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Preface

It is estimated that by 2050 the world’s population will exceed 10 billion people, which
will lead to a deterioration in global food security. To avoid aggravating this problem,
international organizations have recommended dietary changes to reduce animal
calorie intake and increase consumption of sustainable, nutrient-rich, calorie-efficient
products. In addition, growing awareness of the impact of food on human health

and the state of the environment has justified the need to seek alternative sources of
food. This has promoted a steady increase in demand for plant-based diets attributed
to the growing vegan, vegetarian, and flexitarian population, increasing intolerance
to animal proteins, and other factors such as ethical concerns, nutritional benefits

of plant-based diets, and increased investments in the plant protein sector. To meet
the growing demand for plant-based foods expected over the next decade, thereisa
need to incorporate new food plant sources that embrace climate-resilient production
systems and optimize strategies to increase the yield of improved health-promoting
compounds. Moreover, this development must be scientifically documented and
efficiently and reliably transferred to the academic world and society, favoring the
contribution of all sectors.

The chapters of this book are divided into three sections.

Section 1, “Nutritional Value and Health Benefits of Vegetables”, includes three
chapters. In Chapter 1 “The Beneficial Role of Nuts and Seeds in a Plant-Based Diet”,
Michael S. Donaldson aims to answer several questions on the nutritional value of
nuts and seeds and their potential health benefits when these plant food sources are
incorporated into a plant-based diet. Chapter 2, “African Moringa stenopetala Plant:
An Emerging Source of Novel Ingredients for Plant-Based Foods”, by Anteneh T.
Tefera et al., summarizes recent evidence on the potential of this plant, considered

a staple food and traditional medicine by the local East African people, as a novel
source of ingredients for food, cosmetic, and nutraceutical industries. Similarly, in
Chapter 3 “Nutritional and Functional Value of African Leafy Vegetables: Advantages
and Limitations”, Ntsoaki Joyce Malebo shows the advantages of the consumption

of African leafy vegetables as an alternative food source because of their high
nutritional value and health properties. This chapter also summarizes the limitations
associated with the intake of these plant sources due to their perishable character,
low bioavailability of some bioactive compounds, and low acceptability by current
consumers.

Section 2, “Bioactive Compounds from Vegetal Sources”, includes Chapter 4, “Beneficial
Effects of Extra Virgin Olive Oil Rich in Phenolic Compounds on Cardiovascular
Health”. In this chapter, Imen Ghorbel et al. clarify the beneficial effect of extra virgin
olive oil on cardiovascular risk factors when included as part of the Mediterranean diet,
and review the basic mechanisms by which the polyphenols present in this oil exert
their activities.



Finally, Section 3, “Strategies for Nutritional Security”, includes one chapter written
by Kuntal Das et al. Chapter 5, “Biofortification of Rice, An Impactful Strategy for
Nutritional Security: Current Perspectives and Future Prospect”, discusses the advan-
tages and challenges of rice biofortification as a strategy to improve human nutritional
security. It also summarizes the dissemination among stakeholders and trends in
acceptance by consumers.

In conclusion, this book is intended to assist and guide food scientists, engineers, and
nutritionists working in the field of food science, as well as consumers who are aware
of the need to adopt healthy and low environmental impact dietary patterns.

I would like to take this opportunity to thank all the authors who have participated
in this book for their cooperation and the quality of their work. Editing this book has
allowed me to interact with prestigious researchers from different countries such as
the United States, Canada, China, India, South Africa, Ethiopia, and Tunisia.

Blanca Hernindez-Ledesma
Institute of Food Science Research (CIAL, CSIC-UAM),
Madrid, Spain
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Section 1

Nutritional Value and Health
Benetits of Vegetables







Chapter 1

The Beneficial Role of Nuts and
Seeds in a Plant-Based Diet

Michael S. Donaldson

Abstract

In the last several years research has been accumulating that demonstrates that
nuts and seeds are beneficial for all people. While some plant-based diet programs
have embraced the inclusion of nuts and seeds, other programs have eschewed nuts
and seeds, remaining firmly committed to a starch-based dietary pattern. This chapter
assembles the scientific evidence regarding the benefits of nuts and seeds into three
issues: (1) The nutrient density of nuts and seeds compared to grains and legumes of
the same caloric content, (2) The improvement of health outcomes and extra benefits
when nuts and seeds are included in plant-based diets, (3) The safety of nuts and
seeds when a person is dealing with cancer. As a result of examining these issues with
the known scientific evidence it will become apparent that one to two ounces of nuts
and seeds daily is a very beneficial part of a plant-based diet.

Keywords: nuts, seeds, cardiovascular disease, cancer, plant based diet

1. Introduction

The scientific evidence for the benefits of a plant-based diet is enumerated in the
various chapters of this book. Much of the evidence comes from programs and clinical
trials that avoided any added fats or fatty foods, even from plant sources. So a title
containing “nuts” and “benefits” in the same sentence may seem like an oxymoron, a
contradiction in terms at the least. The inclusion of fatty foods like nuts and seeds has
been and continues to be a controversial topic within the plant-based research com-
munity. While newer publications from the last several years relate to benefits of nuts
and seeds, the older plant-based diet literature largely found positive results without
the inclusion of nuts or seeds. Dr. Dean Ornish and Dr. Caldwell Esselstyn established
the benefits of a low-fat plant-based diet for reversing heart disease. Dr. Ornish was
one of the first doctors to prove that a plant-based diet could reverse heart disease,
using the best testing methods available to provide the evidence to sway beliefs [1].
Dr. Esselstyn also reversed heart disease using this very low-fat diet, having about a
99% success rate [2]. Both Dr. Ornish and Dr. Esselstyn were able to get their great
clinical success purposefully avoiding nuts and seeds and any added fats in the diet.
Their success has been continued by others as well [3].

On the other hand, the position paper of the American Dietetic Association states
“A well-planned vegetarian diet containing vegetables, fruits, whole grains, legumes,
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Plant-Based Diet

nuts, and seeds can provide adequate nutrition.” [4]. The use of enhanced intake of
beans, greens, seeds, nuts, whole grains, and other colorful plant products is
recommended for athletes by Fuhrman and Ferreri [5]. In examining protein intakes
on plant-based diets Mariotti and Gardner warn, “An insufficient protein intake from
vegetarian diets may occur if the diet does not include protein-rich foods such as
legumes (the most traditional source) and nuts and seeds, or any protein analogs of
animal foods” [6].

In view of the lingering scientific controversy of the inclusion of nuts and seeds
into a healthy plant-based diet this chapter is written so that the information is clearly
available in one place for people to understand how nuts and seeds can be beneficial.
There are 3 main issues to be addressed in this article. They are:

1. The nutrient density of nuts and seeds compared to grains and legumes.

2.The improvement of health outcomes and extra benefits when nuts and seeds are
included in vegetarian or vegan diets.

3.The safety of nuts and seeds when a person is dealing with cancer.

As a result of examining these issues, it will become apparent that 1 to 2 ounces of
nuts and seeds on a daily basis is a very beneficial part of a healthy plant-based diet.

2. Nutrient density of nuts versus grains and legumes

The first issue is to examine the nutrient density of nuts and seeds compared to
grains and legumes. To examine this issue, four common nuts and five common seeds
were compared with five grains and six types of beans and lentils. A 200-calorie
serving of each food was compared for nutrients, as this is just slightly more than a 1
ounce serving of nuts or seeds. Nutrient amounts were taken from USDA standard
reference nutrient tables incorporated into the software program NutriBase (Version
11.71, Phoenix, AZ).

As shown in Table 1, equal caloric amounts of nuts, cooked grains and cooked
beans vary in serving sizes, measured in grams. About 1 ounce of seeds or nuts yields
200 calories, while it takes about one cup of cooked grains or about % cup of cooked
beans to get the same amount of calories. The main difference is the amount of water
that is not in nuts and seeds and the fact that fats pack more calories into a smaller
space than carbohydrates and proteins.

2.1 Macronutrient content in nuts versus grains and legumes

Nuts and seeds and grains have about 6.5 grams of protein per 200-calorie serving,
while cooked dry beans have about double this amount, at 13 grams of protein per
200-calorie serving. So for protein, beans are a better source of protein than nuts and
seeds. Beans average 35% of the calories as protein, ranging from 26 percent (pink
beans and chickpeas) to 40 percent (lentils). Nuts and seeds are about 14% protein,
ranging from about 5 percent (pecans) to 20 percent (pumpkin seed kernels). Grains
are similar to nuts in protein content ranging from 10 percent (brown rice) to 16
percent (quinoa).
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Ingredient Grams Protein  %Cal, Carbs Fiber NetCarb %Cal, Fat %Cal,
(g Protein  (g) (2 (® Carb  (g)  Fat
Almond, Raw 35.0 7.3 14.8 7.5 4.3 31 6.4 17.3 78.8
Walnut, Raw 30.6 4.7 9.0 4.2 2.1 22 4.2 20.0 86.8
Pecan, Raw 29.0 2.7 52 4.0 2.8 1.2 2.4 209 923
Pistachio, Rstd 353 7.4 14.8 10.4 3.5 6.9 13.8 15.8 71.4
Sunflower Seed 34.3 71 14.0 6.9 3.0 3.9 7.7 177 783
Sesame Seed 34.9 6.2 12.6 8.2 4.1 4.1 8.3 173 792
Flax Seed 37.5 6.9 15.9 10.8 10.2 0.6 1.4 15.8 82.7
Chia Seed 41.2 6.8 17.7 17.4 14.2 3.2 8.3 127 74.0
Pumpkin Seed 35.8 10.8 20.8 3.8 22 17 3.2 17.6  76.0
Nuts & Seeds, 34.8 6.7 13.9 81 5.1 3.0 6.2 172 79.9
Average
Quinoa, ckd 166.7 7.3 16.2 35.5 47 30.8 68.0 3.2 15.9
Wild Rice, ckd 198 7.9 16.4 423 3.6 38.7 80.4 0.7 3.2
Brown Rice, ckd ~ 180.2 4.7 10.0 41.4 3.2 38.1 82.1 1.6 7.9
WW Bread 72.0 6.0 12.7 37.0 4.3 32.7 68.8 3.9 18.4
Oatmeal, wtr 281.7 7.2 15.6 33.8 4.8 29.0 63.3 43 210
Grains, Average 179.7 6.6 14.2 38.0 4.1 33.9 72.5 2.7 133
Pinto Bean, bld 139.9 12.6 32.5 36.7 12.6 241 62.2 0.9 5.3
Black Bean, bld 151.5 13.4 35.3 359 13.2 27 59.8 0.8 4.8
Chickpea, cnd 227.3 11.2 26.7 30.7 10.0 20.7 49.4 4.4 23.9
GN Bean, bld 169.5 14.1 35.6 35.8 11.9 239 60.1 0.8 4.3
Navy Bean, bld 142.9 11.8 32.7 37.2 15.0 22 61.8 0.9 5.5
Pink Bean, bld 134.2 12.2 27.6 37.5 71 30.3 69.0 0.7 3.4
Lentil, bld 172.4 15.6 40.8 34.7 13.6 211 55.3 0.7 3.9
Beans, Average 162.5 13.0 33.0 35.5 11.9 23.6 59.7 1.3 7.3

Food group with the highest amount of a nutrient shown in ved. Rstd = roasted; Bld = boiled; Ckd = cooked; WW = whole
wheat; wtr = prepared with water; cnd = canned; GN Bean = Great Northern Bean.

Table 1.
Proximate nutrient comparison of 200 calories servings of nuts, grains and dry beans.

Carbohydrate content is again a big difference between nuts and seeds and grains/
beans. The carbohydrate content of nuts and seeds is very low, especially considering
their fiber content. Nuts and seeds averaged about 3 grams of net carbohydrate per
200-calorie serving. Only pistachios were above 5 grams. Grains averaged about 34
grams of net carbs, while beans averaged 24 grams. About 72% of the calories in grains
come from carbohydrates; 60% of calories in beans are from carbohydrates.

Fiber is another category where the beans are about double the amount in nuts and
seeds and grains, with about 12 grams of fiber per serving of beans compared to about
4 grams for grains and 5 grams for nuts and seeds. Flax seeds and chia seeds are much
higher in fiber than other seeds or nuts. The average fiber content without these two
seeds is 3.1 grams per serving.
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Nuts and seeds are rich in fat, with about 80 percent of the calories coming from
fats. Pecans and walnuts are particularly high in fat, with 87 and 92 percent of their
calories, respectively, coming from fat. Beans on average have about 4.5 percent of the
calories as fat, except for chickpeas which are at about 24 percent. Grains are also
naturally low in fat.

So, nuts and seeds are a modest source of protein, very low in carbohydrates and a
rich source of fats. Grains are a modest source of protein, low in fat and have a large
amount of starch in them. Dry beans and lentils are an excellent source of protein,
very low in fat, and a very good source of fiber as well.

One of the benefits of nuts and seeds here is the lack of glycemic response from
their consumption. A recent randomized trial compared glucose and insulin levels
after consuming a 253-calorie serving of mixed nuts or unsalted pretzels after an
overnight fast. In the pretzel group glucose and insulin levels 60 minutes after eating
were elevated, while in the mixed nuts group neither glucose nor insulin levels were
significantly different from baseline levels [7]. In addition to nuts, flax seeds and
chia seeds are very rich in dietary fiber. When 15 volunteers took, in random order, a
50-gram glucose challenge by itself or along with 25 g chia seeds or 31.5 g flax seeds
the blood glucose response during 2 hours was blunted significantly by 39 and 28% by
chia seeds and flax seeds, respectively [8]. These seeds, especially chia seeds, were
able to turn glucose into a slow-release carbohydrate with their high-viscosity fiber.

A comparison of the classes of fats in nuts and seeds is given in Figure 1 for a
200-calorie serving of four kinds of nuts and five kinds of seeds. As seen in Figure 1,
there is very little saturated fat in nuts and seeds. Almonds, pecans, and pistachio nuts
are high in monounsaturated fatty acids (MUFAs) with over 50 percent of their fat as
MUFA. Only walnuts, flax seeds, and chia seeds have significant amounts of omega 3
polyunsaturated fatty acids (PUFAs) as alpha linolenic acid (ALA), a short-chain
omega 3 fatty acid. Walnuts, sunflower, sesame, and pumpkin seeds have a large
amount of the omega 6 fatty acid linoleic acid (LA). In their unprocessed, raw form
both LA and ALA are very valuable fats and are essential nutrients, not found in grains
and legumes in appreciable amounts. This is another benefit of nuts and seeds. So,
these raw nuts and seeds are a good source of LA and ALA, which can be damaged
by roasting, especially for long times over the temperature of 300°F (150°C) [9].
Though only trace amounts are transformed into the long-chain omega 3 fatty acid
DHA [10], there are many health benefits from ALA and EPA generated from ALA
[11]. Overall, the fatty acid profiles of nuts and seeds are very favorable to cardiovas-
cular health as MUFAs and especially PUFAs tend to lower cholesterol and the inci-
dence of cardiovascular disease compared to saturated fats [12]. And whatever is
protective of the heart is likely to be beneficial for the brain, bones, joints, and
muscles of the body.

2.2 Vitamin content

A comparison of the vitamin content of 200-calorie servings of common nuts and
seeds, grains and dry beans is given in Table 2. The Recommended Daily Intake (RDI)
is given for each nutrient, as it is much easier to compare percentages rather than
actual amounts. The nutrient amount for a particular food is in bold case for amounts
greater than 20 percent of the RDI. As you can see, these foods are not a rich source of
several of these vitamins, such as vitamin A, vitamin C, and vitamin K. These vitamins
are found in higher amounts in fruits and vegetables. The vitamins which contents are
high in nuts and seeds are mentioned in the text below.

6



The Beneficial Role of Nuts and Seeds in a Plant-Based Diet
DOT: http://dx.doi.org/10.5772 /intechopen.110677

Almond, Raw Walnut, Raw Pecan, Raw

m5FA » MUFA = Omega3 m Omega 6 u SFA » MUFA = Omega3 = Omega6 u SFA » MUFA m Omega3 m Omega 6

Pistachio, Rstd Sunflower Seed Sesame Seed

w SFA » MUFA m Omega3 m Omega 6 = SFA » MUFA = Omega3 m Omega6 m SFA » MUFA m Omega3 m Omega 6

Flax Seed Chia Seed Pumpkin Seed

= SFA = MUFA = Omega3 m Omega 6 = SFA » MUFA = Omega3 m Omega6 = SFA = MUFA m Omega3 m Omega 6

Figure 1.
A breakdown of the distribution of saturated, monounsaturated and polyunsaturated fats in nuts and seeds.
SFA = saturated fat, MUFA = monounsaturated fat, Omega 3 = alpha linolenic acid, Omega 6 = linoleic acid.

Ingredient Vit-Apg Bl B2 B3 B5 B6 Chol Folatepg VitC VitE Kilpg
RAE mg mg mg mg mg mg DFE mg mg
RDI, absolute 900 12 13 16 5 1.7 550 400 90 15 120
amounts
Almond, Raw 0% 6% 30% 8% 3% 3% 3% 4% 0% 59% 0%
Walnut, Raw 0% 8% 4% 2% 3% 9% 2% 7% 0% 1% 1%
Pecan, Raw 0.1% 16% 3% 2% 5% 4% 2% 2% 0% 3% 1%
Pistachio, Rstd 0.5% 21% 6% 3% 4% 24% 5% 5% 1% 6% 4%
Sunflower Seed 0.1% 43% 9% 18% 8% 27% 3% 19% 1% 80% 0%
Sesame Seed 0% 23% 7% 10% 0% 16% 2% 8% 0% 1% 0%
Flax Seed 0% 52% 5% 7% 7% 11% 5% 8% 0% 1% 1%
Chia Seed 0% 22% 5% 23% 1% 1%
Pumpkin Seed 0% 8% 4% 11% 5% 3% 4% 5% 1% 5% 2%
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Ingredient VittApg Bl B2 B3 B5 B6 Chol Folatepg VitC VitE Klpg
RAE mg mg mg mg mg mg DFE mg mg
Nuts & Seeds, 0.1% 22% 8% 9% 5% 12% 3% 7% 0% 17% 1%
Average
Quinoa, ckd 0% 15% 14% 4% 2% 7% 18% 0% 7% 0%
Wild Rice, ckd 0% 8% 13% 16% 6% 16% 4% 13% 0% 3% 1%
Brown Rice, ckd 0% 14% 4% 17% 10% 15% 3% 2% 0% 0% 1%
WW Bread 0% 18% 12% 18% 7% 8% 3% 14% 0% 4% 6%
Oatmeal, wtr 0% 18% 3% 4% 18% 1% 4% 4% 0% 2% 1%
Grains, 0% 15% 9% 12% 10% 10% 4% 10% 0% 3% 2%
Average
Pinto Bean, bld 0% 23% 7% 3% 6% 19% 60% 1% 9% 4%
Black Bean, bld 0% 31% 7% 5% 7% 6% 56% 0% 0% 0%
Chickpea, cnd 0.2% 6% 2% 2% 14% 63% 10% 14% 0% 3% 4%
GN Bean, bld 0% 23% 8% 7% 9% 12% 43% 2%
Navy Bean, bld 0% 28% 7% 6% 8% 12% 12% 50% 0% 1%
Pink Bean, bld 0% 28% 6% 5% 8% 14% 9% 56% 0% 9% 4%
Lentil, bld 0.1% 24% 10% 11% 22% 18% 10% 78% 3% 1% 2%
Beans, Average 0% 23% 7% 6% 10% 21% 10% 51% 1% 4% 3%

Excellent sources of nutrients (> 20% of RDI) are shown in bold case. Blank cells indicate missing data. Rstd = roasted;
Bld = boiled; Ckd = cooked; WW = whole wheat; wtr = prepared with water; cnd = canned; GN Bean = Great Northern
Bean.

Table 2.
Vitamin comparison of nuts, grains and dry beans, as a percent of the recommended dietary intake (RDI).

