify the benefits of Se2+
supplementation for COVID-19 and PASC control.
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7.6.2. Macronutrients (Omega-3 Fatty Acids and Probiotics)
A multi-variate analysis of food consumption practices in 170
countries on recovery from COVID-19 showed that several diets had a positive effect on patient recovery in developed countries, especially diets with higher content of lipids (e.g., omega
fatty acids and PUFA), proteins, antioxidants (e.g., polyphenols
and vitamin-C) and micronutrients (e.g., selenium and zinc).
However, in countries with extreme poverty (high Global Hunger Index Score), foods provided minimal effect on recovery from
COVID-19 (Cobre et al., 2021). The Mediterranean diet, Atlantic
diet, and the Dietary Guidelines for Americans, are designed to
provide essential vitamins, minerals, and phenolic compounds that
could activate enzymatic and non-enzymatic antioxidant responses
(Trujillo-Mayol et al., 2021). These balanced diets recommend the
consumption of fruit, vegetables, legumes, olive oil, and whole
grains with low intakes of processed foods and red meat. Personalized/targeted nutritional therapy needs to be initiated started in the
early phase of SARS-CoV-2 infection and should be monitored
till patient recovery for better clinical outcomes. Such nutritional
strategy could prevent complications, support recovery, and help
COVID-19 patients to achieve the best possible physical, functional, and mental health status.
Omega-3 fatty acids, specifically eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), play a role in inflammatory
processes and immunomodulation for both innate and acquired
immune systems (Rogero et al., 2020). Both DHA and EPA could
affect the clumping of ‘toll-like receptors’ (TLR) in the cell membrane, prevent redox signals that activate NF-κB that produce
pro-inflammatory mediators and help ameliorate complications
of COVID-19 (Hathaway et al., 2020). In addition to antioxidant
and anti-inflammatory effects, omega-3 fatty acids could regulate
platelet homeostasis and lower the risk of thrombosis, a potential
intervention for severe COVID-19 and PASC (Djuricic and Calder,
2021). Omega-3 supplementation could also block the viral entry
by altering composition of fats in the bilipid membrane of cells
(Weill et al., 2020).
Oral supplementation of EPA (1.5 g/d) and DHA (1.0 g/d) is
shown to lower plasma levels of IL-6 and IL-1ß (Tan et al., 2018),
the key inflammatory mediators involved in SARS-CoV-2-induced cytokine storm. A pilot study with COVID-19 patients (n
= 100) reported lower mortality in individuals with high plasma
levels of DHA and EPA (Asher et al., 2021). Elevated levels of
EPA/DHA could reduce the membrane-bound arachidonic acid
(Allaire et al., 2017), a precursor for synthesis of pro-inflammatory
mediators (i.e., prostaglandins and leukotrienes). The presence of
EPA/DHA in inflammatory cells could also block the activation of
NF-κB, the key pro-inflammatory transcription factor, and abrogate the intracellular inflammatory cascade (Denys et al., 2005).
Finally, EPA/DHA interaction with cell membrane phospholipids
may disrupt lipid rafts, disassemble surface receptors, and block
incoming inflammatory signals (Shaikh et al., 2015). These multifunctional effects of DHA/EPA in tandem could prevent the onset of cytokine storm and reduce the progression of COVID-19.
The anti-inflammatory and immunomodulatory effects of DHA/
EPA could prevent the onset of cytokine storm and may reduce
COVID-19 progression and disease severity (Szabó et al., 2020).
Probiotics are live microorganisms, when administered in adequate amounts, confers health benefits to the host (Naidu et al.,
1999). Probiotics and/or their metabolites may target either directly the viral pathogen and/or modulate the host immune system. Gut microbial metabolites transported via the circulation to
the lungs could inhibit viral replication or improve the immune
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response against viral pathogens (Gautier et al., 2021). Intestinal
dysbiosis could trigger exacerbated inflammation in the lungs and
in the gut, which may eventually lead to increased CFR in several
respiratory infections (de Oliveira et al., 2021). Accordingly, oral
administration of probiotics could be a remedial approach to reestablish healthy gut microflora and control COVID-19.
7.6.2.1. The ‘gut-lung axis’ and COVID-19
The bidirectional interaction between the respiratory mucosa and
the gut microbiota known as the ‘gut-lung axis’, could affect either prophylactic or pathologic immune responses against SARSCoV-2 infection. High expression of ACE-2 receptors in the GI
tract, severe manifestation GI symptoms, and abnormal changes
to gut microbiome have raised concerns about GI involvement
as a risk factor or as a potential modulator in the pathogenesis of
COVID-19. Bringing homeostasis in the gut-lung axis could help
reduce the mortality and morbidity rates associated with SARSCoV-2 infection (Baradaran Ghavami et al., 2021). Additionally,
the gut microbiota composition affects (and gets affected by) the
ACE2 expression and contributes to the regulation of inflammatory responses. Furthermore, probiotics are shown to enhance vaccine efficacy against viral respiratory infections. SAR-CoV-2-induced gut dysbiosis may influence viral transmission and disease
progression. An understanding of this pathobiology may design
effective interventions (i.e., probiotics, diet modulation), which
could potentially help combat the GI consequences of COVID-19
and PASC (Venegas-Borsellino et al., 2021).
7.6.2.2. Probiotic supplementation for COVID-19
A balanced gut microbiota and ACE2 expression could provide
optimal therapeutic approaches for COVID-19 management, as
well as maintains a symbiotic relationship of the microbiota with
the host defense (Ahmadi Badi et al., 2021). About 19 ongoing
RCTs are evaluating the efficacy of probiotics in COVID-19
prophylaxis and treatment (Chen and Vitetta, 2021b). A multicenter RTC (n = 100) reported that a 14-day supplementation of
probiotic + enzyme compIex could resolve post-COVID-19 fatigue and improve patients’ functional status and quality of life
(Rathi et al., 2021). In retrospective study (n = 123) from WuhanChina, about 75.6% of COVID-19 patients treated with probiotics
survived to hospital discharge, significantly longer than patients
without probiotic therapy. The probiotic treatment did not affect
the IL-6 levels; however, could modulate the immune responses
and lower the incidence of secondary infections in COVID-19
patients (Li et al., 2021a). Their multi-functional health benefits,
proven safety, easy dosage, economical and ready availability,
makes probiotics as potential dietary adjuvants in COVID-19 and
PASC management.
Adequate hydration (30 mL/kg actual body weight) is critical
for total recovery of COVID-19 patients; therefore, these patients
should increase their daily fluid intake (2.5–3 L/day) by consuming water, milk, fruit juice, broth, sports drinks, coffee, and tea
(Wotton et al. 2008; Barrea et al., 2022).
8. Conclusion and future perspective
From a pathobiology standpoint of COVID-19 – the emergence of
new VOCs, rapid spread of the viral pathogen, the severity of in-
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fections, weighing on one side; while the other side, the absence of
a prophylactic ‘multi-valent’ vaccine(s) and/or a potent therapeutic
drug(s) able to inhibit the SARS-CoV-2 infection, there is a dire
necessity to discover and develop effective intervention strategies
to combat this ongoing deadly pandemic.
8.1. COVID-19 vaccine – current status
The ‘emergency use authorization (EUA) of vaccines has been
considered an effective strategy combat COVID-19; however, the
emergence of several SARS-CoV-2 ‘variants of concern’ has compromised the efficacy of both vaccines and monoclonal antibodies.
Notably, most EUA vaccines are designed based on the S protein,
which has a very high mutation frequency. Therefore, any variation
of a single amino acid could affect the viral replication, transmission, or immune control evasion, and render the vaccine ineffective. To date, a prophylactic ‘multivalent vaccine’ against multiple
SARS-CoV-2 variants is not available (Naidu et al., 2022a).
8.2. Repurposed anti-viral drug – current status
The W.H.O. Expert Panel recommended mortality trials (405 hospitals in 30 countries) of four repurposed antiviral drugs: remdesivir, hydroxychloroquine, lopinavir, and IFNβ-1a in hospitalized
COVID-19 patients. Unfortunately, these drug regimens had little or no effect on the overall CFR, initiation of ventilation, and
duration of hospital stay of these patients (WHO Solidarity Trial
Consortium, 2021). Several multi-center RCTs and meta-analyses
also support this observation (Indari et al., 2021, Martinez et al.,
2021, Basu et al., 2022).
8.3. COVID-19 an HMR-related FeRD Syndrome?
The SARS-CoV-2 infection triggers host metabolic reprogramming (HMR) that could alter mitochondrial function with significant disruption in cellular bioenergy synthesis affecting several
vital metabolic pathways for viral advantage. Consequently, the ensuing tri-phasic virulence spectrum, host susceptibility pattern(s),
and symptomatic outcomes of COVID-19 clinically manifest as
iron (Fe)-redox disruptive hematological syndromes. Accordingly,
nutritional strategies, using Fe-R-H regulators, ferroptosis inhibitors, anticoagulants, and iron chelators may help ameliorate FeRD
syndrome in COVID-19 patients (Naidu et al., 2022a).
8.4. Nutritional interventions for COVID-19/PASC
Altered nutritional status and malnutrition are related to HMR,
several metabolic disorders, systemic inflammation, and deterioration of the immune system, which cumulatively compromise the
host defense against COVID-19 and hamper patient recovery from
the disease. Furthermore, the aging process could profoundly affect several physiological functions in the body, that eventually
decreases the body’s ability to cope with stressors. Malnutrition
could delay healing and increase the duration of hospitalization.
The World Health Organization (WHO) has emphasized the
benefit of adequate nutrition to enhance the immune system, especially at the time of COVID-19 infection. The European Society for Clinical Nutrition and Metabolism (ESPEN) gave concise
guidelines for an effective nutritional management of COVID-19
aimed at the prevention and treatment of malnutrition in these pa-

tients (Barazzoni et al., 2020). The Food and Agriculture Organization (FAO) of the UN, and European Food Information Council
(EFC), Center for Disease Control and Prevention (CDC), Dietary
Association of Australia (DAA) and United National Children’s
Fund (UNICEF) have proposed various health/dietary guidelines
and advice pertaining to COVID-19 pandemic. Guidelines and
advice mostly include the consumption of fruits, vegetables, fish
oil, probiotics, whole grains, cereals, and nuts. These foods could
substantially improve the immune system and thereby elicit overall protection from SARS-CoV-2 infection and lower the risk of
COVID-19 related health issues as well as improve the recovery
of patients (WHO, 2020; de Faria Coelho-Ravagnani et al., 2021).
Intake of functional foods/nutraceuticals and dietary supplements
rich in various micronutrients with antioxidant, anti-inflammatory,
and immunomodulatory properties could lower the risk of SARSCoV-2 infection and help rapid recovery from COVID-19 (Wong
et al., 2021; Chiu et al., 2021).
Finally, the evaluation of nutritional status should be mandatory
for all COVID-19 and PASC patients. Such evaluation should be
conducted at every stage of the clinical manifestation and recovery of COVID-19. Also, most patients experience weight reduction during COVID-19 infection, due to increased inflammation,
appetite loss linked to anosmia/ageusia. Therefore, it is critical
to correct the imbalance between energy expenditure and dietary
(calorie) intake of such patients. In conclusion, the monitoring of
nutritional status is of prime importance in the clinical management of hospitalized COVID-19 patients and in the rehabilitation
of PASC individuals.
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Abstract
With the deterioration of the environment and the improvement of human self-protection awareness, the voice
of human beings for returning to nature is increasing. There is an increasing interest in regulating the composition
and metabolic function of the gastrointestinal microbial community with natural plant diet methods to improve
health and prevent or treat diseases. As the “invisible organ” of human beings, the intestinal flora is closely
related to human health. Dysbacteriosis can induce a variety of diseases. The regulatory effect of natural plant
ingredients on the intestinal flora is expected to be a new treatment for related diseases. The metabolic mechanism of several main components of natural plants in the human body and their influence on the intestinal flora
were presented in this paper. Meanwhile, the mechanism of action of intestinal flora in several typical diseases
was introduced. In addition, this paper gathered and analyzed previous studies in order to gain insight how plant
components can improve diseases by regulating intestinal flora.
Keywords: Phytochemicals; Gut microbiota; Oxidative stress; Reactive oxygen species; Obesity; Neurological diseases; Intestinal diseases.

1. Introduction
A number of mixtures of pure bioactive compounds or phytochemical-containing plant extracts provide synergy with regard to
antioxidant status, anti-inflammation, anti-cancer and chemoprevention of several oxidative stress and metabolic disorders in vitro
(Phan et al., 2018). Intestinal flora is the general term for a variety
of microorganisms that are parasitic in the human intestine (Shepherd et al., 2018). The population of microorganisms that settle
in the human intestine is very complex. The number of cells is 10
times that of our own cells. Each gram of intestinal contents contains about 1012 microbial cells and 1,000 different species (Knight
and Girling, 2003), weighing about 2 kg (De Vos and de Vos, 2012;

De Vos and Nieuwdorp, 2013). The intestinal flora plays an important role in the normal function of the host organism. Different
intestinal bacteria can perform different functions. For example,
glycolytic bacteria such as Bacteroides and Bifidobacteria can metabolize carbohydrates, Streptococcus, Staphylococcus, etc. Proteolytic bacteria can obtain energy from protein fermentation, and
the metabolic activity of bacteria is mainly defined by its genome
and epigenome (Kashtanova et al., 2016). The collective genome
of these gut bacteria is called the “microbiome”, and the number
of genes is at least one hundred times that of the human genome
(Qin et al., 2010). More than 90% of the human colon is Firmicutes and Bacteroidetes, followed by Actinomyces, Proteus, Fusion Bacillus and Verrucous microorganisms (Robles Alonso and
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Figure 1. Dysbacteriosis and related diseases. This figure was created
with icons provided by bio render (https://biorender.com).

Guarner, 2013). The relationship between these microorganisms
and our body is diverse, some are good for health, and the other
is harmful. The composition of the flora depends on many factors,
such as genetic factors and eating habits. With the introduction of
high-throughput sequencing technology, we have a further understanding of the relationship between the bacterial community of
the microbiota and human health (Kowalska and Olejnik, 2016).
The intestinal flora is closely related to human health and plays
an important role in the metabolism and immune system, as shown
in Figure 1. It is called the “invisible organ of the human body”.
Disorders of the intestinal flora are related to many diseases, such
as: inflammatory bowel disease (IBD), irritable bowel syndrome,
autism, obesity, type-2 diabetes, etc. Studies have shown that the
ratio of Firmicutes and Bacteroides in obese people is low, and
the abundance of Firmicutes and Clostridia in patients with type-2
diabetes is low (Ma et al., 2019), and Escherichia and Streptococcus are abundant in people with cardiovascular diseases. The
relative abundance of Lactobacillus, Faebacterium, Bifidobacterium, and Collins is relatively low in patients with gastrointestinal diseases (Song et al., 2019), and in patients with neurological diseases, Bifidobacterium is lower and Firmicutes is higher.
A large number of studies have revealed the relationship between
intestinal flora and these diseases. This paper reviews several typical diseases. The correlation between Alzheimer’s disease and intestinal flora reveals the impact of intestinal flora on the nervous
system, which is one of the hotspots of current research. Obesity,
as one of the world’s major health problems, can also cause other
chronic diseases. Intestinal flora is closely related to obesity. Natural and harmless weight-loss products are the universal needs of
obese patients today. Inflammatory bowel disease often recurs illness protraction. Affected by many factors such as eating habits
and intestinal flora, there is no effective cure so far. The regulatory
effect of plant ingredients on the intestinal flora is expected to alleviate the pain of IBD patients. Cardiovascular disease, also known
as circulatory system disease, is a series of diseases involving the
circulatory system, including high blood pressure, hyperlipidemia,
coronary heart disease and many other diseases. There are often no
obvious symptoms in the early stage, but there is a fatal risk. The
intake of active ingredients in plants can effectively reduce the risk
of cardiovascular disease (Latif et al., 2021).
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Plant ingredients are an important part of natural medicines and
play an important role in the fight against diseases. Plant components have novel structure, many types, high curative effect, less
adverse reactions and high screening hit rate. Many drugs currently used are directly or indirectly derived from natural products
(mainly plant ingredients). Typical examples are berberine (Ortiz
et al., 2014), an anti-gastrointestinal inflammatory drug, and artemisinin (Talman et al., 2019), an antimalarial drug. It has always
been a goal pursued by medical workers to find effective ingredients from medicinal plants, especially botanicals with a basis for
clinical application, and optimize the structure through structural
modification, synthesis, and biotransformation, and then to develop new drugs. The research of phytochemical constituents has
greatly promoted the development of pharmaceutical chemistry
and become an important source for the discovery of new drugs or
drug active lead compounds.
The role of plant active ingredients in the human body and
the way of transportation are very complicated. In the process
of food digestion, many food chemical components (especially
plant foods) are not digested and absorbed in the small intestine,
but reach the colon and are metabolized by intestinal microbes
(Rinninella et al., 2019). The main chemical components of plant
foods are water, carbohydrates, proteins, lipids, polypeptides, amino acids, pectins, cellulose, hemicellulose, starch and some free
metal ions, and these components interact with the intestinal flora.
This paper selects three main active ingredients (polysaccharides,
proteins, phenols) that are relatively abundant in plants to review,
and introduces the transport pathways of these substances in the
body and their effects on the intestinal flora. At the same time,
the relationship between the intestinal flora and related diseases
is reviewed, which provides new ideas for the treatment of these
diseases and the rational use of plant resources.
2. The influence of dietary components on the intestinal flora
2.1. Carbohydrates (polysaccharides)
The indigestible complex polysaccharides in the diet are the main
carbon source of the intestinal flora (Bäckhed et al., 2005). After
dietary polysaccharides reach the colon, the intestinal flora will
degrade the polysaccharides into monosaccharides or oligosaccharides through different degradation systems and transport systems,
and then transport these monosaccharides or oligosaccharides
into the cell for further degradation and fermentation (Dalile et
al., 2019). Therefore, these polysaccharides are called fermented
polysaccharides, and there are three main categories: non-starch
polysaccharides, resistant starch and dietary fiber. Fermented polysaccharides can produce gas, heat and short-chain fatty acids under
the joint action of intestinal flora. In addition to polysaccharides
in food, polysaccharides shed by intestinal epithelial cells are also
a stable source of nutrients for the microbiota (Koropatkin et al.,
2012). In the intestinal flora, Bacteroides is the dominant strain for
degrading polysaccharides, and 20% of its genome is used to complete the degradation of polysaccharides (Singh, 2019). Humans
discovered the polysaccharide utilization site (PUL) for the first
time in Bacteroides intestinal tract (Reichardt et al., 2018). PUL
encodes different glycoside hydrolases (Luis et al., 2018), which
have been determined to decompose different substrates. In addition to cellulose, all polysaccharides entering the intestine have
corresponding polysaccharide transport systems to be responsible
for the transportation and decomposition of polysaccharides. These
systems and related functional regulatory proteins are collectively
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Figure 2. Model of polysaccharide utilization system in the Bacteroides.

called starch utilization systems (Tancula et al., 1992). Taking Bacteroides as an example, as shown in Figure 2, polysaccharides are
initially combined with surface glycan binding proteins (SGBPs),
and the original polysaccharides are decomposed into multiple oligosaccharides by the outer membrane surface glycoside hydrolase
(GH) and then bound by related glycan binding proteins (SusD)
Binding, transported from the outer membrane into the periplasmic
space by the outer membrane transporter, these oligosaccharides
are further broken down into smaller oligosaccharides through
the GH or polysaccharide hydrolase (PL) in the periplasmic space
(Foley et al., 2016), and then pass through the inner membrane.
The membrane transporter transports the enzymatic hydrolysis
products into the cell. In addition to Gram-negative bacteria, the
Firmicutes phylum has an outstanding ability to utilize polysaccharides. Although Firmicutes encodes fewer carbohydrate degrading enzymes, it encodes more ABC transporters (ATP binding
transporters). To transport carbohydrates (Mahowald et al., 2009).
In addition, the Bifidobacteria in Actinomycetes can also degrade
part of polysaccharides (Koropatkin et al., 2012).
In general, the more complex the polysaccharide, the more
glycosidase are necessary to metabolize it (Martens et al., 2011).
Some bacteria possess many different enzymes that allow them to
metabolize dozens of different complex carbohydrates, while other
microbes are only able to utilize one or a few different polysaccharides. For example, Bacteroides thetaiotaomicron and B. ovatus,
bacteria found in the human microbiota, are capable of metabolizing more than a dozen different types of glycans (Scott et al.,
2014). Different short chain fatty acids produced after polysaccharide degradation also have important effects on human body.
The main bacterial fermentative end products of complex carbohydrates are short chain fatty acids (SCFAs), namely acetate, propionate, and butyrate. Butyrate is the key energy source for colonocytes and enterocytes. Propionate can be utilized locally through
conversion into glucose by intestinal gluconeogenesis or diffuse

into the portal vein to be utilized as a substrate for hepatic gluconeogenesis (Cummings et al., 1987). Between 90 and 99% of SCFAs
are absorbed in the gut or used by the microbiota (Ruppin et al.,
1980). A large number of studies have proved that SCFAs influence gastrointestinal epithelial cell integrity, glucose homeostasis,
lipid metabolism, appetite regulation, and immune function (Perry
et al., 2016). It can also down regulate proinflammatory cytokines
(Chang et al., 2014), affect gene expression and cell differentiation
(Fung et al., 2012).
In addition, increased propionate flux through the liver has
been shown to reduce intrahepatic triglyceride which is also likely
to elicit an improvement in hepatic and whole-body glucose homeostasis (Chambers et al., 2015). Furthermore, acetate has been
linked to suppression of adipocyte lipolysis, thus reducing free fatty acid (FFA) flux to the liver mitigating against fatty liver induced
deterioration in glucose homeostasis (Crouse et al., 1968). SCFA
also inhibit insulin stimulated lipid accumulation in adipocytes via
FFAR 2 signaling, resulting in small more responsive adipocytes
which is associated with reduced adipose inflammatory infiltrate
(Kimura et al., 2013). Acetate also appears to stimulate leptin secretion in adipocytes (Zaibi et al., 2010). Leptin is an important
adipose derived homeostatic signal which regulates energy balance and appetite (Halaas et al., 1995).
2.2. Peptides (proteins)
Protein in food is also the main nitrogen source of intestinal microbes. Exfoliated small intestine and large intestine mucosal
cells and digestive enzyme proteins secreted into the lumen of the
small intestine are also stable nitrogen sources of intestinal microbes. The intestinal flora has an efficient protein metabolism
mechanism(Hamer et al., 2012). By participating in the body’s
protein metabolism, the intestinal flora provides a nitrogen source
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for its own growth on the one hand, and also helps the host to
decompose and synthesize essential amino acids to meet physiological needs (Morowitz et al., 2011). Food and endogenous proteins are hydrolyzed into peptides and amino acids by proteases
and peptidases produced by the host and bacteria, and the released
amino acids are used by the host and microorganisms. Amino acids
can be metabolized into many microbial metabolites, which are involved in various physiological functions related to host health and
disease. The intestinal flora mainly uses amino acids in the lumen
of the small intestine. The most abundant amino acid-fermenting
bacteria in the small intestine is the Clostridium spp (Dai et al.,
2011). When the bacteria take in amino acids, the amino acids can
directly become bacterial cell components, or continue to be catabolized. Some amino acids enter the large intestine and are used
by bacteria (Davila et al., 2013). The regulatory effect of protein
on the intestinal flora is two-way. For example, the components
of breast milk protein are conducive to the survival and reproduction of Bifidobacteria, while milk and legume proteins are the opposite. The lysozyme contained in breast milk can affect the cell
wall of bacteria(Wu et al., 2020), leading to the depolymerization
of bacterial cell membrane mucopolysaccharides. Bifidobacteria
and Lactobacilli carrying lysozyme can enhance the continuous
digestion and absorption of the products after the lysis of these
bacteria through trypsin. The high concentration of calcium and
casein in milk are fatty acid salts that have the properties of inhibiting Bifidobacterium, and therefore have a negative impact on
Bifidobacteria.
The primary bacteria related to protein metabolism in the small
intestine include Klebsiella, Escherichia coli, Streptococcus, Vibrio dextrinus, Vibrio photoalgae and Vibrio fatty liver anaerobes.
Some of these bacteria can directly metabolize amino acids and secrete various proteases and polypeptide enzymes (Fan et al., 2017).
Dietary proteins are digested into amino acids and oligopeptides
by proteases and many peptidases, and then absorbed in the epithelium of the small intestine (Bos et al., 2005). In addition, highly
digestible proteins may partially escape the digestion of the small
intestine, and a large amount of nitrogen-containing substances
may be transferred from the small intestine to the large intestine
(Evenepoel et al., 1999). Undigested proteins and peptides are
hydrolyzed by intestinal microorganisms and residual pancreatic
proteases to produce a large number of microbial metabolites (Blachier et al., 2007). These are mainly SCFAs, ammonia, polyamines
and hydrogen sulfide. Some of them can be transported to colon
cells and have beneficial or harmful effects on these epithelial cells
according to their concentration in the lumen. Some bacterial metabolites are transported to portal vein blood, which can produce
various physiological effects on liver and surrounding organs and
tissues (Davila et al., 2013).
The source, concentration and amino acid balance of dietary
protein are the main factors affecting the composition, structure
and function of intestinal microorganisms. Proteins mainly come
from plants or animals. Compared with animal protein, the price
of plant protein is usually lower and has some advantages in food
safety. Both soybean and peanut proteins have been shown to play
a positive role in regulating beneficial intestinal bacterial components (Peng et al., 2015). For example, peanut protein can increase
the abundance of Bifidobacteria and reduce intestinal pH, thereby inhibiting toxic metabolite products. However, protein intake
is also closely related to health. Too much protein in the human
diet increases the risk of colon disease. Residual nitrogenous compounds not absorbed by the small intestine will be transferred to
the distal intestine and metabolized by microorganisms in this part
of the gastrointestinal tract. The quantity and types of microbial
metabolites are affected by dietary protein intake. Some micro-
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bial metabolites are toxic, such as hydrogen sulfide, ammonia and
indole compounds, which may have a negative impact on host
health. High concentration of protein supplementation will destroy
the steady state of ecosystem, reduce the number of beneficial
microorganisms and increase the number of potential pathogens
(Zhao et al., 2019). When the protein concentration is too low to
meet the basic needs of the host, it will increase the abundance of
potential pathogens and reduce the number of prebiotics. Amino
acid balance is also the main factor affecting human protein digestibility. The imbalance of amino acid ratio in diet can cause
damage to intestinal mucosa, inhibit protein absorption and lead to
intestinal epithelial hyperplasia (Ma et al., 2012). Undigested proteins and amino acids are transported to the hindgut as substrates
for pathogenic fermentation bacteria, causing diarrhea. Therefore,
reasonable protein intake is very important to human health.
In addition, more and more studies have proved that the flora
is involved in protein metabolism and the balance adjustment of
amino acids, and the flora is related to some diseases caused by
protein metabolism disorders (Xu et al., 2015), so the regulation of
the intestinal flora can be used for clinical medicine.
2.3. Phenolics
Phenolic compounds are secondary metabolites (Chambers et al.,
2015) of plants. There are thousands of phenolic compounds and
their derivatives. Polymerization and glycosylation further increase the complexity and diversity of these compounds. They are
usually called polyphenols (Tsuda, 2016). All plants produce polyphenols, and most of them exist in glycosylated form (Cardona
et al., 2013). A number of studies have shown that polyphenols
have anti-cancer, anti-inflammatory, and anti-oxidative effects,
and have a two-way regulatory effect on the intestinal flora. Polyphenols will be recognized by the human body as heterologous
organisms after being ingested, so their bioavailability is relatively
low compared with trace and macronutrients. Some simple low
molecular weight polyphenols can be absorbed in the small intestine (Appeldoorn et al., 2009). During the absorption process,
polyphenols are usually hydrolyzed by intestinal enzymes, and
then are absorbed in the intestine and liver cells through methylation, sulfation or glucuronidation (Del Rio et al., 2010). As a
result, a series of water-soluble conjugated metabolites (methyl,
glucuronic acid and sulfate derivatives) are quickly released to the
systemic circulation for further distribution to organs and urine excrement (Cardona et al., 2013). But the small intestine can only
absorb 5–10% of the total polyphenol intake. The remaining polyphenols (accounting for 90–95% of total polyphenol intake) may
accumulate in the lumen of the large intestine until the millimolar
range, plus the conjugates are excreted into the intestinal lumen
through bile, they will be affected by the enzymes of the intestinal
microorganism. The promoting effect of dietary phytochemicals is
transformed into absorbable metabolites (Rothwell et al., 2012).
Therefore, in addition to individual differences in the daily intake
of polyphenols, individual differences in the composition of the intestinal flora may also lead to differences in the bioavailability and
biological efficacy of polyphenols and their metabolites (Gross et
al., 2010).
The interaction between polyphenols and microbiota has a dual
nature. Different polyphenols and their metabolites have different
effects on the intestinal flora, such as tea polyphenols on Clostridium perfringens, Staphylococcus aureus, and Vibrio parahaemolyticus. Due to the inhibitory effect, and the methanol extract of
green tea can selectively enhance the growth of Bifidobacteria
(Hara et al., 1995). The mechanism of action of polyphenols on
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Figure 3. Comparison of intestinal microbial diversity between IBD patients and healthy people.

