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Abstract
Healthy food choices by consumers are dictated by several factors but most would like healthy and affordable
supply. Of course, traditional foods that are familiar to the consumers and have the appropriate sensory characteristics are most desirable to enhance immunity. Cultural background of the consumers often dictates their
food habits and availability of local foods, driven by economic factors, are important considerations. Food safety,
sustainability and traceability along with regulatory issues are to be considered in order to use the opportunities
to address various challenges.
Keywords: Consumer behaviour; Healthy food; Sustainability; Traceability; Functional foods; Food safety; toxins; Health claims; Bioactives.

The International Academy of Food Science and Technology
(IAFoST) and International Union of Food Science and Technology (IUFoST) hosted a round-table to discuss the consumer perception, behaviour, food habits, cultural background, gender, socioeconomic, food choices and dietary patterns and their influence
on a healthy diet. The round Table was co-chaired by Dr. Aman
Wirakartakusumah and Dr. Ugugua Charles Aworh. The rapporteurs were Dr. Chin-Kun Wang and Dr. Jairo Romero.
There were 5 panel members who spoke on different aspects of
the importance of consumer behaviour on developments related
to a healthy diet. Lifestyle and balanced diet, sustainability, nutrition, and functional foods were considered as important aspects.
In addition, safety and consumer demands were considered as
being components that should help in providing evidence-based
and transparent information. The importance of education, cultural
behaviour and food literacy in healthy food choices should also
be considered. Attention to food loss and waste, local access and
availability, role of food science and technology, incentives on
healthy diet, and finally value addition and circular economy in
food industry were considered important.
The first panel member was Professor Sir Charles Godfray of
Oxford University. He discussed the environmental and health issues related to livestock and the fact that the largest green house
emission, i.e., methane, is due to ruminants and their feed. He

noted that for environmental issues, animal welfare, health, and
consumers are factors needed for consideration as well as production cost and legal aspects.
The second panel member was Dr. Pavinee Chinachoti, chair
of Food Innovation and Regulation Network from Thailand. She
highlighted gaps in understanding safety and health claim regulations and that the food reaching the consumer must be safe and
healthy. Product innovators must pay attention to the value chain.
In this regard, to innovate, regulation should be recognized along
with scientific developments, whilst health claims and functional
food innovation roadmap must consider the fact that consumers
are interested in transparency, traceability and more advanced food
safety considerations that require appropriate technology and regulation in the supply chain.
The third speaker was Professor Sebastiano Porretta of the
Ministry of Economic Development from Italy. He discussed
consumer based new healthy food development. In this, he emphasized that consumers are demanding clean label products with
very few lists of ingredients and no use of unfamiliar chemical
names, especially of synthetic compounds (added by the author).
Thus, attention needs to be paid to the paradigm shift. Consumers are interested in reasons for performance of products. In this
regard, functional foods and ingredients from industrial wastes and
process stream might lead to consumer preference because these
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co-products often have much higher concentration of bioactive
compounds (added by the author). He noted that conjoint analysis
provides a best approach. He also discussed segmentation and use
of orthogonal functional design. In this regard, he noted the importance of natural, generated or induced compounds, price, sustainability, consumer preference, claims and label issues. Although it
might be said that the consumer is ready to pay extra for healthy
functional foods, in practice they often look for cheap and healthy
food options.
The next speaker was Dr. Caroline Smith DeWaal, Global Alliance for Improved Nutrition. She talked about food safety and
consumer demand and new tools for achieving development. She
noted that 600 million food borne illnesses occur each year, thus
ensuring access to safe and nutritious food is important. These result in 420,000 deaths each year and 125,000 of them are children
of less than 5 years. These are due to microbial, helminths, aflatoxin, and other toxins. While 41% of world population is in Asia
and Africa, 75% of such deaths is there. In addition, while 9% the
population there is from children under 5, 30% of deaths is in this
age group. While access to safe and nutritious food is necessary,
consumers are a major driving force. Establishing a functional
knowledge platform to share information with all is essential so
that progress could be made without duplication.
The last speaker was Dr. Petra Klassen Wigger, Global R & D
Scientific Advisor for Nutrition and Health of Nestle. She noted
that leveraging science and technology to address challenges of
sustainable healthy diet was desired as consumers demand food
and beverages that are safe and healthful from a nutritional and
ingredient standpoint and are respectful of the environment. They
also want food and nutrition security for the present and for future
generations. In this regard, climate change is putting pressure on
food systems and the need for affordable food with consideration
of sustainability warrants timely attention. Consumers are also
able to recognize healthy foods and distinguish them from less desirable choices. However, some problems persist. These are related
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to the lack of understanding of how to achieve a balanced diet and
nutritional risk when following a special diet, such as vegan food.
Lack of knowledge to manage portion and frequency of consumption as well as awareness of micronutrients and benefits of fortification remain to be a challenge for most. Finally, misinterpretation
of processing and its effects on food wholesomeness is an issue,
especially for the ready-to-eat foods. In addition, understanding
the local needs and attention to carbon footprint might be a consideration (from the author).
With regard to formulation and re-formulation, positive aspects
related to micronutrients, protein, fiber, whole grain, nuts, fruits,
vegetables and healthy oils as well as negative features related
to sugar, sodium and salt content as well as trans fats (from the
author) and energy content must all be considered when addressing dietary needs. To achieve these goals, a multi-disciplinary approach is needed to ensure science-based innovations. It is also
essential to pay attention to the risk of exposure to plant toxins,
mycotoxins, co-harvest issues, climate change, risk of adulteration, allergens and cross reactivity and cross contamination.
Overall, one might conclude that affordable nutrition, attention
to raw material and loss upon harvest, storage and transportation or
processing waste, use of innovative technologies, including fermentation, as well and use of adequately processed food are essential in
addressing consumer’s needs. To achieve desirable sensory character fermentation and generation of a sour taste, for example, may
help in better appreciation of formulations that might otherwise be
unfamiliar to the consumers. While there are many challenges, there
are also opportunities that we must take advantage of. In this regard,
climate change and growing world population require urgent actions
to ensure sustainability, healthfulness, and affordable diet. Science
based innovation is a key driver and may constitute a shift to a plantbased diet, avoiding food loss and valorize side streams. Therefore,
a holistic approach to ensure various aspects of consumer’s diet for
better health and wellbeing of ecosystem that supports healthier society, and the planet, must be considered.
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Abstract
Autism spectrum disorder (ASD) is a set of heterogeneous neurodevelopmental conditions, characterized by early-onset difficulties in social communication as well as repetitive and unusually restricted behaviors and interests.
The treatment of ASD is based primarily on psychoeducational and behavioral interventions. Since the effectiveness of available treatments for ASD is limited, many families search for alternative therapies, such as the glutenfree and casein-free (GFCF) diet. Despite the popularity of the GFCF diet as a supplementary treatment in children with ASD, several rigorous evaluations have failed to confirm its effectiveness. The majority of the available
studies examining the efficacy of the GFCF diet are seriously flawed and allow no firm conclusions. The available
evidence regarding the effectiveness of the GFCF diet in the treatment of childhood ASD is very weak and cannot
be considered promising. The GFCF diet should be used only if an allergy or intolerance to nutritional gluten or
casein has been established. The identification of a hypothetical diet-related ASD phenotype may help in selecting children who could benefit from a GFCF dietary intervention. An important consideration is that potentially
ineffective therapies may imply considerable opportunity costs, with other possibly more effective treatment
approaches remaining unutilized.
Keywords: Autism spectrum disorder; Children; Gluten-free and casein-free diet; Opioid excess hypothesis; Treatment.

1. Introduction
Autism spectrum disorder (ASD) is a set of heterogeneous developmental conditions; the core features of ASD are early-onset
social communication difficulties and repetitive, stereotypical and
restricted sensory-motor behaviors (Kanner, 1943; Levy et al.,
2009). While ASD was previously considered a rare and narrowly
defined condition of childhood, it is viewed today as a lifelong
condition with a spectrum ranging from very mild to severe. The
disorder was grouped with neurodevelopmental disorders in the
5th edition of the Diagnostic and Statistical Manual of Mental
Disorders (American Psychiatric Association, 2013). Previously
distinguished subtypes, such as Asperger’s disorder and pervasive
developmental disorder not otherwise specified, are now consoli-

dated under the diagnosis of ASD. Comorbid conditions, such as
attention-deficit hyperactivity disorder and anxiety disorders, are
common and have been reported in more than 70% of individuals
diagnosed with ASD (Gotham et al., 2015; Simonoff et al., 2008).
The prevalence of ASD has been estimated to be approximately 1% globally (Elsabbagh et al., 2012) and 1.5% in developed
countries (Lyall et al., 2017). Prevalence estimates have risen significantly over the last two decades. While this rise in prevalence
might reflect a concomitant rise in the incidence of ASD, changes
in the concepts and diagnostic criteria of ASD have been suggested
as alternative explanations (Fombonne, 2009). A wide variety of
risk factors for ASD, such as prenatal/perinatal and maternal lifestyle and dietary factors, have been suggested (Lyall et al., 2014;
Mandy and Lai, 2017). Genetic studies have identified risk patterns (Gaugler et al., 2014; Tick et al., 2016), and gene-environ-
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ment interactions with risk-inducing environmental compounds
have been discussed (Herbert, 2010). Neurobiological examinations have found early changes of brain development as well as
of neuronal reorganization and connectivity in ASD (Bauman and
Kemper, 2005; Ecker et al., 2015; Hazlett et al., 2017; Lewis et al,
2014; O’Reilly et al., 2017). However, genetic and neurobiological
studies have as yet been unable to provide any clinical benefit or
identify reliable biomarkers for routine use (Walsh et al., 2011).
There are therefore no biological diagnostic tools available, and
the diagnosis of ASD must rely solely on behavioral assessment
(American Psychiatric Association, 2013).
There is no curative therapy for ASD. The treatment is primarily based on psychoeducational and behavioral interventions
(Reichow et al., 2014), with medication used as an adjunct. While
some studies using low-intensity interventions involving parentchild interaction have shown significant effects on children’s social behavior and communication (Weitlauf et al., 2014), others
have been unable to find any positive effects (Carter et al., 2011a).
Meta-analyses of treatment studies using early comprehensive and
targeted behavioral interventions (naturalistic developmental behavioral interventions) (Schreibman et al., 2015) have shown some
positive effects on adaptive skills and language skills (Reichow et
al., 2012; Weitlauf et al., 2014). However, only one trial was truly
randomized, and no effects were found when these approaches
were compared to other developmental interventions of equal intensity (Weitlauf et al., 2014). While drugs do not directly improve
social communication in children with ASD, they may be able to
reduce comorbid symptoms. Evidence-based pharmacotherapy of
children and adolescents with ASD, using atypical antipsychotics
(risperidone, aripripazole), is limited to the treatment of co-occurring behaviors, such as agitation, irritability, aggression and other
disruptive behaviors (Fung et al., 2016). It is important to note that
the reactions of a child’s family to the diagnosis of ASD affects the
outcome as much as any treatment (Dykens et al., 2014).
Since the effectiveness of available treatments for ASD is limited, many families search for alternative therapies (Owen-Smith
et al., 2015; Perrin et al., 2012). A potential role of nutrition in the
etiology of ASD has been suggested. It has been reported that up
to a third of parents of children with ASD conceal information on
nutritional interventions from the physician responsible for treating their children (Trudeau et al., 2019). Moreover, up to a fifth
of preschool children with ASD have been given some form of
restriction diet (Rubenstein et al., 2018). In particular, the nutritional proteins gluten (from wheat, barley, rye and oats) and casein
(from milk and other dairy products) have been hypothesized to be
involved in ASD, and special diets free of gluten and casein have
been suggested to be of value in the treatment of ASD (Lange et
al., 2015). The present short review critically discusses the evidence regarding the therapeutic efficacy of the gluten-free and casein-free (GFCF) diet in ASD.
2. Rationale for the GFCF diet in ASD
The rationale for the administration of GFCF diets in people with
ASD stems mainly from the effects of opioid peptides, released
by the digestion of nutritional gluten and casein. The opioid excess hypothesis, first proposed in 1979, draws parallels between
the acute behavioral effects of opiates and the symptoms of ASD
and speculates that autism may be “an emotional disturbance arising from an upset in the opiate systems in the brain” (Panksepp,
1979). The opioid excess hypothesis postulates that opioid peptides produced through the metabolism of gluten and casein can
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pass across an abnormally permeable intestinal membrane and, in
consequence, are capable of exerting effects on neurotransmission
by binding to opioid receptors (Panksepp, 1979). Opioid receptors
may be involved in the regulation of social behavior and possibly
also in the pathogenesis of ASD (Genuis and Lobo, 2014). Gluten
and casein have similar molecular structures and are metabolized
to gluteomorphine and casomorphine, respectively. These peptides
have been suggested to accumulate and to enter the blood circulation through an elevated permeability of the intestinal membrane
(“leaky gut”) in ASD (D’Eufemia et al., 1996). The opioid peptides formed during digestion might then permeate the blood-brain
barrier and act directly on the brain by binding to opiate receptors
and mimicking the effects of opiate drugs (Shattock and Whiteley,
2002). In doing so, they could cause an increase in the activity
of the endogenous opioid system, which has been speculated to
be linked to the behavioral symptoms of ASD (Panksepp, 1979).
However, the opioid excess hypothesis has been criticized, since
the available studies have been unable to reveal abnormal opioid
levels in the plasma or brain of children with ASD (Lázaro et al.,
2016).
Gastrointestinal problems, such as gastrointestinal inflammation, abdominal pain, diarrhea and chronic constipation, are commonly seen in children with ASD (Buie et al., 2010a; Buie et al.,
2010b; Kang et al., 2014). These problems have been found to correlate with the severity of ASD (Adams et al., 2011) and may be
partly due to digestive enzyme deficiencies, food sensitivities and
small bowel inflammation (Kang et al., 2017). The gastrointestinal
symptoms in children with ASD indicate a potential link between
ASD and celiac disease or gluten sensitivity. Celiac disease is a
gastrointestinal disease characterized by a gluten sensitivity, which
is responsible for the immunogenic response and mucosal inflammation, intestinal villi atrophy and increased intestinal permeability associated with the disorder (Kelly et al., 2015). Since celiac
disease is triggered by the consumption of food containing gluten
(Elli et al., 2015), the only treatment currently available for celiac
disease is to follow a strict lifelong gluten-free diet (Hill et al.,
2016). Today, large numbers of individuals without celiac disease
avoid gluten in the belief that a gluten-free diet is associated with
health benefits, potentially resulting in the unnecessary consumption of gluten-free foods (Gaesser and Angadi, 2015).
A comorbidity between ASD and celiac disease has been suggested by several large-scale epidemiological studies (Atladóttir
et al., 2009; Butwicka et al., 2017; Lebwohl et al., 2021). Furthermore, a predisposition towards autoimmunity has been suggested
(Money et al., 1971). In comparison with controls, children with
ASD have been reported to display elevated markers of innate and
adaptive immune response (Jyonouchi et al., 2001) and, in particular, to have higher concentrations of proinflammatory cytokines
following exposure to gluten and casein (Jyonouchi et al., 2002).
The mechanism of an elevated immune reactivity to gluten observed in a subgroup of children with ASD has been suggested
to be distinct from that in celiac disease (Lau et al., 2013). An
increase in antigliadin antibody response and its association with
gastrointestinal symptoms in these children has been interpreted as
an indication of immunological or intestinal permeability abnormalities (Lau et al., 2013). These findings are the basis of investigations into a link between ASD and food allergies (Jyonouchi,
2009; Li et al., 2021).
The opioid excess hypothesis predicts elevated urinary levels
of opioid peptides as potential biomarkers of ASD. As a therapeutic consequence, diets low in gluten and casein have been
hypothesized not only to normalize the urinary peptide levels but
also to ameliorate the behavioral symptoms of children with ASD
(Reichelt et al., 1991; Shattock and Whiteley, 2002). Gluten-free

Journal of Food Bioactives | www.isnff-jfb.com

Lange et al.

Gluten-free and casein-free diet in autism

Table 1. Hypothetical mechanisms of action of the GFCF diet in ASD

Hypothetical mechanism

Findings

Excess opioid activity

Opioid overactivity leading to decreased social behavior in animal models of ASD (Panksepp, 1979). Possible
involvement of opioid receptors in the pathogenesis of ASD (Genuis and Lobo, 2014). Increased (and also
decreased) levels of opioid-like peptides, produced through gluten and casein metabolism and entering the
blood circulation through a “leaky gut” (D’Eufemia et al., 1996), in the serum, cerebrospinal fluid or urine
of individuals with ASD (Pellissier et al., 2018).

Increased autoimmunity

Elevated markers of innate and adaptive immune response (cytokines, cytokine tumor necrosis factor-α
etc.) in children with ASD (with regression) (Jyonouchi et al., 2001; Money et al., 1971) leading to a
hypothetical “autoimmune phenotype” with environmental stimuli triggering an immune response which
exacerbates ASD features. Hypothetical knock-on effects of dietary triggers on molecular pathways with
high levels of antibodies against gliadin, casein and the digestive enzyme dipeptidyl peptidase IV, which is
involved in the processing of gliadin (Vojdani et al., 2003, 2004a, 2004b).

Oxidative stress and
inflammation

Impaired antioxidant defense in the cerebellum of individuals with ASD (Gu et al., 2013). Problems in the
metabolism of nitrous oxide leading to increased oxidative stress (Frye and Slattery, 2016; Wrońska-Nofer et
al., 2012). Increased oxidative stress triggered by gliadin (Monguzzi et al., 2019). Increased oxidative stress
demonstrated by elevated markers of oxidative stress in untreated children with celiac disease (Stojiljković
et al., 2007). Possible release of pro-inflammatory cytokines contributing to gastrointestinal inflammation
(leading to “leaky gut”) due to oxidative stress associated with low glutathione levels (Elder et al., 2006).

Reactivity of antibodies
to gluten products

Possible indication of gluten sensitivity in celiac disease and ASD by presence of antibodies against tissuetransglutaminase (Cervio et al., 2007), transglutaminase 6 (Hadjivassiliou et al., 2013; Józefczuk et al., 2018)
and gliadin (Cade et al., 2000; De Magistris et al., 2013; Kawashti et al., 2006; Lau et al., 2013; Vojdani et al.,
2003, 2004a, 2004b) Potential for antibodies and other irritants to travel along the gut-brain axis indicated
by findings of inflammation and abnormal intestinal permeability in ASD (Ashwood et al., 2003; Ashwood
et al., 2004; Jyonouchi et al., 2002; Souza et al., 2012; Torrente et al., 2002).

Gut microbiota
perturbations

Possible link between abnormal gut microbiota composition and ASD (Finegold, 2011; Mulle et al., 2013;
O’Mahony et al., 2015; Rosenfeld, 2015; Wang et al., 2013). Possible downregulation of gastrointestinal
inflammation and intestinal permeability by interaction between GFCF diet and gut microbiota (Doenyas,
2018b).

diets involve the dietary exclusion of gluten in grains and various
processed food products, while casein-free diets exclude casein in
dairy products. Numerous studies have examined the combination
of these diets, the GFCF diet, as an alternative intervention in children with ASD in light of the limited effectiveness of the available
therapies.
Studies examining the urinary profiles of children with autistic
syndromes have found elevated concentrations of certain peptides
(Cade et al., 2000; Israngkun et al., 1986; Knivsberg et al., 1990;
Knivsberg et al., 1995; Reichelt et al., 1981; Reichelt et al., 1986;
Reichelt et al., 1991). Furthermore, reductions in both these peptide concentrations and autistic symptomatology in children adhering to a GFCF diet have been reported (Cade et al., 2000; Knivsberg et al., 1990; Knivsberg et al., 1995), advancing the popularity
of the GFCF diet in media reports (Schreck et al., 2013).
In addition to a hypothetical opioid activity of improperly digested gluten products, research on pathological interactions between gluten and ASD has focused on inflammation caused by oxidative stress and reactivity with anti-gluten antibodies (see Table
1). These hypotheses provide some explanation for the comorbidity found between ASD and celiac disease. The intestinal microbiome has been suggested to be a possible causative or facilitative
agent in mental disorders, including ASD (Doenyas, 2018a; Lange
et al., 2020; Li et al., 2017; Vuong and Hsiao, 2017). ASD has been
linked to an abnormal gut microbiota composition, with distinct
increases or decreases in certain microbial groups being found in
the stool of children with ASD (Finegold, 2011; Mulle et al., 2013;
O’Mahony et al., 2015; Rosenfeld, 2015; Strati et al., 2017; van de
Sande et al., 2014; Wang et al., 2013). However, other studies have
found no compositional perturbations of gut microbiota in people

with autism (Son et al., 2015). The changes in gut microbial communities are frequently accompanied by strong food preferences
and may contribute to the comorbid gastrointestinal symptoms and
possibly also to the behavioral problems observed in children with
ASD (McElhanon et al., 2014). However, reverse causation, with
behavioral changes leading to microbiota perturbations, may also
explain the associations between the gut microbiome and ASD.
Interactions of probiotics and gluten-casein-free diets with gut
microbiota may downregulate gastrointestinal inflammation and
intestinal permeability (Doenyas, 2018b).
3. GFCF diet in ASD
A systematic review of the available literature (Reissmann et al.,
2020) identified 18 survey studies seeking to explore the popularity of complementary and alternative medicine (CAM) treatments
among parents of children diagnosed with ASD. Parents reported
the use of multiple CAM treatments, particularly dietary treatment
forms. Dietary CAM treatments included vitamin or mineral supplementation and specific forms of diet (e.g. Feingold diet, GFCF
diet, sugar-free diet), of which the GFCF diet was the most common (Green et al., 2006; Salomone et al., 2015; Smith and Antolovich, 2000). Higher levels of parental education, more severe
ASD symptoms, comorbid disorders and younger age of children
with ASD have been shown to be associated with the use of CAM
treatments (Reissmann et al., 2020). The prevalence, reported by
parents, of a previous use of one or more of various CAM treatments in their children with ASD was 54–81%, while the current
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use of at least one CAM treatment was reported by 28–62% of
parents (Reissmann et al., 2020). The current use of a GFCF diet
was found in 8–32% and previous use in 20–55% of families. Up
to 41–69% of parents reported positive effects of the GFCF diet
on various aspects of their children’s functioning (Carter et al.,
2011b; Christon et al., 2010; Hanson et al., 2007; Hopf et al., 2016;
Smith and Antolovich, 2000; Winburn et al., 2014). However, the
core features of autistic symptoms may be other than those influenced most effectively by the GFCF diet. In a survey study from
the United Kingdom, 20–29% of the parents reported a significant
improvement in the ASD core dimensions (social interaction, communication, repetitive behaviors, restricted interests) (Winburn et
al., 2014), 54% of parents reported significant improvements regarding gastrointestinal symptoms and 42% reported significant
positive effects on attention and concentration in their children
(Winburn et al., 2014). Significant effects of the GFCF diet on comorbid problems were also shown in another survey, which found
more positive effects of a GFCF diet, as reported by parents, when
their children presented with gastrointestinal symptoms or signs
of allergy (Pennesi and Klein, 2012). These findings suggest that
there may be a subgroup of children with ASD who could benefit
from a GFCF diet. However, this should be further investigated
and needs to be validated by clinical observations in addition to
those of parents.
3.1. Intervention studies using the GFCF diet
First reports of the potential effectiveness of a GFCF diet in ASD
were published in the 1990s. For example, a study comprising 15
individuals with autistic syndromes found a reduction in urinary
peptides resulting from the metabolism of gluten and casein and an
improvement in some behaviors associated with autism in followup assessments after one year (Knivsberg et al., 1990) and four
years (Knivsberg et al., 1995). Similar behavioral results were reported in a follow-up study of a 5-month administration of a gluten-free diet in 22 children with autism and associated spectrum
disorders, while no significant reductions in urinary peptide levels
were found (Whiteley et al., 1999). However, major limitations of
these studies included open methodology and a lack of randomization and blinding. Numerous investigations of variable scientific
rigor have since been conducted to determine the effects of a GFCF
diet on behavioral changes in children diagnosed with ASD. The
effects of a GFCF diet on the symptoms ASD have been assessed
in several interventional studies, some of which were reviewed in a
Cochrane report (Millward et al., 2008). This report included only
two small randomized controlled trials and reported mixed results
regarding GFCF dietary effects. A more recent systematic review
of the literature included dietary intervention trials and food challenge studies (Reissmann et al., 2020), with the classification of
report strength and the judgment of quality indicators performed
according to criteria proposed for the evaluation of intervention
studies in ASD research (Reichow et al., 2008). The main findings
of this systematic review will be presented briefly below.
Several case studies, including anecdotal case reports (Adams
and Conn, 1997; Fields and Fields, 1976) and more scientific trials (Herbert and Buckley, 2013; Hsu et al., 2009; Knivsberg et al.,
1999), have sought to establish a role of the GFCF diet in the relief
of symptoms of autism. These studies found some evidence for
positive effects of the GFCF diet for at least some of the measures
assessed, such as symptoms of autism, cognitive skills and physical development. However, the findings of these reports should be
considered as weak evidence at best, since none of them were conducted with adequate scientific rigor (see Reissmann et al., 2020).
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The effects of GFCF dietary intervention were also examined
in several group studies. Of six uncontrolled group trials assessing the elimination of both gluten and casein (Cade et al., 2000;
Gemmell and Chambliss, 1997; Jyonouchi et al., 2002; Knivsberg
et al., 1990; Knivsberg et al., 1995; Lucarelli et al., 1995; Pontino
et al., 1998; Whiteley et al., 1999), all but one study (Gemmell and
Chambliss, 1997; Pontino et al., 1998) found positive dietary effects on the core symptoms of ASD, cognitive deficits, gastrointestinal problems or comorbid symptoms. These trials lacked control
procedures and had various other major methodological problems,
resulting in only weak scientific evidence, which should be treated
with caution (see Reissmann et al., 2020). In regard to five controlled group trials (Elder et al., 2006; Ghalichi et al., 2016; Johnson et al., 2011; Knivsberg et al., 2002; Knivsberg et al., 2003;
Pedersen et al., 2014; Seung et al., 2007; Whiteley et al., 2010), the
scientific rigor was adequate in all but one study (Knivsberg et al.,
2002; Knivsberg et al., 2003). Two favorable evaluations of GFCF
diet effects are at variance with the negative findings of two studies with diet adherence lasting six (Elder et al., 2006; Seung et al.,
2007) to 12 weeks (Johnson et al., 2011). These negative results
are supported by another small, randomized controlled study of
the GFCF diet in young children with ASD (Johnson et al., 2011).
A further GFCF diet study in children with ASD, conducted with
adequate scientific rigor, failed to show positive effects on ASD
symptoms, neurodevelopmental ratings or symptoms of attention
and hyperactivity (Pedersen et al., 2014; Whiteley et al., 2010).
Another systematic review based on the findings of six randomized controlled trials updated the evidence of the therapeutic
effectiveness of the GFCF diet in childhood ASD and concluded
that there is little evidence supporting beneficial effects of the
diet (Piwowarczyk et al., 2018). A recent systematic review and
meta-analysis, based on six relevant randomized controlled trials
investigating possible benefits of the GFCF diet in children diagnosed with ASD found no effects on clinician-reported autism core
symptoms, parent-reported functional level or behavioral difficulties (Keller et al., 2021). The quality of evidence ranged from low
to very low due to serious risk of bias, inconsistency and imprecision.
Taken together, the available dietary intervention studies have
found highly divergent results and do not therefore allow for clearcut conclusions regarding the effects of the GFCF diet in children
with ASD (see Table 2). It is important to note that the majority of
trials conducted without adequate scientific rigor found evidence
of beneficial effects of the GFCF diet, while more rigorous scientific evaluations were unable to show a consistent pattern of results.
Many trials are hampered by various methodological flaws, such
as reliance on parental reports as the sole source of information
on ASD symptoms as well as a lack of adequate control groups,
rater blindness, control for additional treatments or assessment of
treatment fidelity. Future studies on the efficacy of the GFCF diet
would need to take these aspects into account. In particular, the
ratings of ASD symptoms should be performed by uninvolved and
blinded clinicians rather than parents.
Given that many positive findings following a GFCF diet in
ASD have been reported by studies with longer rather than shorter
follow-up periods (see Reissmann et al., 2020), longer follow-up
periods involving multiple clinical assessments should be employed. Significant beneficial effects have been found in studies
with a duration of 12 months, while studies with interventions
lasting 12 weeks showed no significant effects (de Magistris et
al., 2013; Elder et al., 2006; Gogou and Kolios, 2017; Gogou and
Kolios, 2018; Hyman et al., 2016; Knivsberg et al., 2002; Whiteley
et al., 2010). A prolonged administration may be required to reveal
benefits of GFCF diets, since inflammation, dysbiosis and altered
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Table 2. Summary of findings of GFCF dietary intervention studies in children with ASD

Highly divergent findings of GFCF diet intervention studies
Methodological flaws of many GFCF intervention studies: strong reliance on (unblinded) parental reports as the sole information
source regarding ASD symptoms; frequent lack of control procedures (control groups, measurement baselines, control for additional
treatments); frequent lack of assessment of treatment fidelity
Positive effects of GFCF diet adherence mainly found in studies conducted without adequate scientific rigor
No consistent pattern of findings following a GFCF diet in more rigorous scientific evaluations
More positive findings reported by case/group studies with longer follow-up periods
Summary: No clear-cut conclusions possible regarding GFCF diet effects in children with ASD
intestinal permeability found in many people with ASD may be
normalized only following extended periods of dietary intervention.
3.2. Challenge studies with gluten and/or casein
On the basis of research on food allergies, several studies have examined the effects of challenges with gluten and/or casein in children adhering to some form of GFCF diet. In a case study, acute
negative effects were reported in a child following the consumption of gluten-/casein-containing foods, particularly wheat products (O’Banion et al., 1978). An uncontrolled group study found
that a challenge with casein and other food allergens in children
with ASD on a casein-free diet was associated with an increase in
behavioral symptoms, such as inappropriate emotional responses,
motor disturbances as well as disturbed concentration and perception (Lucarelli et al., 1995). Other studies failed to show any clear
effects of such dietary challenges (Bird et al., 1977; Hyman et al.,
2016; Irvin, 2006; McCarthy and Coleman, 1979; Navarro et al.,
2015). The most persuasive evidence stems from a small randomized double-blind placebo-controlled challenge study, in which
children with ASD who had followed a GFCF diet regimen for two
weeks before being randomly assigned to either a gluten/casein
challenge or a placebo group (Navarro et al., 2015). The results
of this study found no consistent effects of the gluten/casein challenge on gastrointestinal symptoms or behavioral problems, such
as inattention, hyperactivity or inattention (Navarro et al., 2015).
Taken together, the majority of the available challenge studies
were unable to show clear effects of a gluten/casein challenge on
ASD symptoms, gastrointestinal symptoms, comorbid behavior
problems or cognitive functioning. However, the majority of challenge studies were conducted with inadequate scientific rigor, and
the available evidence needs to be viewed with caution.
3.3. Potential harms of the GFCF diet
The available studies exploring potential harms of the GFCF diet
in children with ASD have mainly assessed nutritional adequacy
or physical development. Four studies have examined possible nutritional deficiencies of children with ASD on restriction diets in
comparison with children with ASD on unrestricted diets or healthy
control children (Arnold et al., 2003; Cornish, 2002; Hyman et al.,
2012; Marí-Bauset et al., 2016). Three of these studies estimated
nutritional adequacy from dietary records maintained by parents
and found no evidence of more nutritional deficiencies following a
GFCF diet than in the comparison groups (Cornish, 2002; Hyman
et al., 2012; Marí-Bauset et al., 2016). The fourth study sought
to estimate deficiencies from plasma-derived concentrations of

amino acids and found deficiencies in several essential amino acids, including the neurotransmitter precursors tyrosine and tryptophan (Arnold et al., 2003). Two studies of physical development
following a GFCF diet examined bone development of children
with ASD on a casein-free diet (with a low intake of calcium) with
children on unrestricted diets (Hediger et al., 2008; Neumeyer et
al., 2013). These studies reported that children with ASD generally
displayed a decrease in bone density, with a significantly greater
reduction in the children on a casein-free diet (Hediger et al., 2008;
Neumeyer et al., 2013). These aspects require further consideration in future investigations of GFCF diets.
4. Future directions
The gluten-free diet is a well-established treatment for individuals
with heightened sensitivity to gluten and gluten-related disorders,
such as celiac disease, allergic reactions (wheat allergy), non-celiac gluten sensitivity and other immune-mediated disorders (e.g.
gluten ataxia and dermatitis herpetiformis) (Sapone et al., 2012).
However, the utility of the gluten-free diet in other conditions is
not evidence-based (Jones, 2017).
Studies examining potential benefits of the GFCF diet in children with ASD need to address numerous methodological problems
and use research designs with adequate control procedures (see Table 3). Other recommendations include an (extended) trial duration
of at least 12 months and the use of a broader range of measures,
which may provide insight into other relevant aspects, such as
moderators and mediators of therapeutic effects as well as potential
risks of the GFCF diet. Another important problem to be addressed
is the reliance on parents as an information source. Parents as unblinded providers of treatment may be biased in their perception of
dietary outcomes. Thus, future studies should implement clinicianadministered rating procedures and use objective observational
measures and standardized and ecologically valid assessment instruments. In order to identify potential responders to GFCF diets,
a range of variables, including comorbid gastrointestinal symptoms
(Díaz-Atienza et al., 2012), intestinal permeability (Boukthir et al.,
2010) as well as gastrointestinal enzymatic and inflammatory activity (Wang et al., 2009), deserve further examination.
Future studies should include children with established disturbances in the metabolic breakdown of food proteins or those at risk
for allergies to gluten or casein. A diet-related phenotype of ASD
may be associated with biological aberrations linked to abnormal
gut-brain axis functioning (Whiteley, 2015). The identification of
such a diet-related ASD phenotype may help in selecting those
children who might benefit from a GFCF dietary intervention.
The findings of a recent study suggest that an intervention including a wider variety of dietary elements may be effective in the
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Table 3. Methodological recommendations regarding GFCF studies in ASD (see also Reissmann et al., 2020)

Randomized controlled trial with adequate control condition and control for attention effects (e.g. nutritionist counseling) in control
group
Assessment of additional therapies
Sufficient trial duration (>12 months) with multiple follow-up assessments
Ensuring and maintaining treatment fidelity (diet adherence)
Blinded clinician ratings in addition to parent ratings of behavior
Multi-method/multi-rater assessment using standardized assessment tools: clinical measures, rating scales for parents and teachers,
neuropsychological and cognitive tests, ecologically valid behavioral observations in natural settings
Sufficiently large sample size (>30) with control of attrition
Risk measurement regarding nutritional status, physical development, bone density etc
Assessment of potential moderating and mediating variables, such as food allergies, gastrointestinal symptoms and behavioral symptoms
(e.g. attention, hyperactivity)
treatment of childhood ASD (Adams et al., 2018). The randomized,
controlled, single-blind 12-month trial of a comprehensive dietary
and nutritional intervention in 67 children and adults with ASD
aged 3–58 years and 50 non-sibling neurotypical controls examined the effects of a special vitamin/mineral supplement and further treatments added sequentially, including essential fatty acids,
Epsom salt baths, carnitine, digestive enzyme and a GFCF soyfree diet (Adams et al., 2018). In comparison with the non-treatment group, the treated group showed significant improvements
in nonverbal intellectual ability as well as ASD symptoms and developmental age. According to parental reports, vitamin/mineral
supplements, essential fatty acids and the gluten/casein/soy-free
diet were the most beneficial (Adams et al., 2018). Furthermore,
FODMAP food components (fermentable oligosaccharides, disaccharides, monosaccharides and polyols) have increasingly been investigated due to their possible relation with extraintestinal medical conditions. In particular, diets low in FODMAPs might have
beneficial effects on various mental conditions, including ASD
(Aranburu et al., 2021). However, this requires further research.
5. Conclusion
Despite the popularity and widespread use of the GFCF diet as a
supplementary treatment in children with ASD, several rigorous
scientific evaluations have failed to confirm the effectiveness of
this approach. While the available dietary studies do not confirm
the conceptualization of ASD as a metabolic disorder or the predictions of the opioid excess hypothesis, the increasing evidence for
associations between gut anomalies and the brain in children with
ASD points to a role of immunological factors in the frequently
reported gastrointestinal problems. Therefore, the consideration
of dietary factors, including gluten and casein, should not be disregarded prematurely. Food-derived proteins could play a role in
triggering allergic responses, which may influence brain development and neuronal functions. More scientifically rigorous and
methodologically sound investigations are required to examine the
importance of dietary factors in the etiology and treatment of ASD.
In summary, the available evidence in support of the effectiveness of the GFCF diet in the treatment of childhood ASD is
very weak and cannot currently even be considered promising.
Potentially ineffective dietary therapies may imply considerable
opportunity costs, with other possibly more effective treatment approaches remaining unutilized.

8

References
Adams, J.B., Audhya, T., Geis, E., Gehn, E., Fimbres, V., Pollard, E.L., Mitchell, J., Ingram, J., Hellmers, R., Laake, D., Matthews, J.S., Li, K., Naviaux, J.C., Naviaux, R.K., Adams, R.L., Coleman, D.M., and Quig, D.W.
(2018). Comprehensive nutritional and dietary intervention for autism spectrum disorder – A randomized, controlled 12-month trial.
Nutrients 10: 369.
Adams, J.B., Johansen, L.J., Powell, L.D., Quig, D., and Rubin, R.A. (2011).
Gastrointestinal flora and gastrointestinal status in children with autism – comparisons to typical children and correlation with autism
severity. BMC Gastroenterol. 11: 22.
Adams, L., and Conn, S. (1997). Nutrition and its relationship to autism.
Focus Autism Other Dev. Disabl. 12: 53–58.
American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders. 5 ed. American Psychiatric Publishing, Washington, DC.
Aranburu, E., Matias, S., Simón, E., Larretxi, I., Martínez, O., Bustamante,
M.Á., Del Fernández-Gil, M.P., and Miranda, J. (2021). Gluten and
FODMAPs relationship with mental disorders: Systematic review. Nutrients 13: 1894.
Arnold, G.L., Hyman, S.L., Mooney, R.A., and Kirby, R.S. (2003). Plasma
amino acids profiles in children with autism: potential risk of nutritional deficiencies. J. Autism Dev. Disord. 33: 449–454.
Ashwood, P., Anthony, A., Pellicer, A.A., Torrente, F., Walker-Smith, J.A.,
and Wakefield, A.J. (2003). Intestinal lymphocyte populations in children with regressive autism: Evidence for extensive mucosal immunopathology. J. Clin. Immunol. 23: 504–517.
Ashwood, P., Anthony, A., Torrente, F., and Wakefield, A.J. (2004). Spontaneous mucosal lymphocyte cytokine profiles in children with autism and gastrointestinal symptoms: Mucosal immune activation
and reduced counter regulatory interleukin-10. J. Clin. Immunol. 24:
664–673.
Atladóttir, H.O., Pedersen, M.G., Thorsen, P., Mortensen, P.B., Deleuran,
B., Eaton, W.W., and Parner, E.T. (2009). Association of family history
of autoimmune diseases and autism spectrum disorders. Pediatrics
124: 687–694.
Bauman, M.L., and Kemper, T.L. (2005). Neuroanatomic observations of
the brain in autism: a review and future directions. Int. J. Dev. Neurosci. 23: 183–187.
Bird, B.L., Russo, D.C., and Cataldo, M.F. (1977). Considerations in the
analysis and treatment of dietary effects on behavior: a case study. J.
Autism Child. Schizophr. 7: 373–382.
Boukthir, S., Matoussi, N., Belhadj, A., Mammou, S., Dlala, S.B., Helayem,
M., Rocchiccioli, F., Bouzaidi, S., and Abdennebi, M. (2010). Anomalies de la perméabilité intestinale chez l’enfant autiste: [Abnormal
intestinal permeability in children with autism]. Tunis Med. 88:
685–686.
Buie, T., Campbell, D.B., Fuchs, G.J., Furuta, G.T., Levy, J., Vandewater, J.,

Journal of Food Bioactives | www.isnff-jfb.com

Lange et al.