A serving of sunflower seeds provides over 40 percent of the RDI for thiamin
(vitamin B1). A 200-calorie serving of flax seeds provides over 50 percent of the RDI.
Most seeds are generally an excellent source of thiamin, with pumpkin seeds being the
exception. Grains on average provide 15 percent of the RDI. Beans are also an excel-
lent source of vitamin B1, providing between 20 and 30 percent of the RDI for
thiamin, similar to the average for seeds.

A serving of almonds provides over 30 percent of the RDI for riboflavin (vitamin
B2). But most nuts and seeds are not this rich a source of riboflavin, averaging about 5
percent of the RDI. Grains and beans are not much better, with less than 10 percent of
the RDI per serving.

Sunflowers are a notable source of niacin (vitamin B3), with 18 percent of the RDI
per serving. But chia seeds are even better at 23 percent. Rice and whole wheat bread
are good sources with 16-18 percent of the RDI of niacin per serving. Beans are not a
rich source of niacin with only lentils providing more than 10 percent of the RDI.

Pistachio nuts and sunflower seeds are excellent sources of vitamin B6, with sesame
and flax seeds also being good sources. Grains are good sources, except for oatmeal.
Beans are also good sources, with chickpeas delivering over 60% of the RDI per serving.

Almonds and sunflower seeds are very rich sources of vitamin E. Most other nuts
and seeds, grains and beans provide little vitamin E, but these two foods are two of the
richest food sources of vitamin E. In a South Korean trial using 56 g/day of almonds
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or a control cookie in a 4-week cross-over pattern, volunteers doubled their intake
of vitamin E, which resulted in an 8.5% increase in plasma a-tocopherol levels
while simultaneously reducing total cholesterol 5.5% and non-HDL cholesterol

by 6.4% [13].

From this analysis of vitamins, we can deduce a few points. First, different foods
have different strengths as sources of nutrients, so it is helpful to encourage people to
eat a variety of plant foods to take advantage of different nutrient profiles to even out
overall intake. Second, when averaging the percent of the RDI for each vitamin,
sunflower seeds are, on average, the best source of micronutrients (19%) of all of
these foods listed in Table 3. Almonds are also a good source of vitamins with an

Ingredient Calc Mag Phos Pot Cop Iron Mng Sel Zn
(mg)  (mg) (mg) (mg) (mg) (mg) (mg) (ug) (mg)
RDI, absolute 1300 420 1250 4700 0.9 18 2.3 55 11
amounts
Almond, Raw 7% 22% 13% 5% 40% 7% 33% 3% 10%
Walnut, Raw 2% 12% 8% 3% 54% 5% 45% 3% 9%
Pecan, Raw 2% 8% 6% 3% 39% 4% 57% 2% 12%
Pistachio, Rstd 3% 9% 13% 8% 51% 8% 19% 6% 8%
Sunflower Seed 2% 27% 18% 5% 69% 10% 29% 33% 16%
Sesame Seed 26% 29% 18% 3% 69% 28% 37% 22% 25%
Flax Seed 7% 35% 19% 6% 51% 12% 40% 17% 15%
Chia Seed 20% 33% 28% 4% 42% 18% 49% 41%  17%
Pumpkin Seed 1% 33% 35% 6% 53% 18% 71% 6% 25%
Nuts & Seeds, 8% 25% 18% 5% 62% 12% 42% 15% 15%
Average
Quinoa, ckd 2% 25% 20% 6% 36% 14% 46% 8% 17%
Wild Rice, ckd 0% 15% 13% 4% 27% 7% 24% 3% 24%
Brown Rice, ckd 1% 18% 12% 2% 20% 4% 71% 32% 10%
WW Bread 2% 14% 11% 5% 20% 12% 59% 50%  10%
Oatmeal, wtr 2% 18% 17% 4% 23% 14% 71% 28% 26%
Grains, Average 2% 18% 15% 4% 25% 10% 54% 24%  17%
Pinto Bean, bld 5% 17% 16% 13% 34% 16% 27% 16%  12%
Black Bean, bld 3% 25% 17% 11% 36% 18% 29% 3% 15%
Chickpea, cnd 6% 15% 15% 7% 39% 16% 81% 8% 14%
GN Bean, bld 9% 20% 22% 14% 47% 20% 81% 13% 14%
Navy Bean, bld 8% 18% 16% 12% 33% 19% 33% 8% 13%
Pink Bean, bld 5% 21% 18% 15% 40% 17% 33% 3% 12%
Lentil, bld 3% 15% 25% 14% 48% 32% 37% 9% 20%
Beans, Average 6% 19% 18% 12% 40% 20% 40% 9% 14%
Table 3.

Mineral Comparison of Nuts, Grains and Dry Beans, as a Percent of the Recommended Dietary Intake (RDI).
Excellent sources of nutrients (> 20% of RDI) are shown in bold case.
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average of 11% RDI. Beans average is 12% RDI, with lentils coming in highest at 16%.
This vitamin analysis shows that sunflower seeds, almonds, and lentils are great foods
for at least weekly consumption, if not more frequently.

2.3 Mineral content

As can be seen from Table 3, nuts and seeds, whole grains and dry beans all
provide a much higher amount of the essential minerals than of the vitamins. The RDI
amount in milligrams or micrograms (for selenium) are given in the first row of the
table.

Sesame seeds and chia seeds are both excellent sources of calcium, providing 26
and 20 percent of the RDI, respectively. Almonds and flax seeds are also decent
sources, with about 95 mg of calcium per serving. Great Northern beans and navy
beans are also decent sources of calcium, around 100 mg per serving, but the other
beans are not so high. Calcium has long been a nutrient of concern for people follow-
ing plant-based diets, so the inclusion of nuts and seeds rich in calcium will boost
intakes of calcium compared to eating isocaloric amounts of grains.

Magnesium is a shortfall nutrient for the US population. About 50 percent of all
American consume less than the Estimated Average Requirement (EAR) for magne-
sium [14]. Among the elderly it is worse, with 75% of men age 71+ and 63% of women
age 71+ under the EAR for magnesium. Adolescents do not fare well, either, with 78
and 89 percent of males and females, respectively, 14-18 years of age consuming less
than the EAR. Magnesium is very important for cardiovascular health, bone health,
prevention of diabetes, cognitive function [15], and prevention of eclampsia during
pregnancy [16].

Consuming more nuts and seeds can improve intake of magnesium. On average
nuts and seeds are better sources of magnesium than grains or beans, though there is
some variation. A 200-calorie serving of seeds averages 35% of the RDI for magne-
sium, making them a superfood for magnesium. Almonds are the only nut that is an
excellent source (>20% of RDI) of magnesium. Grains are good sources, with quinoa
excelling at 25% of RDI for magnesium. Some beans are excellent sources of magne-
sium (black beans, Great Northern beans, pink beans) and the average for beans
comes out to 18% of RDI for magnesium. Generally, grains and beans have only half of
the amount of magnesium found in seeds, so substituting a serving of seeds for a
serving of whole grains will improve a persons’ magnesium status.

Though high intake of potassium is a strength of plant-based diets and contributes
to normal blood pressure [17], strong bones [18], and cardiovascular and overall
survival [19], nuts and seeds and grains are low sources of potassium, while beans are
generally good sources. Potassium is found in abundance in fruit and vegetables, so
this is where most of the requirements are met. Beans win this mineral by a two-fold
margin.

Copper is easily obtained in a plant-based diet. It is easy to get half of the RDI for
copper with a 200-calorie serving of nuts or seeds. Sesame seeds provide 1.4 mg of
copper, almost 160% of the RDI. Beans are also an excellent source of copper, but not
as good as nuts and seeds.

Plant-based diets need good sources of iron. Women of reproductive age following
plant-based diets especially need iron to replace iron lost in their monthly reproduc-
tive cycle to prevent anemia. While some whole grains are good sources of iron, seeds
are an even better source of iron, and sesame seeds are an excellent source. Nuts and
rice are not rich in iron. Beans are a good source, with lentils and Great Northern
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beans being excellent sources. Beans, on average, are a better source of iron than even
the seeds.

Selenium is important as an antioxidant mineral, contributing to the synthesis of
the intracellular antioxidant glutathione and selenoproteins. Good selenium status has
been found to improve a body’s defenses against viral diseases such as HIV and
COVID [20]. Brazil nuts are well known for their selenium content, a listing of over
580 pg per 200 calories (30.5 grams, about 6 nuts). Other nuts are generally low in
selenium along with beans, but most seeds are an excellent source of selenium. Pinto
beans and Great Northern beans are good sources of selenium.

Zinc is an essential mineral with many roles in the body. Zinc plays a role in
immune defense, showing effectiveness against respiratory viruses [21]. Higher die-
tary intake of zinc from non-red meat sources was associated with lower risk of
progression of coronary artery calcification scores [22]. Nuts and seeds are generally
good sources of zinc, with sesame seeds and pumpkin seeds being excellent sources.
Wild rice and oatmeal, but not whole wheat, are also excellent sources of zinc from
the grain category. Dry beans are good sources, with lentils being an excellent source
of zinc.

In conclusion, when averaging the RDIs for all minerals, nuts have 15%, seeds have
28%, grains 19% and beans 20% of the RDIs. So, nuts are not as mineral dense as
seeds, but seeds are a really good way of increasing essential mineral intake. Overall
mineral intake is important, as indicated in a study of the lowa Women’s Health
Study. Quintiles of mineral intake were used to create an overall mineral score, with
positive scores for calcium, magnesium, manganese, zinc, selenium, potassium and
iodine, and negative scores for iron, copper, phosphorus and sodium. Higher ranks of
the mineral score were associated with lower risk of colorectal cancer in these 55- to
69-year-old women, up to 25% decreased risk comparing highest to lowest rank of
mineral score [23]. So, increasing mineral intake by substituting a serving of grains
out for a serving of seeds will likely reduce risk of disease.

2.4 Summary of nutrient comparison

To summarize this section nuts and seeds are the category of food that is the best
way to get an extra 200 calories. When comparing just nuts and seeds versus grains
one can see that nuts and seeds are more nutrient dense and deliver more nutrients per
200 calories. The average percentage of RDI for vitamins and minerals are 14.4
percent for nuts and seeds and 12.3 percent for grains (see Table 4). However, if we
remove walnuts, pecans and pistachio nuts from the equation and just look at almonds

Food Group Average % of RDI Nutrient Density
Grains 12.3% 1.0

All nuts and seeds 14.4% +17%
Beans 15.6% +27%
Almonds and seeds 17.6% +43%
Seeds 18.5% +50%
Lentils 19.1% +55%

Table 4.

Summary of comparison of nutrient density of food groups.
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and the seeds, the average RDI is now 17.6 percent. This is 43 percent more nutrition
than what you get from grains, on average. So, seeds and almonds are more nutrient
dense than grains.

When comparing nuts and seeds versus beans it can be seen that almonds and
seeds have a slightly higher average RDI compared to the beans (17.6 versus 15.6
percent). So, even though they are lower in protein (about 7.5 versus 13 g of protein
per serving) almonds and seeds are still overall more nutritionally dense than the
average dry bean. For some nutrients beans, especially lentils, are actually more
nutrient dense, so it would be wise to still be include beans in the diet as well, but not
in the place of a serving of nuts and/or seeds.

So, it can be concluded that nuts, particularly almonds, and seeds are nutritionally
more dense than grains, about 43 percent more. Seeds are also about 19 percent more
nutritionally dense than dry beans in general. Should almonds and seeds replace grains
in this 200-calorie serving? From a nutrient standpoint the answer is a clear yes.

3. Health outcomes of eating nuts and seeds

As mentioned in the introduction, Drs. Esselstyn and Ornish obtained excellent
results in reversing heart disease without the inclusion of nuts and seeds. However,
since the publication of their results there have been many investigations in the area of
nuts and seeds. There have been short-term studies on the effects of various nuts on
cholesterol and blood lipids. There have been short-term studies on satiety and weight
loss and/or weight gain. There have been prospective cohort studies that have
reported observations of groups of people over long periods of time. And there have
been some randomized controlled clinical trials using nuts and seeds as well. Now we
have more evidence about the benefits of nuts and seeds.

The issue to be examined here is whether health outcomes are better or worse
when nuts and seeds are included in vegetarian or vegan diets.

This issue will be examined from four lines of evidence: (1) short-term studies on
weight gain and obesity, (2) short-term studies on blood lipids, (3) health outcomes in
population studies, and (4) vegetarian population studies in particular.

3.1 Short-term body weight studies

Since nuts are energy-dense foods, it is important to know if they caused weight
gain, or if they were associated with obesity. In a review and meta-analysis of 33
controlled clinical trials, it was found there was no difference in body weight, body
mass index (BMI) or waist circumference between the nut or control diet groups [24].
Population studies have also found that nut consumption did not affect body weight.
People who regularly ate nuts actually tended to not gain weight or become obese over
time [25, 26]. It appears that people compensate for eating nuts by eating less of other
foods. Nuts’ fat and protein content tend to make them a satisfying, filling food,
whether eaten as snacks or with meals [27].

3.2 Short-term blood lipid studies

Since population studies have indicated that nuts reduced risk of cardiovascular
disease, short-term studies have been conducted to attempt to deduce the mechanism
for this health outcome. Many controlled clinical trials have examined different nuts

12



The Beneficial Role of Nuts and Seeds in a Plant-Based Diet
DOI: http://dx.doi.org/10.5772 /intechopen.110677

and blood lipid levels, but there are few reports including inflammatory markers and
endothelial function. A review and meta-analysis of 61 blood lipid studies found that
for a 1-ounce (28 gram) serving of nuts per day, there was a decrease in total choles-
terol (—4.7 mg/dL), low-density lipoprotein (LDL) cholesterol (—4.8 mg/dL), ApoB
lipoprotein (—3.7 mg/dL) and triglycerides (—2.2 mg/dL) [28]. The results were better
for 2 ounces a day than for just 1 daily ounce. This significant, but small decrease in
cholesterol levels is probably not the only reason that nuts are beneficial, but these
results do point in the right direction. A recent review of 26 walnut controlled inter-
ventions found similar results, with no negative effects on body weight or blood
pressure [29]. Almonds have been examined separately as well, with 27 almond-
control datasets yielding very similar results [30]. So, the amount of nuts rather than
the type of nut contributes to the lipid-lowering effect.

Studies have also examined the effect of nuts on blood pressure. No consistent
significant results have been obtained [31]. Nor have there been significant reductions
in markers of inflammation. Serum C-reactive protein has been measured in multiple
studies with little change due to eating nuts [32].

However, there has been a consistent improvement in endothelial cell function,
measured by flow-mediated dilation (FMD). Endothelial cells allow more blood flow
through the release of nitric oxide. Flow-mediated dilation is a strong predictor of
future cardiovascular disease [33]. A review of 10 trials found that nut consumption
significantly improved FMD, but walnuts were the only nut that had a significant
effect [34].

In summary, short-term studies have found significant effects on cholesterol
levels, and walnuts for endothelial function, but no significant effects for blood
pressure or inflammation. Nuts also contain phytosterols and other antioxidants that
may be beneficial. Whatever the mechanism, long-term studies of populations of
people have clearly demonstrated an advantage of eating nuts and seeds.

3.3 Long-term studies of populations

A recent review of reviews and meta-analyses on nuts and cardiovascular disease
was published. There have been so many studies and meta-analyses of studies, which
synthesize the information from individual studies into a coherent conclusive state-
ment, that they could actually do an overview of all of the reviews and meta-analyses
that have been done on population studies of eating nuts. There are 234 references to
reviews, meta-analyses and large individual study reports in this article by Kim et al.
[35]. Here is what these authors found about nuts and cardiometabolic disease. Con-
sumption of nuts was associated with a 19-20 percent decrease in all-cause mortality.
Coronary heart disease (CHD) incidence was reduced by 20-34 percent and CHD
death was reduced by 27-30 percent. Cardiovascular disease (CVD) incidence
(includes strokes as well as heart disease) was reduced by 19 percent and CVD death
was reduced by 25 percent. Stroke incidence was reduced by 10-11 percent and stroke
death was reduced by 18 percent.

In addition to this review, Aune et al. [36] have found a 15 percent reduction in
total cancer death and a 39 percent decrease in diabetes deaths, and a 75 percent
decrease in infectious disease deaths. For specific cancers, Wu et al. [37] reviewed 36
observational studies with a total of over 30,000 people. They found significant
associations between eating nuts and a 15 percent overall reduction in cancer. Specific
cancers with reductions were colorectal cancer (24% reduction), endometrial cancer
(42% reduction), and pancreatic cancer (32% reduction). A recent meta-analysis by
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Naghshi et al. [38], which included 43 articles on cancer risk and 9 articles on cancer
mortality, found a 14% reduction in cancer risk associated with total nut intake, and a
13% reduction in overall cancer mortality from eating nuts, in close agreement with
the work of Aune et al. [36]. A 5 g/d increase in nut intake was found to be associated
with a 3, 6 and 25% lower risk of overall, pancreatic and colon cancer, respectively.

It is possible that the people eating nuts are just healthier overall because of other
dietary choices and lifestyle habits. Even though population studies control for other
dietary and lifestyle factors, there is a small question still. Direct evidence against the
healthy nut eater hypothesis comes from a population study from Iran. In the 50,000-
person Golestan Cohort nut eating was not associated with other healthy lifestyle
habits. People who ate more nuts were also more likely to smoke, drink alcohol, be
obese, less likely to exercise, but also were younger, of higher social economic status
and had more education. In this cohort the nuts were still protective, leading to less
coronary heart disease death and cancer death, especially among women. All-cause
mortality was 29 percent less among people consuming three or more servings of nuts
per week [39]. So, it appears that the benefits of nuts can be attributed to the nuts
consumption and not to other lifestyle behaviors.

3.4 Long-term studies of vegetarian populations

The benefits of nuts have been seen among vegetarians and vegans who have
healthy lifestyles as well. In a publication from the Adventist Health Study 2, there
was a factor analysis looking at the sources of protein and risk of death [40]. For
animal protein, there was a 61 percent increased risk of cardiovascular death, but
for the nut protein factor there was a 40 percent decrease in risk of cardiovascular
death. There were no significant associations with the factors for protein from
grains, processed foods, or legumes, fruits, and vegetables. Among younger
adults, aged 25-44 the meat protein factor risk was associated with 2-fold higher
risk of cardiovascular death and the nut factor was associated with 3-fold lower
risk. Nuts seemed to be protective and meat protein specifically seemed to increase
risk of death. The protective effect of nuts was seen across different levels of plant-
based dietary patterns in this population, suggesting that focusing on more specific
plant protein-based diets may improve the ability of dietary recommendations to
prevent CVD.

In the first Adventist Health Study this protective effect of nuts was first reported.
When people who ate nuts at least 4 times per week were compared to those who ate
nuts less than 1 time per week there was a 48 percent decrease in fatal CHD events and
a 55 percent decrease in definite non-fatal heart attacks in the nut-eating group [41].
This protective effect was seen regardless of sex, age, smoking status, hypertensive
status, vegetarian or nonvegetarian, exercise level, or whether or not people ate white
bread. Nuts were protective despite all these other factors.

3.5 Summary of health benefits of nuts and seeds

The health benefits of nuts and seeds are summarized in Table 5. The evidence is
robust. The benefits of nuts have been seen in at least 20 different cohorts, including
populations at least from the USA, Europe, Iran, and China over a period of more than
26 years. The benefits from one or two ounces of nuts per day are substantial —20%
reduction in all-cause mortality, 30% reduction in death by heart disease, 18% reduc-
tion in stroke death, 39% reduction in type 2 diabetes death and a 13-15% reduction in
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Description of Amount of Study  Health Outcomes Ref.
Study Nuts Length
n = 1888, 33 clinical Varied Varied No significant difference in body weight,  Flores-
trials BMI, waist circumference Mateo [24]
n = 51,188 women, >2X/wk.vs. 8years Slightly less weight gain over time, non-  Bes-
Nurses’ Health rare significant lower risk of obesity Rastrollo
Study II [25]
n = 373,293, EPIC- 124 g/d 5 years 4 5% becoming overweight or obese Freisling
PANACEA median vs. 2018 [26]

none
Meta-analysis of 61 1 serving = 3to Nut intake (per serving/d) lowered total ~ Del Gobbo
controlled clinical ~ 28 g/d 26 weeks cholesterol —4.7 mg/dL, LDL cholesterol ~ [28]
studies, n = 2852 Median dose —4.8 mg/dL, ApoB -3.7 mg/dL, and

56 g/d triglycerides —2.2 mg/dL.

