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Abstract

Purpose: Lifestyle modification and sedentary
life have led to multiple comorbidities which
necessitate exploitation of underutilized novel
ingredients in daily life. This comprehensive
review aimed at providing valuable insight into
the diverse pharmacological activities of beetroot
bioactive compounds and their health enhancing
properties. Furthermore, this review explored
emerging research by scientific community for
utilization of beetroot in the development of
novel functional food products.

Materials and Methods: The scientific studies
focusing on the biological activity and
therapeutic potential of beetroot for health
parameters were included in this study. Database
search was made using google scholar, PubMed
and research gate which generated a total of 200
papers. Out of which, only 63 met the inclusion
criteria of this study. Inclusion criteria included
literature focusing on beetroot’s bioavailability,
plant pigments, bioactive compounds, health
benefits, as well as studies describing food
applications. This review includes studies
between 2014 and 2023.

Findings: The main findings suggested that a
prominent bioactive compound and natural
betalain pigment in beetroot, exhibits potential
anti-inflammatory, anti-carcinogenic and anti-
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depressive properties. The anti-oxidant activity of
betalain is effective against oxidative stress and
play a role in preventing and mitigating chronic
diseases. Bioactive components including, nitrate
content, betanin and betacyanin, potentially
modulate  blood pressure and promote
cardiovascular health. Furthermore, beetroot
derived polyphenols, carotenoids, vitamins and
minerals contribute to bone health, immune
function and overall well-being. Food product
development based studies demonstrate an
overall improvement in the nutritional and
sensory profile.

Implications to Theory, Practice and Policy:
Further research on bioactive components of
multiple varieties of beetroot is recommended to
reassess the underlying mechanisms and optimal
dosage for unlocking their potential for
medicinal, nutraceuticals and dietary
interventions. More research is needed by food
industrialists and scientists to explore the
potential of beetroot pigments as non-synthetic
food additives particularly color enhancer in
various food formulations.

Keywords: Beetroot, Bioactive Compounds,
Betalain, Anti-Oxidant Potential, Health
Benefits, Non-Synthetic Food Additive, Food
Applications [Q18, 013, & 115]
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1.0 INTRODUCTION

Vegetables are known for their health-enhancing properties because they are an excellent source
of nutrients and energy. 4-5 servings of vegetables have been recommended for a functional human
body [, Plant based food such as vegetables, fruits, and whole grains has nutritional and medicinal
effects on the human body. These foods contain a broad spectrum of phytochemical compounds
contributing to their health-enhancing properties. Notably, phytochemical classes of vegetables
i.e., carotenoids, phenolic and flavonoid compounds, and alkaloids, have been extensively studied
21 The exploration of composition of these compounds highlights their significance in lessening
the rate of health ailments and improving the overall quality of life [2],

Beetroot (Beta vulgaris L.), a versatile vegetable, has been benefiting humans for years with its
medicinal properties, it was utilized for food and beverages during the 3 century. Red beet was
used for the first time for its various applications in the state of Babylonia in the eighth century I,
It is also being consumed as a supplemented food and as table vegetable ¥l Currently, it is
frequently employed in manufacturing industries as a food coloring additive known as E162 and
is regularly consumed as part of the typical diet, either fresh or after thermal processing or
fermentation. All components of this plant have therapeutic benefits, including anti-inflammatory,
diuretic, expectorant, anti-oxidant, anti-depressant, anti-microbial, anti-fungal, anti-depressant,
and carminative hepato-protective or cardiovascular health protector B,

In a study, Georgiev and his team [®! described the anti-oxidant potential of the betalain and
phenolics in beetroot, indicating a protective function of these compounds in oxidative process as
well as beneficial function of inorganic nitrates against blood pressure (BP) and cardiovascular
diseases (CVDs) "], Beetroot has been in demand as new ‘superfood’ due to studies claiming that
beets, consumed in any form, decrease the risk of diabetes, lowers blood pressure, and improve
hair growth B It is believed to have anti-inflammatory and anti-oxidant potential, hepato-
protective and anti-carcinogenic effect [ improved athletic performance, and wound healing
properties 1%, Beet is a natural food with the highest level of sugar content and nitrates that
augments energy levels in athletes [,

Origin of Beetroot

Beetroot is a plant with dark purplish-red color. It belongs to the family Chenopodiaceae and the
subfamily of Betoideae. Red beet was used for the first time for its various applications in the state
of Babylonia in the eighth century 1. Although beetroot has been benefiting humans for years
with its medicinal properties, it was utilized for food and beverages during the 3 century.
European records show that beetroot was cultivated before the tenth century. The roots and leaves
of red beets were used by Romans and Greeks as vegetables and for their medicinal characteristics
[11 Now, beetroots are indigenous to the Mediterranean region. Beet plant is an herbaceous
biennial and excessively cultivated from June to November on the coasts of Europe, North Africa,
Asia, and some parts of America (21,

Worldwide Beetroot Production

Beetroot has a worldwide distribution. In 2014, 269,714 million tonnes of beetroot production
were found worldwide. In France, approximately 37,844,567 tonnes and 33,513,369 tonnes of
beetroot were produced by Russia in 2014. United States, Poland, Germany, Turkey, Egypt,
Europe, Ukraine, and China are among the major beetroot producing countries 3. One of the most
extensively grown root vegetables in Poland, it is also relatively well-liked throughout Europe.
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Around 314 thousand tonnes of red beets were produced in Poland in 2014, according to data from
the Central Statistical Office, a 5.3% rise over the previous year [4],

Varieties of Beetroot

Crimson globe, Early wonder, Detroit dark green, and Crosby Egyptian are four major beetroot
varieties. Uniform, smooth roots, and dark red flesh belong to Detroit Dark Red beetroot. Crimson
Globe beetroot has medium-dark red flesh and little shoulders. Crosby Egyptian beetroot is dark
purplish from inside and has indistinct zones. It has a flat globe. They obtain maturity after 60 days
of sowing. Flattened root, green leaves, red veiny globe, smooth textured round shoulders, and
dark red flesh having lighter red zones are the characteristics of Early wonder F1,