Gluten-free and casein-free diet in autism

Whitaker, A.H., Atkins, D., Bauman, M.L., Beaudet, A.L., Carr, E.G.,
Gershon, M.D., Hyman, S.L., Jirapinyo, P., Jyonouchi, H., Kooros, K.,
Kushak, R., Levitt, P., Levy, S.E., Lewis, J.D., Murray, K.F., Natowicz,
M.R., Sabra, A., Wershil, B.K., Weston, S.C., Zeltzer, L., and Winter,
H. (2010a). Evaluation, diagnosis, and treatment of gastrointestinal
disorders in individuals with ASDs: a consensus report. Pediatrics
125(Suppl. 1): S1–S18.
Buie, T., Fuchs, G.J., Furuta, G.T., Kooros, K., Levy, J., Lewis, J.D., Wershil,
B.K., and Winter, H. (2010b). Recommendations for evaluation and
treatment of common gastrointestinal problems in children with
ASDs. Pediatrics 125(Suppl. 1): S19–S29.
Butwicka, A., Lichtenstein, P., Frisén, L., Almqvist, C., Larsson, H., and Ludvigsson, J.F. (2017). Celiac disease is associated with childhood psychiatric disorders: A population-based study. J. Pediatr. 184: 87–93.
Cade, R., Privette, M., Fregly, M., Rowland, N., Sun, Z., Zele, V., Wagemaker, H., and Edelstein, C. (2000). Autism and schizophrenia: intestinal
disorders. Nutr. Neurosci. 3: 57–72.
Carter, A.S., Messinger, D.S., Stone, W.L., Celimli, S., Nahmias, A.S., and Yoder, P. (2011a). A randomized controlled trial of Hanen’s ‘More Than
Words’ in toddlers with early autism symptoms. J. Child Psychol. Psychiatry 52: 741–752.
Carter, M., Roberts, J., Williams, K., Evans, D., Parmenter, T., Silove, N.,
Clark, T., and Warren, A. (2011b). Interventions used with an Australian sample of preschool children with autism spectrum disorders.
Res. Autism Spectr. Disord. 5: 1033–1041.
Cervio, E., Volta, U., Verri, M., Boschi, F., Pastoris, O., Granito, A., Barbara,
G., Parisi, C., Felicani, C., Tonini, M., and De Giorgio, R. (2007). Sera
of patients with celiac disease and neurologic disorders evoke a
mitochondrial-dependent apoptosis in vitro. Gastroenterology 133:
195–206.
Christon, L.M., Mackintosh, V.H., and Myers, B.J. (2010). Use of complementary and alternative medicine (CAM) treatments by parents of
children with autism spectrum disorders. Res. Autism Spectr. Disord.
4: 249–259.
Cornish, E. (2002). Gluten and casein free diets in autism: a study of the
effects on food choice and nutrition. J. Hum. Nutr. Diet. 15: 261–269.
De Magistris, L., Picardi, A., Siniscalco, D., Riccio, M.P., Sapone, A., Cariello,
R., Abbadessa, S., Medici, N., Lammers, K.M., Schiraldi, C., Iardino,
P., Marotta, R., Tolone, C., Fasano, A., Pascotto, A., and Bravaccio,
C. (2013). Antibodies against food antigens in patients with autistic
spectrum disorders. BioMed Res. Int. 2013(2013): 729349.
D’Eufemia, P., Celli, M., Finocchiaro, R., Pacifico, L., Viozzi, L., Zaccagnini,
M., Cardi, E., and Giardini, O. (1996). Abnormal intestinal permeability in children with autism. Acta Paediatr. 85: 1076–1079.
Díaz Atienza, F., Serrano Nieto, S., Gonzalez Domenech, P., and García
Pablos, C. (2012). Prevalence of feeding disorders, gastrointestinal
disorders and recurrent infections in children with autism spectrum
disorders (ASD) compared with their healthy siblings. Rev. Psiquiatr.
Infant.-Juv. 29: 11–16.
Doenyas, C. (2018a). Gut microbiota, inflammation, and probiotics on
neural development in autism spectrum disorder. Neuroscience 374:
271–286.
Doenyas, C. (2018b). Dietary interventions for autism spectrum disorder: new perspectives from the gut-brain axis. Physiol. Behav. 194:
577–582.
Dykens, E.M., Fisher, M.H., Taylor, J.L., Lambert, W., and Miodrag, N.
(2014). Reducing distress in mothers of children with autism and
other disabilities: a randomized trial. Pediatrics 134: e454–e463.
Ecker, C., Bookheimer, S.Y., and Murphy, D.G.M. (2015). Neuroimaging in
autism spectrum disorder: brain structure and function across the
lifespan. Lancet Neurol. 14: 1121–1134.
Elder, J.H., Shankar, M., Shuster, J., Theriaque, D., Burns, S., and Sherrill, L.
(2006). The gluten-free, casein-free diet in autism: results of a preliminary double blind clinical trial. J. Autism Dev. Disord. 36: 413–420.
Elli, L., Branchi, F., Tomba, C., Villalta, D., Norsa, L., Ferretti, F., Roncoroni,
L., and Bardella, M.T. (2015). Diagnosis of gluten related disorders:
Celiac disease, wheat allergy and non-celiac gluten sensitivity. World
J. Gastroenterol. 21: 7110–7119.
Elsabbagh, M., Divan, G., Koh, Y.-J., Kim, Y.S., Kauchali, S., Marcín, C., Montiel-Nava, C., Patel, V., Paula, C.S., Wang, C., Yasamy, M.T., and Fombonne, E. (2012). Global prevalence of autism and other pervasive

developmental disorders. Autism Res. 5: 160–179.
Fields, M., and Fields, P. (1976). The relationship between problem behavior and food allergies: one family’s story. J. Autism Child. Schizophr.
6: 75–91.
Finegold, S.M. (2011). Desulfovibrio species are potentially important in
regressive autism. Med. Hypotheses 77: 270–274.
Fombonne, E. (2009). Epidemiology of pervasive developmental disorders. Pediatr. Res. 65: 591–598.
Frye, R.E., and Slattery, J. (2016). The potential role of nitrous oxide in
the etiology of autism spectrum disorder. Transl. Psychiatry 6: e812.
Fung, L.K., Mahajan, R., Nozzolillo, A., Bernal, P., Krasner, A., Jo, B., Coury,
D., Whitaker, A., Veenstra-VanderWeele, J., and Hardan, A.Y. (2016).
Pharmacologic treatment of severe irritability and problem behaviors in autism: A systematic review and meta-analysis. Pediatrics
137(Suppl. 2): S124–S135.
Gaesser, G.A., and Angadi, S.S. (2015). Navigating the gluten-free boom.
JAAPA 28: 1–7.
Gaugler, T., Klei, L., Sanders, S.J., Bodea, C.A., Goldberg, A.P., Lee, A.B.,
Mahajan, M., Manaa, D., Pawitan, Y., Reichert, J., Ripke, S., Sandin,
S., Sklar, P., Svantesson, O., Reichenberg, A., Hultman, C.M., Devlin,
B., Roeder, K., and Buxbaum, J.D. (2014). Most genetic risk for autism
resides with common variation. Nat. Genet. 46: 881–885.
Gemmell, M., and Chambliss, C. (1997). Effects of a gluten-free diet on
rate of achievement in autistic children in an applied behavioral analysis program: Research Report: Ursinus College (ED406761).
Genuis, S.J., and Lobo, R.A. (2014). Gluten sensitivity presenting as a neuropsychiatric disorder. Gastroenterol. Res. Pract. 2014: 293206.
Ghalichi, F., Ghaemmaghami, J., Malek, A., and Ostadrahimi, A. (2016). Effect of gluten free diet on gastrointestinal and behavioral indices for
children with autism spectrum disorders: a randomized clinical trial.
World J. Pediatr. 12: 436–442.
Gogou, M., and Kolios, G. (2017). The effect of dietary supplements on
clinical aspects of autism spectrum disorder: A systematic review of
the literature. Brain Dev. 39: 656–664.
Gogou, M., and Kolios, G. (2018). Are therapeutic diets an emerging additional choice in autism spectrum disorder management? World J.
Pediatr. 14: 215–223.
Gotham, K., Brunwasser, S.M., and Lord, C. (2015). Depressive and anxiety
symptom trajectories from school age through young adulthood in
samples with autism spectrum disorder and developmental delay. J.
Am. Acad. Child Adolesc. Psychiatry 54: 369–376.
Green, V.A., Pituch, K.A., Itchon, J., Choi, A., O’Reilly, M., and Sigafoos, J.
(2006). Internet survey of treatments used by parents of children
with autism. Res. Dev. Disabil. 27: 70–84.
Gu, F., Chauhan, V., and Chauhan, A. (2013). Impaired synthesis and antioxidant defense of glutathione in the cerebellum of autistic subjects:
Alterations in the activities and protein expression of glutathionerelated enzymes. Free Radic. Biol. Med. 65: 488–496.
Hadjivassiliou, M., Aeschlimann, P., Sanders, D.S., Mäki, M., Kaukinen, K.,
Grünewald, R.A., Bandmann, O., Woodroofe, N., Haddock, G., and
Aeschlimann, D.P. (2013). Transglutaminase 6 antibodies in the diagnosis of gluten ataxia. Neurology. 80: 1740–1745.
Hanson, E., Kalish, L.A., Bunce, E., Curtis, C., McDaniel, S., Ware, J., and
Petry, J. (2007). Use of complementary and alternative medicine
among children diagnosed with autism spectrum disorder. J. Autism
Dev. Disord. 37: 628–636.
Hazlett, H.C., Gu, H., Munsell, B.C., Kim, S.H., Styner, M., Wolff, J.J., Elison,
J.T., Swanson, M.R., Zhu, H., Botteron, K.N., Collins, D.L., Constantino,
J.N., Dager, S.R., Estes, A.M., Evans, A.C., Fonov, V.S., Gerig, G., Kostopoulos, P., McKinstry, R.C., Pandey, J., Paterson, S., Pruett, J.R.,
Schultz, R.T., Shaw, D.W., Zwaigenbaum, L., and Piven, J. (2017). Early
brain development in infants at high risk for autism spectrum disorder. Nature 542(7641): 348–351.
Hediger, M.L., England, L.J., Molloy, C.A., Yu, K.F., Manning-Courtney, P.,
and Mills, J.L. (2008). Reduced bone cortical thickness in boys with
autism or autism spectrum disorder. J. Autism Dev. Disord. 38: 848–
856.
Herbert, M.R. (2010). Contributions of the environment and environmentally vulnerable physiology to autism spectrum disorders. Curr. Opin.
Neurol. 23: 103–110.
Herbert, M.R., and Buckley, J.A. (2013). Autism and dietary therapy: case

Journal of Food Bioactives | www.isnff-jfb.com

9

Gluten-free and casein-free diet in autism

Lange et al.

report and review of the literature. J. Child Neurol. 28: 975–982.
Hill, I.D., Fasano, A., Guandalini, S., Hoffenberg, E., Levy, J., Reilly, N., and
Verma, R. (2016). NASPGHAN clinical report on the diagnosis and
treatment of gluten-related disorders. J Pediatr Gastroenterol Nutr.
63: 156–165.
Hopf, K.P., Madren, E., and Santianni, K.A. (2016). Use and perceived effectiveness of complementary and alternative medicine to treat and
manage the symptoms of autism in children: A survey of parents in
a community Population. J. Altern. Complement. Med. 22: 25–32.
Hsu, C.-L., Lin, C.-Y., Chen, C.-L., Wang, C.-M., and Wong, M.-K. (2009). The
effects of a gluten and casein-free diet in children with autism: a case
report. Chang Gung Med. J. 32: 459–465.
Hyman, S.L., Stewart, P.A., Foley, J., Cain, U., Peck, R., Morris, D.D., Wang,
H., and Smith, T. (2016). The gluten-free/casein-free diet: A doubleblind challenge trial in children with autism. J. Autism Dev. Disord.
46: 205–220.
Hyman, S.L., Stewart, P.A., Schmidt, B., Cain, U., Lemcke, N., Foley, J.T.,
Peck, R., Clemons, T., Reynolds, A., Johnson, C., Handen, B., James,
S.J., Courtney, P.M., Molloy, C., and Ng, P.K. (2012). Nutrient intake
from food in children with autism. Pediatrics 130(Suppl. 2): S145–
S153.
Irvin, D.S. (2006). Using analog assessment procedures for determining
the effects of a gluten-free and casein-free diet on rate of problem
behaviors for an adolescent with autism. Behav. Intervent. 21: 281–
286.
Israngkun, P.P., Newman, H.A., Patel, S.T., Duruibe, V.A., and Abou-Issa, H.
(1986). Potential biochemical markers for infantile autism. Neurochem. Pathol. 5: 51–70.
Johnson, C.R., Handen, B.L., Zimmer, M., Sacco, K., and Turner, K. (2011).
Effects of gluten free / casein free diet in young children with autism:
A pilot study. J. Dev. Phys. Disabil. 23: 213–225.
Jones, A.L. (2017). The gluten-free diet: Fad or necessity? Diabetes Spectr.
30: 118–123.
Józefczuk, J., Konopka, E., Bierła, J.B., Trojanowska, I., Sowińska, A., Czarnecki, R., Sobol, L., Józefczuk, P., Surdy, W., and Cukrowska, B. (2018).
The occurrence of antibodies against gluten in children with autism
spectrum disorders does not correlate with serological markers of
impaired intestinal permeability. J. Med. Food 21: 181–187.
Jyonouchi, H. (2009). Food allergy and autism spectrum disorders: is there
a link? Curr. Allergy Asthma Rep. 9: 194–201.
Jyonouchi, H., Sun, S., and Itokazu, N. (2002). Innate immunity associated with inflammatory responses and cytokine production against
common dietary proteins in patients with autism spectrum disorder.
Neuropsychobiology 46: 76–84.
Jyonouchi, H., Sun, S., and Le, H. (2001). Proinflammatory and regulatory
cytokine production associated with innate and adaptive immune
responses in children with autism spectrum disorders and developmental regression. J. Neuroimmunol. 120: 170–179.
Kang, D.-W., Adams, J.B., Gregory, A.C., Borody, T., Chittick, L., Fasano, A.,
Khoruts, A., Geis, E., Maldonado, J., McDonough-Means, S., Pollard,
E.L., Roux, S., Sadowsky, M.J., Lipson, K.S., Sullivan, M.B., Caporaso,
J.G., and Krajmalnik-Brown, R. (2017). Microbiota transfer therapy alters gut ecosystem and improves gastrointestinal and autism symptoms: an open-label study. Microbiome 5: 10.
Kang, V., Wagner, G.C., and Ming, X. (2014). Gastrointestinal dysfunction
in children with autism spectrum disorders. Autism Res. 7: 501–506.
Kanner, L. (1943). Autistic disturbances of affective contact. Nervous Child.
2: 217–250.
Kawashti, M.I., Amin, O.R., and Rowehy, N.G. (2006). Possible immunological disorders in autism: concomitant autoimmunity and immune
tolerance. Egypt. J. Immunol. 13: 99–104.
Keller, A., Rimestad, M.L., Friis Rohde, J., Holm Petersen, B., Bruun Korfitsen, C., Tarp, S., Briciet Lauritsen, M., and Händel, M.N. (2021). The
effect of a combined gluten- and casein-free diet on children and adolescents with autism spectrum disorders: A systematic review and
meta-analysis. Nutrients 13: 470.
Kelly, C.P., Bai, J.C., Liu, E., and Leffler, D.A. (2015). Advances in diagnosis
and management of celiac disease. Gastroenterology 148: 1175–
1186.
Knivsberg, A.M., Reichelt, K.L., Høien, T., and Nødland, M. (2002). A randomised, controlled study of dietary intervention in autistic syn-

10

dromes. Nutr. Neurosci. 5: 251–261.
Knivsberg, A.-M., Reichelt, K.-L., Høien, T., and Nødland, M. (2003). Effect
of a dietary intervention on autistic behavior. Focus Autism Other
Dev. Disabl. 18: 248–257.
Knivsberg, A.M., Reichelt, K.L., and Nødland, M. (1999). Dietary intervention for a seven year old girl with autistic behaviour. Nutr. Neurosci.
2: 435–439.
Knivsberg, A.-M., Reichelt, K.L., Nødland, M., and Høien, T. (1995). Autistic syndromes and diet: a follow-up study. Scand. J. Educ. Res. 39:
223–236.
Knivsberg, A.-M., Wiig, K., Lind, G., Nødland, M., and Reichelt, K.L. (1990).
Dietary intervention in autistic syndromes. Brain Dysfunction 3:
315–327.
Lange, K.W., Hauser, J., and Reissmann, A. (2015). Gluten-free and caseinfree diets in the therapy of autism. Curr. Opin. Clin. Nutr. Metab. Care
18: 572–575.
Lange, K.W., Lange, K.M., Nakamura, Y., and Kanaya, S. (2020). Is there a
role of gut microbiota in mental health? J. Food Bioact. 9: 4–9.
Lau, N.M., Green, P.H.R., Taylor, A.K., Hellberg, D., Ajamian, M., Tan, C.Z.,
Kosofsky, B.E., Higgins, J.J., Rajadhyaksha, A.M., and Alaedini, A.
(2013). Markers of celiac disease and gluten sensitivity in children
with autism. PLoS One 8: e66155.
Lázaro, C.P., Pondé, M.P., and Rodrigues, L.E. (2016). Opioid peptides and
gastrointestinal symptoms in autism spectrum disorders. Braz. J. Psychiatry 38: 243–246.
Lebwohl, B., Haggård, L., Emilsson, L., Söderling, J., Roelstraete, B., Butwicka, A., Green, P.H.R., and Ludvigsson, J.F. (2021). Psychiatric disorders
in patients with a diagnosis of celiac disease during childhood from
1973 to 2016. Clin. Gastroenterol. Hepatol. 19(10): 2093–2101.E13.
Levy, S.E., Mandell, D.S., and Schultz, R.T. (2009). Autism. Lancet 374(9701):
1627–1638.
Lewis, J.D., Evans, A.C., Pruett, J.R., Botteron, K., Zwaigenbaum, L., Estes,
A., Gerig, G., Collins, L., Kostopoulos, P., McKinstry, R., Dager, S., Paterson, S., Schultz, R.T., Styner, M., Hazlett, H., and Piven, J. (2014).
Network inefficiencies in autism spectrum disorder at 24 months.
Transl. Psychiatry 4: e388.
Li, Q., Han, Y., Dy, A.B.C., and Hagerman, R.J. (2017). The gut microbiota
and autism spectrum disorders. Front. Cell Neurosci. 11: 120.
Li, H., Liu, H., Chen, X., Zhang, J., Tong, G., and Sun, Y. (2021). Association
of food hypersensitivity in children with the risk of autism spectrum
disorder: a meta-analysis. Eur. J. Pediatr. 180: 999–1008.
Lucarelli, S., Frediani, T., Zingoni, A.M., Ferruzzi, F., Giardini, O., Quintieri,
F., Barbato, M., D’Eufemia, P., and Cardi, E. (1995). Food allergy and
infantile autism. Panminerva Med. 37: 137–141.
Lyall, K., Ashwood, P., van de Water, J., and Hertz-Picciotto, I. (2014). Maternal immune-mediated conditions, autism spectrum disorders,
and developmental delay. J. Autism Dev. Disord. 44: 1546–1555.
Lyall, K., Croen, L., Daniels, J., Fallin, M.D., Ladd-Acosta, C., Lee, B.K., Park,
B.Y., Snyder, N.W., Schendel, D., Volk, H., Windham, G.C., and Newschaffer, C. (2017). The changing epidemiology of autism spectrum
disorders. Annu. Rev. Public Health 38: 81–102.
Mandy, W., and Lai, M.-C. (2017). Towards sex- and gender-informed autism research. Autism 21: 643–645.
Marí-Bauset, S., Llopis-González, A., Zazpe, I., Marí-Sanchis, A., and
Suárez-Varela, M.M. (2016). Nutritional impact of a gluten-free casein-free diet in children with autism spectrum disorder. J. Autism
Dev. Disord. 46: 673–684.
McCarthy, D.M., and Coleman, M. (1979). Response of intestinal mucosa
to gluten challenge in autistic subjects. Lancet 2(8148): 877–878.
McElhanon, B.O., McCracken, C., Karpen, S., and Sharp, W.G. (2014). Gastrointestinal symptoms in autism spectrum disorder: a meta-analysis. Pediatrics 133: 872–883.
Millward, C., Ferriter, M., Calver, S., and Connell-Jones, G. (2008). Glutenand casein-free diets for autistic spectrum disorder. Cochrane Database Syst. Rev. (2): CD003498.
Monguzzi, E., Marabini, L., Elli, L., Vaira, V., Ferrero, S., Ferretti, F., Branchi,
F., Gaudioso, G., Scricciolo, A., Lombardo, V., Doneda, L., and Roncoroni, L. (2019). Gliadin effect on the oxidative balance and DNA
damage: An in-vitro, ex-vivo study. Dig. Liver Dis. 51: 47–54.
Money, J., Bobrow, N.A., and Clarke, F.C. (1971). Autism and autoimmune
disease: a family study. J. Autism Child. Schizophr. 1: 146–160.

Journal of Food Bioactives | www.isnff-jfb.com

Lange et al.

Gluten-free and casein-free diet in autism

Mulle, J.G., Sharp, W.G., and Cubells, J.F. (2013). The gut microbiome: a
new frontier in autism research. Curr. Psychiatry Rep. 15: 337.
Navarro, F., Pearson, D.A., Fatheree, N., Mansour, R., Hashmi, S.S., and
Rhoads, J.M. (2015). Are ‘leaky gut’ and behavior associated with
gluten and dairy containing diet in children with autism spectrum
disorders? Nutr. Neurosci. 18: 177–185.
Neumeyer, A.M., Gates, A., Ferrone, C., Lee, H., and Misra, M. (2013).
Bone density in peripubertal boys with autism spectrum disorders.
J. Autism Dev. Disord. 43: 1623–1629.
O’Banion, D., Armstrong, B., Cummings, R.A., and Stange, J. (1978). Disruptive behavior: a dietary approach. J. Autism Child. Schizophr. 8:
325–337.
O’Mahony, S.M., Stilling, R.M., Dinan, T.G., and Cryan, J.F. (2015). The microbiome and childhood diseases: Focus on brain-gut axis. Birth Defects Res. C. 105: 296–313.
O’Reilly, C., Lewis, J.D., and Elsabbagh, M. (2017). Is functional brain connectivity atypical in autism? A systematic review of EEG and MEG
studies. PLoS One. 12: e0175870.
Owen-Smith, A.A., Bent, S., Lynch, F.L., Coleman, K.J., Yau, V.M., Pearson,
K.A., Massolo, M.L., Quinn, V., and Croen, L.A. (2015). Prevalence and
predictors of complementary and alternative medicine use in a large
insured sample of children with autism spectrum disorders. Res. Autism Spectr. Disord. 17: 40–51.
Panksepp, J. (1979). A neurochemical theory of autism. Trends Neurosci.
2: 174–177.
Pedersen, L., Parlar, S., Kvist, K., Whiteley, P., and Shattock, P. (2014). Data
mining the ScanBrit study of a gluten- and casein-free dietary intervention for children with autism spectrum disorders: Behavioural
and psychometric measures of dietary response. Nutr. Neurosci. 17:
207–213.
Pellissier, L.P., Gandía, J., Laboute, T., Becker, J., and Le Merrer, J. (2018).
μ opioid receptor, social behaviour and autism spectrum disorder:
Reward matters. Br. J. Pharmacol. 175: 2750–2769.
Pennesi, C.M., and Klein, L.C. (2012). Effectiveness of the gluten-free, casein-free diet for children diagnosed with autism spectrum disorder:
based on parental report. Nutr. Neurosci. 15: 85–91.
Perrin, J.M., Coury, D.L., Hyman, S.L., Cole, L., Reynolds, A.M., and Clemons, T. (2012). Complementary and alternative medicine use in a
large pediatric autism sample. Pediatrics 130(Suppl. 2): S77–S82.
Piwowarczyk, A., Horvath, A., Łukasik, J., Pisula, E., and Szajewska, H.
(2018). Gluten- and casein-free diet and autism spectrum disorders
in children: a systematic review. Eur. J. Nutr. 57: 433–440.
Pontino, J.L., Schaal, K., and Chambliss, C. Effects of a gluten-free diet on
rate of achievement in autistic children in an applied behavioural
anaylsis program: summary analysis: Research Report: Ursinus College (ED413689).
Reichelt, K.L., Hole, K., Hamberger, A., Saelid, G., Edminson, P.D., Braestrup, C.B., Lingjaerde, O., Ledaal, P., and Orbeck, H. (1981). Biologically active peptide-containing fractions in schizophrenia and childhood autism. Adv. Biochem. Psychopharmacol. 28: 627–643.
Reichelt, K.L., Saelid, G., Lindback, T., and Bøler, J.B. (1986). Childhood autism: a complex disorder. Biol. Psychiatry 21: 1279–1290.
Reichelt, K.L., Knivsberg, A.-M., Lind, G., and Nødland, M. (1991). Probable
etiology and possible treatment of childhood autism. Brain Dysfunction 4: 308–319.
Reichow, B., Barton, E.E., Boyd, B.A., and Hume, K. (2012). Early intensive
behavioral intervention (EIBI) for young children with autism spectrum disorders (ASD). Cochrane Database Syst. Rev. 10: CD009260.
Reichow, B., Barton, E.E., Boyd, B.A., and Hume, K. (2014). Early intensive
behavioral intervention (EIBI) for young children with autism spectrum disorders (ASD): A systematic review. Campbell Syst. Rev. 10:
1–116.
Reichow, B., Volkmar, F.R., and Cicchetti, D.V. (2008). Development of the
evaluative method for evaluating and determining evidence-based
practices in autism. J. Autism Dev. Disord. 38: 1311–1319.
Reissmann, A., Hauser, J., Stollberg, E., and Lange, K.W. (2020). Gluten-free
and casein-free diets in the management of autism spectrum disorder: A systematic literature review. Mov. Nutr. Health Dis. 4: 21–38.
Rosenfeld, C.S. (2015). Microbiome disturbances and autism spectrum
disorders. Drug Metab. Dispos. 43: 1557–1571.
Rubenstein, E., Schieve, L., Bradley, C., DiGuiseppi, C., Moody, E., Thom-

as, K., and Daniels, J. (2018). The prevalence of gluten free diet use
among preschool children with autism spectrum disorder. Autism
Res. 11: 185–193.
Salomone, E., Charman, T., McConachie, H., and Warreyn, P. (2015).
Prevalence and correlates of use of complementary and alternative
medicine in children with autism spectrum disorder in Europe. Eur. J.
Pediatr. 174: 1277–1285.
Sapone, A., Bai, J.C., Ciacci, C., Dolinsek, J., Green, P.H.R., Hadjivassiliou,
M., Kaukinen, K., Rostami, K., Sanders, D.S., Schumann, M., Ullrich,
R., Villalta, D., Volta, U., Catassi, C., and Fasano, A. (2012). Spectrum
of gluten-related disorders: consensus on new nomenclature and
classification. BMC Med. 10: 13.
Schreck, K.A., Russell, M., and Vargas, L.A. (2013). Autism treatments in
print: media’s coverage of scientifically supported and alternative
treatments. Behav. Intervent. 28: 299–321.
Schreibman, L., Dawson, G., Stahmer, A.C., Landa, R., Rogers, S.J., McGee,
G.G., Kasari, C., Ingersoll, B., Kaiser, A.P., Bruinsma, Y., McNerney, E.,
Wetherby, A., and Halladay, A. (2015). Naturalistic developmental
behavioral interventions: Empirically validated treatments for autism
spectrum disorder. J. Autism Dev. Disord. 45: 2411–2428.
Seung, H., Rogalski, Y., Shankar, M., and Elder, J.H. (2007). The gluten-and
casein-free diet and autism: Communication outcomes from a preliminary double-blind clinical trial. J. Med. Speech Lang. Pathol. 15:
337–345.
Shattock, P., and Whiteley, P. (2002). Biochemical aspects in autism spectrum disorders: updating the opioid-excess theory and presenting
new opportunities for biomedical intervention. Expert Opin. Ther.
Targets. 6: 175–183.
Simonoff, E., Pickles, A., Charman, T., Chandler, S., Loucas, T., and Baird,
G. (2008). Psychiatric disorders in children with autism spectrum
disorders: prevalence, comorbidity, and associated factors in a population-derived sample. J. Am. Acad. Child Adolesc. Psychiatry 47:
921–929.
Smith, T., and Antolovich, M. (2000). Parental perceptions of supplemental
interventions received by young children with autism in intensive behavior analytic treatment. Behav. Intervent. 15: 83–97.
Son, J.S., Zheng, L.J., Rowehl, L.M., Tian, X., Zhang, Y., Zhu, W., Litcher-Kelly,
L., Gadow, K.D., Gathungu, G., Robertson, C.E., Ir, D., Frank, D.N., and
Li, E. (2015). Comparison of fecal microbiota in children with autism
spectrum disorders and neurotypical siblings in the Simons Simplex
Collection. PLoS One 10: e0137725.
Souza, N.C., Mendonca, J.N., Portari, G.V., Jordao, A.A. Jr, Marchini, J.S.,
and Chiarello, P.G. (2012). Intestinal permeability and nutritional status in developmental disorders. Altern. Ther. Health Med. 18: 19–24.
Stojiljković, V., Todoroviċ, A., Radlović, N., Pejić, S., Mladenović, M.,
Kasapović, J., and Pajović, S.B. (2007). Antioxidant enzymes, glutathione and lipid peroxidation in peripheral blood of children affected by coeliac disease. Ann. Clin. Biochem. 44: 537–543.
Strati, F., Cavalieri, D., Albanese, D., Claudio De Felice, C., Donati, C., Hayek,
J., Jousson, O., Leoncini, S., Renzi, D., Calabrò, A., and De Filippo, C.
(2017). New evidences on the altered gut microbiota in autism spectrum disorders. Microbiome 5: 24.
Tick, B., Bolton, P., Happé, F., Rutter, M., and Rijsdijk, F. (2016). Heritability of autism spectrum disorders: a meta-analysis of twin studies. J.
Child Psychol. Psychiatry 57: 585–595.
Torrente, F., Ashwood, P., Day, R., Machado, N., Furlano, R.I., Anthony, A.,
Davies, S.E., Wakefield, A.J., Thomson, M.A., Walker-Smith, J.A., and
Murch, S.H. (2002). Small intestinal enteropathy with epithelial IgG
and complement deposition in children with regressive autism. Mol.
Psychiatry 7: 375–382.
Trudeau, M.S., Madden, R.F., Parnell, J.A., Gibbard, W.B., and Shearer, J.
(2019). Dietary and supplement-based complementary and alternative medicine use in pediatric autism spectrum disorder. Nutrients
11: 1783.
Van de Sande, M.M., van Buul, V.J., and Brouns, F.J. (2014). Autism and
nutrition: the role of the gut-brain axis. Nutr. Res. Rev. 27: 199–214.
Vojdani, A., Pangborn, J.B., Vojdani, E., and Cooper, E.L. (2003). Infections,
toxic chemicals and dietary peptides binding to lymphocyte receptors and tissue enzymes are major instigators of autoimmunity in
autism. Int. J. Immunopathol. Pharmacol. 16: 189–199.
Vojdani, A., Bazargan, M., Vojdani, E., Samadi, J., Nourian, A.A., Eghbalieh,

Journal of Food Bioactives | www.isnff-jfb.com

11

Gluten-free and casein-free diet in autism

Lange et al.

N., and Cooper, E.L. (2004a). Heat shock protein and gliadin peptide
promote development of peptidase antibodies in children with autism and patients with autoimmune disease. Clin. Diagn. Lab. Immunol. 11: 515–524.
Vojdani, A., O’Bryan, T., Green, J.A., Mccandless, J., Woeller, K.N., Vojdani,
E., Nourian, A.A., and Cooper, E.L. (2004b). Immune response to dietary proteins, gliadin and cerebellar peptides in children with autism.
Nutr. Neurosci. 7: 151–161.
Vuong, H.E., and Hsiao, E.Y. (2017). Emerging roles for the gut microbiome
in autism spectrum disorder. Biol. Psychiatry 81: 411–423.
Walsh, P., Elsabbagh, M., Bolton, P., and Singh, I. (2011). In search of biomarkers for autism: scientific, social and ethical challenges. Nat. Rev.
Neurosci. 12: 603–612.
Wang, L., Angley, M.T., Gerber, J.P., Young, R.L., Abarno, D.V., McKinnon,
R.A., and Sorich, M.J. (2009). Is urinary indolyl-3-acryloylglycine a
biomarker for autism with gastrointestinal symptoms? Biomarkers
14: 596–603.
Wang, L., Christophersen, C.T., Sorich, M.J., Gerber, J.P., Angley, M.T., and
Conlon, M.A. (2013). Increased abundance of Sutterella spp. and Ruminococcus torques in feces of children with autism spectrum disorder. Mol. Autism. 4: 42.
Weitlauf, A.S., McPheeters, M.L., Peters, B., Sathe, N., Travis, R., Aiello, R.,
Williamson, E., Veenstra-VanderWeele, J., Krishnaswami, S., Jerome,

12

R., and Warren, Z. (2014). Therapies for children with autism spectrum disorder: Behavioral interventions update. AHRQ Comparative Effectiveness Reviews 137. Agency for Healthcare Research and
Quality, Rockville (MD).
Whiteley, P. (2015). Nutritional management of (some) autism: a case for
gluten- and casein-free diets? Proc. Nutr. Soc. 74: 202–207.
Whiteley, P., Haracopos, D., Knivsberg, A.-M., Reichelt, K.L., Parlar, S.,
Jacobsen, J., Seim, A., Pedersen, L., Schondel, M., and Shattock, P.
(2010). The ScanBrit randomised, controlled, single-blind study of a
gluten- and casein-free dietary intervention for children with autism
spectrum disorders. Nutr. Neurosci. 13: 87–100.
Whiteley, P., Rodgers, J., Savery, D., and Shattock, P. (1999). A gluten-free
diet as an intervention for autism and associated spectrum disorders: Preliminary findings. Autism 3: 45–65.
Winburn, E., Charlton, J., McConachie, H., McColl, E., Parr, J., O’Hare, A.,
Baird, G., Gringras, P., Wilson, D.C., Adamson, A., Adams, S., and Le
Couteur, A. (2014). Parents’ and child health professionals’ attitudes
towards dietary interventions for children with autism spectrum disorders. J. Autism Dev. Disord. 44: 747–757.
Wrońska-Nofer, T., Nofer, J.R., Jajte, J., Dziubałtowska, E., Szymczak, W.,
Krajewski, W., Wasowicz, W., and Rydzyński, K. (2012). Oxidative DNA
damage and oxidative stress in subjects occupationally exposed to
nitrous oxide (N2O). Mutat. Res. 731: 58–63.

Journal of Food Bioactives | www.isnff-jfb.com

Journal of

Food Bioactives

International Society for
Nutraceuticals and Functional Foods

Perspective

J. Food Bioact. 2021;15:13–20

The use of vitamin D in depression
Klaus W. Lange*, Katharina M. Lange, Yukiko Nakamura and Andreas Reissmann
Department of Experimental Psychology, University of Regensburg, Regensburg, Germany
*Corresponding author: Klaus W. Lange, Institute of Psychology, University of Regensburg, 93040 Regensburg, Germany. Tel: +49 941
9433815; Fax: +49 941 9434496; E-mail: klaus.lange@ur.de
DOI: 10.31665/JFB.2021.15278
Received: September 22, 2021; Revised received & accepted: September 29, 2021
Citation: Lange, K.W., Lange, K.M., Nakamura, Y., and Reissmann, A. (2021). The use of vitamin D in depression. J. Food Bioact. 15:
13–20.

Abstract
Vitamin D has increasingly been associated with the pathophysiology of mental illness and has been suggested to
have beneficial effects on depression in adults. Epidemiological studies concerning vitamin D and depression have
found inconsistent results and many have significant methodological limitations. The available evidence suggests
that depressed individuals show reduced vitamin D concentrations compared to controls without depression. Despite the available findings suggesting that hypovitaminosis D elevates the risk of depressive mood, the evidence
of observational and interventional studies is insufficient to establish causality between low vitamin D levels and
the occurrence of depression. The question of whether vitamin D sufficiency has protective efficacy against incident depression or recurrence requires future investigation. In order to examine the therapeutic efficacy of vitamin D, further well-designed, large-scale, long-term intervention trials of vitamin D supplementation in people of
different age groups with depressive symptoms, diagnosed depression, postpartum depression or other depressive disorders are warranted. In short, current evidence cannot definitively establish whether vitamin D deficiency
is a risk factor in the development of depression or whether vitamin D is effective in the treatment of depression.
Keywords: Vitamin D; Depression; Mood; Epidemiology; Treatment.

1. Introduction
Depression is globally a highly prevalent mental disorder that can
occur across the entire lifespan (Kessler et al., 2007). The 12-month
prevalence of major depressive disorder has been estimated to be
approximately 6% (Kessler and Bromet, 2013), with a lifetime
risk of 15–18% (Bromet et al., 2011). Major depressive disorder
has been predicted to become the leading global cause of disease
burden by 2030 (Kessler et al., 2003; World Health Organization,
2008). Major depressive disorder is characterized by depressed
mood, anhedonia, reduced self-esteem and fatigue (American
Psychiatric Association, 2013) and can cause significant functional disability and severely limit the psychosocial functioning
and quality of life of those affected (Malhi and Mann, 2018). Both
depressive disorders and subthreshold depressive symptoms have
been found to be associated with considerable disability, health
care costs and mortality (Broadhead et al., 1990; Pietrzak et al.,

2013). While a biopsychosocial model of the etiology of depression has been proposed, with biological, psychological, social and
environmental factors contributing to the development of depression, the pathophysiological mechanisms underlying depression
remain largely unknown (Krishnan and Nestler, 2010).
The treatment of major depressive disorder, with its high rate
of recurrence, remains difficult and less than satisfactory (Malhi
and Mann, 2018). While pharmacotherapy and/or cognitive behavior psychotherapy have been demonstrated to be efficacious in
the treatment of depression (Cuijpers et al., 2008; Cuijpers et al.,
2009), some degree of non-response to antidepressant medications
may occur in up to 60% of individuals with major depressive disorder (Bschor and Baethge, 2010; Fava, 2003). Almost a third of
people treated for depression remain refractory to multistep antidepressant therapies (Rush et al., 2006a; Rush et al., 2006b), and the
long-term effectiveness of pharmacotherapy and psychotherapy
remains a matter of debate (Casacalenda et al., 2002). Moreover,
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poor acceptability of treatment (Jorm, 2000) and adverse effects of
antidepressant drugs (Anderson et al., 2012; Goethe et al., 2007)
may result in discontinuation of treatment. The need for the development of further medications and novel approaches to the prevention and treatment of depression has therefore been emphasized
(Insel, 2015; Miller, 2010).
Diet and nutrition have been found not only to be critically involved in the promotion of metabolic health (Bennett et al., 2015),
but also to play a role in mental health and to be capable of modifying mental disorders (Lange, 2018; Lange, 2020a; Marx et al.,
2017). The risk of depression appears to be inversely associated
with the Mediterranean diet (Lai et al., 2014; Opie et al., 2015;
Psaltopoulou et al., 2013), while Western diets have been reported to be positively correlated with depression (Lai et al., 2014).
Various food bioactives, such as omega-3 polyunsaturated fatty
acids (Lange, 2020b; Lange, 2021; Lange et al., 2021a), probiotics (Lange et al., 2020) and L-theanine and epigallocatechine gallate (Lange et al., 2021b) have shown associations with depression
risk. Emerging evidence suggests that vitamin D deficiency is also
linked to depression, with people showing normal vitamin D levels
having a reduced risk of developing depression (e.g. Anglin et al.,
2013; Black et al., 2014; Brouwer-Brolsma et al., 2015; Hoogendijk et al., 2008; Kerr et al., 2015; von Känel et al., 2015). These
findings have led to investigations of food bioactive and micronutrient supplementation in depression (Lim et al., 2016).
The present perspective critically discusses the evidence regarding the therapeutic efficacy of vitamin D in depression. A literature search, including publications up until March 2021, was
conducted using PubMed and Google Scholar. Search results were
screened for relevant articles involving humans and evaluations of
vitamin D interventions.
2. Vitamin D and the brain and the rationale for its use in depression
Vitamin D comprises a group of structurally related, fat-soluble
secosteroids. It is produced in the skin during sun exposure and
can also be obtained from dietary intake, including vitamin D supplementation (Holick, 2007). The two main forms of vitamin D
relevant for humans are vitamin D2 (ergocalciferol) and vitamin
D3 (cholecalciferol) (Feldman et al., 2011). Both forms are important for calcium and phosphorus homeostasis (Holick, 2007) and
consequently for the maintenance of cellular and neuromuscular
function as well as the regulation of bone metabolism (Brown et
al., 1999). Vitamin D obtained from dietary sources stems mainly
from fungi and yeasts (vitamin D2) or fatty fish (vitamin D3) (Hossein-Nezhad et al., 2013; Jäpelt and Jakobsen, 2013). However, it
is difficult to obtain sufficient vitamin D from dietary intake (Maxwell, 1994), and the majority of vitamin D3 is produced in the
skin from 7-dehydrocholesterol (provitamin D3) following exposure to ultraviolet B radiation (Holick, 2017). Two hydroxylation
steps are needed to form either 1,25-dihydroxyvitamin D2 (ergocalcitriol, 1,25(OH)2D2) or 1,25-dihydroxyvitamin D3 (calcitriol,
1,25(OH)2D3), which are the active metabolic products of vitamin
D2 and D3, respectively (Vieth, 2004). Vitamin D is converted in
the liver to 25-hydroxyvitamin D (25(OH)D), the level of which is
commonly used to determine a person’s vitamin D status (Hollis,
1996), and subsequently in the kidneys to its active form 1,25-dihydroxyvitamin D (1,25(OH)2D) (Wacker and Holick, 2013).
Both 1,25(OH)2D2 and 1,25(OH)2D3 are pleiotropic secosteroid
hormones regulating the expression of a large number of genes,
responsible for cellular proliferation, differentiation, DNA repair
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and apoptosis (Hossein-Nezhad et al., 2013), through binding to
the vitamin D receptor (Kongsbak et al., 2013; Pike et al., 2010).
Experimental studies have advanced the understanding of the
multiple actions of vitamin D in the central nervous system (Kalueff and Tuohimaa, 2007). Vitamin D receptors have been found
in brain regions involved in the regulation of behavior, including
the cerebral cortex, limbic system and cerebellum, and may also
stimulate the release of neurotrophins, which are involved in neuronal development (Kalueff and Tuohimaa, 2007). Vitamin D has
been found to play a critical role in brain development (Eyles et al.,
2013; Groves et al., 2014; Ko et al., 2004). A deficiency of the vitamin appears to be a risk factor for cognitive decline and dementia
in elderly people (Annweiler et al., 2015). Less is known concerning the role of vitamin D in the regulation of affect and mood. Hypovitaminosis D has been hypothesized to induce negative mood
and depression (Berk et al., 2007). Since vitamin D receptors are
present on neurons and glial cells in brain areas thought to be involved in the pathophysiology of depression, e.g. cingulate cortex
and hippocampus (Eyles et al., 2005), and an interaction between
vitamin D and glucocorticoids has been found in the hippocampus
(Obradovic et al., 2006), the potential role of vitamin D as a therapeutic agent in depression has been investigated. Vitamin D appears to be involved in the control of serotonin formation, implying a link between vitamin D deficiency and depression (Patrick
and Ames, 2015). Vitamin D has been theorized to act as a neuroactive hormone (Berridge, 2015a; Berridge, 2015b; Berridge,
2017). Furthermore, vitamin D has been postulated to modulate
neuronal calcium ion levels and thereby to cause the onset of depressive symptoms, with vitamin D deficiency leading to elevated
neuronal Ca2+ and increasing depression (Berridge, 2017). In addition, vitamin D may be involved in neuro-immunomodulation and
neuroplasticity, both of which have been proposed as mechanisms
underlying its effects on mood (Fernandes de Abreu et al., 2009).
Vitamin D deficiency (defined as serum 25(OH)D concentration of less than 50 nmol/L) or insufficiency are common in people of all age groups, with approximately one billion individuals
affected worldwide (Holick, 2007). Several observational studies,
including case-control studies, cross-sectional studies and cohort
studies, have investigated the relationship between vitamin D and
depression. Various epidemiological studies have shown associations between serum 25(OH)D levels and depression, with vitamin
D deficiency being associated with depression (Black et al., 2014;
Brouwer-Brolsma et al., 2015; Ganji et al., 2010; Hoang et al.,
2011; Hoogendijk et al., 2008; Jamilian et al., 2013; Kerr et al.,
2015; Kjærgaard et al., 2011; Lee et al., 2011; Milaneschi et al.,
2010; Parker et al., 2017; Tolppanen et al., 2012; von Känel et
al., 2015). However, other studies have found no association (e.g.
Nanri et al., 2009; Pan et al., 2009; Zhao et al., 2010).
A systematic review and meta-analysis summarizing the available evidence from cross-sectional and prospective cohort studies
reported a pooled estimate of the adjusted odds ratio of depression
in 11 cross-sectional studies (with a total of 43,137 participants)
of 0.96 (95% CI = 0.94–0.99, I2 = 63%) for a 10 ng/ml increase in
25(OH)D level (Ju et al., 2013). For five cohort studies comprising 12,648 primarily elderly participants, with 2,663 experiencing
depression events during follow-up, the pooled adjusted odds ratio
of depression was 0.92 (95% CI = 0.87–0.98, I2 = 50%) for a 10
ng/ml increase in 25(OH)D levels (Ju et al., 2013). A further systematic review and meta-analysis pooling the results of previous
epidemiological studies reported a positive association between
hypovitaminosis D and depression in adults (odds ratio = 1.31;
95% CI, 1.00–1.71) (Anglin et al., 2013). The link between vitamin D concentrations and depression has been suggested to be less
straightforward than commonly assumed. The association may
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Table 1. Observational evidence of a relationship between vitamin D and depression