the intestinal flora is very complicated, but it mainly affects the
number and types of intestinal flora. As the number and types of
intestinal flora change, its function will also change. The effect of
polyphenols on bacterial growth and metabolism depends on the
structure of polyphenols, the measured dose and microbial strains,
which mainly affect microbes through the following mechanisms
(Hervert-Hernandez and Goni, 2011). One is to inhibit the growth
of microorganisms by destroying the function of cell membranes
(Kemperman et al., 2010). Polyphenols can block the electron
chain transmission and oxidative phosphorylation of the cell membrane and bind to the bacterial cell membrane in a dose-dependent
manner, destroying membrane function. Polyphenols (such as catechins) also act on different bacterial species by producing hydrogen peroxide and changing its permeability (Haslam et al., 1992).
In addition, the influence of polyphenols on microorganisms is
also related to the self-defense mechanism of microorganisms. Microorganisms exposed to polyphenols up-regulate proteins related
to defense mechanisms, thereby protecting cells, while downregulating various metabolic and biosynthetic proteins involved in
amino acid and protein synthesis, as well as phospholipid, carbon,
and energy metabolism (Xuelian, 2014). Most bacteria can adjust
phenotypic characteristics, including virulence factors, according
to cell density under the control of chemical signaling molecules
(González and Keshavan, 2006). Polyphenols also interfere with
bacterial quorum sensing by producing and releasing small signal
molecule compounds that are self-inducers, such as acylated homoserine lactones in Gram-negative bacteria and oligopeptides in
Gram-positive bacteria (Huber et al., 2003). According to reports,
polyphenols can interfere with the production of small signal molecules in bacterial cells of Escherichia coli, Pseudomonas putida,
and Burkholderia cepacia, which triggers the exponential growth

of bacterial populations (Smith et al., 2005). Polyphenols also have
the property of chelating with metal ions to synthesize insoluble
complexes, so they can deprive metal ions (such as iron, cobalt,
etc.) of metal enzymes in intestinal microbial cells, thereby inhibiting enzyme activity, and affecting aerobic microorganisms that
require iron to function (Freestone et al., 2007). On the contrary,
studies have shown that catechol can provide iron to promote the
growth of specific intestinal bacteria in the case of iron deficiency
(Kim et al., 2018). It further proves the duality of polyphenols in
mediating the intestinal flora, but its complicated influence mechanism still needs further research.
3. Effect of dietary phytochemicals on intestinal flora-related
diseases
3.1. IBD
Enteritis is closely related to intestinal microecology. It was found
that there was obvious imbalance of intestinal flora in patients with
enteritis (Pascal et al., 2017), as shown in Figure 3. Bacteroides
and scleroderma were significantly reduced in the intestinal tract
of IBD patients, while the harmful bacteria such as Actinomycetes
and Proteus increased (Kostic et al., 2014). Compared with healthy
people, the intestinal microflora of CD patients contains a large
number of adhesive infiltrating Escherichia coli, pathogenic Yersinia and Clostridium difficile (Zhilu et al., 2019).
Intestinal flora plays an important role in intestinal homeostasis
from three aspects. The gut microbiota supplies energy and nutrients to the host (O’Hara and Shanahan, 2006). As mentioned ear-
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lier, intestinal bacteria also provide SCFAs by fermenting resistant
starch or indigestible carbohydrates (dietary fiber). The changes of
intestinal microflora can reduce the metabolism of SCFA, reduce
the synthesis of biosynthetic amino acids, and lead to nutritional
defects, oxidative stress and endotoxin secretion (LeBlanc et al.,
2017). This may be a key factor that compromises intestinal and
immune homeostasis (Machiels et al., 2014).
Intestinal flora plays an important role in intestinal homeostasis
by affecting the host immune system. Mice lacking intestinal microbiota showed immature lymphoid tissue (Bouskra et al., 2008),
decreased number of intestinal lymphocytes, and decreased levels
of antimicrobial peptides (Cash et al., 2006) and immunoglobulin
Ig A (Hapfelmeier et al., 2010). These defects and abnormalities of
the immune system can be restored by intestinal microbiota colonization.
The gut microbiota contributes to host defense against pathogens. The gut microbiota enhances colonization resistance to intestinal pathogens by both direct and indirect mechanisms of action.
Some commensal bacteria directly inhibit intestinal pathogens by
competing for nutrients or by inducing the production of inhibitory substances. For example, Bacteroides (B.) thetaiotaomicron,
which is an abundant colonic anaerobe, consumes carbohydrates
used by C. rodentium, which contributes to the competitive exclusion of the pathogens from the intestinal lumen (Cardona et al.,
2013). In conclusion, dietary habit and intestinal flora are closely
related to IBD.
3.2. Obesity
As one of the mechanisms of intestinal inflammation, low-grade
obesity has attracted more and more attention (Tsukumo et al.,
2009). (a) Intestinal microbes can metabolize and utilize the hard
to digest food ingredients of human body to obtain energy. (b)
Intestinal flora regulates the increase of plasma lipopolysaccharide levels, thus increasing the incidence of inflammation, obesity
and diabetes. (c) gut microbes induce host gene regulation that
regulates energy consumption and storage patterns. The results
showed that the number and diversity of intestinal microflora in
obese patients were significantly decreased, which was mainly
manifested by the significant reduction of Clostridium perfringens
and Bacteroides, and the increase in the number of Firmicum bacteria (Sharma et al., 2020). At the genus level, the abundance of
SCFA producing Lactobacillus was higher in intestinal contents,
and the relative abundance of Gram-negative bacteria such as
Helicobacter pylori, Sphingomonas and Vibrio desulphurizing in
colonic mucosa was higher (Kim et al., 2015). Al-Attas and other
studies found that Bacteroides decreased by about 50% in obese
mice, while Firmicum increased by the same extent (Al-Attas et
al., 2009). Alissa Nicolucci et al. found that fructooligosaccharide
enriched inulin can selectively change the intestinal flora, significantly reduce the weight of overweight or obese children, increase
the species richness of Bifidobacteria, and reduce the number of
vulvar Bacteroides (Nicolucci et al., 2017). Another study has
shown that intestinal microbiota can ferment indigestible carbohydrates into SCFAs, which are important for maintaining energy
homeostasis (Cummings, 1981). Fernandes et al. found that the
level of SCFAs in feces of obese individuals was significantly
higher than that of lean people, indicating that the increased level
of SCFAs in feces is closely related to the occurrence of obesity
(Fernandes et al., 2014). Recently, a new intestinal microbiota has
been found to improve obesity, and Christensen has been shown
to regulate the composition of intestinal microbiota and reduce
the weight of mice (Conterno et al., 2011). After administration of
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inulin, the number of Clostridium perfringens and Eubacterium
rectum increased (Hippe et al., 2011). Both of them are butyric
acid producing bacteria. Butyric acid has anti-inflammatory, anticancer, improving the integrity of intestinal barrier, and can prevent the development of metabolic disorders (Qin et al., 2010). In
addition, dietary habits are closely related to intestinal microflora.
High fat diet can lead to changes in intestinal microbial spectrum
and decrease in diversity (An et al., 2018). Bacteroides showed
a downward trend, while Clostridium showed an upward trend
(Carmody et al.,2015). High carbohydrate intake resulted in increased gene abundance of intestinal flora (Koliada et al., 2017),
increased levels of beneficial Bifidobacteria (Pokusaeva et al.,
2011), and decreased growth of opportunistic pathogens such as
Mycobacterium avium, subspecies Paratuberculosis and Enterobacteriaceae (Walker et al., 2011). Therefore, healthy eating habits are very important.
4. Conclusion and future perspectives
The intestinal microbiota in human body can be divided into two
types: beneficial and harmful. Bifidobacterium, Lactobacillus and
other beneficial bacteria account for more than 90% of the total, as
shown in Figure 4. With the understanding of this relationship, it
has been found that the intestinal microbial community is closely
related to the biological antagonism, immunity, nutrition, tumor
and acute and chronic infection of the host. It participates in various physiological and pathological processes and is an important
part of human body. Therefore, it is worth exploring how to regulate the intestinal microflora to improve the health status and enhance the potential disease resistance of animals. In general, they
can increase beneficial bacteria and reduce harmful bacteria. In
this sense, they have considerable utilization value and economic
benefits. It can provide new ideas for the treatment and prevention
of many diseases.
Insights into how plant compositions impact the gastrointestinal microbiota are emerging. However, more research is needed
to determine whether the regulation of plant components on intestinal flora can be translated into benefits for human health. Large
prospective studies are necessary to determine the directionality
of the associations between perturbations in the microbiota and
disease. Through animal experiments, isotope labeling and highthroughput analysis techniques can be used to further determine
the transport pathway of plant components in vivo and their impact on intestinal flora. Moreover, microbial metabolites and other
physiological measures of health such as blood cholesterol, glycemia, and inflammation, also need to be evaluated. Most of these
efforts have so far been directed towards in vitro studies, and for
these reasons the clinical gap is still substantial. When possible,
well-controlled clinical trials can be carried out. Besides, in this
era of rapid technological and computational advances, efforts
should be made to move beyond simple characterization of the
composition of the microbiota and toward functional activities of
the microbiota through transcriptomics, metabolomics, and proteomics. Through integrate vast multi-omics data sets allow us to
extend our understanding of host-microbe interactions.
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Abstract
Bioactives are natural substances that may function as antioxidant, anti-inflammatory, antimicrobial, and anticarcinogenic agents. They include phenolic compounds, carotenoids, and vitamins that can exert health-promoting
effects. Conventional fruit processing (e.g., heat treatment) can negatively affect the content and possibly the
integrity of bioactives in the source material. Meanwhile, non-conventional techniques, such as high pressure
processing and pulsed electric field, may increase the extractability of bioactives from the food matrix and enhance their availability for intestinal absorption. Although berries are usually perceived as outstanding sources
of antioxidants, other conventional fruits also stand out, such as apple, banana, grape, mango, and orange. Nevertheless, exotic fruits, such as Buriti, mamey, açaí, pitanga, camapu, and tucumã are less frequently consumed,
even though they can provide relevant bioactives. Additionally, fruit processing generates by-products containing
high-value bioactives that can re-enter the industry cycle while minimizing the quantity of waste generated. Future studies should further examine the potential of exotic fruits using their discarded portions. Thus, identifying
the best techniques for their use and maximum phytochemical extraction would be essential to reducing their
environmental impact. Additionally, novel functional foods and nutraceuticals can be obtained by exploring the
bioactive potential of these feedstocks and their processing discards.
Keywords: Traditional fruits; Exotic fruits; Biological activity; Phenolic compounds; Food processing.

1. Introduction
Fruits can be consumed as such or processed using different techniques such as drying, juicing, canning, freezing and preserving by
pickling or jam preparation (FAO, 1994). Due to their high susceptibility to microbiological deterioration, processing is often used
to extend their shelf-life. According to the Food and Agriculture
Organization (FAO, 2020), traditional fruits are widely consumed
and produced, including bananas (120 million tonnes), apples (87
million tonnes), mangos (55 million tonnes), oranges (76 million
tonnes), and grapes (78 million tonnes). All fruit production annually generates around 28% waste produced by the food industry
(Parfitt et al., 2010).
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Besides traditional fruits, some exotic fruits have demonstrated
excellent market potential due to their high levels of natural antioxidants, which has given them the status of superfruits (Chang et
al., 2019). Nevertheless, few studies have investigated their bioactive composition and health effects, as it can be seen for Amazonian fruits such as pitanga (Eugenia uniflora) (Dorman and Deans,
2000), buriti (Mauritia flexuosa), mamey (Mammea americana),
camapu (Physalis angulate) (Lima et al., 2009), tucumã (Astrocaryum aculeatum), and açaí (Euterpe oleracea) (Cabral et al., 2020).
Fruit bioactives can trigger cellular responses in tissues, ameliorating their function in the body once consumed, which positively
impacts the health (Guaadaoui et al., 2014). Many of these compounds also have antioxidant activity, which can function as such
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Figure 1. Commonly found bioactives in traditional and exotic fruits. (a) mangiferin; (b) hesperidin; (c) cyanidin-3-O-galactoside; (d) β-carotene; and (e)
ascorbic acid.

or as synergists to minimize the risk of chronic diseases (Pisoschi
and Negulescu, 2012). According to multiple epidemiological
studies, fruits’ intrinsic compounds are responsible for their health
impact (Serna-Saldivar, 2010); these include ocular, and neurological conditions, strokes, some types of cancer, diabetes, hypertension, cardiovascular ailments, cerebrovascular issues, and multiple
blood ailments (Barrett et al., 2005).
The primary bioactive groups found in fruits include some vitamins, phenolic compounds, and carotenoids which have been
regarded as key factors in health promotion and disease risk reduction associated with the consumption of fruits and vegetables
(Sricharoen et al., 2016). The profile and content of bioactives in
fruits depend on the cultivar, growing and climate conditions, storage, and transport, among others (Bennett et al., 2011).
World Health Organization/Food Agricultural Organization
(WHO/FAO) recommends 400–500 g per day of fruits and vegetables to prevent micronutrient deficiencies and related health conditions, as insufficient supply of these foods may result in an array
of non-communicable diseases (NCDs) (WHO, 2005). On the contrary, a diet high in fruits and vegetables reduces the occurrence of
non-contagious diseases and improves overall health (Shahidi and
Ambigaipalan, 2015).
Processing may provide a means for adding value to fruits by
transforming them into a variety of products, such as juices, jams,
and pie fillings, among others. In terms of bioactive compounds,
processing can impact by affecting (decreasing or increasing) their
content and bioacessibility, as well as by causing isomerization,
polymerization, and other transformations (van Breda and de Kok,
2018).
The present review provides up-to-date information on the
impact of processing techniques on major bioactives present in
selected common and exotic fruits , with a special emphasis on
phenolic compounds, vitamin C, and carotenoids. The chemical
transformations and bioaccessibility aspects will be addressed in
order to evaluate the extent of modifications caused by processing,
and whether conventional and non-conventional techniques work
to increase or decrease the health-promoting effects of the fruits
discussed in the present review.
2. Bioactive compounds from fruits and their health-promoting
effects
Food bioactive compounds provide important fundamental in-

gredients that allow active response in living tissues. They can
improve health by modifying normal physiological functions or
ameliorating the organism’s biological activities. The benefits of
bioactives may be related to their antioxidant, antimicrobial or
anti-inflammatory function and these may be dictated by their specific bioactivity, chemical structure, and dose (Guaadaoui et al.,
2014). Regarding fruits and vegetables, not only their edible portions are sources of bioactives but their processing discards also
serve as rich sources of phenolic compounds, carotenoids, phytosterols, omega-3 fatty acids, and fat-soluble vitamins, among others
(Saini et al., 2019).
Several bioactive classes of compounds can be encountered in
fruits, with vitamins, especially vitamin C, phenolics, and carotenoids being especially prominent. Figure 1 shows the structure of
commonly found bioactives in traditional and exotic fruits.
Vitamin C (ascorbic acid) is a hydrophilic molecule that can be
found in the body in the reduced (ascorbic acid or ascorbate) or
oxidized forms (dehydroascorbic acid) (Kocot et al., 2017). The
physiological and metabolic functions promoted by this vitamin
include common cold prevention, wound healing properties, antioxidant activity, and maintenance of skin, blood vessels, bones,
and cartilage health. Ascorbic acid can also restore the antioxidant
function of α-tocopherol after free radical neutralization. Even
though these functions are essential, humans cannot synthesize
vitamin C due to the lack of the enzyme L-gulono-1,4-lactone oxidase. Therefore, consuming foods rich in vitamin C is necessary to
obtain this substance (Sunil Kumar et al., 2017). Table 1 shows the
vitamin C content found in traditional and exotic fruits.
Carotenoids are present in several fruits, vegetables, and marine species. They are fat-soluble pigments with over 700 identified compounds responsible for providing yellow, red, and orange
colors to their natural sources. This group can be broken down into
carotenes, strictly hydrocarbon structures, and xanthophylls which
are oxygenated derivatives of carotenes. In terms of their biological activity, carotenoids bearing one or more ionone rings in their
structures may serve as vitamin A precursors. Some examples are
β-carotene, β-cryptoxanthin and α-carotene (Kris-Etherton et al.,
2002). Moreover, these substances also exhibit antioxidant activity and are especially efficient in quenching singlet oxygen, thus
preventing photooxidation. Total carotenoid levels and identified
carotenoids from selected traditional and exotic fruits are shown
in Table 2.
Among the bioactive classes of compounds present in fruits,
phenolic compounds stand out for their diversity and bioactivity, which include antioxidant, anti-inflammatory, and anticancer
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Table 1. Vitamin C content of traditional and exotic fruits

Fruit

Amount

Reference

Banana

6.9–10 mg/100 g

(Kanazawa and Sakakibara, 2000)

Mango

71.6 mg/100 g

(Gil et al., 2006)

Orange

66 mg/100 g

(Farag et al., 2020)

Buriti

7280 μg AAE/100 g

(de Rosso and Mercadante, 2007)

Mamey

688 μg AAE/100 g

(de Rosso and Mercadante, 2007)

Camapu

1108 μg AAE/100 g

(de Rosso and Mercadante, 2007)

Tucumã

850 μg AAE/100 g

(de Rosso and Mercadante, 2007)

AAE: Ascorbic acid equivalents.

activities, as well as lowering the risk of type 2 diabetes, cardiovascular diseases, and neurodegenerative disorders. Phenolic compounds are secondary plant metabolites and their basic structures
consist of a benzene ring to which one or more hydroxyl groups
are attached. Depending on their structural features, phenolics can
be broken down into several subgroups, including phenolic acids,
flavonoids, tannins (hydrolysable and condensed), stilbenoids, lignans, coumarins, and tyrosol (Shahidi et al., 2021).
In food matrices, phenolics may exist in the soluble (free or
esterified/etherified to fatty acids, carbohydrates, and soluble proteins) and insoluble-bound forms (covalently bound to cell wall
molecules, such as fiber, cellulose, and structural protein) (Shahidi
et al., 2021; Schefer et al., 2021). Flavonoids, the main phenolic
class, are present in high amounts in fruits (Pan et al., 2009); their
seeds may possess flavonoid glycosides (attached to a sugar molecule) or aglycones (Fang et al., 2005). Based on their hydroxylation and methylation pattern, this class may further be categorized
into flavones, flavonones, flavonols, flavan-3-ols, flavanonols,
isoflavones, and anthocyanins. The latter is predominantly found
in dark-colored fruits, such as blueberries, grapes, strawberries,
blackberries, and blackcurrants, among others. Anthocyanins are
water-soluble pigments, and structural changes caused by pH variations alter their color, ranging from red to purple and blue (Shahidi et al., 2021).
The antioxidant activity of phenolic compounds are exerted
through neutralization of free radicals, which mainly occurs by the
donation of a hydrogen atom from the phenolic’s hydroxyl group.
Phenolics bearing catechol and galloyl moieties also have the ability to chelate transition metals, which are prooxidant factors. The
mitigation of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) by antioxidants prevents damage to DNA, lipids,

and proteins, thus reducing the risk of chronic diseases, such as
cancer, type 2 diabetes, Alzheimer’s, and atherosclerosis, among
others. This can be achieved with consumption of a balanced diet,
low in refined sugar and saturated fat and rich in fruits and vegetables, as these foods are rich sources of phenolics and other natural
antioxidants (Shahidi et al., 2019).
2.1. Traditional fruits
Although many traditional foods are outstanding sources of bioactive compounds, the following reports on only a selected set of
examples, which are used to demonstrate the importance of these
substances and how they can be affected by processing.
2.1.1. Apple
Apple is the most cultivated fruit worldwide due to its seasonal
availability and high nutritional content. In 2020, apple production reached around 87 million tonnes, which were destined to
be consumed fresh or serve as raw material for other products,
such as juice, chips, cider, and vinegar. In terms of phenolic compounds, apples are rich in a variety of phenolic classes, including dihydrochalcones, flavan-3-ols, flavonols, anthocyanins, hydroxycinnamic acids, and proanthocyanidins. A summary of the
bioactive profile of apples and other traditional fruits is given in
Table 3. Apple peels, seeds, and flesh predominantly contain (on
dry weight, DW basis) phenolics such as chlorogenic acid (3.9–
32.90 mg/100g), (+)-catechin (0.3–9.41 mg/100g), (−)-epicatechin
(0.9–7.43 mg/100g), procyanidins B1 (0.0–6.8 mg/100g ) and B2

Table 2. Carotenoid content and profile in traditional and exotic fruits

Total Carotenoid Content1

Fruit

FW2

Banana

54–10,633 μg/100 g

Mango

603.35–4,138.50 μg/100 g FW2
FW1

Identified Carotenoids

Reference

α-Carotene, β-Carotene

Singh et al., 2016

β-Carotene, Lutein, β-Cryptoxanthin

de Ancos et al. 2018; Ellong et al., 2015

β-Cryptoxanthin, Zeaxanthin, Antheraxanthin,
Luteoxanthin, Violaxanthin, Phytoene, Lycopene

Zacarías-García et al., 2021;
Rodrigo et al., 2015

Orange

430–10,710 μg/100 g

Buriti

31.13–52.86 mg/100 g FW1

β-Carotene

Milanez et al., 2018;
Cândido et al., 2015

Tucumã

26.45 mg/100 g FW1

β-Carotene, α-Carotene, β-Cryptoxanthin

da Fonseca Machado et al.,
2021; Matos et al., 2019

Pitanga

8,788 μg/100 g DW2

Lycopene, Lutein, Zeaxanthin, β-Cryptoxanthin

Filho et al., 2008

1Values
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obtained by spectrophotometric screening. 2Values obtained by high-performance liquid chromatography. FW: Fresh Weight; DW: Dry Weight.
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Table 3. Phytochemicals from selected traditional fruits

Fruit

Phytochemical Class

Phytochemical Subclass Major Compounds

Reference

Apple

Flavonoids

Anthocyanins

Cyanidin, Delphinidin

van Breda and de Kok, 2018

Flavan-3-ols

Catechin,

Flavonols

Quercetin, Kaempferol

Banana

Dihydrochalcones

Phloretin

Phenolic Acids

Hydroxycinnamic Acids

Ferulic acid, Chlorogenic acid

Tannins

Proanthocyanidins

Procyanidin B1, B2 and C1

Shoji et al., 2006

Organic Acids

Aldonic acids

Vitamin C

USDA, 2015

Phenolic Acids

Hydroxybenzoic Acids

Gallic acid

Flavonoids

Flavan-3-ols

Catechin, Epicatechin, Epigallocatechin

Flavonols

Myricetin

Anyasi et al., 2013; Arts et
al., 2000; R. N. Bennett et
al., 2010; de Pascual-Teresa
et al., 2000; Harnly et al.,
2006; Kaur and Kapoor, 2001;
van Breda and de Kok, 2018;
Verde Méndez et al., 2004

Lignans

Grape

Organic Acids

Aldonic Acids

Vitamin C

USDA, 2015

Phenolic Acids

Hydroxybenzoic Acids

Gallic acid, Protocatechuic acid

Teixeira et al., 2014

Hydroxycinnamic Acids

Caffeic acid, p-Coumaric acid,
Ferulic acid, Chlorogenic acid

Flavan-3-ols

Catechin, Epicatechin, Epigallocatechin

Flavonols

Myricetin-3-O-glucoside, Myricetin3-O-glucuronide, Kaempferol,
quercetin, Isorhamntin-3-O-glucoside

Anthocyanins

Cyanidin, delphinidin

Tannins

Proanthocyanidins

Type B and C procyanidins

Cádiz-Gurrea et al., 2017

Organic Acids

Aldonic acids

Vitamin C

USDA, 2015

Tetrapenoids

Carotenoids

α-Carotene, β-Carotene,
β-Cryptoxanthin, Lycopene

Otero et al., 1997; TomasBarberan and Gil, 2008; van
Breda and de Kok, 2018

Organic Acids

Aldonic Acids

Vitamin C

USDA, 2015

Phenolic Acids

Hydroxybenzoic Acids

Gallic acid, Dihydroxybenzoic acid

Salinas-Roca et al., 2018

Hydroxycinnamic Acids

Chlorogenic acid

Flavonoids

Mango

Pinoresinol

Xanthones
Orange

Mangiferin

Flavonoids

Flavonols

Quercetin

Tetrapenoids

Carotenoids

α-Carotene, β-Carotene,
β-Cryptoxanthin, Lycopene

Flavonoids

Flavanones

Eriodictyol, Hesperetin, Chrysin,
Luteolin, Naringenin

Organic Acids

Aldonic Acids

Vitamin C, Tartaric acid

(0.9–9.72 mg/100g DW), rutin (0.0–24.3 mg/100g DW), and phloridzin (0.7–864.42 mg/100g), with the seeds also containing protocatechuic acid (2.43–9.41 mg/100g) and quercetin (2.73–5.51
mg/100g, Feng et al., 2021).
The color of apple is mainly due to the accumulation of cyanidin-3-O-galactoside, an anthocyanin, on the peel (Dar et al., 2019).
Anthocyanins act as antioxidants when the body’s endogenous antioxidants cannot deplete ROS/RNS for inefficiency or excessive
amounts. They facilitate the body’s intrinsic antioxidant function,

Brown et al., 1998; Harris
et al., 2006; Otero et al.,
1997; Tomas-Barberan
and Gil, 2008; van Breda
and de Kok, 2018

mitigating the attack of ROS/RNS on lipids, protein, and DNA
(Mickle et al., 2019).
The phenolic composition of apples, similar to other fruits, is
highly influenced by the variety, degree of ripening, environmental
factors, and storage conditions. For instance, procyanidins B1, B2,
and C1 have been found in significant amounts in Idared apple,
while the sample compounds were not detected in the McIntosh,
red delicious, and gala varieties. The same is true for quercetin3-galactoside, which has a concentration of 1.52–4.31 mg/g DW
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in Idared apple, but it is not found in the McIntosh variety. The
content of chlorogenic acid can also be discrepant among varieties, with Red Rome apple yielding 2.31 mg/g DW, while Idared
and Granny Smith apples present 1.77 and 0.67 mg/g DW, respectively (Kalinowska et al., 2014). Moreover, differences in phenolic
extraction methods, solvent system, and assay protocols can also
cause discrepancies when analyzing the phenolic content and profile of apple and other fruits across multiple studies (Ambigaipalan
et al., 2016).
Apple pomace, the waste fraction of apple juice extraction, represents 30% of the original fruit and is composed of peels, core,
seeds, calyx, stems, and soft tissue. The phenolics reported in this
fraction include phloridzin, phloretin, quercetin, and quercitrin
(Rana et al., 2021). This portion also contains high levels of protocatechuic, 4-hydroxybenzoic, caffeic, p-coumaric, ferulic, and
isoferulic acids in the insoluble-bound form (Li et al., 2020).
A phenolic-rich extract obtained from apple pomace was found
to have anticancer activity by decreasing the viability of oral carcinoma cell line after 24 and 30 h of the extract application. The
same extract also displayed anti-inflammatory effect by inhibiting
nitric oxide production by 88.88–89.54% at 100 μg/mL (Rana et
al., 2021).
Apples (Malus domestica) and grapes (Vitis vinifera) contain
quercetin, a flavonol with anti-inflammatory properties. This molecule interrupts the expression of pro-inflammatory cytokines in
RBL-2H3 and HMC-1 mast cell lines (Park et al., 2008), inhibits tumour necrosis factor (TNF)-induced NF-κ B and p300-CBP
(transcription factor) rescue to the pro-inflammatory gene promoter in murine small intestinal epithelial cells (Ruiz et al., 2007).
Besides, quercetin can reduce the levels of total cholesterol, triacylglycerols, and low-density lipoprotein; it also de-escalates hyperglycemia and high-density lipoprotein levels in animal models
(Vinholes et al., 2016).
2.1.2. Banana
Similar to apple, banana is also an extremely popular fruit, being
one of the primary food crops of the world, behind rice, wheat, and
maize. Banana peel, the fruit’s main by-product, makes up around
40% of banana’s total weight. Although regarded as waste, this
portion is rich in bioactive compounds, such as α- and β-carotenes,
flavonoids, and non-flavonoid phenolics, depending on the cultivar
(Bashmil et al., 2021). In terms of total phenolic content, banana
peel is a superior source of phenolic compounds than its edible
counterpart, ranging from 4.95 to 47 mg gallic acid equivalents
(GAE)/g DW, which is 1.5–3 times higher than the levels encountered in banana flesh (Vu et al., 2018). Their phenolic profiles also
differ, with the peels presenting a variety of phenolic acids, such
as 3-hydroxyphenylpropionic acid and p-coumaroyl glycolic acid,
as well as glycosylated flavonols, including isorhamnetin-3-O-glycoside, myricetin-3-O-rutinoside, and quercetin-3-O-xylosyl-glucuronide. The pulp contains ferulic and caffeic acids and the isoflavonoid 2′-hydroxyformononetin. Meanwhile, the anthocyanin
delphinidin, as well as the coumarins scopoletin and umbelliferone
have been found in both edible and no-edible fractions (Bashmil et
al., 2021). Ferulic acid and rutin have also been reported as major
components in the phenolic fraction of banana’s peel and flesh.
The antioxidant compounds present in banana peel lend themselves for use in food formulation. For example, Zaini et al. (2022)
have compiled results from several studies where banana peel
powder and extract were used to protect meat products against
oxidation. These included chicken nuggets (55% greater lipid oxidation protection than the control), raw poultry meat (38.3% less
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thiobarbituric acid reactive substances than the control), and fish
ball (0.5–1.5% peroxide value reduction regarding the control)
(Zaini et al., 2020; Devatkal et al., 2014; Ali et al., 2019). It should
be noted that enhanced oxidation protection of bioactives extracted
from natural sources, such as banana peel, can be achieved by encapsulation of the natural extracts in order to protect their antioxidant efficacy.
As a health-promotion ingredient, flavonoid-rich banana peel
extract has been assessed for its antitumor activity against MCF7 breast cancer cell line (Durgadevi et al., 2019). The findings
showed that cell viability was drastically reduced from 91.14 to
24.7% when increasing the concentration of the extract from 20 to
200 μg/mL. The extracts also exhibited typical apoptotic and necrotic morphological characteristics, including condensed nuclei,
membrane blebbing, and formation of apoptotic bodies.
2.1.3. Mango
The recovery of bioactive compounds from fruits and their discarded fractions may open several possibilities for their use as
novel functional ingredients. Besides, giving a proper destination
to residues helps decrease the burden of agri-food waste on the
environment. The processing of mango, one of the most popular
tropical fruits, generates 15–25 million tonnes of by-products
every year worldwide (Marçal and Pintado, 2021). As a source of
fiber, vitamins C and E, phenolics, and carotenoids, these waste
fractions are currently being studied as functional ingredients and
natural antioxidants systems. According to Sanchez-Camargo et
al. (2019), a carotenoid-rich extract obtained from mango peel
through supercritical CO2 extraction displayed a higher oxidation
protection factor for sunflower oil than pure all-trans-β-carotene.
In the work of Siacor et al. (2020), phenolics from mango seed
kernel were encapsulated with maltodextrin by spray drying. The
newly formed capsules presented total phenolic contents ranging
from 50.62 to 96.14 mg GAE/g and DPPH radical scavenging activity of 114.14–129.46 mmol Trolox equivalents (TE)/100 g.
Mango presents a rich and diverse phenolic profile. SalinasRoca et al. (2018) identified gallic (the predominant one), dihydroxybenzoic, and chlorogenic acids, as well as mangiferin and
quercetin in freshly-cut mangos. However, after 14 days of storage
at 4 °C, dihydroxybenzoic and chlorogenic acids were degraded
and could no longer be found in the samples. Meanwhile, Lee et al.
(2021) investigated the phenolic composition of discarded mango
flesh and found that they were not appealing to consumers. A total
of 86 phenolics were identified in five different mango varieties,
including hydroxybenzoic and hydroxycinnamic acids, anthocyanins, flavan-3-ols, flavones, flavanones, flavonols, isoflavonoids,
coumarins, lignans, and stilbenes. Significant concentrations of
quercetin, kaempferol, chlorogenic, caffeic, and gallic acids were
also found.
In order to optimize the bioactive profile and biological activity
of fruit by-products, an appropriate treatment should be conducted,
as demonstrated by de Ancos et al. (2018). The effects of freezedrying and hot-air drying on the phenolics and carotenoids of mango peels and paste have been compared. The samples presented
a wide range of phenolics, including xanthones, benzophenones,
gallates, ellagic acid derivatives, and flavonoids, with mangiferin
detected as the main phenolic compound in all samples. As for carotenoids, all-trans-β-carotene, 9-cis-β-carotene, all-trans-lutein,
and 13-cis-β-cryptoxanthin were identified in all samples. The
carotenoids showed higher concentrations in the freeze-dried samples compared to the hot-air-dried ones, while most phenolics were
unaffected by both drying treatments.
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Phenolics isolated from mango seeds, namely 6-O-galloyl-5′hydroxymangiferin, mangiferin, and a mixture of 5-hydroxymangiferin and methyl gallate demonstrated hypoglycemic effects in
diabetic rats to a greater extent than glimepiride, an anti-diabetic
medication (Amran et al., 2013). In addition, (+)-catechin and
chlorogenic acid have previously shown a selective and noncompetitive inhibition of the maltase-glucoamylase and sucrase-isomaltase subunits of alpha-glucosidase (Simsek et al., 2015).
2.1.4. Orange
Oranges are popular sources of vitamin C. Some varieties, such as
Sanguinelli and Tarocco have been reported to have an ascorbic
acid content of 66 mg/100g of edible portion, which represents
around 68% of the required daily requirement for this nutrient.
This fruit is also a source of flavonoids, such as naringenin, hesperidin, quercetin, and rutin, in both the pulp and peels, and phenolic acids, including gallic, vanillic, caffeic, ferulic, p-coumaric,
and chlorogenic acids (Farag et al., 2020).
Color is one of the main attributes sought by the consumers
when buying sweet oranges. The carotenoid composition is responsible for providing the characteristic color of this fruit. According to Zacarías-García et al. (2021), xanthophylls make up
a large proportion of Valencia Late and Valencia Ruby oranges,
with β-cryptoxanthin, zeaxanthin, antheraxanthin, luteoxanthin,
and violaxanthin detected. Phytoene and lycopene are the major
carotenoids in Valencia Ruby, with 13.31 and 0.86 mg/100 g FW,
respectively, while carotenoids in Valencia Late are predominantly
composed of violaxanthin (0.38 mg/100 g FW).
2.1.5. Grapes
Grapes and grape-derived products are excellent sources of anthocyanins and proanthocyanidins. This fruit has a massive global
annual production of around 75 million tonnes, being classified as
one of the major fruit crops of the world. From the total volume
of grapes produced, approximately 50% is destined to wine production, from where many by-products are generated (e.g., seeds,
pomace, skins, stems, leaves). Grapes are outstanding sources
of proanthocyanidins, ranging from 0.5 to 6.4 mg of catechin
equivalent/g of fresh fruit, with the seeds contributing about 30%
to the total content (Unusan, 2020).
The proanthocyanidin profile of grape seeds include the monomers (+)-catechin and (−)-epicatechin, as well as procyanidins B1,
B2, B3, B4, B1-3-O-gallate, B2-3-O-gallate, B2-3′-O-gallate, and
C1. According to Kuhnert et al. (2015), procyanidins with a degree
of polymerization higher than five make up 47–81% of grape seed
procyanidins, while 7–14% correspond to monomers and dimers,
and 0 to 5.3% to trimers and tetramers. The administration of a
proanthocyanidin-rich extract obtained from grape seeds to mice
fed a high-fat diet mitigated the formation of pro-inflammatory
cytokines, namely tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1),
while enhancing insulin sensitivity. The extract also modulated gut
microbiota by stimulating the growth of Protobacteria phylum,
which is related to leanness and metabolic health (Liu et al., 2017).
On the other hand, red grape skins have high levels of anthocyanins, responsible for their color. Some of the anthocyanins
identified in grape skins include cyanidin-3-O-rutinoside, peonidin-3-O-glucoside, malvidin-3-O-glucoside, and delphinidin3-,5-O-diglucoside (Pereira et al., 2020; Tan et al., 2020). Anthocyanins from grape skin have demonstrated antitumor effects on