Nutrition Profile of Beetroot

Red beets are real superfood with diversity of nutrients, including vitamins (A, C, E, K, B),
minerals i.e. potassium, zinc, sodium, phosphorous, calcium, and magnesium and folic acid, see
Table 1. The chemical composition (%) shows the presence of moisture (87.58), dietary fiber (2.8),
fats (0.16), protein (1.61), ash (1.08) and carbohydrates (9.56) [8l. Factors like genetics, harvesting
conditions, different kind of varieties and ecological conditions may vary the chemical
composition of the beets. Nutritional compounds distribution varies in peel, stem, root and leaf
of beetroots [*41. Carotenoid is rich in leaves of beetroot than tubers because carotenoids, alpha-
beta carotene accumulate the chloroplast of plants 1. Micronutrients in beetroot help fight cancer
and lower blood pressure, both of which are crucial for cardiovascular health [171. They also include
a sizable amount of anti-oxidants, betalains and phenolic chemicals, all of which are known to
possess variety of positive health effects [°1. Red beetroot in particular include phenolic acids i.e.
caffeine, syringic acid, and ferulic acid, flavonoids i.e. rhamnocitrin, rhamnetin, and kaempferol,
and amino acids i.e. threonine, valine, cysteine, methionine, isoleucine 161,

Table 1: Micronutrient Composition of Beet Root and Leaves [18]

Micronutrient Source Unit Amount
Minerals
Calcium (Ca) Root mg 16
Leaves mg 2,220
Potassium (K) Root mg 325
Leaves mg 1,440
Magnesium (Mg) Root mg 23
Leaves mg 350
Phosphorus (P) Root mg 40
Leaves mg 330
Iron (Fe) Root mg 0.80
Leaves mg 16.90
Sodium (Na) Root mg 78
Zinc (Zn) Root mg 0.35
Vitamins
Vitamin K Leaves mg 280
Vitamin C Root mg 10.01
Vitamin A Root Hg 2
Leaves mg 3.93
Vitamin B Root mg 0.031
Vitamin B2 Root mg 0.027
Vitamin B3 Root mg 0.331
Vitamin Bs Root mg 0.145
Vitamin Bs Root mg 0.067
Vitamin Bg Root Hg 80
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Bioactive Compounds of Beetroot

Beetroot represents a significant root vegetable category. Figure 1 presents its major bioactive
compounds. Beets are becoming more and more popular due to diversity of its active ingredients
such as betalain, polyphenols, carotenoids, flavonoids and nitrates, which are water-soluble
pigments and have positive nutritional and physiological functions 191,

Flavonoids

|
) Phenolic
Phenolics Creician
: ' Phenolic
Nitrates J non
| Ascorbic
Beetroot : .
acid J Vulgaxanthin |
) Vulgaxanthin Il
Carotenoid Betaxanthln/ 4 .
S Indicaxanthin
Betalains |
: Betanin
| Betacyanlnl-—-‘ Isobetanin

Figure 1: Bioactive Compounds of Beetroot [*]
Phytochemicals (Phenolics/Flavonoids)

Phytochemicals are present in the plants in abundant amount. Red beetroot consumption is healthy
for the body since it contains useful bioactive chemicals in addition to betalains such as flavonoids,
phenolic acids, and anti-oxidants which are highly absorbed and bioavailable by humans.
According to researchers, betalain, a compound found in red beetroot, ranks among the top ten
vegetable species with the strongest anti-oxidant qualities. Beets had the highest total phenolic
content, according to a study by Vinson 2%, Oxalic acid present in red beetroot, and its extract also
contains significant flavonoids, saponins and triterpenes [®l. Generally, least phenolic contents are
present in the roots portion. Flavonoids present in abundant amount are responsible for coloring
the stems, flowers and leaves of the beets. Flavonoids being biologically active compounds having
health benefitting anti-oxidant properties 7). During the processing of vegetables, flavonoid
content can be lost. Therefore, to make beetroot consumption efficient, the evaluation of beetroot
formulation containing flavonoids should be done properly. Vasconcellos et al., ?* studied the
total amount of phenolics in different beetroot products like chips, juice, cooked beetroot (CB) and
beetroot powder (BP) and compared them. Their study indicated that 2.79 and 3.67 GAE mg/g of
total polyphenol was found in CB and juice, respectively, which was higher than beet chips (0.75
GAE mg/g). Due to loss of phenolics during the process of drying, beetroot chips and powder
contained lower total phenolic content as compared to cooked beetroot and juice.
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In a study by Da Silva [l beetroot gel was produced after processing the beetroot juice. The
purpose of the study was to enhance the dietary nitrates, anti-oxidant, and phenolic content in the
beetroot gel and check the health effects it imparts on the human body. The formulated gel was
investigated for physicochemical parameters. After checking the results from the study, it was
found out that gel was enriched with nitrates and contained a greater number of phenolic,
phytochemicals like flavonoids and saponins. The anti-oxidant levels, fiber, and carbohydrates
were also enhanced. The gel showed greater overall acceptability with better acceptance of taste
and texture. Higher levels of nitrates in the gel decrease cholesterol and blood pressure. A total of
26 triterpene saponins, including betavulgarosides I-X, were found in beetroot. On the other hand,
betroot roots were not found to contain betavulgarosides IX or X. It was once believed that the
biosynthesis of the triterpene oligoglycosides betavulgarosides 1-IX, which have different acetal-
and ?i?xolane-type substituents, involved the oxidative breakdown of a terminal monosaccharide
unit (91,

Betalains

The richest source of betalains is red beetroot. They are pigment of higher plant family of
Caryophyllales order. Total of seventy betalains are known to nature and they are classified on the
basis of their chemical structure. The major bioactive chemical family of betalains is another one
that is naturally present in beetroot together with nitrate. Color of the betalain is red and the pH
stability ranges from 3 to 7. In the food business, betalains-hydrophilic nitrogenous pigments-are
frequently employed as natural colorants for commodities such processed meat, ice cream, and
baked goods. According to its color, betalains are divided into two main groups: betacyanins have
a reddish-violet hue, while betaxanthins with yellow-orange hue. In terms of their chemical
makeup, betacyanins are composed of cyclo-3,4-dihydroxyphenylalanine and betalamic acid 22,

The application of betalain as a natural colorant is gaining trend in the food industry because it’s
non-toxic, non-poisonous, anti-allergic, anti-oxidant and anti-cancerous nature imparts potential
health benefits. The number of synthetic dyes allowed by the FDA has been reduced from 700 to
7 28 The formation of betalains is claimed to require tyrosine as a precursor. Tyrosinase's
diphenol/DOPA oxidase activity, which is brought on by the massive accumulation of tyrosine,
catalyses the conversion of dihydroxyphenylalanine (DOPA) to cyclo DOPA (hydroxylated by
tyrosine hydroxylase). Hence, the first step in the production of betalain is the hydroxylation of
tyros[in? to DOPA, which is followed by the cleavage of the aromatic ring to produce betalamic
acid 1,