Associations between hypovitaminosis D and depression in adults (Anglin et al., 2013; Ju et al., 2013)
Reduced risk of developing depression in people with higher serum 25(OH)D levels (Jääskeläinen et al., 2015)
Association of depression with vitamin D deficiency in older adults (Okereke and Singh, 2016)
Association of low baseline levels of 25(OH)D3 with increased depression scores at 3-year and 6-year follow-up in elderly adults
(Milaneschi et al., 2010)
Association of depression with vitamin D deficiency in young people (Kerr et al., 2015; Polak et al., 2014)
Association of depression with vitamin D deficiency in individuals with heart failure and cancer (Björkhem-Bergman and Bergman, 2016;
Johansson et al., 2016)
Association between vitamin D status and antenatal and postpartum depression (Aghajafari et al., 2018)
Caveat: Correlation between low vitamin D levels and depressive symptoms is not necessarily indicative of a causal role of hypovitaminosis
D in depression due to potential confounders (age, dietary intake, physical exercise, time spent outdoors etc.)
have been overestimated, particularly in older people, since both
hypovitaminosis D and depression are highly prevalent in this age
group (Rastmanesh et al., 2012) (see also Table 1).
Vitamin D has also been implicated in antenatal depression and
postpartum depression. However, this association is complex and
the available findings are inconsistent. In a systematic review, a
significant association between vitamin D status and both antenatal and postpartum depression was reported (Aghajafari et al.,
2018). The findings of a meta-analysis of nine longitudinal studies suggested that vitamin D deficiency could be a modifiable risk
factor of postpartum depression but not of depressive symptoms
during pregnancy (Wang et al., 2018).
The correlation between low vitamin D levels and depressive
symptoms does not necessarily indicate that hypovitaminosis D
plays a causal role in depression, since a wide range of potential
confounders, such as age, dietary intake, physical exercise, time
spent outdoors, as well as alcohol and tobacco may play a role
(Bertone-Johnson, 2009). It is conceivable that low vitamin D levels result from depression, since depressed mood and apathy may
lead to a decrease in exposure to sunlight or intake of food rich
in vitamin D (Rastmanesh et al., 2012). A decrease in vitamin D
concentrations may therefore be an antecedent or a consequence of
depression, and causality should be examined in prospective studies assessing mood changes over time. A six-year prospective study
comprising 954 elderly individuals aged 65 years or older investigated the association of baseline vitamin D levels and subsequent

occurrence of depression (Milaneschi et al., 2010). In this study,
people with low baseline concentrations of 25(OH)D3 (<50 nM or
<20 ng/ml) were reported to show significantly increased depression scores at three-year and six-year follow-up in comparison with
those with high baseline levels (Milaneschi et al., 2010). However,
this difference may also be explained by different lifestyles.
3. Intervention studies using vitamin D in depression
Intervention studies administering vitamin D have been conducted
in people with major depression and seasonal affective disorder as
well as women with postpartum depression and elderly individuals
with depressive symptoms (see Table 2). A systematic review of
six randomized controlled trials (with 1,203 participants including
71 depressed individuals) investigated the efficacy of oral vitamin
D administration versus placebo in adults at risk of depression,
with symptoms of depression or with a primary diagnosis of depression (Li et al., 2014). No significant effects of vitamin D supplementation on depression scores or in subgroup or sensitivity
analyses were found; the quality of evidence was considered low
(Li et al., 2014). A further systematic review and meta-analysis
of randomized controlled trials summarized the effects of vitamin
D supplementation on depressive symptoms or depression (Shaffer et al., 2014). No overall effects of vitamin D supplementation

Table 2. Interventional evidence of a relationship between vitamin D and depression

No significant meta-analytical effect on depression following vitamin D supplementation (Li et al., 2014; Lázaro Tomé et al., 2021)
No overall meta-analytical effect of vitamin D supplementation on depressive symptoms, but moderate, statistically significant effect in
people with clinically significant depressive symptoms or depressive disorder (Shaffer et al., 2014)
No significant improvement of depression following vitamin D supplementation in a meta-analysis of studies with individuals with low
depression levels and sufficient vitamin D levels at baseline (Gowda et al., 2015)
Significant worsening of depression following vitamin D supplementation in a meta-analysis of “biologically flawed” studies (e.g. vitamin
D deficiency not established at baseline and/or vitamin D dose administered insufficient to produce normal vitamin D levels) (Spedding,
2014)
Significant improvement of depression following vitamin D supplementation in a meta-analysis of studies without biological flaws (Spedding,
2014)
Favorable findings following vitamin D supplementation (≥800 I.U. daily) in studies demonstrating a change in vitamin levels (Spedding,
2014)
Dose dependency of effects of importance of vitamin D supplementation (Mozaffari-Khosravi et al., 2013)
Summary: Insufficient evidence in support of therapeutic efficacy of vitamin D supplementation in depression
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Table 3. Problems and future directions regarding vitamin D and depression

Unclear causality of correlations between vitamin D status and depressive symptoms
Intervention trials needed in people who are both depressed and deficient in vitamin D
Assessment of depression level and vitamin D status both at trial baseline and follow-up
Investigations needed regarding vitamin D effects in different types of depressive disorders (major depressive disorder, seasonal affective
disorder, bipolar disorder, antenatal and postpartum depression, premenstrual dysphoric disorder)
Optimal dosage, duration and mode of delivery of vitamin D supplementation
Summary: Large-scale, randomized controlled trials of vitamin D in people with well-defined diagnoses of depression needed
on depressive symptoms were found. However, subgroup analysis
showed that vitamin D supplementation had a moderate, statistically significant effect in individuals with clinically significant depressive symptoms or depressive disorder and a small, non-significant effect in those without clinically significant depression. The
trials included in this review varied in respect of dose, frequency,
duration and mode of delivery of vitamin D administration (Shaffer et al., 2014). A meta-analysis of nine randomized controlled
trials (with a total of 4,923 participants) estimated the weighted
mean effect of vitamin D supplementation in decreasing depressive symptoms in adult participants diagnosed with depression or
depressive symptoms (Gowda et al., 2015). No significant reduction in depression was observed following vitamin D supplementation. However, most of the studies had included people with low
depression levels and sufficient concentrations of serum vitamin D
at baseline. The vitamin D doses used and intervention durations
varied between the studies included in the meta-analytical review
(Gowda et al., 2015). A recent systematic review and meta-analysis including 10 randomized controlled trials (with a total of 1,393
participants) found no significant effect of oral vitamin D administration on post-intervention depression scores (Lázaro Tomé et al.,
2021). The vitamin D dose administered appears to be important.
In a randomized controlled trial conducted in depressed people
with initial hypovitaminosis D, a single intramuscular injection of
300,000 I.U. of vitamin D improved symptoms of depression three
months following intervention more than a dose of 150,000 I.U.
(Mozaffari-Khosravi et al., 2013).
“Biological flaws” in primary studies have been suggested to be
a reason why meta-analyses have failed to show efficacy of vitamin D supplementation in depression (Lappe and Heaney, 2012).
The concept of biological flaws refers to limitations in study design,
which may affect a study’s ability to test the research hypothesis.
For example, the hypothesis that the treatment of a vitamin D deficit improves depressive symptoms can be tested only if vitamin D
deficiency is established at baseline and the vitamin D dose administered is capable of producing sufficient levels of vitamin D during the trial (Heaney, 2012). Therefore, meta-analytical studies have
been conducted according to the presence or absence of biological
flaws (Spedding, 2014). While a meta-analysis of the available studies without flaws showed a statistically significant improvement in
depression following vitamin D supplementation, the results of studies with biological flaws were mainly inconclusive, with the metaanalysis performed showing a statistically significant worsening in
depression following vitamin D administration (Spedding, 2014).
Vitamin D supplementation of ≥ 800 I.U. daily demonstrated favorable results in the therapy of depression in the studies with a change
in vitamin levels, with the effect size being comparable to that of
antidepressant medication (Spedding, 2014).
A recent 28-day trial investigating vitamin D3 supplementation
in addition to usual treatment in children and adolescents with vitamin D deficiency (25(OH)D ≤ 30 nmol/l) and at least mild de-
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pression (according to Beck Depression Inventory) failed to show
a vitamin D effect on self-rated depression (Libuda et al., 2020).
In summary, the current evidence is insufficient to support the
efficacy of vitamin D supplementation in the treatment of depression. Further large-scale randomized controlled trials assessing the
efficacy of vitamin D supplementation are required. In particular,
future trials should be conducted in people who are both depressed
and deficient in vitamin D, with the vitamin D doses supplemented
being large enough to achieve sufficient vitamin levels.
4. Future directions
The role of vitamin D in the etiology and treatment of depression is still unclear (see Table 3). Due to various methodological
problems and questionable scientific rigor of the available studies, there is no unequivocal evidence of an association between
vitamin D status and depressive symptoms or the diagnosis of depression. In particular, the relationship reported in several studies
between hypovitaminosis D and mood could have been influenced
by confounding variables. The association between vitamin D
and depression may be indirectly explained by other factors affecting both vitamin status and mood. For example, exposure to
sunlight influences not only vitamin D synthesis in the skin but
also body circadian rhythms (e.g. melatonin), which have been
shown to be involved in depression (Boyce and Barriball, 2010).
Another covariable possibly playing a role is body mass index,
with fat-soluble vitamin D being sequestered in adipose tissue and
hypovitaminosis D arising from both high body mass index and
depression (Forsythe et al., 2012). Furthermore, physical exercise
levels may affect both vitamin D status and mood, since reduced
physical activity has been observed in both individuals with depression and people with low levels of vitamin D (Annweiler et
al., 2011). Recent investigations have attempted to take relevant
covariables into account, with prospective longitudinal studies
reporting an elevated hazard ratio for depression in people with
hypovitaminosis D at baseline (see Anglin et al., 2013). While this
suggests that hypovitaminosis D precedes the onset of depression,
observational studies are unable to establish causality. In addition,
the link between vitamin D and depression could be related to genetic predisposition, since gene locus 11p15 harbors susceptibility
genes for mood disorders (Huang et al., 2010) and is also involved
in vitamin D metabolism (Wang et al., 2010). Experimental and
randomized controlled intervention trials are required to shed further light on the link between vitamin D status and depression.
Major problems of the available treatment studies examining
the efficacy of vitamin D in depression include non-representative
samples, problems with the generalization of findings, heterogeneity of the trial participants regarding the severity of depressive
symptoms, the methods used to assess depression, the presence of
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comorbidities, the dose and duration of supplementation and the
levels of 25(OH)D at baseline and follow-up. Polymorphisms of
the vitamin D receptor gene modulate the effectiveness of vitamin
D in the central nervous system, and this may explain why some
individuals with depression respond to vitamin D and others do not
(Kuningas et al., 2009).
Future intervention studies need to distinguish between different types of depressive disorders, such as major depressive disorder, seasonal affective disorder, bipolar disorder, postpartum
depression and premenstrual dysphoric disorder. Intervention
trials with biological flaws may demonstrate the methodological
limitations of the study design rather than the efficacy of vitamin
D supplementation. Therefore, future studies need to include individuals who are both depressed and vitamin D deficient and should
examine depression level and vitamin D status both at baseline and
follow-up. Studies employing sufficient doses of vitamin D and
intervention periods capable of significantly increasing vitamin D
levels in well-defined, homogenous risk groups are warranted.
Given a variety of adverse effects of hypovitaminosis D and
the general health benefits and low risk of serious adverse effects
of vitamin D supplements (Annweiler et al., 2011; Jorde et al.,
2013), vitamin D supplementation may be recommended to protect against depression. In particular, sensible and moderate sun
exposure, avoiding even mild sunburn (Kennedy et al., 2003), of
arms, legs, abdomen and back can help supplement vitamin D and
induce the production of beta-endorphin in the skin, which may
also improve wellbeing (Zanello et al., 1999). The combination of
sunlight exposure and physical exercise may be particularly beneficial (Lange, 2018). Since the synthesis of vitamin D in the skin
following sunlight exposure is strongly influenced by various factors, such as age, skin pigmentation, season and latitude, dietary
supplementation may be needed to obtain beneficial effects. For
the treatment of vitamin deficiency, the administration of 50,000
I.U. of vitamins D2 or D3 once a week for 8 weeks has been recommended in order to raise blood concentrations of 25(OH)D to
an adequate range of at least 30 ng/ml or preferably 40–60 ng/ml,
while a dose of 50,000 I.U. vitamin D2 or vitamin D3 once every
other week has been suggested to be effective in maintaining vitamin D sufficiency (Holick et al., 2011).
5. Conclusion
Despite the available findings suggesting that hypovitaminosis
D elevates the risk of depressive mood, the evidence of observational and interventional studies is insufficient to establish causality between low vitamin D levels and the occurrence of depression.
Whether or not vitamin D sufficiency has protective efficacy against
incident depression or recurrence requires future investigation.
Further well-designed, large-scale, long-term intervention trials of
vitamin D supplementation in people of different age groups with
depressive symptoms, diagnosed depression, postpartum depression
or other depressive disorders would be of value in examining the
therapeutic efficacy of vitamin D. Given the general health benefits
and low risk of adverse effects of vitamin D, modest sun exposure
and dietary vitamin D enrichment may be recommended in order to
supplement vitamin D and improve mood and wellbeing. However,
this recommendation requires confirmation by future studies.
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Abstract
Coronavirus Disease 2019 (COVID-19) is a global pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS- CoV-2). The rising number of cases of this highly transmissible infection has pressed for the urgent
need to find effective therapeutics. The life cycle of SARS-CoV-2 includes the viral entry, viral replication, viral assembly and release. The symptoms associated with viral infection often leads to fatal outcome with pneumonia,
myocarditis, acute respiratory distress syndrome, hypercoagulability, and/or multi-organ failure. Recent studies
have reported that phytochemicals such as emodin, epigallocatechin gallate, and berberine could, albeit modestly, inhibit different stages of SARS-CoV-2 life cycle. The phytochemicals have been shown to disrupt viral infection
and replication by blocking viral-surface spike protein binding to entry receptor angiotensin-converting enzyme
(ACE2), inhibiting viral membrane fusion with host cells, inhibiting RNA-dependent RNA polymerase involved in
viral replication, and/or pathological host- responses in vitro. The focus of this review is to evaluate the efficacies of these phytochemicals on inhibiting SARS-CoV-2 viral infection, growth, or disease progression as well as
to provide a perspective on the potential use of these phytochemicals in the development of novel therapeutics
against SARS-CoV-2.
Keywords: SARS-CoV-2; COVID-19; Coronavirus; Phytochemicals; Cytokine Storm; Cytokine Release Syndrome.

1. Introduction
The worldwide outbreak of highly transmissible Coronavirus
Disease-2019 (COVID-19) was caused by a zoonotic pathogenic
virus, Severe Acute Respiratory Syndrome Coronavirus-2 (SARSCoV-2). SARS-CoV-2 and its previous counterpart, SARS-CoV,
which resulted in a pandemic in 2002, belong to the β-coronavirus
lineage B, both of which are similar to the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) that had emerged in 2012
(Zaki et al., 2012). Towards the end of 2019, the emergence of the
COVID-19 pandemic posed an unprecedented global health threat,
prompting the need to develop effective antiviral therapeutics immediately. During the initial stage of the pandemic, repurposing of

the existing drugs was considered to be one of the most tangible
options for rapidly developing the effective therapeutics. Numerous clinical trials have been completed, but none of those evaluated repurposed drugs could give any promising results (Martinez
& chemotherapy, 2020). The failure of these repurposed drugs in
their clinical trials stresses the need to unleash novel structural
motifs for developing effective COVID-19 drugs. A historical
overview of drug discovery has shown that natural products could
be well optimized for efficacious therapeutic strategies for many
diseases including infectious diseases. The uniqueness of the vast
array of chemical structures of natural products has been the inspiration behind the development of several effective pharmaceuticals (Clercq, 2007). In this review, we briefly discuss the potential
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Figure 1. Structure of SARS-CoV-2 Virus. SARS-CoV-2 virus contains a single stranded RNA serves as the genetic material to which ribonucleoproteins that
assist in viral structure and replication.are bound. The encapsulating viral envelope is comprised of a lipid layer interspersed with membrane and envelope
proteins as well as characteristic receptor-interacting spike glycoprotein.

of several plant-derived natural products or phytochemicals, which
could serve as lead compounds for synthesizing effective natureinspired therapeutics against COVID-19.
2. COVID-19 virus and its life cycle
SARS-CoV-2 genome has a length of nearly 30,000 nucleotides
and is the largest positive-sense genome of the RNA virus family (Astuti and Ysrafil, 2020). The genetic material of the virus
contain a simple structure consisting of a single stranded RNA
genome and bound ribonucleoprotein particles that provide structural integrity to RNA in addition to playing a role in viral replication. This RNA-RNP complex is encapsulated in a viral envelope
consisting of lipid membrane. The viral envelope is interspersed
with envelope and membrane proteins. The outward projecting
and the receptor-interacting spike glycoproteins are also embedded in the viral envelope (Figure 1). The infection cycle of the virus can be divided into three stages, namely, viral entry, viral RNA
release and replication, and viral assembly and release. To enter
the host cells, coronaviruses first bind to specific host cell surface receptors and then the viral Spike protein is cleaved by host
cell-derived proteases to enable fusion of viral and cellular membranes (V’kovski et al., 2021). Receptor binding domain (RBD)
of SARS-CoV-2 Spike (S) protein specifically recognizes human
angiotensin- converting enzyme-2 (ACE-2) as its receptor (Letko
et al., 2020; Wan et al., 2020). Proteolytic cleavage of S protein
by host cell surface protease, TMPRSS2, leads to the final conformational changes in the S2 domain of the spike protein needed
for virus-host cell membrane fusion. This process is irreversible
and it is stringently regulated (Walls et al., 2017). The release of
SARS-CoV-2 viral genome in the host cell cytoplasm marks the
onset of spatially and temporally regulated complex program of
viral gene expression.
Coronavirus particles contain a single, 5′-capped and 3′-polyadenylated RNA genome which codes for two large overlapping
open reading frames in gene 1, as well as a variety of structural
and nonstructural proteins at the 3′ end. At the 5′ end, SARS-
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CoV-2 genomic RNA comprises of two overlapping reading
frames ORF1a and ORF1b (Gorbalenya et al., 2006). The translation of ORF1a and ORF1b from the genomic RNA produces two
polyproteins, pp1a and pp1ab, respectively. The pp1a and pp1ab
proteins are then cleaved by the viral proteases, papain-like protease (PLPRO) and 3C-like protease (3CLPRO) to release 16 different non-structural proteins (Nsp). These encoded Nsp primarily
comprises of RNA-dependent RNA polymerase (RdRp), helicase,
and exonuclease (ExoN), which together forms a viral replication
and transcription complex (RTC) (Subissi et al., 2014). The RdRp
contains a catalytic subunit, NSP12, helicase (NSP13), and accessory subunits NSP7 and NSP8 (Hillen et al., 2020). The RdRp
complex transcribes the viral genome template of negative-sense
genes, including progeny genome and subgenomic RNA as intermediate products, followed by the transcription of positive sense
mRNAs mediated by RdRp. ExoN, exclusive to the β-coronavirus
family, conducts RNA proofreading activity, which is critical for
maintaining the viral genome integrity. The 3′ end of the viral genome contains the ORFs which encode for viral structural proteins,
namely the spike (S), the membrane (M), the envelope (E), and the
nucleocapsid (N) proteins, in addition to the accessory proteins.
These structural proteins would be incorporated into the endoplasmic reticulum membrane and forms the membrane encased structures, which further encloses the nucleocapsid and other necessary accessory proteins to form the exocytic vesicle. The exocytic
vesicle fuses with the plasma membrane and releases the viruses
into the extracellular space, which spreads throughout the human
body (Murgolo et al., 2021; Romano et al., 2020; Trougakos et
al., 2021). This could elicit pathological inflammatory response
including cytokine release syndrome and cytokine storm. Eventually, multiple organ failure ensues with the resultant death of the
COVID-19 patient.
In spite of the fact that numerous drugs do exist that have clinically proven antiviral properties (Indari et al., 2021) and several
drugs that show a limited potential to alleviate COVID-19 symptoms (Lam et al., 2020; Raju et al., 2021), none of them have proven to work efficiently to reduce COVID-19 associated mortality.
Nevertheless, several in vitro studies have demonstrated the potential of several phytochemicals to inhibit COVID-19 infectious
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Figure 2. Potential Lead Phytochemicals that can target SARS-CoV-2. Several phytochemicals have been identified to have the potential to disrupt different
stages of viral lifecycle or pathological host response following infection. The structures of candidate phytochemicals that have potential to serve as the
lead compounds for drug discovery are presented as follows: (a) Phytochemicals targeting viral entry into the host cell; (b) Phytochemicals targeting viral
replication; (c) Phytochemicals inhibiting viral release from the host cell; and (d) Phytochemicals that can attenuate host CRS or cytokine storm (See Text
for Details).

cycle in humans at various stages (Alam et al., 2021; Behl et al.,
2021; Marmitt et al., 2021; Merarchi et al., 2021). These phytochemicals have been demonstrated to inhibit viral entry, viral replication, or viral release – in addition to attenuating the host pathological responses (Figure 2). However, these studies have fallen
short of proving a preventive or therapeutic role for these phytochemicals against COVID19 infection in real-time. Nevertheless,
they provide strong evidence that they can serve as potential lead
molecules for either the therapy or the prevention of SARS-CoV-2
infection as well as other viral infections that might emerge in the
future (Swain et al., 2021).
3. Phytochemicals targeting SARS-CoV-2 entry into the host cell
Coronavirus entry into the host cell is one of the most important
determinant of viral infectivity (Li, 2016) and is also the major
target for human intervention strategies (Du et al., 2009b) . Coronavirus spike (S) proteins are homotrimeric class I fusion glycoproteins that comprise of two functionally distinct subunits: S1
and S2. The peripheral S1 subunit contains the receptor-binding
domain that binds to the host cell receptor, ACE2 and is critical in determining tropism of infection and pathogenicity (Li et
al., 2003; Zhou et al., 2020). The transmembrane S2 subunit that
contains the fusion peptide domain and the twin heptad repeat
domains mediates viral and cellular membrane fusion upon extensive conformational rearrangements following host cell receptor
binding (Letko et al., 2020). The S protein is a class I viral fusion
membrane glycoprotein similar to HIV glycoprotein 160 (Env),
influenza haemagglutinin (HA), and Ebola virus glycoprotein (Du

et al., 2009). In the first step of viral entry, the peripheral amino
(S1) subunit of the SARS-CoV-2 spike glycoprotein (S) independently binds with the membrane metallopeptidase ACE2, and the
carboxy (S2) terminus embedded into the viral envelope mediates
fusion of viral and cellular membranes (Gallagher and Buchmeier,
2001). Inhibiting the first step of viral infection significantly minimizes the chance for the virus to propagate, evolve, and eventually acquire drug resistance (Breitinger et al., 2021; Esté, 2003;
Horne and Vohl, 2020). Therefore, several phytochemicals have
been investigated for their ability to exhibit inhibitory effect on
viral entry (Figure 3).
Emodin, an anthraquinone polyphenol obtained from traditional herbs Rhubarb (Rheum officinale) and Japanese knotweed
(Polygonum cuspidatum), significantly inhibited the interaction of
S protein with ACE2 in a dose-dependent manner, in a cell-free
competition assay, with an IC50 of 200 μM (Ho et al., 2007). Emodin also reduced the infection of ACE2-expressing Vero E6 cells,
a non-human primate kidney cell-line, by an S protein-pseudo
typed retrovirus (Ho et al., 2007). High-throughput screening of
a library containing the extracts from 121 Chinese herbs led to
the identification of two candidate low molecular weight phytochemicals, namely Tetra-O-galloyl-β- D-glucose (TGG) and luteolin (Yi et al., 2004). TGG and luteolin inhibited SARS-CoV
infection by preventing viral entry into Vero E6 cells with the EC50
values of 4.5 μM and 10.6 μM, respectively. Frontal affinity chromatography-mass spectrometry studies revealed that both TGG
and luteolin bound with high affinity to SARS-CoV spike protein,
suggesting that the inhibition of viral entry could be due to the
interference in the interaction between ACE2 and spike protein (Yi
et al., 2004). TGG is a polyphenolic compound obtained from Indian gooseberry (Phyllanthus emblica), and Luteolin is a common
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Figure 3. Lead Phytochemicals that can target SARS-CoV-2 Life Cycle. SARS-CoV-2 life cycle in human host is broadly divided in to three steps, namely, 1.
Viral Entry; 2. Viral RNA Release and Replication; and 3. Viral Assembly and Release (see text for details). Briefly, SARS-CoV-2 viruses attach to the ACE-2
receptor on the plasma membrane of the host cell via the interaction of S, Spike glycoprotein. This interaction triggers the activity of TMPRSS2 receptors
present on the plasma membrane, initiating the endocytosis of the viral particles. Upon entry, the viral particle encapsulated in the plasma membrane
structure, the endocytic vesicle, opens up to release the viral RNA into the host cell cytoplasm. The ss RNA undergoes replication to produce numerous
RNA viral RNA replicates as well as genomic and sub-genomic RNA, the former which fuses with N proteins to form the nucleocapsid structure and the latter which translates into the S, M and E envelope proteins and the accessory proteins. The membrane proteins incorporates into the endoplasmic reticular
membrane which releases off into the cytoplasm and encloses the nucleocapsid structures to form exocytic vesicle, which then fuses with the host cell
plasma membrane and releases the viruses into the extracellular space. Phytochemicals with the potential to disrupt different stages of the viral infection
cycle are boxed and listed in red.

flavonoid found in vegetables and fruits such as celery, parsley,
broccoli, onion leaves, carrots, peppers, cabbages, and apple skin
(Miean and Mohamed, 2001). Molecular docking and SPR studies have revealed that thymoquinone isolated from black cumin
(Nigella sativa)(Harzallah et al., 2011) binds to ACE2 with high
affinity, with a Kd value of 32.140 μM. Thymoquinone inhibited
the infectivity of SARS-CoV-2 pseudovirus in HEK293T-ACE2
in a dose-dependent manner with an IC50 of 4.999 μM (Xu et al.,
2021).
Molecular docking and dynamic simulation studies predict
polyphenols from Citrus sp. (hesperetin, hesperidin, and tangeretin) and Curcuma species (curcumin and its derivatives) to have a
potential inhibitory effect on SARS-CoV-2 infection by interacting
with the S protein RBD (Utomo & Meiyanto, 2020). Hesperidin
was predicted to dock at the binding interface between S protein
and ACE2 by positioning on the shallow middle pit of the surface of the S protein RBD (Wu et al., 2020). Naringenin, a flavanone found in citrus fruits (grapefruit, sour orange), tomato and
other fruits, was reported to have stronger binding energy with the
spike glycoprotein than remdesivir (Ubani et al., 2020), an antiviral drug temporarily approved by the FDA in the treatment of
COVID-19 (Hendaus & Dynamics, 2020). Being SARS-CoV-2’s
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point of entry into the host cells, ACE2 has also been interrogated
as a potential target for anti-viral drug discovery. Computational
studies showed that catechin and curcumin exhibited strong binding affinity not only to the viral Spike protein and the host receptor
ACE2, but also their complex (Spike-RBD/ACE2-complex), with
binding affinity values of −10.5 and −7.9 kcal/mol; −8.9 and −7.8
kcal/mol; and −9.1 and −7.6 kcal/mol, respectively (Jena et al.,
2021). By interfering with the host cell receptor and viral spike
protein interaction, catechin and curcumin could have an inhibitory effect on the cellular entry of the virus.
4. Phytochemicals targeting SARS-CoV-2 replication within the
host cell
Natural compounds which inhibit viral proteases can be viewed as
potential candidates for managing COVID-19 (Figure 3). Protease
inhibitors have been used to treat and manage viruses that cause
HIV-AIDS, MERS, and SARS (Kumar et al., 2020). Replication
of SARS-CoV-2 requires proteolytic processing of the replicated
polyproteins by viral proteases leading to the release of nonstructural and structural proteins. Tanshinones derived from Salvia
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miltiorrhiza (red sage) moderately inhibit the SAR-CoV 3CLpro
and PLpro proteases at IC50 values ranging from 0.8 to 30 μM (Park
et al., 2012).
Dieckol, a pholorotannin obtained from Ecklonia cava, is reported to exert significant inhibitory activity (IC50= 2.7 μM) on
coronavirus 3CLpro. Dieckol which possess two eckol groups
linked by a diphenyl ether, also exhibited potent inhibitory activity
on the cell-based 3CLprocis-cleavage assay, and its potency was
greater than the other phlorotannin derivatives and the natural reference inhibitors (Park et al., 2013). Myricetin, a flavonoid commonly present in nuts, berries, tea, wine, and Scutellarein, a flavone, inhibits the SARS-CoV helicase protein in vitro by affecting
its ATPase activity, but not the unwinding activity (Yu et al., 2012).
Recent studies showed that homoharringtonine (HHT) and
emetine inhibited SARS-CoV-2 replication in Vero-E6 cells with
EC50 at 2.55 and 0.46 μM, respectively (Choy et al., 2020). Lycorine, emetine, and cephaeline may inhibit viral protein synthesis by
interacting with the host ribosome (Ren et al., 2021). Berberine an
alkaloid isolated from plants such as Berberis has been reported to
inhibit the replication of SARS-CoV-2 in cultured nasal cell lines
(Varghese et al., 2021). Resveratrol, a well-known polyphenol
inhibits SARS-CoV-2 viral replication (Pasquereau et al., 2021;
ter Ellen et al., 2021; Yang et al., 2021). Glycorhyzin, a triterpene
saponin, found in high concentrations in the root of the Glycyrrhiza glabra (liquorice) plant inhibits viral replication in vitro by
inhibiting the CLpro protease (van de Sand et al., 2021). EGCG,
a major component in green tea, has also been shown to inhibit
viral replication in Vero cells. This inhibition is associated with
EGCG’s ability to inhibit Nsp15, a non-structural protein involved
in the processing of the viral genome for replication (Hong et al.,
2021). In addition to the thymoquinones which has been reported
to inhibit the viral entry into the host cells, plumbagin, which is
a naphthoquinone, isolated from roots of Plumbago zeylanica
has been predicted to induce viral RNA degradation, through its
ROS inductive effects, thereby exerting an antiviral therapeutic
response (Nadhan et al., 2021).
5. Phytochemicals targeting SARS-CoV-2 viral release from the
infected host cell
Phytochemicals belonging to Kaempferol family of flavanol such
as Juglanin has been tested for their ability to inhibit the release
of assembled mature virions from the host cell into extracellular
space to propagate cell-to-cell spread of the infection (Figure 3).
The ORF 3a of SARS-CoV codes for a transmembrane protein
that forms a homotetrameric ion channel and modulates viral release (Lu et al., 2006). It can be reasoned that the phytochemicals
that inhibit the ion channel could exert an inhibitory effect on virus release, and they could serve as lead compounds for the development of novel therapeutic antiviral agents. Kaempferols are
natural flavonols, found in plants such as kale, beans, tea, spinach
and broccoli (Baenas et al., 2012). Several kaempferol derivatives
were reported to moderately block the 3a channel of Coronavirus, hence, inhibiting the viral production and release from the
host cells (Schwarz et al., 2014). Kaempferol glycoside derivatives were proved to possess more potent inhibitory effect than
kaempferol and points towards the significance of sugar residues
for the antiviral activity (Schwarz et al., 2014) Juglanin (kaempferol-3-O-a-L-arabinofuranoside) was the most effective glycoside with an IC50 value of 2.3 μM. Other kaempferol glycosides
i.e. tiliroside (kaempferol-3-O-(6-p-coumaroyl)-glucoside) and
afzelin (kaempferol-3-O-a-L-rhamnoside) were less potent than

juglanin, but showed similar activity to that of emodin (Schwarz
et al., 2014).
6. Phytochemicals targeting cytokine release syndrome/cytokine storm
In addition to this array of phytochemicals that target viral entry,
replication, and release, there has been increased focus on phytochemicals that can have modulatory effect on Cytokine Release
Syndrome (CRS) and cytokine storm of the infected patients
(Figure 4). CRS and cytokine storm can be broadly described as
life-threatening systemic inflammatory syndromes. In CRS and
cytokine storm, elevated levels of inflammatory cytokines and
excessive activation of immune cells lead to a range of clinical
manifestations such as fever, fatigue, disseminated intravascular
coagulation (DIC), hypotension, hemostatic imbalance, respiratory failure (acute respiratory distress syndrome - ARDS), multiorgan failure, and even death, if not treated in time (Mangalmurti
and Hunter, 2020). CRS and cytokine storm are primarily associated with infectious and immune-mediated conditions. Severe
pneumonia with elevated cytokine levels such as interferon-γ
(IFNγ), Interleukin (IL)- 6, and granulocyte-macrophage colony
stimulating factor (GM-CSF) was reported to be a major cause
of morbidity in patients infected with highly pathogenic human
coronaviruses (SARS-CoV and MERS-CoV) (Channappanavar
& Perlman, 2017). In a recent study conducted with 150 patients
from Wuhan, China, elevated cytokine levels of IL-6 in patients
with COVID-19 was suggested to be the underlying cause of adverse clinical outcomes (Ruan et al., 2020). Many of the recent
studies have suggested that cytokine storm, composed of an array of cytokines including IL-1, -2, -6, -7, -8, -10, -12, -17, -18;
tumor necrosis factor-α (TNF-α), IFN-γ, granulocyte colonystimulating factor (G-CSF); GM-CSF, and monocyte chemoattractant protein-1 (MCP-1), is the underlying cause of severe
COVID-19 immunopathology (Hadjadj et al., 2020; Lucas et
al., 2020; McElvaney et al., 2020; Nile et al., 2020; Ronit et al.,
2021).
Dehydrozingerone, a phenolic compound found in Zingiber
officinale (ginger) and a structural-half analog of curcumin, was
shown to exert significant inhibitory effect on LPS induced cytokine storm in cultured macrophage cells (Tirunavalli et al.,
2021). Many known dietary polyphenols such as curcumin, apigenin, quercetin, cinnamaldehyde, resveratrol, and epigallocatechin-3-gallate; alone and in combinations, have been reported
to have significantly reduced the levels of pro-inflammatory cytokines in vitro and in vivo (Giovinazzo and Grieco, 2015; John et
al., 2011; Scalbert et al., 2005; Tsao, 2010). Bioactive metabolites
Indole-3-carbinol and sulforaphanes present in cruciferous vegetables have also been demonstrated to have a moderate inhibitory effect on LPS-induced inflammatory response in cultured cells (Guo
et al., 2012; Jiang et al., 2013). Such phytochemicals can serve as
potential lead compounds for the synthesis of effective therapeutics, which could reduce the cytokine storm.
7. Perspective and conclusion
COVID-19 has evolved to be a pandemic with global concern
since 2020, which brought the world to a standstill. With the novel
vaccine strategies, we are slowly emerging out of the abysmal
crisis. However, a critical concern is that an effective therapeutic
agent and/or a potential preventive strategy is still elusive. This can
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Figure 4. Lead Phytochemicals that can Targeting Pathological Host Response. Upon the entry into the human body, SARS-CoV-2 replicates within the human host cells, especially within the alveolar epithelial cells, as the route of entry is via the respiratory tract. Further, it triggers the immune response via
activating the immune cells such as T-cell, alveolar macrophages, neutrophils, natural killer cells, dendritic cells, fibroblasts. monocytes and endothelial cells.
These activated immune cells potentiates a cascade of signaling events inducing the release of varied cytokines such as IL-1β/2/6/8/10/18, TNF-α, IFN-γ,
G-CSF, GM-CSF, CXCL-10 and MCP-1, producing CRS and cytokine storm, which can lead to multiple organ failure, affecting the major human organs including brain, lungs, liver, heart, intestine and kidney. Phytochemicals that have therapeutic or preventive potential to target pathological CRS and/or cytokine
storm are boxed and listed in red.

be primarily attributed to the enhanced pace of infection and lack
of sufficient time for deeper research and validation. During the
initial phases of the pandemic, the researchers had come up with
the notion of repurposing the existing drugs with antiviral activity, most of which were FDA approved and used against various
human diseases. However, most of them, if not all, failed to prove
their efficacy in preventing or treating COVID-19 infections in
real-world situation. Thus, the need for the hour is to develop novel therapeutic agents which can effectively target the COVID-19
infection in humans. The mechanistic role of phytochemicals discussed here needs to be explored further and experimentally validated so that more potent molecules can be developed. It is quite
encouraging to note that the limited examples of phytochemicals
discussed here provide evidence that they can serve as critical lead
compounds for the development of novel therapeutics for treating and preventing COVID-19 infections or similar pathogens that
might emerge in the future.
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Abstract
The world health organization (WHO) announced that coronavirus 2019 (COVID-19) is a pandemic. Considering
the pandemic spread of Covid-19, many researchers have shown immense interest in various functional foods/
nutraceuticals and dietary supplements to improve immune function and overall health status and thus lower the
risk of COVID-19 infection. Studies have indicated that a balanced diet rich in various nutrients especially micronutrients plays a huge role in recovering and preventing COVID-19 related health issues. Improvement of obesity
could reduce the risk of COVID-19 infection owing to the less angiotensin-conversion enzyme 2 receptors and increase the effect of vaccination. This review signifies the importance of various food bioactives along with dietary
supplements (balanced diet) rich in various micronutrients against COVID-19 and its related anomalies. Moreover,
this contribution helps non-specialists to understand the importance of various functional foods/nutraceuticals
based on the dietary/supplementation recommendations indicated by various popular nutritional or dietary or
health organizations. To sum up this contribution, healthy life style and balanced nutrition play important role on
immune system. Reducing obesity becomes a critical point on the COVID-19 infection. The most important is to
find the potential and effective food bioactives, which might act as supportive or complementary therapy (prophylactic) for mitigating the risk and comorbidity associated with COVID-19.
Keywords: Coronavirus 2019 (COVID-19); Functional foods; Nutraceuticals; Dietary supplements; Micronutrients.

1. Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV2)
or coronavirus causes a pneumonia-like respiratory disease, which
is commonly called COVID-19 (Coronavirus-2019). Coronavirus is a positive sense single standard RNA (ssRNA), which is

enveloped by a spike glycoprotein, which appears like a crown
under a 2D-electron microscope, and hence it is generally called
a coronavirus (Iddir et al., 2020). Coronavirus is a member of
the coronaviridae family and has a close connection with severe
acute respiratory syndrome (SARS) and Middle East respiratory
syndrome (MERS). Coronavirus structure consists of four major
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proteins including spike glycoprotein, nucleoprotein (attached
with RNA), membrane protein, and an envelope protein, which
plays a key role in replication (division). SARS-CoV2 can use
angiotensin-converting enzyme 2 (ACE2) as a receptor and enter
host cells and start to divide and finally cause COVID-19 (Mrityunjaya et al., 2020; Wiersinga et al., 2020). Concomitant Obesity
and related health issues become the targets of COVID-19 infection and indicator of severe syndrome, and the efficacy of vaccination is suppressed by obesity (Goossens et al., 2020; Bakhshandeh
et al., 2021). The novel coronavirus (SARS-CoV2) outbreak from
Wuhan, China has inflicted a global emergency health threat to
humanity since December 2019. This coronavirus pandemic has
impacted the economy and health care system all over the world
(Kozlov et al., 2021). This coronavirus spreads from human to human via respiratory and airborne droplets as well as through direct contacts. The biggest threat of the coronavirus is that most
of the infected patients are asymptomatic and few develop severe
symptoms like fever, dry cough, fatigue loss of smell/taste, and
headache. If COVID-19 is not treated properly it can result in high
mortality and morbidity and also its long-term effects are not clear
(Kazemi et al., 2021; Syed, 2020). Especially, elderly people, people with comorbid conditions (Cardiovascular, diabetes mellitus,
cancer, and hypertension), immunosuppressed subjects, and heavy
smokers are highly susceptible to Coronavirus infection (Subedi
et al., 2021). Recently, WHO has announced four major variants/
genera of COVID-19 virus including α, β, γ, δ till date (out of 11
known variants). Out of all these coronavirus variants the δ (delta)
is one the deadliest with a high transmissibility rate (Reproductive
number) and contributed to high mortality and morbidity globally
in recent times (Alizon et al., 2021; Liu et al., 2021).
2. An overview on the pathophysiology of COVID-19
The detailed pathophysiology of COVID-19 is still being explored.
However, few major risk factors like oxidative stress, inflammation, and altered immune response are assumed to be the major
contributor to COVID-19 and its related health issues (Kozlov et
al., 2021; Iddir et al., 2020). In this section, we would like to discuss the connection between oxidative stress, inflammation, and
immune response and how they contribute to COVID-19. Once
the SARS-CoV2 enters host cells (mostly lung cells) via ACE2
receptor by endocytosis, it starts to replicate and affects the cellular homeostasis, resulting in oxidative stress (increased free radical production and reduced antioxidant activity), which inflicts an
imbalance between free radicals and antioxidants. These excessive
free radicals (reactive oxygen species [ROS]/reactive nitrogen species [RNS]) could alter various signaling pathways that are responsible for various host cellular metabolic processes (Hussain et al.,
2016). These excessive ROS/RNS triggers inflammatory response
via toll-like receptor (TLR) and nuclear factor-kappa B (NF-κB)
signaling pathway by increasing the production of various proinflammatory cytokines. The excessive production of inflammatory cytokines results in hyperinflammatory condition (cytokines
storm) and also alters the release and activation of various immune
cells especially monocytes, neutrophils, and macrophages (Wiersinga et al., 2020; Leisman et al., 2020). These activated immune
cells further increase the production of free radicals by suppressing
the nuclear factor erythroid related factor 2 (Nrf2) signaling pathway, which is responsible for endogenous antioxidant (cytoprotection) and detoxification related enzymes (Laforge et al., 2020). In
addition, elevated cytokines trigger the induction of endothelium
HA-Synthase-2 (HAS2) and subsequently increase the production
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of hyaluronan (HA), which has a high water binding capacity and
eventually results in increased accumulation of lung fluid (sepsis).
As mentioned before SARS-CoV2 mostly enters the host system
through the respiratory tract and hence lungs cells are highly affected by oxidative stress, inflammation, and altered immune response and result in fibrosis, fluid accumulation, and sepsis (Shi et
al., 2020). Hence, most of COVID-19 patients have various lung or
respiratory-related problems especially acute respiratory distress
syndrome (ARDS), and pneumonia (Kellner et al., 2017). Both oxidative stress and inflammation are strongly interconnected in that
one activates another (vicious cycle). Similarly, oxidative stress
and inflammation result in altered immune response (innate and
acquired immunity) which plays a dominant role in the pathophysiology of COVID-19 (Leisman et al., 2020). Furthermore, studies have indicated that elevated ROS production (oxidative burs/
stress), cytokine storm (inflammation), immune dysfunction end
up in multi-organ failure by altering various normal cellular functions like autophagy, apoptosis, necrosis (cell death), cell energy
system (mitochondrial dysfunction) along with altered microbiota
flora (microbiota dysbiosis) could increase the severity of SARSCoV2 infection (Yuki et al., 2020; Smith et al., 2020). Because, of
the above-mentioned mechanism (pathophysiology), COVID-19
patients start to develop various comorbid conditions which eventually leads to higher mortality and morbidity. Those individuals
who already have comorbid conditions like hypertension, diabetes
mellitus, cardiovascular or renal/lung-related disorders are highly
vulnerable to high morbidity and mortality (Liu et al., 2020).
3. Modified lifestyle pattern to lower the risk of COVID-19
So far, we have given an overview of COVID-19 and its impacts
on humans by explaining various pathophysiological events and
their associated factors. We would now like to emphasize the importance of a modified lifestyle pattern for reducing the risk of
COVID-19 as well as some recommendations for a speedy recovery from COVID-19. The common recommendation from various
expert includes regular exercise (indoor or outdoor), maintaining
social distancing, wearing a mask and washing hands (hygienic
lifestyle) as well as limiting smoking and alcohol consumption
(Ismail et al., 2021; WHO, 2020). In addition, consumption of
healthy foods including regular intake of fruits, vegetables, dietary
fibers, nuts, and cereals along with various dietary supplements
would lower the risk of COVID-19. Even though various COVID-19 vaccines are available in the market, but it does not provide
100% protection against COVID-19, as well as its long-term adverse effects are largely unknown (Subedi et al., 2021; Cascella et
al., 2021). Moreover, the vaccine can only help to improve or boost
the immune response against coronavirus (produce antibodies).
However, the individual immune system should be strong enough
to produce enough antibodies (plasma/memory cells) to fight
against the coronavirus (Ahn et al., 2020). Hence, consumption
of a healthy balanced diet would help to boost the host immune
system and thereby mitigate the harmful health impacts associated
with coronavirus. Along with vaccination, few anti-viral drugs and
micronutrients are recommended for treating Covid-19 but following a healthy lifestyle (healthy food) would be the best choice to
help combating this pandemic (Lordan et al., 2021).
One very important issue is obesity control. Obesity and related
health issues (hypertension, diabetes and coronary heart diseases)
are well known as main reasons of infection and severe syndrome
of COVID-19 and vaccination efficacy owing to rich ACE2 receptor
(Goossens et al., 2020; Bakhshandeh et al., 2021). ACE2 receptor
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Table 1. Summary of dietary/supplementation recommendations and proposed health benefits along with food hygienic guidelines from different nutritional or dietary or health organizations/societies/councils

Proposed health benefits and hygienic guidelines (food safety)

Organization/Association/Council

Intake of fresh fruits and vegetables rich in
fibers, minerals, and vitamins (Colored fruits
and vegetables are highly recommended).
Avoid or limit the use of processed or canned
food. Lower the consumption of sugar, fat, or
salt. Keep hydrated (drink enough water). Do
some indoor exercises, yoga, and meditation

Consumption of fruits and vegetables can improve overall
health status especially lower oxidative stress and enhance
immune system and thus lowering the risk of Covid
19. Wash hands before handling food (before eating or
cooking). Wash vegetables/fruits before cooking. Maintain
social distancing and wear a mask (outdoor activities)

WHO (2020)

Increase fruits and vegetable consumption. Intake
fish oil rich in DHA/EPA. Vitamin and mineralrich supplements or fruits/vegetables must be
consumed. Drink a glass of milk and take only
low-fat dairy products are better (especially
probiotics). Lower the usage of processed
and junk foods. Make cooking and eating fun,
makes children happy, and lower stress

Consumption of fruits and vegetables rich in vitamins
and minerals could decrease stress and enhance the
endurance and immune response (increase antibody
production) and thus mitigate the severity of Coronavirus
infection. Wash hands before handling food (before
eating or cooking). Pregnant women with Covid 19
can still breastfeed. Children should maintain social
distancing and wear a mask (outdoor activities)

UNICEF (2020)

Consume a healthy and balanced diet by
including vegetables, nuts (healthy fat), whole
grains, and fruits. Diversity food consumption
and do not avoid any food completely, to
balance your system. Limit alcohol consumption.
Avoid excessive intake of fats or sugar

Eating healthy and balanced food will significantly improve
the immune system (proliferation of T and B cells).
Dietary fibers and healthy fat can lower the comorbid
conditions associated with Covid 19. Wash all the food
materials before cooking. Wash hands regularly

FAO (2020)

Prefer fresh food and try to avoid stored or
canned food especially fruits and vegetables.
Consume dried nuts like walnut, almond,
cashews, peanuts. Intake whole grains/cereals
and drink at least a glass of milk. Try to consume
herbs and spices with your food. But avoid
excessive salt or sugar (carbonated drinks)

Following the dietary plan, it can help maintaining a
strong immune function as well as substantially improve
your mental health. Sterilize the food before cooking
and wash hand with soap for at least 20 seconds

DAA (2020)

Recommended to control the disease by
following only hygienic procedure (food
safety), no dietary recommendation

Wash your hand regularly for at least 20 seconds.
Clean/sanitize the working space and kitchen to
avoid food contamination. Refrigerate perishable
food and clean than before cooking. Wear a mask as
much as possible and maintain social distancing

CDC (2020)

Dietary/supplementation recommendation

is a protein on the surface of many cell types. It is an enzyme that
generates small proteins, by cutting the larger protein angiotensinogen, that then go on to regulate functions in the cell. To prevent the
infection and avoid severe syndrome of COVID-19 infection, concomitant obesity control is very critical and effective. Energy intake
control and physical activity (healthy lifestyle) could be greatly encouraged at this time. Even though many strategies until now have
been recommended to treat COVOD-19, but the way to help treating
this disease is important. Food bioactives are treasures from nature
which show great potential to treat COVID-19 problems. Basic
studies together with clinical trials are required in the near future.
The authors have set up a good model to screen a lot of potential and
effective food bioactives on COVID-19 virus, some valuable and
exciting results have so far been obtained. Our next step is clinical
trial for getting the science-based evidence for them.
4. Dietary guidelines from health/ dietary organization/society/council to prevent COVID-19
Different nutritional or dietary or health organizations/societies/

councils, including World Health Organization (WHO), 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.
Table 1 epitomizes the summary of health/dietary guidelines and
advice indicated by various organizations or councils which mostly includes the consumption of fruits, vegetables, fish oil, probiotics, whole grains, cereals, and nuts. These recommended foods
could substantially improve the immune system and thereby elicit
overall protection from COVID-19 infection and lower the risk of
Covid related health issues as well as improve the recovery rate in
Covid infected subjects (WHO, 2020; UNICEF, 2020; FAO, 2020;
DAA, 2020; de Faria Coelho-Ravagnani et al., 2021). Overall, all
major health/ dietary organizations/societies/councils have recommended that individuals consume healthy food including fruits
and vegetables (rich in fibers, minerals, and vitamins) along with
drinking an adequate level of water (hydrated). In addition, avoiding smoking and reducing alcohol consumption have been suggested (de Faria Coelho-Ravagnani et al., 2021).
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5. Importance of functional food/nutraceuticals and dietary
supplements on COVID-19
Considering this coronavirus pandemic outbreak, people are becoming highly health-conscious and have started to focus on
healthy food. When it comes to healthy food, people mostly remember functional foods/nutraceuticals, herbs, and dietary supplements as they might be the better tool to combat against COVID-19
and its related health issues (Subedi et al., 2021). Both functional
foods and nutraceuticals terms are often used interchangeably but
there are subtle differences between them. In the case of functional
food, they are considered as a traditional or conventional food or
food byproduct, which could be fortified or altered to enhance its
nutritional value and thus demonstrably enhance its overall biological function and health status (Venkatakrishnan et al., 2019;
Shahidi, 2012). However, nutraceuticals are part of the food (bioactive) which can be used in the medicinal form or supplement to
improve overall health status (Daliu et al., 2019). Recent studies
have indicated that intake of functional foods/nutraceuticals and
dietary supplements rich in various micronutrients would lower
the risk of COVID-19 infection as well as speeding up the recovery in COVID-19 subjects since most viral infections can compromise immune function and lower micronutrient levels (especially
vitamins/minerals). Moreover, functional foods/nutraceuticals and
dietary supplements are well known for their antioxidant, anti-inflammatory, and immunomodulatory properties. Hence, they can
effectively lower oxidative stress and inflammation and thereby
positively regulate immune cells (immune booster) which eventually results in improving overall health status (Subedi et al.,
2021; Lordan et al., 2021; Galanakis et al., 2020; Mrityunjaya et
al., 2020). Both vitamins and minerals (micronutrients) play a central role in various cellular activities (metabolic function, immune
function, antioxidant, anti-inflammation), structural/body development (growth), and thereby improve overall health status (Chiu
et al., 2021). In this contribution, we havechosen only the popular
nutraceuticals/functional food or micronutrients (dietary supplements) like probiotics, fish oil, and curcumin, and quercetin which
have been reported to show potent anti-viral and anti-respiratory
effects. Most of the clinical trials are still ongoing and only a few
trials have come up with positive results, thus, it very hard to make
any definite conclusions. Hence, we have referred to the previous
data of various nutraceuticals/functional foods or micronutrients
against viral infection which are related to respiratory disorders
like lung sepsis, pneumonia, ARDS, SARS, and MERS, might be
also effective against SARS-CoV2 or COVID-19 injection.
6. Functional food/nutraceuticals against COVID-19
6.1. Probiotics (pre and post biotics)
Probiotics are living microorganisms in the gut, which are believed
to improve host health status, whereas, prebiotics are defined as
non-digestible food acting as a food material that stimulates the
growth of host beneficial gut microorganism (probiotics). Similarly, postbiotics are fermented by-products (of prebiotics) produced in the gut that help promoting health (Zolkiewicz et al.,
2020). The popular probiotics species include Lactobacillus and
Bifidobacterium spp., streptococcus (Beneficial bacteria’s) which
are commonly used in various commercial food and supplement
products to enhance the composition of gut microbiota and hence
used as functional foods/nutraceuticals (Chiu et al., 2021). Pro-
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and prebiotics also show various biological functions including
anti-inflammatory, antioxidant, and immunomodulatory activity
through modulating the gut-brain axis (Pandey et al., 2015). The
proposed mechanism of pro- and prebiotics against COVID-19
include reduced expression of inflammatory markers by inhibiting TLR 2/4, NF-κB, and TNF-α signaling pathway, improving
intestinal barrier function, and thus lowering the infiltration of
inflammatory and immune cells (Akour, 2020). Various probiotic
spp include Lactobacillus and Bifidobacterium which play a key
role in clearing the influenza virus by inhibiting the attachment
with the receptor (Baud et al., 2020). Likewise, previous studies
also indicate that probiotics can inhibit the transmissible gastroenteritis virus from entering the epithelial cells and thus protect
the upper respiratory and gastric tract from viral infection (Wang
et al., 2017). Probiotics are reported to modulate immune function
(innate immunity) by altering the production of NK and APCs cells
(Chong et al., 2019; Mortaz et al., 2013). Clinical trials conducted
by Zeng (2016) and Morrow et al. (2010) demonstrated that supplementation with prebiotics in respiratory ill subjects on ventilation showed less ventilator-associated pneumonia compared with
the placebo group. In addition, several reports indicate that pre-/
pro- and postbiotics can be beneficial against COVID-19 infection
and can lower the severity owing to their potent anti-inflammatory,
antioxidant, anti-viral, and immune-modulatory properties via improving gut microbiota, which in turn enhance the gut-brain axis
and gut-lung axis (Baud et al., 2020; Sundararaman et al., 2020;
Akour, 2020). Based on the above data, probiotic/prebiotic supplementation may be used as prophylactic and supportive therapeutic property (used along with standard drugs) against COVID-19.
However, more trials are needed before confirming their definite
effect against the coronavirus.
6.2. Fish oil (DHA/EPA)
Fish oil is rich in various polyunsaturated fatty acids (PUFA)
which are comprised of fatty acids with multiple double bonds.
These include alpha-linolenic acid (ALA), docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) which are classified as
Omega(ω)-3-fatty acids with an array of pharmaceutical properties including antioxidant and anti-inflammatory activities (Venkatakrishnan et al., 2019). The proposed mechanism of fish oil
against COVID-19, especially DHA and EPA, is by exerting potent anti-inflammatory activity via suppressing the production of
pro-inflammatory cytokines and Cox-2, and hence can attenuate
cytokines Strom process (Szabo et al., 2020). Fish oil also acts as
an ACE2 inhibitor and hence acts as an anti-corona viral agent.
Adaptive and innate immunity activity of fish oil was demonstrated by altering the production of NK and neutrophil immune cells
(Calder, 2007). Fish oil rich in DHA and EPA showed anti-platelet
and anti-thrombotic/anti-atherogenic activity and thus used to treat
COVID-19 and its related complications (Rogero et al., 2020). A
preliminary trial showed that blood samples from 100 COVID-19
patients with a higher DHA/EPA index had a lower risk of death
due to Covid-19 (Asher et al., 2021). Even though fish oil was
found to be beneficial against COVID-19, but the limited clinical
trials make it difficult to recommend fish oil for treating COVID-19.
6.3. Curcumin
Curcumin is one of the key active ingredients of turmeric. Turmeric is commonly used in Asian cuisine especially in India as
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a flavoring/coloring agent with numerous biological functions,
and hence it is considered a popular nutraceutical/functional food
ingredient (Chiu et al., 2021). The proposed mechanism of curcumin against COVID-19 is by exerting antiviral effects against
Zika virus, Influenza virus, Human papillomavirus (HPV), and
Human immunodeficiency virus (HIV) through inhibiting viral attachment and replication (Chen et al., 2013). In addition, curcumin
can suppress ACE2 binding and thus inhibit or control SARS-CoV
virus entry (Zahedipour et al., 2020). The available data demonstrate that curcumin can also work effectively against SARS-CoV
(coronavirus). Curcumin has been reported to lower antioxidant
stress via enhancing antioxidant activity (scavenge free radicals/
anti-lipid peroxidative function) as well as suppressing the production of inflammatory cytokines via inhibiting NF-κB, STAT, and
COX-2 signaling pathways (Rocha et al., 2020). It also stimulates
host interferon production and thus trigger innate immunity (Hamid and Thakur 2021).
6.4. Quercetin
Quercetin is a flavonoid (flavanol) and is usually present in vegetables and fruits. Quercetin is available in both aglycone and glycosidic form (rutin) and has various biological functions including
antioxidant, anti-inflammatory, ant-viral, and immunomodulatory activities (Venkatakrishnan et al., 2019). The proposed action
mechanism of quercetin against COVID-19 is displayed by its
strong anti-inflammatory activity and by inhibiting the production
of various pro-inflammatory cytokines and inflammatory markers
like COX-2 and LOX (Bhasker et al., 2011). It improves antioxidant status by upregulating the Nrf2 signaling pathway (Sharma
et al., 2020). Previous studies indicate that quercetin can suppress
the replication of RNA viruses-like influenza and coronavirus.
Quercetin is reported to inhibit SARS CoV2 (spike protein) attachment to ACE2 and thus interfering with the endocytosis or entry of
SARS CoV2 into cells and thus act as an anti-SARS CoV2 agent
(Smith and Smith, 2020). Moreover, a better anti-corona virus effect was found with quercetin, when combined with vitamin C,
thus demonstrating their immunomodulatory and anti-viral properties. Furthermore, supplementation of vitamin C with Quercetin
for 7 days was shown to improve the recovery rate (reduce hospital
stay) in COVID-19 patients (Colunga Biancatelli et al., 2020).
7. Micronutrients against COVID-19
7.1. Vitamins
Vitamins are essential micronutrients, which are classified as water-soluble (B, C) and lipid-soluble (A, D, E, K). All the vitamins
are involved in various biological functions including growth and
development. Especially vitamins A, C, D, and E play a critical
role in maintaining the immune system along with their antioxidant, anti-inflammatory and anti-viral activities which make them
a special weapon in combating various upper respiratory illnesses.
Hence vitamins A, C, D, and E might also work effectively against
SARS- CoV2 or coronavirus (Dehghani-Samani et al., 2020; Jovic
et al., 2020).
7.2. Vitamin C (ascorbic acid)
Vitamin C is a water-soluble vitamin that aids to improve immune

function and is also involved in the development of body tissue
(collagen formation) and speeds up the wound healing process. In
addition, vitamin C has potent antioxidant, anti-inflammatory, and
anti-viral properties, which might improve overall health status and
thus helps in the management of Covid and its related complications like sepsis and pneumonia (Carr and Rowe, 2020). The possible mechanism of vitamin C against COVID-19 includes modulation of the activation of various immune cells (improve immunity)
and thereby regulating the production of various inflammatory
markers (suppress cytokine storm) and decreasing the histamine
levels (Calder, 2020). Vitamin C can increase the differentiation
and proliferation of B and T Cells and thus aid in the production of
antibodies against SARS- CoV2 (Abobaker et al., 2020). Vitamin
C has also been reported to enhance various antioxidant activities
via upregulating the Nrf2 signaling pathway (Cheng, 2020) and
can reduce the severity of upper respiratory viral infections like
ARDS (Hagel et al., 2013). A pilot trial conducted by Zhang et
al. (2021) has hinted that administration of vitamin c for 7 days in
56 ill covid subjects resulted in a significant reduction of hospital
stay and mortality. Moreover, supplementation of vitamin C with
quercetin for 7 days improved the recovery rate (reduce hospital
stay) in COVID-19 patients (Colunga Biancatelli et al., 2020).
Overall, vitamin C, owing to its potent antioxidant, anti-inflammatory, anti-viral, and immune-boosting properties, might help treating COVID-19 patients, however, more evidence is needed before
its recommendation for treating COVID-19.
7.3. Vitamin D or 25-hydroxyvitamin D
Vitamin D is a fat-soluble vitamin that plays an important role in
several physiological processes, such as bone metabolism, calcium, and phosphorus absorption, and enhance cellular immunity.
Vitamin D is also showing promising results against various upper
respiratory disorders or syndrome like ARDS. A mounting number of studies demonstrate that deficiency of vitamin D (hypovitaminosis D) is strongly associated with an increase in the incidences of COVID-19 and its severity (Liu et al., 2021; Pereira et
al., 2020; Grant et al., 2020). However, few studies have shown
no association between vitamin D and Coronavirus (Jevalikar et
al., 2021; Murai et al., 2021). The proposed mechanism against
COVID-19 includes intake of vitamin D that could lower inflammatory cytokines production (cytokines storm) via downregulating the NF-κB signaling pathway. Vitamin D could effectively
modulate immune function by altering the activation of various
immune cellsthus regulating the production of cytokines as well as
increasing the production of antibodies against coronavirus (Mrityunjaya et al., 2020; Barlow et al., 2011). In addition, vitamin D is
reported to induce cathelicidin (LL-37) and related peptides/protein and thus promoting innate immunity and eventually lowering
the replication of SARS-CoV2 and influenza virus (Kazemi et al.,
2021; Sharifi et al., 2019). In addition, vitamin D is involved in the
regulation of renin-angiotensin-aldosterone system (RAAS) and
angiotensin-converting enzyme 2 (ACE2), which are responsible
for attachment of SARS CoV2 and COVID-19 infection (Pal et al.,
2021). Vitamin D could upregulate the expression Nrf2 signaling
pathway and thereby facilitating the balanced mitochondrial function (Mrityunjaya et al., 2020). A meta-analysis conducted by Martineau et al., (2017) found that vitamin D administration reduces
the risk of upper respiratory infection. Pal et al. (2021) indicated
that vitamin D supplementation (safe) significantly improved various clinical outcomes like a lower hospital stay, mortality, adverse
events, and speedy recovery. A systemic review and meta-analysis
conducted by Kazemi et al (2021) also concluded that a significant
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relationship exists between vitamin D and Covid infection, severity, and mortality. Especially vitamin D deficiency (VDD) has a
direct association with Coronavirus infection and mortality. Even
though vitamin D showed a promising effect against SARS-CoV2,
but the dose, mode of administration, duration, and combination
with other drugs or nutrients remains largely unknown, and hence
further studies are needed before making any recommendations
related to Covid patients.

Wong et al.

Vitamin A exhibits potent anti-inflammatory and immunomodulatory activities via regulating the cellular and humoral immune
response. The possible mechanism underlying vitamin A protection against COVID-19, includes elevated production of T cells,
NK cells, and neutrophils (Tanumihardjo et al., 2016). Previously,
few researchers indicated that supplementation of vitamin A could
significantly reduce the onset of various viral diseases like HIV,
HPV as well as decreasing the mortality and morbidity associated
with various respiratory illnesses and viral infections (Hamid and
Thakur 2021; Villamor and Fawzi, 2005).

thus contributing to both innate and acquired immunity (Kumar
et al., 2020). Zinc can also regulate the viral entry, fusion/attachment (endocytosis), and replication and translation (growth/proliferation) of various upper respiratory viruses (Ishida, 2019). Zn
is reported to reduce the recombinant human ACE2 activity and
may be helpful for treating COVID-19 (Speth et al., 2014). Studies
show that chloroquine along with Zn supplementation may show
a better anti-corona virus activity by inhibiting the attachment and
subsequent multiplication of the SARS-CoV2 virus (Pal et al.,
2020; Ishida, 2019), however, this subject is somewhat controversial, especially in light of false claims related to hydroxychloroquine. In addition, Zn is reported to lower the production of pro-inflammatory cytokines via inhibiting the TLR and NFkB signaling
pathways (Hamid and Thakur 2021). A clinical trial, conducted by
Prasad et al. (2007) has shown that zinc supplementation in elderly
subjects for one year could significantly decrease the incidence of
viral infection through lowering of cytokines production and oxidative stress. Their data show that low levels of Zn (Zn deficiency)
are associated with high susceptibility of viral infection especially
COVID-19. The author strongly suggested that all subjects (especially elderly people) maintain the normal Zn levels and in this
way lower the risk of Covid infection and its severity.

7.5. Vitamin E

7.8. Selenium (Se)

Vitamin E is a potent antioxidant and plays a crucial role in maintaining immune function especially for the elderly. Vitamin E is
also involved in T and B cell proliferation and differentiation as
well as improving NK cell and APCs activity and thus regulating
immune response (Junaid et al., 2020; Lee and Han, 2018). Vitamin
E is a strong anti-inflammatory agent as it suppresses the production of pro-inflammatory cytokines (Lewis et al., 2019). Hence, it
may be used to treat Covid related hyperinflammatory conditions
along with its antioxidant and immunomodulatory activities. The
evidence of vitamin E against COVID-19 is limited, but it might
be used with other essential micronutrients as supportive therapy
to enhance immunity. Moreover, vitamin B complex (B6, B9, B12)
also helps to improve immune function by enhancing the production of NK cells (innate immunity), T and B cells proliferation to
enhance the antibodies production against coronavirus. However,
only limited studies have been conducted on this topic so far and
hence the association of vitamin B complex with COVID-19 is
weak.

Selenium is an essential micronutrient used for various biological
functions in the body, especially for immune regulation, anti-inflammation, and antioxidant properties. Se is usually incorporated
as selenoprotein and used by cells for various biological functions
especially for lowering oxidative stress (Chiu et al., 2021). The
proposed mechanism of Se against COVID-19 includes possible
enhancement of glutathione family antioxidants, and thus effectively lowering oxidative stress. Se can promote the production
and proliferation of NK cells and thus play a major role in innate
immunity (Avery and Hoffmann, 2018). Selenium administration
can also downregulate various pro-inflammatory cytokines production (Mrityunjaya et al., 2020). Previous studies have indicated
that Se supplementation could significantly lower the inflammatory response in respiratory distress syndrome patients (ARDS)
as well as lowering the production of various pro-inflammatory
cytokines (Mahmoodpoor et al., 2019). The above-mentioned antioxidant, anti-inflammatory, and immune-modulatory (innate immunity) activities of Se recommend itas a good choice for fighting
against COVID-19 and its related complications.
Other minor minerals like iron (Fe), and copper (Cu) have also
been found to show some positive impact against COVID-19 infection and severity. Iron supplementation showed lower inflammatory cytokines and altered immune cell activation as well as
oxidative status (Wu et al., 2019). Similarly, copper intake was
linked with antioxidant production and thus lowering oxidative
stress in Covid infected subjects. In addition, Cu increased the production and proliferation of T and B cells, which contributed to
antibodies production against the Coronavirus as well as killing
several viruses like HIV, poliovirus and could inhibit the coronavirus infection (Raha et al., 2020).

7.4. Vitamin A

7.6. Minerals
Minerals are essential micronutrients that show a broad spectrum
of functions including cellular metabolism, growth and thereby
regulating overall health status (Chiu et al., 2021). Few minerals like zinc (Zn), and selenium (Se), are reported to be effective
against COVID-19, but other minerals like magnesium (Mg), calcium (Ca), iron (Fe), and copper (Cu) also show mild to moderate
effect against COVID-19.
7.7. Zinc (Zn)

7.9. Combination therapy

Zinc is one of the second most abundant minerals (trace element)
used for growth, brain development, bone formation, and wound
healing. The proposed mechanism of Zn against COVID-19, includes lowering the production, proliferation, and differentiation
of various immune cells like NK cells, APCs, neutrophils and
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A few trials have been conducted by combining various dietary
supplements (micronutrients) with functional foods/nutraceuticals
due to their perceived holistic biological functions. However, the
dosage, route of administration, duration, and combination ratio
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Figure 1. Overview of highlighting the importance of dietary supplements (micronutrients), functional foods/nutraceuticals in COVID-19.

remain to pose the biggest challenge (Colunga Biancatelli et al.,
2020; Mittra et al., 2020). Likewise, dietary supplements (micronutrients), functional foods/nutraceuticals are combined with other
standard anti-viral or anti-inflammatory drugs (synergistic effect).
However again, the dose, duration, and combination ratio is an issue (Srivastava et al., 2021; Subedi et al, 2021). Figure 1 represents the overview of this review, highlighting the importance of
dietary supplements (micronutrients), functional foods/nutraceuticals in improving health and immune system for use along with
standard drugs and vaccines.
8. Conclusion
This coronavirus pandemic has challenged the entire health system
globally and iys economy and has also killed several millions in the
last few months. Here, we briefly provided the overall pathophysiology and its inter-connection and its subsequent consequences.
The importance of hygienic lifestyle, body weight control and food
habits to lower the severity of coronavirus infection were identified as important factors in relation to COVID-19. Finally,the
importance of functional foods/nutraceuticals and dietary supplements (micronutrients) and how they may play a holistic function
in improving overall health status in covid patients through suppressing oxidative stress, inflammation and positively regulating
the immune response was reviewed. Currently limited number of
clinical trials are available to support the importance of these various nutraceuticals/functional foods or dietary supplements against
Coronavirus or Covid infection /Severity. Hence, further extensive
clinical trials are needed to see if dietary supplements, functional
foods/nutraceuticals along standard Covid vaccine (supportive

therapy) would lower the ill effect of COVID-19 and its associated
health issues. In addition, whether the dietary supplements, functional foods/nutraceuticals could lower the possible adverse effects
of Covid vaccine deserves attention. Overall, this review provided
some glimpse on the impact of various potential food bioactives
against COVID-19 and their therapeutic effects and proposed possible mechanisms of action.
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Abstract
Cereals are a staple food in the diets of many populations globally. Besides their nutritive function in food, they are
also rich in various groups of bioactive compounds, especially polyphenols. Wheat, rice, barley, rye, oat, maize,
millet, sorghum, and other cereal grains present a great variety of phenolic acids, flavonoids, proanthocyanidins,
alkylresorcinols, and lignans, which can be affected in many ways by the post-harvest treatments and further
processing of these feedstocks. This review discusses up-to-date studies about the effects of common cereal processing techniques on their phenolic composition, biological activities, and bioefficiency. Generally, mild thermal
and high-pressure treatments enhance cereals’ phenolic composition by releasing the insoluble-bound fraction,
which increases their bioaccessibility. On the other hand, processes involving extreme temperature conditions
and removal of the grains’ outer layers may drastically reduce the phenolic content. Therefore, it is imperative to
optimize the processing conditions of cereals, so their health-promoting benefits are preserved.
Keywords: Polyphenols; Antioxidant activity; Post-harvest treatment; Insoluble-bound; Bioaccessibility.

1. Introduction
Cereal cultivation has been a crucial factor for the development of
many countries due to its economic and nutritional importance. As
staple foods, they are able to provide a significant portion of energy
and dietary needs. Cereals are rich in protein, selected micronutrients, and even antinutrients. Maize, rice, wheat, barley, sorghum,
millets, oat, and rye are among the most cultivated cereals globally,
playing a vital role in the economy of both developed and developing countries (Raheem et al., 2021). However, the importance of
cereals extends beyond their essential nutrients. The consumption
of whole grains (containing endosperm, germ, and bran) has been
associated with a decreased incidence of cardiovascular diseases,
some types of cancer, type 2 diabetes, and obesity, among others
(Shahidi, 2009). These effects are due to the action of bioactive
compounds present in such foods (Shahidi et al., 2019).
The most prominent bioactive classes of compounds found in

cereals include phenolics, carotenoids, phytosterols, beta-glucans,
and gamma-oryzanol. In raw cereals, their amount and profile vary
according to their location in the grain. Usually, refined cereals
possess an underwhelming bioactive composition compared to
whole grains due to the removal of germ and bran, where several
bioactives are located. The mechanism through which these compounds exert their beneficial effects varies according to their type,
structure, occurrence in the matrix, and other conditions. Nevertheless, a number of bioactive substances have in common their
capacity to act as antioxidants, dampening oxidative stress in the
body, thus protecting the macromolecules (e.g., lipids, proteins,
DNA) against damage that can lead to the development of chronic
diseases. This has been deemed one of their most appealing features, helping the promotion of consumption of bioactive-rich
foods and their capacity to serve as ingredients for nutraceutical
and functional food development (Naczk and Shahidi, 2006).
The susceptibility of bioactive compounds in cereals is influenced by temperature and pH variations, exposure to light and ox-
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Table 1. Chemical composition of the major cereal grains produced worldwide (whole grain)

Wheat

Rye

Maize

Barley

Oats

Rice

Millet

Moisture (g/100g)

12.6

13.6

11.3

12.1

13.1

13.0

12.0

Protein (g/100g)

11.3

9.4

8.8

11.1

10.8

7.7

10.5

Lipids (g/100g)

1.8

1.7

3.8

2.1

7.2

2.2

3.9

Available carbohydrates (g/100g)

59.4

60.3

65.0

62.7

56.2

73.7

68.2

Fiber (g/100g)

13.2

13.1

9.8

9.7

9.8

2.2

3.8

Minerals (g/100g)

1.7

1.9

1.3

2.3

2.9

1.2

1.6

Thiamine (B1) (mg/kg)

4.6

3.7

3.6

4.3

6.7

4.1

4.3

Riboflavin (B2) (mg/kg)

0.9

1.7

2.0

1.8

1.7

0.9

1.1

Nicotinamide (mg/kg)

51.0

18.0

15.0

48.0

24.0

52.0

18.0

Panthothenic acid (mg/kg)

12.0

15.0

6.5

6.8

7.1

17.0

14.0

Vitamin B6 (mg/kg)

2.7

2.3

4.0

5.6

9.6

2.8

5.2

Folic acid (mg/kg)

0.9

1.4

0.3

0.7

0.3

0.2

0.4

Tocols (mg/kg)

41.0

40.0

66.0

22.0

18.0

19.0

40.0

Adapted from Koehler and Wieser (2013).

ygen, and enzymatic reactions. Such factors can compromise their
ability to serve as antioxidants and exert their biological activities
(Chawda et al., 2017). Moreover, exposure of bioactives to the
aforementioned environmental factors is common for cereal grains
and cereal products due to post-harvest treatment and storage. At
this stage, cereals undergo a series of processing steps designed to
clean, sort, and remove inedible portions (primary processing) and
can even be transformed into more appealing products (secondary
processing), being subjected to more extreme processes such as
frying and extrusion (Food and Agriculture Organization, 2021).
Therefore, it is imperative to analyze how the major bioactives
found in cereals are affected by grain processing.
This review discusses up-to-date information on the transformations of cereal grains upon processing and the effects of commonly used unit operations on phenolic compounds, one the most
relevant groups of bioactive substances encountered in highly produced cereals.
2. Cereal grains: economic and nutritional importance
Cultivation of cereal grains drives the economy of several territories worldwide. The Food and Agriculture Organization (FAO) of
the United Nations estimates that around 70% of the world’s farmland is used to cultivate cereal grains. Approximately 45% of the
world’s economically active population is engaged in agriculturerelated activities, primarily planting and harvesting cereal grains
(Serna-Saldivar, 2016). Data from the 2020/2021 harvest (Statista,
2021) shows that corn (maize) is the most produced cereal in the
world, reaching 1.12 billion metric tons, followed by wheat (775.8
million metric tons (Mt)), milled rice (505 Mt), barley (159.74 Mt),
sorghum (62.05 Mt), oats (25.53 Mt), and rye (14.3 Mt). China is
the largest cereal producer with over 612 Mt harvested in 2018,
followed by the United States with 467 Mt, and India with 318
Mt. Most of this production is directed to animal feed and ethanol manufacture, with human consumption receiving the smallest
fraction. According to Food and Agriculture Organization (2020),
cereal production is expected to grow by 375 Mt in 2029. This
expansion is due to the development of better agricultural practices
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and advances in biotechnology.
From a nutritional standpoint, the availability of cereals is important for meeting the global food demand since it is a cost-effective and nutritious food option, especially when considering the
population of developing countries (Raheem et al., 2021). Cereals
are botanically classified as grasses belonging to the monocot family Poaceae. According to climate demands, cereals can be either
warm-season or cool-season. Warm-season cereals encompass
those grown year-round in tropical climates and during the frostfree season in temperate climates. Examples include corn, rice,
sorghum, and millet. On the other hand, cool-season cereals are
grown in moderate climates and include wheat, barley, oats, and
rye (Koehler and Wieser, 2013). Anatomically, cereal grains are
composed of bran, germ, and endosperm. The endosperm is the
inner layer, making up most of the grain, and it is rich in starch
and proteins. The germ is a small nutrient-rich core containing vitamins, fatty acids, and bioactive compounds. The bran is the outer
layer involving the endosperm, a source of fiber, B vitamins, and
trace minerals. The husk is combined with the bran in selected species, such as oats, barley, and rice (Sidhu et al., 2007).
Chemically, cereal grains are mainly composed of carbohydrates (56–74%), especially the starch fraction deposited in the
endosperm, with fiber (mainly in the bran) representing 2–13%
(Koehler and Wieser, 2013). Table 1 shows the chemical composition of some of the most relevant cereal grains grown worldwide.
In general, cereals are high in their starch content which is high
in amylopectin (72–75%), while amylose accounts for 25–28%.
Besides its nutritional importance in cereals, starch plays a functional role when processed and transformed into value-added products due to its gelatinization (in pasta, for example) and retrogradation properties (in cereal-based baked goods) (Rodehutscord et
al., 2016).
As for cereals’ protein composition, a great variability exists depending on the type of cereal. In general, the amino acid
glutamine is the predominant one in most cereals, representing
15–31% of all amino acids present. Wheat, rye, and barley possess a significant fraction of proline (12–14%). Leucine (7–14%)
and alanine (4–11%) can also be found in high amounts in cereal
grains. On the contrary, essential amino acids, such as tryptophan,
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methionine, histidine, and lysine, are present in smaller quantities
(0.2–1.0, 1.3–2.9, 1.8–2.2, and 1.4–3.3%, respectively). However,
with recent advances in genetic engineering, there is a possibility
of increasing the levels of essential amino acids, as successfully
achieved in the case of high-lysine barley and corn (Yu and Tian,
2018).
The germ is the principal storage site for cereal lipids. Among
cereals, oat is a significant source of lipid (6–8%) as opposed to
wheat and rye (1.7%). The fatty acid composition of oat lipids is
similar to most cereal grains, with a predominance of linoleic acid
(39–69%), followed by oleic acid (11–36%) and palmitic acid (18–
28%). Although triacylglycerols are the primary lipid class in the
germ, a small fraction of phospholipids and glycolipids can also be
found in the endosperm (Koehler and Wieser, 2013).
Minerals and vitamins are the minor constituents of cereals.
In terms of mineral content (calcium, magnesium, potassium,
phosphorus, iron, and sodium), cereals are richer than milk, meat,
and vegetables but present lower concentrations when compared
to pulses. Nevertheless, as staple foods, cereals are consumed in
high quantities; thus, being characterized as significant sources of
minerals in the diet. The majority of minerals in cereals are concentrated in the bran and the germ. Meanwhile, cereals are rich
sources of vitamins from the B-group and tocopherols. Similar to
minerals, the vitamins are mainly found in the germ, highlighting
the importance of consuming whole grains as opposed to refined
cereals (Baniwal et al., 2021).
3. Phenolic compounds in cereals
Phenolic compounds are secondary plant metabolites that have
the primary role of protecting against oxidative stress, ultraviolet
light, and pathogen attack (Shahidi and Naczk, 2003). Structurally, phenolics are characterized by the presence of one or more
aromatic rings holding one (monophenols) or more (polyphenols)
hydroxyl groups (Duodu, 2011). To date, over 8,000 phenolics
have been identified in natural sources, being classified into several subgroups according to their hydroxylation and methylation
pattern (Shahidi et al., 2019). Flavonoids, phenolic acids, and tannins (proanthocyanidins and hydrolysable tannins) are the most
significant phenolic subclasses; however, lignans and alkylresorcinols are also important phenolic classes in cereals (Cheynier et
al., 2013; Shahidi et al., 2019).
Phenolic acids are derived from benzoic and cinnamic acids,
being classified into hydroxybenzoic (e.g., p-hydroxybenzoic, protocatechuic, vanillic, syringic, and gallic acids) and hydroxycinnamic acids (e.g., p-coumaric, caffeic, ferulic, and sinapic acids)
(Duodu, 2011; Shahidi et al., 2019). Compounds belonging to this
subgroup may also be associated with macromolecules in cereal
matrices, such as cellulose, hemicellulose, and pectin, acting as
the building blocks supporting the cell wall. This fraction is known
as insoluble-bound phenolics and can represent up to 60% of all
phenolic compounds present in selected grains (Shahidi and Yeo,
2016).
Meanwhile, flavonoids are the largest phenolic class in terms of
number of compounds. Their basic structural skeleton is C6-C3C6, where two benzene rings are connected to a central heterocyclic ring through a three-carbon bridge. They can be further
broken down into flavanones, flavonols, flavan-3-ols, flavones,
isoflavones, flavanonols, and anthocyanins, the latter being watersoluble pigments (Shahidi et al., 2019). Cereal grains are abundant
sources of flavonoids. In such materials, they can be present either
as insoluble-bound or soluble compounds. The soluble flavonoids

may occur in the free form, or they can be conjugated with polysaccharides (glycosides) or esterified/etherified to fatty acids (Shahidi and Yeo, 2016).
Monomeric flavonoids can form oligomers and polymers,
obtaining a higher degree of complexity. These polyphenols are
known as proanthocyanidins; polymeric structures composed of
(+)-catechin and (−)-epicatechin. Besides flavonoids, phenolic acids can also form polymeric structures known as hydrolysable tannins, which can be either esters of gallic (gallotannins) or ellagic
(ellagitannins) acids (Shahidi and Yeo, 2016).
Besides phenolic acids, flavonoids, and tannins, other phenolic
groups are also considerable in cereals, namely lignans and alkylresorcinols, the latter being a class of phenolic lipids. Lignans are
dimers with a 2,3-dibenzylbutane structure. They are precursors of
phytoestrogen, and can occur in cereal grains such as rye, wheat,
barley, and oats (Bhattacharya et al., 2010). Meanwhile, alkylresorcinols are amphipathic 1,3-dihydroxybenzene derivatives carrying an alkyl chain (odd-numbered) at position 5 of the benzene
ring. They are present in wheat, rye, barley, millet, and maize
(Ross et al., 2003a).
The antioxidant power of phenolic compounds is related to
most of their known bioactivities. They can function both as primary (free radical scavenging) or secondary (metal chelation) antioxidants. As primary antioxidants, phenolics can donate hydrogen atoms to free radicals, stabilizing them and interrupting the
propagation of oxidation. Then, the compound is transformed into
a phenoxyl radical, which gains stability by delocalizing its unpaired electron around the aromatic ring. On the other hand, phenolics bearing catechol and galloyl groups can also act as secondary antioxidants by complexing with transition metals, preventing
metal-catalyzed initiation of free radicals and formation of reactive
oxygen species (Chen et al., 2020).
According to Naczk and Shahidi (2006), flavonoids and phenolic acids in cereals occur as free compounds or conjugated with
other molecules, being mainly located in the bran, even though the
endosperm and germ also present considerable amounts. Table 2
presents the phenolic composition of major cereal grains.
Zhang et al. (2019) analyzed the pericarp of purple maize and
reported a total phenolic content (TPC) of 69.1–229.1 mg of gallic
acid equivalents (GAE)/g and total anthocyanin content of 17–93.5
mg of cyanidin-3-glucoside equivalents (C3G)/g, varying according to the genotype. The anthocyanins cyanidin-3-glucoside,
pelargonidin-2-O-glucoside, peonidin-3-O-glucoside, cyanidin3-(6′-malonylglucoside), pelargonidin-3-(6′-malonylglucoside),
and peonidin-3-(6′-malonylglucoside were identified in the samples. Besides, phenolic acids, namely o-coumaric, caffeic, vanillic,
protocatechuic, and ferulic acids were also identified, as well as
flavonoids rutin, luteolin, quercetin, naringenin, and kaempferol.
In terms of bioactivities, the authors demonstrated that quercetin,
luteolin, and rutin were the main contributors to the anti-inflammatory and anti-diabetic actions displayed by the samples. At the
same time, vanillic and protocatechuic acids had a major impact in
terms of anti-adipogenic potential.
According to Suriano et al. (2021), among pigmented maize, the
purple variety is the richest one in terms of total phenolic (4,047
µg GAE/g), total flavonoid (1,998 µg of catechin equivalents
(CE)/g), total anthocyanin (780 µg C3G/g), and total proanthocyanidin (1,381 µg CE/g) contents, followed by blue maize (2,416 µg
GAE/g, 1,739 µg CE/g, 216 µg C3G/g, and 1,279 µg CE/g, respectively) and red maize (2,373 µg GAE/g, 1,664 µg CE/g, 38.9
µg C3G/g, and 578 µg CE/g, respectively). Conventional yellow
maize had the lowest total phenolics (1,359 µg GAE/g) and flavonoids (1,162 µg CE/g) and does not contain any anthocyanins.
Pigmented rice is also a remarkable source of anthocyanins.
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Total phenolic acids: 0.7–58.1 µg/g
Total phenolic acids: 2.8–132.8 µg/g
Total phenolic acids: 18.5–268.9 µg/g
Lignans: 5–20 mg/100 g;
Alkylresorcinols: 489–642 mg/g