MCF-7 breast cancer cell lines. The application of the anthocyanin-rich extract led to cell apoptosis by increasing ROS generation.
This effect was more prominent for the anthocyanin extract when
compared to purified anthocyanins, which suggests a synergistic
effect between the different anthocyanins present in the extract.
2.2. Exotic fruits
The importance of traditional fruits in the diet is noteworthy, if consumed on a large scale. Nevertheless, other lesser-known and underutilized fruits also show a wide variety of bioactive compounds
with health-promoting effects. The study and popularization of
these unconventional fruits help diversity of the available sources
of bioactives and opens new possibilities for the development of
functional ingredients and nutraceuticals. Table 4 summarizes the
bioactive compounds encountered in selected exotic fruits.
2.2.1. Buriti
Buriti (Mauritia flexuosa) is classified as a neotropical dioecious
palm species usually distributed in swamp areas across South
America. Its fruits possess a bittersweet taste and vibrant orange
color due to the high concentration of β-carotene. Figure 2 shows
the physical appearance of buriti and other exotic fruits. The
pulp and peel of buriti contain 5.82–26.7 and 1.86–2.86 mg/g of
β-carotene, respectively. These fractions also present polyphenols,
such as gallic acid, catechin, ellagic acid, and quercetin (Milanez
et al., 2018). According to Hamacek et al. (2018), buriti is also
a good source of vitamin C at 59.93 mg/100 g. The presence of
a great variety of antioxidant substances explains the high antioxidant capacity observed in several studies for extracts obtained
from this fruit.
Buriti seeds and shells make up to 40 and 22% of the fruit’s total
mass, respectively, and are usually used for animal feed. However,
Rudke et al. (2021) reported their phenolic profile, with 28 phenolics quantified in buriti seeds and 33 in the shells, predominantly
flavonoids, phenolic acids, coumarins, and aldehydes. Protocatechuic acid was the main phenolic present in both samples, ranging
from 107 to 445.59 μg/g of the seed extract and 114.77–688.49
μg/g of the shell extract, depending on the method of extraction.
Buriti shell extract obtained by pressurized liquid extraction also
showed a high content of quercetin (885.38 μg/g).
As a source of antioxidants, buriti by-products (shells, endocarp, and bran) have been used to produce flour for further use as
a functional ingredient (Resende et al., 2019). The blanched shells
flour retained the highest amount of total soluble phenolics (934.6
mg GAE/100 g) while their unblanched counterparts had the highest concentration of carotenoids (1,186.7 μg/100 g) among flours
of all by-products. The technological properties of the flours (water and oil retention capacities, water solubility index, and swelling capacity) were comparable to by-product flours obtained from
other natural sources, such as rice bran flour, orange peels, pequi
peels, and coconut fiber.
The bioaccessibility and bioavailability aspects of some bioactive compounds is a major concern as previous studies have
shown their low absorption rate and further metabolism in the
gastrointestinal system. Berni et al. (2020) have used microemulsion encapsulation of buriti carotenoids in order to enhance their
bioefficiency. The fruit pulp was used to create oil-in-water microemulsions with corn oil, being further subjected to dynamic gastrointestinal system to assess the bioaccessibility of the carotenoid
fraction. The results showed a low β-carotene recovery after the
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Table 4. Phytochemicals form selected exotic fruits

Fruit

Phytochemical Class

Phytochemical Subclass

Major Compounds

Reference

Buriti

Phenolic acids

Hydroxybenzoic Acids

Gallic acid

Milanez et al., 2018;
Hamacek et al., 2018

Ellagic acid
Flavonoids

Flavan-3-ols

Catechin

Flavonols

Quercetin

Organic Acids

Aldonic Acids

Vitamin C

Tannins

Proanthocyanidins

Procyanidins B1, B2, B5, C1

Phenolic Acids

Hydroxycinnamic Acids

Sinapic acid hexoside

Flavonoids

Flavonols

Isoquercetrin

Camapu

Phenolic Acids

Hydroxybenzoic Acids

p-Hydroxybenzoic acid, Protocatechuic acid

Hydroxycinnamic Acids

Caffeic acid, Sinapic acid, Ferulic acid

Tucumã

Flavonoids

Flavan-3-ols

Catechin

Flavonols

Rutin, Quercetin, Kaempferol

Hydroxybenzoic Acids

Gallic acid

Mamey

Phenolic Acids

Armelle et al., 2022

de Oliveira et al., 2020
da Fonseca Machado
et al., 2021

Ellagic acid
Hydroxycinnamic Acids

Chlorogenic acid, Caffeic acid

Pitanga

Flavonoids

Anthocyanins

Delphinidin-3-glucoside, Cyanidin-3glucoside, Pelargonidin-3-glucoside,
Cyanidin-3-pentoside, Cyanidin derivative

Fidelis et al., 2022

Açaí

Flavonoids

Anthocyanins

Cyanidin-3-glucoside, Cyanidin-3rutinoside, Peonidin-3-rutinoside

Da Silveira et al., 2019;
Matta et al., 2020

Phenolic Acids

Hydroxybenzoic Acids

3,4-Dihydroxybenzoic acid, pHydroxybenzoic acid

Hydroxycinnamic Acids

Caffeic acid, Ferulic acid, Vanillic acid

Figure 2. Exotic fruits found in the Amazon region. (a) buriti, (b) mamey apple, (c) camapu, (d) tucumã, (e) pitanga, (f) açaí.
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gastric phase (3.1% for the non-encapsulated pulp and 5.4% for
the microemulsions). Although the overall bioacessibility was low,
microemulsion encapsulation was able to slightly increase it from
around 4% (non-encapsulated pulp) to approximately 6% (microemulsion form).

phenolic compounds remain available after the small intestine
phase, with the remaining not being detected after the oral and
gastric phases (Guiné et al., 2020). Therefore, strategies to increase
their bioefficiency are necessary.
2.2.4. Tucumã

2.2.2. Mamey apple
The Amazon region is home to a wide range of native fruits. Some
of them are unheard of in many parts of world, but the study of
their bioactive profile could allow for further investigation of their
benefits. Some examples of underexplored Amazonian fruits are
mamey apple (Mammea americana) and camapu (Physalis Angulata). A comparison between the two fruits has shown a higher total phenolic content for mamey than camapu. Regardless, a UPLCMS analysis has revealed a wide variety of phenolic compounds,
with a predominance of terpenoids (61 compounds), followed by
phenolic acids (58 compounds), and flavonoids (53 compounds) in
both fruits (Lima et al., 2020).
Mamey apple is described as a climacteric fruit, protected
by a thick skin (20–27% of the whole fruit) and bearing one to
four bitter seeds (7–21% of fruit’s mass). The fruit’s pulp is a
source of carotenoids and phenolic compounds, as described by
Armelle et al. (2022). The authors demonstrated the presence, on
a fresh weight basis in mg/100g, of (−)-epicatechin (1.96–2.47),
sinapic acid hexoside (0.42–1.12), isoquercitrin (0.06–0.19), and
procyanidins B1 (0.43–0.78), B2 (0.04–0.07), B5 (0.05–0.12),
and C1 (0.50–3.48). Procyanidins are oligomers and polymers
of catechin and epicatechin that impart astringency, bitterness,
and sourness to products. They present numerous health benefits,
such as suppression of blood glucose increase after starch intake,
improvement of blood circulation by strengthening capillaries,
arteries, and veins, protection against sun damage, and enhanced
joint flexibility, demonstrated in vitro and in animal studies (Rauf
et al., 2019). Therefore, consumption of procyanidin sources,
such as mamey apple, is highly desirable from a health-promoting
standpoint.
The carotenoid content of mamey apple (4.42 mg β-carotene
equivalents/100 g) is comparable to that of carrot (5.47 mg
β-carotene equivalents/100 g), a popular source of this bioactive
category. A carotenoid-rich extract from mamey apple could supress oxidative damage in Caenorhabditis elegans by 20–30%,
presenting a better outcome when compared to pure β-carotene,
arising from synergistic effect between different carotenoids in the
extract (González-Peña et al., 2021).

Tucumã (Astrocaryum aculeatum), another Amazonian fruit, has
an oval shape with a yellowish epicarp and a fleshy orange mesocarp. The endocarp is hard and black, while the pulp presents an
oily texture and a sweet taste. Tucumã’s color is due to the presence of carotenoids, mainly all-trans-β-carotene. As a lipophilic
pigment, this carotenoid is primarily encountered in the pulp oil
(21.269–74.77 mg/100 g), followed by the fresh peel (32.608
mg/100 g), and fresh pulp (10.7 mg/100 g) (da Fonseca Machado
et al., 2021). Overall, all-trans-β-carotene corresponds to 75% of
all carotenoids present in this fruit, followed by significantly lower concentrations of 13-cis-β-carotene (2%), all-trans-α-carotene
(2%), and all-trans-β-cryptoxanthin (2.8%) (Sagrillo et al., 2015).
The bioactive profile of tucumã also comprises a variety of flavonoids (in mg/100g), namely rutin (1,276–3,054), quercetin
(103–1,272), kaempferol (513), and catechin (107), as well as
phenolic acids, including gallic (375–831), caffeic (833–984), ellagic (845), and chlorogenic (304) acids (da Fonseca Machado et
al., 2021).
The rich bioactive composition of tucumã is a key factor for
positive outcomes related to health promotion. Sagrillo et al.
(2015) observed cytoprotective effects of ethanolic extracts from
tucumã’s peel and pulp on lymphocyte cultures subjected to oxidation by hydrogen peroxide, a major ROS. The extracts were able
to increase cell viability in the dose range of 300–900 μg/mL, with
optimum resultsbetween 300 and 600 μg/mL. Extract concentrations greater than 100 μg/mL were sufficient to protect DNA from
oxidative damage. In addition, the activity of caspases 1, 3, and
8, which play a role on orchestrating apoptosis, was significantly
reduced by the introduction of bioactive-rich extracts.
In a study by Jantsch et al. (2021), the effect of tucumã extracts
(concentration of 250 mg/kg) on memory loss and brain cortex
redox balance was assessed in hyperlipidemia rats. The administration of the extract significantly reduced protein and lipid oxidation, with thiobarbituric reactive substances (TBARS) in the latter
reaching the level in the control animals (no hyperlipidemia). Reactive oxygen species were also sharply declined by the application of tucumã extract, and memory loss was improved as demonstrated by an enhanced object recognition index.

2.2.3. Camapu

2.2.5. Pitanga

Camapu is a small fruit (1–1.5 cm in diameter), containing 100–
300 seeds in its core (de Oliveira et al., 2020). The fruit’s bioactive profile includes significant concentrations of vitamin C (26.70
mg/100 g), total phenolic compounds (59.9 mg GAE/100 g), and
carotenoids (5.95 μg/100 g) (Guiné et al., 2020).
The pulp of the green camapu is rich in protocatechuic (11.0
mg/100 g DW), p-hydroxybenzoic (34.0 mg/100 g DW), caffeic
(10.0 mg/100 g DW), and sinapic (9.0 mg/100 g DW) acids in the
soluble form. However, as the fruit ripens, their contents decline
sharply (0.8, 2.0, 1.0, and 2.0 mg/100 g DW, respectively). Ferulic
acid is mainly present in the insoluble-bound form, and present at
17.0 mg/100 g DW in the green and and 13.0 mg/100 g DW in the
ripe fruits (de Oliveira et al., 2020). A simulated in vitro gastrointestinal digestion showed that only around 40–50% of camapu’s

Pitanga (Eugenia uniflora L.), also known as Brazilian berry, is
composed of 77% pulp and 23% of seeds. The fruit has a sweet
and acidic taste accompanied by an intense aroma. Depending on
the genotype, ripe pitanga can be yellow, red, or purple in color. Its
popularity as an antioxidant-rich fruit has been growing in South
American countries, such as Brazil, Argentina, Uruguay, and Paraguay, where pitanga is the main ingredient of several products
(e.g., jams, frozen pulp, ice creams, juices, liquors) (Fidelis et al.,
2022).
From all pitanga genotypes, the purple one contains the highest
total phenolics at 463 mg GAE/100 g, followed by the red variety
at 210 mg GAE/100 g. Besides, purple pitanga is a source of anthocyanins, where delphinidin-3-O-glucoside, cyanidin-3-O-glucoside, pelargonidin-3-O-glucoside, cyanidin-3-O-pentoside, and
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cyanidin derivative are present with the peels presenting a higher
concentration of these compounds compared to the pulp (Fidelis
et al., 2022). Red pitanga is one of the major sources of lycopene
in nature. Filho et al. (2008) found 33.22 μg/g (3.322 mg/100g) of
all-trans-lycopene in pitanga pulp. Besides, lutein, zeaxanthin, and
β-cryptoxanthin was also identified.
An anthocyanin-rich extract (predominantly composed of cyanidin-3-O-glucoside and delphinidin-3-O-glucoside) obtained from
pitanga fruit (seedless) was able to increase the lifespan and the
reproduction rate of Caenorhabditis elegans worms. The effect
was significantly higher than that in worms not subjected to the
extract treatment. Furthermore, upon exposure to hydrogen peroxide, oxidative stress was sharply decreased in nematodes treated
with pitanga extract (Tambara et al., 2018). Moreover, pitanga
juice was shown to inhibit enzymatic activity of α-glucosidase
(57.91–69.47%), a target for type 2 diabetes treatment (Siebert et
al., 2020).
2.2.6. Açaí
Throughout the last two decades, açaí (Euterpe oleracea) has experienced an exponential popularity, going from an exotic fruit appreciated by the local population of Northern Brazil to a highly
demanded superfruit in other parts of Brazil as well as internationally. This growth is associated with a general perception that
açaí and its many derived products are healthy, nutritious, and have
a pleasant flavor. In 2019, Brazil produced 1,398,328 tonnes of
processed açaí, the raw material for a wide range of products, including beverages, energy drinks, and ice creams, among others
(Barbosa and de Carvalho Junior, 2022).
As observed for other fruits, the processing of açaí also generates by-products, with the seeds being the main one for this particular fruit. Açaí seeds make up around 80–85% of the fruit’s total
mass. With that being said, it is estimated that for every 100 tonnes
of açaí processed, 80 tonnes of waste are produced. In most cases,
these by-products are inappropriately discarded in landfills, even
though they could be re-incorporated into the food chain, following a circular economy concept (Barbosa and de Carvalho Junior,
2022).
Açaí seeds are a rich source of oligomeric proanthocyanidins, with levels ranging from 1.5 to 6.1 mg of procyanidin B1
equivalents/g. They are predominantly composed of procyanidins
type A and B, with medium degree of polymerization (>3,000 Da).
Oligomeric proanthocyanidins have been related to anticancer activity by promoting apoptosis of malignant cells (Del Pozo-Insfran
et al., 2006; Matta et al., 2020).
Additionally, açaí pulp is a well-known source of anthocyanins,
with a predominance of cyanidin-3-glucoside and cyanidin-3-rutinoside, making up a large proportion of the fruit’s total phenolic
content. For comparison, white açaí pulp contains 8.2–11.0 mg
GAE/g of total phenolics, anthocyanin-rich purple açaí pulp has
4.3–44.7 mg GAE/g (Matta et al. 2020). Phenolic acids can also
be found in açaí, including vanillic, caffeic, syringic, ferulic, pcoumaric, 3,4-hydrozybenzoic, and p-hydroxybenzoic acids (Carvalho et al., 2017).
Alqurashi et al. (2017) investigated the fate of açaí polyphenols
after digestion, using an in vitro model. According to the authors,
49.8% of the initially identified phenolics reached the colon. By
using mixed-culture fermentations with fecal inoculate, it was observed that the presence of polyphenols in the colon reduced the
growth of pathogenic Bacteroides prevotella ssp. and Clostridium
histolyticum besides stimulating the production of short-chain fatty
acids.

60

Shahidi et al.
3. Effect of food processing on bioactive compounds from
traditional and exotic fruits
The bioactives from dietary sources become available to the human
body in the gastrointestinal tract by going through different metabolic processes and reaching the target tissue in sufficient amounts
to render their intended effect. Processing can affect the bioavailability of bioactive compounds by decreasing/increasing the compound’s release from the matrix, as well as degrading or modifying
the original compound’s structure, which can impact its bioactivities
(Skrede et al., 2000). Additionally, different types of bioactives and/
or food matrices are affected in distinct ways by the same processing. Therefore, a case-by-case evaluation is necessary to understand
how processing transformations can either enhance or compromise
the nutritional value and bioactivity of food and its components.
Minimally processed food includes fresh/cut fruits and vegetables. The possible modifications include slight changes in the
physical form of the raw material in order to make it more appealing to the consumers, which include trimming, peeling, washing and cutting (Cantwell, 2013). Processing can be classified into
chemical, biological, and physical methods. The chemical processing applies preservatives or pH manipulation, biological processing usually involves fermentation, while physical processing can
be either thermal or non-thermal. During thermal processing, the
product is exposed to high temperature for a short time (pasteurization and sterilization) or low temperature for a long time (retorting
and drying). On the other hand, non-thermal processing does not
involve temperature fluctuations, such as irradiation, high pressure processing, and ultrasonication (Clark et al., 2009; Karel and
Lund, 2003; Ohlsson and Bengtsson, 2002).
Regardless of the type of processing, exposure to oxygen and
light may occur, thus degrading the bioactive substances (Bode
et al., 1990). For instance, oxidized phenols cause browning as
a response to polyphenol oxidase (Vámos-Vigyázó and Haard,
1981). In addition, damage to the fruit’s tissue produces diverse
physiological disarrays, hence reducing quality (Soliva-Fortuny
and Martín-Belloso, 2003).
On the other hand, higher bioactive yields can be obtained after
processing. For instance, heat can release insoluble-bound phenolics by breaking the linkage between them and cell wall macromolecules, making them more available for intestinal absorption
(Howard et al., 1999). However, excessive temperature and exposure to high temperature for long periods can degrade some phenolics, carotenoids, and other bioactive classes (Leong and Oey,
2012). Thus, optimum conditions must be employed to retain and
possibly enhance the bioactives present in the source material.
3.1. Effect of food processing on vitamin C
During thermal processing, vitamin C can be exposed to high temperature, light, and oxygen, which may drastically reduce its content (Hung et al., 2007). Depending on the operational parameters
and oxygen content, heat processing can decrease the content of
vitamin C by 20–90% (Uddin et al., 2002).
Apart from processes involving the application of high temperature, even minimal processing can deplete ascorbic acid due
to oxygen exposure (Cantwell, 2013), directly impacting the vitamin’s antioxidant activity (Leong and Oey, 2012). The quantity
of vitamin C in selected fruits after processing is given in Table 1.
A study by Gil et al. (2006) reported that fresh-cut mangoes
stored at 5 °C retained over 95% of their original ascorbic acid
content after six days, significantly higher than that for pineapple,
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kiwifruit, and cantaloupe which lost 10, 12 and 25% of their vitamin C, respectively, over the same period. Low-temperature storage, such as refrigeration (4 °C), has been shown to preserve vitamin C to a greater extent than room temperature storage (Li et al.,
2017). However, very low freezing temperatures (−16 °C) showed
a 30% reduction in the vitamin C level of apples (MieszczakowskaFrąc et al., 2021).
The use of non-conventional processing techniques can be considered as a strategy to preserve thermosensitive bioactive compounds such as vitamin C. Tiwari et al. (2009) demonstrated that ultrasound treatment of orange juice increased shelf-life (27 to 33 days
at 10 °C) compared to the thermal treatment (90 °C/21 sec), which
lasted for 19 days under the same storage conditions. Gomes et al.
(2022) also observed a similar outcome for sonoprocessed freshly
squeezed orange juice which kept its original vitamin C content, as
opposed to thermally treated juice (7% ascorbic acid reduction).
High pressure processing (HPP) is another alternative to thermal
treatment with the goal of inactivating enzymes and microorganisms. Usually, HPP does not negatively affect low-molecular-weight
bioactive compounds. At the same time, the modifications caused
on the microstructure of foods due to the high pressure can increase
the extractability and bioaccessibility of bioactives. According to de
Ancos et al. (2020), Naval and red-fleshed Cara Cara orange juices
treated by HPP at 200 and 400 MPa showed only a slight degradation (<5%) of their vitamin C content, with the only exception
being a treatment involving 400 MPa and 40 °C for 1 min, which
decreased 30% in the ascorbic acid concentration; possible pressureinduced activation of peroxidase and ascorbate oxidase enzymes,
might have been responsible for degradation of vitamin C.
Pulsed electric field (PEF) is another promising technology that
prevents microbiological spoilage of food without the use of heat
treatment. The samples are treated with high intensity electric field
pulses for microseconds in a processing chamber. This method is
generally used for liquid foods, such as juices, soups, and dairy
beverages. PEF-treated apple juice maintained the same vitamin
C content as untreated apple juice during refrigerated storage after
72 h (Dziadek et al., 2019). In another study (Wibowo et al., 2019),
apple juice was processed by PEF, HPP, and pasteurization (low intensity −72 °C/15 sec and high intensity −85 °C/30 sec) and stored
for 3 weeks at 4 °C. Over 90% vitamin C retention was observed
for most treatments, except for high intensity pasteurization. However, after the storage period, there was a sharp decline for ascorbic
acid content (<25% of retention) in all treated samples. Nevertheless, PEF- and HPP-treated apple juice still presented higher vitamin C concentrations than their pasteurized counterparts. Ascorbic
acid oxidation during storage may occur due to increased oxygen
diffusion into the juice and produces dehydroascorbic acid and
later degrades to 2,3-diketogulonic acid. Formation of furfural and
3-hydroxy-2-pyrone can also be observed upon vitamin C degradation during storage.
Freeze-drying is a common dehydration technique which is
particularly used in products with a high content of thermolabile
compounds. Nevertheless, as highlighted by Silva-Espinoza et al.
(2019) and Barbosa et al. (2015) when dehydrating orange puree
and probiotic orange powder, respectively, optimum freeze-drying
conditions should be established as long drying periods can diminish vitamin C levels to a greater extent than high-temperature
processes conducted for a short time, such as spray drying.
3.2. Effect of food processing on phenolic compounds
The phenolic profile of fruits can significantly change according
to the type of processing employed. Usually, processes involving

high temperature over a long period of time cause loss and/or reduction in the quantity of thermo-sensitive phenolics. On the other
hand, moderate heat can release insoluble-bound phenolics by
breaking the bond between phenolic compounds and macromolecules from complex matrices, making them more available for intestinal absorption. A clinical study conducted by Quirós-Sauceda
et al. (2017) detected higher maximum plasma concentrations of
mango phenolics, including chlorogenic acid, upon consumption
of mango juice when compared to mango flesh.
The manufacture of fruit-based products can be highly beneficial from a nutritional standpoint, but other portions of fruits can
also be procured as functional ingredients for novel formulations.
Sogi et al. (2013) produced mango powders from the fruit’s peel
and kernel by four different drying technologies, namely hot-air,
vacuum, infrared, and freeze-drying. The powders produced form
freeze-drying presented the highest total phenolic content, as well
as the highest antioxidant capacity as evaluated by ABTS, DPPH,
ORAC, and FRAP assays.
Pasteurization has routinely been used in the production of
fruits to ensure microbiological safety. However, non-conventional approaches have also been studied as alternatives to better preserve the bioactives of such products. Barrón-García et al. (2022)
compared the effects of pasteurization (72 °C/2 min) with Ohmic
heating (15–20 V/cm) on the phenolic composition of mango pulp.
This technique relies on the Joule effect, where the application of
an alternating current through the food matrix is dissipated as heat.
Heat formation is proportional to the voltage and the material’s
electrical resistance. For food samples, moderate electric fields
(<100 V/cm) are usually applied. According to the authors, changing the treatment did not affect the phenolic profile and both were
able to preserve the composition of the fresh pulp. In addition,
mangiferin and gallic acid were detected as main contributors to
the antioxidant activity, measured by the ABTS assay.
Novel technologies can increase the yield of phenolics recovered from their natural sources. For instance, high hydrostatic
pressure and pulsed electric field increased the yield of anthocyanins by more than 50% from grape by-products (skins, stems,
and seeds) as opposed to heating at 70 °C. While anthocyanin
monoglucosides were better extracted with PEF, HPP was a more
suitable method for obtaining acylated anthocyanins. Solvent pH
decreases during HHP, thus enhancing the extraction of acylated
anthocyanins since they are more stable at pH <4, where flavylium
cations are prevalent (Corrales et al., 2008). PEF has also been applied to orange peel, promoting a significant increase in the total
phenolic yield (20–159%), antioxidant capacity (51–192%), and
naringin (from 1.0 to 3.1 mg/100 g FW) and hesperidin (from 1.3
to 4.6 mg/100 g FW) levels when compared to the untreated samples (Luengo et al., 2013).
Some processes are able to inactivate pathogenic/spoilage microorganisms and browning enzymes while preserving the quality parameters of the food. Cold plasma is another alternative to
thermal processing where samples are subjected to ionized gases
produced by microwave, radio-frequency, or electrical discharges.
Farias et al. (2020) applied dielectric barrier discharge plasma (excitation frequencies ranging from 50 to 900 HZ) on apple cubes.
Besides promoting a partial inactivation of polyphenol oxidase
activity, cold plasma also preserved or even surpassed the total
phenolic content of untreated samples. Phenolic concentration was
proportional to polyphenol oxidase inactivation as this enzyme
uses phenolics as a substrate. In another study (Ramazzina et al.,
2016), atmospheric double-barrier discharge was used on fresh-cut
apples. A slight decrease in the level of phenolics was observed as
opposed to the untreated sample. However, phenolic extracts from
cold plasma-treated apples were tested in Caco-2 cell lines, where
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no reduction in cell viability, caused by the accumulation of ROS,
was observed. In addition, the extracts did not interfere with the
physiological cell response to oxidative stress.
Cold plasma has also been used as a pre-treatment for drying
tucumã pulp. After cold plasma application, the samples were hotair dried at 60 °C for 3 h. Dehydration caused a significant loss of
total phenolics in comparison with fresh tucumã pulp. Among dehydrated samples, the cold plasma-treated samples showed higher
phenolic levels (approximately 45 mg GAE/g) than their untreated
counterparts (approximately 20 mg GAE/g) (Loureiro et al., 2021).
The ability of non-conventional processing techniques in increasing the bioaccessibility of phenolic compounds has also
been assessed. Apples subjected to high-pressure processing (400
MPa/35 °C/5 min) showed increased bioaccessibility for hydroxycinnamic acids and dihydrochalcones than their untreated counterparts, but this was not observed for flavonols. Regardless, phenolic
bioaccessibility was reduced stepwise from the oral phase to the
intestinal phase digestion (Fernández-Jalao et al., 2020).
Açaí pulp has also been subjected to atmospheric cold plasma
(Dantas et al., 2021), where a medium excitation frequency of 500
Hz for 5 min increased the level of total phenolics by 38.8%, while
maintaining the same concentration of anthocyanins observed in
the untreated sample. Cold plasma also had a positive effect on
the bioaccessibility of açaí pulp phenolics, enhancing the release
of catechin, epicatechin, epigallocatechin gallate, procyanidin B1,
rutin, caffeic acid, and chlorogenic acid by 194.70, 383.3, 68.84,
130.71, 16.84, 341.48, and 57.63%, respectively.
On the other hand, thermal treatment may not be a good option
when it comes to anthocyanin preservation. Pasteurization at 85
°C for 1 min caused a reduction of 40% in anthocyanin content in
açaí juice compared with the untreated sample. Meanwhile, high
pressure processing (HPP; 400–600 MPa/5min/20 °C) was able to
maintain the same anthocyanin level as the control. Moreover, the
use of 500 MPa aided cell rupture and promoted a higher release
of non-anthocyanin phenolics than the thermal treatment. This increased phenolic concentration reflected the juice’s antioxidant activity, which was also enhanced, as measured by the ORAC assay
(da Silveira et al., 2019).
3.3. Effect of food processing on carotenoids
Innovative food processing techniques may be used for value-added production of commodities from fruit waste with economic return to the processors. In several fruits, such as mango, carotenoids
may not be available for intestinal absorption due to their association with dietary fiber. In order to overcome this hurdle, MercadoMercado et al. (2018) subjected mango by-products (peels and
paste) to a probe-type ultrasound treatment, which increased the
yield of β-cryptoxanthin and β-carotene compared to the control.
Furthermore, the ultrasound technique significantly increased the
bioaccessibility of lutein by 46.04%, β-cryptoxanthin by 44.16%,
and β-carotene by 44.01%. The authors hypothesized that the cavitation process promoted changes to the matrix while the energy
applied broke the bond between carotenoids and dietary fiber. In
addition, with matrix re-structuring, bound carotenoids became
more exposed to digestive enzymes, thus facilitating their release.
The lipophilic nature of carotenoids is a major limitation for
their use in water-dominated environments. In order to overcome
this hurdle and open new possibilities for carotenoid use in novel
formulations, Santos et al. (2021) developed microcapsules of
tucumã oil, a carotenoid-rich source, with gum Arabic by spray
drying at two different temperatures (120 and 180 °C). Carotenoid
retention was higher in the microcapsules produced at 120 °C
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(101.9–105.2%), with the ones produced at 180 °C retaining 84.8–
86.5%. Regardless of spray drying temperature, the encapsulated
tucumã oil showed significant water dispersibility (93.8–98.1%)
and up to 177-fold greater oxidative stability compared to nonencapsulated oil. Moreover, an in vitro digestion study showed that
64% of carotenoids contained in the microcapsules were released
upon complete digestion.
PEF can be used both as a treatment for carotenoid-rich fruit
beverages and as a pre-treatment for drying fruit pulp. Kumar et
al. (2019) compared the effects of pasteurization and PEF on the
carotenoid content of mango nectar and detected that PEF-treated
nectar exhibited a very similar total carotenoid content (17.4–21.0
μg/g) when compared with its untreated counterpart (20.1–21.6
μg/g) throughout the storage period (90 days at 5 °C and 30 days at
room temperature). On the other hand, carotenoid levels dropped
significantly in pasteurized samples (13.6–16.4 μg/g). Lammerskitten et al. (2020) used PEF as a pre-treatment before subjecting
mango pulp to convection and vacuum drying. Maximum carotenoid yields were obtained upon PEF treatment at 1 kJ/kg, regardless of the drying method that followed. However, the authors also
pointed out that higher PEF intensities may cause degradation of
bioactives. Therefore, process optimization with an emphasis on
the bioactive content should always be performed as a first step.
The nutritional value of fruit juice partly relies on the extractability of bioactives, which means that these compounds should be
released from the fruit matrix and further dissolved into the juice.
HPP also aids the extractability of phytoene (by 40%) and phytofluene (by 10-fold) from Navel orange for juice production. The
process increased the release of some carotenoids form the cell
structures where they are located. However, this was not observed
for lycopene from Cara-Cara orange, which presented a 36–50%
decrease upon HPP application. Lycopene is a highly non-polar
carotene, and it occurs in crystal form in chromoplasts of juice
vesicle cells. This arrangement causes higher environmental exposure, which can lead to increased instability and susceptibility to
oxidation (de Ancos et al., 2020).
HPP is a preferred processing option for carotenoid protection
over heat treatment. Barba et al. (2012) subjected an orange juicemilk beverage to various conditions of HPP and heat treatment at
90 and 95 °C. Higher carotenoid levels were detected when HPP
was applied for 420 and 540 sec, surpassing the concentration recorded for the untreated control and thermal-treated samples. The
authors hypothesize that this could be due to HPP being able to
avoid carotenoid thermo-oxidation and also by pressure-induced
changes in the matrix structure, allowing a higher carotenoid release.
4. Conclusion
The nutritional value of fruits goes far beyond their vitamins
and macronutrients, such as fiber. Traditional and exotic fruits
are excellent sources of several classes and individual bioactive
compounds, including ascorbic acid, phenolics, and carotenoids.
Besides acting as antioxidants in a number of ways in order to
mitigate oxidative stress, these substances have also been reported
to carry other biological activities, such as reduction of pro-inflammatory cytokines, decreasing the viability of cancerous cells,
and inhibiting enzymes related to type 2 diabetes. Additionally,
lesser-known fruits, namely buriti, mamey, camapu, and tucumã
have vitamin C contents comparable to highly popular ascorbic
acid sources (e.g., oranges). Pitanga, another exotic fruit, is one
of the richest sources of lycopene in nature. Besides, it should be
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emphasized that fruits must be used as a whole, as in many cases,
their by-products are very rich in bioactives, which in many cases
surpass their edible counterparts. This can be seen for proanthocyanidins in grape seeds and anthocyanins in grape skins.
Processing can be used as a means to expand the use of fruits
beyond their raw consumption. However, specific treatments need
to be carefully considered. Drastic thermal treatments can significantly reduce vitamin C, phenolic, and carotenoid levels. Meanwhile, mild thermal processes and non-conventional techniques,
such as high-pressure processing, ohmic heating, and pulsed electric field, may increase the release of bound phenolics and enhance
the bioaccessibility of selected bioactives.
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Abstract
Ginger is traditionally known for its therapeutic and pharmaceutical properties. It has been used widely to treat
various health problems such as high blood pressure, coughs, colds, swelling, nausea, rheumatic disorders, vomiting, bronchitis, indigestion, gastric ulcers, and behavioral problems. Shogaol and Gingerol are anti-inflammatory,
anti-fever, anti-pain, and anti-cough compounds that may help treat a cold. This review provides an up-to-date
understanding of the impact of ginger and its active compounds on human health. Various ginger compounds
such as gingerol, shogaols, zingiberene, zingerone, paradols and zingerone are receiving attention for their clinical
applications and pharmaceutical properties. Studies indicate that ginger is anti-inflammatory, anti-tumor, antimicrobial, antiemetic, hepatoprotective, and neuroprotective. During the inflammatory response, ginger inhibits
(NF-κB) and immune system activation in addition to many other cellular processes. Ginger has shown benefits
in preclinical and clinical studies for neurology, cardiovascular disease, and cancer. These findings indicate the
necessity for further in vivo and clinical studies.
Keywords: Ginger; Immunity; Pharmaceutical; Phytocompounds; Therapeutic.