Due to the red color property of betalain, it is used in product development in food industries. The
aim is to produce safe and healthy food and improve the nutritional value of the food product 251,
Red beet additives have high water solubility and are non-toxic. The major source of betalain is
beetroot and is being used in products to prevent discoloration of food and make it nutrient
enriched ?°1. The fundamental issue that has been discovered in patients with diseases associated
with cognitive impairment, such as dementia and Alzheimer's diseases, is disturbance in the blood
circulation of the brain. The beet's nitrate content, which is digested to produce nitric oxide (NO),
and the betalain can help with circulatory issues 241,

Carotenoids

Beetroot possess abundant amount of carotenoids, which act as strong anti-oxidants and are
essential in managing and preventing various diseases. In relation to being photosynthetic
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accessory pigments, carotenoids protect biological components like DNA from free radical
damage by acting as scavengers for oxygen radicals produced by chloroplasts during
photosynthesis ('3, They belong to the class of tetraterpenoids and represented in smaller amounts
in beetroot. Carotenoids obtained from beets have shown inhibition of mutagenesis, thus, reducing
the risk of various cancers 21, Lutein and Beta-carotene, two kind carotenoids in the red beets act
as potent anti-oxidants and immuno-enhancers. In a study, 1.9mg/100g of carotene was found in
red beets 28], Lycopene, an important carotenoid is gaining attention related to its anti-oxidant
property and was reported to be highest (3.46mg per 100g) in beetroot among different vegetables
tested in Bangladesh [?°],

Bioavailability

Another study conducted by Wiczkowski and his researchers [30] interindividual variability on
betacyanins bioavailability by ingestion of different red beetroot products in humans was studied.
Beetroot juice and crunchy beetroot slices having isobetanin and betanin were voluntarily
consumed by 12 subjects. They did high-performance liquid chromatography for betalain
identification and analysis. Results from the analysis of the urine sample of people who consumed
beetroot juice and crunchy slices contained betacyanins as well as their aglycones. After 1% two
hours, the highest excretion rate of betacyanins that was 64nmol/hour, in the urine sample of
people who consumed beetroot juice was found. Excretion rate was observed after 2 to 4 hours for
the people having beetroot slices (66nmol/hour). They concluded that the total excretion rate of
betacyanins was close to 0.3% after ingesting both products and ranged from 0.12 to 0.58%.
Conversion of nitrates into nitrosamines can trigger carcenogenesis, various defects in the human
feature, and endocrinolgical disorders [, Nitrates from the beetroot are reckoned one of the most
beneficial source of nutrients at the present times [°l. Beetroot is a good source of nitrates. Nitric
oxide availability in In-vivo increases after the ingestion of beetroot and results in the management
of endothelial functions and prevention of various diseases like hypertention 321,

Health-Enhancing Properties

Vegetables, being a rich source of many bioactive ingredients provides various nutritional and
health benefiting attributes and serves as a crucial part of our everyday diet. Among vegetables,
beetroot has piqued the interest of researchers due to its high concentration of nitrate (NO3), a
compound with significant nutritional benefits for people with cardiovascular disease via
endogenous nitric oxide production (NO) B2 as well as its status as a functional food [9].
Additionally, betalain pigment that is primarily produced by plants of the Caryophyllales order,
are useful as pharmaceutical agents and dietary supplements due to their anti-inflammatory, anti-
cancerous, and anti-hypertensive properties among several others %] as depicted in Figure 2.

The number of diseases have been increasing day by day due to sedentary lifestyle of people.
Metabolic syndrome is a growing health issue in developed and developing countries with the co-
occurrence of numerous diseases like hypertension, CVDs, diabetes, etc. People are looking for
safer alternatives to improve their quality of life. The introduction of vegetables into the daily diet
has become crucial 4. Beetroot has been in demand as a new 'superfood" due to studies claiming
that beets, consumed in any form, lower risk of blood pressure, and improve athletic performance
81, Red beetroot is believed to have an anti-inflammatory effect and has also been recognized as a
functional food. Its nutritional and therapeutic tool can be evaluated against various health ailments
[351 Table 2 displays some health promoting benefits of beetroot bioactive compounds.
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Anti-Oxidant and Anti-Inflammatory Property

Beetroot is categorized among ten potential plants with the highest anti-oxidant potential (X1, In
humans, the anti-oxidant activity of betalain also augments low-density lipoproteins thus,
providing oxidation resistance. Betalain extract has the potential to reduce inflammation and
protect slim lining of blood vessels 8. Intrinsic response of the body is directed by the
inflammation. Physical and biological incentive like shock and septicity, agents that cause disease
give homeostasis interruption and ground for harm. Prostaglandins play fundamental role in the
inflammatory response as their biosynthesis is considerably augmented in inflamed tissue causing
redness, swelling, weakness and short-term pain at the site of the inflammation. Natural substances
like betalain has led the researchers to investigate their anti-inflammatory processes. Figure 3
illustrates the anti-inflammatory process of btalain in response to cell damage by injury.

Home processing effects on the in vitro bioavailability of beet root bioactive components and their
anti-oxidant properties were investigated. Highest recovery in jam, for total phenolics (16%) and
total anti-oxidant capacity (1.3%), were revealed by the in vitro digestion procedure. Comparative
data to analyze the impact of various home-processing techniques on anti-oxidant capacity of
beetroot products were established through aforementioned study 371,
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Figure 3: The Inflammatory Cascade in Response to Cellular Attack )

In a study, beetroot gel was produced after processing the beetroot juice [). The purpose of the
study was to enhance the dietary nitrates, anti-oxidant, and phenolic content in the beetroot gel and
check the health effects it imparts on the human body. The formulated gel was investigated for
physicochemical parameters. After checking the results from the study, it was found out that gel
was enriched with nitrates and contained a greater number of phenolic, phytochemicals like
flavonoids and saponins. The anti-oxidant levels, fiber, and carbohydrates were also enhanced.
The gel showed greater overall acceptability with better acceptance of taste and texture. Higher
levels of nitrates in the gel decrease cholesterol and Blood pressure.