Stronger effects were observed for >60 g
nuts/d.

Review of 10 trials, 37to128g/d 8to nut consumption significantly improved  Xiao [34]
n = 374 24 weeks flow mediated dilation
Review of meta- Varied Varied 4 19-20% overall mortality Kim [35]
analyses of 120-34% CHD incidence
prospective studies 427-30% CHD mortality

4 19% all CVD incidence
425% all CVD mortality
4 10-11% stroke incidence
1 18% stroke mortality

Meta-analysis of Results per  Varied 1 15% total cancer mortality Aune [36]
prospective studies 28 g/d 1 39% diabetes mortality

1 52% respiratory disease mortality

1 75% infectious disease mortality

Meta-analysis, 36 Varied Varied | 15% total cancer mortality Wu [37]
studies, n = 30,708 424% colorectal, | 42% endometrial,
Prospective and { 32 pancreatic

case-control studies

Review and meta-  Highestvs.  Varied 1 14% cancer risk Naghshi

analysis, n = 819,851 lowest intake 1 13% cancer mortality [38]
compared

Golestan Cohort 3 serving/ 7 years 129% all-cause mortality, nut Eslamparast

Study, Iran, wk. vs. consumption not associated with healthy ~ [39]

n = 50,045 none lifestyle

Adventist Health 4x/wk. vs. < 6 years 1 48% CHD mortality, { 55% definite Fraser [41]

Study, n = 31,208 1x/wk non-fatal CHD events

Adventist Health Median | 40% risk of CVD death; 3-fold lower for Tharrey

Study 2, n = 81,337 9.9 years age 25-44 [40]

CVD = cardiovascular disease, CHD = coronary heart disease.

Table 5.
Summary of health benefits of nuts and seeds.

cancer death. Optimal results will be realized by optimizing all aspects of dietary and
lifestyle choices, but the inclusion of a serving of nuts per day appears to be a wise
choice.
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4. The safety of nuts and seeds when dealing with cancer

There is one remaining issue to address here. The evidence above indicates that
nuts help prevent some cancers, but what is the role of nuts and seeds after diagnosis,
or during treatment or remission of cancer?

A more fundamental issue is whether dietary fats cause growth of tumors.

It is well accepted that sugar feeds cancer directly. The PET scan is done on this
principle. A sugar molecule with a radiolabeled tracer on it, typically '*F-
fluorodeoxyglucose, is injected into a person. Whatever part of the body is metabo-
lizing sugar the fastest is the biggest tumor. Tumors metabolize sugar at an accelerated
rate compared to the rest of the body.

Protein may also be a factor in tumor growth. Tumor cells can grow on the amino
acid glutamine nearly as well as with glucose as an energy source, especially under low
oxygen conditions [42-44]. The TCA cycle that produces energy can run on either
glucose or glutamine especially in cancer cells.

Protein can also indirectly feed cancer through hormonal effects. High protein,
especially animal protein, raises insulin levels and especially raises IGF-1 levels. IGF-1
is a growth hormone that promotes the growth of all cells. Sufficient levels of IGF-1
prevent frailty but excessive levels have been associated in several studies with higher
risk of cancer incidence and death [45].

So, sugar and animal protein both contribute to tumor growth. Does dietary fat
also cause tumor growth? It is well known that abdominal fat is a risk factor for
cancer. Fat cells in your body produce inflammatory substances. Being overweight or
obese is a risk factor for cancer. It has already been established that nuts and seeds do
not contribute to obesity in populations that habitually consume them daily.

It turns out that the source of dietary fat makes a difference. It always has, even in
the Seven Countries Study on fat and international rates of heart disease deaths [46].
When the analysis is separated into plant fats and animal fats the animal fats appear to
be associated with disease, but not plant fats. More recent studies have also found this
effect.

In recent analysis of data from two large cohorts of the USA population, the
Nurses’ Health Study and the Health Professionals Follow-Up Study, the source of
MUFAs was separated into plant and animal source. Guasch-Ferré et al. found the
MUFAs from plants were associated with lower total mortality and the MUFAs from
animals were associated with higher total mortality [47]. Just the opposite effects were
seen, depending on the source of the fats. This would indicate that MUFAs from nuts
are not in the same category as MUFAs from animal products.

Another recent article also highlighted the difference between MUFAs from plants
or animals. The results of analyzing 16 years of follow-up of the NIH-AARP Diet and
Health Study with about 520,000 people were that cardiovascular mortality was
positively associated with saturated fats, trans fats, arachidonic acid (from animal
foods), and animal-sourced MUFAs and was inversely associated with marine omega-
3 PUFAs, linoleic acid (omega 6 oil from plants), and plant-sourced MUFAs [48].

So, plant fats are different from animal sourced fats for health outcomes. When
looking at the question of whether fat accelerates tumor growth, the source of the fat
has to be considered.

A direct answer to our question of the safety of nuts for cancer patients is also
available. In a prospective study of colon cancer patients who were enrolled in a
randomized adjuvant chemotherapy trial, those that ate two or more servings of tree
nuts per week during the 6.5 years of follow-up had a 46 percent improvement in

16



The Beneficial Role of Nuts and Seeds in a Plant-Based Diet
DOI: http://dx.doi.org/10.5772 /intechopen.110677

disease-free survival rate and a 53 percent improvement in overall survival [49]. This
analysis controlled for other known or suspected risk factors for cancer recurrence, so
it appears that the effect is from the nuts themselves. So in this group of cancer
patients the ones who ate nuts lived longer without disease and lived longer overall.

Hallelujah Acres and others have advocated the use of flax seeds for cancer
patients. The lignans in the fiber of the flax seeds are metabolized into enterodiol and
enterolactone, which are well known for reducing cancer risk [50]. Ground flax seeds
are considered by many to be a superfood, but while flax seeds are unique, they are a
high fat food that has much in common with other nuts and seeds. Sesame seeds also
are a precursor source of enterodiol and enterolactone [51]. Other nuts and seeds have
phytochemicals in them that appear to be protective to those who eat them as well.

So, the scientific evidence says that nuts and seeds are not only safe, but beneficial
in every stage of life, including while battling with cancer. Populations who eat nuts
have lower rates of cancer, MUFAs from plants are protective from disease, as
opposed to MUFAs from animal sources, there is no clear mechanism for dietary plant
fats to accelerate the growth of tumor cells, and a recent clinical trial has shown that
intake of nuts by colon cancer patients undergoing chemotherapy had better disease-
free survival and overall survival.

5. Conclusion
Let us quickly review the answers to our original queries.

1. Nuts, particularly almonds, and seeds are nutritionally denser than grains, about
43 percent more. Seeds are also about 19 percent more nutritionally dense than
dry beans in general.

2.The benefits from one or two ounces of nuts per day are substantial—20%
reduction in all-cause mortality, 30% reduction in death by heart disease, 18%
reduction in stroke death, 39% reduction in type 2 diabetes death and a 13-15%
reduction in cancer death.

3.Nuts are safe to eat when dealing with cancer. Populations who eat nuts have
lower rates of cancer and a recent clinical trial has shown that intake of nuts by
colon cancer patients undergoing chemotherapy had better disease-free survival
and overall survival.

4.The health benefits of nuts and seeds are clear. Nuts and seeds can be easily
integrated into any diet. Plant-based diets are improved with nuts and seeds and
omnivorous diets, or even low-carbohydrate diets can be improved by including
nuts and seeds. The evidence is sufficient and conclusive. Nuts and seeds are
beneficial foods.
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Abstract

Moringa stenopetala is a multi-purpose tropical plant native to East Africa. The
plant is exceptionally rich in nutrients and health-promoting bioactive compounds. It
is among the top plants that could potentially feed the world and alleviate nutritional
deficiencies. Moringa stenopetala is a versatile plant because its various parts, includ-
ing leaves, seeds, flowers, pods, bark, and roots are useful to humans. Especially, the
leaves and seeds are high in protein with all the essential amino acids. Based on the
FAO database, M. stenopetala seed protein with its essential amino acid content stands
highest among all commercial plant protein sources. Though it is a high-value plant
and extensively used for food and traditional medicine by the local people in its native
place, it is underutilized elsewhere. This chapter reviews recent research efforts that
aim to unlock the potential of the plant as a source of ingredients for food, cosmetic
and nutraceutical industries.

Keywords: bioactive compounds, Moringa stenopetala, oil, plant-based food, protein

1. Introduction

The growing awareness of the effects of food on human health and the environment
has warranted a need to look for alternative food sources. This has promoted a steady
increase in demand for plant-based diets [1], which can be attributed to increasing
vegan, vegetarian, and flexitarian populations as well as increasing intolerance to
animal proteins. Ethical concerns about animal abuse, the nutritional benefits of
plant-based diets and the ever-increasing investments in the plant protein sector are
all factors contributing to the growth of plant-based foods [2, 3].

The plant-based food market is expected to grow at a compound annual growth
rate (CAGR) of 12.4% in 2022 to reach $95.52 billion by 2029 [2]. The growth rate
for the U.S. plant-based food market was more than doubled in 2020 as sales surged
27% to $7 billion, according to the Plant Based Foods Association (PBFA) and
Good Food Institute (GFI). To meet the increasing demand, there is a need to adopt
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climate-resilient food production system with higher yields of improved functional
food ingredients. The versatile tropical plant species Moringa with uses for its various
parts, particularly the leaves and seeds, holds immense potential for use as ingredients
in plant-based food and therapeutic applications.

Moringa belongs to the monogeneric Moringaceae family [4]. The genus consists
of about 14 species, including the well-known species, Moringa oleifera, which is
native to the Indian sub-continent, and Moringa stenopetala, also known as African
Moringa, which is endemic to East Africa [5]. The leaves and green pods of Moringa
are rich in both macro and micro-nutrients and are eaten as a staple vegetable, espe-
cially in the Indian sub-continent and Africa [6].

Moringa is one of the world’s most useful tropical trees and often nick-named a
‘multi-purpose tree’ [7, 8]. It is a resilient and highly drought-tolerant tree growing on
marginalized land and almost all parts of the plant are useful [9]. The leaves, seeds,
pods, flowers, and roots are excellent sources of nutrients and bioactive compounds
[10, 11], especially dietary fiber, proteins, minerals, vitamins, and phytochemicals
that offer great nutritional and therapeutic benefits [5, 12-14].

Moringa is listed among the top plants that could help feed the world and alleviate
nutritional deficiencies and is often considered as a superfood [7, 8]. It holds much
promise to serve as a source of valuable bioactive compounds for food, pharmaceuti-
cal and cosmetic applications [5]. Moringa seed hulls (often considered a waste) are
used to develop high performance carbonaceous adsorbents and biological coagulants
for water and wastewater treatment and removal of hazardous contaminants, which
enhances environmental health [15-17].

Unlike M. oleifera for which there are robust scientific studies on its chemistry,
food, and therapeutic uses [12, 13], only a few similar scientific studies have been
conducted on M. stenopetala [18].

M. stenopetala is used as a staple food and traditional medicine by the local people in
its native place in East Africa. It grows on the homesteads of small-holder farmers and is
tightly linked to the livelihood of local communities in the region (Figure 1). The plant
is exceptionally rich in nutrients and health-boosting bioactive compounds and could
potentially alleviate nutritional deficiencies. The leaves and seeds are high in protein con-
tent and contain all the essential amino acids. Recent studies in Canada revealed that M.
stenopetala seed protein with its essential amino acid content is the highest among all the
commercial plant protein sources based on the FAO database (personal communication).

e = & 4 - g

Poto credit: Debe Worku Dadi

Figure 1.
Moringa stenopetala in Konso, Southern Ethiopia.
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Though the plant holds much promise as a source of ingredients for nutrient-and
mineral-rich plant-based diets, it is less known to the outside world and rarely utilized
in food product formulations. Thus, this chapter reviews recent research interests that
aim to uncover potential uses of M. stenopetala ingredients for plant-based food and
therapeutic applications.

2. Origin, ecology, and production of M. stenopetala

M. stenopetala is native to east Africa, with diversity spanning Ethiopia, Kenya,
and Central Somalia [19]. In Ethiopia, the distribution of the species is mostly con-
centrated in specific zones in the south [20-23]. The presence of M. stenopetala has
also been reported in the northern part of the country, specifically in Alamata district
of southern Tigray, where it is promoted as an agroforestry tree species [24].

M. stenopetala grows in Ethiopia from 390 to 2200 meters above sea level (mas)
in the southern Rift Valley, including the arid and semi-arid regions between 1000
and 1800 mas [23, 25]. M. stenopetala grows well in areas receiving annual rainfall
and temperature that ranges from 250 to 1500 mm and 25°C to 35°C, respec-
tively. According to a summary of the national herbarium’ vouchers, the habitat
where the genus occurs in Ethiopia consists of rocky riverbanks, dry scrub land,
Acacia-Commiphora woodland, watercourses with some evergreens, open Acacia
Commiphora bush land on gray alluvial soil, and cultivated lands in and around
villages.

M. stenopetala is intercropped with food crops in moderately dry regions of south-
ern Ethiopia and used as a farm tree (home gardens) to support the livelihoods of the
high population present in the region. It is among the most useful trees planted and
managed by rural people in the dry areas of Ethiopia [7, 26]. With proper agronomic
practices, M. stenopetala has the potential for large-scale commercial farming. It was
reported that a single tree of M. stenopetala could support a large family for several
years [21, 27]. Thus, M. stenopetala is a promising plant to adopt for a climate-resilient
food production system that could have a significant impact on alleviating food
insecurity and serve as a source of ingredients in food and therapeutic applications.

3. Nutrient and bioactive composition of various parts of M. stenopetala

The nutrient, bioactive compounds, vitamin, and mineral composition of
various parts of the plant, particularly the leaves and seeds, are presented in this
section. The trending potential of the use of M. stenopetala ingredients in plant-food
formulations is also highlighted. The nutritional and bioactive composition of M.
stenopetala is presented and compared with that of M. oleifera, for which a wealth
of information on its chemistry, nutrient and bioactive profiles and therapeutic
potential is available [12, 13].

Moringa leaves, seeds, flowers, roots, and green pods are rich in macro and micro-
nutrients. The leaves of M. stenopetala are popular as a staple vegetable in eastern
Africa as is M. oleifera in the Indian subcontinent [21, 28, 29]. Dried Moringa leaf
powder that is kept under dark conditions preserves the nutritional potency of the
leaves for a long period of time [30, 31]. Dried leaves are utilized for the preparation
of Moringa herbal tea and other non-alcoholic beverages that have significant health
benefits [18].
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3.1 Dietary composition of the leaf

Findings from various studies revealed that M. stenopetala and M. oleifera are rich
in nutrients, minerals, vitamins, and bioactive compounds [32]. M. stenopetala dried
leaf has a high protein content of about 28% (Figure 2). The protein from the leaves
of M. stenopetala is complete and contains all the essential amino acids at levels equal
to or higher than those found in soybean seeds [32, 33]. Similarly, recent research
conducted in Canada found that M. stenopetala leaf has high protein content and
contains all the essential amino acids (personal communication).

M. stenopetala leaf contains 28 and 160 mg/100 g of vitamin C and beta carotene,
respectively [21]. Some studies have also reported the presence of other vitamins in
higher amounts [21, 32]. Among many green leafy vegetables, Moringa was found to
be a rich source of £-carotene (vitamin A) and other micronutrients [34].

Leaf extracts of M. stenopetala have good amounts of phenolic and flavonoid com-
pounds that have high antioxidant activities [35, 36]. Habtemariam and Varghese [18]
have also reported the presence of a high amount of rutin, a bioflavonoid antioxidant
that could be extracted from M. stenopetala’s dried leaves.

Previously published papers demonstrated that the minerals found in Moringa
leaves are diverse and abundant. M. stenopetala leaves had 3363 mg/100 g of potas-
sium, which was 3.96 times higher than in banana fruit (933 mg/100 g) [37]. Banana
fruit is one of the foods recommended as a source of potassium and calcium [38]. M.
stenopetala dried leaf is rich in calcium, potassium, magnesium, iron, phosphorus,
and zinc but characterized by its low content of sodium [37]. M. stenopetala is nutri-
ent-rich but low-calorie food and is an ideal part of a diet designed for body weight
management.

3.2 Composition of M. stenopetala seed

Different research results have reported protein (28-43%) and oil (33-41%)
levels from M. stenopetala seeds. M. stenopetala seeds are a great source of protein,
high-quality edible oil, and numerous other beneficial compounds [12]. Studies
have shown high protein content and considerable levels of essential amino acids in
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Figure 2.
Nutrient composition (%) of Moringa stenopetala dried leaves (adapted from authors indicated on the above
chart).
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Moringa seeds [12]. Results of different studies on the amino acids exhibited high
qualities of the seed protein [39, 40]. Various studies have shown that the protein
from Moringa seeds contains all nine essential amino acids, making it one of the best
sources of plant-based proteins [12, 41, 42].

The amino acid composition of Moringa seed was compared to the hen’s egg used
as the reference by the FAO [43], and assessed the protein quality using the individual
amino acid score. The results of this study showed that Moringa seed proteins have
higher amounts of total amino acids and fewer amounts of total essential amino acids
than hen’s egg protein, revealing the potential use of Moringa seed protein in food
applications.

According to the report, 45% of M. stenopetala seed is oil, with 78% of the
fatty acid composition being monounsaturated (of which 76% is oleic) and 22% is
saturated fatt 3y acids [22]. M. stenopetala seed oil has an average value of oil density
(0.919 kg/cm®), specific gravity (0.918 g/cm’), peroxide value (11.52 millieq O,/kg),
viscosity (19 mPa.s), acid value (3.74 mg KOH/g) and ester value (177.2 mg KOH/g)
[44, 45]. According to Vaknin and Mishal [46], the saturated fatty acids present in
Moringa oil include palmitic acid, stearic acid, arachidic acid, and behenic acid. The
unique fatty acid and bioactive components, combined with distinct physiochemi-
cal properties, make M. stenopetala oil an ideal ingredient for food, pharmaceutical,
cosmeceutical, and therapeutic applications [43, 47].

3.3 Pods and other parts

Moringa stenopetala’s flower, pod, and roots have received much less attention and
are less known than the leaves and seeds. The protein, fiber, and ash contents of the
pods of M. stenopetala and M. oleifera were 18 and 17%, 37 and 36%, and 12 and 10%,
respectively [48]. The authors have also reported the mineral contents of pods of M.
stenopetala and M. oleifera (Figure 3) with the further remark that the flowers, pods,
and roots of Moringa contain appreciable concentrations of minerals and nutrients.
Therefore, M. stenopetala enhances dietary diversification and thus has a significant
impact on mitigating hunger in developing countries.
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Figure 3.
Mineral contents of pods of M. stenopetala (Ms) and M. oleifera (Mo) [48].
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4. Health benefits of Moringa stenopetala diet

The health benefits of M. oleifera are well documented in recent research reports
[12, 13]. Though we have a dearth of information, some studies have also shown the
nutritional and health benefits of M. stenopetala. Different parts of the plant are tradi-
tionally used to treat hypertension, diabetes, malaria, common cold, asthma, wounds,
retained placenta, and stomach-ache [49, 50]. The leaf extracts of M. stenopetala
have shown antihypertensive effects and antidiabetic activity [51, 52]. Furthermore,
hepato- and kidney protective effects of Moringa leaf extracts were also reported [53].
This might be due to the presence of protective action against lipid peroxidation and
reactive oxygen species of the plant’s extract, which can be attributed to the presence
of phenolic and flavonoid compounds [18, 54]. M. stenopetala leaf extract also hasa
high content of rutin, a powerful bioflavonoid [18]. These compounds exhibit higher
antioxidant activity and are claimed to be responsible for several beneficial biological
activities.