1. Introduction
Ginger is a spice widely used in traditional medicine and as an
ingredient in food. Zingiber officinale is a plant belonging to the
Zingiberaceae family. Originally, it was mentioned in Confucius’s
Analects (475-221 BC) as a spice for medicinal purposes (Pickersgill, 2005). Scientists have examined the effects of ginger on
diseases such as asthma, stroke, diabetes, constipation, nervous
disorders, etc., due to its antiviral and antioxidant properties (Butt
and Sultan, 2011; Karna, et al., 2012; Mashhadi, et al., 2013). It is
an underground rhizome that grows up to 75 cm in height. Ginger
grows mainly in tropical and subtropical regions (Vijayan et al.,
2020). China is the largest exporter, followed by the Netherlands,
Thailand, Peru, and India, while the US is the major importer, followed by Japan, the Netherlands, Pakistan, and Germany. It contains mainly dietary fiber, vitamin E, vitamin B6, iron, magnesium,

manganese, potassium, and selenium. In South Asian countries, it
is used in many traditional formulations, especially in Ayurveda, a
traditional Indian medical system. Therapeutically, it has been used
in many Ayurvedic formulations from the ancient period and is also
known as “Maha Aushadhi-A Great Medicine” (Narayana, et al.,
2000; Abdulwase, et al., 2020). The United States and European
countries registered and sold it as a nutraceutical against nausea,
motion sickness, and migraine. It is an approved herb by the German Commission E Monographs for dyspepsia and prevents motion
sickness (Vasala, 2012; www.herbalgram.org). Ginger is known by
different brand names, like African ginger, black ginger, cochin ginger, Imber, Jamaica ginger, race ginger, rhizoma zingerberis, rhizome, sheng jiang, shokyo, zingibain, Zingiber officinale, and Zingiberis. A controlled trial on abdominal distention in post-cesarean
women found that the quality of life and the number of patients who
could eat was higher in the ginger group than the others. This study
confirms that ginger is efficacious in abdominal distention, low-
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priced herbal folk medicine with minimum side effects (Tianthong
and Phupong, 2018). A trial on postoperative nausea and vomiting
observed that 1 g of ginger prevents vomiting and nausea. A minor
side effect of abdominal discomfort was seen (Chaiyakunapruk et
al., 2006). Its anti-inflammatory and antioxidant properties proved
its worth in the pharmaceutical industry. Its phytocompounds
like gingerols modulate the biochemical pathways and specific
biomarkers activated in chronic inflammation (Yusof, 2016). The
antioxidant properties due to 6-gingerol protect cell membrane lipids during oxidation and scavenging free radicals (Grzanna, et al.,
2005; Han et al., 2022). The most important constituents are 6-gingerol, 6-paradol, and shogaol and zingerone, which are mainly responsible for the anticancer properties of ginger (Shukla and Singh,
2007; Zhang et al., 2021b). The scientific literature supports the
use of ginger in the treatment of a variety of ailments, including osteoarthritis, neurological disorders, rheumatoid arthritis, diabetes,
respiratory distress, liver diseases, and primary dysmenorrhea (Mahomoodally et al., 2021; Kiyama, 2020; Huang, et al., 2019; Khan
et al., 2016; Jafarzadeh and Nemati, 2018; Bhaskar et al., 2020).
2. Pharmaceutical potential of ginger
The ginger constituents vary depending on origin and whether the
rhizomes are fresh or dry. A ginger root is largely composed of carbohydrates, fats, proteins, fiber, vitamins, minerals, water, ash, and
volatile oils. The phytocompounds observed in fresh ginger are
zingerone, gingerol, zingiberene, β-sesquiphellandrene, shogaol,
bisabolene (α-form), β-phellandrene, farnesene, 1, 4-cineole, citral, camphene, 6-paradol, curcumene, terpineol (α-form), borneol,
β-elemene, zingiberenol, limonene, geraniol, linalool (Jolad, et al.,
2005; Mbaveng and Kuete, 2017; Ali et al., 2008). Ginger is receiving attention for its clinical applications and pharmaceutical
properties due to gingerol, shogaols, zingiberene, zingerone, paradols, etc. Among these phytocompounds, gingerols are the primary
components of several bioactivities (Kubra and Rao, 2012). The
structure of selected phytocompounds is shown in Figure 1.
The potential pharmacological activities of phytocompounds
increase the significant investigations and clinical trials on the
health benefits and ginger efficacy. In dry ginger, 6-gingerol transformed to 6-shogaol, which is more stable and has more powerful pharmacological effects. Further, 6-shogaol biotransformed to
6-Paradol (Jafarzadeh et al., 2021). The fiery taste of ginger is due
to zingerone, the major phytochemical used for medicinal purposes. Ginger is also used as a primary food additive due to its fragrant
and spicy characteristics (Srinivasan, 2017).
2.1. Gingerols
The gingerols are an important group of polyphenols isolated from
the fresh root of ginger. Ginger rhizomes are one of the richest
sources of ginger-derived bioactives (6-gingerol, 8-gingerol, and
10-gingerol). 6-Gingerol contains a 5-hydroxydecan-3-one moiety
that is substituted by a 4-hydroxy-3-methoxyphenyl group at position 1; thought to inhibit adipogenesis. This beta-hydroxy ketone
belongs to the group of plant metabolites known as guaiacols. It
is an antineoplastic agent. It is rich in antioxidants, cardiotonics, and cardioprotective agents, including [8]-gingerol (Xue, et
al., 2021b). Inhibition of leukotriene A (4) hydrolase expression
and induction of G2/M arrest have been shown to be biochemical
mechanisms by which 6-gingerol plays an anti-colorectal cancer
role (Kumara et al., 2017).
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Figure 1. Chemical structure of important phytocompounds.

2.2. Shogaol
Shogaols are bioactive compounds found in ginger that have
gastroprotective and neuroprotective properties. [6]-Shogaol is a
monomethoxybenzene, which belongs to the phenols and enones.
Using a Mannich reaction, Mase and his colleagues synthesized
shogaol using dimethylammonium dimethylcarbamate (DIMCARB), an ionic liquid (Mase et al., 2010). 6-Shogaol inhibits
the infiltration of leukocytes into inflamed tissue, reducing edema
swelling. 6-Shogaol affects pathways such as NFκB and MAPK,
and regulates the cytoprotective HO-1 in both vitro and in vivo
(Bischoff-Kont and Fürst, 2021). In addition to scavenging free
radicals, the 6-, 8-, and 10-shogaols also exhibit strong anti-proliferative activity against human lung cancer cell lines (Sang et
al., 2009). Previous studies suggest that 6-shogaol inhibits glial
cell activation and has anti-oxidant properties against neurological
disorders (Moon et al., 2014).
2.3. Paradols
[6]-paradol belongs to the class of phenols, a monomethoxybenzene, and ketone. It controls several obesity-related genes without triggering AMPK. 6-paradol decreases body weight gain and
visceral and subcutaneous fat in mice after 2 weeks. It decreased
liver cholesterol, triglyceride production, fatty acid synthesis, and
lipid transport, as well as adipocyte differentiation, both in liver
and adipose tissue (Hattori, et al., 2021). 6-shogaol is almost com-
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pletely metabolized into 6-paradol, despite the fact that 6-paradol is only a minor component of ginger, mainly derived from
6-gingerol (Chen et al, 2012). According to a study evaluating
the concentration-dependent effects of 6-paradol on glucose utilization, 6-paradol inhibits the synthesis of lipid in 3T3-L1 cells,
reducing cellular lipid accumulation in a concentration-dependent
manner, in addition to reducing insulin-induced lipid accumulation (Wei et al, 2017).
2.4. Zingerone
Zignerone is a 4-phenylbutan-2-one that contains a methoxy and
hydroxy group at position 3 and 4 of the phenyl ring, respectively.
It is responsible for the pungent flavor in ginger and may be used
as an antioxidant, as an anti-inflammatory agent, as an antiemetic,
as a flavouring, as a fragrance, and as a plant metabolite (Baliga,
et al., 2011). Zingerone reduced oxidative stress and ameliorated
inflammation, and levels of antioxidant enzymes. Oral administration was suggested as a treatment for rheumatoid arthritis. It
significantly lowered levels of NF-κB, TGF-β, TNF-α, IL-1β,
IL-6 and Hs-CRP while significantly increasing levels of IL-10
(Bashir et al., 2021). By regulating AMPK, Gingerone prevents
hepatic inflammation, oxidative stress, and apoptosis (Mohammed, 2022).
2.5. Zingiberene
It is a sesquiterpene and a cyclohexadiene that contains a hydrogen at the 5 position that is substituted by a 6-methyl-hept-5-en2-yl group (R configuration). It is found in dried ginger rhizomes,
Zingiber officinale (indonesian ginger). Researchers observed that
ginger rhizomes contained terpenes like zingiberene that inhibited
MAO-A enzyme activity (Kukula-Koch et al., 2018). Experimental observations indicate that zingiberene can be exploited as a natural and novel therapeutic in preventing oxidative damage in neurodegenerative disorders (Togar et al., 2015a). Researchers have
examined the cytotoxic, genotoxic, and antioxidant properties of
zingiberene in an in vitro culture of rat brain cells and discovered
that this compound could be potentially used as a natural anticancer agent (Togar et al., 2015b).
2.6. Zerumbone
Zerumbone is a sesquiterpene and cyclic ketone derived from
(1E,4E,8E)-alpha-humulene, which can be obtained by steam
distillation from ginger grown in Southeast Asia. As a plant metabolite, it is also useful as an anti-inflammatory drug for gliomas, as well as being an inhibitor of certain oncogenes (Rahman,
et al., 2013). Researchers have found that zerumbone can prevent
Zearalenone-induced liver injury and have presented the molecular
basis for potential uses of zerumbone in treating liver injuries from
Zearalenone (AbuZahra et al., 2021).
Recent studies have also shown that Zerumbone inhibits inflammation by inhibiting NF-κB and TLR. Zerumbone could
potentially be used for the treatment and prevention of diabetes
and its complications (Kim et al., 2022). Researchers found that
zerumbone increased BAX, caspase-7, and caspase-9 expression
and decreased BCL-2 expression, leading to apoptotic cell death
induced by paclitaxel and proapoptotic proteins. By enhancing
intracellular ROS-mediated oxidative stress, zerumbone promotes
resensitization of breast cancer cells to PTX (Li et al., 2022).

3. Therapeutic potential
A potential source of functional food additives for cancer prevention and treatment is ginger (Köngül and Şeker 2021). Gingerol
is a phytocompound that is capable of resisting the proteases required for Coronavirus entry and replication (Oso, et al., 2020).
Ginger extract reduces nausea and vomiting through inhibition of
the cholinergic M3 receptors and the serotonergic 5-HT3 receptors
associated with breast cancer (Pertz, et al., 2011). The effects of
ginger on lipid profiles are noteworthy. Studies have shown that
ginger has favorable effects on triacylglycerol (TAG) and low-density lipoprotein cholesterol (LDL-C) (Pourmasoumi et al., 2018;
Jafarnejad, et al., 2017; Mazidi, et al., 2016). The phytocompounds
in ginger extract and their associate diseases and disorders with
molecular target are mentioned in Table 1.
3.1. In cardiovascular
The world’s leading cause of death is cardiovascular disease.
Diabetes, high cholesterol, triglycerides, and high blood pressure
causes these problems. Rat serum samples tested for the effects
of ginger doses (500 mg/kg) revealed a significant reduction in
cholesterol levels, but no change in triglycerides (Thomson et
al., 2002). A study found a dose of 5 grams or more is required to
show significant antiplatelet activity (Nicoll and Henein, 2009).
Ginger inhibits reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS), superoxide dismutase (SODs), glutathione, and heme oxygenase (Roudsari et al., 2021). 6-gingerol
(20 μM) is a novel phytocompound from ginger that improves
cardiac function and alleviates pressure overload-induced cardiac changes in a p38-dependent manner (Ma et al., 2021). 6-gingerol is a promising drug for the treatment of pathobiological
cardiac remodeling (Xu et al., 2018; Lv et al., 2018; Ren et al.,
2019). CVD inflammation triggers proinflammatory cytokines
such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
and interleukin-6 (IL-6). Studies have shown that ginger reduces
TNF-α values, while 6-gingerol reduces inflammatory factors
and nitric oxide synthase enzyme levels (Morvaridzadeh et al.,
2020). The increase in evidence for Nrf2 and its downstream
targets is likely responsible for preventing CVD development,
including the development of endothelial dysfunction and atherosclerosis induced by oxidative stress. In the early stages of atherosclerosis, endothelium dysfunction is marked by an increase
in blood flow, cellular permeability, LDL oxidation, monocyte
adherence, platelet activation, vascular inflammation, and the
proliferation and infiltration of smooth muscle cells from the media to the arteries (da Costa et al., 2019; Zhang et al., 2021a). The
reduction of antioxidant enzyme protein expression was found
in LDLR−/− mice models transplanted with NRF2-deficient bone
marrow cells. Migratory macrophages, inflammatory cytokines,
and atherosclerotic lesions were also observed after transplant of
Nrf2-deficient bone marrow cells (Mimura and Itoh, 2015; Ooi
et al., 2018). In the meantime, silencing Nrf2 in U937 monocytic cells led to elevations in proinflammatory cytokines such
as interleukin-1β (IL-1β ), interleukin-6 (IL-6), tumour necrosis
factor alpha (TNF-α), monocyte chemotactic protein-1 (MCP-1)
and endoplasmic reticulum (ER) stress markers. Nrf2 deficiency
also increased the production of pro-inflammatory cytokines
such as (MCP-1, IL-6, and TNF-α) within macrophages, which
led to foam cell formation (Ooi et al., 2018). A study found that
bioactive molecules in ginger compounds inhibited the expression of Keap1, which resulted in a reduction in Nrf2, which
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Table 1. The phytocompounds in ginger extract and their associate diseases and disorders with molecular target

Phytocompound

Chemical Formula &
Molecular weight

Associated Disease
and Disorder

Gingerol

C17H26O4 (294.4)

Breast Neoplasms

Shogaol

Zingerone

C17H24O3 (276.4)

C11H14O3 (194.23)

Targeted Molecules

Reference

[6]-gingerol inhibits cell adhesion, invasion,
motility and activities of MMP-2 and MMP-9 in
MDA-MB-231 human breast cancer cell lines.

(Lee et al., 2008)

Carcinoma,
[6]-gingerol restores the DMBA-induced
Squamous Cell,
depletion of Nrf2 signaling and thereby prevents
Hyperplasia, Keratosis buccal pouch carcinogenesis in hamsters.

(Sun, et al.,
2021)

Diabetes
Complications,
Prostatic Diseases

Through suppressing oxidative
stress and tissue fibrosis

(Eid, et al., 2017)

Glucose Intolerance

Aza-[6]-gingerol enhances energy metabolism and
reduces the extent of lipogenesis by downregulating
SREBP-1c and its related molecules, which leads
to the suppression of body fat accumulation

(Okamoto, et
al., 2011)

Hyperglycemia

[6]-Gingerol appeared to inhibit/intervene sodium
arsenite induced cyto-degeneration of pancreatic
β-cells and hepatocytes, Modulate TNFα and IL6

(Chakraborty,
et al., 2012)

Neoplasm Metastasis

Reduction in MMP2, Slug, and Vimentin
protein levels, inhibit renal cell carcinoma
cell migration and metastasis, increased yesassociated protein (YAP)ser127 phosphorylation
and reduced YAP levels in cell nuclei.

(Xu, et al., 2021)

Neoplasm
Invasiveness

Shogaol analog 3-phenyl-3-shogaol were
mediated through suppression of the nuclear
factor-kappaB (NF-κB) signaling pathway

(Gan, et al.,
2013)

Neurodegenerative
Diseases

[6]-shogaol protects neurons by modulating choline
acetyltransferase and choline transporter expression
through a brain-derived neurotrophic factor

(Shim and
Kwon, 2012)

Aberrant Crypt Foci

Modulate NF-kB-p65, COX-2, iNOS, and PCNA,
Ki-67 , Nrf-2, activity of the cytochrome P450
2E1 and carcinoembreyonic antigen

(Ganaie, et
al., 2019)

Chemical and
Drug Induced Liver
Injury, Necrosis

Inhibiting the toll-like receptormediated inflammatory pathway,

(Lee, et al.,
2018)

Diabetes
Complications,
Fibrosis, Prostatic
Diseases

Suppressing the elevated prostate transforming
growth factor beta 1 (TGFβ1) and collagen IV.

(Eid, et al., 2017)

Paradol

C17H26O3 (278.4)

Pancreatic cancer

[6]-Paradol modulates the expression of
epidermal growth factor receptor (EGFR) and
inactivity of Phosphatidylinositol-3-kinase
(PI3K/AKT) signaling via ubiquitinationmediated proteasomal degradation of EGFR

(Jiang et al.,
2021)

Zerumbone

C15H22O (218.33)

Dyslipidemias,

Decreased plasma levels of TC, TG and LDL-C,
improve dyslipidemia by modulating the
gene expression involved in the lipolytic and
lipogenic pathways of lipids metabolism.

(Tzeng, et
al., 2014)

Liver Neoplasms

Reduces oxidative stress, inhibits proliferation,
induces mitochondria-regulated apoptosis

(Taha et al.,
2010)

Neoplasm
Invasiveness

Down-regulates IL-1β expression through the
inhibition of NF-κB activity, and then suppresses cell
invasiveness of triple negative breast cancer cells

(Jeon, et
al., 2016)

Pulmonary Edema

Inhibition of Akt-NFκB activation, Modulate
proinflammatory cytokines such as TNFα
and IL-6 caused by lipopolysaccharide

Ho, et al., 2017
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subsequently elevated the levels of Nrf2 and other downstream
antioxidant enzymes (Gao et al., 2022). Several other aspects of
cardiovascular disease can also be treated with ginger. A study
indicates that aqueous ginger extract lowers blood pressure and
reduces heart palpitations by stimulating muscarinic receptors
and blocking Ca++ channels (Ghayur, et al., 2005). A daily supplement of ginger in specific amounts has been found beneficial
for heart health. Ginger’s extract exhibits moderate inhibitory
properties against the Monoamine oxidase-A (MAO-A) enzyme,
which is an effective antidepressant, as well as a panic disorder
agent (Kukula-Koch et al., 2018). An investigation examined the
cardioprotective effects of 8-Gingerol in isoproterenol (ISO)-induced MI. in rats ISO (85 mg/kg/d) was subcutaneously injected
over 2 consecutive days to induce an acute MI model. There was
an association between 8-Gin and relaxation of oxidative stress,
cardiomyocyte apoptosis inhibition, and regulation of Ca2+
homeostasis through modulation of ICa-L (Xue et al., 2021a).
Another study investigated the possible mechanisms by which
8-Gin (10 and 20 mg/kg/d) reduced J-point elevation and heart
rate in mice induced with isoproterenol (ISO-10mg/kg/d) for 2
weeks. It was found that 8-Gin exerted cardioprotective effects
on ISO-induced MF, which is likely associated with its inhibition
of ROS generation, apoptosis, and autophagy by modulating the
PI3K/Akt/mTOR signaling pathway (Xue et al., 2021b).
3.2. Anticancer agent
The term “cancer” refers to a group of disorders characterized
by abnormal cell growth that may invade and spread. The cancer
death rate is 15.7% (eighteen million deaths a year) (Wang, et al.,
2016). A study demonstrated that 6-gingerol had anti-tumorigenic
properties by affecting cell cycle regulation and apoptosis by increasing caspase activity during the G0/G1 phase of the cell cycle
(Park et al., 2006; Wang et al., 2014). 8-gingerol is a derivative
classified according to its ability to inhibit the growth of cancerous
cells and blood vessel formation as well as its ability to suppress
platelet growth. A further class of bioactive derivative is 10-gingerol, which decreases cell proliferation and inhibits cellular expression (Kubra and Rao, 2012; Zaid et al., 2022). In a pilot study
that investigated ginger’s effects on proliferation, apoptosis, and
differentiation in normal-appearing colonic mucosa; it was found
that 2g of ginger reduced proliferation and increased apoptosis
and differentiation relative to proliferation in the crypt differentiation zone (Citronberg, et al., 2013). Ginger aqueous extract contains polyphenols and flavonoids-flavonols that have anticancer
properties (Choudhury, et al., 2010). In colorectal cancer (CRC),
cyclooxygenase (COX)-produced prostaglandin E2 (PGE2) tissues increase, which is an early sign of the disease. The ginger
root significantly reduced the expression of COX-1 protein, which
is responsible for an increased risk of CRC. It shows that ginger
has the potential to reduce eicosanoid levels and to reduce inflammation in the colon (Jiang, et al., 2013; Zick, et al., 2011). Ginger
is a chemopreventive (Zick et al., 2015). Ginger has been found
to have anti-skin-cancer chemopreventive effects. Ginger ethanol
extract pre-applied to the skin of Sensitivity to carcinogenesis
mice model significantly inhibited tissue plasminogen activator
(TPA)-induced cyclooxygenase and lipoxygenase activities, ODC
mRNA expression, and epidermal edema and hyperplasia (Katiyar, et al., 1996). Research has established that gingerol is able
to scavenge the peroxyl radicals produced during pulse radiolysis (Park et al., 1998; Ahmad et al., 2001; Chauhan et al., 2021).
6-gingerol inhibits tumor growth and metastasis through the inhibition of cyclooxygenase-2 (COX-2) and the p38 MAPK-NF-κB

pathway (mitogen-activated protein kinase-necrosis factor-kappa
B) (Kim et al., 2005a; Kim et al., 2005b). The possible mechanisms of gingerol’s effects on treating liver cancer were studied
by network pharmacology, in-silico experiments, as well as invitro experiments on human liver cancer HepG2 cells. Molecular
docking revealed that gingerol derivatives had good PI3K and Akt
binding activity. Researchers report that gingerol derivatives and
compound gingerol (compound gingerol is composed of 6gingerol, 8gingerol, and 10gingerol in a ratio of 7:1.5:1.5) inhibit
HepG2 cell proliferation, and each administration group can significantly increase the apoptosis rate of HepG2 cells and the fluorescence intensity of the nucleus, thereby blocking the cell cycle.
In Western Blot and real-time quantitative PCR experiments, gingerol derivatives and compound gingerol had a significant effect
on decreasing the expression of Akt and p-Akt and increasing the
expression of Bax/Bcl-2 (Su, et al., 2022). Cancer can be prevented and treated with ginger. Clinical trials are needed to support
the efficacy of the drug. In colon cancer, the signaling pathway
PI3K-Akt involves the serine/threonine kinase Akt, as well as the
genes AKT1, PIK3CA, MAPK3, and TP53. Human colon cancer
is associated with a misregulation of the PI3K-Akt pathway, the
most commonly activated signaling pathway in cancer (Wang et
al., 2020b; Li et al., 2020). In the study, phosphoinositol 3-kinase
signaling was found to be an active biological process in ginger
in controlling cancer-related pathways through interactions with
PI3K/Akt (Kiyama, 2020). Ginger’s anticancer mechanism is directly influenced by its PI3K-Akt signaling pathways and EGFR
kinase inhibitor resistance (Zhang et al., 2021b).
3.3. Neurodegenerative agent
Several studies have shown ginger to be analgesic (Phillips et al.,
1993; Black, et al., 2010; Rondanelli, et al., 2020). In Alzheimer’s
disease (AD), abnormal aggregation of neurons and synaptic
damage is caused by abnormal accumulation of amyloid beta (Aβ)
and tau proteins (Busche and Hyman, 2020). Aβ is considered by
many to be a key pathogen that contributes to AD pathogenesis,
but the exact mechanisms are still unclear. Several studies have
found protective effects of ginger on amyloid beta (Aβ) neurotoxicity. The ginger treatment inhibited the inflammatory markers
NF-κB and interleukin (IL)-1β resulting in behavioral dysfunction
and neuronal death caused by Aβ1–40 plaques as well as increasing antioxidant enzymes superoxide dismutase and catalase (SOD
and CAT) (Choi, et al., 2018). There is evidence that 6-gingerone,
6-shogaol, 6-paradol, and dehydrozingerone may provide benefits
in diseases related to aging and neurological disorders (Ma et al.,
2021; Srinivasan et al., 2019). Researchers assessed acetylcholinesterase (AChE) as the most promising molecular target for
ginger compounds with multiple molecular targets in Alzheimer’s
disease (Azam, et al., 2014; Wheeler, 2003). Additionally, ginger
compounds inhibit the activity of butyrylcholinesterase (BChE)
by binding to Trp82 and Tyr332 residues (Cuya and França, 2020;
Cuya et al., 2018; Schepici, et al., 2021). A reduction in clinical symptoms of mice with Experimental autoimmune encephalomyelitis (EAE) as well as a reduction of expression of IL-27
and IL-33 in their spinal cords is also observed (Jafarzadeh et al,
2014). In studies on migraine headaches, ginger was observed to
have both abortive and prophylactic effects without causing any
side effects (Mustafa and Srivastava, 1990). In a meta-analysis
of placebo-controlled randomized controlled trials (RCTs), ginger was shown to be very effective and safe in treating migraine
patients with pain outcomes as measured after two hours (Chen
and Cai, 2021).
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Table 2. Ginger extract as an antiviral agent

Study No. Virus

Mechanism of interaction

Reference

1

Chikungunya virus

inhibition of CPE and an increase in cell viability

Kaushik et al., 2020

2

Dengue

Improved plasma leakage reduces complications by
slowing the expression of MMP-2 and MMP-9 while
modulating the expression of TIMP-1 and TIMP-2.

Sharma et al., 2015

3

Coronavirus

Interact with Spike protein of coronavirus and human ACE2 receptor

Haridas, et al., 2021

4

Human respiratory
syncytial virus

Fresh ginger is effective against HRSV-induced plaque formation on
airway epithelium by blocking viral attachment and could stimulate
mucosal cells to secrete IFN-β and counteract viral infection.

San Chang et al., 2013

5

Viral Hepatitis

HCV infection in humans, vector-based assay techniques

El-Adawi, et al., 2011

6

Cancer

Reduced the elevated expression of NFκB and TNF-α.