Anti-Carcinogenic Property

Conversion of normal cells to neoplastic cells, leading to cancer, is known as carcinogenesis.
Several research on beetroot found its anti-cancer, and chemo-protective function. Induction of
apoptosis, interruption of cell inflammation, excess production of cytokines, and oxidase activity
reduction are some of the mechanisms through which bioactive compounds of beetroot act upon
its cancer prevention role [*°l. Carcinogenesis may be disrupted by the beetroot and its bioactive
components. The anti-cancerous activities of betalain has been demonstrated by many studies and
efforts have been made to determine the mechanism behind it, as displayed in Figure 4.
Researchers showed that betalain had no impact on the normal cell line by developing an insulation
around injured tissues [,

Moreover, results from various research showed that moderate and permanent consumption of
table beet products may favorably affect the patient’s life expectancy. Bladder and ovarian cancer
cells as well as proliferation of human tumor cells are inhibited by the betacyanins [34 3,
Incidence of esophagus, skin, liver, lung, and colon cancer is reduced by the ingestion of beetroot.
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Saponins, another bioactive compound of beetroot, is helpful in the reduction of cancers. Saponin
content may also vary depending on how the beetroot is processed. Saponin content in beetroot
gel was nearly three times higher than in juice, at 22 and 8.22mg/g, respectively 1. Doxorubicin
(Anthracycline) is a type of chemotherapy drugs which is used to treat different kinds of cancers
[0 Das et al. [*!] stated that adult rats which were given same combination of doxorubicin and red
beet juice showed reduction in cardiac cell death and enhancing apoptosis in breast cancer cells.
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Anti-Stress and Anti-Depressive Property

In the stress and anxiety related psychiatric disorders red beets have shown therapeutic potential.
Sulakhiya et al. 4 studied the effects of beetroot extract of leaves on depression, stress, and
anxiety in mice. In stressed mice, anxiolytic and antidepressant activity, as well as good
antioxidant property was shown. Omega-3 can be used with Uridine (extracted from sugar beet)
to prevent depression by changing mood and reducing overwhelming feelings resulting in the
relaxation of the body [3¢],

Anti-Hypertensive Property

Nitrates from Beta vulgaris reduce blood pressure and also oxidize Low-density-lipoprotein 71,
Hypertension has affected approximately one billion individuals globally and is a primary purpose
for cardiovascular problems. Diet high in nutritional fibers favors in lowering blood strain. A study
was focused to determine the impact of RBJ (raw beet juice) and CB (cooked beetroot) on people
suffering from excessive blood strain. In this, twenty-four hypertensive people aged twenty-five
to sixty-eight years have been classified into 2 separate groups. For two weeks, one group
consumed juice and the second group took cooked beetroot. From every group, each individual
took 250ml of RBJ or 250g of CB per day for the duration of fourteen days. Both varieties of
beetroot were tremendous in keeping in check blood pressure, endothelial characteristic and
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inflammation, however the juice had higher significance in opposition to hypertension relative to
cooked beetroot 4],

Research investigation by ! used beetroot gel produced without any chemical components and
study its beneficial effects on blood pressure and plasma nitric oxide. The sample was tested in
five subjects (four men and one woman), eating a hundred gram of beetroot gel. The outcome of
acute inorganic nitrate supplementation on nitric oxide production was evaluated in these subjects.
Results showed that consumption of beetroot gel improved plasma nitrite threefold after 60 min
of ingestion, reduced systolic blood strain by 6.2mm Hg and diastolic blood pressure reduced by
5.2mmHg, and coronary heart rate reduced by 7 beats per minute. Figure 5 shows how betalain
acts for the management of blood pressure through oxidative stress reduction.

Betalains

Oxidative Stress
l, Inflammation

Oxidative LDL Hepatic Steatosis
Blood Pressure GOT, GPT »1,

Insulin Sensitivity | Insulin Sensitivity

1,Hypcrglycemia Hyperglycemia T
¥ ®

Anti-obesity &
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Figure 5: Therapeutic Role of Betalains
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Table 2: Health Promoting Benefits of Beetroot Bioactive Compounds

Bloactive Sources Health-Enhancing Properties References
components
» Strong anti-oxidant, anti-
carcinogenic, cardio protective
activity
- Strong anti-inflammatory property = [9] [19]
- Anti-diabetic, hypotensive, - [36]
hepato-protective, a cure for « [9][10]
Betalain Beetroot wounds - [43], [44]
- Anti-hypertensive, anti-depressive ~  [24]
effect » [45] [46]
« Reduced oxidative hemolysis in
RBCs
« Anticancer activity against HEp-2
and MCF-7 cells
« Reduce blood pressure
« Inhibit proliferation of human e [43]
Betacyanin Beetroot tumor cells o [34]
« Prevent bladder and ovarian e [39]
cancer
« Increase resistance to lipid
: ) peroxidation - [47]
Betan.ln and Iso Beetroot « Inhibit breast, colon, stomach, - [19].
betanin
lung cancer cell
« Suppressing Alzheimer's disease
] « Strong anti-oxidant activity,
Phenolic and prevent cancer, reduce
Flavonoid Beetroot cardiovascular diseases - [18]
compounds « Inhibit the synthesis of microbial
cell membranes
» Stimulate immune defense,
Phytochemicals* Beetroot hematopoietic, hepatic, and renal  [36]
protection
» Down regulate the oxidative
stress, inflammatory, and
Beetroot apo_ptogis activity - [48]
juice . Malntaln_plasma_NOZ level and e [49]
endothelial function < [50]
« Improve physical and cognitive
performance
Beetroot
o . « [51]
extract - Strong antimicrobial activity . [52]
with  Lipid lowering
ethanol

Processing and Food Application

Storage time of the vegetables is affected by the environmental factors and global warming. To
preserve the vegetables, especially seasonal, processing is one of the most essential method. If the
processing method is conducted properly, it could retain same natural nutrients as that of raw
product. Frying, boiling, baking, and drying are all different ways to preserve beetroot and these
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methods can affect its nutritional profile. With the rightly chosen processing method, the consumer
could benefit from its health-promoting properties ©l. According to a study, after thermal
processing at 80°C for 10 minutes, peels and pulp of beetroot shows high anti-oxidant activity but
the content of natural pigment betalain was declined %1, Freeze-drying the beetroot juice in a spray
dried system developed beetroot powder Y. Various studies investigated red beets for
manufacturing different food products. Sandhya and priya prepared cream cheese spread using
beetroot as coloring and nutrition-enhancing agent 4. Beetroot-based functional food and dietary
supplements are available in the market such as beetroot juice, gels, fermented and fractionated
beetroc[)gojuice, dried beet powder (in the form of tablets, capsules), crunchy beetroot slices, and
crisps ™.

