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Abstract

Nutraceuticals have gained popularity for supplemental health benefits and for the ability to complement pharmaceuticals to
prevent, delay, and manage chronic disease. The development of nutraceuticals involves the use of genome editing technology such
as the newly developed CRISPR/Cas9 system, a novel and powerful method to knock out, knock-in, upregulate, and downregulate
genes, including genes that can improve the nutritional profile of a plant as well as increase the production of nutraceuticals.
Nutraceuticals, such as those implicated in aging, life expectancy, and chronic diseases can now be developed using CRISPR/Cas9.
Establishing a CRISPR-based system to develop nutraceuticals and improve human health will benefit society.
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Abbreviations: CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats; Cas: CRISPR-Associated Protein; crRNA:
CRISPR RNA; tracrRNA: Trans-Activating CRISPR RNA gRNA: guide RNA; sgRNA: Single Guide RNA; FAO: United Nations Food and
Agricultural Organization; WHO: World Health Organization; FDA: Food and Drug Administration; DSHEA: Dietary Supplement
Health and Education Act; GMP: Good Manufacturing Process; USDA: United States Department of Agriculture; GMO: genetically
modified organism; EPA: Environmental Protection Agency; CR: caloric restrictions; IGF1R: insulin-like growth factor 1 receptor
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Stephen Defelice coined the term nutraceutical in 1989; it is
defined as combining nutrition and pharmaceutical technology
to create compounds that have beneficial effects on health
and therapeutic uses [1,2]. Nutraceuticals can be divided into
three categories: herbals, nutrients, and dietary supplements
[2]. Nutraceuticals are derived using techniques and practices
common in nutritional genomics, specifically in nutrigenetics.
Nutritional genomics consists of nutrigenomics and nutrigenetics.
Nutrigenomics studies the interaction of dietary components and
the genome and changes that result, while nutrigenetics focuses on
the development of nutraceuticals and analyzing differences at the
gene level in response to dietary components [3]. A summarization
regarding the classes of nutraceuticals can be found in Figure 1.
Nutritional genomics is a relatively new division of genomics; it
can be revolutionized with current and upcoming genome editing
technology, including CRISPR/Cas9 genome editing.

CRISPR/Cas Genome Editing and Limitations

Genetic engineering has developed rapidly. The characteristic
clusteredregularlyinterspaced shortpalindromicrepeats (CRISPR)/
CRISPR-associated (Cas) system has provided a novel and powerful
method of gene editing; this method has many applications, which
can be seen in Figure 2. The CRISPR/Cas’s genome-editing system

is a part of the adaptive immune system that has developed in
bacteria and archaea to defend against foreign agents [7]. There
are two CRISPR/Cas’s system classes, with six types and multiple
effectors [8,9]. Of the classes, the CRISPR/Cas II system (also known
as the CRISPR/Cas9 system) is most used due to its simplicity and
high efficacy [7]. This system contains the Cas9 protein, CRISPR
RNA (crRNA), and trans-activating CRISPR RNA (tracrRNA). crRNA
and tracrRNA form a duplex structure called the guide RNA (gRNA),
which can be replaced by a single guide RNA (sgRNA) to form
complementary base pairs with target DNA for cleavage at specific
sites [7,10,11]. The sgRNA then guides the CRISPR/Cas9 complex
to the intended genomic location and then relies on one of the two
endogenous DNA repair pathways, non-homologous end-joining
(occurs more frequently) and homology-directed repair [12]. As a
result, the system can easily be programmed and is a powerful tool
for genomic engineering. As powerful of a tool the CRISPR/Cas9
system is for genomic engineering, there are limitations with this
system. One of the significant limitations of CRISPR/Cas9 is the off-
target effects [13-15]. Off-target effects result from the nonspecific
activity of the Cas protein in non-target genomic location, and
the off-target effects have a relatively high frequency with the
application of the system [12,14].
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Figure 2: Common applications of CRISPR/Cas9.