Spring (flour)

Spring (whole grain)

Spring (bran)

Miscellaneous

Miscellaneous

Echidna, Williams,
Yallara

Falcon, AC Metcalfe,
Tyto, Tercel, Phoenix,
Peregrine, naked
barley, Compass,
Hindmarsh, Gairdner

Purple

Rye

Oat

Barley

Maize

Black (dehulled)

7-hydroxymatairesinol, syringaresinol, secoisaloriciresinol,
lariciresol, and matairesinol; 5-n-nonadecylresorcinol
(C19:0), 5-n-heneicosylresorcinol (C21:0)

Caffeic, ferulic, p-coumaric, syringic, vanillic, sinapic acids

Ferulic, p-coumaric, syringic, vanillic, sinapic acids

Ferulic, p-coumaric, syringic, vanillic, sinapic acids

Ferulic, p-coumaric, syringic, vanillic, sinapic acids

Ferulic, p-coumaric, syringic, vanillic, sinapic acids

Ferulic, p-coumaric, vanillic, syringic, t-cinnamic,
caffeic, p-hydroxybenzoic acids

Major phenolics identified
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Zanella et al, 2017;
Pihlava et al.,
2018; Ross et al.,
2003a; Rao et al.,
2020; Madhujith
and Shahidi, 2009;
Ge et al., 2021,
Rao et al., 2020

Zanella et al, 2017;
Pihlava et al., 2018;
Ross et al., 2003a;
Rao et al., 2020

Syringaresinol, pinoresinol, lariciresinol, isolariciresinol,
7-hydroxymatairesinol, mairesinol, secoisolariciresinol;
5-n-heptadecylresorciol (C17:0), 5-n-nonadecylresorcinol
(C19:0), 5-n-heneicosylresorcinol (C21:0); mallic, phydroxybenzoic, and ferulic acids; vitexin, quercetin
Syringaresinol, pinoresinol, lariciresinol, isolariciresinol,
7-hydroxymatairesinol, mairesinol, secoisolariciresinol;
5-n-heptadecylresorciol (C17:0), 5-n-nonadecylresorcinol (C19:0),
5-n-heneicosylresorcinol (C21:0); mallic, p-hydroxybenzoic, and
ferulic acids; vitexin, quercetin; ferulic, chlorogenic, p-coumaric,
and hydroxybenzoic acids; vixetin, rutin, quercetin, catechin,
epicatechin; prodelphinidin B, prodelphinidin B3, procyanidin B2

Shao et al., 2018

Zhou et al., 2014;
Zhang et al., 2019

Vaher et al., 2010;
Ross et al., 2003a

Jonnala et al., 2010

Reference

Protocatechuic, 2,5-dihydroxybenzoic acid, p-hydroxybenzoic,
vanillic, syringic, p-coumaric, ferulic, sinapic, and isoferulic acids

Total phenolic content: 69.1–229.1 mg GAE/g. o-Coumaric, caffeic, vanillic, protocatechuic, and ferulic
Total anthocyanin content: 17–93.5 mg C3G/g acids; rutin, luteolin, quercetin, naringenin, and kaempferol;
cyanidin-3-glucoside, pelargonidin-3-O-glucoside, peonidin-3O-glucoside, cyaniding-3-(6′-malonylglucoside), pelargonidin3-(6′-malonylglucoside), and peonidin-3-(6′-malonylglucoside

Free total phenolics: 0.18–0.42 mg
ferulic acid equivalents (FAE)/g. Soluble
conjugate phenolics: 0.42–0.81 mg FAE/g.
Insoluble-bound total phenolics: 2.03–3.36
mg FAE/g. Total proanthocyanidins:
8.94–20.71 mg CE/100 g

Total phenolic content: 33.47–
87.74 mg GAE/100 g

Lignans: 10–20 mg/100 g.
Alkylresorcinols: 720–761 mg/g

Free total phenolics: 4.31–36.52 mg GAE/100
g. Esterified total phenolics: 6.41–40.83 mg
GAE/100 g. Insoluble-bound total phenolics:
38.55–62.55 mg GAE/100 g. Cyanidin-3-Oglucoside: 12.03–1,106 mg/kg. Peonidin3-O-glucoside: 3.54–311.12 mg/kg

Free Total phenolics: 32.0–39.0 mg gallic acid Vanillic, syringic, salicylic acid, p-coumaric,
equivalent (GAE)/100 g. Free Total Flavonoids: ferulic, sinapic acids and their derivatives
26.0–31.0 mg catechin equivalent (CE)/100
g. Total Free Proanthocyanidin: 7.0–7.8 mg
CE/100 g. Total Insoluble-bound Phenolics:
42.3–50.0 mg GAE/100 g. Total Insolublebound Flavonoids: 45.2–50.8 mg CE/100 g

Total phenolic acids: 17.7–532.4 µg/g

Winter (bran)

Brown (dehulled)

Total phenolic acids: 4.2–182.3 µg/g

Winter (whole grain)

Rice

Total phenolic acids: 952–1,386 µg/g

Waxy (bran)

Wheat

Phenolic content

Variety

Cereal

Table 2. Phenolic composition of highly-produced cereal grains
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Dykes and
Rooney, 2006
Gallic, protocatechuic, p-hydroxybenzoic, vanillic,
caffeic, p-coumaric, ferulic, and cinnamic acids; catechin,
epicatechin, procyanidin B1, apigenin, luteolin

Dykes and
Rooney, 2006
Gallic, protocatechuic, p-hydroxybenzoic, vanillic,
caffeic, p-coumaric, ferulic, and cinnamic acids; catechin,
epicatechin, procyanidin B1, apigenin, luteolin
Free phenolic acids: 123 µg/g. Insolublebound phenolic acids: 622.9 µg/g
White (whole grain)
Sorghum

Zhang et al. (2019)
o-Coumaric, caffeic, vanillic, protocatechuic, and ferulic
acids; rutin, luteolin, quercetin, naringenin, and kaempferol;
cyanidin-3-glucoside, pelargonidin-3-O-glucoside, peonidin-3O-glucoside, cyaniding-3-(6′-malonylglucoside), pelargonidin3-(6′-malonylglucoside), and peonidin-3-(6′-malonylglucoside
Free total phenolics: 4.49 µmol ferulic
acid equivalent (FAE)/g. Esterified total
phenolics: 0.37 µmol FAE/g. Etherified total
phenolics: 0.32 µmol FAE/g. Insolublebound total phenolics: 11.6 µmol FAE/g
Foxtail (whole grain)

Chandrasekara and
Shahidi, 2011a, b
Gallic, protocatechuic, vanillic, syringic, p-hydroxybenzoic,
p-coumaric, chlorogenic, caffeic, ferulic acids; catechin,
epicatechin, myricetin, kaempferol, quercetin, luteolin
Free total phenolics: 16.2 µmol ferulic
acid equivalent (FAE)/g. Esterified total
phenolics: 2.02 µmol FAE/g. Etherified total
phenolics: 1.55 µmol FAE/g. Insolublebound total phenolics: 81.6 µmol FAE/g
Kodo (whole grain)
Millet

Reference
Phenolic content
Variety

Major phenolics identified
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Table 2. Phenolic composition of highly-produced cereal grains - (continued)
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Pang et al. (2018) analyzed the free and insoluble-bound phenolic
fractions of whole-grain and bran of white, red, and black rice.
It is noteworthy that most samples contained around two times
more insoluble-bound than free phenolics. This fraction has also
been reported as the most prominent one in maize (85%), oats and
wheat (75%) (Adom and Liu, 2002). Liyana-Pathirana and Shahidi
(2006) demonstrated that hard and soft whole wheat are mainly
composed of insoluble-bound phenolics, as opposed to their free
and esterified counterparts. This reinforces the role of cereals as
one of the main sources of insoluble-bound phenolics in the diet.
This fraction has been associated with improved gut health and
reduction of the risk of developing colon cancer (Shahidi and Yeo,
2016). According to Pang et al. (2018), rice bran has a phenolic
content of almost four times higher than the whole grain, confirming that these compounds are preferably concentrated in the outer
layers of cereal grains. Pigmented rice (red and black) is superior
to white rice in terms of phenolic content since it has a significant
amount of anthocyanins, which is lacking in white rice. Ferulic and
p-coumaric acids were among the main phenolic acids identified
in both white and pigmented rice. Isoferulic acid was also found
in high amounts in white rice, whereas pigmented rice varieties
showed a significant content of vanillic acid.
Proanthocyanidins are also relevant in pigmented rice. Shao et
al. (2018) investigated the proanthocyanidin composition of brown,
red, and black rice genotypes. Among all samples, proanthocyanidins were only detected in red rice, ranging from 58.13 to 254.8
mg CE/100 g, depending on the genotype. According to the authors,
the majority of identified proanthocyanidins were oligomers of 5–8
units (40%), while polymers (over ten units) accounted for 29%.
Proanthocyanidins are also present in barley, mainly in the form
of oligomeric prodelphinidins and procyanidins. These compounds
are involved in the formation of haze in beer. Besides proanthocyanidins, barley presents a rich and diverse phenolic profile, including phenolic acids, their esters and glycosides, anthocyanins, and
lignans. The free phenolic fraction of barley is primarily composed
of ferulic acid (especially the bran). On the other hand, barleyˋs
insoluble-bound phenolic fraction is abundant in p-hydroxybenzoic acid.
Millet grains play an important role in the diet of several Asian
and African populations, besides being used as an ingredient in
multigrain and gluten-free cereal products. This cereal has a rich
and diverse phenolic composition, especially in regard to its insoluble-bound fraction. According to Chandrasekara and Shahidi
(2011a, b), over 50 phenolic compounds were identified among
various whole millet grain varieties. Most phenolic compounds
were detected in the insoluble-bound fraction, which accounted
for an average TPC of 17.3 µmol ferulic acid equivalent (FAE)/g,
followed by free (6.89 µmol FAE/g) etherified (2.05 µmol FAE/g),
and esterified (0.99 µmol FAE/g) phenolics. Among the phenolic
groups detected, phenolic acids and their derivatives (dehydrodiferulates and dehydrotriferulates), flavan-3-ols monomers and
dimers, flavonols, flavones, flavanonols, and proanthocyanidins
were most abundant. The insoluble-bound fraction was mainly
composed of hydroxycinnamic acids and their derivatives (e.g.,
chlorogenic, caffeic, p-coumaric, ferulic acids). Meanwhile, flavonoids (e.g., catechin, epicatechin, gallocatechin, epigallocatechin,
procyanidins B1 and B2) accounted for most of the free phenolics.
Besides its rich phenolic composition, millet has also been
shown to present numerous bioactivities. Millet phenolics have
demonstrated protection against copper-induced human lowdensity lipoprotein (LDL) oxidation (Chandrasekara and Shahidi, 2012). The accumulation of oxidized LDL can lead to the
formation of atheromatous plaques that can eventually cause
atherosclerosis and associated cardiovascular diseases. Phenolics
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from Kodo millet were able to suppress in 40% the formation of
conjugated dienes, a product of LDL oxidation. In another study
(Chandrasekara and Shahidi, 2011a), millet’s soluble (from whole
grain, dehulled grain, and hulls) and insoluble-bound (from whole
grain) phenolics exerted protection against free radical-induced
supercoiled DNA strand scission in a dose-dependent manner. At
a concentration of 0.5 mg/mL, phenolic extracts displayed oxidation inhibition varying from 46 to 96% in the presence of hydroxyl
radicals and from 31 to 95% in the presence of peroxyl radicals.
The attack on the DNA molecule by free radicals can lead to base
modification and strand scission, inducing mutagenesis, which
could further progress to cancer development. Millet phenolics
have been demonstrated to be able to suppress this effect. Besides,
phenolics from whole millet grains have also shown inhibition of
human colon adenocarcinoma cell proliferation with efficiency
ranging from 28 to 100%, which lends support to the anticancer
potential of millet phenolics (Chandrasekara and Shahidi, 2011b).
Cereals are the major source of lignan in the Western diet, with
wheat and rye having the highest contents of lignan among all cereals, especially their bran fraction. In wheat, for example, 70–85%
of the grain lignan is located in the bran, which accounts for 5–20
mg/100 g on average, depending on the variety. Rye bran possesses a
similar content, ranging from 10 to 20 mg/100 g. The most commonly found lignans in wheat are 7-hydroxymatairesinol, syringaresinol,
secoisaloriciresinol, lariciresinol, and matairesinol. Meanwhile, in
rye, the major lignans encountered are syringaresinol, pinoresinol,
lariciresinol, isolariciresinol, 7-hydroxymatairesinol, mairesinol,
secoisolariciresinol (Zanella et al., 2017; Pihlava et al., 2018). Besides rye and wheat, other cereals present smaller amounts of lignan, namely barley (whole grain flour), buckwheat (whole grain
flour), maize (whole grain), and oat (whole grain flour) at average
concentrations of 0.28, 0.76, 0.33, and 0.65 mg/100 g, respectively
(Rodríguez-García et al., 2019).
Besides their well-documented antioxidant properties, some
lignans can also act as regulators of the activity of specific nuclear
receptors (e.g., estrogen receptors, peroxisome proliferator activate receptor gamma, liver X receptor alpha) that are involved in
glucose and fatty acid metabolism, as well as insulin action. This
suggests that they could efficiently be used for selected physiological functions (Zanella et al., 2017).
In the food matrix, lignans occur as esters, glycosides, and polymers. Upon consumption, lignan glycosides undergo deglycosylation, being further converted to glucuronidated, methylated, and
sulfated derivatives in the liver. These metabolites can be detected
in the urine. However, the non-metabolized fraction of glycosylated lignans is directed to the colon, where they are converted into
enterolignans, enterolactone, and enterodiol by the gut microbiota.
Evidence suggests that the presence of such metabolites in the gut
stimulates the colonization of probiotic microorganisms, decreasing the risk of colorectal cancer. However, the exact mechanism
for this effect has yet to be clarified (Zanella et al., 2017; Fu et
al., 2020).
Among cereal grains, alkylresorcinols (AR) are abundantly
present in wheat (489–642 mg/g) and rye (720–761 mg/g). To a
lesser extent, they can also be found in barley, millet, and maize
(Ross et al., 2003a). In this raw material, common AR homologues
include 5-n-pentadecylresorcinol (C15:0), 5-n-heptadecylresorciol
(C17:0), 5-n-nonadecylresorcinol (C19:0), 5-n-heneicosylresorcinol (C21:0), 5-n-tricosylresorcinol (C23:0), and 5-n-pentacosylresorcinol (C25:0). Rye is predominantly composed of C17:0
(23–25%), C19:0 (31–32%), and C21:0 (22–25%) homologues,
whereas C19:0 (29–35%) and C21:0 (46–51%) represent the major AR contribution to wheat (Ross et al., 2003a). According to
Landberg et al. (2008), ARs are mainly located in the intermediate
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layers (inner pericarp, hyaline layer, and testa) of the wheat kernel (16.2–16.4 mg/g), followed by the peripheral layers (3.9–4.0
mg/g).
Similar to other phenolic compounds, ARs have also been reported to possess antioxidant and antimicrobial activities. Besides,
observational and in vitro evidence suggests the anticarcinogenic
potential of this group. Reports have pointed out a risk reduction
of around 52–66% of distal colon cancer when nanomolar concentrations of ARs are present in the plasma. In addition, ARs have
demonstrated high cytotoxicity toward cancerous cell lines (Kruk
et al., 2017; Fu et al., 2018).
ARs have been indicated as possible biomarkers to correlate
whole-grain cereals consumption with health benefits due to their
high absorption rate in humans. Ross et al. (2003b) administered a
high-AR diet based on the consumption of rye bran-enriched bread
to ten ileostomy-operated subjects and verified that around 40%
of the AR present in the diet were recovered in effluent from the
small intestine, while 60% had been absorbed in the small intestine
and further metabolized. The authors also suggested that mediumchain AR homologues (C17:0, C19:0) are taken up at a higher frequency than their long-chain counterparts (C23:0, C25:0).
4. Effect of processing on cereal phenolics
After harvest and before reaching the consumer’s table, cereals
undergo a series of post-harvest processes that can vary according
to the type of grain and specific destination. Firstly, the harvested
grains are prepared for storage, being subsequently subjected to
cleaning, husk removal, and size reduction (in some cases) in the
stage known as primary processing. Then, cereals can be commercialized as such, or they can be transformed into value-added products. This stage is known as secondary processing and is characterized by the use of primary products (whole grains, flakes, or flour)
as ingredients for breakfast cereals, snacks, cereal bars, doughs,
batters, and noodles, among others. In secondary processing, various unit operations (e.g., puffing, flaking, fermentation, baking,
extrusion) can be used alone or in combination (Food and Agriculture Organization, 2021).
Due to the drastic transformation that cereal grains undergo during this step, secondary processing is generally the focus of studies
interested in the effect of processing on cereals’ bioactive compounds. However, evidence points out that even primary processing and post-harvest handling of cereals may affect their bioactive
content and composition. Table 3 summarizes the possible effects
of several cereal processing techniques on their phenolic composition and bioactivities.
4.1. Post-harvest treatment and storage
Cereal harvesting usually begins before the grain is fully ripe and
continues until mold and insect damage becomes extensive. The
harvest is subsequently subjected to threshing, which is characterized by removing the grains from the rest of the plant. Winnowing follows next, separating the grains from the chaff or straw. A
crucial stage in cereal post-harvest treatment is the drying stage,
responsible for reducing moisture content to 10–15%. This can
happen through sun-drying, a cost-effective technique, or artificial drying in humid locations. Finally, the dried grains are ready
to be stored in bulk until further processing. During storage, they
should be constantly inspected for spoilage and moisture content.
Re-drying may be necessary in some cases (Schmidt et al., 2018).
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Table 3. Effect of common cereal processing techniques on their phenolic composition

Cereal

Process

Effect

Reference

Barley

Infrared and hot
air drying (60 °C)

Infrared drying released bound phenolics, increasing the phenolic
content in regards to the hot air drying and original samples

Ge et al., 2021

Millet

Dehulling

Reduction of total phenolic content. Reduction of oxygen radical
absorbance capacity and hydroxyl-radical scavenging capacity.
Reduction of the concentration of p-coumaric and ferulic acids

Chandrasekara and
Shahidi, 2011a, b

Rice

Parboiling

Release of bound phenolics, increasing the contents of p-coumaric,
syringic, protocatechuic, and ferulic acids compared to raw sample

Thammapat
et al., 2016

Wheat

Steam explosion
(215 °C for 120 s)

Increased concentration of soluble phenolic acids

Liu et al., 2016

Brown rice,
wheat, and oat

Extrusion cooking

Enhanced content of insoluble-bound phenolics.
Increased bioaccessibility of wheat phenolics

Zeng et al., 2016

Maize

Roasting (17 min)

Decreased total phenolic and flavonoid contents. Diminished
free radical scavenging activity and iron chelating ability

Oboh et al., 2010

4.1.1. Cultivation and harvesting
Variations regarding the phenolic profile of cereals may take place
even before harvesting begins. Climate conditions, agricultural
practices, and soil quality play a role in the bioactive composition
of such feedstock. This becomes particularly evident when studying the phenolic composition of a specific cereal grown in different
locations. Emmons and Peterson (2001) reported that oats cultivated at several locations in Wisconsin presented significant differences in their phenolic content and profile. Horvat et al. (2020)
analyzed the phenolic acid content of wheat, corn, and barley over
two crop years. Insoluble-bound phenolic acids (p-hydroxybenzoic, vanillic, caffeic, ferulic, syringic, p-coumaric, o-coumaric acids) showed higher contents in the crop year where precipitation
and temperature conditions were more extreme, due to a response
to abiotic stress toward drastic environmental conditions. A similar
outcome was observed for barley and corn, which biosynthesized
more insoluble-bound phenolic acids during intense precipitation
periods, a response to high water stress.
Additionally, the agronomic management of crops can also affect phenolics. According to Rempelos et al. (2018), using mineral
NPK fertilizers causes the reduction of phenolic acid and flavonoid
contents in wheat. Meanwhile, herbicides, fungicides, and growth
regulators do not cause significant variations in the same parameters. On the other hand, Stumpf et al. (2015) observed that enriching the soil with nitrogen supply in wheat crops positively affects
the concentration of free phenolics while reducing the amount of
conjugated soluble phenolics and maintaining insoluble-bound
phenolics within the same range.
Cultivation system has been found to influence phenolic yield.
Fares et al. (2019) cultivated wheat genotypes under organic and
traditional systems. Total phenolic content was 10% higher in the
wheat grown under the organic system. However, when analyzing
the individual contents of free vanillin and ferulic acid, as well as
insoluble-bound vanillic, caffeic, syringic, p-coumaric, and ferulic
acids, as well as vanillin, the authors did not find significant differences between the organic and the conventional systems.
4.1.2. Drying
Setyaningsih et al. (2016) investigated how sun-drying affects phenolics in rice during the post-harvest stage. No major differences

were observed in the content of protocatechuic, vanillic, protocatechuicaldehyde, p-hydroxybenzoic, p-hydroxybenzaldehyde,
ferulic, sinapic, syringic, and p-coumaric acids, and vanillin between the wet and the dried paddy. Ge et al. (2021) studied unconventional drying techniques (infrared and hot air drying at 60
°C) on the post-harvest processing of naked barley. Samples were
dried to 10% moisture. Infrared drying was found to preserve the
phenolic compounds better, even leading to higher yields when
compared to the original sample. This effect was due to the fact
that kinetic energy is converted to thermal energy during infrared
drying, releasing bound compounds. Although hot air drying also
presented higher phenolic yields than the original sample, infrared
drying was deemed more efficient in releasing bound phenolics
while avoiding losses.
Wanyo et al. (2014) studied the impact of hot air drying (120
°C/30 min), far-infrared (FIR) radiation, and cellulase treatment on
the phenolic content and antioxidant activity of rice bran and husk.
Generally, cellulase-aided process and hot-air drying were able
to preserve phenolics and their antioxidant activity, measured by
2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing ability
of plasma (FRAP) assays, with little or no significant difference in
such parameters in regard to the raw materials. However, FIR managed to increase total phenolic and flavonoid contents as well as
antioxidant capacity, which is similar to the outcome observed by
Ge et al. (2021). Some interesting observations include the effect
of cellulase, which significantly increased the content of vanillic
acid while drastically reducing ferulic acid concentration.
4.1.3. Storage
Once post-harvest treatment has taken place, cereals can be stored.
The storage period and conditions are also crucial for the overall
quality of the grains and, especially, their bioactive compounds.
Extreme pH, time, temperature, and UV exposure conditions
should be avoided, as they may degrade the bioactive content and
antioxidant power. Sripum et al. (2016) stored Thai Jasmine parboiled germinated brown rice for six months under 30 and 40 °C.
Neither temperature affected the total phenolic content and antioxidant activity (measured by DPPH, oxygen free radical scavenging
activity, and FRAP), as such parameters kept stable and without
major variances during the six-month storage. The rice samples
were maintained vacuum-sealed for the whole period, which could
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have contributed to this outcome. The lack of oxygen avoided the
formation of oxidation products, leading to the preservation of
phenolics and their antioxidant capacity.
De Oliveira et al. (2017) evaluated three storage temperatures
(4, 25, and 40 °C) for sorghum grain and flour; they did not detect changes in the contents of 3-deoxyanthocyanins (luteolinidin,
5-methoxyluteolinidin, apigeninidin, and 7-methoxyapigeninidin)
and total proanthocyanidins. On the other hand, storage time considerably affected sorghum’s phenolics. Up to 60 days of storage,
most phenolics in sorghum showed a reduction in their content,
stabilizing after this period. After 180 days, 86.7–86.8% of all phenolics were retained. The proanthocyanidins were the most affected group, retaining only about 56.6–85.3% after the same period.
4.2. Primary processing
Prior to advanced processing, cereals grains are cleaned and graded based on their size. Depending on the type of cereal, dehulling,
which consists of the removal of unpalatable hulls or shells, can be
necessary. If grains are used as primary material for flour production, a milling step will be conducted. This can generally happen
in a plate, hammer, or roller mill, according to grain type and production scale. A common process for rice, parboiling is an optional
step, and it involves pre-cooking the grain by soaking and heating
it, loosening the hulls, and aiding in grain preservation and cooking efficiency. In addition, for white rice production, a polishing
stage is required. Although popular in some cultures, nutritionally
speaking, white rice is less appealing than its brown counterpart
due to the removal of the bran and the germ. These fractions concentrate the highest proportion of bioactive compounds, including
phenolics, while the endosperm is mainly constituted by carbohydrates (Schmidt et al., 2018; Food and Agriculture Organization,
2021).
4.2.1. Dehulling and parboiling
Dehulling is the process of removing the outer layers of grains, and
this is usually carried out as a part of the milling process (Duodu,
2011). This technique reduces the content of phenolic compounds,
negatively impacting the antioxidant activity of processed grains
(Duodu, 2011). Živković et al. (2021) conducted cold dehulling on
germinated buckwheat seeds and analyzed its effect on phenolic
profile and antioxidant activity. Regardless of germination time,
the dehulled buckwheat showed a sharp decrease in all identified
compounds’ content compared to the hulled sample. Some insoluble-bound phenolics quantified in the hulled samples could not be
detected in their dehulled counterparts, namely orientin, rutin, and
hyperin. As expected, antioxidant capacity measured by DPPH declined considerably once the seeds were dehulled. The same trend
was observed by Dlamini et al. (2007) in sorghum.
Chandrasekara and Shahidi (2011a, b) detected that Pearl millet
significantly reduced its total phenolic content, negatively affecting the phenolics’ bioactivities (e.g., oxygen radical absorbance
capacity (ORAC) and hydroxyl-radical scavenging capacity). Besides, two of the major phenolic acids present in millet, ferulic
and p-coumaric acid, had their concentrations diminished by 39
and 52%, respectively. A similar study by Madhujith et al. (2006)
was carried out in pearled barley fractions. The outermost fractions concentrated most phenolic compounds (TPC of 4.16–6.26
mg FAE/g), dropping considerably as the innermost fractions were
reached (TPC of 0.17–0.51 mg FAE/g). Additionally, free caffeic
and p-coumaric acids were only detected in the outermost fractions
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of the grains.
Alkylresorcinols are also affected by the dehulling process. According to Giambanelli et al. (2018), whole wheat kernels showed
a higher alkylresorcinol content than their hulled counterpart. After the pearling process, the authors analyzed the waste fractions in
order to determine where the phenolic lipids were mostly concentrated and found that the bran was the main location of akylresorcinols. This fraction was also the one showing the highest antioxidant capacity. Wheat bran was determined to be rich in unsaturated
alkylresorcinols homologues, mainly C18:1 and C18:2.
In contrast, parboiling has been reported to improve phenolic
concentration considerably. Thammapat et al. (2016) compared
two parboiling methods for glutinous rice. The traditional method
consisted of soaking the rice in water for 24 h at room temperature,
followed by steaming at 100 °C for 1 h and sun-drying for 12–14 h.
In the alternative method, soaking was conducted for only 6 h at 60
°C, instead of room temperature. Also, the steaming temperature
was 120 °C for 15 min, followed by cabinet-drying at 50 °C for
12–14 h. Both parboiled rice samples exhibited higher content of
phenolic acids (traditional – 52.24 µg/g, alternative – 65.39 µg/g)
than raw rice (45.94 µg/g), with p-coumaric, syringic, protocatechuic, and ferulic acids as the compounds showing the sharpest
increase. According to the authors, a possible explanation for this
effect could be the release of bound phenolics due to the thermal
treatment. Similar outcomes have been observed for red rice (Hu
et al., 2017) and millet (Bora et al., 2019).
4.3. Secondary processing
Secondary processing of cereals involves operations responsible
for further transforming the grains into more palatable and digestible forms or using them as ingredients for added-value products.
A vast array of techniques can be employed at this stage, such as
extrusion, fermentation, high-pressure processing, steam explosion, and roasting.
4.3.1. Steam explosion and high-pressure processing
Steam explosion can be used for the pre-treatment of cereals in order to release bound phenolics (Baruah et al., 2018; Gong et al.,
2012). During this treatment, phenolic compounds are exposed to
high-pressure steam (0.69–4.83 MPa) and high temperature ranging from 160 to 260 °C for only a few seconds/minutes (Baruah
et al., 2018; Rabemanolontsoa and Saka, 2016; Gong et al., 2012).
After subjecting the cereal matrix to high pressure, a sudden decline
in pressure results in the explosion and releases water, thus leading to the disruption of the cell wall structure (Baruah et al., 2018;
Singh et al., 2015). Throughout the process, acetic acid is liberated from xylan hemicelluloses, which catalyzes further reactions,
such as the hydrolysis of hemicellulose. Therefore, this treatment is
called autohydrolysis (Baruah et al., 2018; Rabemanolontsoa and
Saka, 2016). The advantages of steam explosion include low environmental impact and low cost as it needs limited chemicals in a
simplified process (Baruah et al., 2018; Pielhop et al., 2016).
The efficiency of steam explosion can be affected by steam temperature, residence time, sample size, and moisture content (Baruah et al., 2018; Rabemanolontsoa and Saka, 2016). According to
Rabemanolontsoa and Saka (2016), lower temperatures and longer
residence times are more favorable for extracting bound phenolics.
Under drastic temperature conditions, solubilized carbohydrates
such as hemicellulose undergo further secondary reactions to form
carboxylic acids and soluble polymers (Gong et al., 2012; Sun et
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al., 2005). In addition, reactive precursors cause condensation with
lignin, resulting in a lower phenolic yield (Sun et al., 2005). Gong
et al. (2012) studied the effect of steam explosion at 220 °C for 10–
120 s on phenolic compounds in Tibetan barley bran (dehulled).
This study has shown that the steam explosion pre-treatment effectively decomposes carbohydrates in this cereal, which results in
a high yield of total free phenolic acids. Total antioxidant capacity
was also increased at 220 °C for 120 s (Gong et al., 2012).
Similarly, the amount of soluble phenolic acids in wheat bran
and their antioxidant properties were significantly increased after
steam explosion at 215 °C for 120 s (Liu et al., 2016). A recent
study has shown that steam pressure may also be an important parameter, and milder conditions are more effective for increasing
the yield of phenolics, contributing to improved bioactivities. Li et
al. (2020) reported that steam explosion enhanced the anti-proliferative activity of phenolics in Tartary buckwheat bran on human
colon and liver cancer cells. These results highlight the potential of
steam explosion as an effective pre-treatment to promote enhanced
bioaccessibility of bound phenolics from cereals and other plant
foods.
Other technologies have also been investigated for the release
of bound phenolics from cereals. Luo et al. (2020) used high-pressure boiling on sorghum hull. This method was able to increase the
content of free procyanidins and total phenolics by 35.92–58.87
and 6.20–18.70%, respectively, compared to traditional hot water
processing. The disruption of bound phenolics caused by the combination of high temperature and pressure, along with the inactivation of endogenous polyphenol oxidase, prevented the oxidation
and degradation of phenolics.
4.3.2. Extrusion cooking
Extrusion cooking is largely used in the food industry to manufacture pasta, noodles, and cereal-based snacks. This continuous
process uses a combination of high temperature, high pressure, and
high shearing to plasticize the raw material so it can be conveyed
and forced to flow through a die or specific shape. In terms of phenolics, heat-sensitive compounds may be susceptible to degradation and polymerization, decreasing their concentration in the final
product. On the other hand, extrusion also causes the disruption
of cell walls, breaking the covalent bonds between bound phenolics and macromolecules, which results in an increased bioaccessibility of this phenolic fraction (Wang et al., 2014). Zeng et al.
(2016) studied the effect of extrusion on brown rice, wheat, and
oat phenolics and their bioaccessibility. All cereal grains had their
insoluble-bound phenolic content significantly increased after the
extrusion cooking. The bioaccessibility varied according to the
grain type. While 11.60% of phenolics from raw wheat were bioaccessible, extrusion marginally improved it to 12.48%. On the other
hand, the bioaccessibility of oat phenolics dropped from 29.83%
(raw) to 21.78% (extruded). Brown rice kept the same bioaccessibility levels before and after extrusion (around 20%). According
to the authors, phenolic bioaccessibility was mainly dependent on
the cereal type and the way the compounds occur in the matrix
since higher phenolic content did not translate into higher bioaccessibility.
4.3.3. Fermentation, roasting, and popping
Biological treatments, such as fermentation, can also be used to
enhance the bioefficiency of cereal phenolics. During this process,
enzymes are produced and released, promoting the hydrolysis of

phenolic glycosides, liberating them as free compounds (Wang et
al., 2014). Bvochora et al. (2005) reported an increase in the total
phenolic content of sorghum during alcoholic fermentation; this
brought about higher concentrations of p-hydroxybenzoic acid and
p-hydroxybenzyl alcohol. Meanwhile, the levels of p-hydroxybenzaldehyde decreased.
Total phenolic content of buckwheat, barley, wheat, and rye
has been shown to increase after fermentation with Lactobacillus rhamnosus (L. rhamnosu) and Saccharomyces cerevisiae (S.
cerevisiae) (Đorđević et al., 2010). A recent study on millet has
also shown that fermentation with Lactobacilli increased the total phenolic content due to the release of bound polyphenols. The
fermentation treatment also enhanced the in vitro effect of millet
phenolics on type 2 diabetes markers (Balli et al., 2020).
Roasting is also commonly used in the processing of several
cereals, including maize and sorghum. Oboh et al. (2010) roasted
yellow and white maize for 17 min and observed a significant decrease in their total phenolic and flavonoid contents, which was reflected in the lower free radical scavenging and iron chelating ability of the samples compared to the raw cereal. Irondi et al. (2019)
obtained similar results when studying the roasting of red sorghum
at 150 and 180 °C for 20 min. Besides reducing the levels of phenolic compounds, enzyme inhibitory activities (pancreatic lipase,
alpha-amylase, alpha-glucosidase, xanthine oxidase, and angiotensin 1-converting enzyme) were slightly reduced in comparison
to the original sample, with the roasting at 180 °C displaying the
most negative effect. These outcomes can be explained by the fact
that the high temperature during the roasting process can lead to
thermal decomposition and heat-induced oxidation of phenolics.
Popping is used to expand cereals and promote starch gelatinization. In this process, grains are subjected to a high-temperature
treatment for a short time, which creates superheated vapor inside
the grains. The internal pressure causes the endosperm to expand,
breaking the outer layer. This process imparts desirable sensory
characteristics to cereal-based snacks, and it is commonly used to
produce popcorn, popped rice, and popped sorghum, among others
(Mishra et al., 2014). Bagchi et al. (2021) analyzed how different
processing techniques, including popping, affect phenolic acids,
flavonoids, and anthocyanins in black rice. Hydroxybenzoic acids were the predominant phenolic acid class in rice following the
popping process, with 75.78 µg/g. Gallic acid was the major phenolic acid detected in popped rice, followed by protocatechuic and
vanillic acids. Moreover, 83% of all polyphenols quantified in the
product were in the free form. In terms of flavonoids, kaempferol
and catechin showed high concentrations in popped rice, with 9.19
µg/g and 8.38 µg/g, respectively. Anthocyanins were the main phenolic group found in popped rice, with an average of 119.4 µg/g,
higher than the content found in beaten and milled rice but lower
than the anthocyanin levels in boiled and puffed rice. Among all
processes, popping produced the rice product with the highest
antioxidant activity, measured by DPPH and FRAP assays. This
outcome was due to the fact that the thermal treatment in popping
(177 °C for 40–50 s) was not drastic enough to degrade the phenolic compounds.
5. Conclusions and final remarks
The economic and nutritional importance of cereal grains is undeniable. They provide a great portion of the carbohydrate, protein,
lipid, vitamins, and minerals consumed in the diet of many populations, helping to fulfill the global food demand. Nevertheless,
the consumption of cereals is also advantageous from a bioactive
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standpoint, with phenolic compounds assuming the role of providing benefits due to their antioxidant power and related bioactivities.
Notwithstanding, cereals undergo post-harvest treatments, primary, and in some cases, secondary processing before reaching the
consumer’s table. Thus, different processing techniques show distinct effects on cereal phenolics. Therefore, such factors should be
analyzed in a case-by-case manner. Processes that remove the outer layers of cereal grains, such as polishing of rice and dehulling of
wheat and other cereals, significantly reduce the phenolic content
due to the exclusion of fractions that are highly concentrated in
these compounds. On the other hand, mild drying techniques and
technologies involving the use of high-pressure can enhance the
phenolic composition of cereals since they promote the release of
the insoluble-bound phenolic fraction, increasing bioaccessibility
parameters. Finally, drastic processing, such as extrusion cooking
and roasting, may negatively affect cereal phenolics, considerably
reducing their biological activities, but may enhance consumer
acceptability due to generation of desirable aroma compounds as
well as Maillard reaction products that may possess their own activities.
Therefore, cereal consumption, especially in their whole-grain
form, should be stimulated given their large variety of polyphenols,
including phenolic acids, flavonoids, tannins, and anthocyanins
(pigmented cereals) that are associated with reduced risk of developing chronic diseases, such as colorectal cancer, cardiovascular
ailments, and type 2 diabetes. In addition, processing conditions
must be carefully analyzed in order to increase the bioefficiency of
cereal phenolics and avoid their degradation.
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Abstract
Lipid oxidation products (LOPs) are widely present in many lipid- containing foods. They usually enter the gastrointestinal tract from dietary sources and/or are produced in vivo. Part of LOPs were absorbed into the blood and
transported into tissues. A growing bulk of evidence suggests that LOPs, mainly reactive aldehydes and oxysterols, are potentially involved in the pathogenesis of many chronic diseases, such as atherosclerosis, Alzheimer’s
disease, and inflammatory bowel disease. This review summarizes the current knowledge of the adverse effects,
cytotoxicity, and the main mechanisms of LOPs involvement in humans and animals.
Keywords: Lipid oxidation products; Aldehyde; Cholesterol oxidation products; Adverse health effects; Toxicity.