Diabetes mellitus is a complex metabolic disease that is a major global public
health concern. Diabetes is increasing at an alarming rate all over the world and its
prevention will necessitate measures to promote a healthy dietary pattern. Studies
revealed that M. stenopetala leaf extract has the potential to reduce blood glucose
levels effectively [55, 56]. Serum glucose level was also decreased significantly after 6
weeks of treatment of mice with M. stenopetala leaf extract [57]. In addition, micro-
encapsulated products developed from M. stenopetala leaf extracts have shown a sig-
nificant effect on diabetes [52]. The leaf of M. stenopetala also has a high dietary fiber
[21], which may help in the prevention and management of diabetes. Furthermore,
the phenolic compounds, vitamin E and tannins, present in M. stenopetala, can also
help to reduce the risk of diabetes by managing blood glucose levels.

M. stenopetala leaf extract showed an antihypertensive activity as it was found from
the result of vasodilator and urinary excretion increment [52]. The decreased blood
pressure, extracellular fluid volume, and cardiac output occurred due to diuretics,
which increase the urinary sodium excretion, thereby reducing the plasma volume that
controls hypertension [58]. M. stenopetala leaf extract has shown significant diuretic
activity [51, 52], consequently it has the potential to act as an antihypertensive agent.

The relaxation of the smooth muscle of blood vessels (vasodilation) favors normal
blood pressure. However, if this blood vessel is contracted, relaxation is required
using nitric oxide [59]. It was found that M. stenopetala leaf extract has a high
relaxation (99.13%) against potassium chloride induced contraction of the guinea
pig thoracic aorta at a concentration of 40 mg/mL [52]. Oral administration of the
aqueous extract of M. stenopetala leaves led to significant reductions in systolic blood
pressure, diastolic blood pressure and mean arterial blood pressure [16].

It is claimed that M. stenopetala has anti-carcinogenic activities due to the presence
of glucosinolate compounds [60]. In addition, M. stenopetala leaf extract contains
polyphenols and flavonoids that give a synergistic effect to anti-carcinogenic activi-
ties [54, 60].

5. Trends of Moringa stenopetala use in food and nutraceutical applications

M. stenopetala is emerging as a trending source of novel ingredients in the food,
pharmaceutical and skin care industries. The dried leaves are used to formulate
health-boosting herbal tea, the dried leaf powder is a source of nutrient-dense
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Figure 4.

Commercialized herbal tea, leaf protein powder, seed oil and moisturizing facial cream developed from
M. stenopetala leaves and seeds through vesearch and development project in Canada (Photo credit:
BioTEI Inc.).

ingredient for food applications, and the seed oil is used by the food and skin care
industries (Figure 4). After the oil is extracted from the seed, it leaves a protein-rich
press cake as a secondary extraction product.

The seeds of M. stenopetala are good sources of edible oil and flocculent agents for
water purification as well as biofuel [49]. It was found that the protein content of M.
stenopetala seed was higher than the protein content of other oilseeds and pulses [45].
This shows that M. stenopetala seeds can be utilized as a potential protein source to
combat malnutrition in developing countries and as an ingredient for food applica-
tions in general. M. stenopetala seed oil yield reaches about 44% [61], which can be
considered as a major source of oil that could be used for cooking, salad dressing, and
cosmetics applications. Moringa oil is also known as ben oil and has been reported to
have physical and chemical properties comparable to olive oil with a high concentra-
tion of tocopherols and oleic fatty acid [61]. Thus, this oil has better oxidative stabil-
ity, which can be used in the food industry for longer storage and high-temperature
frying. Furthermore, M. stenopetala seed oil has excellent absorbing properties on the
skin which makes it a vital ingredient for the cosmetic industry. Moringa oil also has
anti-aging properties due to its key bio-agents that could maintain moisture and pro-
mote the mechanical elasticity and flexibility of the skin [62]. These findings indicate
that M. stenopetala seed oil is an ideal candidate for the pharmaceutical and cosmetics
industries manifesting its untapped multifaceted business potential.

5.1 Food fortification

M. stenopetala enhances dietary diversification and thus has a significant impact
on mitigating hunger in developing countries. The leaves are consumed as cabbage
and the dried powder is used as a dietary supplement for proteins, calcium, iron,
phosphorous as well as vitamins [63, 64]. The essential amino acids concentration of
M. stenopetala leaves is comparable with that of defatted soybean seed meal [63]. The
author has also reported the metabolizable energy, organic matter digestibility, and
short chain fatty acids contents. M. stenopetala is a rich source of micronutrients that
are commonly deficient in cereal-based diets. The concentrations of essential minerals
in M. stenopetala leaf are very high [7], indicating its superiority to other staple foods
grown in Ethiopia (Table 1). Moreover, cooking improved the digestibility of protein
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Crop Concentration (mg/kg dw)

Ca Cu Fe Mg Se Zn
M. stenopetala leaves 19,400 471 117 6070 112 21.0
Maize grain 551 0.943 28.2 918 0.182 204
Enset 2190 13 713 260 0.060 342
Sorghum grain 176 174 515 1350 0.097 16.1
Beans 1500 941 88.5 88.5 0.150 24.9

Data adapted from Kumssa et al. [7].

Table 1.
Medial elemental concentrations in M. stenopetala leaves and other food sources grown in Ethiopia.

by 20.7 and 7.8% in leaves and pods, respectively; the same trend was observed for
the total carbohydrates [64]. These authors have also confirmed the importance of
cooking the leaves and pods of M. stenopetala for the reduction of tannins (a known
anti-nutritional factor) by 27 and 45%, respectively.

The essential amino acids concentration of M. stenopetala leaves is comparable
with soybean seed meal content [63]. The author has also reported the metabolizable
energy, organic matter digestibility, and short-chain fatty acids contents. The leaves
of M. stenopetala leaves have also relatively high phenolic and flavonoid compounds
[18] indicating their antioxidant properties with a health-promoting effect on con-
sumers [54]. Plant-derived bioactive components such as phenolic compounds inhibit
the formation of free radicals, thereby preventing the formation of hydroperoxides.
However, these bioactive components are lost during food processing using the
conventional thermal approach. As a result, fortification is necessary to restore these
bioactive components to the final food products, this makes Moringa an incredible
ingredient in food fortification.

5.2 Functional and nutraceutical applications

The presence of phenolic and flavonoid compounds helps to prevent oxidative
damage. Currently, synthetic antioxidants are reported to be associated with car-
cinogenic effects; as a result, consumers’ interest in natural antioxidant sources is
increasing. Nutraceutical, functional foods and pharmaceutical product development
have created opportunities for these emerging ingredients derived from Moringa.
Functional and nutraceutical products development from M. stenopetala extractis a
promising strategy to maximize the utilization and industrialization of this underuti-
lized but highly versatile plant. Due to its richness in proteins [63], p-carotene, other
bioactive compounds, and antioxidant properties [54] and a high selenium concen-
tration, this plant has untapped potential in human health enhancement [7]. Hence,
M. stenopetala has the potential to be used as a key ingredient in functional foods and
nutraceutical product development.

Environmental variables, storage conditions, and thermal processing, all contrib-
ute to the easy degradation of nutritional and bioactive components in M. stenopetala.
Therefore, it is important to find alternative methods to maintain and improve
the stability of these compounds. Product development from M. stenopetala is also
important to improve the storage stability of the harvested plant parts. Spray-drying

32



African Moringa stenopetala Plant: An Emerging Source of Novel Ingredients for Plant-Based...
DOI: http://dx.doi.org/10.5772/intechopen.112213

microencapsulation of M. stenopetala leaf extract using a mixture of maltodextrin
and pectin as a coating material is more efficient for the food and pharmaceutical
industries than other processes [65]. A microencapsulated product developed from
M. stenopetala leaf extract showed significant antidiabetic and antihypertensive
effects. According to the findings, the percentage of urinary excretion was increased
with the increment of the dose of the microencapsulated bioactive product developed
from M. stenopetala leaf extract [52]. This shows that microencapsulated products
have significant diuretic activity. Thus, this microencapsulated product may be used
to minimize the abnormal accumulation of fluid in the human/animal body which in
turn helps to manage hypertension.

5.3 Antimicrobial properties

Endemic plants, like M. stenopetala, are good sources of new antimicrobial
compounds that might be effective against microorganisms resistant to commonly
prescribed antimicrobials. The leaves/seeds extract from M. stenopetala have shown
antimicrobial properties. According to Mekonnen and Driger [60], M. stenopetala
seed oil extract inhibited the growth of some pathogenic microorganisms such as
Staphylococcus aureus, Salmonella typhi, Shigella spp. and Candida albicans. Similarly,
leaf extracts of M. stenopetala using a mixture of methanol and chloroform have
significant inhibitory activity against Klebsiella pneumoniae and Bacillus cereus [66].
Thus, it is important to develop antimicrobial products from M. stenopetala as an
alternative bio-preservative to improve the shelf stability of some perishable food
products.

5.4 Other industrial applications of Moringa stenopetala by-products

The seed husk and defatted seed press cake of M. stenopetala could be used to
develop valuable bio-products (e.g., activated carbons and biological coagulants) that
could be utilized in water and wastewater treatment applications that considerably
promote a circular economy to enhance environmentally safe clean technology.

6. Conclusion

The African endemic Moringa tree, M. stenopetala is well regarded as a beneficial
botanical with exceptionally high nutritional and health benefits to humans and
thus nicknamed ‘the multipurpose tree’. It is highly drought-tolerant and suitable for
climate-resilient sustainable food production. Almost all parts of the plant (leaves,
flowers, pods, seeds and hulls) have uses in the food, cosmetic and pharmaceutical
industries due to their high contents of nutritional and essential bioactive compo-
nents. Moringa seed oil has a good fatty acid profile suitable for food and cosmetic
applications while the press cake (by-product of oil extraction) is rich in protein with
good amino acid profile, and dietary fiber, making it a good raw material for protein
extraction for the plant-based food industry. The leaves are dried to produce herbal
tea, but they can also be ground into nutrient-dense ingredients for the development
and fortification of various food products including smoothies, bars, and chips. The
hulls can be used to produce activated carbon for water and wastewater treatment.
Moringa is a multi-functional plant that is good for human nutrition, environmental
health, and plays a pivotal role in economic sustainability of the population. However,
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more research is required to realize the full potential of M. stenopetala through the
development of extraction technologies for seed protein and its hydrolysates and
fractionated peptides. Research on development of food, cosmetic and nutraceutical
products with Moringa ingredients will allow consumers to fully benefit from the
nutritional and bioactive components of this African “miracle” tree.
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Chapter 3

Nutritional and Functional Value
of African Leaty Vegetables:
Advantages and Limitations

Ntsoaki Joyce Malebo

Abstract

Globally, communities experience food insecurity, highlighting a need for access
to food sources that are readily available with nutritional benefits. African leafy
vegetables represent a plant-based food source that is rich in nutritional content and
health benefits. These vegetables can grow unattended in the wild with minimal
agricultural inputs which may negatively affect the environment, highlighting the
advantages of their use. However, there is still a need to investigate the nutritional
and functional value of these vegetables, focusing on their advantages and limitations
before they can be recommended as an alternative food source. The chapter will focus
on evaluating peer-reviewed journal articles, book chapters, and other publications to
conduct a qualitative review.

Keywords: nutritional value, functional value, African leafy vegetables, plant-based
diet, nutritional benefits

1. Introduction

The literature demonstrates that the Southern African Development Community
(SADC) region is warming up faster than other regions in the global North prompt-
ing action towards adaptation strategies. The SADC region has observed adverse
changes in rain patterns resulting in floods or multiple droughts. Reports by the Food
Agriculture Organization [1] indicate the doubling of areas on the planet affected
by droughts over a 40-year period [2]. The observed threat is a concern as the most
vulnerable communities affected by high levels of unemployment, poverty, malnutri-
tion, and inequality can be found in the SADC region. Studies indicate that climate
change threatens health, ecology, and food security in sub-Saharan Africa [3, 4].

For ecology, an increase in woody vegetation has been observed which continues to
replace indigenous habitats in certain regions [3]. The rise in temperatures leads to
increased levels of evapotranspiration [5] which may affect food production and
highlights the need to increase the propagation of climate-resilient crops such as
African leafy vegetables (ALVs). Furthermore, because ALVs are considered climate-
resilient crops, they can support climate adaptation strategies that are needed to
address food insecurity [2]. Researchers [4] further argue that science interventions
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should be linked with local indigenous knowledge for adaptation and food security to
address challenges such as climate change.

Maseko et al. [6] contend that the addition of ALVs in cropping systems can con-
tribute to climate change adaptation strategies. This argument is supported by Nyathi
et al. [7] who advocate for the diversification of current food production systems
because vegetables such as Swiss chard which are available in commercial markets
require high cultivation input whereas ALVs grow easily in the wild with minimal
input from fertilizers and water. It has also been demonstrated that as climate
changes, the presence of additional carbon dioxide in the air enhances the drought
adaptation mechanisms of ALVs such as stomatal conductance which enables their
growth during times of drought. This ensures the availability of highly nutritious
vegetables which can support a plant-based diet.

Although commercially available C; vegetables such as Swiss chard increase bio-
mass when carbon dioxide levels increase, their propagation requires high water input
and fertilizers when compared to ALVs [8]. This indicates that such commercially
available vegetables would not support climate adaptation strategies. Furthermore,
an increase in carbon dioxide reportedly has a direct effect on nutrition as it reduces
iron, zinc, and protein content in grains [4, 8], this implies that an increase in biomass
may not result in high nutritional content. ALVs are recognized as a rich source of
minerals and vitamins which are currently not available in commercially accessible
vegetables [9-11]. Despite the known nutritional benefits of ALVs, urbanization,
access to disposable income, and availability of commercial vegetables continue to
influence changes in diet patterns in favor of commercial vegetables over ALVs [2].

In most African communities, ALVs are still regarded as weeds or food for the poor.
Researchers argue that ALVs can be used in what is referred to as “hidden hunger”
which is defined as micronutrient deficiencies [10, 12] observed globally due to a
preference for ready-to-eat foods with limited nutritional value.

2. Methodology

A review of existing databases (Google Scholar, Science Direct, Web of Science,
Scopus) was conducted for data published on ALVs from 2010 to 2023. Keywords such
as “African leafy vegetables”, “indigenous leafy vegetables”, “nutritional value”, and
“functional value” were used to search for open access journal papers and book chap-
ters. Inclusion criteria: Reviews and experimental papers published in peer-reviewed
journals, book chapters, and conference proceedings between 2010 and 2023 were
selected. Exclusion criteria: papers published prior to 2010 and not in peer-reviewed
publications from sub-Saharan Africa. A total of 80 articles were retrieved and
relevant papers were selected and used for the current review. Study limitations: The
current study was limited to publications in peer-reviewed journals and book chap-
ters, other studies published in non-peer-reviewed papers and also in other languages
may have been excluded. The study also focused on ALVs mainly consumed in coun-
tries within sub-Sahara Africa and may have excluded leafy vegetables consumed in
other parts of the African continent including the studied areas.

3. Type of African leafy vegetables (ALVs) consumed by communities

Different types of African leafy vegetables (ALVs) are consumed in various coun-
tries in sub-Saharan Africa. In Zimbabwe, ALVs such as Cleome gynandra, Amaranthus
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thunbergii Moq, Vigna unguiculata, Corchorus tridens, Corchorus olitovius, Bidens pilosa,
and Amaranthus hybridus are consumed [13]. Cleome gynandra also known as African
cabbage belongs to the family Capparaceae, an erect herb with palmately compound
leaves (Figure 1A). Amaranthus species (Figure 1B), from the Amaranthaceae fam-
ily, leaves are described as succulent and simple in some taxa. Vigna unguiculata is
classified in the Leguminosae family and distinguished from other ALVs by tri-foliate
leaves. Corchorus (Figure 1C) species belongs to the Tiliaceae family, with oblong to
lanceolate leaves that have serrated margins and distinct hair-like teeth at the base. B.
pilosa belongs to the family Asteraceae, differentiated by lobed, serrate, and opposite
green leaves, and yellow or white flowers (Figure 1D).

According to [13], C. gynandra (Cleomaceae family) and Vigna unguiculata
(Fabaceae family) are considered amongst the top five most important traditional
vegetables in Zimbabwe. Although these vegetables are important traditional food
sources, other species such as B. pilosa (Asteraceae family) are used not only as a food
product but as medicine [14] based on the indigenous use of the plants. B. pilosa L.
[15] is reportedly used to treat malaria, dysentery, diarrhea, and infected wounds or
burns [16]. Most of these ALVs grow in the wild with minimal production input but
[13] that vegetable species such as C. gynadra have been reportedly domesticated in
home gardens and are purposely protected during activities such as digging, weeding,
and land clearing due to the known benefits they provide.

Although ALVs grow in the wild, a study by [17] indicated that species such as
Amaranthus hybridus and C. gynandra occur in all soil types, however, C. gynandra

Figure 1.
An image showing selected ALVs. A — Cleome gynandra; B — Amaranthus thunbergii; C — Corchorus olitorius and
D — Bidens pilosa.
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Figure 2.
An image of ALVs showing A — Solanum spp.; B — Talinum; C — Acalypha; D — Celosia; E — Sesammum;
F - Urtica.

tends to be associated with sandy soils. Although B. pilosa reportedly thrives in any
environment [14], it can be negatively affected by frost. Nightshade (S. retroflexum
Dun.; Solanaceae family) leaves and tender shoots are consumed in most African
countries [18]. African leafy vegetables mainly consumed in South Africa include
Amavranthus species [6] such as Amaranthus thunbergii Moq., Amaranthus spinosus
(L.) followed by Corchorus (C. asplenifolius, Corchorus trilocularis, C. tridens and C.
olitorius), Cleome monophylla L. (C. monophyla, C. hirta) [19], Vigna unguiculata, and
Bidens pilosa [20]. Cleome gynandra, Curcubita maxima, Vigna unguiculata, Vigna
unguiculata subsp. dekindtiana var. dekindtiana, V. unguiculate subsp. dekindtiana,
var. huillensis, V. unguiculata subsp. rotvacta, V. unguiculata subsp. stenophylla, V.
unguiculate subsp. tenuis var. ovata, V. unguiculata subsp. unguiculata, Vigna unguicu-
lata subsp. unguiculata, Solanum nigram, Urtica urens, Ribes uva crispa, Tarvaxacum
officianale, and Beta vulgaris [21] which are rich in nutrients, are also consumed in
South Africa.

Solanum macvocarpon, Talinum fruticosum, Corchorus (Figure 2), and Amaranthus
are consumed in Ghana [22]. In Céte d’Ivoire, although there are various ALVs con-
sumed, the main reported vegetables include Acalypha ciliate, Celosia trygina, Cleome
gynandra, Solanum nigrum, and Sesammum radiatum. In Southern Angola, Bidens
pilosa and Amaranth are reported as the main ALVs consumed amongst the various
vegetables reported [23]. The literature demonstrates that certain species from genera
Amavranth, Cleome, Bidens, Vigna, Solanum, and Corchorus are readily available in most
African communities. In most of these communities, although consumption contin-
ues to decrease, the nutritional benefits of the ALVs are recognized.

4, Nutritional benefits

African leafy vegetables are generally characterized by an abundance of carbo-
hydrates, low protein, and fat content (Table 1). When consumed with high-calorie
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vegetables such as maize, supplementation for protein is needed to fully address
malnutrition. Other studies have shown that adding peanut butter during cooking of
ALVs enhances the presence of proteins and oils [26]. Generally, ALVs contain high
amounts of flavonoids (Table 1) which are associated with health benefits such as
protection against cardiovascular diseases, stroke, and cancer [22]. Additionally, ALVs
contain moisture levels which are similar to commercially available leafy vegetables
that are generally accepted by consumers [26]. The ash contents of C. gynandra and
Amaranth [24] indicate that both vegetables may be good sources of minerals. The
ALVs are considered sources of crude fiber which assists in the absorption of excess
cholesterol.