Habib, et al., 2008

7

Influenza

Suppressed Influenza A Virus replication in the lungs of H5N1 virusinfection, Restricts Influenza A Virus replication by inhibiting JAK2 activity

Wang, et al., 2020a

3.4. Antiviral
The antiviral and immune-modulating properties of herbal extracts
have been extensively studied (Das, et al., 2021; Yasmin et al.,
2020; Mukhtar, et al., 2008). Studies have reported that allicin
from ginger has anti-influenza properties (Hornung, et al., 1994;
Sahoo et al., 2016). The Dengue virus infection significantly enhanced matrix metalloproteinase (MMP)-2 proteolytic activity, but
not matrix metalloproteinase-9. Ethylenediaminetetraacetic acid
(EDTA-MMP inhibitor) reduced this enhancement. An aqueous
extract from Zingiber officinale Roscoe was confirmed to modulate expression levels of MMP-2, MMP-9, TIMP-1, and TIMP-2 in
a concentration-dependent manner. Gingerols and shogaols, which
are naturally occurring compounds in Zingiber officinale, have
been associated with its anti-MMP activity (Sharma, et al., 2015).
In vitro, the anti-chikungunya effect of Zingiber officinale (62.50
μg/mL) aquatic plant extract was tested using the Vero cell line.
Additionally, Zingiber officinale is used as an antiviral treatment
against Chikungunya virus that prevents drug resistance (Kaushik,
et al., 2020). Fresh ginger blocks the human respiratory syncytial
virus (HRSV) (San Chang et al., 2013). Ginger chemicals as antiviral agents against a variety of viruses, as well as their mechanisms of action, Table 2.
Recently, several studies have focused their attention on the
interaction between ginger compounds and the spike protein of
Coronaviruses. PLPro (papain-like protease) and 3CLPro (chymotrypsin-like protease) are essential for the survival of SARS-CoV-2
in humans (Li, et al., 2020). Natural products are being investigated
as a potential targeted therapy to treat SARS-CoV-2. A structurebased molecular docking study found that ginger phytocompounds
like 8-Gingerol, 10-Gingerol, and 6-Gingerol are potent inhibitors
of PLpro, with high affinity for binding (Goswami, et al., 2020).
Ginger components were shown to have high binding affinity to
the protease (Mpro) of CoV-2, the virus that causes SARS (Jahan
et al., 2021).
4. Conclusion
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The promising target profiles of natural compounds enable them
to be considered as ideal drug development candidates since they
contain signature events that are dispersed throughout. There are
several compounds in ginger extract that have antiviral and an-
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tibiotic properties. Ginger extract can be used as a treatment for
various diseases. Ginger is considered a natural alternative to treat
cancer and other diseases due to its phytochemical properties and
pharmacological effects. It is a popular healthy food because of
its phytochemical properties and pharmacological effects. Ginger
compounds can relieve fevers, reduce pain, and suppress coughs,
making them helpful to minimize the effects of a winter cold. It has
been shown to be effective in treating several ailments such as high
blood pressure, cough, cold, swelling, nausea, rheumatoid disorders, vomiting, bronchitis, indigestion, gastric ulcers, infectious
diseases, and poisonings. There is evidence that ginger is antiinflammatory, anti-cancer, anti-tumor, anti-microbial, antiemetic,
hepatoprotective, and neuroprotective. Clinical trials show that
ginger can reduce nausea and vomiting in women during early
pregnancy. Ginger inhibits proinflammatory cytokines, including
nuclear factor kappa B (NF-κB) and immune system activation, as
well as many other cellular processes. Ginger inhibits reactive oxygen species, inducible nitric oxide synthase, superoxide dismutase,
glutathione, heme oxygenase, and inducible nitric oxide synthase.
Research on ginger and its bioactive components, including both
preclinical and clinical studies, is shown to have positive effects on
cardiovascular disease, neurology, and cancer. These results reinforce the need for further In vivo and clinical studies.
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Abstract
The use of alternative medicine products has increased tremendously in recent decades. Honey bees (Apis
mellifera) create propolis naturally from a variety of botanical sources. Since ancient times, propolis has been
used for its antibacterial, antifungal, and anti-inflammatory properties. Due to functional benefits of propolis,
many food sectors have employed it to improve the quality and wellness of products. In this review, we focus on
compiling relevant information about propolis research related to the nutritional composition and the bioactive
compounds in propolis along with their therapeutic importance and their effectiveness against various types of
chronic medical conditions viz. diabetes, obesity, and cancer. The study could generate both new and accessible
alternatives and the use of propolis for the treatment of various diseases and will help to effectively evaluate
the safety of its use.
Keywords: Propolis; Good health & well-being; Bioactive compounds; COVID-19; Chronic diseases.

1. Introduction
Propolis is also known as “bee glue,” a word that refers to the
resinous substance collected by bees from a variety of plants. It is
a Greek phrase that means “defend” for “pro” and “city or community” for “polis,” or the beehive (Pasupuleti et al., 2017). It is (a
resinous substance) produced by the bee Apis mellifera from plant
exudates (Valenzuela-Barra et al., 2015). Tiny gaps [less than 6
millimeters (1/4 in)] are filled with propolis, whereas larger gaps
are filled with beeswax. Its hue varies according to the botanical
source, although dark brown is the most prevalent. It is sticky at
temperatures above 20 °C (68 °F), but becomes stiff and brittle
at lower temperatures. During foraging, worker bees collect pollen and nectar, as well as water and plant resin for propolis synthesis (Simone-Finstrom and Spivak, 2010). Propolis is used by
bees to seal the hive and protect it from the elements like rain and
cold winter winds. The chemical content and nature of propolis is
influenced by environmental circumstances and harvested materials (Ferreira et al., 2017). Traditional medicine has long use of

propolis, but there isn’t enough data to determine its usefulness in
treating any diseases. It has anti-inflammatory, antibacterial, antifungal (Sforcin, 2016), antiseptic, antioxidant, antimycotic, antiulcer, anticancer, and immune-modulatory properties, and is useful
to treat a variety of ailments (Li et al., 2015). Propolis activity is
highly dependent on seasonal and geographical conditions, with
Middle Eastern propolis demonstrating the strongest antibacterial
potency. Propolis and its primary flavonoid constituents should not
be discounted, and clinical trials should be conducted for better understanding of their potential applications in numerous sectors of
medicine. Clinical trials on the antibacterial potential of biotechnological products and their usage in novel medications should be
carried out. This review attempts to highlight some of the most
current scientific results related to propolis and its components’ antibacterial characteristics (Almuhayawi, 2020). Propolis has been
shown in several tests to have no toxicity or adverse effects in both
animal models and people (Demir et al., 2016). The most common
solvent for obtaining low wax propolis extracts rich in physiologically active chemicals is ethanol (Sforcin, 2016).
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Table 1. Major bioactive compound found in Propolis

Propolis

Major bioactive compounds

Therapeutic properties

References

Populus spp Ferula spp. Rutin, Apinegin, Genistein, Catechol,
Catechin, Esculetin, Tectochrysin

Antioxidant, reduce the symptoms of
menopause and control blood glucose

El-Guendouz
et al., 2019

Poplar spp.
Mediterranean cypress

Catechin, Quercetin, Rutin, Acacetin,
Apigenin, Pinocembrin, Chrysin, Kaempferol

Antioxidant, support blood circulation

Chaa et
al., 2019

Rosewood, Fabaceae

Quercetin, Naringenin, Isorhamnetin,
Quercetin 3-Odiglucoside

Control blood sugar, kill cancer cells, prevent Silva et al.,
heart disease, anti-myocardial ischemia
2019

Heterotrigona itama,
Geniotrigona thoracica

Phenolics and flavonoids

Antioxidants anti-inflammation,
anti-viral properties.

Ibrahim et
al., 2016

Poplar type

Pinocembrin, galangin and phenolic acids.

Anti-viral, anti-tumor, anti-microbial,
anti-mutagenic, antioxidant

Ristivojević
et al., 2015

Mangifera type

Cardols, cardanols, anacardic acid

Antioxidant, antimutagenic
and anti tumoral activity

Popova et
al., 2021

Brazilian Propolis

Sesquiterpenes, benezene propanoic
acids and longipinene

Anti-cancer, anti plasmodial and
anti-inflammatory activities

Berretta et
al., 2017

European propolis

Flavonoids, cinnamic acid

Anti oxidant and anti
inflammatory properties

Alotaibi et
al., 2019

Russian Propolis

Flavones and flavonols

Anti-inflammatory effects, prevent
the development of cardiovascular
disease, diabetes, cancer etc

Miguel and
Antunes, 2011

Cuban propolis

Prenylated benzophenones, propolones A–D, Anti-nociceptive, anti-inflammatory,
clusianone, hyperibone B, garcinielliptone
anti-cancer properties
I, xanthochymol, and guttiferone

Pardo Andreu
et al., 2015

Red propolis

Flavonoids, benzophenones,
pterocarpens, triterpenes

Antifungal, antiviral, cytotoxic, anti-HIV

Rufatto et
al., 2017

Mediterranean type

Totarol, terpenic acids, ferruginol

Anti-bacterial, anti-cancer, anti-microbial

Bankova et
al., 2016

2. Historic usage of propolis

3. Chemical composition of propolis

Propolis has its medical applications from ancient time of Greeks,
Romans, Persians, and Egyptians (Rojczyk et al., 2020). Traditional medicine has employed propolis. Its use is as old as honey
and has been utilized by humans for thousands of years. Egyptian
people use propolis in the art of mummifying the corpses (Wali et
al., 2017). The bees use propolis and wax to hide the carcass of an
invader that was killed but could not be moved out of the hive. The
bees prevent the spread of infection produced by the decomposing body in this way. In the 1960s propolis was responsible for
the hive’s lower bacterial incidence. Propolis was a key element
in polyanthus, a perfume that included propolis, olibanum, styrax,
and fragrant plants for Greek people (Kuropatnicki et al., 2013).
Some of the medical characteristics of propolis, as well as its
usage as an antibacterial and wound healing agent were described
by Aristotle, Pliny, and Galen. Propolis was mostly employed by
Arabian physicians during the mediaeval period. It was employed
as an antipyretic by New World civilizations such as the Incas. It
has been classified as an official medication in the London pharmacopoeia since the 18th century. It has gained popularity in Europe
between the 17th and 20th century as a result of its antibacterial
properties. It was employed as an antibacterial and anti-inflammatory drug during World War II (Santos et al., 2020). Since 300
BC, man has been employed propolis as a traditional medicine. Its
medicinal properties were known to Roman and Greek doctors,
and other scientists like Dioscorides (Ferreira et al., 2017).

The chemical makeup of propolis varies depending on a variety of
environmental conditions, including climate, local vegetation, harvest season, and geographic origin (Pobiega et al., 2019a). Plant origin and chemical makeup separate the following types of propolis:
Green (Alecrim) propolis, red (Clusia) propolis, Pacific propolis,
and Canarian propolis. Different chemical compositions distinguish
propolis varieties, which defines their biological capabilities (Pobiega et al., 2017). Algerian propolis has a lot of action against food
borne pathogens such Gram-positive bacteria Bacillus cereus and
Staphylococcus aureus, while Korean propolis has a lot of inhibitory
effect, especially against B. cereus vegetative cells. Turkish propolis ethanol extract had robust antilisterial action, with slightly less
potent effect against Salmonella Enteritidis (Pobiega et al., 2019a).
More than 300 chemical compounds have been identified in
propolis such as polyphenols and terpenoids. These compounds are
considered to be the most active (Table 1) (Przybyłek and Karpiński,
2019).
Aromatic acids like ferulic, cinnamic, caffeic, benzoic, salicylic
and p-cumaric are also present in propolis. In propolis microelements
and macro-elements (Mn, Fe, Mg, Zn, Si, Ca, K, Na, Cu and vitamins B2, B1, B6, C and E) are also found. In propolis there is number of active ingredients present which makes it bacterial resistance
(Przybyłek and Karpiński, 2019). The main components in propolis
consist of plant resins (50%), waxes (30%), 10% essential oils, 5%
pollens and organic substances are discussed in Table 2.
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Table 2. Composition of propolis

Chemical
composition

Percentage

Properties

References

Plant resins

50%

Resin is a substance produced by trees that drips from their branches and trunks
in the spring. The bees collect plant resins in the hive, modify them, and utilise
them as a sealer, polisher, cleaner, and mummifier of dead insects in the hive.

Ahangari et al., 2018

Waxes

30%

It has anti-inflammatory and anti-oxidant activities.

Tinto et al., 2017

Organic
substances

5%

n-alkanes, n-alkenes, n-alkanals, and methyl n-alkanoates
were the most common chemicals found.

Alqarni et al., 2015

Pollens

5%

Pollens contain more than 96 different nutrients. Rich
in amino acids, hormones, vitamins, minerals.

Ahangari et al., 2018

4. Health benefits for humans
The usage of propolis has a significant impact on human health
and has a variety of purposes. In addition to cytotoxic effects, it is
now employed as an antibacterial, antifungal, anti-inflammatory,
antiviral, analgesic, antioxidant, antitumoural, antiprotozoal, anticancer, antihypertensive, anticarcinogenic, and anti-hepatotoxic
agent (Figure 1) (Anjum et al., 2019).
HSV-1, HSV-2, Influenza virus types A and B, Parainfluenza
virus, Adenovirus, Human immunodeficiency virus, infectious
bursal disease virus, and avian reovirus, Newcastle virus disease,
bovine rotavirus, pseudorabies virus, feline calicivirus, canine adenovirus type 2, and diarrhoea virus have all been shown to be
subject to potent and broad-spectrum antiviral activity in propolis
extracts from temperate climates (Scorza et al., 2020). Propolis
has been used by humans in different domains since ancient times,
most notably in traditional medicine, and as a result, it’s known
over the world in a natural way substance that improves health and
prevents illnesses (Figure 2) (Zabaiou et al., 2017). The chemical
makeup of propolis has pharmacological impact (Pobiega et al.,
2019b). Propolis has been tested against a variety of viral disease
organisms, with initial results prompting study into the most beneficial components, which might then be used to formulate more
active and targeted medications. In an in-vitro model, propolis
was found to have antiviral action against DNA and RNA viruses
(poliovirus, herpes simplex virus, and adenovirus) (cultured cells).
The propolis results at concentration 30 µg/ml observed highest
against poliovirus and herpes virus with 99.9% inhibition of the
later (Ripari et al., 2021).

Figure 1. Medicinal properties of propolis.

Inflammation can be defined as a complex signalling pathway
interaction between the immune system and injured tissues that
aims to restore homeostasis. Flavonoids, phenolic acids and their
esters, terpenoids, steroids, and amino acids appear to be associated to propolis anti-inflammatory activities, with CAPE being the
most studied. The anti-inflammatory properties of propolis can be
mediated in a variety of ways (Braakhuis et al., 2019).
Propolis has been used to treat traumatic neurological disorders
such as ischemia and epilepsy. It is also used in degenerative disorders like Parkinson’s disease, Alzheimer’s disease, and multiple
sclerosis. Although the mechanisms and causes of neurological
dysfunction are uncertain, they appear to be connected to increased
oxidative stress, inflammatory signalling activation, and slow immunological responses in brain tissue (Braakhuis et al., 2019).
Propolis aids in mitigating both SARS-CoV-2 infection processes
and COVID-19 sickness. Propolis has carefully been investigated
and is now widely used as a natural treatment alternative in many
countries. It is important in veterinary medicine because of its antibacterial, antifungal, antiviral, antiparasitic, hepatoprotective, and
immunomodulatory characteristics. Because propolis products
are not standardized and differ in their components and biological
activity, their usage as a health-promoting supplement in human
medicine is limited in many countries. Propolis should be regarded
a resource in the fight against the COVID-19 pandemic as a nutraceutical or functional food. Propolis inhibits PAK-1, which may
aid in the prevention of lung fibrosis and the restoration of a normal immune response. Propolis has been demonstrated to interact
with ACE2 and TMPRSS2, which might help to prevent or reduce
SARS-CoV-2 host cell invasion. Chronic inflammation, characterized by systemically high amounts of pro-inflammatory cytokines,
is more frequent in the elderly, which can lead to a cytokine storm,
which is a primary cause of COVID-19 death. Antioxidants included in propolis could be assisting to halt or stop the ageing process
(Berretta et al., 2020). SARS researchers have been paying close
attention to quercetin, a flavonol found in propolis, because it has
been revealed to be an effective amino peptidase inhibitor when
paired with vitamin C. In vitro, quercetin and its derivatives inhibit SARS-CoV-1 and MERS-main CoV’s protease. The cellular
response to unfolded proteins is also affected by quercetin (UPR).
Because corona viruses can use the UPR to complete their whole
replication cycle, quercetin’s control of this pathway could have
anti-corona virus properties (Bachevski et al., 2020).
The study of optimum gut health and gastrointestinal bacterial
characterization is a topic of concern right now, with some claiming
that disease states are induced by microbiota imbalances in the gut
(Clemente et al., 2012). A diverse range of gut microbiota produces microbial bioactive compounds such as short chain fatty acids,
which have specific health advantages. An international group has
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Figure 2. Therapeutic benefits of propolis for human health.

designated polyphenols, including propolis components, as prebiotics because they are selectively digested by gut microbiota (Solanki
et al., 2016). Propolis polyphenols may help to maintain a healthy
gut microbiota by reducing pathogenic bacteria development and
prevents adhering to human gut cells (Alkhaldy et al., 2019). Antiseptic, antifungal, bacteriostatic, astringent, antioxidant, diastolic,
anti-inflammatory, and aesthetic properties are all present in propolis preparations (Grecka et al., 2019). Chemotherapy is very helpful
in treating all types of cancer but after the therapy cancer survivors
are at high risk for number of health problems and one of the major
problem is infertility. Indian propolis extracts can be helpful for the
protection and rejuvination of testicular tissues from chemotherapy
induced damage by reducing the DNA damage and elevating the
antioxidant activity (Kumari et al., 2017). Propolis has antimicrobial properties which stimulate the immune system that activates the
natural defense system of the organisms. The antimicrobial activity
of propolis is higher in gram positive than in gram negative bacteria
(Przybyłek and Karpiński, 2019).

proteins solely in PC3 cells. Cameroonian propolis also enhanced
the proportion of DU145 and PC3 cells in G0/G1 phase (Zingue et
al., 2020; Forma and Brys 2021).
5.2. Type-2-diabetes inhibition properties
Propolis influences hypoglycemic activity, according to current
studies, which may help prevent diabetes. Moreover, it modifies
metabolism of blood lipid levels and resultant reduces lipid peroxidation and scavenges free radicals. In one study consumption
of Iranian propolis for 90 days can improve insulin sensitivity in
Type-2-diabetes mellitus (T2DM) patients and dramatically lower
their serum levels of HbA1C, insulin, and 2-hpp glucose. Numerous researches reported that propolis improved insulin sensitivity
in T2DM models and reduced blood glucose, insulin, and HbA1C
levels (Zakerkish et al., 2019).
5.3. Anti-obesity properties

5. Some in-vitro, in-vivo and human clinical trials of propolis
5.1. Anti-cancerous properties
With 14 million new cases and 8.2 million deaths from cancer
in 2012, cancer is a terrible illness that affects people all over
the world (Khan et al., 2021). Utilizing organic compounds like
propolis can lessen the consequences of cancer. Propolis and its
constituents are thought to alter cell cycle regulators such cyclin
D, cyclin-dependent kinases Cdk-2/4/6, and cyclin-dependent kinase inhibitors. These inhibitors stop the progression of the cancer
cell cycle (G2/M phase) at stage G0/G1 by overexpressing p21
and p27 expression (Chiu et al., 2020). Studies show that ethanolextracted Cameroonian propolis up-regulated cell cycle proteins
(CDK1, pCDK1, and related cyclins A and B) in both the cell cultures (DU145 and PC3) while down-regulating CDK2 and pCDK2
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An important public health risk is obesity. Among other disorders,
it is linked to an increase in the occurrence of cancer, type 2 diabetes, dyslipidemia, and cardiovascular diseases (Smith and Smith,
2016; Rivera-Yañez et al., 2020). A study conducted on certain variety of Brazilian red propolis (0–100 µg/mL) reported an increase
in adiponectin mRNA in 3T3-L1 preadipocytes, which was most
likely caused by PPAR- activating the adiponectin promoter. In the
same study, propolis treatment for eight days restored adiponectin
expression in differentiated 3T3-L1 cells that had been exposed to
TNF. This finding suggests the efficacy of Brazilian red propolis
as a dietary supplement for the prevention and treatment of obesity and disorders linked to it (Iio et al., 2010; Rivera-Yañez et
al., 2020). Brazilian green propolis (100 µg/mL) directly increased
leptin expression, according to an in vitro test utilising differentiated 3T3-L1 adipocytes (Washio et al., 2015). Although in vitro
studies have contributed to a better understanding of propolis’ ac-
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Table 3. Propolis extracts and its current strategies for use in food technology

Current strategies

Applications

References

Mixing with food

Antimicrobial, total bacterial, staphylococcus, and listeria counts are reduced. Reduction Pobiega et al., 2019a
in the number of spoiling bacteria and yeast. Example–fish, meat, milk, fruit juice.

Soaking and
washing of food

Antioxidant in fruits. Antimicrobial–reduction of yeast and molds contamination.
Reduction of total bacterial count. Improve quality, delayed ripening.
Reduction of water loss, maintaining firmness. Example–fruits, juices etc

Pobiega et al., 2019a

Active Packaging film

Nontoxic, bio-degradable, biopolymer based packaging. Example–beef, fruits etc

Yong and Liu, 2021

tivity against obesity, the majority only assess a chemical or molecular aspect, therefore its impact is still limited. The research did
not take into account the multifaceted nature of this disease; as
a result, in vivo investigations are crucial to the development of
clinical trials (Jensen et al., 2021; Aravani et al., 2021).
5.4. Anti-inflammatory effects
Strong anti-inflammatory properties have been attributed to propolis. The in vitro and in vivo research have been conducted in recent years on the effects of propolis on inflammation (Ying-Hua et
al., 2012; Pahlavani et al., 2020). Propolis, a product of honeybee
colonies that has anti-inflammatory properties, contains caffeic
acid phenethyl ester (CAPE), a significant component. A powerful
Arachidonic acid (AA) modulator, CAPE limits the release of AA
from the cell membrane and blocks the expression of the genes
for the lipoxygenase (LOX) and cyclooxygenase (COX) enzymes,
which are essential for the pathways leading to AA metabolism.
The ethanol extract of propolis suppressed leukotriene and prostaglandin synthesis in both in vitro and in vivo experiments. Propolis’s ability to inhibit prostaglandin endoperoxide synthase may be
due to its flavonoids, which have been shown to have this effect
(Mirzoeva and Calder, 1996; Pahlavani et al., 2020). Additionally,
it inhibits the activation of COX-1, COX-2, and the gene that controls COX-2 production (Pahlavani et al., 2020).
5.5. Benefits of propolis in food industry
Propolis is also used in food quality. The use of propolis extracts in
food industry has been briefly discussed in Table 3. It is a natural
preservative that can be applied directly to meat products, but its

effectiveness is dependent on concentration. The propolis ethanol
extract at low concentration (0.5–1%) prevented the growth of proteolytic and lipolytic bacteria, as well as moulds and yeasts, in fresh
oriental and Egyptian beef sausages (Pobiega et al., 2019b).
Propolis extracts can be eaten or administered typically to lower
the count or entirely remove food borne pathogens and saprophytic
bacteria in meals. Immersion of foods containing propolis extracts
or use of specially manufactured extracts of propolis in coatings
is a means of limiting propolis unique flavour and odour, which
may have a detrimental impact on the sensory characteristics of the
meal to which it is added (Pobiega et al., 2019a). Propolis is already
utilized in a variety of foods as a natural preservative. One study
substituted chemical preservatives with a propolis green extract in
a non-carbonated orange soft drink, therefore increasing the product’s bioactivity (Vasilaki et al., 2019). Propolis can be employed
as a natural preservative in dairy drinks in the food industry (ElGuendouz et al., 2019). Propolis can directly be added to the meat
products but its activity directly depends upon the concentration. In
low concentration propolis inhibits the growth of molds and yeast.
Propolis extracts can also inhibit the growth of food borne pathogens in meat (Pobiega et al., 2019b).
The different extracts of propolis and their effects on food products have been discussed in Table 4. Ethanol extract of propolis
(Iranian propolis) also work against fish bacterial pathogen that
increases the shelf life of the fish (Payandan et al., 2017). Propolis has been used as a natural preservative in several foods (Duman and Ozpolat, 2015). It proved efficient against oxidation and
change of quality indicators when added to dairy beverages and
traditional Turkish sausages, for example (Cottica et al., 2015).
The number of noroviral genome decreased when propolis water
extract is used in fresh juices (Liao et al., 2021). Propolis based
chewing gums helps in reduction of pathogenic microbial load

Table 4. Effects of propolis on food products

Food product

Propolis

Effect of propolis

References

Non-carbonated soft drinks

Propolis green extract

Increase the bioactivity of the product.

Vasilaki et al., 2019

Dairy drinks

Propolis extract

Act as natural preservatives.

El-Guendouz et al., 2019

Meat products

Propolis extract

Inhibit the growth of food borne pathogen.

Pobiega et al., 2019b

Fresh juices

Propolis water extract

Reduce the number of noroviral genome.

Liao et al., 2021

Fish

Ethonal extract of Propolis

Increase the shelf life of the fish

Payandan et al., 2017

Chewing gum

Propolis extract

Reduce the pathogenic microbial load

Zulhendri et al., 2022

Beverages

Propolis extract

Inhibit the fungal growth and
degradation of ascorbic acid

Vasilaki et al., 2019

Craft beer

Propolis extract

Increase the anti-oxidant value

Ulloa et al., 2017

Orange juice

Propolis extract

inhibit bacterial growth,
degradation of L-ascorbic acid

Yang et al., 2017
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and improves dentin mineralization (Zulhendri et al., 2022). Commercial milk, yogurt, and Kefir with a 0.5 percent sugar boost of
propolis resulted in best organoleptic characteristics for each product (Luo et al., 2021).
6. Future prospects
Propolis has a lot of benefits, but there is still a lot to study on it
in terms of humans and food. Many individuals are still unaware
of the benefits of propolis. Because of its antifungal and antiviral properties it can be quite useful in the production of medications and other items during a COVID-19 period. Despite the fact
that it may be highly beneficial to human health by delivering a
variety of advantages, many people are ignorant of this. As per
today’s lifestyle human health is degrading day by day, so by
knowing the benefits of propolis one can make a little change in
human health. Propolis can also be very helpful in treating the
respiratory problems. Few studies have investigated the effect
of propolis on treating the lungs infection (Magnavacca et al.,
2022). Skin healing, neurodegenerative, gut health, atherosclerosis and wound healing properties are also found in propolis
(Braakhuis et al., 2019). Number of medicines can be prepared
in future also that can be helpful against oral diseases, gut health,
skin diseases, timorous disease, viral diseases, fungal diseases
respiratory diseases etc. In food industries also propolis is very
helpful as one can use it to increase the shelf life and make the
product bacteria free.
7. Conclusion
This paper highlights the importance of propolis in human health
and in food industries. Propolis has many properties that makes
it very beneficial for human health such as antiviral, anti-microbial, anti-bacterial properties. Propolis, also called bee glue, is
now in fashion to use in food industries as a natural preservative
and chemical preservative. It can be helpful in removing the food
borne pathogen and bacteria to make the food healthier, hence
helping in maintaining good health & well-being. By dipping the
food in propolis we can add a different aroma and flavour to the
food. In food packaging, propolis can be useful in increasing the
shelf life of the product. It can increase the bioactivity of the food
products. By considering all the usefulness of the propolis in human health and in food industries more weight should be brought
to the incorporation and use of it.
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Abstract
Hesperidin, a flavanone glucoside, is rich in citrus fruits, especially in citrus peels. Experimental and clinical data
has demonstrated that hesperidin is a good candidate in cardiovascular diseases due to its lipid-lowing, antioxidative, and anti-inflammatory properties. A recent report has revealed a new mechanism of hesperidin on myocardial ischemic/reperfusion injury through targeting Ca2+/calmodulin-dependent kinase II δ (CaMKII-δ) kinase.
Herein, we highlight the finding and summarize the recently published clinical trials of hesperidin with regard to
cardiovascular diseases. Akin to hesperidin, polymethoxylated flavones and flavanone – naringin are also very rich
and found in some citrus peels. Therefore, clinical data are needed to address the perspectives of citrus peels in
preventing cardiovascular disease.
Keywords: Hesperidin; Cardiovascular diseases; Ischemia/reperfusion injury; Citrus peel; Flavonones.