There have been attempts to address this concern. Current
attempts include engineered Cas9 variants and optimizing guide
designs [12]. A variant of Cas9, Cas9 nickase, which induces single-
stranded breaks, in combination with two sgRNAs, would produce
a double-stranded break at the intended genomic location [12,16].
The paired nicking strategy considerably reduced the off-target
activity in cell lines and produced the desired effect without giving
up on-target cleavage efficiency [16]. Another potential strategy is
to control the concentration of the Cas9-sgRNA complex; however,
increasing the specificity by the reduction of transfected DNA
also leads to on-target cleavage reduction [16]. While there are

limitations and room for improvement, the CRISPR/Cas9 system
has revolutionized genetic engineering.

Ethical Considerations with CRISPR/Cas9 should be
written consistently as CRISPR/Cas9 and not Crispr/
Cas9

Biotechnology has rapidly expanded and has opened up new
opportunities that did not seem plausible. One notable example
of this advancement is the CRISPR/Cas9 system. This system
allows the modification of the genome of organisms. However,
despite these advances in biotechnology, there are many moral
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and ethical implications. An ethical consideration shared globally
is that if CRISPR/Cas9 germline editing is permitted, it might lead
to the return of eugenics [17]. Ethical concerns also arise for using
CRISPR/Cas9 for non-therapeutic purposes such as enhancement
of crops [17]. The CRISPR/Cas9 products impact society and
humanity at large. The United Nations Food and Agriculture
Organization, in 2016, had estimated that 795 million people in the
world were undernourished; additionally, according to the World
Health Organization, 2 billion people are unable to obtain necessary
nutrients [17]. There has been a significant amount of evidence that
CRISPR/Cas9 could improve the nutritional content in foods [17].
While there are great benefits from the technology, concerns are
raised about the fairness and affordability of these products [17].

Regulation on Nutraceuticals

Compared to the rapid growth and availability of nutraceuticals
on the global market, the regulatory systems meant to oversee
this market are evolving rather slowly [18]. Further complications
arise from the vast differences in the Regulation of nutraceuticals
between countries. However, most countries base their food use
and safety regulations on the Codex Alimentarius, a collection of
internationally recognized documents by both the United Nations
Food and Agricultural Organization (FAO) and the World Health
Organization (WHO), outlining the production and marking
rules of foods and their derivatives [18]. As such, the Food and
Drug Administration (FDA) in the US acknowledges and treats
nutraceuticals differently than conventional foods and drugs.
According to the Dietary Supplement Health and Education Act
(DSHEA), the responsibility for the safety of nutraceuticals falls
on the shoulders of manufacturers. Such safety includes but is not
limited to having accurate information on nutraceutical labels that
are reflective of the product being sold. Moreover, manufacturers
and stakeholders do not need FDA approval before producing and
selling food supplements and nutraceuticals [18]. An example
of this is seen in the case of dietary supplements, a specific type
of nutraceutical; manufacturers are free to use ingredients with
different and controversial safety standards without formal FDA
approval. Manufacturers must only demonstrate the history of
use or other evidence that allows one to reasonably expect their
safety when used according to the product label [19]. Furthermore,
various sections of the FDA's Modernization Act of 1997 allow
health and nutrient content claims to be authorized based on
statements from other federal authorities, such as the Academy of
Sciences, after notifying the FDA four months prior to introducing
the supplement to the market. A gray area in the past and ongoing
regulations have led consumers and regulatory agencies to lose
trust in the nutraceutical industry. The various health benefits
associated with these products have been overshadowed by
constant negative publicity due to lose Regulation, specifically
labeling. From the contamination of nutraceuticals with drug
products to dangerous side effects due to their lack of testing, the
issues that plague the industry make it clear that the current Good
Manufacturing Processes (GMP) implemented for conventional
foods are inadequate. In terms of nutraceuticals, due to unsafe
ingredients, the nonexistence of labeled ingredients, product

purity, product potency, and product functionality, improvements
are crucial to future success [20].