Doue et al. [26] reported the presence of carotenoids in Acalypha ciliate, Celosia
trygina, Cleome gynandra, Solanum nigrum, and Sesammum vadiatum (Table1).
Although cooking methods may affect carotenoid content, the carotenoid content
identified in these ALVs remains higher than what is reported for commercially avail-
able vegetables. Carotenoid pigments which include beta-carotene have high antioxi-
dant properties which play an important role in reducing the occurrence of cancer.
Additionally, vegetables with antioxidant properties can be used for the prevention
of degenerative diseases [22]. African nightshade is one of the ALVs which reportedly

ALVs Nutritional properties References

Amaranthus spp. Amino acids, Calcium, Carbohydrates, Carotenoids [7,18, 22, 24, 25]
(B- carotene), Fiber, Flavonoids, Minerals (Copper, Iron,
Magnesium, Potassium, Sodium, Sulfur and Zinc) and
Phenolic compounds.

Acalypha ciliate Flavonoids, Protein; Phenolic compounds, [14, 22, 26]

Bidens pilosa Carbohydrates, Calcium, Copper, Fiber, Flavonoids, Iron, [14, 18, 23]
Lipids, Minerals (Calcium, Copper, Iron, Magnesium,
Manganese, Phosphorus, Sodium, Sulfur and Zinc), Phenolic
compounds, Protein and Vitamins (A, E, C, beta-carotene)

Celosia trygina Amino acids; Ascorbic acid, Carotenoids, Flavonoids and [23, 26]
Phenolic compounds.

Cleome gynandra Carotenoids, Calcium, Flavonoids, Glucosinolates, Iron, [7,14, 22, 25-27]
Magnesium, Manganese, Protein, Phenolic compounds,
Potassium, Phosphorus, and Zinc

Corchorus olitorius Calcium, Carbohydrates, Copper, Fiber, Flavonoids, Iron, [20, 22]
Magnesium, Phenols, Protein and Zinc

Sesammum radiatum Amino acids, Carbohydrates, Carotenoids, Fiber, Flavonoids, [14, 22, 24, 26]
Minerals, Phenolic compounds

Solanum spp. Carbohydrate, Calcium, Carotenoids, Copper, Fat, Fiber, [10, 12, 14, 18, 20,
Flavonoids, Iron, Minerals (potassium manganese), Protein, 22,26, 28]

Vitamins (Folate, Vitamin A, Riboflavin and Thiamine)
Phenolic compounds

Talinum fruticosum Carbohydrates, p-carotene, Fiber, Flavonoids, Minerals [22]
(calcium, magnesium potassium), Phenolic compounds,
Proteins Vitamin C and E

Vigna unguiculata Carbohydrates, Carotenoids, Flavonoids, Phenolic [13, 25]
compounds, Protein

Table 1.
Nutritional composition of selected ALV5.
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serves as a rich source of minerals such as potassium, manganese, and vitamins in
the form of Vitamin A and folate [18]. Other studies indicate that African nightshade
is a source of protein, minerals, and beta-carotene which is reportedly higher than
commonly consumed vegetables [10, 12, 29]. Other vitamins identified in African
nightshade include thiamine, riboflavin, and folate [12, 28].

Amaranth is recognized as a good source of pro-vitamin A [25] which are carot-
enoids that the body convert to vitamin A. Potassium, calcium, magnesium, phospho-
rus, iron, manganese, and zinc were identified in high amounts in Cleome leaf tissue
[27]. Vitamins such as beta-carotene, vitamin A, vitamin C and medium in vitamin E
and protein have also been reported in blackjack [14]. Minerals identified in blackjack
include calcium, phosphorus, sodium, manganese, copper, zinc, magnesium, and iron
[14]. The minerals are beneficial for human health with iron playing an important
role in blood production [18]. The presence of high carbohydrate content in leafy
vegetables indicates a high caloric content, a study conducted by [22] showed a high
carbohydrate content in dried Solanum macrocarpon, Talinum fruticosum, Corchorus
olitorius and Amaranthus spp. when compared to other studies. Crude fiber was
observed by [22] in dried Solanum macrocarpon, Talinum fruticosum, Corchorus olito-
rius, and Amaranthus; the study further showed that these dried ALVs are good sources
of protein. However, other studies observed minimal amounts [26] of protein in ALVs.

5. Functional properties

Various studies have demonstrated that traditional leafy vegetables possess
phenols (gallic acid) and flavonoids which grant these vegetables various functional
properties. Obeng [22] showed that Solanum macrocarpon, Talinum fruticosum,
Corchorus olitorius, and Amaranthus spp. possess phenols and flavonoids. Obeng [22]
reported antioxidant properties when dried Solanum macrocarpon, Talinum frutico-
sum, Corchorus olitorius, and Amaranthus spp. were assessed. Although antioxidant
properties were identified, the study reported that high quantities of ALVs and
frequent consumption are recommended to provide consumers with the reported
health benefits. Nightshade possesses antioxidant properties due to the presence of
phenolic metabolites [18, 30]. Jiménez-Aguilar and Grusak [31] demonstrated that
some Amaranth species possess antioxidant properties which are higher than proper-
ties reported in spider flower (Table 2), African nightshade, and spinach. Although
additional studies are needed, [14] have reported that blackjack possesses antioxidant
properties. The health benefits of vegetables with antioxidant properties have been
demonstrated.

Blackjack possesses various chemical compounds such as astragalin, a flavonoid
found in various plants, reportedly has anticandidal activity. The compound was
shown to inhibit fungous biofilm development. Kissanga et al. [23] indicate that A.
hybridus is used for medicinal properties in Angola. Antibacterial properties of black-
jack against gram-negative E. coli as well as antifungal properties have been reported
[14]. In addition to the identified antimicrobial properties, blackjack has been used
to treat various diseases such as indigestion, diarrhea, dysentery, wounds, and
respiratory infections [14]. One of the bioactive compounds, astragalin, isolated from
blackjack reportedly has anti-parasite properties against Trigonoscuta cruzgi [14]; it
affects the growth of the parasite by changing the morphology of the cell membrane.

Mtenga and Ripanda [14] also report that blackjack possesses anti-inflammatory
properties due to the presence of squalene. Mokganya and Tshisikhawe [15] further
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African leafy vegetables Functional properties Compounds References

Amaranthus Antioxidant and Quercetin-3-glycosides [20, 25]
anti-inflammatory
Antioxidant, antitumor, anti- Hydroxycinnamic acid [25]
inflammatory, antimicrobial, derivatives
and antidiabetic activity
Antioxidant, anti-inflammatory, Kaempferol-3-rutinoside [18, 25]
and antimicrobial (nicotiflorin)

Bidens spp Anticandidal Astragalin [14]
Antibacterial and antifungal Axillaroside
Antimicrobial Iso-Vanillin
Antibacterial, antioxidant, and Daucene
Antifungal Squalene
Anti-inflammatory Antioxidant
B-caryophyllene and s-cadinene

Cleome spp Antioxidant and Quercetin glycosides [20, 27]
anti-inflammatory
Antioxidant and Kaempferol and [25,27]
anti-inflammatory isorhamnetin

diglycosides

Corchorus spp Antioxidant Quercetin glycosides [20]
Antimicrobial and antioxidant Glucoronic acid
Antimicrobial Galacturonic acid

Solanum spp Antioxidant, antitumor, anti- Hydroxycinnamic acid [25]
inflammatory, antimicrobial, derivatives
and antidiabetic activity
Antioxidant, anti-inflammatory, Chlorogenic acids [12, 18]
anti-obesity, and anti-diabetic
Antioxidant, anti-inflammatory, Kaempferol derivatives, [18]
and antimicrobial rhamnetin, and rutin
Antioxidant, anti-inflammatory, Quercetin glycosides [18]
anti-allergy, and anti-tumor
activity

V. unguiculata Antimicrobial, antiviral, Coumaroyl derivatives [25]
anti-inflammatory, antidiabetic,
antioxidant
Antioxidant, anti-inflammatory, Quercetin and [18, 28]
and antimicrobial kaempferol

Table 2.

Functional properties of selected African leafy vegetables.

indicate that liquid extracted from blackjack has been used to treat inflammation and
wounds as it contains antimicrobial compounds such as Iso-Vanillin and Daucene.
Similar properties were reported in nightshade due to the presence of phenolic
metabolites such as chlorogenic acids [18, 32]. C. gynandra, which is commonly used by
various African communities, is characterized by compounds such as quercetin glyco-
sides that possess anti-inflammatory properties, and claims by communities indicate
that decoctions are consumed orally to reduce blood pressure [15]. Other commonly
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used ALVs such as S. retroflexum L. are reportedly used to treat earache in young
children [15] because the ALV contains hydroxycinnamic acid derivatives with antimi-
crobial and anti-inflammatory properties (Table 2). V. unguiculata L. is used to treat
stomach problems [15] because it possesses compounds (Coumaroyl derivatives) with
anti-inflammatory and anti-microbial properties. Researchers reported antidiabetic,
anti-obesity, and antihypertensive properties of B. pilosa worldwide, indicating the
possibility of its application in the mitigation of diabetes, hypertension, and obesity.

6. Advantages

It is generally accepted that ALV is resistant to drought, pests, and diseases when
compared to commercially available vegetables [6, 10]. Some communities are
consuming ALVs as an important resource for climate adaptation strategies [12, 33]
and for food security. Kissanga and others [23] reported that vegetables are used by
communities during droughts because ALVs are resistant to environmental changes.
The morphology of some of the ALVs such as leaves with a waxy cuticle observed
in Amaranthus spp. protects the vegetable against rapid moisture loss. African leafy
vegetables such as Amaranthus, Brassica nigra, and Cleome gynandra are also drought
hardy because of their excellent stomatal conductance. Some ALV species such
as Bidens pilosa have an extraordinary recovery rate after experiencing prolonged
drought periods [20].

ALVs grow in the wild with low input from pesticides and fertilizers. Additionally,
bioactive compounds such as alkaloids from Bidens pilosa can be used as organic
pesticides which are environmentally friendly and biodegradable [14]; compounds
from blackjack can be used to control fungal pathogens and weeds which affect
plant growth. Doue et al. [26] have reported that ALVs can serve as fertilizers as they
improve the growth of other plants by improving soil fertility. Economic opportuni-
ties exist to include ALVs such as Amaranth in bread products, the advantages of this
type of postharvest processing not only provides communities with a source of nutri-
tious bread but increases the need and value of these vegetables [2] and also provides
an opportunity to sell a highly nutritious product.

7. Limitations

Despite the added advantages of ALVs, there are some limitations that affect their
use. African leafy vegetables are highly perishable, and preparation and preservation
approaches affect their long-term nutritional quality [6]. Preparation methods at high
temperatures can affect compounds such as vitamins and minerals. This can have a
negative effect on some of the reported health benefits of ALVs. Other studies indi-
cate that alternative methods for preparation are needed and supplementation with
other sources of protein and fat may be necessary to enhance the nutritional benefits
of ALVs with low fat and protein content. Doue et al. [26] argue that preparation of
ALV with red palm oil may enhance the availability of vitamin A which is needed to
address deficiencies that are reported in the sub-Saharan region. Although steaming
reduces the nutritional properties in other ALVs, [18] demonstrated that this process
can significantly reduce anti-nutritive compounds in nightshade, making it the most
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suitable processing method. Similar studies have shown that post-harvest processes
can also be beneficial and assist with the release of complex minerals, enhancing
bioavailability and bioactivity [12, 34].

Lack of post-harvest processing of vegetables was reported to result in loss of
quantitative, nutritive, and economic value of nightshade along the supply chain
[35]. Similar losses were observed in other ALVs such as Cleome gynandra L., African
nightshade, and Amaranthus spp. Gogo and others [35] demonstrated in their study
that loss due to pests and diseases occurred mainly postharvest and this is influenced
by various factors which include transport of vegetables in suitable conditions,
packaging, and poor handling. African leafy vegetables are highly perishable [10] and
to date, different methods to prolong their shelf life are explored. Lactic acid fermen-
tation [36] is a method commonly used by African communities which prevents the
growth of spoilage microbes and increases the sensory and shelf life properties of
vegetables. Although postharvest value addition opportunities exist for ALVs, their
availability in small quantities affects the possibility of establishing their availability
in the food production chain [2].

Poor seed quality limits propagation and affects yield which results in a focus on
exotic plants rather than African leafy vegetables [20]. Stoll and others [10] have
also reported poor seed quality as one of the factors which influences the availability
and consumption of ALVs. The challenge continues to exist due to limited invest-
ment in research and development [12, 21, 37]. These challenges are intensified by
the presence of heavy metals in ALVs due to contamination of soils. This is a concern
that studies indicate may affect the advocacy and use of these vegetables [23]. The
presence of antinutritional compounds such as cyanogenic glycosides, oxalates,
phytates, nitrates, and tannins is one of the challenges identified that discourages the
use of ALVs. However, the implementation of suitable agro-processing techniques to
facilitate the elimination of antinutritive compounds should be further explored [12]
if the use of ALVs is going to be promoted. Addressing the presence of antinutritional
properties of ALVs is important because their presence influences the absorption
of vitamins and minerals present in vegetables, reducing their value. The biggest
challenge which affects the use of ALVs is the unsustainable harvesting because the
vegetables are not formally cultivated [6].

Consumer acceptability and perceptions about ALVs have generally influenced
their limited consumption and propagation. The availability of mainstream veg-
etables influences the consumption and propagation of ALVs [38]. Blackjack (Biden
pilosa) is underutilized in sub-Saharan Africa due to its classification as a weed or
awild plant, which creates a negative perception in the community concerning the
consumption of wild or weed plants [14]. The use of blackjack despite its identified
benefits is hindered by its categorization as inversive species (weeds). The percep-
tions that exist in communities affect the marketing of ALVs as an alternative source
of nutrition. There is a general agreement that ALVs are poorly marketed [10] despite
the nutritional and medicinal properties known by indigenous people. According
to [21], information about the economic value of ALV is lacking. ALVs are perceived
as foods with low social status and only meant for the poor by certain communities
[25, 39]. Young consumers still prefer Western-based diets which are widely promoted
on media platforms and represent a higher-class status within their communities. But
[36] have reported that in Kenya, consumer awareness about the nutritional benefits
of ALVs has resulted in an increase in their use.
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8. Conclusions

The current review has demonstrated the advantages of using ALVs as part of a
plant-based diet, however, awareness about the nutritional and medicinal benefits
of ALVs is still needed to change current consumer perceptions and preferences.
Most of the ALVs discussed have micronutrients which can be used to address the
challenge of hunger. Their sale by communities can contribute to socio-economic
development [18] and address the goal of ending poverty in the sub-Saharan region
and hidden hunger globally. Research is still needed to assess the bioavailability
of nutritional compounds and their benefits following digestion to recommend
their use in plant-based diets. The ability of the vegetables to withstand adverse
climatic conditions and growth with minimal water and pesticide input was also
demonstrated. This highlights the continuous availability of ALVs despite climate
change challenges. The way forward would be the development of policies that
advocate for and promote the use of ALVs as proposed elsewhere [12]. Although
fermentation has been used as an effective method to prolong the shelf life of
ALVs, sensory evaluation studies indicate consumer acceptance of fermented
vegetables is minimal. This highlights the need to continuously investigate various
postharvest preservation methods to protect this valuable nutritional resource
for plant-based diets.
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Abstract

The Mediterranean diet (Med-diet) includes a high consumption of cereals, fruits,
legumes and vegetables, a moderate fish intake and a low consumption of red meat.
Olive oil is a basic component of the Med-diet due to its numerous health benefits. In
the last decade, many epidemiological studies have confirmed the protective role of
extra virgin olive oil (EVOO) against several chronic illnesses including cardiovas-
cular diseases. EVOO is mainly composed of triacylglycerols, with oleic acid as the
dominating esterified fatty acid, and other minor compounds. Among them, phenolic
compounds, such as hydroxytyrosol and its derivatives (oleuropein and tyrosol),
are the principal components responsible for the cardioprotective effects. They are
endowed with wide biological activities, including strong antioxidant properties,
allowing the prevention of cardiovascular risk factors, such as atherosclerosis, plasma
lipid disorders, endothelial dysfunction, hypertension, obesity and type 2 diabetes.
The aim of the present chapter was to elucidate the beneficial effect of EVOO, as part
of the Mediterranean-style diets, on cardiovascular risk factors and to discuss the
underlying mechanisms by which polyphenols exert their effects.

Keywords: olive oil, phenolic compounds, cardiovascular diseases, endothelial
dysfunction, atherosclerosis, type 2 diabetes mellitus

1. Introduction

The Mediterranean diet (Med-diet) is beneficial for the human health as it pro-
vides for the consumer foods rich in biological active substances. It is composed of
fish, unsaturated fats, whole grains, fruits and vegetables, nuts and legumes. Olive oil
has been traditionally used as the main fat in the Mediterranean regions, and recently,
it has become more popular worldwide. Extra virgin olive oil (EVOO) is obtained
from the fruit of the olive tree by mechanical or other physical means as follows:
washing, decantation or centrifugation, and filtration. A Med-diet rich in olive oil
supplies an average of 10-20 mg of phenols per day [1]. The lipophilic fraction
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represents 90.0-99.0% of EVOO and it is mainly composed of phospholipids and
triacylglycerols, while the hydrophilic fraction (0.5-1.5%) contains hydrocarbons,
aliphatic alcohols, sterols, pigments, and several volatile and phenolic compounds [2].
Phenols are the organic molecules characterized by the existence of a hydroxyl group
attached directly to the benzene ring. The major classes of phenolic compounds
present in olive oil are phenolic acids, phenolic alcohols, secoiridoids, and flavonoids
[3]. They have the capacity to donate the hydrogen atom of the phenolic hydroxyl
group to free radicals. Hydroxytyrosol (HT), one of the main phenolic compounds of
EVOO, reduces oxidative stress by improving lipid profile and inhibiting inflamma-
tory cells [4]. The wide biological activities of HT are associated with its strong
antioxidant and radical-scavenging activities [5]. HT and oleuropein, another major
phenolic component of EVOO, are potent scavengers of hydroxyl radicals (OH"),
peroxynitrite (ONOOH), and superoxide radicals (O ) [5]. Phenols are able to
modulate redox status through direct action on enzymes, proteins and different
signaling pathways. The oxidative stress process plays a crucial role in the develop-
ment of cardiovascular diseases (CVDs). It contributes to the pathogenesis of athero-
sclerosis, endothelial dysfunction, plasma lipid disorders and hypertension. It has
been reported that EVOO has beneficial effects on cardiovascular risk factors, such as
coagulation, platelet aggregation, fibrinolysis, endothelial dysfunction and lipid
metabolism alteration [6]. Moreover, EVOO shows potential actions on markers of
inflammation related to CVD, such as interleukin 6 and C-reactive protein [7].

The aim of the present chapter was to present some evidence from previous stud-
ies demonstrating the beneficial effect of EVOO, as part of the Mediterranean-style
diets, on cardiovascular risk factors, namely atherosclerosis, plasma lipid disorders,
endothelial dysfunction, hypertension, obesity and type 2 diabetes mellitus (T2D),
and to discuss the underlying mechanisms by which polyphenols exert their effects.

2. Phenolic compounds present in EVOO

In olive oil, both simple and complex phenolic compounds contribute to its
stability and affect its sensory properties. Polyphenols are a large and heterogeneous
group of phytochemicals containing phenol rings. According to Bajoub et al. [3], the
most abundant phenolic compounds can be classified according to their chemical
structure as follows: secoiridoids (oleuropein, oleuropein aglycone, oleocanthol),
simple phenols (tyrosol, HT), lignans (pinoresinol, syringaresinol), flavonoids
(luteolin, apigenin) and phenolic acids (Figure 1). It has been demonstrated that the
variability of those phenols can be related to a combination of agronomic and techno-
logical processes [8]. Indeed, once ingested, olive oil polyphenols give rise to differ-
ent metabolites which are able to reach tissues and exert their beneficial effects [9].
Natural phenols have been demonstrated to modulate cell redox status through direct
actions on enzymes, proteins, receptors and different signaling pathways [10, 11].