1. Ischemia/reperfusion injury (I/R) contributes to adverse
cardiovascular outcomes
According to the data from WHO, cardiovascular diseases, mainly referring to two conditions including heart and blood vessel
diseases, are the leading cause of death with an estimated 17.9
million lives each year in the global (2022). Causes of cardiovascular diseases include congenital defects, atherosclerosis, decreased heart blood flow, infection, hypertension, or insulin resistance. Coronary artery disease induced by atherosclerosis is the
most common cause of cardiovascular ailments. In addition to
diet modification and exercise, treatment of progressive or serious coronary artery disease may include medication, stenting or
ablation, and even surgery.
Effective blood flow is vital to cardiovascular homeostasis. Ischemic diseases, i.e. myocardial infarction and cerebral ischemic
stroke, are becoming the leading causes of death worldwide. Pri-

marily, distressed or even lack of blood flow leads to an imbalance between the supply and demand of oxygen, which subsequently initiates and exacerbates damage or dysfunction in the
area dominated by vessels (Yellon and Hausenloy, 2007). To prevent further damage, interventions for prompt restoration of blood
flow in injury area are usually considered as the first-line solution
(Heusch and Gersh, 2017). Currently, thrombolysis and percutaneous transluminal coronary angioplasty have been identified as
the most effective strategy for rescuing infarcted myocardium and
improving the outcome in patients with acute myocardial infarction (Guan et al., 2021).
Although recovery of blood flow is necessary to reverse injury, studies in both animal models and human patients with
acute infarction clearly suggest that reperfusion of ischemic
vessels account for up to 50% of the infarcted zone (Fernandez Rico et al., 2022). This pathogenesis was therefore termed
ischemia/reperfusion injury (I/R) which contributes to adverse
cardio- or cerebrovascular outcomes. Accordingly, the underly-
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Pollard and Mortimore, 2009).
3. Source of hesperidin

Figure 1. Independent effects of hesperidin in targeting I/R injury via
CaMKII-δ9 and tumors via Aurora kinase.

ing molecular mechanism of myocardial I/R injury is key to
finding strategies for reducing the affected infarct area. Indeed,
increasing therapeutic strategies are translated to bedside from
the bench.
Here, we discuss an interesting finding that a citrus flavanone
glucoside, hesperidin, acts as a novel CaMKII-δ inhibitor to ameliorate cardiac ischemia/reperfusion injury (Zhang et al., 2022).
Progressively, we summarize clinical trials published in recent
years with regard to hesperidin and propose perspectives of citrus
peels in preventing/ameliorating cardiovascular diseases.
2. Identification of myocardic CaMKII-δ9 as the target of hesperidin
Ca2+/calmodulin-dependent kinase II (CaMKII) belongs to the
serine/threonine protein kinase family. As the most abundant
CaMKII-δ splice variant, CaMKII-δ9 is mainly located in the human heart acting as a crucial mediator of DNA damage and death of
cardiomyocyte (Zhang et al., 2019). Mechanistically, CaMKII-δ9
directly interacted with IκBα (NF-κB inhibitor α) to prompt IκBα
phosphorylation and activation of I/R-induced cardiac NF-κB
signaling pathway (Yao et al., 2022).
To find the therapeutic target for CaMKII-δ9 in the heart,
a small-molecule kinase inhibitor library combined with a
high-throughput screening system was employed to search for
CaMKII-δ kinase inhibitors. Interestingly and unexpectedly,
hesperidin, a flavonoid mainly found in citrus peel, was discovered to be a potential CaMKII-δ inhibitor. Furthermore, by using in vitro cultured cardiomyocytes and in vivo rodent models,
the protection of hesperadin against I/R injury was discovered.
Mechanistic study revealed that hesperidin directly binds to
CaMKII-δ and specifically blunts its activation by competition
with adenosine triphosphate. Furthermore, both in vivo and in
vitro experiments suggest that CaMKII-δ9 is not required for
hesperidin inhibition of tumor cells (Figure 1), despite that hesperidin was previously reported to have cellular toxicity to tumor cells as an inhibitor of Aurora B kinase (Hauf et al., 2003,
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Citrus peel (CP) accounts for around 40–50% of the fresh fruit
mass (Singh et al., 2020). It is considered a waste in the citrus
juice industry except that tangerine peels have been used as a
traditional medicine in China for thousands of years. However,
compared with other edible parts of the citrus fruits, research has
demonstrated that CP is a substantial source of naturally occurring phenolic compounds and carotenoids with health promoting
effects (Wang et al., 2014, Wang et al., 2018). Particularly, flavonoids such as polymethoxylated flavones (notably nobiletin and
tangeretin) and flavanones (generally hesperidin and naringin) are
richly and almost exclusively found in CP. It has been reported
that the more aged CP had more polymethoxylated flavones (Guo
et al., 2017). Accordingly, biological activities of the more aged
CP including anti-oxidative stress and protection against the risk
of many chronic diseases is also higher than other edible fruit parts
owing to the more abundance of phenolic compounds in CP (Wang
et al., 2018, Li et al., 2014).
Since it was first isolated in 1828 by Lebreton from the spongy
inner portion of orange peel, hesperidin has been broadly identified in various citrus fruits (Manthey and Grohmann, 1998). Peterson et al. (2006) demonstrated that the concentration of hesperidin
is high in the fresh fruit of Citrus sinensis (15.25 ± 8.21 mg/100g)
and Citrus reticulate (19.26 ± 11.56 mg/100g). According to the
analyses of phytochemicals in ‘Gold Lotion’, formulated by an extract of multiple varieties of citrus peels (Lai et al., 2013, Guang
et al., 2020) (Table 1), the content of total flavanones is over 3.5
times that of polymethoxylated flavones (358.3 ppm w/w versus.
100.5 ppm, w/w). Of the verified flavanones, structural analogue
naringin (253.6 ppm, w/w) is around 2.5 times that of hesperidin
content (104.7 ppm, w/w).
4. The health potential of hesperetin in cardiovascular disease
Notably, hesperidin was frequently used for ischemic cardiovascular conditions such as high blood pressure (Morand et al., 2011,
Lu et al., 2022) and atherosclerosis (Salden et al., 2016) through
multiple mechanisms. These include upregulation of endothelial
NO-synthase activity (Rizza et al., 2011) and Ca2+ sensitization
of vascular smooth muscle contraction (Lu et al., 2022). Therefore, it has intrinsic potential to protectively affect ejection fraction
(13). Akin to hesperidin, naringin and polymethoxylated flavones
are also beneficial to lower the risk of cardiovascular diseases
(Mahmoud et al., 2019, Haidari et al., 2015).
Although research suggests that the bioavailibity of hesperidin
and its in vivo metabolite hesperitin have low aqueous solubility,
poor absorption and rapid elimination, half-life of hesperidin is
around 6 hours which represents a reasonable availability due to
the prolonged absorption phase by a long Tmax (Li and Schluesener, 2017).
After preclinical studies indicated that hesperidin had evident
effects on cardiovascular diseases, accumulating clinical trials
involving its oral safety profile, preliminary and further well-designed randomized controlled clinical trials have supported hesperidin as a cardioprotective agent. There are at least 28 clinical
trials registered in clinicaltrials.gov (2022). Table 2 summarizes
the recently published clinical trials with regard to hesperidin. Of
these clinical studies, hesperidin is obviously a good dietary sup-
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Table 1. Flavanones of Gold Lotion (GL) formulated by an extract of multiple varieties of citrus peels (Lai et al., 2013)

Flavanones

Concentration (ppm, w/w)

Naringin

253.6

Hesperidin

104.7

Total measured flavonoid

358.3

Compound structure

–

Table 2. A summary of published clinical trials with regard to hesperidin

Cardiovascular targets

Experimental models or subjects

Mechanisms and effects

References

Cardiovascular
diseases prevention

healthy volunteers

improved postprandial microvascular
endothelial reactivity

Morand et
al., 2011

Cardiovascular
diseases prevention

nondiabetic subjects with increased
cardiovascular risk compared with
healthy, nonobese control subjects

Amelioration of endothelial function
and reduction of inflammation

Buscemi et
al., 2012

Cardiovascular
disease risk

Men at moderate CVD risk

not acutely affecting cardiovascular risk biomarkers

Schär et
al., 2015

Cardiovascular
disease risk

healthy overweight individuals

hesperidin protects overweight and obese
individuals with a relatively healthy endothelium

Salden et
al., 2016

Insulin resistance

Hypertension (A randomized
controlled trial)

Action on inflammation pathway identified
by the transcriptomic profile

Pla-Pagà et
al., 2021b

Metabolic syndrome

Subjects with metabolic syndrome
on oral hesperidin therapy

Hesperetin has vasculoprotective actions with
regard to improve endothelial dysfunction and
reduce circulating markers of inflammation

Rizza et
al., 2011

Prediabetes

Prediabete subjects

intervention on controlling
cardiovascular risk in prediabetes

Yari et al.,
2021

Hypertension

Mildly hypertensive individuals

Hesperidin decreases systemic and
transcriptomic biomarkers

Valls et
al., 2021

Hypertension

Targeted and Non-Targeted Metabolomic Changing several metabolites related with an
Approaches on the samples from preanti-inflammatory and antioxidant actions;
and stage-1 hypertension subjects
lowering blood pressure levels and uremic toxins

Pla-Pagà et
al., 2021a

Thrombotic
complications

Type 1 or type 2 diabetes patients

Improvement of the antioxidant and
antithrombotic profile of enrolled patients

Bagnati et
al., 2021

Anaerobic capacity

moderately trained athletes

Improvement of anaerobic capacity and
peak power during high intensity exercise
in moderately trained individuals

van Iersel
et al., 2021

Hypercholesterolemia

Mild hypercholesterolemic men

Decrease in reactive oxygen species; Tendency
towards reduction of endothelial dysfunction
and modest increase in plasma apoA-I

Constans et
al., 2015
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plement candidate for prevention oft cardiovascular disease, diabetes and hypertension.
5. Perspectives
The findings of Zhang et al. (2022) suggest that hesperadin is a
promising compound for the joint treatment of cardiovascular diseases and cancer. However, toward better clinical translation, there
are at least two questions that need to be urgently investigated in
future: (1) Given similarity of structures and abundance in citrus
peel, whether the cardiovascular I/R injury protection and mechanism of hesperitin are also available in flavanone glucoside naringin and particularly polymethoxylated flavones which have been
considered to be more potent than hesperidin. Furthermore, it is
expected to explore clinical trial with citrus peels on the ischemic
cardiovascular diseases; and (2) Citrus polymethoxylated flavones
as well as hesperidin and naringin may affect blood clotting and
platelet activation which also contribute to cardiovascular protection. However, there is no observation regarding coagulation in
rodents after long-term consumption of hesperidin (Zhang et al.,
2022). Given that anticoagulant/antiplatelet medications usually
monitored in clinical study, the safety profile of hesperidin supplements in individuals needs to be established.
In summary, flavanone glucosides including hesperidin are
abundant in citrus fruits. It will undoubtedly accelerate the translation utilization of orange peel accompanied by emerging development of nutraceuticals in citrus fruits and peels.
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Abstract
This study aimed to search for the optimum antioxidant mixture for improvement of the stability of high-oleic
sunflower oil. Seven antioxidants including vitamin E, phytic acid, antioxidant of bamboo leaves, rosemary extract,
tea polyphenols, ascorbyl palmitate (AP) as well as tea polyphenol palmitate (TPP) were used. Peroxide value,
free radicals and Rancimat induction time results all proved that TPP was the best single antioxidant. Therefore,
TPP was selected to mix with other antioxidants to form composite antioxidants. The combination of TPP and
AP revealed the best antioxidant efficiency among the composite antioxidants comprised of two and three constituents in the oil. By optimizing the mixture proportions, the best antioxidant activity could be achieved when
combining 480 mg/kg TPP with 40 mg/kg AP. The high-oleic sunflower oil sample (containing 480 mg/kg TPP and
40 mg/kg AP) had 1.96-fold longer shelf life (prediction by Rancimat method) compared with the blank sample.
Keywords: Composite antioxidant; High-oleic sunflower oil; Oxidative stability; Accelerated oxidation; Rancimat method.

1. Introduction
High-oleic sunflower oil is extracted from high-oleic sunflower
seed which is obtained through induced mutation and selected
breeding during seed development (Rauf et al., 2017). High-oleic
sunflower oil has a high content of oleic acid (60–85% of total
fatty acids), which can decrease the risk of coronary heart disease
and be more suitable for deep frying and cooking compared with
regular sunflower oil (Rauf et al., 2017). However, because of its
large levels of unsaturated fatty acids (UFAs), high-oleic sunflower oil is prone to lipid oxidation, which causes the generation of
multiple toxic compounds, bad flavors and odors, thus decreasing the nutritional quality and then causing negative health effects
(Villeneuve et al., 2021).
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In order to inhibit edible vegetable oil oxidation effectively,
choosing tailored antioxidants and appropriate food packaging
materials can be used (Hu et al., 2020; da Silva et al., 2021). Antioxidants are substances that be able to delay, retard or prevent
oxidation processes, which are widely used considering their good
applicability and convenience (da Silva et al., 2021). However, due
to the possible toxicity of synthetic antioxidants during long-term
intake, it seems logical to replace them with antioxidants of natural
plant origins (da Silva et al., 2021). Previous study indicated that
natural antioxidants play a role in inhibiting the oxidation of sunflower oil. For instance, Elsayed et al. (2020) reported that plum
leaves extract could exert an effect on retarding the oxidation process of sunflower oil. Saeed et al. (2022) found that potato peel
extract exhibited very strong antioxidant activity, almost equal to
that of butylated hydroxyanisole (BHA) in sunflower oil.

Copyright: © 2022 International Society for Nutraceuticals and Functional Foods.
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Meanwhile, to further enhance antioxidant efficiency, the method of mixing various antioxidants together has also been applied in
vegetable oils due to the synergistic effects. For instance, Yin et al.
(2021) revealed that an antioxidant blend comprised of vitamin E
(VE), rosemary extract (RE) and ascorbyl palmitate (AP) could effectually enhance the oxidation stability of microalgal docosahexaenoic acid (DHA)-rich oil. Farhoosh and Nyström (2018) proved
that combining gallic acid with methyl gallate could inhibit the
autoxidation of triacylglycerols more effectively in sunflower oil.
However, for all we know, studies on the combination of natural
antioxidants and their derivatives to enhance the antioxidant effect
of high-oleic sunflower oil have not yet been reported.
Therefore, in order to get the optimum antioxidant blend for higholeic sunflower oil, seven commonly used natural antioxidants (VE,
phytic acid (PA), antioxidant of bamboo leaves (AOB), RE, tea polyphenols (TP), AP and tea polyphenol palmitate (TPP) (a derivative
of TP)) were chosen and their functions against lipid oxidation were
estimated by determining Rancimat induction time (IT), peroxide
value (POV) and free radicals in high-oleic sunflower oil. In addition,
Rancimat method was used for the shelf life prediction of high-oleic
sunflower oil. This study will be helpful to provide reasonable natural
antioxidant mixture to stabilize high-oleic sunflower oil products.

groups 20–27. Among which, TPP was added to the oil at its 1/3,
2/3, 1/4, 3/4, 1/5, 4/5, 2/5 or 3/5 of maximum legal quantity, while
AP was added correspondingly at its 2/3, 1/3, 3/4, 1/4, 4/5 or 1/5 of
maximum legal quantity.
2.4. Oxidative stability
The IT of high-oleic sunflower oil samples was monitored through
using a Rancimat model 892 (Metrohm, Herisau, Switzerland).
Briefly, three grams of oil sample were added to each reaction vessel and subjected to constant heating at 130 °C and 140 °C (the
rate of airflow: 20 L/h) on the basis of the American Oil Chemists’
Society (AOCS) official method AOCS Cd 12b-92 (2009).
2.5. Peroxide value
All samples were saved under 55 °C for a 6 day’s storage period and
collected each 2 days. The POV was determined and recorded as
meq/kg oil based on AOCS official method AOCS Cd 8b-90 (2003).
2.6. Free radicals

2. Materials and methods
2.1. Oil and antioxidants
The refined high-oleic sunflower oil with no extra antioxidants was
obtained from Qingdao Seawit Life Science Co., Ltd (Qingdao,
Shandong, PR China). Food grade antioxidants were provided by
Kemiou Chemical Reagant Factory (Tianjin, China), encompassing
VE (α-, β-, γ-, δ-tocopherol); PA; AOB, a mixture with the main active ingredient was isoorientin; RE, a mixture with the main active
ingredients were carnosic acid, rosmarinic acid and carnosol; TP, a
mixture of polyhydroxy compounds with the main active ingredient
was catechin; AP; and TPP, a mixture of polyphenol palmitate with
the main active ingredient was catechin palmitate.

Electron spin resonance (ESR) spectrometer A200 (Bruker, Karisruhe, Germany) was used for monitoring free radical signals of oil
samples according to Chen et al. (2018). Briefly, 2 mL of oil were
mixed with 200 μL of 56.4 mmol/L N-tert-butyl-α-phenylnitrone
(PBN) in a 10 mL eppendorf tube and then saved under 120 °C
for a 12 hour’s storage period, and collected each 6 hours. Next,
the mixture was transferred to a nuclear magnetic tube and then
inserted in the resonant cavity.
2.7. Shelf life prediction

An Agilent 7890B Gas Chromatography (Palo Alto, CA, USA) was
used to analyze the fatty acid methyl ester (FAME) on the basis of
the method with a small modification (Czerniak et al., 2015).

The ITs of high-oleic sunflower oil samples were measured at 110
°C, 120 °C, 130 °C and 140 °C. The natural logarithms of the ITs
versus selected temperatures (110 °C, 120 °C, 130 °C and 140 °C)
were plotted and the lines were fitted to the data (Log IT = a(t) +
b). The Q10 value which indicates the increase in reaction rate due
to a 10 °C rise in temperature was calculated as: IT at t (°C) / IT
at t + 10 (°C). The shelf life was calculated by extrapolation of the
linear relationship of Log IT and t for a 25 °C temperature according to Rodríguez et al. (2020).

2.3. Sample preparation

2.8. Statistical analysis

Twenty seven testing groups (groups 1–27) were built up on the
basis of the species and quantity of antioxidants added as seen in
Table S1. The blank oil sample with no antioxidants was named as
group 1. The oil samples with single antioxidants (VE, PA, AOB,
RE, TP, AP or TPP) were named as groups 2–8 (each antioxidant
was added to the oil at its maximum legal quantity on the basis of
the Chinese Standard GB 2760-2014). The oil samples with binary
composite antioxidants (TPP and one of the other six antioxidants)
were named as groups 9–14 (each antioxidant was added to the oil
at its one half of maximum legal quantity). The oil samples with
ternary composite antioxidants (TPP, AP and one of the other five
antioxidants) were named as groups 15–19 (each antioxidant was
added to the oil at its one third of maximum legal quantity). The oil
samples with different proportions of TPP and AP were named as

The experiments mentioned above were executed three time and
the results were presented as mean ± standard deviation (SD). The
data were analyzed by SPSS, then followed by one-way ANOVA
analysis of variance (student–Newman–Keuls (S-N-K) test) in the
case of significant differences (P < 0.05).

2.2. Fatty acid composition

3. Results
3.1. Selection of the most effective single antioxidant
Rancimat method was selected to monitor the whole oxidation
stage of high-oleic sunflower oil samples containing single antiox-
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Figure 1. Antioxidant activities of various single antioxidants in high-oleic sunflower oil. A, Rancimat induction time at 130 °C; B, Rancimat induction
time at 140 °C; C, Peroxide value (POV) at 55 °C; D, Free radical intensity at 120 °C. Group 1 was the control high-oleic sunflower oil without adding any
antioxidants. Groups 2–8 were the high-oleic sunflower oil samples containing vitamin E, phytic acid, antioxidant of bamboo leaves, rosemary extract, tea
polyphenols, ascorbyl palmitate and tea polyphenol palmitate, respectively. All experiments were repeated three times. Different letters (a-h) in each panel
at same storage time indicate significant differences from each other (P < 0.05).

idant (groups 1–8). At 130 °C, the IT values of oil samples (groups
1–8) were 4.23 ± 0.11, 4.24 ± 0.07, 4.32 ± 0.12, 4.27 ± 0.08, 5.07 ±
0.05, 5.53 ± 0.21, 5.58 ± 0.08 and 6.37 ± 0.23 h, respectively (Figure
1a and Table S2). Compared with group 1 (blank sample), the IT
values from groups 2–8 were increased by 1.00-, 1.02-, 1.01-, 1.01-,
1.20-, 1.31-, 1.32- and 1.51-fold, respectively. Similarly, the IT values of the oil samples (groups 1–8) at 140 °C were 2.07 ± 0.08, 2.09
± 0.07, 2.29 ± 0.19, 2.23 ± 0.06, 2.46 ± 0.07, 2.60 ± 0.08, 2.84 ± 0.04
and 3.81 ± 0.60 h, respectively (Figure 1b and Table S2). Apparently, the addition of several single antioxidants such as AP (group
7) and TPP (group 8) significantly retarded the oxidation process of
high-oleic sunflower oil (P < 0.05). At the same time, TPP (group
8) exerted significantly higher antioxidant effectiveness than other
single antioxidants based on the IT (P < 0.05).
The POV was selected to measure the contents of hydroperoxides formed in the early oxidation stage of high-oleic sunflower oil
during the storage at 55 °C (Figure 1c). The POV for high-oleic
sunflower oil samples from groups 1–8 all went up significantly
accompanied by the increase of storage time (P < 0.05), showing that all the oil samples were progressively oxidized. Post to
two, four and six days storage, the POV of groups 2–8 were sig-
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nificantly lower than that of group 1, indicating that these antioxidants could significantly retard the primary oxidation of higholeic sunflower oil (P < 0.05). Meanwhile, TPP (group 8) exerted
significantly higher antioxidant effectiveness than others based on
the POV (P < 0.05).
The ESR spectroscopy was selected to detect the intensity of
free radical signals in high-oleic sunflower oil during the storage at 120 °C (Figure 1d and S1). Before heat inducement, the
oil samples all had negligible free radical intensities. While
free radical intensities in high-oleic sunflower oil samples from
groups 1–7 increased with the time during heat inducement, indicating that free radicals were progressively generating in these
oil samples. After 12 h of heat inducement, groups 2–7 all had
significantly lower free radical intensities than that of group 1,
indicating that all added antioxidants could suppress the production of free radicals (P < 0.05). However, the free radical intensities in group 8 (containing TPP) were always at very low levels
(below the detection limit) throughout the whole heat inducement
process, indicating that TPP could show the best antioxidant efficiency by scavenging free radicals in inhibiting the oxidation of
high-oleic sunflower oil.
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3.2. Selection of formulation of the mixed antioxidants

sunflower oil was the blend of 480 mg/kg TPP + 40 mg/kg AP.

The results above all showed TPP (group 8) exerted the most excellent antioxidant effect in high-oleic sunflower oil among all
seven single antioxidants. In order to obtain a better antioxidant
effectiveness, one of the other six antioxidants (VE, PA, AOB,
RE, TP and AP) was used to mix with TPP to form binary composite antioxidants (groups 9–14). At 130 °C, the IT values of oil
samples from groups 8–14 were 6.37 ± 0.23, 6.57 ± 0.21, 9.46
± 0.48, 7.22 ± 0.34, 8.88 ± 0.16, 9.38 ± 0.19 and 9.70 ± 0.04 h,
respectively (Figure 2a and Table S2), while the corresponding
values were 3.81 ± 0.60, 3.54 ± 0.38, 4.70 ± 0.05, 3.84 ± 0.19,
4.35 ± 0.05, 4.66 ± 0.10 and 4.94 ± 0.11 h, respectively, at 140
°C (Figure 2b and Table S2). Apparently, the high-oleic sunflower
oil samples including TPP + PA (group 10), TPP + TP (group 13)
and TPP + AP (group 14) showed significantly higher oxidative
stability than others (P < 0.05). However, based on the POV assay, group 14 (containing TPP + AP) showed the best antioxidant
efficiency in inhibiting the oxidation of high-oleic sunflower oil
among groups 8–14 (P < 0.05) (Figure 2e). Therefore, this combination of two antioxidants was used for further study.
The optimum mixture (TPP + AP) was combined with one of
the other five antioxidants (VE, PA, AOB, RE and TP) to form ternary composite antioxidants to enhance the antioxidant effectiveness further. At 130 °C, the IT values of oil samples from groups
14–19 were 9.70 ± 0.04, 8.46 ± 0.19, 8.04 ± 0.05, 8.33 ± 0.16,
8.58 ± 0.07 and 8.63 ± 0.06 h, respectively (Figure 2c and Table
S2). Meanwhile, the IT values at 140 °C for groups 14–19 were
4.94 ± 0.11, 4.35 ± 0.03, 4.12 ± 0.06, 4.28 ± 0.24, 4.41 ± 0.04 and
4.47 ± 0.08 h, respectively (Figure 2d and Table S2). By contrast,
the high-oleic sunflower oil sample containing the combination of
TPP + AP (group 14) showed significantly higher oxidative stability than all the oil samples containing the combinations of three
antioxidants at 130 °C and 140 °C (P < 0.05). As shown in Figure
2f, group 14 also showed the highest oxidation stability among
groups 14–19 based on the POV at 55 °C (P < 0.05). Therefore,
the optimum combination of selected antioxidants for high-oleic
sunflower oil was TPP + AP.

3.4. Shelf life prediction

3.3. Optimization of proportion of the mixed antioxidants
Based on the above results, the mixture proportions of TPP + AP
were further optimized to improve the antioxidant effect. The IT
values of high-oleic sunflower oil samples from group 14 and
groups 20–27 were 9.70 ± 0.04, 8.91 ± 0.16, 10.83 ± 0.03, 8.41
± 0.10, 11.04 ± 0.42, 8.04 ± 0.13, 11.18 ± 0.29, 9.53 ± 0.05 and
10.70 ± 0.05 h, respectively, at 130 °C (Figure 3a and Table S2).
While the corresponding values were 4.94 ± 0.11, 4.57 ± 0.16,
5.59 ± 0.16, 4.53 ± 0.23, 5.64 ± 0.40, 3.98 ± 0.15, 5.81 ± 0.32,
4.87 ± 0.30 and 5.34 ± 0.13 h, respectively, at 140 °C (Figure 3b
and Table S2). In contrast, the high-oleic sunflower oil samples
containing 400 mg/kg TPP + 66.67 mg/kg AP (group 21), 450
mg/kg TPP + 50 mg/kg AP (group 23) and 480 mg/kg TPP + 40
mg/kg AP (group 25) had significantly longer IT values than others (P < 0.05). However, the POV for oil samples from group 14
and groups 20–27 increased by 1.67-, 1.65-, 1.34-, 1.82-, 1.36, 1.92-, 1.33-, 1.63- and 1.57-fold, respectively, after 6 days of
accelerated storage at 55 °C (Figure 3c). Hence, the high-oleic
sunflower oil sample containing 480 mg/kg TPP + 40 mg/kg AP
(group 25) showed the best antioxidant effectiveness among the
nine groups mentioned above based on the POV assay (P < 0.05).
As a result, the optimum composite antioxidant for high-oleic

The IT values of the blank high-oleic sunflower oil sample and the
oil sample containing the best antioxidant blend (containing 480
mg/kg TPP + 40 mg/kg AP) under different temperatures (110 °C,
120 °C, 130 °C and 140 °C, respectively) were consistent with the
Q10 values, indicating that the reaction rate doubled for every 10
°C of temperature increased (Table 1). Based on the fitting results
(Figure 4 and Table 1), it is not hard to see that the oil samples
obeyed the linear relationship between the natural logarithm of the
IT (Log IT) and the temperature (t) (R2 > 0.99). The shelf life was
calculated by extrapolation of the linear relationship of Log IT and
t for an expected temperature according to Rodríguez et al. (2020).
The shelf lives for the two high-oleic sunflower oil samples mentioned above under 25 °C could be predicted to be 342.36 and
669.56 days, respectively. By contrast, the high-oleic sunflower
oil containing the optimum composite antioxidants had 1.96-fold
lengthier shelf life than that of the blank high-oleic sunflower oil
under 25 °C.
4. Discussion
Our results indicated the fresh high-oleic sunflower oil used in this
research had a high proportion of oleic acid (C18:1 n-9c, 77.62 ±
2.05 %), followed by linoleic acid (C18:2 n-6c, 9.21 ± 0.25 %) and
palmitic acid (C16:0, 4.33 ± 0.14 %) (Table S3). Oleic acid was
the most prevalent fatty acid in high-oleic sunflower oil, a result
close to 80.2% reported by Guinda et al. (2003) and within the
range of 77–85% reported by Belingheri et al. (2015). The high
unsaturation degree of high-oleic sunflower oil makes it susceptible to oxidation under aerobic conditions, which usually leads to
the decrease of sensory and nutritional quality, and will influence
consumer acceptance (Villeneuve et al., 2021). Unsaturated fatty
acids reacted with oxygen through a free-radical chain mechanism,
which includes initiation, propagation and termination stages. In
this process, lipid hydroperoxides (ROOH) are vital primary oxidation products of lipid oxidation (Miyashita, 2019). In this study,
POV was selected as an indicator to monitor primary oxidation
products in high-oleic sunflower oils.
The primary oxidation products are instable, and they decompose rapidly to give rise to secondary oxidation products, for instance, alkanes, alcohols, carbonyl compounds and so on when a
source of energy (heat or light) and/or catalytic compounds such
as transition metals exist (Miyashita, 2019). In this study, Rancimat method was applied to assess the oxidative stability of higholeic sunflower oils by monitoring the production of secondary
oxidation products. Rancimat method is generally applied industrially due to its reproducibility, simple, convenient determination
without periodic analytical measurement and the use of organic
solvents (Aktar & Adal, 2019). In this method, the oil sample is
placed into a vessel, subjected to a constant high temperature while
constant air is flowed through it and then the volatile oxidation
compounds (mostly volatile acids) generated in the oxidative process are collected into ultrapure water, contributing to continuous
rise in conductivity (Aktar & Adal, 2019). The IT is the time taken
until there is a sudden rise in conductivity, which is determined by
the intersection of the baseline with the tangent to the conductivity
curve (Aktar & Adal, 2019).
For purpose of lengthening the shelf life of edible oils, use of
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Figure 2. Antioxidant activities of binary and ternary composite antioxidants in high-oleic sunflower oil. A-D, Rancimat induction time (130 °C and 140 °C);
E and F, peroxide value (POV) at 55 °C. Group 8 was the high-oleic sunflower oil sample containing tea polyphenol palmitate (TPP). Groups 9–14 were the
high-oleic sunflower oil samples containing TPP and one of the other six antioxidants (vitamin E (VE), phytic acid (PA), antioxidant of bamboo leaves (AOB),
rosemary extract (RE), tea polyphenols (TP), and ascorbyl palmitate (AP)). Groups 15–19 were the high-oleic sunflower oil samples containing TPP, AP and
one of the other five antioxidants (VE, PA, AOB, RE, and TP). All experiments were repeated three times. Different letters (a-e) in each panel at same storage
time indicate significant differences from each other (P < 0.05).
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Figure 3. Antioxidant activities of the optimum antioxidants combination containing tea polyphenol palmitate and ascorbyl palmitate with different
proportions in high-oleic sunflower oil. A, Rancimat induction time at 130 °C; B, Rancimat induction time at 140 °C; C, peroxide value (POV) at 55 °C. All
experiments were repeated three times. Different letters (a-f) in each panel at same storage time indicate significant differences from each other (P < 0.05).

antioxidants is an efficient, convenient and economical method (da
Silva et al., 2021). Antioxidants can inhibit the generation of free
radicals, donate H to free radical oxygen species or chelate metals
to slow oxidation (Brewer, 2011). In this study, seven commonly

used natural antioxidants (VE, PA, AOB, RE, TP, AP and TPP)
were opted to protect high-oleic sunflower oil from oxidation. The
IT, POV and free radical results all revealed that TPP showed the
best antioxidant efficiency among all seven single antioxidants in

Table 1. Shelf life (induction time at 25 °C, IT25) and Q10 (increase of reaction rate due to a 10 °C temperature rise) of high-oleic sunflower oil

Log (IT) = a(t) + b

Sample

Temperatures

IT (h)

Group 1

110 °C

18.14 ± 0.04

120 °C

8.51 ± 0.15

130 °C

4.23 ± 0.11

140 °C

2.07 ± 0.08

Group 25

110 °C

46.17 ± 1.15

120 °C

22.27 ± 0.85

130 °C

11.18 ± 0.29

140 °C

5.81 ± 0.32

IT25 (day)

Q10

0.9997

342.36

2.06 ± 0.06

0.9994

669.56

2.00 ± 0.07

a

b

R2

-0.0313

4.6972

-0.03

4.956

Group 1 was the control high-oleic sunflower oil without adding any antioxidants. Group 25 was the high-oleic sunflower oil sample containing 480 mg/kg tea polyphenol palmitate and 40 mg/kg ascorbyl palmitate.
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Figure 4. The linear relationship between the natural logarithm of the
Rancimat induction time (IT) and the temperature (t). Group 1 was the
control high-oleic sunflower oil without adding any antioxidants. Group
25 was the high-oleic sunflower oil sample containing 480 mg/kg tea polyphenol palmitate and 40 mg/kg ascorbyl palmitate.