Regulation on CRISPR/Cas9 Genome Edited Products

Regulations of CRISPR/Cas9 Genome Edited Products (and
other genetically engineered products) are outlined in the
Coordinated Framework for the Regulation of Biotechnology, a
proposal by the White House to ensure the safety of biotechnology
products [21].In 2016, the United States Department of Agriculture
(USDA) announced that the first CRISPR/Cas9 engineered
products, an anti-browning mushroom and waxy corn with starch
composed solely of amylopectin, are exempt from the USDA's
genetically modified organism (GMO) regulations. These products
did not meet the requirements for Regulation since no foreign
DNA (transgene) from plant pests, such as bacteria or viruses,
was inserted during editing. In addition, no traces of the CRISPR/
Cas9 system used during editing were left behind. They were the
first CRISPR products approved for commercial use in the United
States, avoiding regulatory obstacles [21-23]. In tandem with the
USDA, the FDA and Environmental Protection Agency (EPA) are two
other agencies that play a role in regulating genetically engineered
products. Depending on the GMO in question, approval by all
agencies may be necessary [22]. For instance, the EPA regulates
pesticide safety, so GMOs that involve pesticides would be under
the jurisdiction of the EPA. Any products that are meant to be
consumed by humans most likely would fall under the jurisdiction
of both the USDA and the FDA [22]. Moreover, US regulation of such
products generally depends on its modified traits and intended
use. The primary factors for consideration are efficacy and safety,
whereas other factors, such as moral, cultural, and socioeconomic
issues, bear significantly less weight in the product’s fate [22]. It is
also important to note that the FDA concluded that there is little to
no difference between genetically engineered and conventionally
bred crops, suggesting that the agency has no further jurisdiction to
mandate additional labeling [22]. Together, the USDA, FDA, and EPA
continue to update the Coordinated Framework for the Regulation
of Biotechnology and cover the vast array of genetically engineered
products, ensuring product and consumer safety [21].

Current And Future Market Of CRISPR/Cas9 Concerning
Nutraceuticals

Nutraceutical interest has increased in recent years due to
potential health gains, both nutritional and therapeutic; the global
market for nutraceuticals is massive and is worth approximately
USD 117 billion; projections show that the market should continue
to expand [24,25]. In 2017, US retail sales for herbal dietary
supplements were over $8 billion [26,27]. A BCC report from
2018 also notes that by 2023, the global nutraceutical market
should reach $336.1 billion [28]. In recent years, genome editing
technologies, such as CRISPR/Cas9, have risen. CRISPR/Cas9
allows for easy manipulation of the DNA with a high efficiency
which allows for diverse applications of the tool in various fields,
including nutraceuticals and the development of nutraceuticals.
The rapid expansion of the nutraceutical market and the growing
demand for the development of nutraceuticals, combined with
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the capabilities of the CRISPR/Cas9 system of genome editing,
open many doors. The market contains an active research field
on nutraceuticals derived using CRISPR/Cas9 technology. These
nutraceuticals have applications in overall health and wellness and
support the structure and function of the body; examples include
a delay in the aging process, increased life expectancy, and chronic
disease prevention.