3. EVOO polyphenols and CVD
In recent years, several studies have demonstrated the cardiovascular health
benefits associated with the regular consumption of olive oil with a high polyphenol

content. Hence, understanding the mechanisms contributing to the favorable effect
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Figure 1.
The phenolic compounds present in olive oil.
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CARDIOPROTECTIVE EFFECTS
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« Ameliarated p cell’s function

Figure 2.
Cardioprotective effects of phenolic compounds present in olive oil.

of these bioactive compounds is of crucial importance. In this setting, the main
mechanisms responsible for the cardioprotective effects of olive oil polyphenols
against atherosclerosis, plasma lipid disorders, endothelial dysfunction, hyperten-
sion, obesity and T2D will be reviewed (Figure 2).

3.1 Polyphenols and atherosclerosis

It has been known that several CVD are directly related to thrombus formation
[12]. The oxidative stress process, an imbalance between reactive oxygen species
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(ROS) production and endogenous antioxidant defense system, plays a crucial role in
the development of heart diseases. An excessive production of ROS causes oxidative
damage to the vascular endothelium [13] by promoting vascular cells proliferation,
apoptosis, and necrosis which may result in the formation of atherosclerotic plaques
leading to thrombosis [13, 14]. The uncontrolled ROS formation alters the vascular
tone, which is mediated by a decrease of nitric oxide (NO) bioavailability, the most
potent endogenous vasodilator [15]. A low NO level is associated with the promotion
of platelet aggregation, adhesion of inflammatory cells and fibrinolysis which are
responsible for the developmental process of atherosclerotic plaques [16]. Olive oil
intake contributes to the homeostasis of the thrombogenic profile by improving the
production of coagulation factors and biomarkers related to platelet aggregation [17].
Oleuropein and HT have been shown to exert several protective effects in vivo on a
model of atherosclerosis inhibiting endothelial activation and monocyte-endothelial
cell adhesion [18]. Besides, these simple phenolic compounds have been described as
the potent inhibitors of platelet aggregation in several in vitro experiments [19].

3.2 Polyphenols and plasma lipid disorders

Plasma total cholesterol (TC), low density lipoprotein cholesterol (LDL-C)
and high-density lipoprotein cholesterol (HDL-C) levels are included in CVD risk
assessment tools. The elevated levels of TC and LDL-C have been considered as risk
factors for atherosclerosis, which is the primary cause of CVD. LDL-C is the main
carrier of circulating cholesterol to the target vascular cells. Consequently, circulat-
ing LDL-C is a valuable indicator of the amount of lipid accumulation in the arterial
wall. Their oxidation is considered to be the triggering factor for the biochemical
processes leading to atherosclerotic plaque formation in the sub-endothelial space
[20]. Apolipoprotein B (Apo B) is the primary protein component of LDL-C, while
apolipoprotein A (Apo A) is the primary protein component of HDL-C. Polyphenols
affect apolipoproteins (Apo) A and B, modify LDL-C particles, and reduce plasma
triglyceride (TG) levels by increasing the lipoprotein lipase activity, which decreases
LDL-C concentrations in the blood circulation [21, 22]. The mechanism by which
polyphenols reduce hepatic Apo B production relies on their binding with the plasma
membrane transport P-glycoprotein, which inhibits cholesterol esterification [23].
The administration of EVOO phenols to rats co-exposed to aluminum and acrylamide
leads to the improvement of their blood lipid profile by reducing TC and increasing
HDL-C levels [11]. It has been reported that oxidized LDL-C concentration decreases
after a high-phenolic olive oil intake [24]. Moreover, the 3-month consumption of a
Med-diet supplemented with virgin olive oil reduces TC and LDL-C and increases
HDL-C in high-cardiovascular-risk participants [25].

3.3 Polyphenols and endothelial dysfunction

Endothelial cells are able to synthesize molecules, such as NO and endothelin 1
(ET-1), substances with vasodilator and vasoconstrictor activities, respectively
[26, 27]. An imbalance between vasodilating and vasoconstricting molecules induces
endothelial dysfunction. At the cellular level, ROS can neutralize the vasodilator NO,
inactivate protein tyrosine phosphatases, increase intracellular free calcium concen-
trations, and act as second messengers within redox-dependent signaling pathways
[28]. Endothelial dysfunction, a critical event in the development of hypertension, is
controlled by several vasoactive peptides such as angiotensin II and endothelin-1 [29].
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The high content of phenolic compounds present in EVOO may slow the atherogenic
process by inhibiting oxidative damage and restoring endothelial function. In fact,
EVOO phenols decrease endothelial NO synthase phosphorylation, and conse-
quently intracellular NO levels, and increase endothelin-1 synthesis in ECV304 cells
incubated with high glucose and fatty acid concentrations [30].

3.4 Polyphenols and hypertension

Hypertension is a serious medical condition characterized by a persistent eleva-
tion of the blood pressure in the arteries and reflects a hypersensitivity of the
vascular smooth muscle to vasoconstrictor stimuli [31]. It corresponds to a systolic
blood pressure (SBP) of 140 mmHg or more and/or to a diastolic blood pressure
(DBP) of 90 mmHg or more [32]. It is recognized as one of the strong causes leading
to cardiovascular stroke and myocardial infarction [33]. Oxidative stress has been
shown to be the fundamental mechanism responsible for hypertension [34]. Other
factors, such as inflammation, endothelial dysfunction and vascular remodeling,
have been also documented as key contributors to this condition [33]. Reactive
oxygen species are involved in the homeostasis of the vascular wall, and particularly
in the modulation of the vasomotor system. Superoxide anion can even play the role
of a vasoconstrictor agent and it can rapidly react with NO, decreasing the bioavail-
ability of this vasodilator molecule [35]. Enhanced ROS generation and reduced NO
levels, in addition to reduced antioxidant status, have been reported in hypertensive
humans and animals [36, 37].

On the other hand, several studies have demonstrated that olive oil polyphenols
have vasoprotective effects on blood pressure. Moreno-Luna et al. [38] have shown
that the daily intake of a polyphenol-rich olive oil diet during 8 weeks is effective in
reducing peripheral SBP and DBP in young women with mild hypertension. Recently,
Sarapis et al. [39] have reported a decrease in both central and peripheral SBP in
healthy adults after the daily consumption of EVOO with high polyphenols content
during 3 weeks. The anti-hypertensive effects of olive oil have been mainly attributed
to its phenolic compounds. In fact, administration of isolated polyphenols from olive
oil, like oleuropein, has shown a positive correlation with the improvement of the
hypertensive state [40]. Several mechanisms have been proposed for the blood-pres-
sure lowering effects of olive oil polyphenols. They include, for example, suppression
of the oxidative stress and inflammatory processes, enhancement of the endothelial
synthesis of NO [38], and modulation of the expression of genes connected to the
renin-angiotensin system [41].

3.5 Polyphenols and obesity

During the past few decades, obesity has been considered as a chronic disease
resulting from multiple interactions between genetic and lifestyle factors. It is
characterized by an increase in the number and size of adipocytes in adipose tissue
leading to the development of T2D, CVD and hyperlipidemia [42]. Adiponectin,

a major adipocyte -secreted adipokine, is abundantly present in the circulation of
healthy humans exerting anti-diabetic and anti-inflammatory activities [43]. In
obese individuals, its levels are decreased through mechanisms involving chronic
inflammation, oxidative stress and atherosclerosis, which are factors responsible
for the development of CVD [43]. Therefore, dietary strategies are effective in
modulating adiponectin secretion by the improvement of inflammation-associated
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adipocyte dysfunction to reduce the risk of obesity-related CVD. Previous studies
have suggested that olive polyphenols can inhibit pre-adipocyte differentiation,
suppress lipogenesis, induce lipolysis, and regulate adiponectin secretion [44, 45].
HT, at nutritionally relevant concentrations, induces adiponectin down- regula-

tion in human adipocytes through the attenuation of adipogenesis- related genes
(JNK-mediated PPARY) expression [43]. Additionally, Drira et al. [45] have reported
that HT and oleuropein at concentrations of 100 and 150 pM and 200 and 300 uM
respectively, reduce pre-adipocyte differentiation and lipid accumulation and thus
regulate the size of fat cells on 3T3 -L1 cells. It has been proposed that oleuropein
may diffuse through the lipid bilayer of the cell membrane and may be absorbed via
a glucose transporter [46]. These data indicate that EVOO phenols may play a protec-
tive role against excessive fat accumulation by inhibiting the differentiation rate of
adipocytes and down-regulation of the adipogenesis-related genes. Therefore, olive
oil polyphenols have great effects on the adipogenesis process and can be helpful in
the prevention and treatment of obesity-related metabolic and CVDs in humans.

3.6 Polyphenols and diabetes

Diabetes is a chronic metabolic disease which can affect over time the entire body,
and particularly the cardiovascular system. Compared to non-diabetic subjects,
people suffering from diabetes, notably type 2 diabetes (T2D), have an increased
chance of developing CVD [47]. Furthermore, cardiovascular complications repre-
sent the main cause of mortality among diabetic patients [48]. These complications
can be manifested at the vascular and the cardiac levels. The key pathologic diabetic
pathways affecting the vasculature include oxidative stress, alteration of vascular
progenitor cells, microvascular dysfunction and impairment in reverse cholesterol
transport [49]. Diabetes can also predispose the myocardium to specific structural
and functional damages, a condition known as diabetic cardiomyopathy (DCM) in
diabetic patients. Several molecular events are known to trigger DCM such as altera-
tions in the metabolism of glucose, ketones, fatty acids and amino acids, impairment
of insulin signalling, calcium mishandling, oxidative stress and inflammation [50].

Growing evidence from human and animal researches supports the positive
outcome of olive oil consumption, especially EVOO, on diabetes management. Results
from the “Prevencién con Dieta Mediterrdnea” (PREDIMED) study have shown a
lower incidence of T2D mellitus with an increasing adherence to a Med-diet rich in
EVOO in patients at high CVD risk [51]. Also, a Med-diet supplemented with virgin
olive oil has been observed to improve glucose metabolism and insulin sensitivity in
subjects with T2D [52]. Besides, the daily intake of a polyphenol-rich EVOO during
8 weeks has been demonstrated to significantly reduce the levels of fasting plasma
glucose and circulating inflammatory adipokines (cytokines involved in glucose
metabolism) in overweight patients with T2D [53]. In an animal study performed
on T2D mice, EVOO administration for 24 weeks has been reported to lower fasting
glycemia, insulinemia and insulin resistance and to ameliorate p-cells’ function [54].
It has been suggested that polyphenols present in EVOO may contribute significantly
to its protective role against diabetes [53, 55]. Among them, HT and oleuropein have
been demonstrated to display anti-diabetic actions in both iz vive and in vitro stud-
ies [56-58]. Polyphenols might influence glucose metabolism through reducing the
digestion and the intestinal absorption of dietary carbohydrates, stimulating insulin
secretion, and improving glucose uptake in the tissues by modulating intracellular
signaling [59]. Due to their antioxidant properties, these bioactive compounds could
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also inhibit the formation of advanced glycation endproducts, which results in the
protection of pancreatic p-cells against glucotoxicity [60].

4. Conclusions and future perspectives

In summary, multiple beneficial effects on CVD risk factors have been associ-
ated with the consumption of Med-diet patterns rich in EVOO. The cardioprotective
effects of polyphenols present in olive oil are mediated through the inhibition of
atherosclerosis, hypertension, obesity and diabetes, amelioration of the plasma
lipid profile and improvement of the endothelial function. The consumption of a
Med-diet supplemented with olive oil is therefore recommended, as it could serve as
a functional food beyond basic nutrition. Further efforts are needed to elucidate the
pharmacokinetics and pharmacodynamics underlying the potential effect of EVOO
phenolic compounds and the dose-dependence of their effects in humans.
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Abstract

Globally, especially in the developing world, an estimated 20,000 million people
are affected by micronutrient deficiency, generally named “hidden hunger”. Crop
biofortification is an impactful strategy in addressing nutritional security as well
as providing a cost-saving, sustainable means by uplifting health and well-being to
communities with deprived access to diversified foods and interventions regarding
the micronutrient supply. Considering the global concerns about micronutrient
deficiency, research organizations have initiated studies on ensuring the bioavail-
ability of micronutrients in staple food crops. Mitigating hidden hunger with the
biofortification of rice surely can be a beneficial strategy for people who consumes
rice as a staple food. Significant enhancement in iron and zinc levels, as well as with
other essential minerals and vitamins is achieved in rice biofortification by various
approaches. Adoption of biofortified rice varieties in targeted countries would signifi-
cantly increase daily micronutrient intake and help to holistically alleviate malnutri-
tion in human populations. This review articulates the status and perspective of rice
biofortification as well as summarizes dissemination and adoption along with trends
in consumer acceptance. With a positive trend, attention should now need shift to an
action-based agenda and robust policy directives for scaling up rice biofortification in
improving nutritional security for humans.

Keywords: rice, biofortification, malnutrition, micronutrient, hidden hunger, adoption

1. Introduction

For thousands of years, rice has remained a significant part of the human diet.
Rice was cultivated and consumed up to 10,000 years ago, according to historical
evidence, and it is still the world’s most significant and accepted meal for humans,
sustaining more people over a longer period than any other crop. Rice will continue
to be a vital staple meal for billions of people in the future, making it one of the most
crucial agricultural commodities in the world and is immensely linked with food
security, economic growth, employment, culture, and regional peace of a nation. For
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half of the global population, represented by more than 3 billion people worldwide,
rice has been an important crop for many countries. Rice not only meets the basic
food demands but also contributes significantly to the economic growth of rice-grow-
ing countries through exports. Globally rice crop is estimated to cover 164.7 million
acres [1]. Asia accounts for 90-92% of total rice acreage and is a major producer and
consumer of rice [2]. To feed the worlds rising population, rice output has increased
significantly, from 220 million tons in the pre-green revolution era to 729 million tons
in 2017. Rice accounts for around 20% of per capita energy and 13% of the protein
consumed by humans worldwide and contributes much more dietary energy and
protein than 29.3 dietary energy and 29.1% dietary protein in many poor countries [3].

The health risks associated with micronutrient insufficiency in humans have
become the main obstacle to meeting the Sustainable Development Goals (SDGs) set
for 2035, which include reducing hunger and poverty, improving maternal health,
and lowering child mortality. Micronutrients, though at trace levels are detrimental
to the human body for general healthy growth and development. Micronutrient
shortage has been associated with higher sickness and death rates, lower income, and
detrimental impacts on infant and child growth, subsequent physical and mental
development, and learning. The deficiency of iron and zinc is one of humanity’s most
common scenarios, affecting 2 billion people globally and resulting in more than 0.8
million fatalities every year [4]. Micronutrient deficiencies are prominently detected
in nearly two-thirds of all child mortality attributable to dietary inadequacies [5].
Hidden hunger can be decreased by adopting both direct (nutrition-specific) and
indirect (nutrition-sensitive) techniques [6]. Direct treatments that target consump-
tion habits include dietary diversification, vitamin supplementation, modifying food
preferences, and fortification. Crop biofortification and addressing the underlying
causes of malnutrition are examples of nutrition-sensitive therapy.

Biofortification is the process of increasing critical nutrient constituents and
bioavailability in crops during the growth of plants by genetics and agronomic
mechanisms [7]. In genetic biofortification, either traditional breeding or genetic
engineering is applied [8]. Agronomic biofortification can be accomplished through
the application of micronutrient fertilizers to the soil and/or foliar applications made
directly to the crop’s leaves. Rice, wheat, corn, sorghum, millet sweet potatoes, and
legumes are the primary targets of biofortification because they cover the majority of
human diets worldwide, particularly for populations at risk of nutritional deficiencies
having limited access to diversified diets, fortified foods, and marketed food supple-
ments [9]. Although biofortification is universally accepted to be useful and is being
implemented more effectively, the addition of only one nutrient per crop, either iron,
zinc, or provitamin, remains a constraint. The breeding and the release process of the
first wave of biofortified cultivars had taken 8-10 years. There are a few cases where
the target crop species have enough genetic variation to add a second nutrient through
traditional breeding methods, but this is expected to take several years.

There are numerous approaches to alleviating malnutrition induced by a lack of
nutritional diversity. To assure micronutrient adequacy in populations, industrial
fortification (e.g., iodine to salt, vitamins A and D to margarine, fluoride to tooth-
paste, and folic acid to flour) has been employed successfully. Supplementation is the
distribution and ingestion of micronutrient-containing tablets, syrup, or capsules and
has been used in both developed and developing countries. Even if micronutrients
are offered free to customers, fortification, and supplementation both necessitate
some level of manufacturing and/or delivery infrastructure, as well as the purchase
of micronutrients. As a result, the human population who are marginalized and
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in need of micronutrients in their diets may be disadvantaged. Biofortification is

an effective method for increasing micronutrient levels in widely consumed food
crops such as rice. Furthermore, it is a practical and sustainable means of mitigat-
ing deficiencies related to micronutrients in people who primarily eat rice and have
limited access to a range of foods or markets, and lack access to high-quality medical
care [10]. Biofortification of staple crops, such as rice, is a promising technique for
improving human health by boosting the nutrient density of meals. The readiness of
consumers and farmers to adopt and use new biofortified crop varieties influences
the technique’s viability. HarvestPlus is primarily focused on the release and distribu-
tion of biofortified varieties in Bangladesh, Indonesia, and India. In Asia, breeding
programs at the International Rice Research Institute (IRRI), Bangladesh Rice
Research Institute (BRRI), Indonesian Center for Rice Research (ICRR), and India’s
National Agricultural Research System (NARS) have produced germplasm from
early to late developmental stages, as well as elite lines and released a few varieties.
Additionally, zinc-rich breeding pipelines aimed at Latin America were developed

at the International Center for Tropical Agriculture (CIAT). HarvestPlus focuses

on inbred varieties rather than hybrids because hybrids are not yet widely accepted
outside of China. The crop’ availability and knowledge of its health advantages are
two of the most critical factors for the acceptance and adoption of biofortified crops.
Much of the research reviewed here reveal that biofortified crops were not readily
available to the general people, and acceptance and adoption remained questionable.
Many biofortified rice products have already completed the development phase,
which should result in additional evidence of the substitution of current cultivars
with biofortified types and the changes in consumer diets.

The purpose of this chapter is to understand the relevance of addressing micro-
nutrient deficiencies as well as other types of nutritional inadequacies to minimize
hidden hunger in all its manifestations, which remains one of the most difficult
challenges in public health. The chapter also elucidates the likely causes and factors
of hidden hunger, reviewing its global prevalence, and explores current strategies
to mitigate it through rice biofortification. The authors hope that this chapter, along
with our collective efforts, will provide a suitable platform for constructive dialog
among scientists, researchers, entrepreneurs, policymakers, and growers to reduce
the burgeoning issues of malnutrition with holistic information, approaches, and
means as well as take a serious step in developing biofortified rice with their release
and promotion for augmented adoption.

2. Malnutrition: the hidden hunger

Human health and well-being are dependent on proper nutrition. Every person on
this planet has the right to safe, sufficient, and nutritious food, as well as the right to
be free from all forms of food insecurity. However, one out of every three individuals
worldwide suffers from some form of malnutrition, such as undernutrition, micro-
nutrient deficiency, being overweight, or obesity, which leads to a variety of clinical
illnesses. If current trends continue, the situation will deteriorate since malnutrition
is projected to affect one out of every two people worldwide [11]. High levels of
malnutrition are likely to persist unless humans have access to inexpensive health-
care facilities, safe drinking water and sanitization, affordable agricultural inputs,
accessible technical help, education, employment, and social safety programs [11].
Combating hunger in all its manifestations is one of the most important concerns
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confronting many countries nowadays. The United Nations Decade of Action on
Nutrition (2016-2025) reached its halfway point. However, the proportion of persons
suffering from malnutrition has risen since 2015. One of the 17 SDGs is to eliminate
hunger by 2030, and the UN Food Systems Summit and Nutrition for Growth Summit
in 2021 emphasized a renewed emphasis on global nutritional research.