1. Introduction
Lipids are the main nutrient components of food and important
components of cells in biological systems. However, they are
prone to oxidation through various pathways. Lipid oxidation is
not only a major reason for the deterioration of food quality, but
also has negative impacts on the integrity of the biological system
(Shahidi and Zhong, 2010). The lipid oxidation process involves

a series of complex reactions, producing a large number of lipid
oxidation products (LOPs), including lipid hydroperoxides, aldehydes, ketones, alcohols, alcohols, and epoxy compounds, among
others (Rodriguez-Amaya and Shahidi, 2021). These oxidative
changes in lipids or lipid containing foods result in the formation of peculiar smell, the loss of nutrients and bioactives, making foods unsuitable for consumption, and even formation of toxic
compounds, which potentially risk to human health.
With the diversification of people’s diet, an increasingly large
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ty (Guillén and Goicoechea, 2008; Rodriguez-Amaya and Shahidi,
2021). Accumulated evidence shows that they are regarded as the
second messengers of free radicals and possess potent electrophilic
properties that could interfere with many pathophysiological processes, and exert toxic effects in both human and animal studies
(Gęgotek and Skrzydlewska, 2019). For cholesterol, oxidation of
cholesterol leads to the formation of a large number of oxidized
products, generally known as oxysterols. They are important mediators of cholesterol-induced effects with detrimental properties.
They can enter intracellular membranes and affect the structure
and function of membrane-associated proteins (Maldonado-Pereira et al., 2018; Testa et al., 2018). Solid evidence indicates that
these aldehydes and COPs are implicated in or could aggravate a
series of adverse effects on human health, such as cardiovascular
diseases, neurodegenerative diseases, mutagenic and carcinogenic
properties, gastrointestinal disease, and hepatotoxicity (Table 1).
However, very few reviews of this topic have been published.
Taking into account the increasing tendency to enrich foods
with LOPs and the increasing incidence of the related diseases,
this review summarizes the current knowledge about the studies
of LOPs and the related diseases. This evidence might help to enhance people’s awareness of the health effects of dietary oxidized
lipids and provide potential therapeutic directions for reducing the
LOPs related diseases.
2. Cardiovascular diseases
2.1. Atherosclerosis

Figure 1. Examples of chemical structures of the lipid oxidation products
(LOPs).

proportion of the human population frequently ingest oxidized/peroxidized lipids. Oxidized/peroxidized lipids may contain a class
of toxic compounds including hydroxyl fatty acids, cyclic monomers, dimers, and polymers and polycyclic aromatic hydrocarbons
(Rodriguez-Amaya and Shahidi, 2021). Besides, dietary oxidized/
peroxidized lipids exist in gastrointestinal tract constantly, and decompose into a variety of oxygenated and aliphatic fatty acid scission as well as secondary or tertiary lipid oxidation products in the
gastric lumen (Vieira, Zhang, and Decker, 2017). Some of them
are easily absorbed into the lymph or directly into the blood stream
after ingestion (Kanner, 2007). In the past decades, the deleterious
effects of regular ingestion of these LOPs on human health have
attracted a large amount of high-impacting research interest and
focus.
Although a myriad of compounds may be formed during lipid
oxidation, the mainly focused research areas are the oxidation products of polyunsaturated fatty acids (PUFAs) and cholesterol oxidation products (COPs) (Figure 1). For PUFAs, hydroperoxides from
PUFA oxidation undergoes β-cleavage and produces various species of aldehydes. Among these aldehydic end-products, reactive
α, β-unsaturated aldehydes, such as 4-hydroxy-2-nonenal (HNE),
4-hydroxy-2-hexenal (HHE), acrolein, malondialdehyde (MDA),
and trans, trans-2,4-decadienal (tt-DDE), are the most important
secondary oxidation products in terms of both quantity and toxici-

52

Oxidized lipid and LOPs in foods are absorbed by the intestine, appear in the blood circulation, and can have deleterious cardiovascular effects in humans (Cohn, 2002). Atherosclerosis is a progressive
disease characterized by the accumulation of lipid and fibrous components in the large arteries (Zaguri et al., 2007). Numerous studies
from both animals and humans indicate that dietary oxidized lipids,
aldehydic LOPs, and COPs have some atherosclerotic effects. Accumulated evidence shows that people who consume LOPs have
significant higher oxidized lipids level in chylomicrons and very
low density lipoproteins (VLDL), which is positively associated
with the occurrence of clinical evidence of atherosclerosis in humans (Ahotupa, 2017; Hajri, 2018; Viktorinova et al., 2016). Another human study conducted by Menéndez-Carreño et al. (2011)
analyzed the relationship between total COPs and different cardiovascular diseases risk factors in the serum of 88 recruited subjects.
The results showed that the serum COPs level of patients with atherosclerosis was significantly higher than those of subjects who did
not show atherosclerosis. More recent investigation reported that
serum 7ß-hydroxycholesterol concentration was the strongest predictor of a rapid progression of carotid atherosclerosis in humans
(Maldonado-Pereira, et al. 2018). All these evidences have emphasized the close relationship between arteriosclerosis and LOPs.
In animal experiments, the COPs have been found to have
profound biological effects following the intake of meals rich in
oxidized cholesterol, such as increased aortic injury, impaired
vascular endothelium, and which also support the role of LOPs
in atherosclerosis. Staprans et al. (2000; 2005) found that dietary
oxidized cholesterol for respective 7 and 4 months significantly increased aortic lesions in apolipoprotein E (ApoE) and low density
lipoproteins (LDL) receptor-deficient mice. Meynier et al. (2002)
reported that administration of oxysterols in high cholesterol diets
for 3 months induced vascular wall thickening, endothelial damage and smooth muscle cell proliferation and migration in Golden
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Wistar rats

4-HHE

Acrolein

Cardiotoxicity

tt-DDE

ICR mice

SD rats

Gastrocnemius
muscles isolated
from CD-1
Swiss mice

4-HNE

Hypertension

Golden Syrian
hamsters

Oxysterols

ApoE-/- mice

Acrolein

Rabbits

ApoE-null mice

Acrolein

Oxidized
cholesterol

C57BL/6 mice

Acrolein

ApoE mice/ LDLRdeficient mice

ApoE-/- mice

Acrolein

Oxidized
cholesterol

Experimental model

Aldehyde

5 mg/kg

500 mg/kg

\

28 days

\

\

100 μM

12 weeks

4
months/
7 months

1 month

8 weeks

3 months

10 mg/kg

Atherosclerosis

Cardiovascular diseases
Increased lesion formation in the aortic valve and aortic arch,
elevated concentrations of cholesterol and platelet factor
4 levels in the plasma, macrophage accumulation, and the
abundance of small and medium VLDL particles.

Effects

Exacerbated myocardial ischemic injury and blocked NOinduced cardioprotection via disrupting PKC signaling.

Induced blood pressure elevation and endothelial dysfunction
by oxidative/nitrative stress and apoptosis.

Induced insulin resistance, altered whole-body insulin sensitivity
and decreased glucose infusion rate; abolished insulin
induced phosphorylation of Akt in skeletal muscle.

Decreased insulin signaling and insulin-induced glucose uptake in muscle. Impairs
insulin action by inducing oxidative stress and oxidative damage to proteins.

Diabetes mellitus

Induced vascular wall thickening, endothelial damage and
smooth muscle cell proliferation and migration.

Increased fatty streak lesions in the aortas by 100%.

Increased aortic lesions by 38% and 32%, respectively.

Increased serum and aortic cholesterol, triglycerides, and lipid peroxides;
Increased intracellular oxidative stress and over-expression of key
regulators of cellular lipid biosynthesis: SREBPs, HMGCR, and DGAT1.

Few hepatic genes were dysregulated that involved
with lipid synthesis and trafficking and APR.

24 h after Increased plasma cholesterol, triacylglycerols, and VLDL, and
exposure decreased hepatic lipase activity and hepatic lipase expression.

8 weeks

Time

Diet containing
a mixture of
oxysterols

Diet containing
0.33%
cholesterol
of which 5%
was oxidized

Diet containing
5% oxidized
cholesterol

3 mg/kg/day

0.05–1 mg/
kg/day

5 mg/kg/day

2.5 mg/kg/day

Dose/ Concentration

Table 1. A brief overview of animal studies on the role of dietary α, β-unsaturated aldehydes or COPs in related diseases and pathological changes
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al., 2011
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Wistar rats

F344/N rats;
B6C3F1 mice

Sprague
Dawley rats

ApoE-/- mice

CD-1 (ICR) mice

ICR mice

Swiss mice

\

SpragueDawley rats

Wistar albino rats

tt-DDE

tt-DDE

Acrolein

tt-DDE

tt-DDE

MDA

\

4-HNE

Acrolein

SpragueDawley rats

Acrolein

Acrolein

Wistar rats

Acrolein

Wistar rats

Sprague–
Dawley rats

4-HNE

4-HNE

Sprague
Dawley rats

Experimental model

Acrolein

Aldehyde

3 months

70 days

\

12 weeks

90 days

21 days

30 days

Time
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8 weeks

8 weeks

1 month

4 mg/kg

0.5, 2.5, or
12.5 mg/kg

\

7 days

28 days

\

0.1–10 μg/g/day 12
months

24 mg/kg

8 or 24 mg/kg

3 mg/kg/day

50 or 100 mg/kg \

800 mg/kg

6 mg/kg

0.26 μM

2.5 mg/kg/day

2 mg/kg/day

3 mL/kg/day

5 mg/kg

Dose/ Concentration
Cardiovascular diseases

Hepatotoxicity

Mutagenicity

Induced liver tissues apoptosis, dilatations in the
perinuclear space, and cytoplasmic vacuolization.

Induced significant alterations in hepatotoxicity biomarkers, such
as serum albumin, serum total bilirubin, and AST activity.

\

Increased the total neoplasms and neoplastic lesions in the liver.

Induced lung lesions and changes of amino acid profiles in the urine and serum.

Increased the number and types of cells in the bronchoalveolar
lavage fluid; Induced pathological changes, and inflammatory
gene modulations in the lung tissues.

Carcinogenicity

Induced a major shift in the gut microbiota composition in including a significant
phylum-level change with increased Firmicutes and decreased Bacteroidetes.

Inhibit gastric emptying rate in rats through inducing cholecystokinin secretion.

Induced forestomach ulceration and diarrhea.

Induced erosion, hyperplasia and hyperkeratosis in the glandular
mucosa of the stomach or in the forestomach.

Induced peptic ulcers and reduced the GSH content in the endoplasmic reticulum.

Gastrointestinal diseases

Induced cognitive impairment and pyknosis/atrophy of hippocampal neurons
by inducing oxidative damage and changes of APP, β-secretase, α-secretase
and receptor, and activating astrocytes, regulating BDNF/TrkB pathway.

Induced histopathological changes of brain tissues
and neurofilament accumulation.

Induced disruption of survival signaling of frontal cortex cholinergic neurons.

Neurodegenerative diseases

Induced cardiac injury, and dysfunction in mitochondrial bioenergetics
of heart by decreasing levels of oxidative phosphorylation
enzymes, tricarboxylic acid cycle enzymes and ATP.

Effects

Table 1. A brief overview of animal studies on the role of dietary α, β-unsaturated aldehydes or COPs in related diseases and pathological changes - (continued)
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Figure 2. The effects of COPs on different cell lines that involved in various diseases.

Syrian hamsters. Besides, Gargiulo et al. (2017) reviewed that oxysterols contribute to atherosclerosis by inducing apoptosis, oxidative stress, chronic inflammation, foam cell formation, mitochondrial damage, loss of nitric oxide (NO) bioavailability, as well as
enhancing macrophage activity in vitro (Figure 2).
In addition to oxysterols, several previous publications reviewed
that aldehydes are involved in the genesis and development of atherosclerosis by inducing various key steps, including damage endothelial function, modification of LDL, promotion foam cell formation, stimulation the adhesion of monocytes and lymphocytes,
proinflammatory, redox imbalance, deoxyribonucleic acid (DNA)
damage, formation of the monocyte chemoattractant protein-1,
and stimulation smooth muscle cells proliferation and migration
(Leonarduzzi et al., 2010; Zirak et al., 2019). In this review, the
collected evidence suggests that aldehydes, especially acrolein,
contribute to the development of atherosclerosis by inducing vascular injury, systemic dyslipidemia, and gut microbiota in vivo.
According to the results reported by Srivastava et al. (2011), dietary exposure to acrolein (2.5 mg/kg/day) by gavage for 8 weeks
aggravated atherosclerosis in apolipoprotein E-deficient (ApoE-/) mice, as evidenced by increased lesion formation in the aortic
valve and aortic arch, elevated concentrations of cholesterol and
platelet factor 4 levels in the plasma, macrophage accumulation,
and the abundance of small and medium VLDL particles. Conklin and co-workers reported that oral acrolein feeding resulted in
increased plasma cholesterol, triacylglycerols, and VLDL, and
decreased hepatic lipase activity and hepatic lipase expression in
mice (Conklin et al., 2010; Conklin et al., 2011). Rom et al. (2017)
found that feeding ApoE-/- mice with acrolein (3 mg/kg/day) for 1
month resulted in a significant dyslipidemia as well as elevations
of the prevalence of Ruminococcaceae and Lachnospiraceae, and
this altered the gut microbiota composition is positively correlated
with enhanced atherosclerosis.
Taken together, these findings indicate that LOPs in the diet are
directly related to the level of oxidized lipids in the circulation,
which can trigger the occurrence of atherosclerosis involved in a
variety of complex ways.
2.2. Diabetes mellitus
Based on the preceding evidence, the process of lipid oxidation and

the resulting LOPs are implicated in the development of diabetes
and its complications. Indeed, a study based on the results of human trials in diabetic patients showed that the level of oxidized lipids in serum chylomicrons increased after people with poor blood
glycemic control ingested dietary oxidized fatty acids (Staprans
et al., 1999). Besides, oral consumption of a diet contains high
oxidized frying oil are demonstrated to induce impairment of glucose tolerance and impairment of insulin secretion in rodents (Li
et al., 2017; Liao, Shaw, and Chao, 2008). Notably, HNE is considered as a crucial molecule for triggering and sustaining a wide
range of biochemical events underlying the development of this
processes (Jaganjac et al., 2013). It has been reported that HNE
could directly bind to insulin and consequently impair its ability to
stimulate glucose uptake in mice (Pillon et al., 2011; Pillon et al.,
2012). Following these findings, another by-product of n-3 PUFAs
peroxidation, HHE, which has similarities in structure with HNE,
was reported to play a causal role in the pathophysiology of type
2 diabetes. The researchers found that circulating levels of HHE
in type 2 diabetic humans and diabetic rat models were twice that
of non-diabetic counterparts, and it was positively correlated with
blood glucose levels. Acute intravenous injection of HHE (10 mg/
kg) significantly changed the whole-body insulin sensitivity and
reduced the glucose infusion rate in rats (Soulage et al., 2018).
Moreover, both HNE and HHE were found to impair insulin action, insulin signaling, and insulin-induced glucose uptake in muscle cells and adipose cells (Cohen et al., 2013; Pillon et al., 2012;
Soulage et al., 2018).
For COPs, some evidences show high concentrations of plasma
COPs in patients or animals with diabetes mellitus compared with
healthy controls (Endo et al., 2008; Ferderbar et al., 2007; Yoshioka et al., 2005). However, the question whether dietary COPs can
directly lead to the development of diabetes mellitus needs more
research to prove.
2.3. Hypertension
As we all know, hypertension is one of the most common chronic diseases, and also an important risk factor for cardiovascular
disease. Vascular endothelial dysfunction contributes to the occurrence and development of vascular injury, and it is also an
effective independent predictor of hypertension (Endemann and
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Schiffrin, 2004). Evidences from humans and animals indicate
that intake of LOPs may be a potential risk factor for the development of hypertension. A human study conducted by Soriguer
et al. (2003) reported that LOPs produced from cooking oil were
strongly and positively associated with high blood pressure. In animal experiments, administration of oxidized lipids was reported
to induce hypertension by impairing endothelium-dependent and
endothelium-independent vasorelaxation, reducing NO bioavailability, increasing thromboxane and angiotensin converting enzyme (ACE), altering the histological structures of blood vessels,
and reducing adenosine triphosphate-sensitive potassium (KATP)
and large-conductance calcium-dependent potassium channels
(BK channels). For example, intake of oxidized oils for 6 months
was reported to induce blood pressure elevation, attenuate relaxations in response to acetylcholine (ACh) and sodium nitroprusside
(SNP) as well as increase vasoconstriction to phenylephrine (PE)
(Leong et al., 2009; Nurul-Iman et al., 2013). Other studies point
that ingestion of thermally oxidized oil for 16 weeks induced blood
pressure elevation, disrupted elastic lamellae of tunica media and
the structures of heart and blood vessels, and simultaneously with
increased thromboxane and ACE in rats (Nkanu, Owu, and Osim,
2018; Siti et al., 2017; Siti et al., 2018).
Accumulated evidence reveals that oxidative stress is one of the
important reasons leading to the generation and/or maintenance
of hypertension, which can directly change the function of vascular endothelial or cause changes in vascular tension (Hu et al.,
2020). As an inducer of reactive oxygen species (ROS), reactive
aldehydes were regarded as an important mediator of oxidized lipids in inducing blood pressure elevation. Indeed, Conklin et al.
(2006) concluded that acrolein generation in the blood vessel wall
increased human susceptibility to vasospasm, an event that is enhanced in hypertension. Recently, it was demonstrated that oral administration of tt-DDE (500 mg/kg) for 28 day induced blood pressure elevation in rats, and this effect was closely associated with
tt-DDE induced endothelial dysfunction, oxidative/nitrative stress
and apoptosis in both vascular endothelial tissue and endothelial
cells (Hu et al., 2020). Besides, other evidences indicate that excess reactive aldehydes contribute to progressive and deleterious
changes in hypertensive by increasing cytosolic-free calcium levels, altering renal vascular function, and inducing endothelial cell
toxicity (Hu et al., 2020; Lee and Park, 2013).
2.4. Cardiotoxicity
In addition to their role in the process of atherosclerosis, diabetes,
and hypertension some evidences indicate that LOPs are detrimental to heart and cardiac function, and instigate multiple cellular disturbances in cardiomyocytes (Hajri, 2018). Indeed, consumption
of oxidized rapeseed oil for 112 days induced transient myocardial
lipidosis characterized by accumulation of fat droplets in myocardial fibers of rats (Charlton et al., 1975). Rouaki et al. (2013)
reported that dietary oxidized sunflower oil induced extensive necrosis of heart tissue, increased body weight and LPO levels, and
decreased catalase (CAT) and glutathione peroxidases (GPx) activities in rats. Again, other studies found that dietary heated palm
oil diet for 16 weeks significantly increased the myofiber width
and area, and induced necrosis in cardiac tissue of rats (Kamisah et
al., 2016; Leong et al., 2008).
Specially, reactive aldehydes including acrolein and HNE are
consistently demonstrated to be the important mediators that contribute to cardiotoxicity. The immunohistochemical examination
of myocardial biopsy in patients with cardiomyopathy and/or heart
failure showed that HNE protein adduct increased in the heart and
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was positively correlated with decreased heart function (Nakamura
et al., 2005). Another study reported that HNE can form adducts
with cardiac aldehyde dehydrogenase 2 (ALDH2) protein in metabolic syndrome and/or type 2 diabetic mice, accompanied by obvious cardiac hypertrophy, cardiac damage, myocardial mitochondrial dysfunction, and heart weight increase (Mali et al., 2016). For
acrolein, Wang et al. (2008) found that acrolein (5 mg/kg) feeding
by gavage could exacerbate myocardial ischemic injury and blocks
NO-induced cardioprotection via mechanisms that disrupt protein
kinase C (PKC) signaling in mice. Aydın et al. (2018) reported
that oral administration of acrolein (5 mg/kg) in rats for 30 days
induced cardiac injury, with oxidative stress and dysfunction in
mitochondrial bioenergetics of heart. On the other hand, reactive
aldehydes can induce a wide array of toxic consequences in the
cardiomyocytes, including destruction of membrane and cytosolic
enzyme activities and actin cytoskeleton, inducing mitochondrial
damage, depletion of adenosine-triphosphate (ATP) content, membrane swelling and dissolution, alteration of current through K+
channels, imbalance of cellular calcium homeostasis, and inducing
oxidative stress, inflammation, and apoptosis (Chapple, Cheng,
and Mann, 2013; Gianazza et al., 2019).
For oxysterol, there are significant positive correlations between oxysterol levels and the number of risk factors for coronary
heart disease (Samadi et al., 2019). Besides, in a study of Sozen
et al. (2018), the data indicated that a high-cholesterol diet caused
abnormal heart function by regulating proteins related to lipid
metabolism in rabbits. In vitro, oxysterols also exert strong toxic
effects on the cardiomyocytes, including increasing inflammatory
cytokine, downregulation of B-cell lymphoma 2 (BCL-2) expression, activation of caspases, production of ROS, opening of mitochondrial permeability transition pore, inducing cell hypertrophy,
Ca2+ cycling dysfunctional, DNA fragmentation, and cell death
(Cilla et al., 2017; Lee, Nam, and Lee, 2015) (Figure 2). However,
more human and animal experiments need to be provided to prove
the potential role of COPs intake and cardiotoxicity.
3. Neurodegenerative diseases
Documented evidences have demonstrated that free radical-mediated oxidative damage is one of the important mechanisms of
the pathogenesis of neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson (PD), Hungtington’s disease
(HD), and Amyotrophic lateral sclerosis (ALS). Since HNE acts
both as a signaling molecule and as cytotoxic product, its effect
on neurodegenerative diseases has been extensively investigated.
Perluigi et al. (2012) pointed that there were elevated levels of
HNE and its proteins adducts in relevant brain tissues and body
fluids of AD, PD, HD subjects and/or animal models with neurodegenerative diseases. The formation of protein adducts results in
altered energy metabolism and protein homeostasis, mitochondrial
dysfunction, as well as reduced antioxidant levels, which provides
further support for the physical impairment, cognitive decline,
progressive memory loss, and oxidative stress associated with the
neurodegenerative disorders (Barrera et al., 2015). For example,
Sardar Sinhah et al. (2018) reported that HNE was implicated in
the pathogenesis of different PD by modifying α-synuclein, an
important protein that linked to synaptic plasticity, neurotransmitter release and the maintenance of the synaptic pool. On the other
hand, intake of HNE can induce direct adverse effects on neurons
and neural cells. Zárate et al. (2009) reported that administration of
oxidized sunflower oil containing HNE (3 mL/kg/day) for 21 days
induced disruption of survival signaling of frontal cortex choliner-
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gic neurons, as evidenced by the reduction of the number of neural
cells with positive immunostained tropomyosin receptor kinases A
(TrkA) receptor in the frontal cortex of rats.
In addition to HNE, Selmanoğlu et al. (2018) reported that oral
exposure to acrolein (2 mg/kg/day) for 90 days induced histopathological changes of brain tissues and neurofilament accumulation in rats. Huang et al. (2018) found that acrolein (2.5 mg/kg/
day) treatment by gavage for 12 weeks induced cognitive impairment and pyknosis/atrophy of hippocampal neurons by inducing
oxidative damage, activating astrocytes, regulating brain-derived
neurotrophic factor (BDNF)/ tyrosine Kinase receptor B (TrkB)
pathway, β-secretase 1 (BACE-1) and A-disintegrin and metalloprotease (ADAM) in hippocampus and cortex, as well as key
enzymes involved in amyloid precursor protein (APP) metabolism
in rats.
Oxysterols are believed to be the link between altered brain
cholesterol metabolism and neurodegenerative diseases. Different oxysterols are reported to be involved in numerous age-related
pathological conditions. Among them, the balance of 24-hydroxycholesterol (24-OH) and 27-hydroxycholesterol (27-OH) has been
identified as a useful tool for monitoring and/or diagnosing of the
progression of neurodegenerative diseases (Poli, Biasi, and Leonarduzzi, 2013). By analyzing the patient samples, it was found
that the increase in plasma 24-OH level and 24-OH/27-OH ratio
is related with the development of eventual cognitive impairment
(Hughes et al., 2012; Malaguti et al., 2019). Besides, 7-KC accumulation has been correlated to the development of AD. It exerts toxic effects on cellular model systems derived from neuronal
tissues by multiple mechanisms (Malaguti et al., 2019). Although
the direct effect of oral administration of oxysterols on neurodegenerative disease has rarely been reported, increasing evidence
shows that oxysterols can impair neuronal and muscular development and induce oxidative stress, inflammation, amyloid β-protein
(Aβ) formation and accumulation, and death of neurons in various
human neuronal cell lines (Testa et al., 2018) (Figure 2).
4. Gastrointestinal diseases
A growing body of evidence suggests that long-term consumption
of oxidized oils may be an important factor in human gastrointestinal diseases, and the cause is closely related to the large amount of
generated LOPs (Martin Grootveld et al., 2020). Animal toxicology studies have shown that oxidized oils produced under extreme
processing conditions induces severe irritation of gastrointestinal
tract and could react with intestinal mucosal proteins and interfere
with the absorption process in experimental animals (Esterbauer,
1993; Hajri, 2018). Obembe et al. (2011) found that ingestion of
thermally oxidized palm oil may induce distortion in the morphology of intestinal villi, malabsorption of intestinal juice and glucose
absorption in the intestine of rats. Zhou et al. (2016) reported that
oral administration of fried oil induced impairment of intestinal
mucosa, endocrine tissue destruction and inflammation, and microbiota structure imbalance in rats.
The formation of reactive α, β-unsaturated aldehydes during
high fat dietary intake are one of the major contributory factors
in aggravation of gastric mucosa and intestinal diseases. They can
directly contact intestine lamina, and induce the loss of intestinal
epithelial barrier function and abnormal inflammatory response of
the intestinal mucosa, and play crucial roles in the pathogenesis of
inflammatory bowel disease (IBD) (Rossin et al., 2017; Sottero et
al., 2018). Jayaraj et al. (1986) reported that oral administration of
HNE to rats at a dose of only 0.26 μM, a concentration similar to

that of healthy human blood plasma induced peptic ulcers in the
animals. Gomes et al. (2002) found that acrolein (6 mg/kg) administration by gavage for 70 days in rats induced erosion, hyperplasia
and hyperkeratosis in the glandular mucosa of the stomach or in
the forestomach. Oral administration of tt-DDE (800 mg/kg) by
gavage for 3 months can induce forestomach ulceration and diarrhea, and inhibit gastric emptying rate in rats through inducing
cholecystokinin (CCK) secretion in rats (Chan, 2011; Hira et al.,
2015). More recently, Rom et al. (2017) reported that intake of
acrolein (3 mg/kg/day) for 1 month induced a major shift in the gut
microbiota composition in atherosclerotic ApoE-/- mice, including
a significant phylum-level change with increased Firmicutes and
decreased Bacteroidetes.
For oxysterols, they are closely related to the occurrence and
severity of intestinal inflammation and intestinal endothelial damage. Dietary intake of 7-ketocholesterol (7-KC) impaired the integrity of intestinal epithelial monolayer barrier by down-regulating
tight junction protein zonule occlusion-1 (ZO-1) and reducing the
transepithelial electrical resistance (Chalubinski et al., 2014; Chalubinski et al., 2013). According to the report presented by Willinger (2019), high amounts of oxysterols synthesized from dietderived cholesterols would activate the receptor G protein-coupled
receptor 183 (GPR183) and trigger pro-inflammatory immune
activity in the intestine. Besides, dietary oxysterols can induce irreversible damage of the intestinal epithelial, and can exert a series
of toxic effects on human epithelial colonic cells, including mitochondrial injury, pro-apoptotic, pro-oxidation, pro-inflammatory
activities, thereby impairing the characteristics of the intestinal
epithelium (Sottero et al., 2018) (Figure 2).
5. Carcinogenicity
Evidence for a putative role of dietary oxidized oils and LOPs in
carcinogenicity has come from both animal and human studies.
Stott-Miller et al. (2013) examined the relationship between the
intake of deep-fried foods (including French fries, fried chicken,
fried fish, etc.) and prostate cancer risk through a food frequency questionnaire survey in 1,549 cases and 1,492 controls, and
it was concluded that regular consumption of deep-fried foods
is associated with increased prostate risk. Recently, Mhatre et al.
(2020) conducted a human case-control study, showing that high
consumption of fried mustard oil increased the risk of gallbladder cancer. On the other hand, the basis of the epidemiological
studies suggested that cooking fumes from heated culinary oils are
toxic and exposure to human showed to be an increased risk factor
of contracting cancer (Chen et al., 2020; Jia et al., 2018). In particular, a positive correlation between the inhaling oil fume from
heated oils and high risks of lung cancer (Ma et al., 2020).
Cumulative evidence indicated that lipid oxidation-derived reactive aldehydes may be the main carcinogenic substances in oxidized oils that exert carcinogenicity. It has been reported that aldehydes induce and participate in the occurrence and progression of
cancer, and chronic exposure can increase the tumor frequency in
animals (Eckl and Bresgen, 2017). For example, tt-DDE, a major
aldehyde in cooking oils fumes, was reported to induce lung carcinogenesis. It has been reported that intratracheally instilled with
tt-DDE to mice for 8 weeks significantly increased the number
and types of cells in the bronchoalveolar lavage fluid, increased
the epithelial hyperplasia and granulomatous nodules at the bronchoalveolar junction (Lin et al., 2014; Wang et al., 2010). Oral administering MDA as its enol salt over a range of 0.1–10.0 μg/g/day
for 12 months in Swiss mice showed a dose dependent increase of
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Figure 3. Summary of the formation of aldehyde adducts and their possible effects on the progression of cancer.

total neoplasms and neoplastic lesions in the liver (Draper, McGirr, and Hadley, 1986). Likewise, oral consumption of acrolein
induced pulmonary injuries, including airspace enlargement, lung
inflammation, lung edema, and even lung cancer (Bein and Leikauf, 2011).
The reported biochemical effects of aldehydes are associated
with their lipophilicity and high reactivity (Figure 3). They can
covalently interact with amino acids cysteine, histidine and lysine,
DNA, phospholipids, protein, and sulfhydryl groups (Gęgotek and
Skrzydlewska, 2019). Importantly, these aldehyde-induced DNA
modification as well as protein adducts play key features in the
growth and progression of cancer. Oral administration of HNE by
gavage has been found to induce significant increases of 2′-deoxyguanosine (dGuo) adducts of HNE (HNE-dGp-adducts) and
HNE protein adducts in different types of tumors, including liver,
lung, renal, colon and forestomach of rats (Barrera, et al., 2015;
Zarkovic, Jakovcevic, and Zarkovic, 2017). Hong et al. (2020) analyzed a total of 62 urothelial carcinomas patients, and found that
acrolein-DNA (Acr-dG) levels were statistically correlated with
chronic kidney disease stages in urothelial carcinomas patients. On
the other hand, the formation of adducts affects protein function,
triggering different mechanism, such as proliferation, cell differentiation and apoptosis, enhances resistance to cancer suppressor
drugs, and alters cancer progression, among others (Cherkas and
Zarkovic, 2018; Martín-Sierra et al., 2019).
The influence of dietary oxysterols on the incidence of cancer is still a controversial debate. As summarized by KloudovaSpalenkova et al. (2020), oxysterols not only play important roles
in carcinogenesis, proliferation, migration, apoptosis and multiple
signaling pathways, but also play many roles in cells in physiological and pathological conditions thus modulating cancer therapy.
Besides, the involvements of oxysterols in hepatocellular carcinoma, pancreatic, colon cancer, and breast cancer have also been
reviewed in recent years (Kovač et al.,2019; Nazih et al., 2020).
They concluded that the role of oxysterols in carcinogenesis is far
from being conclusive.
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6. Mutagenicity
To date, some investigations have proven the mutagenic potential
of orally administered oxidized oils and LOPs. Hageman et al.
(1991) conducted a study to evaluate the mutagenicity of repeated
heated oils containing oxidation products of linoleic acid in rats.
Results showed that oral consumption the repeatedly heated oils at
a level of 10% (by weight) for 4 weeks increased urine mutagenicity, and enhanced cell proliferation in the oesophagus of rats. Other
studies performed on frying oil obtained by the conventional frying
method showed that fatty acid oxidation products and their thermal
degradation products produced by deep frying have mutagenic activity (Chen et al., 2003; Perez, Lopez de Cerain, and Bello, 2002).
Generally, severe abusive thermal processing conditions, such as
long heating times, high temperature, or overused heated oil, are
necessary to produce appreciable mutagenic activity.
For aldehydic LOPs, Wu et al. (2001) reported that four enal
compounds identified from the fumes of peanut oil at the dose
of 10 μg per plate were mutagenic to Salmonella Typhimurium
TA98 and TA100, and the order of mutagenic activity was tt-DDE
> trans-trans-2,4-nonadienal (tt-2,4-NDE) > trans-2-decenal (t2-DCA) > trans-2-undecenal (t-2-UDA). Likewise, Dung et al.
(2006) reported that the major alkenal mutagenic compounds
(tt-DDE, tt-2,4-NDE, t-2-DCA and t-2-UDA) from heated three
cooking oils (soybean oil, sunflower oil, and lard) induced significant oxidative DNA damage by the 8-hydroxy-20-deoxyguanosine
formation in A-549 cells at the concentrations from 50 to 200 μg/
mL, which suggested that these aldehydes are generally both mutagenic and carcinogenic. Grúz et al. (2017) reported that both
HNE and 2-hexenal induced base substitutions in the TA104 and
TA100 Ames strains in a dose-dependent manner. Besides, in the
review summarized by Eckl and Bresgen (2017), the mutagenicities of 2-hexenal, 2-heptenal, 2-octenal and 2-nonenal have been
previously evaluated in bacterial systems, and each of these was
found to exert significant effects at µmol/L concentrations. The
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mutagenicity of MDA and acrolein tested in mammalian cell lines
in the thioguanine resistance test and in the Ames test with different strains.
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7. Hepatotoxicity
Substantial evidence shows that oxidized oils have hepatotoxic
property, and animal studies have shown that they can induce
varying degrees of liver damage regardless of short or long administration periods. These oxidized oils can disturb hepatic redox
equilibrium and induce significant changes in the gene expressions related to fatty acid composition in animals (Ambreen, Siddiq, and Hussain, 2020; Ringseis and Eder, 2011). For example,
Ringseis and Eder (2011) summarized the phenotypic changes and
molecular mechanisms of lipid metabolism observed in oxidized
oil feeding studies. They pointed out that oxidized oil played an
important role in fatty acid synthesis, cholesterol homeostasis and
lipoprotein metabolism. The gene expressions or activities of fatty
acid synthase (FAS), peroxisome proliferator-activated receptor
α (PPARα), sterol regulatory element binding protein (SREBP),
glucose-6-phosphate dehydrogenase (G6PDH), acyl coenzyme
A (CoA) oxidase or cytochrome P450 (CYP)4A1 in the liver of
rats were regulated. However, whether LOPs are the specific toxic
compounds that exert hepatotoxicity remains unclear.
Aldehydes can be absorbed into the circulatory system, subsequent accumulate and harm various body tissues, particularly the
liver (Grootveld et al., 1998). According to the results presented
by Kanazawa et al. (1998), radio-labelled hexanal and HNE accumulated in the liver of rats with a slight hepatic hypertrophy after
administration with radio-labelled hydroperoxides of linoleic acid.
Kang and co-authors found that oral daily exposure to HNE (0.5
mg/kg) for 28 days produced hepatotoxicity in rats, as evidenced
by significant alterations in serum albumin, serum total bilirubin,
and aspartate aminotransferase (AST) activity (Kang et al., 2011).
In addition to HNE, Gökçe et al. (2020) reported that consumption
of acrolein (4 mg/kg) for 7 days by gavage induced liver tissues
apoptosis in rats, as evidenced by chromatin condensation in the
nucleus of hepatocytes, dilatations in the perinuclear space, and
cytoplasmic vacuolization.
8. Conclusions
Consideration of the popularity of processed and fried foods and
the wide-spread consumption of fast foods, the investigation of the
effects of dietary LOPs on health is becoming increasingly important. The collected evidence suggests that the formation of LOPs
not only reduces lipid nutritional properties but also represents a
risk to human health. Nevertheless, due to the extremely complex
processes in the human body, more systematic research about the
effects of LOPs on human health are needed, such as the protection of antioxidant enzymes, the interaction of other components
in diet, the role that intestinal flora plays in this process, and the
effective method of inhibiting lipids oxidation.
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Abstract
SARS-COV2 has emerged as the second biggest threat to humanity of all times, after the Spanish Flu massacre.
Due to its brisk rate of mutation, especially that of the host receptor docking Spike protein, a safe immunization
is still questioned by some, and protection or recovery has been dependent largely on immune system competence and overall bio-constitutional strength. In order to ensure optimal performance of the body’s immune
cells, proper nutrition fortified with functional food ingredients is indispensable. Especially in a scenario where
targeted therapeutics against life threatening pandemics like SARS-CoV2 are yet to be invented, formulation of
dietary supplements rich in antioxidants, vitamins, and minerals is the need of the hour to promote greater
immuno-competence and a heightened immune response; decrease the overall metabolic burden; and restore
homeostasis in an infected individual. This review highlights our current understanding and advances made in the
regimen of functional foods designed to combat viral diseases together with the shortcomings involved therein.
Keywords: SARS-CoV2; Antivirals; Functional food; Nutraceuticals; Healthy immune system.

1. Introduction
Viral outbreaks had been the cause of serious concern for human
health and well-being since time immemorial. The Spanish flu or
the Great Influenza Epidemic of 1918 caused by the H1N1 influenza virus was one such major documented catastrophe that infected about one third’s of the world population and took away
the lives of at least 50 million people. Since then, the COVID-19
pandemic, has emerged as the biggest threat to human life and civilization with more than 220 million people affected worldwide up

to the date of this writing. The pandemic, caused by an enveloped
(+) single stranded and non-segmented RNA virus belonging to
Coronaviridae family, has currently a global death toll exceeding
4.5 million. This has been the third and most significant attack
unleashed on humankind from the betacoronaviridae family following the outbreaks of SARS-CoV-1 in 2003 and MERS-CoV in
2012. The other four human coronaviruses, which resulted in mild
symptoms, were HKU1, NL63, OC43 and 229E (Cui et al., 2019).
In order to combat these recurrent viral infections, aside from developing natural immunity from getting COVID-19, the best possible way is to prime our immune system with the specific antiviral

Copyright: © 2021 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Figure 1. Potential targets of therapeutic interventions to arrest viral progression: As shown in numbered red circles 1. Therapeutics to sequester and
deplete DPP4, a potent receptor of SARS-coronavirus 2. Drugs targeted against NOX2-depenedent NADH oxidase complex to prevent superoxide mediated
oxidation of TLR7 and subsequent inhibition in secretion of IFN 3. Therapeutics to modulate the expression of gelsolin and hence regulate the density dependent phenotype of macrophages to minimize host damage arising out of immune response.

antibodies is through immunization. However, the development of
a vaccine against SARS-CoV-2 has been a challenging task due
to incomplete understanding of the life cycle, epidemiology, and
specific immune responses directed against the virus (Ahmed et
al., 2020). Moreover, emerging evidence indicates that there is a
high probability that the efficacy of vaccines will decline over time
due to rapid changes in what is believed to be caused by the genetic makeup of the virus. Therefore, although getting immunized
is critical in maximizing protection against the viral infection, vaccination cannot safeguard a person completely from acquiring the
viral disease. Under these circumstances, boosting our own innate
immune response forms the foundation to sufficiently bolster competent resistance to viral infection. In order to possess a healthy
immune system, maintenance of a lifestyle that promotes an aerobic metabolism with optimal nutrition is of paramount importance.
Viruses enter our cells through specific entry points utilizing defined molecular targets. Therefore, in addition to consumption of a
balanced diet fortified with adequate minerals and vitamins, it is also
essential at the same time to identify nutraceuticals and functional
foods that can be administered in addition to the staple diet. These
are supposed to act as therapeutic interventions to help blocking viral entry points and augment the immune response (Figure 1).
2. Identifying potential check points of viral infections for
therapeutic intervention
Viruses enter host cells via several mechanisms including endocytosis, macrocytosis, pinocytosis, and phagocytosis. They can
also fuse at the plasma membrane and spread within the host via
cell-to-cell fusion or syncytia. Generally, alpha- and beta-coronaviruses employ angiotensin-converting enzyme 2 (ACE2) receptors for infecting lung epithelial cells (Li et al., 2003). ACE2 is a
transmembrane carboxypeptidase of the Renin-Angiotensin System implicated in vasodilation following hypertension and related
ailments (Tikellis and Thomas, 2012), which acts as a receptor for
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the viral Spike protein (Shang et al., 2020). However, exceptions to
this general route have also been reported frequently. Camel alphacoronaviruses, human alpha-coronavirus 229E (along with porcine
delta-coronavirus) are known to infect host cells by docking onto
corresponding Aminopeptidase N receptors (Li et al., 2020). Additionally, canine respiratory beta-coronavirus is known to employ
Human Leukocyte Antigen Class 1 (HLA-1) as receptor for host
cell entry (Szczepanski et al., 2019).The coronaviruses are made
up of four structural proteins, namely, the spike (S), membrane
(M),envelop (E) and nucleocapsid (N) proteins. The spike protein
of SARS-CoV-2 is the specific docking ligand of ACE2, which
consists of two domains; a pleated S1 domain or Receptor Binding
Domain, and a helical S2 domain which enables the virus to fuse
with host cell membrane. In SARS-CoV-2 and a few other coronaviruses, there is a stretch of amino acids (PRRARS/V) between the
S1 docking and S2 fusion domain which serves as a recognition site
for the host protease furin. Cleavage by furin occurs as a natural
defence mechanism of the host, but acts in the favour of the virus by
exposing the access of the S2 fusion domain to the host membrane
for fusion and entry. This also explains why infection by SARSCoV-2 occurs selectively for the ciliated epithelial cells of the lungs
where there is an abundance of furin proteases. The S gene corresponding to the spike protein is one of the hypervariable spots of the
viral genome (Wen et al., 2020), which enables it to quickly change
and successfully use a number of zoonotic carriers as natural reservoirs and intermediate hosts before infecting humans. This also
explains the significantly faster rate of mutation of SARS-COV2
and appearance of its variants. In addition to ACE-2, the S1 domain
of the spike glycoprotein is also known to interact with the human
CD26 (also known as Dipeptidyl Peptidase IV or DPP4), a multifunctional transmembrane type II glycoprotein, expressed constitutively on several cell types including epithelial cells, endothelial
cells, and fibroblasts, as well as many immune cells, including T,
B, and natural killer lymphocytes, and macrophages. There is also
a soluble counterpart of the molecule in plasma and its enhanced
expression has been implicated in down regulating inflammatory
response (Busso et al., 2005, Sargiacomo et al., 2020).
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CD26 is often hijacked by viruses during infection and subsequent
occupancy of the cellular machinery, and therefore forms a potential
target molecule for designing anti-viral therapeutics (Vankadari and
Wilce, 2020). After successfully mediating membrane fusion, the
viral RNA in the pulmonary alveolar epithelial cells is endocytosed
and released into the cytosol by lysis of the endosomal membrane
with subsequent intracellular release of viral contents. Host immune
response is initiated at this point as trapped single stranded viral
RNA primes the Toll Like Receptor 7 (TLR7) on the endosomal
membrane thereby signalling the release of Type 1 interferon (Diebold et al., 2004). Thereafter, the virus synthesizes a negative strand
RNA from the pre-existing single-strand positive RNA. The negative strand RNA serves to produce new strands of positive RNAs
which are deployed in translation. Assembly of new virion particles
takes place in the cellular endoplasmic reticulum with the viral N
and M proteins from where they are exocytosed into the extracellular
space via Golgi derived vesicles. The new viral particles can then
initiate a fresh round of infection of the adjacent epithelial cells or
infect other individuals through burst of respiratory droplets.
Coronaviruses and a wide group of other RNA viruses including Sendai virus, HIV, rhinovirus, human meta pneumonia virus,
respiratory syncytial virus, human para influenza virus, Dengue
virus, etc., have adopted a clever strategy to immediately suppress the release of interferon. These viruses induce production
of superoxides in the endosomal compartment of human alveolar
macrophages by NOX2-dependent NADPH oxidase complexes
(Sindona et al., 2021). The generated hydrogen peroxide oxidises
the Cys98residue on TLR7 that permanently blocks transmission
of signal for type 1 interferon production. This was demonstrated
in both mutant macrophages deficient in NOX2 activity, and in
cell lines with a targeted NOX2 inhibitor (gp91ds-TAT) where the
level of type 1 interferon was markedly higher in response to RNA
virus infection. Therefore, novel NOX2 inhibitors can act as effective therapeutic agents to arrest viral progression.
Cardinal signs of COVID-19 infection are initiated from this
phase onwards when the virus migrates to the upper respiratory
tract and fever accompanied with dry cough begins. The immune
response also heightens at this phase with the release of C-X-C
motif chemokine ligand 10 (CXCL-10) and interferons (IFN-β and
IFN-λ) from the virus-infected cells (Tang et al., 2005), chiefly the
lung pneumocytes. Cytokines attract and recruit a battery of immune cells including a large number of macrophages, neutrophils,
CD4+ helper T cells, and CD8+ cytotoxic T cells. The immune
response is further augmented by the large scale release of proinflammatory cytokines including interleukins (IL-1, IL-6, IL-8,
IL-120 and IL-12), tumour necrosis factor-α (TNF-α), IFN-λ, and
IFN-β, CXCL-10, monocyte chemo-attractant protein-1 (MCP-1),
and macrophage inflammatory protein-1α (MIP-1α). The events
collectively lead to the elicitation of the characteristic “cytokine
storm” and many cells die out of lung injury. In more extreme
cases, fluid starts accumulating inside the lung cells and there is
loss of both type 1 and type 2 pneumocytes; if left untreated, these
complex events can gain pathological momentum and morph into
the development of Acute Respiratory Distress Syndrome (Xu et
al., 2020), the most significant cause behind COVID-19 inflicted
death. A recent significant finding has indicated that the macrophage population at the site of inflammation is regulated by a
quorum sensing phenomenon, which limits the extent of inflammatory response and minimizes host damage as a consequence of
cytokine storm. The secreted form of the actin severing protein
gelsolin, has been identified as the key auto-inducer of the quorum
sensing phenomenon. Gelsolin can therefore be another potential
target for developing new generation therapeutics for uncontrolled
immune proliferation (Sharma et al., 2021).