Body

Delay in Aging Process & Increase Life Expectancy

A current strategy for increasing life expectancy is delaying
the onset of various age-related diseases [29,30]. As such, various
studies have demonstrated that caloric restrictions (CR) without
malnutrition is one of the most effective methods at increasing
lifespan in species through the reduction of age-related diseases
like Alzheimer’s disease, Parkinson’s disease, osteoporosis, obesity,
diabetes mellitus, hypertension, cardiovascular diseases, and
cancer [29,30]. However, due to the impracticality of CR, a recent
study tested nutraceuticals as an alternative to CR by studying their
effects on insulin-like growth factor 1 receptor (IGF1R) signaling
and silent mating type information regulation two homolog 1
(SIRT1) activity. These are two signaling pathways that play a role
in modulating longevity and healthspan: The study found that
various nutraceuticals mimicked the effects of CR by modulating
the IGF1R signaling and SIRT1 activity, thus promoting longevity
[30]. Another study performed two human clinical trials in which
nutraceuticals, specifically antioxidant supplements, were used
to reduce urinary oxidative stress [29]. The first trial combined
ThioMax, a mixture of a-lipoic acid and n-propyl gallate, with other
antioxidants, minerals, vitamins, and omega-3 antioxidants to form
YouthGuard reduced oxidative stress by 27%. The second trial used
a plant extract (Thiogen), which contained tetramer to hexamer
proanthocyanidin gallate-ester polymers and manganese to reduce
oxidative stress by 38% [29] clinically. The study results, which
cited previously published reports that demonstrated oxidative
stress and specific nutritional deficiencies contribute to aging
and age-related diseases, suggest that nutraceuticals, particularly
various antioxidants and supplements, can delay the aging process
and age-related diseases [29]. Other nutraceuticals identified
to increase life expectancy include quercetin, fisetin, myricetin,
epicatechin, luteolin, aspalathin, butein, DMC, stilbene, resveratrol,
curcumin, berberine, lycopene, crocetin, corticosterone [30].

Chronic Disease Prevention

Nutraceuticals are often implicated in chronic disease
management and prevention, including but not limited to
neurodegenerative diseases, cardiovascular diseases, cancer, and
diabetes. Neurodegenerative diseases, such as Alzheimer’s disease,
which affects about 6.2 million elderly Americans, correlate with
oxidative stress [31]. Nutraceuticals that can act as antioxidants
can combat the oxidative stress associated with neurodegenerative
diseases. Such antioxidant nutraceuticals include curcumin, lutein,
lycopene, tumerin, and (-carotene; it is believed that consuming

antioxidant nutraceuticals may delay the development of

neurodegenerative diseases [25]. Nutraceuticals are also implicated
in the pathogenesis of Alzheimer’s, such as flavonoids, which were
found to inhibit neurological processes involved [32]. Flavonols
such as catechin, epicatechin, epigallocatechin, and epigallocatechin
gallate, havebeenimplicated in cognitiveimprovement[32]. Notably,
Quercetin and Kaempferol are two abundant flavonoids found in
plants with antioxidant activity, cytoprotective effects, and other
positive effects on cognitive performance [32]. Nutraceuticals are
largely implicated in cardiovascular diseases, the leading cause of
death in the United States, presently as well; in fact, prevention and
management of cardiovascular diseases encompass nutraceuticals
including vitamins, minerals, antioxidants, dietary fibers, and
omega-3 polyunsaturated fatty acids [25,33]. Nutraceuticals,
especially polyphenols, assist in reducing cardiovascular diseases
through their ability to alter cell metabolism and signaling
[25,34,35]. Flavonoids in the form of flavones, falanones, and
flavanols have been found to block the angiotensin-converting
enzyme, cyclooxygenase enzymes and prevent platelet aggregation
protecting the vascular system [25]. Additionally, a bioflavonoid in
citrus fruits, hesperidin, is commonly used for venous insufficiency
and hemorrhoids [25].