Chips w Bun

Muffin

Figure 6: Different Food Applications of Beetroot [*2

Not everyone is aware of the benefits of red beets even though they are being eaten in considerable
quantities. Different beetroot based product at the markets is available to satisfy consumers
preferences and culinary traditions and also to increase and maintain the functionality of the
products. Meeting the demand of consumers for healthier options may lead to an increase in sales
and market share for products containing beetroot as well beetroot cultivation and agricultural
sector expansion. For food application, beetroot has been investigated for its color, flavor and
nutritional aspect, by various food industries and researchers making it a super food. These are
consumed both raw and cooked form as salad and stews. Nowadays, beetroots are commercially
being used for juice and pickle production ', In Australian sandwiches, beet is commonly found
ingredient. Fresh leaves and stem of beetroot are steamed and eaten, and older stems are stir-fried.
Beetroot additives are non-allergenic and inexpensive. Additionally, Deep red-color beetroots are
employed in the color enhancement of various products. Therefore, natural colorants are more
anticipated than synthetic colorant for commercial application as food additives X, Potential
application of beetroot in various food products have been outlined in Table 3.

2.0 CONCLUSION AND RECOMMENDATION
The bioactive compounds of beetroot such as betalains, carotenoids, polyphenols, and flavonoids
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demonstrated a wide range of pharmacological activities that underscore its health enhancing
potential. The high anti-oxidant potential of betalain is effective against oxidative stress, a key
factor in the development of numerous chronic diseases. Moreover, nitrate content, betanin and
betacyanin of beetroot showed their extensive potential for modulating blood pressure, chemo-
protection and cardiovascular health, simultaneously. The implications of this study are
multifaceted and suggest its usage in array of industrial applications that could range from
developing food products and dietary supplements to incorporating beetroot extracts in
pharmaceutical formulations. This way it can also positively impact various sectors of the
economy, from agriculture to consumer goods.

Table 3: Potential Application of Beetroot in VVarious Food Products

Food Forms of Red Beetroot -
Sr# Products (Betalains) Findings References
. Enhanced sensory acceptance
0 L
1 Yogurt e oaian & 2 B BEean? rheological properties, and [55]
powder - - ;
physicochemical attributes
Wheat dough with good
.. hydration and farinographic
-1009
2 Baked rolls Addition of 2-10% of beetroot properties and improved [56]
powder .
physical and sensory
characteristics of baked rolls
100mL of beetroot juice was .
3 Jelly used to develop jellies Good quality jelly was formed [57]
Beetroot pomace utilization up The phytochemical properties of
4 Candy to 0-10% the candies were improved [58]
Noodles containing 30%
it -400,
5 Noodles Addition of 10-40% of beetroot beet_rqot pulp ha(_j the best [17]
pulp nutritional, cooking, and overall
acceptance
Dairv free Beetroot drink was a good
6 ry Fresh beetroot product that was low in [59]
drinks S .
cholesterol and high in nutrients
Supplementation of beetroot DEVEUTEED [ErEat Tl oY (&7
7 Bread PP was accepted and carried high [60]
powder up to 70% .
nutrition contents
Beetroot pulp can be
8 Jam Beetroot pulp incorporation up successfully used in the [61]
to 60% development of a low sugar
extra vegetable jam.
Beetroot can serve as an
9 Muffins Use of beetroot extract as a alternate to harmful_ synt_hetlc . [62]
natural colorant colorants and contains high anti-
oxidant levels
According to the records,
I g
10 Biscuits Utilization of beetroot powder biscuits with 5% beetroot [63]

up to 15%

powder had better physical as
well as sensory attributes.

https://doi.org/10.47672/ejhs.1802 25

Sharif, et al,. (2024)


http://www.ajpojournals.org/

=
European Journal of Health Sciences A J P @

ISSN 2520-4645 (online)
Vol. 10 No 1, pp 12 - 30, 2024 Www.ajpojournals.org

REFERENCES

(1]

[2]

(3]

(4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

Ingle, M., Thorat, S. S., Kotecha, P. M., & Nimbalkar, C. A. (2017). Nutritional
assessment of beetroot (Beta vulgaris L.) powder cookies. Asian Journal of Dairy and
Food Research, 36(03). https://doi.org/10.18805/ajdfr.v36i03.8963

Mena, P., & Angelino, D. (2020). Plant food, nutrition, and human health. Nutrients,
12(7), 1-5. https://doi.org/10.3390/nul2072157

Chawla, H., Parle M., Sharma, K., & Yadav, M. (2016). Beet root a health promoting
functional food. Inventi Impact: Nutraceuticals, 8-12.

Morgado, M., De Oliveira, G. V., Vasconcellos, J., Monteiro, M. L., Conte-Junior, C.,
Pierucci, A. P. T. R., & Alvares, T. S. (2016). Development of a beetroot-based
nutritional gel containing high content of bioaccessible dietary nitrate and antioxidants.
International Journal of Food Sciences and Nutrition, 67(2), 153-160.
https://doi.org/10.3109/09637486.2016.1147531

Liliana, C., & Oana-Viorela, N. (2020). Red Beetroot: Composition and health effects - A
Review. Journal of Nutritional Medicine and Diet Care, 5(2).
https://doi.org/10.23937/2572-3278.1510043

Georgiev, V. G., Weber, J., Kneschke, E. M., Denev, P. N., Bley, T., & Pavlov, A. I.
(2010). Antioxidant activity and phenolic content of betalain extracts from intact plants
and hairy root cultures of the red beetroot Beta vulgaris cv. Detroit Dark Red. Plant
Foods for Human Nutrition, 65(2), 105-111. https://doi.org/10.1007/s11130-010-0156-6
Da Silva, D. V. T., De Oliveira Silva, F., Perrone, D., Pierucci, A. P. T. R., Conte-Junior,
C. A, Da Silveira Alvares, T., Del Aguila, E. M., & Paschoalin, V. M. F. (2016).
Physicochemical, nutritional, and sensory analyses of a nitrateenriched beetroot gel and
its effects on plasmatic nitric oxide and blood pressure. Food and Nutrition Research, 60.
https://doi.org/10.3402/fnr.v60.29909

Dwivedi, N., Singh, A., Jaiswal, M., & Agrahari, K. (2017). Standardization and
development of beetroot-based product. International Journal of Home Science, 3(2), 26—
30.