3. Role of diet in establishing a healthy gut microbiome and an
optimally functioning immune system
It has been unequivocally demonstrated that optimal nutrition is
vital for keeping ourselves healthy. Nutritional deficits can adversely affect the immune system and hence curb the potential to
fight microbial infections (Chandra, 1996). Specific components
of nutrients are implicated in activation of immune functions
through modulation of gene expression and signalling molecules
(Valdés-Ramos et al., 2010). In addition to other numerous benefits, dietary ingredients can also influence immune responses
through their effects on gut microbiota composition (Singh et al.
2017); the evolution and development of our immune system owes
a lot to our healthy microbiome and therefore these two have been
intricately associated with each other since the birth of a child.
This is best portrayed by regulatory T (Treg) cells, a subset of TH
cells, which mediate immune tolerance to self-antigens as well as
to the antigenic determinants of commensals colonizing the human
microbiome (Cebula et al., 2013).
Babies feeding on breast milk develop a solid foundation of
their immune response compared to those consuming formula
milk. Apart from its nutritive constituents, mother’s milk contains
plenty of bioactive components including lysozyme, sIgA, alphalactalbumin, lactoferrin, free oligosaccharides, complex lipids, and
glycoconjugates, which play a significant role in the maturation of
newborn immunological responses (Lazar et al., 2018). A major
glycoprotein of milk, k-casein, is proteolytically cleaved to generate glycomacropeptides, which prevents the growth of pathogens
on gut epithelial cells (Gordon et al., 2012). Mother’s milk also
contains lactoferricin, a potent antimicrobial agent that combats
pathogen colonization. Several key interacting factors between
malnutrition and diseases have been delineated and therefore
many detrimental effects seen in under-nourished children can be
controlled by prompt nutritional supplementation (Schuetz et al.,
2019).
The Mediterranean diet has been one of the most sought after food habits globally due to its proven effects in maintaining
a healthy lifestyle and achieving wellness (Trichopoulou et al.,
2003). It is rich in vegetables, fruits, legumes, nuts, beans, cereals, grains, fish, and unsaturated fats, and generally includes a bare
minimum of meat and dairy foods. Due to the presence of high
levels of polyphenols, foods comprising a typical Mediterranean
diet exhibit pleiotropic health-augmenting effects, especially with
regards to alleviation of cardiovascular troubles and in the treatment of type-2 diabetes. Consumption of a plant and fish rich diet
also benefits immensely the health of our gut microflora due to the
presence of gut friendly dietary fibers and unsaturated fatty acids
that have often been found to reverse dysbiosis caused by frenzied
lifestyle. For example, strict adherence to a Mediterranean diet
pattern resulted in a significant decrease in obesity of individuals
habitually fed Western diets (Nagpal et al., 2019).
In spite of consumption of naturally nutritious diets fortified
with all proximate and protective principles of food that can supposedly augment our immune system and enable us to stay strong
and healthy against the menace of infectious diseases, over recent
years, outbreak of deadly microbial pathogens have jeopardized
human health. Consumption of nutritive foods alone have been
found wanting in many cases to safeguard us. This has necessitated
the introduction of functional foods and nutraceuticals as a figurative ‘shot in the arm’ for boosting our immune response against the
onslaught of the deadly viruses and other pathogens.
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4. Nutraceuticals and functional foods as indispensable boost
ups of the immune system
Natural compounds and edible food ingredients contain many bioactive components that are capable of providing health benefits
beyond the traditional nutritional value of food. These components
have been ascribed the term “functional foods” or the dietary items
that in addition to providing nutrients and energy, benefit certain targeted functions of the body (Nicoletti, 2012), possess the potential
to boost immune response (López-Varela et al., 2002), and also reduce the risk of diseases (Martirosyan and Singh, 2015). The term
is sometimes used synonymously with “nutraceuticals”, which are
rather extracted bioactive components of functional foods that can
be converted for use in edible pills or capsules, or as fortified foods,
dietary supplements, or herbal products marketed commercially.
Over last few decades, a large number of natural reservoirs of
functional food components have been discovered including spices
like black pepper, turmeric, ginger and garlic, fruits like pomegranate
and elderberry, and other edible medicinal plants such as liquorice,
which are reservoirs of immunomodulatory and anti-viral agents
(Yang et al., 2020). For example, Bromelain, a cysteine protease,
obtained from the pineapple stem (Ananas comosus) has traditionally been known for the management of trauma (Jain et al. 2012).
In addition, bromelain has also been implicated in the inhibition of
cyclooxygenase and hydrolysis of bradykinin, thus alleviating COVID-19 symptoms.
In spite of these sporadic but significant successes, scientists are
yet to get confirmatory evidence regarding the efficacy of many
more food plants in human systems in addition to complete elimination of any toxic side effects. The important biomolecules which
are found in abundance in plant extracts are as given in the following sub-sections.
4.1. Polyphenols
These are plant secondary metabolites providing a range of protective functions against ultraviolet radiations, infectious diseases, and
oxidative stress. Most of them have planar and fused phenolic rings
with hydroxyl groups as substituents. They can be classified into
phenolic acids, flavonoids, polyphenolic amides, and other polyphenol compounds (including stilbenes or lignans) (Annunziata et al.,
2020). Polyphenols are proven inhibitors of inflammation and prevent expression of pro-inflammatory genes (Yahfoufi et al., 2018).
Polyphenols have been found to be effective against a broad range
of viruses including Epstein-Barr virus (Yiu et al., 2010), enterovirus 71 (Zhang et al., 2015), herpes simplex virus (HSV) (Faith et
al., 2006), influenza virus (Lin et al., 2015), and other virus-causing
respiratory tract-related infections (Zang et al., 2011). Most of the
polyphenols exert their activity especially as anti-virals in a synergistic manner. For example, a crude extract prepared from Sambucas
nigra was able to inhibit viral replication successfully in a Vero cell
line and led to alteration of viral structure (Chen et al., 2014).
4.2. Molecular mechanism of action of polyphenols
Quite a few mechanisms to explain the antiviral properties of these
compounds have been proposed. For example, polyphenols from
Broussonetia papyrifera were found to inhibit the proteases of
MERS/SARS-COV2 thereby effectively blocking the spread of the
virus. Another commonly occurring polyphenol is trans-resveratrol,
or 3,5,4′-trihydroxy-trans-stilbene, first isolated as a bioactive com-
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ponent from the roots of Polygonum cuspidatum (Lin et al., 2015)
(common name is Chinese knotweed) and subsequently discovered
to occur in abundance in various types of grapes, berries, nuts, etc.
This polyphenol is popular as a powerful antioxidant and prevents
development of inflammatory responses. It has been found to be upregulated under exposure to UV radiation, ozone, and in response
to fungal infections (Pannu and Bhatnagar, 2019).In addition, resveratrol has been demonstrated to be a potent inhibitor of upper respiratory tract viral infections. Resveratrol directly interferes with the
replication of influenza virus by blocking the nuclear to cytoplasmic
translocation of Ribonucleoprotein particles (Palamara et al., 2005).
In case of infection by coronaviruses, resveratrol has been found to
significantly increase the survival rate of virus infected cells in the
body by reducing their frequency of apoptosis (Lin et al., 2017).
The antiviral properties of resveratrol are augmented by its strong
immune modulating capabilities. Resveratrol alters cytokine and
chemokine levels to down-regulate ROS-mediated inflammatory
responses and leads to suppression of the NF-κB mediated pathway
of activation of proinflammatory response (Meng et al., 2020). In
addition, resveratrol administration has also been observed to result
in upregulation of the IFNβ gene for arrest of viral replication (Lin
et al., 2015). However, in spite of so many health augmenting roles
of resveratrol, its therapeutic application has been restricted due to
poor solubility and low bioavailability (Shaito et al., 2020).
4.3. The basis of antioxidative potential of green tea
Consumption of green tea had become popular globally over the
last few decades owing to its proven role as a strong antioxidant.
Green tea is made from the leaves of Camellia sinensis and the active components responsible for its antioxidative property are catechins. Catechins are also plant secondary metabolites belonging to
the class of hydroxyflavans that have a flavan-3-ol skeleton and its
substituted derivatives. Catechins comprise about 10% of the dry
weight of green tea leaves and include (−)-epigallocatechin gallate
(EGCG), (−)-epigallocatechin (EGC), (−)-epicatechin gallate (ECG)
and (−)-epicatechin (EC) as the major constituents with EGCG accounting for about 50% of the total amount of catechins in green
tea (Reygaert, 2018). EGCG has been reported to possess many different pharmacotherapeutic properties including antioxidative, antibacterial, and antiviral roles (Song et al., 2005). EGCG serves as a
potent inhibitor of HIV replication (Fassina et al., 2002) as well as
an agglutinating agent of influenza viruses (Nakayama et al., 1993).
Antiviral activity of catechins are believed to be due to their inhibition of host-virus membrane fusion by prevention of acidification of
the endosomal compartment (Imanishi et al., 2002).
4.4. Probiotics
The role of intestinal microflora in maintaining the overall health
of the individual has been established beyond arguments. However,
much like our own organs, the consortium of gut microbes are also
susceptible to occasional dysbiosis resulting in altered functionalities with undesirable effects. Probiotics are live microbes that can
supplement and replenish the ailing gut flora and restore homeostasis. Gut commensals connect and communicate with two major
organs of the human body to ensure maintenance of physiological
homeostasis; with the brain via the gut-brain axis (Carabotti et al.,
2015) and with the lung via the gut-lung axis (Dang and Marsland,
2019). Much like the resident gut microbes, probiotics also can modulate many host immune responses (Frei et al., 2015) and thereby
curb the infectivity of a lot of viral pathogens, especially those in-

Journal of Food Bioactives | www.isnff-jfb.com

Banik et al.

Functional foods beyond nutrition

volved in respiratory tract infections (Hao et al., 2015). Probiotics
have already been recommended as a mitigation strategy for a weakened immune system following COVID-19 infection (Mirzaei et al.,
2021) where gut microfloral dysbiosis with significant reductions in
Lactobacillus and Bifidobacterium have been seen (Xu et al. 2020).
They have been associated with increased expression of mucous
glycoproteins to strengthen the epithelial barrier against viral invasion. Probiotics are also implicated in resurrection of tight junction
complexes following virus inflicted damage through increased expression and redistribution of zonula occluden (ZO-2) proteins and
protein kinase C (PKC) (Yi et al., 2018).
4.5. Molecular mechanism of the action of probiotics
Although the exact mechanism of probiotic based prophylaxis of
viral infections still remains to be delineated, these microbial strains
are believed to exert their immunomodulatory effects via interaction of the bacterial constituents like peptidoglycan, lipoteichoic
acid, and nucleic acid with their cognate Toll Like Receptors as
well as muramyl dipeptide, which binds to the Nod-like receptors
(Pimentel-Nunes et al., 2010) and subsequent modulation of Treg
cells,TH17 cells, and type3 innate lymphoid cells (Kanauchi et al.,
2018). Probiotic strains also boost type I interferon levels for enhanced viral infection alarm and increase the number and activity
of the immune arsenal comprised of NK cells, T cells, and levels of
circulating antibodies. These are also implicated in modulating the
levels of proinflammatory and immunoregulatory cytokines leading to enhanced viral clearance with minimal bystander damage to
lung cells. Collectively, the probiotics restrict viral replication by
a) enhancement of the intestinal epithelial barrier b) attaching to
and sequestering viruses c) by secreting antiviral components such
as bacteriocins and hydrogen peroxide d) by induction of basal
level nitric oxide (NO) generation by host cells e) by activation
of macrophages and dendritic cells f) by inducing CD8+ T cells
into Cytotoxic T Lymphocytes and g) by inducing differentiation
of B cells by TH2 cells (Tapiovaara et al., 2016). Although rare
incidents of probiotic-associated bacteremia and fungaemia have
been reported in a few immunocompromised patients (Bertelli et
al., 2015), probiotics are generally safe (Dermyshi et al., 2017).
4.6. Prebiotics
To keep our gut microbiota happy and rejuvenated, they have to
be fed with specific nutrients that are not absorbable by our gut,
but tailormade for these microbes. The gut microbiota thrives on
certain plant derived dietary fibers, which human enzymes are incapable of digesting. These dietary fibers are collectively known
as prebiotics. Numerous common fruits and vegetables including
apples, artichokes, bananas, berries, legumes, tomatoes, asparagus,
etc. are enriched in prebiotic fibres including fructans, oligosaccharides, arabinooligosaccharides, isomaltooligosaccharides, xylooligosaccharides, resistant starch, lactosucrose, lactobionic acid,
galactomannan, psyllium, polyphenols, and polyunsaturated fatty
acids, among others (Guarino et al., 2020). In addition to providing
essential nutrients to the gut microbes, the prebiotics also benefit
our body in a lot of other ways including facilitating absorption
of calcium (Scholz-Ahrens et al., 2007), regulating the glycemic
index (Connolly et al., 2012), boosting digestion (Cummings et
al., 2001), and keeping the epithelial cell lining healthy (Carlson et
al., 2018). New insights have also suggested the beneficial role of
prebiotics in management of chronic gut disorders such as Irritable
Bowel Syndrome (Wilson et al., 2019).

4.7. Antioxidant vitamins
Micronutrients, comprising vitamins and minerals, are named so due
to the fact that requirements by our body are in relatively smaller or
trace amounts. However, they are as important as the primary nutrients and their deficiency leads to impairment of many key metabolic
reactions and biochemical pathways as well as malfunctioning of the
host immune response (Opara, 2002). They have a significant role
to play in maintaining the functionality of both innate and adaptive
immune responses and micronutrient homeostasis is integral to the
sustenance of a healthy immune system (Wintergerst et al., 2007).
Some vitamins like A, C, E, flavonoids, and carotenoids are readily obtainable from the diet and therefore can function relentlessly
in neutralizing oxidative free radicals. A loss in the balance of these
elements can make a person susceptible to infection and diseases,
and supplementation, on the other hand, can augment the recovery
process, especially from viral infections (Jayawardena et al., 2020).
4.8. Vitamin D as a model vitamin with a functional food tag
A multidimensional vitamin in terms of therapeutic potential is Vitamin D, also referred to as “calciferol”. It is a fat-soluble vitamin
existing in different forms that is naturally present in a few foods,
but mostly produced endogenously by lower layers of skin epidermis by a chemical reaction driven by the reaction of photons of
sunlight with cholesterol (Holick et al., 1980). Hence, the major
forms found in human circulation are Vit D3 (cholecalciferol) and
D2 (ergocalciferol) (Bikle, 2014). Vitamin D obtained from food
sources or synthesized in presence of sunlight is not biologically
active. It is activated by two successive enzymatic hydroxylation
events occurring respectively in the kidney and the liver, to yield
1,25-dihydroxyvitamin D (Bikle et al., 2002). Vitamin D is involved regulating many physiological processes inside the body
including reabsorption of calcium and magnesium, which are also
involved as pH buffers, mediating bone and extra-skeletal metabolism, regulating cardiovascular homeostasis, and most significantly modulating immunological responses of our bodies (Christakos
et al., 2016). Vitamin D is also implicated in a marked reduction
in pro-inflammatory cytokines thus decreasing the probability of a
cytokine storm (Martineau et al., 2017) thereby reducing the need
for prolonged inflammatory events. A recommended dose of vitamin D3 ranges from 2,000 to 10,000 IU/day.
4.9. Molecular basis of action of Vitamin D
Vitamin D enters inside the cell and exerts its effect by binding to
its cognate nuclear receptor VDR. VDR exists as a heterodimer with
an isoform of the retinoid X receptor (RXR). Ligand triggered conformational change of VDR–RXR heterodimers induces dissociation of co-repressor proteins such as nuclear receptor co-repressor
(NCoR) and binding of the VDR-RXR heterodimer to the vitamin D
response elements (VDRE) on the promoter regions of antimicrobial
peptides (AMPs). These include human cathelicidin (human cationic antimicrobial protein; hCAP18) and human b-defensin-2 (hBD-2)
(Beard et al., 2011). AMPs are localized on mucosal and epithelial
layers and constitute one of the primary defenses against pathogens.
On the other hand, epidermal expression of 1,25(OH)2D3 leads to
expansion of CD4+ and CD25+ regulatory T cells (Loser and Beissert, 2009), and suppresses T cell proliferation. This is implicated in
moderation of heightened immune response after the viral infection
subsides to minimize host damage.
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4.10. Role of micronutrients
Micronutrients also play an integral role in the alleviation of
pathogen inflicted damage and restoration of homeostasis during
recovery after viral replication. However several factors actually
regulate the efficacy with which they can augment the recovery
process; these include the kind of pathogen; the administered dose
of the micronutrient; as well as the age, genetic background, and
nutritional status and lifestyle of the patient, i.e. epigenetic factors
(Lange, 2021). Immunosenescence or immune dysfunction during
aging also profoundly affects the ability of the body to respond to
nutrient functions (Yaqoob, 2017). The pharmacotherapeutic success of micronutrients is dependent upon a synergistic response
of a wide range of components rather than administration of individual nutrients in isolation.
Zn deficiency has been implicated with reduced antibody production, and impaired activity of the innate immune system with a
simultaneous decline in neutrophil population and secretion of cytokines by monocytes (Ibs and Rink, 2003). Suboptimal levels of
this element have also been found to be associated with suppressed
production of thymic hormones resulting in significant decrease in
the number of peripheral and thymic T cells. Thymulin is a nonapeptide hormone responsible for inducing differentiation of T cells
(Bach and Dardenne, 1989). Its active structure requires zinc and
hence zinc deficiency also affects T cell proliferation.
4.11. Antiviral properties of Zinc and the mechanism involved
Zinc has also demonstrated antiviral properties, which is probably
executed through metallothioneins (MT), a family of low molecular weight, cysteine-rich proteins that mediates sequestration and
release of Zn2+and are also involved in oxidative response, apoptosis, and immune responses (Subramanian and Deepe, 2017).
Metallothioneins may either act directly by sequestering Zn2+
away from the viral metalloproteins or indirectly by inducing Interferon gamma signalling. Zinc has also sometimes been used in
conjunction with standard antiviral therapy where it has synergistically inhibited the folding and/or activity of viral enzymes and
resulted in inhibition of viral replication. For example, the element
has been shown to inhibit the template binding of RNA Dependent RNA Polymerase; arrest the replication of coronaviruses (Te
Velthuis et al., 2010); inhibit the protease mediating viral polyprotein cleavage in Encephalomyocarditis virus (Butterworth and
Korant, 1974); and inhibit RNA polymerase in Hepatitis C virus
(Ferrari et al., 1999), DNA polymerase in Herpes Simplex virus
(Fridlender et al., 1978), and many more. Zinc supplementation
seems to have prospect in the prophylaxis and treatment of COVID-19 (Rahman and Idid, 2021). Accordingly, therapeutic trials of
free zinc in the forms of creams, lozenges, and supplements had
been initiated sporadically but most of them are yet to get approval
for commercial applications.
4.12. Importance of selenium as an antiviral micronutrient
Alongside zinc, selenium is also an important micronutrient implicated in maintenance of immune health (Rayman, 2000) and
therefore effective in antiviral therapy. Selenium supplementation
has been known for its immune-supporting effect, which includes
enhancement of activated T cells (cytotoxic lymphocytes) and proliferation of NK-cell activity (Kiremidjian-Schumacher and Roy,
1998). The element has also been found to be effective as an im-
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munity booster in combination with certain vitamins such as D and
E (Delesderrier et al., 2019). When administered in conjunction
with phytoncides (present in onions), selenium results in increased
T lymphocyte proliferation (Ru-duan et al., 1992) In addition, selenium can also prevent the formation of thrombosis in the blood
vessels. Blood coagulation disorders leading to the formation of
tiny clots constitute one of the significant reasons for death of
patients with COVID-19 (Fogarty et al, 2020). Therefore, use of
sodium selenite may reduce the formation of blood clots and increase the chances of patient’s survival. Selenium is a co-factor
in glutathione peroxidase and can be reduced from the tetravalent
selenite to the divalent cation (Se2+) thus acting as a powerful oxidant. This oxidizing capacity of selenite is exploited in its antiviral
activity as selenite readily oxidizes the sulfhydryl groups in the
active site of the viral protein disulphide isomerase (PDI) crosslinking them to inactive disulphide. This effectively stops the viral
spike protein from engaging in exchange reactions with disulphide
groups of cell membrane proteins and thus prevents viral entry into
the healthy cell cytoplasm (Kieliszek and Lipinski, 2020).
4.13. Spices as functional foods
Plants are rich sources of flavonoids, antioxidants, polyphenols,
coumarins, and steroids that help in boosting the immune system
(Messina et al., 2020, Somerville et al., 2016). Spices can be produced from any part of the plant, for example the leaf (e.g., bay
leaf), buds (clove), bark (cinnamon), root (ginger), berries (grains
of pepper), seeds (cumin), or even the stigma of the flower (saffron). Allicin, capsaicin, curcumin, gingerol, mustard oil, piperine,
and quercetin glucosides are the major classes of spices implicated
in augmentation of human health (García-Casal et al., 2016).
There have been proven immune benefits associated with many
spices. Carnosol and carnosic acid are the two chief components
of rosemary, which have demonstrated anti-HIV activity (Aruoma
et al., 1996). Apigenin, a commonly occurring flavonoid present
in many spices including thyme, sage, oregano, and rosemary,
also have been associated with inhibition of transcription of HIV
(Critchfield et al., 1996). Similarly, hydroalcoholic extracts of hyssop had been shown to inhibit HIV activity (Bedoya et al., 2002).
Many studies have also demonstrated the antiviral activity of curcumin (Joe et al., 2004, Lin et al., 2005), especially in Herpes Simplex Virus. Curcumin is a yellow polyphenolic curcuminoid obtained from Curcuma longa (turmeric) that possess a wide range of
bioactivities including antioxidant, antiapoptotic, and antifibrotic
properties with concomitant downregulation of Toll-like receptors,
NF-κB, inflammatory cytokines and chemokines, and bradykinin.
Curcumin has been implicated in blocking cellular entry and replication of SARS-CoV-2 and in the repair of pneumocytes, renal
cells, cardiomyocytes, and hematopoietic stem cells in the wake of
COVID-19 (Soni, Mehta et al. 2020).
Essential oils are also an important class of compounds present
in spices with high contents of terpenes, monoterpenes, and sesquiterpenes; compounds that mediate several important physiological functions in our body. The antiviral effect of essential oils, has
been reported by many. Eugenol, the principal component of clove
bud (Eugenia caryophyllus) was found to possess strong antiviral
activity against the types 1 and 2 herpes simplex viruses (HSV-1
and HSV-2) (Benencia and Courreges, 2000). Several nutraceutical formulations based on beneficial spices have also been reported to augment health and well-being. For example, consumption
of a milk based drink containing turmeric powder (Golden milk)
once or twice a day has been claimed to act as an immune booster,
largely by virtue of the active component, curcumin. Curcumin is
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responsible for suppression of anti-inflammatory cytokines and
therefore has the potential to arrest a cytokine storm during a coronaviral infection. (Sordillo and Helson, 2015).
4.14. Molecular basis of the immune augmenting role of spices
The active ingredients of spices exert their effects by acting as
potent anti-oxidants. Their action is mediated mostly by direct
or indirect activation of the transcription factor Nuclear factorerythroid factor 2-related factor 2 (Bousquet et al., 2020). Nrf2 is
the most potent antioxidant in humans and can minimize oxidative
stress arising from both the Renin-Angiotensin II axis as well from
the unfolded protein response of endoplasmic reticulum (Bousquet
et al., 2020). Upregulation of Nrf2 signalling curbs the secretion
of proinflammatory cytokines like IL-6 and also chemokines, and
simultaneously downregulates the activation of nuclear factor-kappa b (NFĸB). Natural compounds derived from plants, vegetables,
fungi, and micronutrients, or physical exercise can activate Nrf2
(Jiménez-Osorio et al., 2015). The different mortality rates inflicted by COVID-19 in different regions of the world may be partly
explained by different culinary habits with differential contents of
Nrf2 in the spices used for cooking.
Apart from Nrf-2, another important player in this molecular
cross-talk is transient receptor potential (TRP). The TRP vanilloid
1 (TRPV1) and ankyrin 1 (TRPA1) belong to the TRP superfamily of structurally related, nonselective cation channels. They are
often co-located in different cell types including sensory neurons,
vascular smooth muscle cells, and many immune cells including
monocytes and lymphocytes as well as in keratinocytes and epithelial cells, and are implicated in numerous physiological functions
(Talavera et al., 2020). These cationic channels are highly sensitive
to oxidative damage. Active principles of spices play a major role
in preserving the functionality of these molecules and hence ensure maintenance of physiological homeostasis, especially during
intrusion by viral and bacterial pathogens.
4.15. Fatty acids as essential components of functional foods
The polyunsaturated fatty acids (PUFA) that cannot be synthesized
by us, but yet are indispensable are termed ‘essential fatty acids’
(EFA). EFAs can be categorized into two classes, the omega-3 (ω3) fatty acids, which have the last carbon–carbon double bond in
the ω-3 position i.e. the third bond from the methyl end of the
fatty acid. Omega-6 (ω-6) fatty acids possess a double bond in the
ω-6 position i.e. the sixth bond from the methyl end. α-Linolenic
acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic
acid (DHA) are the three chief omega-3 (ω-3) fatty acids that have
been given the designation of functional foods for regulating many
physiological processes.Among the omega-6 fatty acids, Linoleic
acid,gamma-linolenic acid, dihomo-gamma-linolenic acid, and
arachidonic acid are especially worth mentioning with regards to
their various functionalities inside the body.
Alpha-linolenic acid is the most readily available ω-3 fatty acid
in nature. Its most accessible source are the green leafy vegetables. In addition, alpha-linolenic acid is also found in abundance
in flax seed (Hunter, 1990). Fish and fish oil are the most abundant
sources of EPA whereas DHA is obtained mostly from fish oil and
red brown algae. Safflower, sunflower, and corn are rich sources
of linoleic acid. Gamma-linolenic acid is obtained from evening
primrose oil, black currant seed oil, and borage oil. Dihomo-gamma-linolenic acid is synthesized from gamma-linolenic acid, and
arachidonic acid is present chiefly in meat and dairy sources.

4.16. Physiological importance of EFAs and their antiviral roles
Most of the EFAs are incorporated into the phospholipid bilayer
and therefore are responsible for the structural integrity of the cell.
ω-3 enriched diet is implicated in prevention of cardiovascular diseases (Das, 2000). In fact, the ratio of ω-3 to ω-6 fatty acids plays
a significant role in maintaining normal physiological conditions
and minimizing development of inflammatory response. Dietary
LA is implicated in inflammatory response. However, in the body,
LA is desaturated to GLA which is anti-inflammatory. Very recently, EFAs were also demonstrated to inhibit coronaviral pathogenesis by blocking the binding of viral spike protein to ACE2 receptor. Linolenic acid, eicosapentaenoic acid (EPA), and linoleic acid
had the highest binding affinity to spikeprotein and hence arrested
COVID-19 infection with highest efficiency (Goc et al., 2021).
4.17. The herbal nutraceuticals
The term nutraceuticals is an amalgamation of the two words “nutrition” and “pharmaceutical” originally coined in the year 1989 by
Stephen Defelice, founder and chairman of the Foundation for Innovation in Medicine (FIM) Cranford, New Jersey (Brower, 1998).
Since then, the quest for the extraordinary potential of herbs has
flourished and we have come to know about the therapeutic potentials of traditional herbs consumed both as medicines and as culinary
delights. Not surprisingly, many such herbs have shown promise to
act as effective remedies for both prevention and cure from viral
infections, including those caused by SARS-CoV2. The active component present in many of these herbs have been identified and their
antiviral potential have been well demonstrated (Table 1). An early
study had indicated the anti-coronaviral activity of concanavalin
A (conA), a phytagglutinin found in jack beans (Canavalia ensiformis). Since then, many oriental herbs have been discovered with
strong antiviral activity. Some of these are Lycorisradiata, Artemisia
annua, Pyrrosia lingua, Linderaaggregataetc. which inhibited the
viral replication by more than 50%. Houttuynia cordata, an edible
herb popularly known as fish mint or rainbow plant, arrested SARSCoV2 replication by blocking the action of two key viral proteins,
chymotrypsin-like protease (3CLpro) and RdRp (Abiri et al., 2021).
It also led to increased levels of CD4+ and CD8+ T cells to strengthen the immune system for evading the viral attack (Figure 2).
Herbs of Indian origin belonging to the traditional Ayurveda
has been protecting us a plethora of ailments and infections since
ages. The treasure trove of Ayurveda has plants from the family
polygonaceae inhibiting viral entry into the host (Schwarz et al.,
2011), edible herbs like Glycyrrhiza glabra inhibiting viral replication (Cinatl et al., 2003), and plants like Sambucus ebulus
arresting viral envelope formation (Choudhary et al., 2020). The
AYUSH system maintains a database of these medicinal plants
for preserving a systematic knowledge of the diverse repertoire of
Indian medicinal plants for effective lifestyle management during
the COVID-19 pandemic through lifestyle modification, dietary
management as well as prophylactic interventions.
5. Concluding remarks: the future of functional food and nutraceuticals as effective antivirals as compared to traditional medicines
Restoration of physiological homeostasis by functional foods and
nutraceuticals is mostly achieved via their anti-inflammatory and
antioxidative potential. This to an extent also involves downregu-
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Table 1. : Antiviral effects of some purified molecules of plant origin

Molecule

Target virus and molecule/pathway

Reference

Quercetin

SARSCoV, S2 protein

(Colunga Biancatelli et al., 2020)

EGCG (Epigallocatechin gallate) SARSCoV, 3CLPro

(Du et al., 2021)

Resveratrol

(Lin et al., 2017)

MERSCoV, NP

Wogonin

HSV, host NF-κB and JNK/p38 MAPK pathways

(Chu et al., 2020)

Kaempferol

SARS Coronavirus, 3a channel protein

(Schwarz et al., 2014)

Luteolin

Influenza A, coat protein I complex

(Yan et al., 2019)

Curcumin

Respiratory Syncitial Virus, host NF-κB and JNK/p38 MAPK pathways

(Liu and Ying, 2020)

Theaflavin digallate

Herpes Simplex Virus Type 1

(De Oliveira et al., 2015)

Ellagic Acid Derivative

Human Immunodeficiency Virus, CD4

(Bedoya et al., 2010)

Tannic acid

Influenza A virus, Neuraminidase, receptor

(Kaczmarek, 2020)

Juglanin

SARS Coronavirus, 3a channel protein

(Schwarz et al., 2014)

Rutin

SARS-CoV-2, Main protease

(Abd El-Mordy et al., 2020)

Baicalein

Japanase Encephalitis Virus, replication

(Johari et al., 2012)

Silymarin

Hepatitis C Virus,

(Ferenci et al., 2008)

Genistein

HIV Virus, VPU ion channel

(Sauter et al., 2014)

Apigenin

Enterovirus A71, Internal Ribosome Entry Site

(Zhang et al., 2015)

Hesperetin

SARSCoV, 3CLPro

(Lin et al., 2005)

lation of the immune arsenal involving activation of CTL, macrophages, NK cells and many others. Therefore, the applicability
of these products seems to be more suitable to accelerate post infection recovery or as prophylactics rather than targeted therapeu-

tics to combat the spread of the virus. It is for this reason, that the
commercial exploitation of many of the herbal and other products
mentioned in this review has either not been initiated or has failed
to make a mark. However, this in no way deters the scope and

Figure 2. Some important phytochemicals available in medicinal herbs, nutraceuticals and functional foods along with their Pubchem IDs A) Quercetin,
5280343 B) Epigallocatechin gallate, 65064 C) Resveratrol, 445154 D) Wogonin, 5281703 E) Kaempferol, 5280863 F) Luteolin, 5280445 G) Curcumin, 969516
H) Juglanin, 5318717 I) Rutin, 5280805 J) Baicalein, 5281605 K) Silymarin, 5213 L) Genistein, 5280961 M) Apigenin, 5280443 N) Hesperetin, 72281.
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applicability of functional foods since their future is bright and
ever-expanding with so many unexplored components. Additionally, these compounds have proven to be much safer as compared
to the corresponding synthetic molecules making them especially
more popular for paediatric use. Therefore, if a dual impetus of
funding and systematic research is put into this field, the future of
functional foods and nutraceuticals will shine brighter than synthetic drug research.
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Abstract
Oats being important sources of β-glucan were incorporated at 10, 20 and 30% level in a wheat-based traditional
Arabian breakfast cereal called Jereesh and evaluated for sensory acceptability. Sensory analysis reflected that
the products with 10 and 20% oats incorporation were acceptable in terms of color, appearance, taste, aroma,
mouthfeel, after taste and overall quality as indicated by the sensory scores which revealed no substantial differences between control jereesh (CJ) and oats incorporated jereesh (OJ). However, jereesh with 30% oats incorporation was very sticky (viscous) and scored low in sensory evaluation. Thus, nutritionally important starch fractions were measured in jereesh with 20% oats incorporation using a controlled in vitro multi-enzymatic method.
Results indicated that, addition of oats at 20% level resulted in a substantial decrease (p<0.05) in total starch (TS),
rapidly available glucose (RAG), and resistant starch content (RS), as well as a significant increase (p<0.05) in slowly digestible starch (SDS) compared to the control jereesh. The starch digestibility index remained unchanged. The
findings of the study suggest that incorporation of oats helps in value addition of jereesh in terms of slow digestibility with increased soluble dietary fiber content that might lower glycemic index.
Keywords: Jereesh; Oats; Sensory analysis; Starch digestibility; Starch fractions.

1. Introduction
Cereal-based foods containing starch as the principal component
form a major source of energy worldwide particularly in traditional
diets. Nutritionally, distribution of starch fractions namely, rapidly
digestible starch (RDS, hydrolyzed within 20 min), slowly digestible starch (SDS, hydrolyzed after 20 min but before 120 min),
and resistant starch (RS, remain unhydrolyzed even after 120 min)
which determine digestibility of starchy foods is of particular importance in populations with high prevalence of metabolic diseases
(Englyst et al., 1992; Samarakoon, 2020).
Jereesh is one such wheat-based traditional food product with
higher gelatinization of starch due to the sheer amount of water used
in its preparation (Al-Faris, 2017). Traditionally, jereesh is made
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with whole grains and chicken, wherein a single serving of 150 g
provides 16% of the RDA for fiber. As a low glycemic index food
(GI: 52), it is believed that jereesh intake can make a substantial
contribution to the improvement of Saudi diets. However, in recent
times consumption of jereesh is reduced and processed grains have
now replaced whole grains diminishing the low GI advantage of
jereesh (Nasib, 2003; Al-Mssallem, 2014). Several studies on cereal starches have shown that starch digestibility is affected by both
internal and extrinsic parameters, and the degree of gelatinization,
which increases with water and cooking time, is one such factor that
has a significant impact on starch digestibility because of the altered
susceptibility of cereal starches to enzymatic breakdown (Englyst
et al., 1992; Samarakoon, 2020; Samarakoon et al., 2020). Studies
have shown that, the inclusion of certain food components or modifications in processing conditions might result in redistribution of
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starch fractions, opening the door to the production of tailored food
products for different health conditions (Giri et al., 2017).
Oats are an example of a functional ingredient that has considerable potential for use in the formulation of functional foods. Their use,
however, is restricted to porridges and other plain breakfast cereals
(Butt et al., 2008). More recently, interest in using oats in food product development has increased, not only because of the presence of
high amounts of β-glucans, which have a lipid lowering/plasma glucose stabilizing effect, but also because of the unique gelatinization
characteristics of its starch, which behaves like a waxy starch due
to high shear susceptibility (Peterson, 2004). In comparison to other
cereal starches, the high viscosity starch gel thus generated form oats
is less prone to retrogradation upon cooling, producing an elastic,
sticky, and less rigid gel (Wang and White, 1994). These properties
make oats starch appropriate for use in the formulation of functional
foods. It is worth noting that adding oats into food products not only
improves soluble dietary fiber content, which has lipid-lowering and
plasma glucose-stabilizing effects, but also provides minor phytochemicals, which have health benefits including improved gut health
(Harasym and Olędzki, 2018). Addition of oats will also substantially reduce gluten content of wheat-based food products (Thompson, 2003). Furthermore, limited studies have reported nutritionally
important starch fractions in food preparations, particularly in traditional food products; hence, modifying food formulations by substituting the basic ingredients with oats is a viable approach to modifying starch digestibility. In view of this, the present study investigated
the dietary acceptability of oats incorporated jereesh and studied the
effect of oats incorporation on different starch fractions of nutritional
significance using an in vitro multi-enzyme assay.
2. Materials and methods
2.1. Materials
All food ingredients were purchased from Nesto hypermarket, Ar
Rass, Saudi Arabia. Amyloglucosidase (Sigma-Aldrich, St. Louis, USA), pancreatin (Sigma-Aldrich, St. Louis, USA), invertase
(Sigma-Aldrich, St. Louis, USA), glucose oxidase-peroxidase reagent kit (Randox Laboratories, Crumlin, UK) were used. All of the
other chemicals were of the highest analytical purity.
2.2. Preparation of jereesh
Crushed wheat (250 g) soaked in water for 4 hours was used as main
ingredient. First seasoning was prepared for which oil (30 mL) was
heated in a pan placed on low heat (<150 °C). To this chopped onion
(40 g), finely chopped garlic (5 g), were added and sautéed till onions turned golden brown. Then tomato paste (30 mL), grated carrot
(30 g), dried lemon powder (2.5 g), black pepper (5 g) and salt (5
g) were added and sauteed for 2–3 min following with addition of
water (250 mL) and soaked crushed wheat. Mixed well and allowed
to cook 10 min on medium heat (160–190 °C) till wheat became
soft. To prepare oats incorporated jereesh (OJ), crushed wheat was
replaced with whole oats at 10, 20 and 30% levels based on preliminary studies incorporating oats in different traditional Indian food
preparations of high glycemic index (Giri et al., 2017).

acceptability of oats incorporated jereesh on a scale of 0–10 cm.
The one end of the scale marked as low represented the recognition
threshold, while the other end of the scale marked as high indicated the saturation threshold (Stone et al., 2008). The developed
score card listed appearance, color, taste, after taste, mouthfeel and
overall quality as attributes of the product. Sensory analysis was
carried out by 25 graduate student panelists having completed food
analysis course and familiar with the product attributes and sensory evaluation techniques. Sensory analysis was carried out in airconditioned sensory booths (18 ± 2 °C) lit with white fluorescent
light and maintained at RH 60 ± 5% using ultrasonic humidifier
(Buerer LB88, Ulm, Germany).
The food samples were coded with three-digit random codes to
avoid bias and served hot (50–60 °C) in small cups with disposable
spoons. Along with the samples, packaged drinking water was given as palate cleanser. Panelists were asked to draw a vertical line
on the scale and write the code number to indicate the perceived
strength of each attribute specified on the score card. The scores
for each attribute for each sample were tabulated, reflecting the
panelists’ decision. Finally, a mean value was calculated for each
sample attribute, reflecting the panel’s opinion on the perceived
sensory quality and dietary acceptability. A visual representation
of sensory quality in the form of sensory profile was plotted using radar plot in OriginPro 2018 software (OriginLab Corporation,
MA, USA).
2.4. Measurement starch fractions of nutritional significance
and starch digestibility index
Figure 1 depicts a summary of the methodological approach employed. Total starch (TS) and nutritionally important starch fractions namely, rapidly digestible starch (RDS), resistant starch (RS)
and rapidly available glucose (RAG) were measured by the method of Englyst et al. (1992). Incubation with pancreatin, invertase
and amyloglucosidase at 37 °C in 50 mL polypropylene capped
tubes positioned in a shaking water bath was used to determine
different starch fractions in freshly prepared food samples. Glass
beads and guar gum were added to the tubes to simulate intestinal digestive conditions by disrupting food particles and increasing viscosity of incubation mixture, respectively. Glucose content
of the reaction mixture was measured at 20 min (G20) to reflect
rapidly available glucose RAG and at 120 min (G120) to measure
slowly digestible starch (SDS). The tubes were then placed in boiling water to gelatinize starch and treated with 7M KOH at 0 °C and
the glucose content was measured to estimate total glucose (TG).
After 120 minutes of incubation, resistant starch was characterized
as the starch that remained unhydrolyzed. The amount of free glucose (FG) in the sample was measured by using acetate buffer and
putting the tubes in a boiling water bath for 30 min. Simultaneous
experiments with a standard dextrose were performed in a similar
manner. To account for the glucose present in enzyme solutions, a
blank tube containing buffer, glass beads, and guar gum was used.
The glucose levels in all of the samples were measured using a
glucose oxidase – peroxidase diagnostic package.
From the values of G20, G120, FG, and TG, the following values
for TS, RDS, SDS, and RS were determined.
Total Starc s (TS) = (TG - FG)´ 0.9
Rapidly Digestible Starch (RDS) = (G 20 - FG)´ 0.9
Slowly Digestible Starch (SDS) = (G120 - G 20 )´ 0.9

2.3. Sensory analysis
Quantitative descriptive analysis was used to assess the sensory

Resistant Starch (RS) = TS - (RDS - SDS) ´ 0.9 or (TG-G120 )´ 0.9

Starch digestibility index and rapidly available glucose were
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Figure 1. Schematic summary of the analytical strategy for measurement of different starch fractions.

calculated using the following formulas.