inhibiting the oxidation of high-oleic sunflower oil. As a polyphenolic compound, TPP’s antioxidant mechanism is identical to other
polyphenolic antioxidants. However, it has a better effect to inhibit
lipid oxidation in oils due to its better liposolubility (Liu et al.,
2014).
Therefore, TPP was selected to mix with one or two of the other
six antioxidants (VE, PA, AOB, RE, TP and AP) to enhance the
antioxidant effect further. The results of IT and POV both revealed
that the antioxidant blend of TPP + AP had more excellent antioxidant capacity than that of the other binary composite antioxidants
and all the single antioxidants. Wang et al. (2020) found that the binary composite antioxidants formed by RE and TPP exerted better
antioxidant activity than that of RE or TPP in sunflower oil. Chu
and Hsu (1999) also found that the mixture of catechin and RE indicated stronger antioxidant effectiveness than the corresponding
individual antioxidant effects in peanut oil. TPP can exert antioxidant activity by scavenging free radicals, and AP can prevent lipid
oxidation by quenching reactive oxygen species (Brewer, 2011;
Let et al., 2007). Therefore, the two antioxidants (TPP + AP) with
different antioxidant mechanisms probably provide a synergistic
antioxidant effect in high-oleic sunflower oil.
The results of IT and POV also indicated that the mixture of
TPP + AP exerted higher antioxidant capacity compared with the
antioxidant combinations of three components containing TPP, AP
and one of the other five antioxidants (VE, PA, AOB, RE and TP).
Thus, for antioxidant mixtures, the greater variety of antioxidants
in the combination do not always come in the better antioxidant
effectiveness. For instance, Lu et al. (2021) found that the antioxidant ability of the mixture of myristyl gallate and TPP is better
than the mixture of myristyl gallate, TPP and AOB in flaxseed oil.
Likewise, Shen et al. (2020) revealed that the combination of VE +
PA + AP has higher antioxidant activity compared with the combination of VE + PA + AP + AOB in DHA algae oil.
Furthermore, our study also demonstrated that the mixture proportion of TPP and AP made a significant difference to the antioxidant effectiveness in high-oleic sunflower oil. Many previous
reports also proved that the mixture proportions of the composite
antioxidants had a significant influence on the antioxidant effec-
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tiveness in oils. Sarkar et al. (2015) revealed that when the proportion of BHA to BHT was not same, the antioxidant effectiveness
was not same in soybean oil. Similarly, Lu et al. (2020) reported
that when four-component composite antioxidants formed by tocopherol, AP, PA and TPP had different proportions, their antioxidant effects were also distinct in flaxseed oil.
Rancimat method is applied for the shelf life prediction of food
as a rapid automated method (Presa-Owens et al., 1995). In this
study, we predicted the shelf life of high-oleic sunflower oils with
or without antioxidants using Rancimat method. Our results (Table
S3) revealed that the Q10 values of high-oleic sunflower oil (1.92–
2.13) were consistent with other vegetable oils such as soybean oil
(1.99–2.09), the blends of chia oil and sesame oil (1.96–2.12) and
olive oil (2.04–2.48) (Farhoosh, 2007; Farhoosh & Hoseini-Yazdi,
2014; Rodríguez et al., 2020). All these Q10 values around 2.00 indicate that the reaction rate doubles for every 10 °C of temperature
increase. Our results also showed that the high-oleic sunflower oil
including the optimum composite antioxidant (480 mg/kg TPP and
40 mg/kg AP) had 1.96-fold lengthier shelf life than that of control high-oleic sunflower oil. Though such predictions might lead
to some uncertainties, Presa-Owens et al. (1995) reported that the
shelf life prediction of an infant formula based on such method
provided reasonably results.
5. Conclusion
In conclusion, TPP showed the best antioxidant efficiency amongst
all the seven antioxidants used in inhibiting the oxidation of higholeic sunflower oil. Then, the optimum antioxidant combination of
TPP + AP exerted the strongest effect in increasing the stability of
high-oleic sunflower oil amongst the composite antioxidants including TPP and one or two of the other six antioxidants (VE, PA,
AOB, RE, TP and AP). By optimizing the mixture proportions,
the combination of 480 mg/kg TPP and 40 mg/kg AP revealed the
strongest stability in high-oleic sunflower oil, which could prolong
the shelf life by 1.96-fold compared with the blank sample.
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Table S3. Fatty acid compositions (%) of the high-oleic sunflower oil.
Figure S1. ESR spectra (12 h post high temperature induction).
Group 1 was the control high-oleic sunflower oil without adding
any antioxidants. Groups 2–8 were the high-oleic sunflower oil
samples containing vitamin E, phytic acid, antioxidant of bamboo
leaves, rosemary extract, tea polyphenols, ascorbyl palmitate and
tea polyphenol palmitate, respectively.
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Abstract
The low stability of polyphenols during gastrointestinal digestion affects their biotransformation and bioavailability in the human body. That in turn affects the therapeutic potential of black goji berry. Thus, the present
study was conducted to explore the impact of digestion on the fate of polyphenols present in black goji berries.
Black goji berries exhibit high levels of phenolics which were reduced during gastrointestinal digestion. The crude
extract of goji berry exhibited potent antioxidant activity as accessed by DPPH (151.34 mmol TE/g), ABTS (202.89
mmol TE/g) and FRAP assay (64.43 mmol TE/g), which were reduced after in vitro gastrointestinal digestion.
However, the pronounced reduction was observed after in vivo intestinal digestion as determined by DPPH (23.23
mmol TE/g), ABTS (141.29 mmol TE/g) and FRAP assay (25.53 mmol TE/g). Furthermore, UPLC-Q-TOF-MS chromatograms revealed that the chemical structures of anthocyanins were stable during gastric digestion and significant
alterations were observed during intestinal digestion.
Keywords: Black goji berry; In Vitro Digestion; In Vivo Digestion; Colonic Fermentation; Polyphenols.

1. Introduction
Lycium ruthenicum Murr. commonly known as black goji berry
belongs to the genus Lycium L. (Solanaceae) and family anthophytes. It is widely distributed in Xinjiang and Qinghai Provinces of China (Gong et al., 2015; Levin and Miller, 2005). It
is acknowledged as a traditional herbal medicine in China with
potent anti-cancer, antioxidant and anti-senile activities. It is frequently employed for the treatment of multiple life-threatening
diseases such as hyperlipidemia, immunosuppressive diseases,
and diabetes (Islam et al., 2017; Peng et al., 2020; Zheng et al.,
2011). These biological activities and health benefits of black goji
berry are attributed to its phytochemicals such as phenolic acids,
carotenoids, flavonoids, polysaccharides and anthocyanins (Potterat, 2010; Zheng et al., 2018). Among these phytochemicals,
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anthocyanins are the major polyphenols responsible for the health
benefits of black goji berry (Aura et al., 2005; Braga et al., 2018;
Islam et al., 2017; Zheng et al., 2018).
The variation in the physiochemical and chemical composition
among polyphenolics are the important determinants in human digestion and their health benefits followed by consumption. Whereas
the inability of certain polyphenolics to survive in physiological
digestive conditions raises significant concerns about their ability
to be absorbed or further metabolized and reach tissues and organs
(Cipriano et al., 2022). Among the polyphenols, anthocyanins are
generally perceived to have low bioavailability, with only 1% absorbed into plasma and the rest is eliminated in urine. The human
pharmacokinetic studies found that anthocyanins have bioavailability ranging from <0.005 to 1.2 % based on the unmetabolized parent
component and regardless of the amount given in a dose. Following
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absorption, these polyphenolics including anthocyanins reported to
prevent and treat a wide range of diseases depending on their bioavailability (Braga et al., 2018; Cipriano et al., 2022).
During gastrointestinal digestion, the anthocyanins are exposed to different pH conditions which leads to the generation of
various molecular structures of anthocyanins that, in turn, affects
the therapeutic properties of anthocyanins (McGhie and Walton,
2007). Therefore, extensive knowledge of polyphenols composition, including anthocyanins from black goji berry during the
digestion is required to further determine the dose and delivery
method to deliver a particular quantity of polyphenols at the target site to exhibit therapeutic effects. Till now, researchers have
extensively explored the impact of in vitro and in vivo digestion
on the fate of polyphenols and anthocyanins from various plant
materials, such as purple sweet potatoes, chestnut skin, blueberry,
Myrciaria jaboticaba peel, berry pomace, mulberry, chokeberry,
jambolan, pili and thai berries (Xiong et al., 2020; Tarone et al.,
2021; Zang et al., 2022; Tu et al., 2021; Cipriano et al., 2022;
Kim et al., 2020; Chamnansilpa et al., 2020). Whereas, in case
of black goji berry, several studies have reported a significant
amount of phenolics, flavonoids, anthocyanins, and fatty acids
exhibit a potent antioxidant and antimicrobial potential. In addition, a study has also explored the impact of different drying
process, storage temperatures, and color protector glucose on the
retention of anthocyanins in black goji berries. The conservation
of anthocyanins in situ by freeze-drying and storing the fruits at
low temperatures with glucose was reported as a far more costeffective method (Yan et al., 2018; Ilić et al., 2020; Wang et al.,
2021; Nzeuwa et al., 2020; Wu et al., 2016; Islam et al., 2017).
But, to the best of our knowledge, no study has been conducted
regarding the biotransformation, bioaccessibility and antioxidant
activity of black goji berry extracts during in vitro and in vivo
digestion. Owing to the instability of polyphenols during digestion, understanding the biotransformation and bioavailability of
polyphenols is vital to depict the health effects of black goji berry.
Thus, this work was conducted to determine the impact of digestion on biotransformation, total polyphenols, bioaccessibility and
antioxidant activity profiles of polyphenols present in black goji
berry. For the same, in vitro gastrointestinal digestion model was
established to simulate the digestive conditions of the stomach
and intestine and followed by the comparison of in vitro data with
the data generated by employing in vivo digestion models.

sodium nitrite (NaNO2), phosphate buffer saline, vanillin, (+)-catechin, gallic acid, 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), ferrous
sulfate heptahydrate (FeSO4·7H2O) were purchased from Shanghai
Yuanye Bio-Technology Co. (Shanghai, China). The standards of cyanidin-3-O-glucoside, delphindin-3-O-glucoside chloride, malvidin3-O-glucoside chloride, pelargonidin-3-O-glucoside chloride and
peonidin-3-O-glucoside chloride were also procured from Shanghai Yuanye Bio-Technology Co. (Shanghai, China). The absolute
ethanol was purchased from Tianjin Fuyu Fine Chemical Co., Ltd
(Tianjin, China). Urea, potassium phosphate monobasic (KH2PO4),
magnesium chloride (MgCl2), sodium phosphate monobasic dihydrate (NaH2PO4·2H2O), calcium chloride dihydrate (CaCl2·2H2O),
ammonium chloride (NH4Cl), aluminum chloride hexahydrate
(AlCl3·6H2O), sodium acetate (CH3COONa) and ferric chloride
hexahydrate (FeCl3·6H2O) were purchased from Tianjin Damao
Chemical Reagent Co., Ltd (Tianjin, China). All chemicals used in
this study were of analytical grade unless mentioned specially.

2. Materials and methods
2.1. L. ruthenium Murr. sample
The dried fruits of goji berry (L. ruthenium Murr.) was purchased
from Nuomuhong Farm, Qinghai Province, China. The longitude,
latitude and altitude (m) of the sample collection site is 96.4°,
36.4° and 2,792, respectively.
2.2. Chemicals
Mucin, α-amylase, pepsin, pancreatin, lipase and trifluoroacetic
acid (TFA) were purchased from Sigma-Aldrich (St. Louis, U.S.A.).
6-Hydroxy-2,5,7,8-tetramethlchroman-2-carboxylic acid (Trolox),
acetonitrile (HPLC grade), and formic acid (HPLC grade) were procured from Sigma-Aldrich Co. (Shanghai, China). Bile salts, 2,2′-azino- bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2-diphenyl-1-picryhy-drazyl (DPPH), potassium persulphate (K2S2O8),

2.3. Extraction of L. ruthenium Murr. sample
The extraction of L. ruthenium Murr. was carried out according
to a previously described method with slight modification (Xu
and Chang, 2007). Briefly, 100 g of ground sample was extracted
twice with 1,000 mL 75% ethanol (v/v) for 3 h at 300 rpm using
an orbital shaker. Then the sample extract was stored overnight
in the dark followed by centrifugation of the extracted sample at
3,000 rpm for 10 min. The collected supernatants were stored at
4 °C in dark. The residues were extracted one more time and supernatants were mixed and evaporated at 40 °C using a rotatory
evaporator followed by freeze-drying and storing at −80 °C until
further analysis.
2.4. In vitro simulated gastrointestinal digestion
The in vitro simulated digestion was performed by employing the
previously described model with slight modification (Flores et al.,
2014) as shown in Figure 1. Briefly, 7.0 g crude extract was mixed
with salivary solution (NaCl (117 mg/L), KCl (149 mg/L), NaHCO3
(2.10 g/L), urea (0.4 g/L), mucin (1.0 g/L), α-amylase (2.0 g/L) and
distilled water) and stirred for 3 min. In addition, gastric solution
(NaCl (5.504 g/L), KCl (1.648 g/L), NaH2PO4·2H2O (0.6916 g/L),
CaCl2·2H2O (0.798 g/L), NH4Cl (0.612 g/L), urea (0.170 g/L), mucin (6.0 g/L), pepsin (5.0 g/L), concentrated HCl (13 mol/L) and
distilled water) was added to the mixture and incubated at 37 °C for
2 h while maintaining its pH value at 1.9 ± 0.1 with HCl. After gastric digestion, intestinal juice (NaCl (14.024 g/L), KCl (1.128 g/L),
NaHCO3 (6.776 g/L), KH2PO4 (0.16 g/L), MgCl2 (0.1 g/L), urea
(0.2 g/L), pancreatin (18.0 g/L), lipase (3.0 g/L), concentrated HCl
(0.36 ml) and distilled water) and bile salt solution (NaCl (10.518
g/L), KCl (0.752 g/L), NaHCO3 (11.57 g/L), urea (0.5 g/L), bile salts
(60.0 g/L), concentrated HCl (0.30 mL) and distilled water) were
added to the mixture followed by incubation at 37 °C for 2 h while
maintaining the pH of solution at 7.9 ± 0.1. The aliquots collected at
the end of each phase were centrifuged at 3,500 rpm for 10 min followed by freeze-drying and stored at −80 °C until further analysis.
2.5. In vivo digestion of L. ruthenium Murr.
Eight adult male rats were purchased from Southern Medical University, Guangzhou, China. The body weight of each rat was 170
- 180 g. Based on the dose (400 mg anthocyanin/kg·b.w. of rat) 1.6
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ture was measured at 510 nm using a UV-visible spectrophotometer. Different concentrations of catechin (10 to 500 μg/mL) were
used to establish a linear standard curve with R2 = 0.9990. The
TFC values of samples were expressed as milligram (+)-catechin
equivalents per gram of the sample (mg CAE/g) on a dry weight
basis.
2.8. Determination of condensed tannin content (CTC)
A previously described vanillin-HCl colorimetric method was employed to access the CTC values of samples under investigation
(Xu and Chang, 2007). The absorbance of the reaction mixture
was measured at 500 nm using a UV-visible spectrophotometer. A
standard linear curve of Catechin was used established in the range
of 10 to 1,000 μg/mL (R2 = 0.9995). The CTC values of samples
were reported as milligram (+)-catechin equivalents per gram of
the sample on a dry weight basis (mg CAE/g).
2.9. Determination of monomeric anthocyanin content (MAC)
The MAC values of samples were determined by employing a pH
differential colorimetric method as mentioned in the literature (Xu
and Chang, 2008). Briefly, the sample was diluted with KCl buffer
(pH = 1.0) and CH3CO2·3H2O buffer (pH = 4.5). The absorbance
was measured at 700 nm and 520 nm using a UV-visible spectrophotometer. The MAC values of samples were expressed as cyanidin-3-glucoside equivalents (CE) in mg/g using the molecular
weight of 449.2 g/mol and an extinction coefficient of 26,900 L
cm/mol.
2.10. ABTS free radical scavenging assay (ABTS)
Figure 1. Simulated in vitro digestion process.

mL of crude extract was dissolved in sterilized deionized water
and fed to rat per day for three continuous days. After three days,
animals were sacrificed using chloroform. The small intestinal and
large intestinal metabolites were obtained after dissecting followed
by extraction with 50% ethanol and centrifugation at 3,000 rpm
for 10 min. The resultant supernatant was filtered using a 0.22 μm
sterilized polyethersulfone (PES) membrane, freeze-dried and then
stored at −80 °C till further analysis.
2.6. Determination of total phenolic content (TPC)
The TPC value of samples was determined by employing the previously described Folin-Ciocalteu assay (Xu and Chang, 2007) using
gallic acid as a standard. The absorbance of the resultant solution
was measured at 765 nm using a UV-visible spectrophotometer.
The TPC values were expressed as milligram gallic acid equivalents per gram of the sample on a dry weight basis (mg GAE/g).
The standard calibration curve of gallic acid was found to be linear
from 25 to 1,000 μg/mL (R2 = 0.9991).
2.7. Determination of total flavonoid content (TFC)
The TFC value of samples was determined by employing aluminum chloride colorimetric method as described previously (Xu
and Chang, 2007). The absorbance of the resultant reaction mix-
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The ABTS value of samples was determined by employing colorimetric method according to a previously described method (Miller
et al., 1993; Re et al., 1999). The absorbance of reaction mixture
was measured at wavelength 734 nm using a UV-visible spectrophotometer. A linear standard curve of Trolox was developed with
a concentration of 50 to 800 μg/mL (R2 = 0.9990). The ABTS values were expressed as micromole of Trolox equivalents per gram
of the sample on a dry weight basis (μmol TE/g).
2.11. DPPH free radical scavenging capacity assay (DPPH)
The DPPH value of crude extract and digested samples was determined according to a previously mentioned colorimetric method
(Xu and Chang, 2007). The absorbance of the reaction mixture
was recorded at 517 nm using a UV-visible spectrophotometer and
different concentrations of Trolox (100 to 750 μg/mL) were used
to establish a linear standard curve (R2 = 1.0). The DPPH values
of samples were reported as micromole of Trolox equivalents per
gram of the truffle extract on a dry weight basis (μmol TE/g).
2.12. Ferric radical scavenging power assay (FRAP)
A previously reported colorimetric method was used for the determination of FRAP values of samples (Xu and Chang, 2007). The
absorbance of the resultant reaction mixture was measured at 593
nm using a UV-visible spectrophotometer. A linear standard curve
of different concentrations of ferrous sulfate (100 to 1,000 μg/mL)
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Table 1. Polyphenol profiles of L. ruthenicum Murr. before and after in vitro and in vivo digestion

Crude extract
TPC (mg GAE/g)

49.47 ±
% Recovery

TFC (mg CE/g)
% Recovery
CTC (mg CE/g)
% Recovery
%Recovery
ABTS (mmole TE/g)
DPPH (mmole TE/g)
FRAP (mmole TE/g)

25.84 ±

1.5c

In vivo intestinal digesta
25.04 ± 2.10c
50.62

13.86 ± 0.31a

9.05 ± 0.56b

8.22 ± 0.69b

5.57 ± 0.02c

100

65.30

59.31

40.19

1.64a

20.86 ±

1.80b

11.65 ±

0.83c

7.00 ± 0.45d

100

80.35

44.88

26.96

154.70 ± 0.96a

114.18 ± 4.52b

35.09 ± 0.88c

7.06 ± 0.68d

100

73.81

22.68

4.56

1.82a

100

100

154.92 ±

4.64bc

76.36
1.69a

100
64.43 ±

%Recovery

In vitro Intestinal digesta
52.23

151.34 ±
%Recovery

41.01 ±

2.09b

82.9

202.89 ±
%Recovery

In vitro gastric digesta

100

25.96 ±

MAC (mg/g)

1.89a

71.05 ±

81.05
3.66b

46.94
0.89a

57.37 ±

164.45 ±

12.96b

64.51 ±

69.64
2.82c

42.62
1.08b

89.04

34.06 ±

141.29 ± 4.34c
23.23 ± 1.02d
15.35

0.99c

52.86

25.53 ± 1.35d
39.62

The data is expressed as mean ± standard deviation on the basis of dry weight. In each column, values marked with same letter present no significant difference (p > 0.05).

was established (R2 = 0.9998) and the FRAP values were reported
as millimoles of Fe2+ equivalent (FE) per 100 g samples on a dry
weight basis (mmol FE/100g).
2.13. Determination of anthocyanins by ultra-high-performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UPLC-Q-TOF-MS)
The anthocyanins present in various samples were determined
based on a previously reported method (Sánchez-Patán et al.,
2012) with slight modification. An Acquity UPLC I-Class and
Xevo G2-XS TOF mass spectrometer equipped with an Acquity UPLC BEH C18 (1.7 μM, 2.1 × 100 mm) analytical column
(Waters, Milford, MA, U.S.A.) at 40 °C was employed for the
separation of anthocyanins. The mobile phases consisted of 0.1%
formic acid (v/v) and acetonitrile and the flow rate was 0.3 mL/
min. The injection volume was set at 20 μL and the run time for
each sample was 12.17 min. The electrospray ionization (ESI)
was operated in positive mode with a capillary voltage of 3 kV,
source temperature of 130 °C, desolvation temperature of 400
°C, desolvation gas (N2) at a flow rate of 750 h/L and cone gas
(N2) flow rate of 60 h/L. The full scan range of ions in MS1 and
MS2 was from m/z 100 to m/z 1,000, and from m/z 50 to m/z
1,000, respectively.
2.14. Statistical analysis
The in vitro digestion treatments were carried out in duplicate and
all colorimetric experiments were performed in triplicate. The
data were expressed as mean ± standard deviation. The significant
differences among the mean values were analyzed by employing
one-way ANOVA. The Duncan test was used to determine the significant difference (p < 0.05) among mean values of a group using IBM SPSS Statistics version 25 (IBM Corporation, New York,
U.S.A.).

3. Results
3.1. Mass balance calculation
After freeze-drying, the crude extract obtained from 100 g dried L.
ruthenium Murr. was 51.2 g with 51.2% yield. Regarding the mass
balance during in vivo digestion, 46 mL of solution were added for
gastric digestion of 7.0 g crude extract and after freeze-drying, the
gastric digesta was observed to be 6.25 g in weight. For the intestinal digestion, 7.0 g crude extract was digested with 82 mL of solution and 5.37 g intestinal digesta was obtained after freeze-drying.
3.2. Changes in polyphenols profiles before and after in vitro
and in vivo digestion
The TPC values of all samples, including crude extract, in vitro
gastric digesta, in vitro intestinal digesta and in vivo intestinal digesta are presented in Table 1. Crude extract presented a significantly higher (p < 0.05) amount of TPC (49.47 mg GAE/g) that
was 17.10 % higher than the TPC value of gastric digesta (41.01
mg GAE/g). Besides, from gastric digestion to intestinal digestion,
TPC was further decreased to 25.84 mg GAE/g. However, there
was no significant difference (p > 0.05) was observed in the TPC
value of in vitro intestinal digesta (25.84 mg GAE/g) and in vivo
intestinal digesta (25.04 mg GAE/g).
As shown in Table 1, crude extract exhibits the highest value
for TFC (13.86 mg CE/g) among samples. During in vitro gastric digestion, TFC value was decreased (34.7%) to 9.05 mg GE/g
dramatically. Moreover, from gastric digestion to intestinal digestion, an insignificant decrease (p > 0.05) in the TFC values was
observed between the two phases. However, in terms of in vivo
intestinal digesta, the TFC value was relatively lower compared to
the in vitro intestinal digesta.
The CTC values of, crude extract, in vitro gastric digesta, in
vitro intestinal digesta and in vivo intestinal digesta are depicted in
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Table 2. Quantitative changes in polyphenols in L. ruthenicum Murr. before and after in vitro digestion

TPC (mg GAE)
% Loss
TFC (mg CE)
% Loss
CTC (mg CE)
% Loss
MAC (mg)
% Loss
ABTS (mmol TE)
% Loss
DPPH (mmol TE)
% Loss
FRAP (mmol of Fe

2+E)

% Loss

Crude extract (7.0 g)

In vitro gastric digesta (6.25 g)

In vitro Intestinal digesta (5.37 g)

346.29

256.31

138.76

0

25.98

59.93

97.02

56.56

44.14

0

41.70

54.50

181.72

130.38

62.56

0

28.25

65.57

1082.9

713.63

188.43

0

34.10

82.60

1420.23

968.25

883.10

0

31.82

37.82

1059.38

444.06

346.42

0

58.08

67.30

4.51

3.59

1.83

0

20.40

59.42

Table 1. Among the CTC values of all samples, crude extract presented the highest value (25.96 mg CE/g). In the context of recovery, CTC was decreased by 35.47%, indicating the significant effect (p < 0.05) of digestion on CTC value. Moreover, a significant
difference in the CTC values was observed after in vitro intestinal
digestion (11.65 mg CE/g) and in vivo digestion (7.00 mg CE/g).
The MAC values of crude extract and different digesta are mentioned in Table 1. Among all samples, the crude extract exhibited
the highest value for MAC (154.7 mg/g). During intestinal digestion, the MAC value was observed to be decreased dramatically.
The MAC value of in vitro gastric and intestinal digesta was 114.18
mg/g and 35.09 mg/g, respectively. Furthermore, it was observed
that the in vivo intestinal digesta exhibited the lowest value for the
MAC (7.06 mg/g) compared to other samples under investigation.
3.3. Changes in antioxidant activity before and after in vitro
and in vivo digestion
As shown in Table 1, the ABTS value of in vitro gastric digesta
(154.92 mmol TE/g) was relatively lower compared to the in vitro
intestinal digesta (164.45 mmol TE/g). However, among all samples, crude extract exhibits the highest ABTS radical scavenging
capacity, 202.89 mmol TE/g. Moreover, a significant difference (p
< 0.05) was also observed in the ABTS values of in vitro (164.45
mmol TE/g) and in vivo intestinal digesta (141.29 mmol TE/g).
As shown in Table 1, DPPH value of crude extract presented
significantly the highest value for DPPH assay (151.34 mmol
TE/g). DPPH value was decreased significantly (p < 0.05) during
in vitro gastric digestion (71.05 mmol TE/g). The DPPH values
of in vitro intestinal digesta (64.51 mmol TE/g) presented only a
slight decrease compared to the DPPH value of in vitro gastric
digesta. However, in vivo intestinal digesta presented the lowest
value for DPPH assay (23.23 mmol TE/g) that was 63.99% lower
compared to the DPPH value of in vitro intestinal digesta.
As shown in Table 1, crude extract exhibited the highest value
for FRAP assay (64.43 mmol TE/g). It was interesting to note that
gastric digestion and intestinal digestion presents a significant effect
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(p > 0.05) on ferric reducing antioxidant capacity as depicted from
the small difference among the FRAP value of crude extract, in vitro
gastric and intestinal digesta. Moreover, a significant difference (p
> 0.05) was observed between the FRAP values of in vitro (34.06
mmol TE/g) and in vivo intestinal digesta (25.52 mmol TE/g).
3.4. Quantitative analysis of changes in polyphenols in L. ruthenicum before and after in vitro digestion
As shown in Table 2, except for TFC (41.70%), the loss of other
polyphenols during gastric digestion was about 30%. For the antioxidant activity, during gastric digestion, 58.08% loss was observed in the DPPH value, while 20.40% loss was found in the
FRAP value. While proceeding from gastric digestion to intestinal
digestion, the loss in TPC, CTC and FRAP value was about 34%.
In addition, slight loss in TFC, ABTS and DPPH values were also
observed while analyzing digesta after gastric digestion to intestinal digestion. However, a significant loss was also observed in the
case of MAC value (48.5%) during this process.
3.5. Analysis of anthocyanins by UPLC-Q-TOF-MS
The TOF-MS profiles of all samples including, dried L. ruthenicum
Murr. crude extract, in vitro gastric digesta, in vitro intestinal digesta
and in vivo intestinal digesta are presented in Figure 2. Based on the
m/z of precursor ions of crude extract and in vitro gastric digesta and
their daughter ions, it was elucidated that the chemical structures of
anthocyanins from L. ruthenicum Murr. remain stable during in vitro
gastric digestion. However, after in vitro intestinal digestion, the
chemical structures of anthocyanins were altered as exemplified due
to significant variations in retention time, m/z of precursor ion and
its daughter ions. For example, when comparing the peaks observed
in chromatograms of in vitro gastric digesta and in vitro intestinal
digesta, several peaks have been disappeared, such as the peaks at
retention time 7.59 min and 9.19 min in case of in vitro gastric digesta. Moreover, multiple new peaks have been evolved followed by
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the intestinal digestion process, such as the peaks at retention time
6.85 min and 9.54 min in case of in vitro intestinal digesta. Similarly,
after in vivo digestion, it was depicted that the chemical structures of
anthocyanins have been changed significantly. In addition, several
new peaks were also evolved as observed at retention time 6.42 min
and 7.74 min in the case of chromatogram presenting the profile of
in vivo intestinal digesta (Figure 2d).

5.37 g (Table 2). The yield of intestinal digestion was 76.7%. After
multiplying the value of polyphenols (expressed as equivalents per
gram), the quantitative change in polyphenols of crude extract during in vitro digestion was obtained. In case of in vitro digestion, the
loss of crude extract in the stomach was analyzed quantitatively
and the %loss for polyphenols was observed to vary from 25.9%
to 34.1%. While in the intestine, the loss was ranged from 12.8%
to 48.5%. In the intestine, 48.5% of MAC was lost, which might
have been absorbed directly or degraded and the total loss of TFC
was 54.5% in the case of in vitro digestion. A similar finding was
also reported previously after in vitro digestion where researchers have employed (+)-catechin as standard. However, in the present study, in case of gastric digestion, the loss of TFC was higher
compared to the loss of TFC in (+)-catechin reported previously
(Bermúdez-Soto et al., 2007). This might be due to the interaction of flavonoids with other compounds or rapid absorption. The
other possible reason behind this finding may be the influence of
pH fluctuation on the stability of flavonoids during digestion. In
addition, in vitro digestion model used previously was static that
could not ensure the minimal pH fluctuation during digestion (Bermúdez-Soto et al., 2007). However, in the present study, minimal
pH fluctuation during digestion was ensured by utilizing a potentiometric Titrando to build a dynamic model.