Clifford, T., Howatson, G., West, D. J., & Stevenson, E. J. (2015). The potential benefits
of red beetroot supplementation in health and disease. Nutrients, 7(4), 2801-2822.
https://doi.org/10.3390/nu7042801

Dominguez, R., Cuenca, E., Maté-Mufioz, J. L., Garcia-Fernandez, P., Serra-Paya, N.,
Estevan, M. C. L., Herreros, P. V., & Garnacho-Castafio, M. V. (2017). Effects of
beetroot juice supplementation on cardiorespiratory endurance in athletes. A systematic
review. Nutrients, 9(1), 43. https://doi.org/10.3390/nu9010043

Kumar, Y. (2015). Beetroot: A super food. International Journal of Engineering Studies
and Technical Approach, 01(3), 20-26.

[121 Wruss, J., Waldenberger, G., Huemer, S., Uygun, P., Lanzerstorfer, P., Miiller, U.,

[13]

Hoglinger, O., & Weghuber, J. (2015). Compositional characteristics of commercial
beetroot products and beetroot juice prepared from seven beetroot varieties grown in
Upper Austria. Journal of Food Composition and Analysis, 42, 46-55.
https://doi.org/10.1016/j.jfca.2015.03.005

FAO (Food and Agriculture Organization). Food and Nutrition in Numbers. Available at:
https://www.fao.0rg/3/i3621e/i3621e.pdf. Assessed on 23 March 2023.

https://doi.org/10.47672/ejhs.1802 26 Sharif, et al,. (2024)


http://www.ajpojournals.org/
https://www.fao.org/3/i3621e/i3621e.pdf

=
European Journal of Health Sciences A J P @

ISSN 2520-4645 (online)
Vol. 10 No 1, pp 12 - 30, 2024 Www.ajpojournals.org

[141 Sawicki, T., Baczek, N., & Wiczkowski, W. (2016). Betalain profile, content and
antioxidant capacity of red beetroot dependent on the genotype and root part. Journal of
Functional Foods, 27, 249-261. https://doi.org/10.1016/}.jff.2016.09.004

[ pynia Bangar, S., Singh, A., Chaudhary, V., Sharma, N., & Lorenzo, J. M. (2023).
Beetroot as a novel ingredient for its versatile food applications. In Critical Reviews in
Food Science and Nutrition, 63(26), 8403-8427.
https://doi.org/10.1080/10408398.2022.2055529

[81 Thiruvengadam, M., Chung, |. M., Samynathan, R., Chander, S. R. H., Venkidasamy, B.,
Sarkar, T., Rebezov, M., Gorelik, O., Shariati, M. A., & Simal-Gandara, J. (2022). A
comprehensive review of beetroot (Beta vulgaris L.) bioactive components in the food
and pharmaceutical industries. In Critical Reviews in Food Science and Nutrition, 64(3),
708-739. https://doi.org/10.1080/10408398.2022.2108367

[171 Chhikara, N., Kushwaha, K., Sharma, P., Gat, Y., & Panghal, A. (2019). Bioactive
compounds of beetroot and utilization in food processing industry: A critical review. In
Food Chemistry (Vol. 272, pp. 192-200). Elsevier Ltd.
https://doi.org/10.1016/j.foodchem.2018.08.022

[81 Akan, S., Tuna Gunes, N., & Erkan, M. (2021). Red beetroot: Health benefits, production
techniques, and quality maintaining for food industry. Journal of Food Processing and
Preservation, 45(10). https://doi.org/10.1111/jfpp.15781

(191 |_echner, J. F., & Stoner, G. D. (2019). Red beetroot and betalains as cancer
chemopreventative agents. Molecules, 24(8). https://doi.org/10.3390/molecules24081602

[0 vinson, J. A., Hao, Y., Su, X., & Zubik, L. (1998). Phenol antioxidant quantity and
quality in Foods: Vegetables. Journal of Agricultural and Food Chemistry, 46(9), 3630—
3634. https://doi.org/10.1021/jf9802950

(211 v/asconcellos, J., Conte-Junior, C., Silva, D., Pierucci, A. P., Paschoalin, V., & Alvares,
T. S. (2016). Comparison of total antioxidant potential, and total phenolic, nitrate, sugar,
and organic acid contents in beetroot juice, chips, powder, and cooked beetroot. Food
Science and Biotechnology, 25(1), 79-84. https://doi.org/10.1007/s10068-016-0011-0

221 Milton-Laskibar, 1., Alfredo Martinez, J., & Portillo, M. P. (2021). Current knowledge on
beetroot bioactive compounds: Role of nitrate and betalains in health and disease. In
Foods, 10(6). https://doi.org/10.3390/foods10061314

231 Gengatharan, A., Dykes, G. A., & Choo, W. S. (2015). Betalains: Natural plant pigments
with potential application in functional foods. LWT-Food Science and Technology,
64(2), 645-649. https://doi.org/10.1016/j.lwt.2015.06.052

(241 Hadipour, E., Taleghani, A., Tayarani-Najaran, N., & Tayarani-Najaran, Z. (2020).

Biological effects of red beetroot and betalains: A review. Phytotherapy Research, 34(8),

1847-1867). https://doi.org/10.1002/ptr.6653

Rodriguez-Amaya, D. B. (2016). Natural food pigments and colorants. Current Opinion

in Food Science, 7, 20-26. https://doi.org/10.1016/j.cofs.2015.08.004

[26] Khan, M. I. (2016). Stabilization of betalains: A review. Food Chemistry, 197, 1280—
1285. https://doi.org/10.1016/j.foodchem.2015.11.043

[27] Sardana, R. K., Chhikara, N., Tanwa, B., & Pangh, A. (2018). Dietary impact on
esophageal cancer in humans: A review. Food and Function, 9(4), 1967-1977.
https://doi.org/10.1039/c7f001908d

[25]

https://doi.org/10.47672/ejhs.1802 27 Sharif, et al,. (2024)


http://www.ajpojournals.org/

=
European Journal of Health Sciences A J P @

ISSN 2520-4645 (online)
Vol. 10 No 1, pp 12 - 30, 2024 Www.ajpojournals.org

[28]

[29]

Rebecca, L. J., Sharmila, S., Das, P., & Seshiah, C. (2014). Extraction and purification of
carotenoids from vegetables. Journal of Chemical and Pharmaceutical Research, 6(4),
594-598.