The term hidden hunger refers to the scenario of certain micronutrient defi-
ciencies in the absence of diverse energy and nutrient rice diet. Hidden hunger is
estimated to afflict over two billion people globally, particularly in low- and middle-
income countries, where people rely on low-cost staples that are nutrition deficient,
and their nutritious food options are limited due to lack of access and poverty. A
long-term, cost-effective solution to eliminating hidden hunger is the need of the
hour and must be able to reach the most isolated and neglected places. A system
approach involving all aspects of the food value chain is essential to enable safe and
sustainable food security that is resilient to external volatile market shocks. Even
while the most severe occurrence of hidden hunger is experienced in developing
countries, dietary deficiencies can affect anyone, at any age, and from any ethnic
background around the world [12]. This remains one of the most significant impedi-
ments to socioeconomic advancement, leading to a vicious cycle of hunger, poverty,
and underdevelopment. Although the impoverished world bears a greater propor-
tion of the burden of hidden hunger, micronutrient inadequacy, particularly iodine
and iron deficiency are highly ubiquitous around the world (Figure 1) [13]. Among
micronutrient deficits, it is evident from Figure 1 that vitamin A deficiency is of the
highest concern for children below 5 years of age globally (~33%), where the same
as the continent-specific situation has been highest in Africa and lowest in Oceania.
This is followed by iodine deficiency, which is ~29% globally and the same as the
continent-specific situation been highest in Europe and lowest in Oceania. Vitamin A
deficiency is highest in pregnant women in Asia, whereas iron deficiency in pregnant
women is highest in Africa.

Micronutrient deficiency has long-term consequences for health, mental function,
and efficiency, resulting in enormous social and public expenditures, lower working
capacity due to high sickness and disability rates, and severe health risks. Low-income,
resource-poor communities, socially excluded groups, and economically disenfran-
chised food-insecure households are usually among the most nutritionally challenged.
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Figure 1.

Global population (in percentage) with major micronutrient deficiencies across continents. X-axis shows the
global and continents, affected population in percentage in Y-axis as bars. Source: Ref. [13].

74



Biofortification of Rice, An Impactful Strategy for Nutritional Security: Curvent Perspectives...
DOI: http://dx.doi.org/10.5772/intechopen.110460

2.1 Goal of achieving zero hunger

One of the UN’s SDGs is to end hunger by attaining food security and improved
nutrition, as well as supporting sustainable agriculture. In the context of this goal
of zero hunger, several internationally agreed-upon targets have been defined, all of
which must be met by 2030. Within this framework, performance objectives have
been devised to allow different nations to monitor their progress, such as a decrease in
the prevalence of stunting and malnutrition. Globally, little progress has been made to
mitigate and minimize the proportion of children under the age of five suffering from
severe malnutrition, which decreased from 23.1% in 2015 to 21.3% in 2019 [14]. Even
while stunting has grown less widespread in recent years, 14 million children under
the age of five were still affected in 2019, with Asia and Africa accounting for three-
quarters of those affected. In terms of childhood obesity, 38 million children under
the age of five were overweight in 2019 [15], and the figure is steadily rising in various
nations. Asia was home to over half of all obese children under the age of five in 2019.
Despite progress in combating malnutrition, the United Nations has expressed that
the world is not on track to achieving hunger-free status by 2030.

2.2 Drive for diet diversification

Dietary diversity is an evaluation of an individual’s consumption of various foods
from assorted food groups over a certain period. Analyzing dietary diversity patterns
is an important tool in developing a strategic work plan to combat hidden hunger, since
a diverse diet is less likely to be lacking in micronutrient supplies. Questionnaire-based
approaches to assessing food diversity at the population level have been developed,
which offers an advantage in determining nutrient consumption in a streamlined
approach by acquiring data that does not rely on thorough, time-consuming food stud-
ies or highly competent enumerators.

2.3 Drive for nutrient supplementation

Nutrient supplementation can give a direct solution when nutritional deficiencies
can be detected. Systematic reviews of the kinds of literature show that supplemen-
tation programs can increase micronutrient levels. Folate and iron supplements
given to women of reproductive phases around the world have helped in improving
anemia and pregnancy outcomes. Supplementation to cure hidden hunger at the
community level is a difficult task and is dependent on public involvement since it
is expensive and depends on the ability to reach those most vulnerable populations.
Supplementation can help in the short term, but it will not solve the long-term prob-
lem of a nutrient-deficient diet.

2.4 Food fortification

The addition of nutrients to foods during the processing just before consumption
is referred to as food fortification. One of the most successful fortification methods
employed globally has been the fortification of iodine to edible salts. Iodine deficiency
has substantial adverse health effects, which are associated with its crucial role in
the synthesis of thyroid hormone causing stunted growth and limited cognitive
development in humans. Many countries mandate iodine fortification of salts, with
United Nations International Childers’s Emergency Fund (UNICEF) reporting 86%
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household approval worldwide [16]. The efficiency of a comprehensive fortification
strategy depends on the successful supply and accessibility of fortified products,
ensuring their availability in targeted locations. Furthermore, the fortifying system
must be properly developed and monitored for quality management and safety, with
at least regional-level supervision with adequate investment. As a result, food forti-
fication favors metropolitan areas with better infrastructure for distributing forti-
fied products than rural areas and higher socioeconomic status and health-related
awareness.

2.5 Global perspective of hidden hunger

More than 2 billion people worldwide experience hidden hunger, out of 805 mil-
lion people who do not have enough calories to eat [17]. Several variables contribute to
this difficulty, as indicated briefly in Figure 2.

The South Asian subcontinent and a vast area of Africa, south of the Sahara,
where hidden hunger is prevalent. Frequencies are quite low in Latin America and
the Caribbean, where diets rely less on a single crop and are more influenced by
significant usage of vitamin supplementation, education initiatives, and basic health
care [18]. While malnutrition is more widespread in developing countries, iron, and
iodine deficits are also common in developed countries. The worldwide malnutrition
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Figure 2.
A brief outline of the composition of the Global Hunger Index. Source: Ref. [13].
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problem is becoming more complex. Developing countries are shifting away from
traditional diets and inclining to processed meals, calorie-dense diets, and beverages
that are low in micronutrients and contribute to obesity and chronic diseases associ-
ated with it. Micronutrient deficiencies are estimated to account for 1.1 million of
the 3.1 million child deaths caused by malnutrition every year [19]. Vitamin A and
zinc deficiency harmed children’s health and survival by weakening the immune
system. Zinc deficiency both inhibits and causes stunted growth in youngsters.
Iodine and iron deficiency inhibit youngsters from reaching their full physical

and intellectual potential [20]. The eating habits of women before conception and
throughout pregnancy have long-term effects on the growth and development of the
fetus. Iodine deficiency causes brain damage in about 18 million infants each year.
Severe anemia is the potential cause of the deaths of 50,000 women giving birth
each year. Furthermore, iron deficiency causes low energy levels in 40% of women in
underdeveloped nations [21]. Typically, efforts to reduce hidden hunger and improve
nutrition performance target women, babies, and children. Interventions aimed at
these individuals have a high rate of return because they improve later-life health,
nutrition, and cognition [22]. The severity of most micronutrient deficits is difficult
to communicate. There is a scarcity of data on the prevalence of certain micronutrient
deficits. Scientists have not agreed on the usually recommended intakes for several
of the 19 micronutrients that directly influence immune function, and physical and
mental development [23]. Furthermore, it is unknown how different micronutrient
intakes, and their benefits connect to one another. There are numerous significant
micronutrients for which prevalence data are absent because appropriate biomark-
ers for nutritional insufficiency have yet to be discovered. If these data gaps persist,
determining the full degree of hidden hunger will be challenging.

When all other measures fail to alleviate hidden hunger, biofortification is likely
the only rationally viable choice. It provides a different and more cost-effective
approach to increasing nutritional value and status in vulnerable populations. Once
the biofortified variety is developed, the seed can be widely distributed and replicated
by farmers as farm-saved seeds year after year, so boosting informal seed systems.
Following the initial investment in breeding, ongoing costs are cheap, though help
may be necessary to optimize fertilizer use to maximize the crop’s nutritional content
potential. There is also an urgent and rigorous need to investigate the source of crop
genotypes high in nutritional value, such as traditional landraces, and local variants,
to generate biofortified products.

3. Rice with ethno-nutritional value

Neolithic people began domesticating numerous plants and animals around
12,000 years ago. This sparked the agricultural revolution, which resulted in the
development of hundreds of animal breeds and crop landraces, as well as new animal
and plant species [24-26]. Around 12,000 and 10,000 years ago in China (O. sativa
ssp. japonica) and India (O. indica ssp. indica), respectively, rice is developed from the
primordial Oryza rufipogon, through careful selection of domesticated rice (Oryza
sativa L.) [27, 28]. Over millennia, local farmers have developed and cultivated
hundreds of different rice landraces through painstaking selection and breeding
trials. Crop genetic variety is the foundation for adaptability to environmental
conditions, such as drought, seasonal flooding, salinity, and crop pest and disease
resistance [29, 30]. Agricultural liberalization and industrialization processes, which
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homogenize the genetic basis, lessen the complexity of agroecosystems, and are
associated with increased crop yields, have, nevertheless, depleted the rich reservoirs
of natural crop diversity since the green revolution began in the late 1960s [30].

This has damaged farmers’ ability to control their food supply, resulting in local and
national food insecurity [31]. For example, in India, which is a major rice-growing
country, more than 90% of local rice landraces disappeared from agricultural areas
between 1970 and 2000 [31]. The extinction of traditional rice genotypes threatens
local culinary ethnicities as well as food security, which has disastrous consequences.
Farmers who are willing to grow a few heirloom rice varieties despite high market
prices are themselves uncommon species, as traditional cultural values associated
with local landraces have mostly disappeared within sophisticated farming communi-
ties. Folk rice landraces are rapidly disappearing from farmer fields due to a lack of
both cultural and economic motivation.

3.1Indigenous knowledge systems and folk rice landraces

Aside from its agronomic benefits, Rice has a different cultural significance
among major nations. Traditional farmers developed, nurtured, and maintained
several folk rice varieties that were specifically tailored to the soil and climate of a
specific region. Prior to the introduction of modern agriculture at the request of stat-
utory authorities and the seed industry, most marginal farmers used to recollect their
specific agronomic features and cultural purposes. Each landrace has its own unique
climate, soil conditions, and adaptability. Local landraces are the ideal resource for
developing superior cultivars since they contain a diverse set of genes for pest and
disease resistance, as well as various nutritional attributes. Many farmer landraces
can withstand situations such as severe rain, late rain, insufficient rain, prolonged
flooding, and soil salinity that are sometimes missing in modern high-yielding
cultivars [30]. Local acceptability is determined by aroma and amylose levels, which
also influence how sticky cooked rice is. Several landraces are preferred for making
beaten rice, puffed rice, rice pudding, and other delicacies. Esthetic preference is
another aspect in the selection and breeding of distinct landraces with colors, such as
red, black, purple, and gold for the awn and pericarp, as well as brown, purple, and
black for the hull [30].

Many traditional rice varieties have different nutritional properties and medical
purposes. In India, Laicha rice from Chhattisgarh and Nyavara rice from Kerala are
two examples of medicinal rice used to treat peptic ulcers and chronic gastritis in
India. Nyavara has traditionally been used to alleviate neurotic issues. Kabiraj-sal
is recommended as a meal for recovering patients’ traditional medicine because it
includes nutritional properties that improve overall wellness. Garib-sal is the only
rice type known to contain silver in its grains, and it is utilized in traditional medicine
to cure gastroenteric disorders [32]. The considerable amount of silver on the grains’
pericarp of Garib-sal, presumably promotes dangerous intestinal bacteria [32]. One of
the South Indian versions, Mappillai samba, has antidiabetic and anticancer proper-
ties, as well as steroidal bioactive compounds and antioxidants [33]. Patients suffering
from dysentery in Bihar and Jharkhand are given a paste made from the Karanga rice
variety. In Assam, patients with jaundice are treated with starchy water from the Bora
type of traditional rice [34].

Numerous laboratory studies have already shown that rice and its byproducts have
anticancer characteristics and can be used to treat illnesses, such as diabetes, kidney
problems, and excessive cholesterol. Although rice is commonly considered a starchy
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food, it also contains a significant amount of proteins, fatty acids, fiber, many miner-
als, and vitamins required for normal metabolic functioning [35]. Scientific evidence
supports some of rice’s medical properties [36, 37]. Rice has antioxidant properties that
can prevent cancer, and some traditional rice varieties with a low glycemic index can
significantly check blood glucose levels and lower the risk of developing diabetes [38].
According to research, colored rice, such as traditional red and black rice, outperforms
high-yielding types in terms of numerous nutritional and medicinal properties [39].
Rakktashali red rice was mentioned in ancient Ayurvedic writings as both food and
medicine [40]. Ayurvedic practices typically employ Kerala’s well-known Nayavara rice
as a body-enhancing material to combat pollutants and slow aging [41]. The pigmented
black and red kinds are higher in minerals and polyphenols, which can fortify cells.
Basmati rice, which is commonly used in weight-loss programs, has a low glycemic
index [42]. Rice is a terrific diet for giving our bodies micronutrients, rejecting toxic
metabolites, strengthening, rejuvenating, and revitalizing the body, managing blood
pressure, and preventing skin disorders and premature aging due to its antioxidant
characteristics [43]. Thousands of traditional rice landraces, which are only available to
marginal farmers and conservationists, should be scientifically validated for their heal-
ing properties. To maintain these landraces, public awareness campaigns that compete
with the existing market of high-yielding cultivars must be created.

4. Rice biofortification for nutritional security

Malnutrition affects over two billion people worldwide, while 815 million people
are undernourished. Biofortification is a food-based technique for combating malnu-
trition by bringing nutrient-dense crops to the doorsteps of poor and needy popula-
tions [7]. Biofortification can increase the content of micronutrients in food crops.
Biofortified crop types can be offered to populations that do not have access to or
cannot afford diversified diets. Biofortification was listed as one of the most signifi-
cant interventions to eliminate micronutrient deficiencies in low- and middle-income
countries in both the 2008 Copenhagen Consensus and the 2013 Lancet series on
maternal and child malnutrition. It is also one of the most cost-effective treatments
for micronutrient deficiencies, with a 17-dollar return on investment (Copenhagen
Consensus). The biofortification technique was initially implemented in the mid-
1990s. Biofortification has now received a much bigger financial commitment thanks
to the HarvestPlus initiative, which began in 2003 and has financed research projects
and biofortification implementation programs all around the world. HarvestPlus is
not the only organization that uses biofortification; it is also engaged in regional plant
breeding efforts and government programs.

More than half of the world’s population derives their energy from rice, a popular
staple grain, particularly in Asia that supplies up to 70% of its daily calories. Addressing
hidden hunger by rice biofortification may be a sustainable alternative method for
those who predominantly consume rice and have limited access to other nutrients. The
biofortification procedure successfully raised the number of provitamins and essential
minerals in rice grain. Milled rice loses several vital elements such as thiamin and
vitamin B due to processing. Furthermore, the grinding and polishing processes destroy
67% of vitamin B3, 80% of vitamin B1, 90% of vitamin B6, 50% of the manganese and
phosphorus, 60% of the iron, and all the dietary fiber and important fatty acids. While
the consumers prefer white rice grains that are lighter, softer, more easily digestible,
and have better eating and cooking qualities, the nutritional quality is compromised
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when rice is milled and polished due to the loss of the bran layer, the sub aleurone, the
embryo, and a small portion of the endosperm [44-47]. Even though education and
awareness have improved brown rice consumption, the great majority of rice consum-
ers still choose white polished rice. Researchers should consider developing nutrition-
ally enhanced rice varieties via biofortification (endosperm specific) that can retain
nutrients even after processing and polishing. The newly produced biofortified crop
varieties, in addition to being an essential source of income for the poor, are also crucial
in terms of nutritional security.

5. Biofortified rice: a food-based product to tackle malnutrition

The human body needs nutrition through micronutrients for proper growth and
development and to maintain good health [48, 49]. However, shortages of these min-
erals, as well as the related health risks, are frequent among humans of all ages [50].
Micronutrient malnutrition affects an estimated one-third of the global population
because of their significant reliance on cereal staples for daily energy demands and
lack of varied diets for nutrient supplementation [51]. Rice biofortification is a novel,
promising, cost-effective, and long-term strategy for providing micronutrients to
people who do not have access to a varied diet or other micronutrient-based remedies.
Unfortunately, our major food crops lack the micronutrients required for normal
human development. Until now, our agricultural system has been designed primar-
ily to improve grain yield and crop productivity, with little emphasis on improving
human health. However, in the modern era, agriculture is transitioning away from

Biofortified nutrients Context of research Publications
Beta-carotene Golden rice and its nutritional value; beta-carotene [56-59]
Phytoene (precursor of metabolism; genetic engineering provitamin
beta-carotene)
Folate (vitamin B9) Folate fortification and stability; metabolic engineering [60, 61]
Iron Nicotianamine aminotransferase genes; transgenic; [62-70]
multigene introduction; ferritin gene; endosperm
biofortification
Phytic acid Iron bioavailability and dietary reference values [71]
Zinc Over-expression of OsIRT1; involvement of genes for [72,73]
phytosiderophore synthesis
High amino acid and Accumulation of glycinin with the glutelins; [63, 74-78]
protein content dihydrodipicolinate synthase gene; tryptophan
accumulation; over-expression of aspartate
aminotransferase genes
Alpha-linolenic acid Microsomal omega-3 fatty acid desaturase gene [79]
Flavonoids and antioxidants Flavonoids synthesis in the endosperm; transgenic [80, 81]
Resistant starch Amylose level control; antisense waxy gene; [82-84]
physicochemical properties
Human lactoferrin Expression of human lactoferrin for the application in [85]

infant formula

Table 1.
Research publications on rice biofortification through the transgenic approach.
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Biofortified nutrients Context of research Publications
Iron Foliar application; iron fertilizers; grain [86-89]
accumulation; and grain nutritional quality
Zinc Foliar application at different growth stages; impact [86, 88, 90-94]
on seedling vigor; yield; with pesticides; zinc sulfate;
and zinc oxide coatings
Se Foliar application as fertilizers; sodium selenate; [86, 95-98]
effects on human serum selenium levels; brown rice;
selenate-enriched urea granules; antioxidant activity
Table 2.
Research publications on rice biofortification through the agronomic approach.
Variety Duration Yield Grain Institute, Release Biofortified
name (Days) (t/ha) type Country Year nutrient
CR Dhan 125 4.5 Medium NRRI, Cuttack, 2016 Protein
310 Slender India (10.3%)
CR Dhan 311 120-125 4.6 Long NRRI, Cuttack, 2018 Protein (10.1%)
(Mukul) Bold India and Zinc
(20.1ppm)
Bauna 135 3.5-4.0 Medium PRDF, 2016 Zinc (18.9), Fe
Kalanamak Slender Gorakhpur, India (4.6 ppm)
101
Bauna 135 4.5 Medium PRDF, 2016 Zinc
Kalanamak Slender Gorakhpur, India (20.75 ppm)
102 and Fe
(4.4 ppm)
Binadhan 20 125-130 4.5-7.0 Bangladesh 2017 Zinc
Institute (26.5 ppm), Fe
of Nuclear (20-31 ppm)
Agriculture
(BINA),
Bangladesh
BRRI Dhan 148 77 Slender Bangladesh 2020 Zinc
100 Rice Research (25.6 ppm)
Institute (BRRI),
Bangladesh
BRRI Dhan 100-105 3.5-4.5 Slender Bangladesh 2013 Zinc (19 ppm),
62 Rice Research Protein (9%)
Institute (BRRI),
Bangladesh
BRRI Dhan 88-100 6.0 Medium Bangladesh 2014 Zinc
64 Slender Rice Research (231 ppm), Fe
Institute (BRRI), (36.6 ppm)
Bangladesh
BRRI Dhan 125-130 57 Long Bangladesh 2015 Zinc
72 bold Rice Research (22.8 ppm),
Institute (BRRI), Protein (8.9%)
Bangladesh
BRRI Dhan 140-145 6.0-6.5 Medium Bangladesh 2017 Zinc
84 Slender Rice Research (27.6 ppm)
Institute (BRRI)
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Variety Duration Yield Grain Institute, Release Biofortified
name (Days) (t/ha) type Country Year nutrient
Chhattisgarh 112 4.2 Long IGKYV, Raipur, 2016 Zinc
Zinc Rice 1 Slender India (21.7 ppm)
Chhattisgarh 120-125 4.5 Short IGKV, Raipur, 2019 Zinc
Zinc Rice 2 Slender India (>24 ppm)
CR Dhan 315 130 5.0 Medium NRRI, Cuttack, 2020 Zinc
Slender India (24.9 ppm)
CR Dhan 411 140 5.0-6.0 Medium NRRI, Cuttack, 2021 Protein (10%)
Slender India
DRR Dhan 130 5.0 Long IIRR, 2016 Zinc
45 Slender Hyderabad, India (22.6 ppm)
DRR Dhan 135-140 5.2 Medium IIRR, 2018 Zinc (24 ppm)
48 Slender Hyderabad, India
DRR Dhan 125-130 5.0-55 MS DRR, 2018 Zinc (25.2 ppm
49 Hyderabad, India
GNR 4 130-135 4.0-5.0 Long Navsari 2016 Fe (50 ppm)
Slender Agricultural
University,
Navsari, India
Kalanamak 135 5.0 Medium Participatory 2019 Protein
Kiran Slender Rural (10.4%), Zinc,
Development Fe
Foundation
(PRDF),
Gorakhpur, India
Ratnagiri 7 122-125 4.5 Short Agricultural 2019 Zinc
Bold Research Station, (24.25 ppm),
Shirgaon, Fe (79 ppm)
Ratnagiri, India
Swarna 115-120 4.5-5.0 SB ICAR-RCER, 2020 Zinc
Shakti Dhan Patna, India (23.5 ppm), Fe
(151 ppm)
Swarna 110-115 3.5-4.0 MS ICAR-RCER, 2021 Zinc (23.1)
Sukha Dhan Patna, India
Zinco Rice 125-130 5.8 MS IGKYV, Raipur, 2018 Zinc
MS India (274 ppm)
Table 3.