RDS
Starch Digestibility Index (SDI) =
´100
TS
Rapidly available glucose (RAG) = FG + G 20
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2.5. Statistical analysis
The results for different starch fractions (RDS, SDS, RS), TS, SDI,
and RAG are expressed as the mean ± SD of triplicate measure-
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Figure 2. Sensory scores of control jereesh and oats incorporated jereesh. CJ: control jereesh, OJ (10%): 10% oats incorporated jereesh, OJ (20%): 20% oats
incorporated jereesh, OJ (30%): 30% oats incorporated jereesh.

ments. Using SPSS 20.0 program, data was analyzed variance.
ANOVA test was used and significant differences between groups
were determined using Tukey’s post-hoc test at 95% confidence
level. The graphs were plotted using OriginPro 2018 software
(OriginLab Corporation, MA, USA).
3. Results and discussion
3.1. Sensory analysis
The study evaluated the dietary acceptability of oats incorporated
jereesh – An Arabian traditional food and studied its starch digestibility characteristics using in vitro hydrolysis. In order to select the
best proportion of oats to wheat replacement, a pilot study using
three levels of oats replacement (10, 20 and 30%) was conducted.
The sensory scores obtained are presented in Figure 2. It was found
that, incorporating oats at 10 and 20% did not affect any of the sensory attributes (color, appearance, taste, aroma, mouthfeel, after
taste and overall quality) significantly (p<0.05) compared to control product, while the product with 30% oats incorporation was
not acceptable in terms of any of the sensory attributes as indicated
by significantly lower sensory scores. Therefore, 20% oats incorporated jereesh was selected to study redistribution of starch fractions further. It is noteworthy that, though the product developed
with 20% oats replacement was slightly viscous (sticky) due to the
presence of high β-glucan in oats (Havrlentova and Kraic, 2006),
its dietary acceptability was unaffected as reflected by the sensory
scores (Figure 3). These findings encourage utilization of oats in
traditional foods because of their high acceptability among general
population and high sensory acceptability scores of oats incorpo-

rated jereesh which were comparable to that of control jereesh.
3.2. Nutritionally important starch fractions and starch digestibility index
Effect of incorporation of oats on total starch (TS), rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant
starch (RS) is summarized in Table 1. A significant (p<0.05) reduction in total starch (TS), rapidly digestible starch (RDS) as
well as resistant starch (RS) was observed in oats incorporated
jereesh (OJ) compared to control jereesh (CJ). TS, RDS and RS
were reduced by an extent of 3.07, 0.62 and 3.18 (g/100g on as
eaten basis), respectively in OJ compared to CJ. On the other hand,
a significant (p<0.05) increase in slowly digestible starch (SDS)
was seen in OJ compared CJ to an extent of 0.97%. Similar trend
was seen with respect to rapidly available glucose (RAG), wherein
RAG was decreased from 4.84% in CJ to 3.64% in oats incorporated jereesh.
Though, there was a significant (p<0.05) reduction in total starch
content and rapidly available glucose (RAG) in oats incorporated
jereesh compared to control jereesh, no significant (p<0.05) differences were observed between the starch digestibility index (SDI)
of CJ and OJ (Table 1).
The methods used in this study allow for precise measurement
of individual starch nutritional fractions based on their responsiveness to enzymatic digestion, which is affected by the food matrix.
Also, since it is important that the in vitro technique used to mimic
and predict in vivo starch digestion as closely as practicable, foods
were examined as they are eaten in general (Ahmed and Urooj,
2008). The study evaluated the impact of incorporating oats as an
excellent source of soluble dietary fiber, on total starch, different
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Figure 3. Sensory profile of control jereesh and oats incorporated jereesh. CJ: control jereesh, OJ: oats incorporated jereesh.

starch nutritional fractions and its digestibility in a wheat-based
breakfast cereal – jereesh. Despite the fact that the developed product was viscous, its acceptability was high, and the observed rise in
product’s viscosity can be attributed to higher β-glucan content of
oats (Havrlentova and Kraic, 2006).
As expected, incorporation oats in jereesh significantly decreased total starch content, rapidly digestible starch, resistant
starch and rapidly available glucose but starch digestibility index
remained unchanged. The decrease in total starch content is proportionate to starch content of the ingredients used which can be
attributable to the replacement of wheat starch with β-glucan present in oats. Similar findings have been reported earlier by Brennan et al. (2008) wherein, incorporation of dietary fiber source
in extruded breakfast cereal products reduced led to a significant
reduction in total starch content. This observation is also in good
agreement with an earlier study wherein, incorporation of oats led
Table 1. Nutritionally important starch fractions in control and oats incorporated jereesh (Mean ± SD g/100g)

Component*

CJ

OJ

Dry matter

28

28

TS

16.64b

RDS

3.38a ± 0.21

2.52b ± 0.23

SDS

0.46a ± 0.09

1.43b ± 0.29

RS

12.80b

9.62a ± 0.33

RAG

4.84b ± 0.17

3.64a ± 0.28

SDI

20.30a ± 0.95

18.54a ± 1.39

± 0.57

± 0.40

13.57a ± 0.24

*Mean values carrying different superscript letters a and b in rows differ significantly
(p ≤ 0.05). CJ, control jereesh; OJ, oats incorporated jereesh; TS, total starch; RDS,
rapidly digestible starch; SDS, slowly digestible starch; RS, resistant starch; RAG, rapidly available glucose; SDI, starch digestibility index.
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to a significant reduction in the total starch content of some traditional Indian foods – idli, dosa, upma, and chapatti (Giri et al.,
2017).
The involvement of several factors in food preparations, the
most important of which are degree of gelatinization, cooking
procedures, food source, and macronutrient composition, regulates the in vitro rate of starch digestion (Urooj and Puttraj, 1999).
RAG is the sum of RDS and free sugars that are present in the
food and considered useful in predicting the glycemic responses in
vivo (Englyst et al., 1992; Englyst and Hudson, 1996). Therefore, a
starch digestibility index of 18.54% observed in OJ aided with low
RDS and RAG could be beneficial in maintaining glucose homeostasis amongst obese and glucose intolerant population.
When foods are exposed to conditions that decrease accessibility of starch molecules to enzymatic activity either by creating a
physical barrier across the enzyme or by inhibiting the enzyme,
the rate of starch digestibility decreases (Tester et al., 2004). It is
noteworthy that incorporation oat flours in different foods products have been reported to inhibit starch digestibility, resulting in
lower GI in foods (Kim and White, 2012). The results obtained in
our study further substantiate the earlier findings and support the
use of oats as functional ingredients in the development of novel
foods products with reduced starch digestibility which is expected
in various medical conditions such as diabetes, obesity, polycystic
ovarian syndrome and metabolic syndrome. The findings indicate
that, in food formulations, soluble fiber can influence the rate of
starch digestibility to varying extent depending on several other
factors such as food matrix, viscosity afforded by the soluble fibers
and the amount of water used (Jenkins, 2007; Remya et al., 2017).
4. Conclusion
This study demonstrated the dietary acceptability of oats incorpo-
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rated jereesh; a traditional Arabic food. The observed decrease in
RAG and RDS with associated increase in SDS levels might lower
glycemic index of the developed product that could be beneficial
for populations with impaired glucose tolerance, obesity and diabetes. The findings of this study may help in the development of
tailored functional foods with altered starch digestibility characteristics. However, further research is warranted to study the effect of
oats incorporation in traditional food products on glycemic index
in real life situations.
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Abstract
Eurycoma longifolia Jack is a plant of the genus Eurycoma in Simaroubaceae. Eurycomanone is one of the main
quassinoids of E. longifolia. Unfortunately, these quassinoids exhibit low bioavailability. In the present study, a
phospholipid complex (TAF2-PC) was prepared to improve the oral bioavailability of TAF2 (Tongkat Ali Fraction
2). The complexation rate of eurycomanone and phospholipid was used as the index of success in the phospholipid complexes. The effects of reaction solvent, reaction temperature, drug concentration, drug-lipid ratio and
reaction time on the complexation rate were investigated. Response Surface-Box-Behnken Design Method was
performed to optimize the preparation technology and the pharmacokinetics of phospholipid complex of TAF2
were studied in rats. Our results showed that the optimum preparation condition of TAF2-phospholipid complex
were as follows: reaction solvent, anhydrous ethanol; reaction time, 1h; the ratio of TAF2 to phospholipid, 2.28;
reaction temperature, 40.85 °C; TAF2 concentration, 32.66 mg/ml; and complexation rate, 95.04 ± 0.4% (n=3).
The results of pharmacokinetic study showed that the relative bioavailability was increased to 209.20% in the
TAF2-phospholipid complex treated rats. Thus, this phospholipid-complex-technique shows potential for enhancing oral bioavailability of poorly absorbed quassinoid-rich E. longifolia extract, TAF2.
Keywords: Eurycoma longifolia; Quassinoids; Eurycomanone; Phospholipid complex; bioavailability.

1. Introduction
Eurycoma longifolia Jack (known as tongkat ali), one of the most
popular traditional herbal medicine, is a flowering plant of the
family Simaroubaceae, native to Indonesia, Malaysia, Vietnam
and also Cambodia, Myanmar, Laos and Thailand. Decoctions of
E. longifolia leaves are used for relieving itches, while its fruits are
used to treat dysentery. Its bark is used mainly as an insect repellent, while the taproots are used to treat hypertension, and the root
bark is used for the treatment of diarrhea and fever. The use of Eurycoma longifolia Jack as food dates back to the colonial period of
1,700 years ago. Indigenous people in Malaysia are used to taking
tongkat ali decoction to treat intermittent fever, and Malay women
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also take tongkat ali decoction as a tonic after childbirth. Mostly,
the roots extract of E. longifolia are used as indigenous medicine
for sexual dysfunction, aging, malaria, cancer, diabetes, anxiety,
pain, constipation, exercise recovery, fever, leukemia, osteoporosis, stress, syphilis and swollen glands, as well as an aphrodisiac,
antibiotic, appetite stimulant and health supplement (Chan et al.,
1989; Darise et al., 1983; Fiaschetti et al., 2011; Hussein et al.,
2007; Katsunori et al., 2009; Kuo et al., 2004; Morré et al., 1998).
E.longifolia is a rich source of various classes of bioactive compounds, which includes quassinoids, β-carboline alkaloids, canthin6-one alkaloids, squalene derivatives, biphenyl neolignan, and bioactive steroids (Ang et al., 2000; Katsunori et al., 2009; Kuo et al.,
2004; Shah et al., 2012; Tran et al., 2014; Zakaria et al., 2009). A
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study by Lin et al. (2013) reported that over 50 quassinoids were
present in E.longifolia. while eurycomanone 1 showed the most
abundant content (Ling et al., 2013). As the main bioactive component of E.longifolia, the quassinoids have been reported to be pharmacological active against various diseases including malaria, anxiety, aging, osteoporosis treatment and improving sperm motility.
The bioavailability of the constituent eurycomanone was pharmacologically investigated in animal research. Low et al. demonstrated
that following intravenous injection, eurycomanone was detected in
the plasma, declining to zero within 8 h (Low et al., 2011). Following
oral administration, Cmax and Tmax values were 0.33 ± 0.03 μg/mL
and 4.40 ± 0.98 h, respectively. The plasma concentration was lower
following oral administration versus intravenous administration, even
at a much higher oral dose (five times the dose). It suggested that eurycomanone is poorly bioavailable (10.5%) when given orally. Following
oral administration of Tongkat Ali Fraction 2 (TAF2), 13α(21)-epoxyeurycomanone had a higher Cmax than eurycomanone (1.61 ± 0.41 μg/
mL vs. 0.53 ± 0.10 μg/mL) (Chan et al., 2008; Leng et al., 2015; Low
et al., 2011). The experimental results demonstrated that the absolute
bioavailability was also higher due to increased membrane permeability. Moreover, eurycomanol and 13α,21-dihydroeurycomanone were
not detected in plasma (Low et al., 2011). The distribution, excretion
and half life of eurycomanone have been reported in many studies. In
animal study, the volume of distribution (Vd) of eurycomanone was
relatively high (0.68 ± 0.30 L/kg), suggesting that it is well distributed
in the extravascular fluids (Low et al., 2005). Following intravenous
injection, the mean elimination rate constant (ke) and clearance (CL)
for eurycomanone were 0.88 ± 0.19 h−1 and 0.39 ± 0.08 L/h/kg, respectively and 13α(21)-epoxyeurycomanone had a longer biological
half-life than eurycomanone (0.75 ± 0.25 h vs. 0.35 ± 0.04 h), due to
the elimination rate constant (Low et al., 2005).
E.longifolia has a remarkable pharmacological activity. However, its poor oral absorption, fast metabolic rate and low oral bioavailability lead to its reduced efficacy. This drawback could be
figured out by performing drug-phospholipid complex strategy, as
they utilize mechanism which is similar to the absorption mechanism of nutritional constituents form gastro intestinal tract. The
phospholipid complex enhanced the lipid solubility of hydrophilic
plant components, enhancing their ability to cross phospholipid bilayer biofilms. The active components of herbal extracts from destruction by digestive enzymes and intestinal bacteria are protected
by phospholipid complex (Jia et al., 2010).
A traditional Malaysian herb, E.longifolia, contains a large number of active ingredients. Most of these active substances have good
water solubility and poor fat solubility, leading to a small amount of
these active ingredients that can be effectively absorbed by the human body. Thus, in present study, we attempt to prepare novel quassinoids rich fractions (Tongkat Ali Fraction 2, TAF2) – phospholipid
complex using the solvent evaporation method to improve the liposolubility of active substance of E.longifolia and thereby to promote
its oral bioavailability. The effects of reaction solvent, reaction temperature, drug concentration, drug-lipid ratio and reaction time on the
complexation rate were investigated. Box-Behnken design-response
surface method was performed to optimize TAF2-phospholipid complex (PC) preparation. The characteristics of TAF2-PC were determined and the pharmacokinetics of TAF2-PC was compared with
free TAF2 as control after the oral administration in rats.
2. Materials and methods

Co. Ltd. Kunming, China); Eurycomanone (mass fraction >95%;
Chengdu alfa Biological Technology Co. Ltd. Chengdu, China); DIAION HP-20 resin (Mitsubishi Chemical Holdings. Tokyo, Japan);
Methyl alcohol (chromatographically pure; Tianjin heowns Biological Technology Co. Ltd. Tianjin, China); Ethyl alcohol (analytically
pure; China National Pharmaceutical Group Corporation. Beijing,
China); Acetonitrile (chromatographically pure; Merck KGaA,
Darmstadt, Germany); Ultra-pure water was generated using a Millipore Milli-Q Gradient System (Millipore Corp. Billerica, MA,
USA); Egg yolk lecithin (Beijing Nuoqi Yasheng Biotechnology
Co. Ltd. Beijing, China); Tetrahydrofuran, Acetone, Cyclohexane,
Dichloromethane (Tianjin Chemical Reagent Supply and Marketing
Co. Ltd. Tianjin, China).
2.2. Preparation and fractionation of Eurycoma longifolia
extract
The granule roots of E. longifolia of 100 g were dissolved with 5
times volume of solvent (10% ethyl alcohol) and put in a heating
jacket and heat for 4 hours/day, for 5 times consecutively. All of
the extracts were collected, concentrated and dried under decompression, the crude extract was obtained and stored at low temperature (4 °C). The crude extract redissolved in a small volume of
ethyl alcohol, was then passed through a resin column of Diaion®
HP 20 and eluted by gradient mixtures of increasing ratio of ethyl
alcohol in water (0:100–100:0) to afford four fractions (TAF1,
TAF2, TAF3 and TAF4) (Low et al., 2011), concentrated, dried
under decompression, and store at −20 °C.
2.3. Preparation of phospholipid complex
2.3.1. Separation solvent selection
Selection of solvent is one of the critical parameters while preparing drug and phospholipid complex. The solvent should be selected based on the solubility of both drug and phospholipid. It must
have the ability to dissolve phospholipid complex and phospholipid but not the drug or to dissolve drugs and phospholipids but
not the phospholipid complex. Selecting the proper solvent is very
important to calculate the complexation rate (CR) (Yu et al., 2016).
Briefly, the TAF2 and TAF2-PC complexes were placed in white
vials with sufficient solvents as follow methyl alcohol, acetone,
cyclohexane and 1, 4-dioxane, respectively. Vortex over a period
of time to observe the dissolution.
2.3.2. Preparation technique of TAF2-phospholipid complex (PC)
Herein, single factor experiment (Zhou et al., 2012)was used to investigate the influence of several major parameters of the complexation rate of TAF2-PC, such as reaction solvent, reaction temperature, reaction drug concentration, drug-lipid ratio and reaction time.
Then, the Box-Behnken Design (BBD) coupled with response surface methodology (RSM) with 3 factors and 3 levels was employed
to determine the best preparation process of TAF2-PC.
2.3.3. Reactive solvents screening

2.1. Materials
Root of Eurycoma longifolia (Guangzheng Biological Technology

The complex was initially prepared with TAF2 and egg yolk lecithin at a mass ratio of 1:2, the concentration of TAF2 was 20 mg/
mL, the reaction temperature was 40°C, and the reaction time was
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1 h. The effects of methyl alcohol, ethyl alcohol, tetrahydrofuran
and dichloromethane on the complexation rate were compared.
2.3.4. Reaction temperature screening
The complex was prepared with TAF2 and egg yolk lecithin at a
mass ratio of 1:2, the concentration of TAF2 was 20 mg/mL, the
reaction time was 1 h, the reaction solvent was ethyl alcohol. The
effects of different reaction temperatures (30, 40, 50, 60°C) on the
complexation rate were compared.

Briefly, approximately 1 g of TAF2-PC was dissolved in 15 mL
of the separation solvent and vortex violently. The residue and
uncompounded TAF2 were removed by 0.45µm nylon membrane
filtration. Concentrated TAF2-PC was obtained by evaporating
filtrate. The filtrated precipitate was dissolved and the amount of
uncombined TAF2 was determined by high performance liquid
chromatography/HPLC system (Waters-e2695, Waters). The complexation rates (CR) (Yu et al., 2016) of TAF2-PC was determined
using the following equation:
W -Wuncomplexed
CR(%) = total
´100%
Wtotal
where “Wtotal” is the initial quantity of TAF2 and “Wuncomplexed” is
the quantity of uncombined TAF2

2.3.5. Reaction TAF2 concentration screening
The complex was prepared with TAF2 and egg yolk lecithin at a
mass ratio of 1:2, the reaction temperature was 40°C, the reaction
time was 1 h, and the reaction solvent was ethyl alcohol. The effects of different TAF2 concentrations (20, 40, 60, 80 mg/mL) on
the complexation rate were compared.
2.3.6. TAF2-phospholipid ratio screening
A 20 mg/mL TAF2 concentration, the reaction temperature was
40°C, 1h reaction time, and anhydrous ethyl alcohol as reaction
solvent were set and the effects of mass ratios of different TAF2
and phospholipids (1:1, 1:2, 1:3, 1:4) on the complexation rate
were compared.
2.3.7. Reaction time screening
The complex was prepared with TAF2 and egg yolk lecithin at a
mass ratio of 1:2, the concentration of TAF2 was 20 mg/mL, the
reaction temperature was 40°C, and ethyl alcohol as reaction solvent. The effects of reaction time (1, 2, 3, 4 h) on the complexation
rate were compared.
2.3.8. The Box-Behnken Design (BBD) – response surface methodology (RSM)
After examining the influence of each single factor on the experiment results, the three factors with the most significant influence
were selected. The Box-Behnken design (BBD) coupled with response surface methodology (RSM) with 3 factors and 3 levels
was performed to optimize the preparation process of TAF2-PC.
2.3.9. Preparation of TAF2-PC
TAF2 and PC were combined by solvent evaporation method(Xiao
et al., 2006). Briefly, a certain amount of TAF2 and egg yolk lecithin were dissolved in anhydrous ethyl alcohol. The mixture was
stirred gently in a water bath for definite time. The solution was
evaporated in a rotary evaporator under vacuum, the ethyl alcohol
was removed and dried in vacuum for 24 h to obtain the TAF2phospholipid complex, and store at 4°C.
2.4. TAF2-PC complexation rate
The complexation rates of TAF2-PC was determined as follows.
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2.5. Characterization of TAF2-phospholipid complex
There are several characterization instruments available for characterizing drug-phospholipid complexes(Semalty et al., 2012).
Morphological evaluation of TAF2 and TAF2-PC was performed
by scanning electron microscope, SEM (JSM-6390LV, Jeol Ltd,
Tokyo, Japan). In brief, a small piece of double-sided adhesive
tape was fixed to an aluminum stub. Powders were sprinkled into a
dispersed layer on the stub. Prior to examination, the samples were
sputter coated with gold–palladium using an ion sputter (JFC1600,
Jeol Ltd, Tokyo, Japan).
To analyze the thermal behavior of the obtained complex, differential scanning calorimeter (DSC) curves were recorded by a
DSC instrument (DSC3, Mettler-Toledo International Inc., Switzerland). The accurately weighed samples including TAF2, egg
yolk lecithin, the physical mixture and TAF2-PC were sealed into
aluminium plate separately. The investigation was carried out over
the temperature range 25°Cto 200°Cat a continuous heating rate of
10°C/min in 0.2 mL/min atmospheric nitrogen.
Infrared (IR) spectroscopy is the primary tool to predict any
interactions between the drug and phospholipid. IR spectroscopic analyses of TAF2, phospholipid, and TAF2-PC were performed using FTIR-850 Fourier transform-Infrared spectrometer
(Tianjin Port East Company). In brief, approximately 1–2 mg of
TAF2, lecithin, the physical mixture and TAF2-PC were weighed
and placed in a mortar, ground and mixed with KBr pellet at a
mass ratio of 1:100, then put into the mold and pressed into tablets for the test. Spectra were recorded in the range 7,800–350
cm−1.
2.6. In vivo pharmacokinetic study of TAF2-PC
Male Sprague–Dawley (SD) rats (220 ± 20 g) were obtained from
Animal Center of the Chinese Academy of Science After passing
the quarantine by GLP (Good Laboratory Practice) and feeding for
5 days, the experiment was carried out. During the feeding period,
the rats were given standard rodent feed and freely drinking water.
The experimental design was approved by the Animal Ethics Committee of Tianjin International Joint Institute of Biomedical Sciences. The rats were fasted 24h with free access to water. Twelve
animals were divided randomly into two groups (n = 6). TAF2 or
TAF2-PC (equivalent to 200 mg/kg of TAF2) was dissolved in 2
mL distilled water and orally administered with a gavage needle.
Blood samples of 0.5mL were collected from oculi chorioideae
venous of the rats at 0, 0.083, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8 and
10 h after oral administration, respectively. Heparin coated vials
containing blood samples were then centrifuged at 8,000 g for 10
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Table 1. The solubility of TAF2 and TAF2-PC in different solvents

Solvents

TAF2-PC

TAF2

Methyl alcohol

easily soluble

easily soluble

Acetone

sparingly soluble

sparingly soluble

Cyclohexane

easily soluble

insoluble

1, 4-dioxane

easily soluble

easily soluble

min. A 100 µL of the plasma sample were deproteinized by adding
5 µL of 70% perchloric acid. The mixture was mixed for 2 min on
a vortex and then centrifuged at 8,000 g for 10 min. The clear supernatant layer was collected, and 20 µL were injected for analysis
in the HLPC system(Xiao et al., 2006) to analyze the concentration
of eurycomanone.
The maximum concentration (Cmax), time to reach maximum
concentration (Tmax), area under the concentration-time curve
(AUC0–∞), and elimination half-life (Thalf) were obtained from the
plasma concentration–time curve and analyzed by the software
Kinetica® 5.0 (Thermo Scientific, American). The results were expressed as mean ± SD. The relative bioavailability (F) of TAF2-PC
relative to TAF2 was calculated by the following formula:

Frel (%) =

AUCTAF 2-PC
D
´ TAF 2 ´100%
AUCTAF 2
DTAF 2-PC

2.7. Statistical analysis
All of the experiments were repeated six times. The statistical
analysis was carried out by one-way analysis of variance (ANOVA), followed by LSD’s multiple comparison test using SPSS 25.0
(SPSS Inc., Chicago, IL, USA)software. Student’s t-test was used
to analyze the differences between two groups in pharmacokinetic
study. Data were expressed as mean ± standard deviation (SD).
Statistical significance was declared at P<0.05.
3. Results and discussion
3.1. Screening of solvent for TAF2-PC preparation
Table 1 shows the dissolution of TAF2 and TAF2-PC in different
solvents. Both methyl alcohol and 1, 4-dioxane have good solubility for TAF2 and TAF2-PC complex and neither of them can be
dissolved in acetone. Cyclohexane dissolves TAF2-PC complex
well, but does not dissolve TAF2. Selection of solvent is one of the
critical parameters while preparing drug and phospholipid complex. The solvent must have the ability to dissolve phospholipid
complex and phospholipid but not the drug. Therefore, we select
cyclohexane as the separation solvent instead of methyl alcohol, 1,
4-dioxane and acetone.
Table 2. The effect of reaction solvent on complexation rate

Table 3. The effect of reaction temperature on complexation rate

No.

Reaction temperature (°C)

Complexation rate (%)

P-value

1

30

75.2 ± 2.40

–

2

40

85.0 ± 1.57

<0.05

3

50

83.2 ± 2.14

<0.05

4

60

74.3 ± 3.24

–

3.2. The preparation of TAF2-PC
Phospholipid complexes can be prepared by various methods, such
as solvent evaporation, supercritical fluid processing, mechanical dispersion, and anhydrous co-solvent lyophilization(Xiao et
al., 2006)(Lian and Wang, 2006)Of these, solvent evaporation is
relatively mature and easy to perform. In present study, TAF2−PC
was prepared using a solvent evaporation method, and the optimal
complexation parameters such as reaction solvent, TAF2 to phospholipid ratio, temperature, and time were determined by single
factor test.
A number of solvents were examined as the complexation medium to formulate TAF2-PC. This study showed that the methyl alcohol has the highest complexation rate (88.0 ± 0.42), followed by
ethyl alcohol, dichloromethane, and tetrahydrofuran (85.3 ± 1.50,
75.3 ± 2.36, and 64.6 ± 2.41), respectively (Table 2). The complexation rate of both methyl alcohol and ethyl alcohol are significantly
higher than dichloromethane and tetrahydrofuran,respectively.
The ethanol was finally chosen as the reaction solvent, due to the
toxicity of methanol that may not fully removed from the product,
which result in the excessive solvent residue.
Different reaction temperatures were applied to obtain the optimum complexation rate. The results showed that the relatively
higher complexation rate were achieved at 40 to 50°C compared
with other temperatures, as indicated in table 3. The relatively
lower temperature of 40°C was determined as the optimized temperature of present study, due to the well know trend that the low
temperature the less chances to produce the impurities and degradation products.
The drug concentration of fixed drug carrier ratio is another
important factor that may significantly affect the complexation
rate of the final product. The result of present study suggested that
the loading concentration of 40 mg/mL have reaches the saturated
level. The complexation rates were not improved by increasing the
drug loading anymore (Table 4).
The drug carrier ratio is also necessary to be evaluated, as the
entire volume of single dose, the cost of the carrier, and the complexation rate need to be collectively balanced. The results in table
5 suggest that the Drug-phospholipid ratio of 1:2 and 1:3 result
in very significant higher complexation rate compared with other
ratios. However, the appearance of the complex showed that the
Table 4. The effect of reaction drug concentration on complexation rate

No.

Reactive solvents

Complexation rate (%)

P-value

No.

Reaction drug
concentration(mg/mL)

Complexation rate (%)

1

Methyl alcohol

88.0 ± 0.42

<0.05

1

20

85.0 ± 1.57

2

Ethyl alcohol

85.3 ± 1.50

<0.05

2

40

92.3 ± 1.10

3

Tetrahydrofuran

64.6 ± 2.41

–

3

60

88.5 ± 2.04

4

Dichloromethane

75.3 ± 2.36

–

4

80

82.1 ± 0.72
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Table 5. The effect of drug - phospholipid ratio on complexation rate

No.

Drug-phospholipid ratio

Complexation rate (%)

1

1:1

66.5 ± 1.03

2

1:2

85.0 ± 1.57

<0.05

3

1:3

80.3 ± 1.57

<0.05

4

1:4

72.6 ± 1.22

P-value

higher the proportion of phospholipids, the more viscous observed
which may lead to t handling and storage problems accordingly. It
was thus suggested that the ratio of 1:2 was applied for the subsequent studies.
The complexation rates of phospholipid complexes obtained at
different reaction times is shown in Table 6. It suggested that there
is no significantly increasing of complexation rate after 1h.
3.2.1. Box−Behnken Design
According to the results of the single-factor test, the reaction time
had no significant effect on the complexation rate. Thus, three
independent variables including drug - phospholipid ratio, reaction temperature and reaction drug concentration were selected to
design the Box-Behnken response surface experiment with three
factors and three levels. The factor levels and coding table of the
response surface test were shown in Table 7, and the response surface test scheme and results were shown in Table 8.
As shown in the analysis of variance (ANOVA) of the quadratic
response surface model (Table 9), the prediction model P value is
less than 0.0001, indicating that the model is extremely significant,
indicating that the quadratic regression model has a good fitting
degree. From the difference of F value, A > C > B was obtained.
Therefore, the influence of the three factors on the compound rate
was the drug-phospholipid ratio > reaction drug concentration >
reaction temperature.
Thereafter, the final equations in terms of actual factors (the
ratio drug to phospholipid; reaction temperature; and drug concentration) and coded factors (A, B, C) can be represented as the
following equation:
Y = 93.85 + 5.26A + 0.90B + 3.79C + 2.24AB +
2.39AC − 1.22BC − 10.93A2 − 7.01B2 − 8.20C2
The regression coefficient (R2) of the model was 0.9958, the
SNR was 35.496. It suggested that the prediction model is real and
reliable, thus predicts the real situation well.
The software Design Expert 8.0 (statease) was used to draw the
3D response surface diagram of the effect of any two of the three
factors on the complexation rate. The results showed the complexation rate increased and then gradually decreased following the
increasing of reaction temperature and the drug-phospholipid ratio
(Figure 1A), drug concentration and the drug-phospholipid ratio
Table 6. The effect of reaction times on complexation rate

No.

Reaction times (h)

Complexation rate (%)

Table 7. Experimental ranges and levels of the ratio drug to phospholipid
(A) and reaction temperature (B) and drug concentration (C)

Range and level

Independent variables

−1

0

1

A-the ratio drug to phospholipid

1

2

3

B-reaction temperature (°C)

30

40

50

C-drug concentration (mg/mL)

20

40

60

(Figure 1B), and drug concentration and reaction temperature (Figure 1C), respectively.
According to the model prediction, the optimized preparation
formula was as follows: the drug-phospholipid ratio was 2.28,
reaction temperature was 40.85°C, drug concentration was 32.66
mg/mL, and the complexation rate is predicted to be 95.12%.
According to the predicted optimal formulation conditions, we
prepare three samples of TAF2-PC and the complexation rate was
95.04 ± 0.40% (n=3), which was highly consistent between the
real value and the predicted value, which was higher than that of
all the response surface experimental groups, indicating that the
predicted results were accurate and the prescription process was
optimal.
3.3. Characterization of TAF2-PC
3.3.1. Scanning electron microscope (SEM)
The surface morphology of representative samples was represented in Figure 2. The results demonstrated that the appearance of
Table 8. Response surface test scheme and results

Test
1

Independent variables
A

B

C

0

0

0

CR (%)
94.01

2

−1

0

−1

67.70

3

0

0

0

94.20

4

0

1

−1

76.21

5

0

0

0

93.73

6

1

0

−1

74.14

7

−1

0

1

70.52

8

0

0

0

93.29

9

1

0

1

86.53

10

0

−1

−1

73.51

11

1

1

0

84.73

12

0

1

1

81.34

P-value

13

−1

−1

0

71.57

0

0

0

94.02

1

1

85.0 ± 1.57

–

14

2

2

85.4 ± 1.37

–

15

1

−1

0

76.90

3

3

86.1 ± 0.84

–

16

−1

1

0

70.44

4

4

83.4 ± 2.25

–

17

0

−1

1

83.52
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Table 9. Analysis of variance of quadratic response surface model

Source

sum of squares

df

mean square

F-value

P-value (prob > F)

Model

1,495.72

9

166.19

185.22

< 0.0001

A-the ratio drug to phospholipid

221.24

1

221.24

246.57

< 0.0001

B-reaction temperature (°C)

6.52

1

6.52

7.26

0.0309

C-drug concentration (mg/mL)

115.14

1

115.14

128.33

< 0.0001

AB

20.07

1

20.07

22.37

0.0021

AC

22.9

1

22.9

25.52

0.0015

BC

5.95

1

5.95

6.64

0.0367

A2

503.13

1

503.13

560.74

< 0.0001

B2

206.83

1

206.83

230.52

< 0.0001

C2

282.86

1

282.86

315.25

< 0.0001

Residual

6.28

7

0.9

Lack of fit

5.78

3

1.93

15.25

0.0118

Pure error

0.5

4

0.13

Total

1,502

16

free TAF2 particles is irregular, which is composed of small crystalline particles and polydisperse aggregates (Figure 2A). When
TAF2 form a complex with phospholipids, it showed significantly
change in morphology and shape. They form granules of different
sizes with the absence of crystallinity of TAF2 (Figure 2B). It suggested that the TAF2 molecules may form amorphous mixture with
phospholipids, the molecular surface is covered by phospholipid
molecules, losing the original crystal structure.
3.3.2. Differential scanning calorimeter (DSC)
DSC was performed to analyze the interactions between multiple
components of a drug preparation. TAF2 showed endothermic peak
group between 99.8°Cand 127.8°C (Figure 3A), this is related to
TAF2 is a mixture of a variety of quassinoids compounds. The
phospholipids had a melting point peak at 153.3°C (Figure 3B). In
the physical mixture of TAF2 and phospholipids, an endothermic
peak was observed approximately 130.5°C(Figure 3C), which was
close to the phase transition point of TAF2 at 127.8°C. It was suggested that following by increasing temperature, the phospholipids
melt, the drug dissolves in the phospholipids and partially forms
phospholipid complexes, which making the slightly change of
endothermic peak. Thermal analysis diagram of TAF2-PC shows
wide endothermic peak at 65.2°C(Figure 3D). The original peaks
of TAF2 and phospholipid disappeared from the thermal spectra of
TAF2-PC and the temperature of phase transition was lower than
that of TAF2 and phospholipid, the decrease in melting point and
enthalpy may be due to the decreased crystallinity of the drug (Devendra et al., 2012).The non-polar part of TAF2 binds to lecithin
by hydrogen bonding or van der Waals interaction, which makes
TAF2 highly dispersed among the molecules of lecithin, reduces
the phase transition temperature of TAF2 and there are no TAF2
drug crystals in the phospholipid complex. Therefore, it is assumed
that TAF2 forms a phospholipid complex with lecithin.
3.3.3. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectrum of TAF2 revealed a broad peak at 3,419 cm−1

(Figure 4A), representing the -OH group on the ring structure, and
the C-H stretching signal at 2,900 cm−1. The absorption peak near
1,729 cm−1 represents the C=O stretching signal of fatty acid ester,
the C=C stretching signal at 1,670 cm−1, and the C-O stretching signal at 1,055 cm−1. These signal peaks are mostly consistent with the
structure of diterpenoid rings of quassinoids compounds.
FTIR spectra of lecithin (Figure 4B) showed the characteristic
C-H stretching signal of long-chain fatty acids at 2,924 cm−1 and
2,854 cm−1, respectively. The absorption peak of C=O of fatty acid
ester at 1,738 cm−1, the absorption peak of P=O at 1,233 cm−1, the
absorption peak of P-O-C at 1,087 cm−1 and the absorption peak of
-N+(CH3)3 at 970 cm−1 were observed in the spectrum.
The FTIR spectra of the mixture of TAF2 and lecithin (Figure
4C) are essentially superposition of the main absorption peaks of
TAF2 and lecithin.
In the FTIR spectrum of TAF2-PC (Figure 4D), the -OH absorption peak of TAF2 changed from 3,419 cm−1 to 3,391 cm−1, the absorption peak of C=C changed from 1,670 cm−1 to 1,678 cm−1, and
the absorption peaks at 1,512 cm−1 and 1,153 cm−1 disappeared. The
P=O characteristic peak of phospholipids changed from 1,233 cm−1
to 1,228 cm−1, and the C-H stretching signal peak of phospholipids
did not change. These results suggested that the phospholipid complex is not a simple physical mixture between quassinoids and phospholipids, but is bound by intermolecular interaction. Phospholipid
complexes may be formed by the interaction between the polar ends
of phospholipids and the hydroxyl groups and the carbon-carbon
double bonds of the quassinoids.
3.4. Pharmacokinetic studies of TAF2-PC in SD rats
The plasma concentration-time curves of eurycomanone which
obtained after single oral administration of TAF2 or TAF2-PC in
rats were shown in Figure 5 and the main pharmacokinetic parameters of eurycomanone were summarized in Table 10. The mean
value of the Cmax of eurycomanone in the TAF2-PC group was
higher than that in the TAF2 group, 0.50 ± 0.13µg/mL vs 0.27 ±
0.16µg/mL, respectively. Time period to attain the maximum plasma concentration (Tmax) of the TAF2-PC group was 0.46 ± 0.29 h,
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Figure 1. 3D response surface diagram. (A) The effects of reaction temperature (b) and the ratio drug to phospholipid (a) on the complexation rate; (B)
The effects of drug concentration (c) and the ratio drug to phospholipid (a) on the complexation rate; (C) The effects of drug concentration (c) and reaction
temperature (b) on the complexation rate.
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Figure 2. Scanning electron microscope (SEM) micrographs of (A) TAF2; (B) TAF2-PC.

whereas that of the TAF2 group was 0.32 ± 0.26 h. Tmax was delayed
in the TAF2-PC group compared with the TAF2 group, which may
be due to the continuous release of the drug from the phospholipid
complex or the delayed uptake of the drug by intestinal cells and M
cells (Yu et al., 2016). Passive transport was the main absorption
mode of eurycomanone. Due to its poor lipid solubility, it is difficult
to penetrate the phospholipid bilayer of gastrointestinal cells, resulting in poor absorption. The phospholipid complex of eurycomanone
ameliorated the lipid solubility of TAF2, enhanced the affinity with
the cell membrane, thus the membrane absorption of TAF2 was improved, and the blood drug concentration in rats was increased. The

improvement of oral bioavailability is the key factor to determine
the further application of new drugs in clinical trials. The relative
bioavailability of TAF2-PC to TAF2 was 209.20%, suggesting that
TAF2-PC improved the absorption of TAF2 and significantly increased the relative bioavailability (P < 0.05).
4. Conclusion
The bioavailability is generally determined by the solubility and
permeability of the active compounds, except that the P-glycopro-

Figure 3. Differential scanning calorimeter (DSC) pattern of TAF2 (A), lecithin (B), A physical mixture of TAF2 and lecithin (C), and TAF2-PC (D).
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Figure 4. FTIR spectroscopy analysis of TAF2 (A), lecithin (B), the physical mixture of TAF2 and lecithin (C) and TAF2-PC (D).

tein (P-gp) is also involved in the absorption process. The hydroxyl
groups of eurycomanone make it very polar (Figure 6). Thus, the
permeability is the only critical character that may determine the
bioavailability, as eurycomanone is not the substrate of P-gp. In this
present study, quassinoid-phospholipid complex was successfully
prepared by solvent evaporation method. Its preparation method
was modified by performing single factor test for screening and

optimized by the Box-Behnken design response surface method.
Using anhydrous ethyl alcohol as the reaction solvent, it found that
the reaction temperature, reaction drug concentration and drug to
phospholipid ratio had significant effects on the complexation rate.
Based on BBD response surface methodology results showed that
the effect of reaction temperature on the complexation rate was the
lowest among three factors, while the effect of drug phospholipid

Figure 5. Mean plasma concentration - time curves of eurycomanone after a single oral administration of TAF2 or TAF2-PC in rats. Each value represents
the mean ± SD, n=6.
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Table 10. Pharmacokinetic parameters after oral administration of TAF2
or TAF2-PC in rats

Parameters

TAF2

TAF2-PC

Cmax(μg/mL)

0.27 ± 0.16

0.50 ± 0.13

Tmax(h)

0.32 ± 0.26

0.46 ± 0.29

AUC0–∞((μg/mL)·h)

0.87 ± 0.22

1.82 ± 1.08

Data are presented as mean ± standard deviation (SD), n = 10.

Figure 6. Chemical structure of Eurycomanone.

ratio and reaction drug concentration were ranked first and second, respectively. The optimal preparation process was predicted
as follows: drug-phospholipid ratio of 2.28, reaction temperature
of 40.85°C, drug concentration of 32.66 mg/mL. The predicted
complexation rate was 95.12%. These prediction complexation
rate results which was proven to be accurate by the prescription
verification experiment. SEM results showed change in morphology and shape of TAF2-phospolopid complex, which confirmed by
the absence of crystallinity of TAF2. The results of DSC showed
that the original peaks of TAF2 and lecithin disappeared from
the thermal spectrum of TAF2-PC, and the phase transition temperature was lower than that of TAF2 and lecithin. The complex
demonstrated amorphous characteristics, indicating that TAF2 and
lecithin formed phospholipid complex. IR spectra revealed that the
phospholipid complex was formed by intermolecular binding of
quassinoids and phospholipid molecules, rather than simple mixture between them. In summary, it can be confirmed that TAF2 and
phospholipids form phospholipid complex. The pharmacokinetics
of TAF2-PC and bioavailability of TAF2 were studied in male SD
rats. The results showed that the phospholipid complex of eurycomanone significantly enhanced the oral absorption of TAF2, and
the relative bioavailability was significantly increased (P < 0.05).
In summary, we successfully prepared the quassinoids-phospholipid complex and in vivo study have shown that the develop
TAF2-PC significantly improved the oral absorption and bioavailability of TAF2 which to overcome the limited absorption of TAF2.
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