Sultana, R., Polash, M. A. S., Sakil, M. A., Shorna, S. I., Rahman, M. S., Rahman, M. A.,
Hakim, M. A., & Hossain, M. A. (2020). Health promoting pigments and bioactive
compounds of six vegetables grown in Bangladesh. Asian Journal of Medical and
Biological Research, 5(4), 280-285. https://doi.org/10.3329/ajmbr.v5i4.45265

[0 Wiczkowski, W., Romaszko, E., Szawara-Nowak, D., & Piskula, M. K. (2018). The

[31]

[32]

[33]

[34]

[35]

[36]

37

[38]

[39]

[40]

impact of the matrix of red beet products and interindividual variability on betacyanins
bioavailability in humans. Food Research International, 108, 530-538.

Ahmed, M., Rauf, M., Mukhtar, Z., & Saeed, N. A. (2017). Excessive use of nitrogenous
fertilizers: an unawareness causing serious threats to environment and human health. In
Environmental Science and Pollution Research, 24(35), 26983-26987.
https://doi.org/10.1007/s11356-017-0589-7

Baido, D. dos S., d’El-Rei, J., Alves, G., Neves, M. F., Perrone, D., Del Aguila, E. M., &
Flosi Paschoalin, V. M. (2019). Chronic effects of nitrate supplementation with a newly
designed beetroot formulation on biochemical and hemodynamic parameters of
individuals presenting risk factors for cardiovascular diseases: A pilot study. Journal of
Functional Foods, 58, 85-94. https://doi.org/10.1016/j.jff.2019.04.041

Madadi, E., Mazloum-Ravasan, S., Yu, J. S., Ha, J. W., Hamishehkar, H., & Kim, K. H.
(2020). Therapeutic application of betalains: A review. Plants, 9(9), 1-27.
https://doi.org/10.3390/plants9091219

Neha P, Sk, J., Nk, J., Hk, J., & Hk, M. (2018). Chemical and functional properties of
Beetroot (Beta vulgaris L.) for product development: A review. International Journal of
Chemical Studies, 6(3), 3190-3194.

Abuajah, C. I., Ogbonna, A. C., & Osuji, C. M. (2015). Functional components and
medicinal properties of food: a review. Journal of Food Science and Technology, 52(5),
2522-2529). https://doi.org/10.1007/s13197-014-1396-5

Miraj, S. (2016). Chemistry and pharmacological effect of beta vulgaris: A systematic
review. Der Pharmacia Lettre, 8(19), 404-409.

Guldiken, B., Toydemir, G., Nur Memis, K., Okur, S., Boyacioglu, D., & Capanoglu, E.
(2016). Home-processed red beetroot (Beta vulgaris L.) products: Changes in antioxidant
properties and bioaccessibility. International Journal of Molecular Sciences, 17(6).
https://doi.org/10.3390/ijms17060858

Nowacki, L., Vigneron, P., Rotellini, L., Cazzola, H., Merlier, F., Prost, E., Ralanairina,
R., Gadonna, J. P., Rossi, C., & Vayssade, M. (2015). Betanin-enriched red beetroot
(Beta vulgaris L.) extract induces apoptosis and autophagic cell death in MCF-7 Cells.
Phytotherapy Research, 29(12), 1964-1973. https://doi.org/10.1002/ptr.5491

Adhikari, A., Saha, A., Indu, R., Sur, T. K., & Das, A. K. (2017). Evaluation of anti-
inflammatory effect of beetroot extract in animal models. International Journal of Basic
& Clinical Pharmacology, 6(12), 2853. https://doi.org/10.18203/2319-
2003.ijbcp20175207

McGowan, J. V., Chung, R., Maulik, A., Piotrowska, I., Walker, J. M., & Yellon, D. M.
(2017). Anthracycline Chemotherapy and Cardiotoxicity. Cardiovascular Drugs and
Therapy, 31(1), 63-75. https://doi.org/10.1007/s10557-016-6711-0

https://doi.org/10.47672/ejhs.1802 28 Sharif, et al,. (2024)


http://www.ajpojournals.org/

=
European Journal of Health Sciences A J P @

ISSN 2520-4645 (online)
Vol. 10 No 1, pp 12 - 30, 2024 Www.ajpojournals.org

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Das, S., Filippone, S. M., Williams, D. S., Das, A., & Kukreja, R. C. (2016). Beet root

juice protects against doxorubicin toxicity in cardiomyocytes while enhancing apoptosis

in breast cancer cells. Molecular and Cellular Biochemistry, 421(1-2), 89-101.
https://doi.org/10.1007/s11010-016-2789-8

Asgary, S., Afshani, M. R., Sahebkar, A., Keshvari, M., Taheri, M., Jahanian, E.,
Rafieian-Kopaei, M., Malekian, F., & Sarrafzadegan, N. (2016). Improvement of
hypertension, endothelial function and systemic inflammation following short-term
supplementation with red beet (Beta vulgaris L.) juice: A randomized crossover pilot
study. Journal of Human Hypertension, 30(10), 627-632.
https://doi.org/10.1038/jhh.2016.34

Rahimi, P., Mesbah-Namin, S. A., Ostadrahimi, A., Abedimanesh, S., Separham, A., &
Asghary Jafarabadi, M. (2019). Effects of betalains on atherogenic risk factors in patients
with atherosclerotic cardiovascular disease. Food and Function, 10(12), 8286-8297.
https://doi.org/10.1039/c9f002020a

Sulakhiya, K., Patel, V., Saxena, R., Dashore, J., Srivastava, A., & Rathore, M. (2016).
Effect of Beta vulgaris Linn. leaves extract on anxiety- and depressive-like behavior and
oxidative stress in mice after acute restraint stress. Pharmacognosy Research, 8(1), 1-7.
https://doi.org/10.4103/0974-8490.171100

Farabegoli, F., Scarpa, E. S., Frati, A., Serafini, G., Papi, A., Spisni, E., Antonini, E.,
Benedetti, S., & Ninfali, P. (2017). Betalains increase vitexin-2-O-xyloside cytotoxicity
in CaCo-2 cancer cells. Food Chemistry, 218, 356—-364.
https://doi.org/10.1016/j.foodchem.2016.09.112

Upadhyay, R. (2018). Plant pigments as dietary anticancer agents. International Journal
of Green Pharmacy, 12(1), 93-107. https://doi.org/10.22377/1JGP.V12101.1604.