However, consumption of flavonoids is inversely related to
coronary heart disease mortality and incidence of myocardial
infarction and is commonly consumed by the elderly to reduce the
chances of death from heartdisease [25]. Phytosterols are also found
to have potential activity in reducing morbidity and mortality from
cardiovascular diseases, blocking cholesterol uptake, and assisting
its excretion [25]. Additionally, dietary fibers are also implicated
in having the ability to lower cholesterol [36]. Omega-3 fatty acids
affect plasma lipids and are largely implicated in cardiovascular
diseases [25,37]. Other lesser studied nutraceuticals implicated
in cardiovascular disease are anthocyanins, tannins such as
proanthocyanidins, tetrahydro-f-carbolines, stilbenes, dietary
indoleamines, serotonin, and melatonin [25]. Nutraceuticals are
also implicated in cancer prevention, management, and inhibition.
Globally, cancer is the leading cause of death, with almost 10 million
deaths in 2020 [38]. Lycopene, a carotenoid, is an antioxidant and
a singlet oxygen quencher that has been found to be protective
against cancer in the prostate, testes, and skin, where it is
concentrated; it also decreases oxidative stress and DNA damage
[25,39,40]. Antioxidant nutraceuticals are primarily implicated
in cancer, for example, (3-carotene. Flavonoids such as isoflavones
act as antioxidants and have chemopreventive properties [41].
Furthermore, studies are reporting saponins to have antimutagenic
and anticarcinogenic activity, while tannins are found to be harmful
free radical scavengers and detoxify carcinogens [25]. Pectin has
been implicated in prostate cancer metastasis by blocking cancer
cells from adhering to other cells, notably [25,42]. Other lesser
studied nutraceuticals implicated in cancer include daidzein,
biochanin, isoflavones, phenolic compounds like gallic acid,
glucosinolates, cysteine, glutathione, selenium, vitamin E, vitamin C,
and genistein; additionally, phytochemicals and phytoestrogens are
currently being researched for their anticarcinogenic potential [43].
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Regarding diabetes, which affects 34.2 million in the United States,
or 10.5% of the population, nutraceuticals can make the quality of
life better [44]. The most studied nutraceuticals for diabetes are
isoflavones, and they have been associated with a lower incidence
and mortality rate for type Il diabetes [45]. In conjunction, Omega-3
fatty acids are implicated in glucose tolerance reduction in those
with diabetes; Lipoic acid has been used in treating diabetic
neuropathy and can protect diabetic patients from complications
or comorbidities [25,46]. Dietary fibers have also been used for
glucose control in diabetics [25]. Though neurodegenerative
diseases, cardiovascular disease, cancer, and diabetes are not an
exhaustive list of chronic diseases, they highlight the potential of
nutraceuticals in the prevention, management, treatment, and
delaying chronic disease with much ground in research still to
cover to understand the potential of nutraceuticals fully.
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The Implication of CRISPR/Cas9 on Nutraceuticals

Nutraceuticals may be beneficial to many aspects of health,
leading to the demand for the development and production of
nutraceuticals. One such method of nutraceutical development and
production is the CRISPR/Cas9 system. The CRISPR/Cas9 system
can be used as a tool to develop nutraceuticals and enhance the
production of nutraceuticals in medicinal plants. For medicinal
plants and nutraceuticals, the CRISPR/Cas9 genome editing system
can manipulate the phytochemical profile to achieve one more
desirable. (Figure 3) summarizes the recent development of the
production of nutraceuticals using the CRISPR/Cas9 system. The
CRISPR/Cas9 system can be exploited in developing and producing
nutraceuticals, as shown in figure 3. More research on how to
use the full potential of this system to develop a wide array of
nutraceuticals efficiently is a current active field of research.
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Figure 3: Application of CRISPR/Cas9 in Nutraceuticals.
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Conclusion

Nutraceuticals have a role in many aspects of health: the aging
process, life expectancy, chronic disease prevention/management,
and delaying the onset of chronic disease. Many of these
nutraceuticals, in recent years, have been developed using CRISPR/
Cas9 systems that increase the nutraceutical concentration in the
medicinal plant from which it is derived. These CRISPR/Cas9-
developed nutraceuticals are at the forefront of nutraceutical
development and CRISPR/Cas9 research. They are slowly making
their way onto the global market with the implementation of
Regulation on nutraceuticals and CRISPR products and considering
the ethics of using CRISPR.
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