4. Discussion
4.1. Qualitative analysis of changes in polyphenols during in
vitro digestion
In case of simulated in vitro digestion, all polyphenols namely,
total phenolics, total flavonoids, condensed tannins and anthocyanins were presented a slight variation in response to gastric
digestion. The possible reason may be the marginal absorption
of polyphenols in the stomach (Marín et al., 2015; Pereira-Caro
et al., 2021). During intestinal digestion, the small intestine plays
a crucial role since it is responsible for the partial absorption of
polyphenols in the form of aglycones and glucosides. The unabsorbed polyphenols that escaped from the gastric digestion leave
the stomach and moved to the intestine where the degradation of
phenolic compounds occurs due to the cleavage of sugar moieties,
which, in turn, induces the absorption of polyphenols (Marín et al.,
2015; Cipriano et al., 2022). In addition, it was also reported that
after ingestion, anthocyanin glycosides are quickly absorbed in the
stomach, and the unabsorbed anthocyanins move to the small intestine. In the colon, colonic bacteria induce the cleavage of glycosidic bonds of anthocyanins that result in the formation of phenolic
acids and aldehydes which are responsible for the therapeutic effects associated with the consumption of anthocyanin-rich foods
(Keppler and Humpf, 2005; McGhie and Walton, 2007). It serves
as a plausible explanation for low recovery values for TPC, CTC
and MAC after in vitro intestinal digestion. A study focused on the
stability and biological activity of wild blueberry during simulated
in vitro GI digestion provides solid evidence regarding the recovery of polyphenols. Based on this study, recovery of total phenolics
in crude extract, gastric digesta and intestinal digesta was 100%,
93.5% and 49.1%, respectively. However, in case of anthocyanins,
the highest recovery was again observed in crude extract (100%)
followed by gastric digesta (96.8%) and intestinal digesta (17%).
Previously, in case of chokeberry, the total loss of anthocyanins
was 42.6% and the total loss of flavonols was 26.5% during the
whole process of digestion (Bermúdez-Soto et al., 2007; CorreaBetanzo et al., 2014). Therefore, intestinal digestion exhibits a significant impact on the reduced recovery of polyphenols from gastric to intestinal digesta. In case of TFC, the gastric digesta exhibit
around 65.3% recovery, which was relatively lower compared to
other polyphenols. The reason behind the low recovery of flavonoids might be their interaction with other compounds that in turn
lead to early absorption of these compounds (Tu et al., 2021).
4.2. Quantitative analysis of changes in polyphenols during in
vitro digestion
During in vitro digestion process, the weight of substances exhibits
significant variations. Initially, 7.0 g of crude extract was digested
into the gastric digesta that weighed 6.25 g and the yield was found
to be 89.3%. Subsequently, 6.25 g of gastric digesta was further
digested into the intestinal digesta and the resultant weight was

4.3. Analysis of the difference between in vitro and in vivo
intestinal digesta
As shown in Table 1, no significant difference (p < 0.05) was observed in the TPC value of in vitro and in vivo intestinal digesta.
However, other parameters namely, TFC, CTC and MAC exhibit
significantly (p < 0.05) higher values in case of in vitro intestinal
digesta compared to the in vivo intestinal digesta. The reason behind this finding may be the interference of oxygen with the simulated colonic fermentation during the decomposition of undigested
foods via enzymatic activity (Rocchetti et al., 2017). To mimic the
in vivo digestion, a sophisticated anaerobic workstation needs to be
employed for simulated colonic fermentation. Theoretically, colonic
microbiota in the large intestine can cause polyphenol catabolism
and absorption, which was evident from the difference observed in
the polyphenolic contents in the case of in vitro and in vivo intestinal
digesta in this study. These results were in agreement with a previous study reported on wild blueberry. In that case, the recovery of
total phenolic decreased from 49.1% (intestinal digesta) to 42.5%
after colon fermentation. Whereas, the recovery of total anthocyanins was reduced dramatically from 15.0% (intestinal digesta) to
1.5% (Correa-Betanzo et al., 2014). The same trend was also observed in present study. However, decrease in the recovery was not
as evident as mentioned in the previous study (Correa-Betanzo et al.,
2014). This disparity in the recovery results of total phenolics and
anthocyanins of present and the previous studies (Correa-Betanzo
et al., 2014) may be attributed to the difference in species of berries,
composition and content of anthocyanins and phenolics before and
after digestion. In addition, this study has performed UPLC-Q-TOFMS analysis of black goji berry for analysis of anthocyanins before
and after digestion. During in vitro and in vivo digestion, TOF-MS
chromatogram (Figure 2) presented the emergence of several new
peaks, along with the disappearance of original peaks after digestion. These changes indicated the alteration in the chemical structures of anthocyanins present in black goji berry followed by the in
vitro and in vivo digestion. This alteration in the chemical structure
of anthocyanin was also supported by the emergence of new peaks
in MS and MS-MS spectra of anthocyanins after in vitro and in vivo
intestinal digestion (Figures 3 and 4).
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Figure 2. TOF-MS chromatograms of (a) crude extract, (b) digesta of in vitro gastric digestion, (c) digesta of in vitro intestinal digestion, and (d) digesta of
in vivo intestinal digestion.
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Figure 3. MS, MS-MS spectra of in vitro intestinal digesta (a) at retention time 6.85 min and (b) 9.54 min.
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Figure 4. MS, MS-MS spectra of in vivo intestinal digesta (a) at retention time 6.42 min and (b) 7.74 min.
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Previous studies on wild blueberry (Correa-Betanzo et al., 2014)
and red wine (Sánchez-Patán et al., 2012) have shown that the
ring cleavage of anthocyanins by gut microflora at different degradation rates. Moreover, another study on mulberry (Liang et al.,
2012), reported the emergence of certain phenolic derivatives during colonic fermentation that were not present in the gastric digesta, while some phenolic compounds were disappeared after colonic
fermentation. Researchers have also demonstrated the loss of the
majority of anthocyanins followed by the treatment of fecal slurry
with active gut microflora. Once the partial deglycosylation of
some anthocyanins occurred (e.g. cyanidin-3-rutinoside), the majority of anthocyanins were observed again (Aura et al., 2005). All
these variations in anthocyanins are attributed to colonic fermentation. The enzymatic activity of colon microflora also contributes
towards the significant absorption of polyphenols present in foods,
which in turn significantly impact the composition and recovery of
polyphenols before and after digestion (in vitro and in vivo).

digestion. That, in turn, results in lower values for antioxidant assay after gastric and intestinal assays (Pereira-Caro et al., 2021;
Andrade et al., 2022).

4.4. Comparison of antioxidant activity
Polyphenols are capable of slowing or preventing the oxidation
of other molecules, by acting as strong antioxidants. During GI
digestion, the antioxidant capacity may alter owing to the occurrence of chemical transformations. To gain a comprehensive understanding, the change in antioxidant followed by digestion was
evaluated by employing three different methods based on different
principles namely, free radical scavenging assay (DPPH), radical
scavenging assay (ABTS) and ferric reducing antioxidant power
(FRAP) methods (Meenu et al., 2018; Xu et al., 2020; Yu et al.,
2021; Zhang et al., 2020). The FRAP relies on the reduction of
antioxidants, while the principles of DPPH and ABTS depend on
the scavenging ability of the antioxidants.
As shown in Table 1, the crude extract of black goji berry exhibits potent antioxidant activity as accessed by ABTS (202.89
mmol TE/g), DPPH (151.34 mmol TE/g) and FRAP assays (64.43
mmol TE/g). The FRAP value of the black goji berry sample in
this study was significantly less, whereas DPPH and ABTS values
in this study was high compared to a previous study (Islam et al.,
2017). After in vitro gastric digestion, a significant reduction in
antioxidant activity was observed that is also presented a reduced
% recovery in Table 1. Furthermore, a significant decrease in the
% recovery and antioxidant activity in terms of DPPH and FRAP
assay was observed after in vitro intestinal digesta. This decrease
in the antioxidant activity attributed to the significant decrease in
the TPC, TFC, CTC and MAC values of crude extract after in vitro
intestinal digestion. Similar findings were also observed in previous studies on black carrots, chestnut outer-skin and inner-skin
(Pereira-Caro et al., 2021; Tu et al., 2021).
It is interesting to note a pronounced reduction in the antioxidant activity of crude extract after in vivo intestinal digesta in
terms of ABTS, DPPH and FRAP assays. Overall, the antioxidant
activity of crude extract measured by different assays was found
to be reduced at different levels after both in vivo and in vitro digestion. This significant decrease in the antioxidant activity was
correlated with the significant decrease in the TPC, TFC, CTC and
MAC content after in vitro and in vivo intestinal digestion. Similar results were also observed in case of simulated digestion and
colonic fermentation of black carrot (Pereira-Caro et al., 2021).
Antioxidant compounds are more reactive at acidic pH conditions during gastrointestinal digestion and less reactive at neutral
pH during intestinal digestion. As a result, biotransformation of
antioxidant compounds to others with lower antioxidant potential
or the synthesis of new antioxidant metabolites can occur during

5. Conclusions
In conclusion, the black goji berry is a rich source of polyphenols,
especially anthocyanins. The biological effects of black goji berry
such as antioxidant activity are associated with its polyphenols. A
significant alteration in the polyphenol contents and antioxidant
activity of black goji berry was observed followed by in vitro and
in vivo digestion, particularly after the intestinal digestion part.
Moreover, the results of UPLC-Q-TOF-MS analysis revealed the
alteration in the chemical structures, formation and degradation of
anthocyanins in black goji berries after digestion. However, further
identification of the specific chemical structure of anthocyanins in
L. ruthenium Murr. during the whole digestion process is required
along with an explanation of compounds presented in the MS/MS
spectra. In future, a greater number of detailed studies are required
to be conducted to completely understand the fate of polyphenols
from black goji berry change during in vitro and in vivo digestion.
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Abstract
Edible fungi and lactic acid bacteria (LAB) are emerging as reservoirs of diverse bio-functional products. This study
investigated antioxidant and antimicrobial activities of a mushroom; Calocybe indica protein (CIP) and cell-free supernatant (CFS) of Lactococcus lactis, Lactobacillus fermentum, and Lactobacillus brevis isolated from a fermented cereal food-Kati against free radicals and microorganisms associated with fruits spoilage. Protein extract from
C. indica was subjected to ammonium sulfate precipitation (55% saturation). Synergistic radical scavenging activities of CIP and CFSs of LAB against 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS+), 1,1-diphenyl2-picrylhydrazyl (DPPH•), hydroxyl radicals (OH•) and their Fe2+ ion chelation activity were within 70.39–84.77%,
62.51–87.63%, 70.58–88.56%%, and 62.83–78.76%, respectively. Combinatory effects of CIP and CFSs showed
pronounced zones of inhibition of 6.5 mm to 12.1 mm against tested microorganisms. The study established that,
bioactivities of C. indica and Lactobacilli can be attributed to their inherent bioactive proteins, suggesting their
potential exploitation as natural bio-preservatives.
Keywords: Edible mushrooms; Lactic acid bacteria; Antioxidant; antimicrobial; Bio-preservatives; Bioactive protein.

1. Introduction
The fungi kingdom encompasses several macrofungi of high medicinal and nutritional values, which contain myriads of intrinsic
natural bioactive compounds including proteins eliciting diverse
biological activities (Niego et al., 2021). Owing to the inherent
bio-functional properties of medicinal mushrooms like anti-viral,
neuro-modulatory, ribosome-inactivating, antimicrobial and antioxidant activities, their proteins have now found a place as potential therapeutics in the management of many human aliments
(Wani et al., 2020). Edible mushrooms are a rich source of dietary
proteins and are being recognized as functional foods and nutra-

ceuticals for health-promoting purposes (González et al., 2020).
Medicinal exploitation of proteins is mostly attributed to their,
bioactivities, specificity, mechanism of action, ability to target
different tissues, and flexibility in undergoing unique structural
modifications (Rondon et al., 2021). Calocybe indica P&C is a
highly nutritious edible mushroom, rich in high-quality protein
and other bioactive compounds, which have been associated
with vital therapeutic and prophylactic functions (Bandura et al.,
2021). The medicinal uses of the edible mushroom have been encouraged, especially for the development of functional food products (Nguyen et al., 2021).
Several endogenous physiological reactions in humans con-
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stantly generate different reactive oxygen species (ROS) like hydroxyl radical, superoxide anions, ferric ion, nitric oxide, singlet
oxygen, and nitric oxide, among others. These in excess have the
potential to disrupt the bio-system balance, causing alterations in
cellular functions (Matsumoto et al., 2021; Hernansanz-Agustín
and Enríquez, 2021). The unpredictable consequences of these entities include the inactivation of enzymes, and irreversible organ
and tissue damage resulting in inflammatory injuries and diseases
(Sies et al., 2022). Likewise, in the food industry, free radical-induced food spoilage is becoming an issue of concern, and healthrelated risks regarding synthetic antioxidants used in mitigating
this detrimental occurrence are recently being raised. Hence, the
search for natural alternatives, especially those of protein origin
(Kimatu et al., 2017).
Microorganisms contribute immensely to spoilage of spoilage;
posing severe threats to food security and consumer safety. This
has created the search for natural microbial inhibitors as well as
unique microflora such as the lactic acid bacteria (LAB), which
could be exploited via green technologies for the production of
natural bio-preservatives (Djukic-Vuković et al., 2021). LAB
are disparate groups of industrially remarkable bacteria generally considered safe. These organisms produce key biochemical
metabolites, with broad and narrow-spectrum antimicrobial activities against pathogenic and spoilage microbes; making these
microbes of unique importance, especially as probiotics, biopreservatives, and bio-control agents (Ağagündüz et al., 2022).
Aside from their antimicrobial activities, LAB has also been reported to elicit antioxidant potentiating activities, owing to inherent cell-free extracts, encouraging their application in food and
beverage preservation (Nasrollahzadeh et al., 2022). This study
therefore, investigated antioxidant and antimicrobial activities of
C. indica protein combined with cell-free supernatant obtained
from Lactococcus lactis, Lactobacillus fermentum, and Lactobacillus brevis, with the aim of exploiting these products as natural
bio-preservatives.

C. indica crude protein extract was prepared as described by Li et
al. (2011) with slight modifications. Briefly, fresh fruiting bodies
of C. indica were homogenized in 25 mM Tris-HCl buffer (1:3
w/v), pH 8.0 containing 0.1% (v/v) β-mercaptoethanol for 24 h
at 4 °C. The homogenate was centrifuged (12,000 g, 4 °C) for 30
mins, and supernatant (crude protein) was collected. Anhydrous
ammonium sulfate (55% saturation) was added slowly with gentle stirring to precipitate the crude protein and kept overnight at
4 °C. Protein precipitate was collected by centrifugation (12,000
g, 4 °C) and re-suspended protein dialyzed for 48 h using a 3
kDa dialysis tubing against extraction buffer and distilled water
at 4 °C. Obtained dialysate which constituted the CIP used in this
study was lyophilized and kept frozen (−20 °C) until use.
2.4. Production and collection of LAB cell-free supernatants
L. lactis, L. fermentum, and L. brevis were grown in De Man, Rogosa, Sharpe (MRS-Oxoid, UK) broth, incubated at 37 °C for 48 h,
and their cell-free supernatant (CFS) was obtained after centrifugation at 8,000×g for 10 min. The CSF was filter-sterilized with a 0.45
μm Millipore membrane filter and kept frozen at −20 °C until use.
2.5. Protein concentration assay
Assay method of Lowry et al. (1951) was employed in estimating
the protein concentration of C. indica and Lactobacilli cell-free
supernatants. Standard protein used was bovine serum albumin (1
mg/ml).
2.6. Antioxidant assays
2.6.1. ABTS radical scavenging assay

2. Materials and methods
2.1. Chemicals and reagents
β-mercaptoethanol was purchased from England (BDH Chemical Limited, Poole). Tris base, butylated hydroxytoluene (BHT),
Trichloroacetic acid (TCA), and ammonium sulfate are products
of Sigma-Aldrich, St Louis, Missouri, USA. Mueller Hinton Agar
and Potato Dextrose Agar are products of Lab M Ltd, Lancashire,
United Kingdom. All other chemicals are of analytical grade.
2.2. Source of C. indica and selected microorganisms
C. indica was obtained from a farmland in Ibadan, South-West
Nigeria. The identity of an edible mushroom was confirmed with
Odeyemi and Adeniyi (2015). Test microorganisms namely: Bacillus cereus, Serratia marcescens, Pseudomonas aeruginosa, Geotrichum candidum, Pichia fermentans, Aspergillus niger, Aspergillus flavus, Fusarium solani were isolated from different fruits;
tomatoes, apple, pineapple, pawpaw, and mango. Lactococcus lactis, Lactobacillus fermentum, and Lactobacillus brevis were isolated from Kati; a fermented cereal food using standard microbiological methods (Cheesbrough, 2006) and identified using Cowan
and Steel (1993). The molecular identity of the LAB isolated from
fermented cereal-Kati has been reported by Gabriel et al. (2021).
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2.3. Isolation and precipitation C. indica crude protein

Assay method described by Tovar-Pérez et al. (2017) was employed.
Briefly, ABTS (2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic
acid) stock solution (7 mmol/l) was reacted with potassium persulfate (2.45 mmol/l) and left placidly for 12 h in the dark to generate the ABTS radical cation. Obtained radical solution was diluted
(1:35) in phosphate-buffered saline (0.15 M, pH 7.4) to obtain an
absorbance of 0.70 at 734 nm. Resulting solution (3 ml) was mixed
with an aliquot (0.15 ml) of the respective samples (CIP and CFS),
and absorbance was up to 7 min under dark condition. Deionized
water and PBS were used as control and blank, respectively. Percentage inhibition was calculated as follows:

 
Ablank  
% ABTS radical scavenging =
1 −  Asample − Acontrol   ×100.

 
2.6.2. DPPH radical scavenging assay
Assay method of Chen et al. (2012) was employed. Typically,
equal volume (0.5 ml) of the sample (CIP and CSF) was mixed
in 0.1 M DPPH radical in methanol solution with vigorous agitation. Resulting solution was incubated in the dark for 30 min,
and absorbance measured at 515 nm. Methanol and deionized
water were used as blank and control respectively, in place of
DPPH radical and sample. Percentage radical inhibition was cal-
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culated as follows:

 
Ablank  
% DPPH radical scavenging =
1 −  Asample − Acontrol   ×100.

 
2.6.3. Hydroxyl radical scavenging assay
The hydroxyl radical scavenging activity of protein fractions
was carried out as described by Halliwell and Gutteridge (2015).
Briefly, the assay was performed by adding 0.1 ml of EDTA,
0.01 ml of FeCl3, 0.1 ml of H2O2, 0.36 ml of deoxyribose, 1.0 ml
of sample (CIP and CSF), 0.33 ml of phosphate buffer (50 mM,
pH 7.4) and 0.1 ml of ascorbic acid in sequence. The mixture
was then incubated at 37 °C for 1 h. About 1.0 ml of 10% TCA
and 1.0 ml of 0.5% TBA to develop the pink chromogen measured at 532 nm. The standard was BHT:
Hydroxyl Radical Scavenging Activity %
=

Acontrol − Asample
×100
Acontrol

where Acontrol is the absorbance of control at 532 nm and
Asample is the absorbance of sample solution.
2.6.4. Fe2+ chelating activity
Metal chelating activity was determined according to the assay
method described by Cai et al. (2015) with slight modification.
Briefly, aliquot (1 ml) of the sample (CIP and CSF) was mixed
with distilled water (4.7 ml), and resulting solution added to 2 mM
FeCl2 solution (0.1 ml). Ferrozine (0.2 ml, 5 mM) was used to
initiate the reaction. Control contains deionized water in place of
sample. Resulting mixture was vigorously agitated and incubated
for 20 min at room temperature. Absorbance was measured at 562
nm. Metal chelation activity was calculated as follows:

Fe 2+ chelating
=
activity (%)

Acontrol − Asample
×100.
Acontrol

2.7. Assessment of antimicrobial activity
Agar well diffusion method was used to investigate the antimicrobial activity of CIP and CFS against pathogenic microorganisms (Cheesbrough, 2006). The inoculum size of microorganisms
was adjusted to 0.5 McFarland turbidity standards at 600 nm using
visible spectrophotometer. A sterile swab stick moistened with the
inoculum was spread on Mueller Hinton Agar and Potato Dextrose
Agar for bacteria and fungi respectively. Subsequently, well of 6
mm diameter were bored equidistant from each other with a sterile
cock borer into the respective agar media and filled with (50 µl)
of the respective extracts. Amoxicillin (200 µg/ml) and ketoconazole (100 µg/ml) were used as positive controls against bacteria
and fungi, respectively. Petri dishes were incubated at 37 °C for
bacteria and 25 °C for 48–72 h for fungi. Zones of inhibition were
measured in millimeters (mm).
2.8. Statistical analysis
Data obtained during the experiment were presented as mean
± standard error, and subjected to one-way analysis of variance

Table 1. Protein content of C. indica and Lactobacilli cell-free supernatant

Fraction

Protein concentration (mg/ml)

C. indica protein (CIP)

7.38 ± 0.00

C. indica protein (CIP)*

0.60 ± 0.01

L. lactis cell-free supernatant (CFS1)

10.58 ± 0.09

L. fermentum cell-free supernatant (CFS2)

9.97 ± 0.14

L. brevis cell-free supernatant (CFS3)

11.89 ± 0.02

*Lyophilized protein after dialysis.

(ANOVA). Means were separated with Duncan’s New Multiple
Range Test (DNMRT) and differences were considered significant
at P ≤ 0.05.
3. Results
3.1. Estimation of protein content
Data from this study showed C. indica and the cell-free supernatant from L. lactis, L. fermentum, and L. brevis were rich in protein
as shown in Table 1.
3.2. Antioxidant and antimicrobial studies
Findings from the radical scavenging activities (ABTS•+, DPPH•,
and OH•) and Fe2+ ion chelating activity of C. indica protein
(CIP) and cell-free supernatant (CFS) obtained from L. lactis,
L. fermentum and L. brevis are presented in Figures 1–4. The results showed that CIP2 (containing 0.6 mg/ml C. indica protein)
exhibited potent antioxidant activity, displaying the strongest
ABTS+ scavenging activity (70.92 ± 0.66%), DPPH• scavenging
activity (72.71 ± 1.15%), OH• scavenging (74.95 ± 0.67%) and
Fe2+ ion chelating (71.04 ± 0.82%) activity, relative to the CFS1
(48.51 ± 1.15%, 44.45 ± 0.23%, 47.91 ± 0.65%,, 39.92 ± 0.1%
), CFS2 (45.89 ± 0.72%, 40.38 ± 0.23%, 49.09 ± 0.57%, 42.58
± 1.04%) and CFS3 (50.45 ± 0.24%, 45.03 ± 0.11%, 46.83 ±
1.06%, 42.35 ± 0.41%) respectively. However, antioxidant activities of combined CIP and CFS were moderately increased,
indicating a synergistic effect. Table 2 shows zones of inhibition (mm) displayed by CIP, CFS from Lactobacilli, and their
combinatory effects. CIP at 0.2 mg/ml has zones of inhibition
ranging from 5.0 to 5.3 mm, and CIP 2 at 0.6 mg/ml displayed
zones of inhibition of 5.3 mm to 8.2 mm. The CFS from Lactobacilli (CFS1-3) have zones of inhibition of 5.0 to 7.3 mm against
tested microorganisms. Combination of CIP and CFS from LAB
inhibited all the microorganisms isolated from fruits with zones
of inhibition ranged from 6.5 to 12.1 mm.
4. Discussion
C. indica mushroom is a rich source of protein. Supporting our findings, elevated protein yields have also been reported in the Basidiomycota Agaricus bisporus Agaricus semotus, and Pleurotus eryngii (Tehrani et al., 2012; Yuan et al., 2017; Adedoyin et al., 2021).
Although, mushroom protein content varies within species, these
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Figure 1. ABTS radical scavenging activity. CIP1: 0.2 mg/ml protein; CIP2: 0.6 mg/ml protein; CFS1: L. lactis CFS; CFS2: L. fermentum CFS; CFS3: L. brevis CFS;
BHT: butylated hydroxytoluene (positive control). Error bar is standard error.

saprophytic organisms are however a unique reservoir of diverse
bioactive/functional proteins such as lectins, laccases, ribosomeinactivating proteins, and storage proteins, which could be exploited
in the development of novel pharmaceuticals and bio-preservatives
(Karami and Akbari-Adergani, 2019; González et al., 2020; Yu et al.,
2021). Research into these mushrooms proteins/peptides has shown
they exhibit diverse health-related benefits (Goswami et al., 2021;
Khongdetch et al., 2022). In fact, antihypertensive, antioxidant,
anti-inflammatory, nematotoxic, and immunomodulatory activities
have been reported for mushroom proteins isolated from Pleurotus
cystidiosus, Agaricus bisporus, Lignosus rhinocertis, and Pleurotus
eryngii (Lau et al., 2012; Plaza et al., 2016; Pushparajah et al., 2016;
Kimatu et al., 2017; Yuan et al., 2017). The cell-free supernatants

(CFSs) of L. lactis, L. fermentum, and L. brevis are rich in protein
content (Table 1). CFS of LAB contain diverse biochemical metabolites including bacteriocin, which are the low molecular weight
host defense peptides that have been associated with antioxidant and
antimicrobial activities (Prosekov et al., 2017). Members of the genera Lactococcus, Lactobacillus, Carnobacterium, Enterococcus and
Pediococcus have been well documented to secret peptides that are
rich in lysyl and arginyl residues (Emmanuel et al., 2017).
In humans, biological processes are fueled by oxidative processes during normal cellular metabolism, resulting in the continuous in vivo generation of free radicals and reactive species,
which in elevated unchecked levels can cause severe detrimental
effects (Zhou et al., 2020). Checkmating and/or removal of these

Figure 2. DPPH radical scavenging activity. CIP1: 0.2 mg/ml protein; CIP2: 0.6 mg/ml protein; CFS1: L. lactis CFS; CFS2: L. fermentum CFS; CFS3: L. brevis CFS;
BHT: butylated hydroxytoluene (positive control). Error bar is standard error
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Figure 3. Hydroxy radical scavenging activity. CIP1: 0.2 mg/ml protein; CIP2: 0.6 mg/ml protein; CFS1: L. lactis CFS; CFS2: L. fermentum CFS; CFS3: L. brevis
CFS; BHT: butylated hydroxytoluene (positive control). Error bar is standard error

reactive species are coordinated by highly efficient endogenous
enzymatic and non-enzymatic antioxidant systems, which could
be overwhelmed under certain conditions resulting in severe pathologies (Bechaux et al., 2019; Zhou et al., 2020). Four major
in vitro assays were employed in this study to assess the antioxidant activities of C. indica protein and CFS of the tested Lactobacilli strains due to the reactivity mechanism of free radicals.
C. indica protein (CIP) showed remarkable antioxidant activity
against ABTS•+, DPPH•, OH• and chelating Fe2+ ion (Figures 1–4).
Similar results have been reported for proteins isolated from A.
bisporus and P. ostreatus against free radicals (Kimatu et al., 2017;
González et al., 2021). These authors suggested that protein eliciting antioxidant properties possess unique amino acid residues with

electron-donating potentials capable of stabilizing or sequestering
radicals. Natural products such as peptides and proteins have been
implicated to play potent roles in mitigating oxidative processes as
dietary antioxidants, by reacting with chelating catalytic metals,
free radicals, and scavenging oxygen (Esfandi et al., 2019). Antioxidant activities of proteins have been attributed to free radical
proton-donating potential by inherent aromatic amino acids (tryptophan, phenylalanine, and tyrosine) and metal chelating properties by charged amino acids like lysine, arginine, aspartic acid,
and glutamic acid (Hou et al., 2001; Choo and Yong, 2011; Ramakrishna et al., 2012). In investigating the antioxidant efficacy of
hydrogen-donating and chain-breaking compounds, the ABTS and
DPPH assays are mostly employed (Binsan et al., 2008; Klompong

Figure 4. Fe2+ chelating activity. CIP1: 0.2 mg/ml protein; CIP2: 0.6 mg/ml protein; CFS1: L. lactis CFS; CFS2: L. fermentum CFS; CFS3: L. brevis CFS; BHT:
butylated hydroxytoluene (positive control). Error bar is standard error
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zones of inhibition observed at selected concentration. CIP1: C. indica protein at 0.2 mg/ml, CIP2: C. indica protein at 0.6 mg/ml, CFS1: cell-free supernatant of L. lactis, CFS2: cell-free supernatant of L. fermentum, CFS3:
cell-free supernatant of L. brevis; AMO: Amoxicillin (200 µg/ml); KET: ketoconazole (100 µg/ml) against bacteria and fungi, respectively.
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et al., 2009). Findings of Nalinanon et al. (2011) indicated that,
hydrophilicity is usually associated with compounds exhibiting
high ABTS radical scavenging activity. Hence this study is suggesting there is abundance of polar amino acids in CIP. Scavenging
of DPPH radical by CIP might be due to its structural conformation
and/or the presence of amino acids capable of donating electrons to
halt the radical chain reaction of ROS by forming stable products
(Elias et al., 2008; Nalinanon et al., 2011; Jin et al., 2016). In a similar vein, the Fe2+ ion chelating activity of CIP may be attributed
to its constituent amino acids as reported for A. bisporus protein
(Kimatu et al., 2017). In fact, effective chelating properties of protein have been linked to the additive effects of its amino acids (He
et al., 2013; Shi et al., 2014). CFS of the tested Lactobacilli species exhibited impressive antioxidant activity, scavenged DPPH•,
ABTS•+, OH•, and exhibited Fe2+ ion chelating ability, which reveals their probiotic potentials. Similar antioxidant properties have
been reported for CFS obtained from L. acidophilus (Bing et al.,
1998), L. rhamnosus (Wang et al., 2012), and Bifidobacterium animalis 01 (Shen et al., 2011).
Findings from our investigation showed the ABTS and DPPH
radical scavenging activities of the CFS from the three Lactobacilli strains were around 50%, with CFS3 from L. brevis showing the strongest ABTS and DPPH radical scavenging activities
(50.45%, 45.03%), followed by CFS1 from L. lactis (48.51%,
44.45%) and CFS2 from L. fermentum (45.89%, 40.38%) respectively. Hydroxyl radicals have been implicated as the most harmful reactive oxygen species (Lin et al., 2018). Hydroxyl radical
scavenging activity and Fe2+ ion chelation activity of the obtained
CFSs ranged between 39–47%, with CFS2 showing the strongest
inhibition (49.09%, 42.58%) relative to the control (Figures 1–4).
However, there was an increase in antioxidant capacity when CIP
was combined with the CSFs of the three strains, suggesting a synergistic effect, as the antioxidant activities was potentiated at levels
comparable to the positive standard (butylated hydroxyl toluene).
Results from our investigations showed that CIP inhibited
the growth of Bacillus cereus, Serratia marcescens, Geotrichum
candidum, Pichia fermentans, and Aspergillus spp. The findings
of Tehrani et al. (2012) revealed the antibacterial effect of total
protein extract of A. bisporus mushroom against Bacilus subtilis,
Pseudomonas aeruginosa, Staphylococcus aureus, Methicillinresistant Staphylococcus aureus (MRSA) and E. coli. Proteins
from Ganoderma resinaceum, Russula fragilis, and Inocybe grammata inhibited B. cereus, E. coli, Candida krusei, A. fumigatus
(Hearst et al., 2010). The bacteriostatic and bactericidal properties
of edible and medicinal mushrooms; species of Agaricus, Boletus,
Calocybe, Canthraellus, Clitocybe, Cortinarius, Ganoderma, Pycnoporus, Hygrophorous. Hypholoma, Lactarius, Tricholoma, and
Lentinus against multidrug-resistant bacteria namely; Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. have been attributed to the presence of protein, peptides
and other bioactive compounds (Rezaeian, and Pourianfar, 2016;
Ramos et al., 2019 and Ogidi et al., 2020).
Obtained cell-free supernatant inhibited indicator microorganisms. Findings of Koohestani et al. (2018) revealed that cell-free
supernatant of L. acidophilus LA5 and L. casei 431 inhibited the
growth of S. aureus. Findings from our study showed the cell-free
supernatants obtained from L. lactis, L. fermentum, and L. brevis in
combination with CIP inhibited the growth of tested microorganisms in a synergistic manner. Corroborative, whey protein isolates
supplemented with CFS from L. rhamnosus and L. sakei reportedly
inhibited the growth of E. coli, L. monocytogenes, S. aureus, or S.
Typhimurium (Beristain-Bauza et al., 2016; del Carmen BeristainBauza et al., 2017). Kim et al., (2020) reported the antimicrobial
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activities of LAB cell-free supernatants are mediated by inherent
bioactive peptides and proteins, which further support and establish our findings, as high protein content was detected in the CFS
of the Lactobacilli strains used in this study. These researchers
reported that L. plantarum CFS showed broad-spectrum activity
against Salmonella Gallinarum, Edwardsiella tarda, Pasteurella
multocida, and Streptococcus iniae.
5. Conclusion
C. indica protein combined with CFS of lactic acid bacteria scavenged free radicals and inhibited microorganisms isolated from
fruits. The pronounced antioxidant and antimicrobial activities
displayed by macrofungus; C. indica protein and CFS of LAB can
be attributed to the presence of biologically active proteins. These
bioactive molecules can be extracted and exploited for use as biopreservatives and as biopharmaceutical agents. However, further
study is ongoing on the purification and characterization of these
proteins towards full exploitation.
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