Calvi, P., Terzo, S., & Amato, A. (2023). Betalains: colours for human health. In Natural
Product Research, 37(10), 1746-1765. https://doi.org/10.1080/14786419.2022.2106481
Raish, M., Ahmad, A., Ansari, M. A., Alkharfy, K. M., Ahad, A., Khan, A., Ali, N.,
Ganaie, M. A., & Hamidaddin, M. A. A. (2019). Beetroot juice alleviates isoproterenol-
induced myocardial damage by reducing oxidative stress, inflammation, and apoptosis in
rats. 3 Biotech, 9(4). https://doi.org/10.1007/s13205-019-1677-9

Ormesher, L., Myers, J. E., Chmiel, C., Wareing, M., Greenwood, S. L., Tropea, T.,
Lundberg, J. O., Weitzberg, E., Nihlen, C., Sibley, C. P., Johnstone, E. D., & Cottrell, E.
C. (2018). Effects of dietary nitrate supplementation, from beetroot juice, on blood
pressure in hypertensive pregnant women: A randomised, double-blind, placebo-
controlled feasibility trial. Nitric Oxide - Biology and Chemistry, 80, 37—44.
https://doi.org/10.1016/j.niox.2018.08.004

Stanaway, L., Rutherfurd-Markwick, K., Page, R., & Ali, A. (2017). Performance and
health benefits of dietary nitrate supplementation in older adults: A systematic review.
Nutrients, 9(11). https://doi.org/10.3390/nu9111171

Lembong, E., & Utama, G. L. (2020). Anti-microbial activity of the red beet extract (Beta
vulgaris L.) with solvent ethanol and acid addition variation. IOP Conference Series:
Earth and Environmental Science, 443(1). https://doi.org/10.1088/1755-
1315/443/1/012031

Lorizola, I. M., Furlan, C. P. B., Portovedo, M., Milanski, M., Botelho, P. B., Bezerra, R.
M. N., Sumere, B. R., Rostagno, M. A., & Capitani, C. D. (2018). Beet stalks and leaves

https://doi.org/10.47672/ejhs.1802 29 Sharif, et al,. (2024)


http://www.ajpojournals.org/

=
European Journal of Health Sciences A J P @

ISSN 2520-4645 (online)
Vol. 10 No 1, pp 12 - 30, 2024 Www.ajpojournals.org

(Beta vulgaris L.) protect against high-fat diet-induced oxidative damage in the liver in
mice. Nutrients, 10(7). https://doi.org/10.3390/nu10070872

1531 Sawicki, T., & Wiczkowski, W. (2018). The effects of boiling and fermentation on
betalain profiles and antioxidant capacities of red beetroot products. Food Chemistry,
259, 292-303. https://doi.org/10.1016/j.foodchem.2018.03.143

541 Sandhya, P. S., & Priya, S. (2017). Formulation of Beetroot cream cheese
spread. International Journal of Information Research and Review, 4(2), 3710-3712.

[55] Dabija, A., Codina, G. G., Ropciuc, S., & Stroe, S. G. (2019). Studies regarding the
production of a novel yogurt using some local plant raw materials. Journal of Food
Processing and Preservation, 43(6). https://doi.org/10.1111/jfpp.13826

[5€1 Kohajdova, Z., Karovicova, I., Kuchtové, V., & Laukova, M. (2018). Utilisation of
beetroot powder for bakery applications. Chemical Papers, 72(6), 1507-1515.
https://doi.org/10.1007/s11696-018-0392-z

571 Chaudhari, S. N., & Nikam, M. P. (2015). Development and sensory analysis of beetroot
jelly. International Journal of Science and Research, 4(10), 827-830.

(581 Kumar, V., Kushwaha, R., Goyal, A., Tanwar, B., & Kaur, J. (2018). Process
optimization for the preparation of antioxidant rich ginger candy using beetroot pomace
extract. Food Chemistry, 245, 168-177. https://doi.org/10.1016/j.foodchem.2017.10.089

5% panghal, A., Virkar, K., Kumar, V., Dhull, S. B., Gat, Y., & Chhikara, N. (2017).
Development of probiotic beetroot drink. Current Research in Nutrition and Food
Science, 5(3), 257-262. https://doi.org/10.12944/CRNFSJ.5.3.10

[ Cui, R., Fei, Y., & Zhu, F. (2022). Physicochemical, structural and nutritional properties
of steamed bread fortified with red beetroot powder and their changes during
breadmaking process. Food Chemistry, 383.
https://doi.org/10.1016/j.foodchem.2022.132547

1 perumpuli, P. A. B. N., Fernando, G., Kaumal, M., Arandara, M., & Silva, S. (2018).
Development of low sugar vegetable jam from beetroot (Beta vulgaris L.): Studies on
physicochemical sensory and nutritional properties. International Journal of Theoretical
& Applied Sciences, 10(2), 22-27. https://www.researchgate.net/publication/327252914.

621 Shetty, H. R. (2020). Substitution of synthetic colorants by betalain pigment extracted
from beetroot peels in baked foods: Muffins. The Bombay Technologist, 67(1).
d0i:10.36664/bt/2020/v67i1/151203

631 Srivastava, S., & Singh, K. (2016). Physical, sensory and nutritional evaluation of
biscuits prepared by using beetroot (Beta vulgaris) Powder. International Journal of
Innovative Research and Advanced Studies, 3, 281-283.

License
Copyright (c) 2024 Maira Abdul Razzak, Mian Kamran Sharif, Tabana Naz, Muhammad Arham
Rauf, Fareeha Shahid, Rameen Shahzad, Roma Saleem, Tahreem Aslam, Agsa Inam

This work is licensed under a Creative Commons Attribution 4.0 International License.

Authors retain copyright and grant the journal right of first publication with the work
simultaneously licensed under a Creative Commons Attribution (CC-BY) 4.0 License that allows
others to share the work with an acknowledgment of the work’s authorship and initial
publication in this journal.

https://doi.org/10.47672/ejhs.1802 30 Sharif, et al,. (2024)


http://www.ajpojournals.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