Details of rice biofortified varieties developed through the breeding approach in South Asia.

high-yielding food crops and toward nutrient-rich food crops, notably cereals, to help
combat “hidden hunger” or “micronutrient malnutrition”. This is particularly notice-
able in emerging nations, where diets are dominated by micronutrients-deficient
main food crops such as rice [52].
The development of nutritionally enhanced, high-yielding biofortified crops is

one of the primary priorities of organizations such as the World Health Organization
(WHO) and the Consultative Group on International Agricultural Research (CGIAR)
[53]. Nutritional goals for biofortification include greater mineral content, better vita-
min content, increased essential amino acid levels, improved fatty acid composition,

82



Biofortification of Rice, An Impactful Strategy for Nutritional Security: Curvent Perspectives...
DOI: http://dx.doi.org/10.5772/intechopen.110460

and increased antioxidant levels in crops [54]. Crop plant biofortification can provide
enough calories to meet energy needs while also delivering all the essential nutrients
needed to maintain excellent human health. Furthermore, biofortified crops con-
sumed by the world’s impoverished can significantly improve the well-being of the
population of a specific geographic location [55]. Transgenic (Table 1), agronomic
(Table 2), and breeding procedures (Table 3) are the three major the techniques for
biofortification of essential micronutrients in agricultural plants. A few updates on
previous attempts by researchers / scientific workers and the outcomes of these three
approaches are depicted below.

6. Dissemination and adoption trends of biofortified rice varieties

The widespread adoption of biofortified rice cultivars is reliant on the availability
of appropriate varietal seeds, timely certification, and premium market pricing. As
aresult, efforts must be made to make these types of varietal seeds available on the
market and to ensure premium pricing to entice producers with a value proposition. It
is critical to recognize that biofortified crops require far more than a strong marketing
push. Acceptability and augmented adoption of biofortified cultivars required signifi-
cant policy-level interventions in the form of cost subsidies. HarvestPlus-led delivery
efforts require around 9.7 million agricultural households to produce biofortified
food in 2020, which will be consumed by 48.5 million people worldwide [99]. The
global market for biofortification was estimated to be valued at approximately US $72
million in 2017 and is expected to grow to US $117 million over the next several years,
rising at an 8.6% CAGR (Compound Annual Growth Rate). Rising consumer demand
for high-nutritional-value foods, as well as advances in agricultural technology, are
driving this increase.

The willingness of consumers and farmers to accept newly produced nutrient-rich
seeds will be a critical success factor for biofortification [9]. Producers’ decisions
about using biofortified crops will be impacted by yield, disease resistance, drought
tolerance, and marketability. Consumer perceptions of biofortified varieties based on
sensory features can considerably influence their uptake. A separate technique can be
used to access the components that determine nutrient-rich varietal adoption (reflec-
tion of intention, initial decision, or action in testing an innovation) and acceptance
(reflection of perception among the producers and consumers that innovation is fit
for purpose) [100]. Preference testing and sensory studies reveal information on
sensory features that influence consumer acceptability (Table 4).

Cross-sectional questionnaire surveys reveal attitudes, impediments, and factors
that aid or hinder consumers’ or producers’ adoption of biofortified cultivars. Effective
experiments with frequent contrast intensities and less severe treatments are required to
evaluate whether biofortified crops are acceptable and are adopted over a specific period.
A comparative viewpoint for the acceptability of biofortified varieties against non-bio-
fortified varieties should be mapped, indicating the need for a potential marketing and
premium proposition when introducing these cultivars to the targeted territory [105].

Consumer acceptability of biofortified crops varies widely depending on crop
type, locality, and consumer characteristics such as age, gender, socioeconomic level,
and whether they prefer or dislike biofortified meals (Table 5).

Biofortified crops appear to be sensory acceptable to both rural and urban cultures
when cooked using traditional methods or as an ingredient in nontraditional food
items. The availability of biofortified varieties in the market and thorough knowledge
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Publication Country Conclusion

Study on gender-specific acceptability China Biofortified rice is the least chosen. Acceptance
of Zinc fortified rice within China can be improved when rice is cultivated locally,
[101]. the government encourages it, and the rice

kernels are large.

Study on sensory evaluation of rice in Nicaragua The study population did not readily accept
Nicaragua [102]. Azucena.
Study on sensory evaluation of Panama Because of its potential, biofortified rice should
biofortified rice in Panama [103]. be adopted by the agro-industry and other
communities.

Study on sensory evaluation of high Cuba Cuba should use biofortified rice since it can help
iron and zinc-rich rice in Cuba [104]. avoid anemia and zinc deficiency.

Table 4.

Past studies on the sensory assessment of biofortified rice within low- and middle-income nations.

Publication Country Conclusion

Study on consumer perceptions and China The initial acceptance rate would be cut in half
impact of negative attributes for folate if genetically engineered folate-fortified rice
biofortified rice within China [106]. had a negative influence on taste, price, or the

environment. Several aspects should be considered
when developing biofortified crops.

Study on the potential market for China There is considerable (segmented) commercial

genetically modified rice with health potential for second-generation genetically modified

benefits within China [107]. products, especially in the biofortified domain.
Tables.

Past studies on consumers’ acceptance and adoption trends of biofortified rice in low- and middle-income.

about their health advantages are two of the most important variables influencing
their acceptability and uptake. According to research, farmers and other stakeholders
are prepared to pay a premium for seed production, and after-harvest consumption
when they learn about the health benefits of nutrient-rich cultivars (Table 6) [112].

To supplement the nutrient-rich varietal adoption, segmented, focused communi-
cation methods are required due to the diverse preferences of the respondents being
investigated. Because many biofortified varieties have recently progressed from the
research and development stage to the dissemination stage, more information on the
benefits of biofortified varieties for replacing existing cultivars and bringing dietary
changes to consumers should be forthcoming shortly [112].

To secure last-mile distribution, governments, multilateral organizations, farm-
ers, universities, and the commercial sector must form strategic worldwide alliances.
Public and private organizations, institutions, and other commercial entities gradu-
ally take the lead to assure increased biofortified seed production, enough on-ground
delivery, capacity building, and technical assistance to a diverse range of stakeholders,
including farmers.

One of the key obstacles to getting biofortified rice varieties broadly adopted and
consumed in specific areas is the limitation on the effectiveness of their marketing
and geographic spread [113]. There are also further hurdles to marketing nutrient-
enriched rice varieties that may limit their widespread acceptance by farmers, other
seed value chain actors, and, finally, consumers. Several of them are discussed below.
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Publication Country Conclusion

Study of consumer’s willingness India Most respondents were willing to consume genetically
to pay in India in emerging modified foods, and they were willing to pay a
markets for genetically modified considerable premium for golden rice with higher
foods [108]. nutritional value.

Study on consumers’ willingness Philippines Golden rice generated through genetic engineering

to pay for golden rice [109]. has garnered positive feedback. The marginal impact

of positive information versus no information
WTP (on willingness to pay) is small for golden
rice, whereas negative or two-sided information
considerably lowers WTP.

Study on consumers’ willingness China Nonstudents are less concerned about genetic

to pay for genetically modified engineering due to information about folate. Students
rice with health benefits within show a fearful reaction, while in the nonstudent
China [110]. group, contradicting information leads to primacy

bias. This demonstrates the need for segmented,
targeted biofortification communication techniques.

Study on consumer preferences China Positive responses to genetically engineered folate-
on folic acid supplementation rich rice support its potential as a supplemental
and folate biofortification within micronutrient intervention.
China [111].

Table 6.

Past studies on customer willingness to pay for biofortified rice in low- and middle-income nations.

6.1 Challenges in the adoption of nutrient-enriched rice varieties

Most farmers are habituated to growing traditional/existing cultivars due to the
assumption of low yields, high input costs, and potential crop loss of biofortified vari-
ety. The lack of awareness and empowerment with sufficient information on possible
benefits and marketing of nutrient-enriched cultivars to farmers by regional organi-
zations and extension functionaries creates a lengthier transition time for adoption.
Most seed business participants, notably the R&D team, make less effort to generate
varieties with a solid balance of top desirable features, such as yield, abiotic and biotic
tolerance, and nutritional traits. Increased awareness, initiatives, and inclusive, coor-
dinated promotional programs could help to accelerate the growth of nutrient-rich
crops. A strengthened focus on R&D should be important for biofortified research.
Local organizations struggle to secure enough breeder seeds to produce new varieties
due to a lack of government incentives for producers and the inadequate capability of
local seed firms. This is due to a lack of resources, capability, and incentives to meet
market demand and make R&D investments. Most biofortified rice cultivars, unlike
conventional crops, lack differentiating, targeted phenotypic features, such as the
desired grain type as well as high yield. As a result, convincing farmers and value
chain stakeholders of their greater features over traditional cultivars may be difficult.

Most of the rice growers are smallholders who are extremely price sensitive.
Inaccurate pricing information and price changes may discourage farmers from cul-
tivating biofortified cultivars over traditional ones. Nutrient enrichment can some-
times change the color of rice grains or crops. For example, for increased quantities of
vitamin A, the ultimate product is orange rather than white rice. Customers may find
it difficult to accept and become acclimated to its appearance because of this. Because
it can be costly and time-consuming to devise and implement strategies to enhance
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the shelf life of nutrient-rich rice varieties, the limited shelf life of some biofortified
grains may be a barrier to the development of processed products. Processed bioforti-
fied rice is being sought after and may fill a niche market. Consumer dynamics will be
scaled with various sorts of biofortified rice-based products for consumers.

7. Biofortification in Rice, an impactful strategy for public health

Micronutrients are required for proper growth and development, as well as for
optimum health [48, 49]. The primary cause of people’s high micronutrient deficits has
been attributed to their poor bioavailability after dietary consumption, combined with
limited soil micronutrient availability for crop production [114]. Micronutrient malnu-
trition affects an estimated one-third of the global population due to the dependency
on cereal staples for daily nutritional needs along with the limitation to access to diverse
nutritional foods and supplements [51]. Global recognition has been acknowledged as
an important need for developing a malnutrition mitigation strategy for the SDGs [115].
Previously, numerous strategies were employed to reduce malnutrition, including food
fortification, vitamin supplementation, and dietary variety. However, because of high
adherence costs and a lack of accessibility and understanding among rural populations,
the outcomes were mixed [116]. It has been shown that the biofortification of popular
staple crops such as rice is an efficient and relatively low-cost means of alleviating
malnutrition. By using this food-based strategy, a targeted population can regulate
and avoid micronutrient deficiencies [117-119]. Shortages of iron, zinc, selenium, and
iodine create substantial health concerns as well as significant financial losses [120, 121].
Crop production systems should incorporate nutrition-sensitive practices to generate
micronutrient-enriched staple foods for the targeted populations [117, 122, 123].

Rice is the most important source of food in terms of energy for more than half of
the world’s population [124]. It is a significant staple crop in over 40 nations globally,
providing at least 20% of daily caloric intake to over 3.5 billion people [1]. However,
because milled rice contains fewer nutrients, most marginal groups that rely largely
on rice do not have access to a broad mineral supply. Rice biofortification is a long-
term and cost-effective solution to the problem of micronutrient deficiency. Rice is
a primary food crop for biofortification in many South Asian, Southeast Asian, and
African countries [125].

Biofortification has the lowest per capita cost of any intervention, making it particu-
larly accessible and affordable for rural areas [126]. It is critical to breed rice varieties
that incorporate beneficial minerals and vitamins to generate a holistically single bio-
fortified rice product. In the fight against hidden hunger, rice biofortification provides a
sustainable alternative to chemical food additives, and it should be a top research prior-
ity for the most affected countries. Based on the HarvestPlus breeding programs, iron-
biofortified rice, for example, is to reach a targeted iron content of roughly 30% over
the estimated average requirement of 15 g/g (dry weight) in polished grain [127, 128].
Healthy rice has recently gained popularity and is in high demand in several parts of the
world. As a result, to maximize the benefit of establishing nutritional security for public
health, we must continue to produce nutritious rice at a rapid rate.

7.1 Policy recommendation

Despite some controversy, such as climate change and the COVID-19 epidemic,
the recently concluded United Nations Food Systems Summit resulted in meaningful
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and revolutionary long-term efforts to achieve zero hunger. These action items were
to be used as a measure of achievement to respect, preserve, and fulfill human rights
with enough nourishment. Developing resilient food systems from a peace-building
perspective can help to promote both long-term food and nutrition security and
long-term peace, even if conflict resolution ultimately requires political solutions and
societal transformation.

It is important to improve food system resilience to combat the consequences of
conflict and environmental concerns while providing food security and nutrition.
Moreover, rational decisions are to be made based on a thorough awareness of the
situation, with inclusive support and locally driven efforts. Personnel involved in aid,
development, and peacekeeping must regularly and methodically assess the current
situation globally. Local, national, and international players should all be included
in nutritional decision-making. Priority must be given to flexibility, competency,
cross-sectoral and long-term planning, and financing. Donors, international entities,
nongovernmental organizations, and local seed actors should strive to establish and
maintain long-term cross-sectoral linkages. Priorities for funding must be setina
flexible and adaptable manner that considers local perceptions, aspirations, and con-
cerns. Human rights and real community and civil society participation must serve
as the foundation of multilateral food governance. The SDGs, the Paris Agreement
on Climate Change, and human rights treaties must all be incorporated into food
policy activities that prioritize vulnerable people. Governments must seize recent
opportunities, such as the United Nations Climate Change Conference (COP 26)
and the Tokyo Nutrition for Growth Summit in 2021, to reaffirm the commitment to
ending hunger by investing in nutrition and resilience in volatile and conflict-effected
environments.

8. Future prospect of biofortified rice

In the current context, biofortification intervention is a promising crop-based
strategy for eliminating micronutrient insufficiency. The current biofortification
methodology has a considerable research deficit, making general implementation
challenging. The mechanisms of nutrient transfer from soil to seed are poorly
understood in most food crops, including rice. As a result, a better understand-
ing of the fundamental processes that limit the rate of micronutrient acquisition
and translocation in the soil-plant system is required. Before making biofortified
crops available to consumers, the safety risks, particularly for genetically modi-
fied kinds, must be thoroughly investigated. Another big knowledge gap is in the
bioavailability of micronutrients in food grains and the pattern of mineral disper-
sion in plant systems. It is necessary to study the potential loss of micronutrients
during processing as well as the deliberate removal of external tissues. Some of
the most recent techniques, such as molecular cytogenetic gene transfer for higher
iron and zinc content, uniform mineral distribution in grain to reduce micronu-
trient loss during postharvest processing, manipulation of phytic acid levels to
increase bioavailability, and so on, can play an important role in enriching plant
edible parts. We recently discovered that the judicious application of nano-based
micronutrient fertilizers may enhance the biofortification process. As a result,
it is vital to develop an integrated biofortification approach that can improve
human health when eaten through the consumption of micronutrient-fortified
food products.
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However, there are always questions about the scientific validity of rice bio-
fortification, its potential for adoption by farmers and consumers, its economic
sustainability, and production stability before we can utilize it successfully to combat
micronutrient deficiencies [129]. Although no significant initiatives to sell nutrient-
rich rice have been identified, the purpose of developing biofortified rice is to use it
more widely. The discovery of stable transgenic golden rice, a form of rice biofortified
with beta-carotene, has resulted in extensive scientific research and development.
However, there have been substantial delays in the marketing of golden rice [130].
Rice is the staple food for most of Asia. When considering the commercialization of
biofortified rice, it must be kept in mind that the majority of rice is consumed in Asia,
and many potential beneficiaries come from developing nations and low-income
households. Regulations that prohibit the use of genetically modified rice alongside
traditional rice may thus be a practical hurdle for such countries. An interdisciplinary
research team comprised of crop science and human nutrition experts must collabo-
rate to generate finished products with desirable nutritional attributes. Biofortified
rice will also need to exhibit acceptable sensory and cooking characteristics to gain
widespread adoption. Furthermore, it is critical to ensure that the biofortified rice
varieties will yield at the required level and will be resistant to biotic and abiotic
problems. The biofortification program for rice is being effectively implemented
in several nations because of enhanced marketing, agricultural policy, nutrition
education, and public awareness campaigns. As a result, additional deliberate efforts
toward the development of biofortified crops along with suitable agronomic manage-
ment practices must be adopted in the future to mitigate micronutrient deficiency in
humans and provide food and nutritional security.

9. Summary

Malnutrition has a global impact on human learning ability, immune system func-
tion, and physical and mental development. Hidden hunger, often known as micro-
nutrient deficiency, is a major global concern. The nonavailability of minerals and
vitamins is expected to grow more in the future, and biofortification is on the path to
the establishment as a feasible treatment. For greater human health, the interplay of
iron, zinc, and vitamin must be synergistic and increase mineral bioavailability. This
intrinsic “synergistic impact” stimulates plant breeders to combine these nutrients
in the future to generate improved biofortified rice, which may be considered an
advancement over other traditional approaches. Rice is being biofortified with addi-
tional vitamins and minerals to address hidden hunger. Biofortification of rice with
folic acid (or folate), thiamin, riboflavin, niacin, pantothenic acid, pyridoxine, biotin,
vitamin B12, ascorbic acid, vitamin D, and vitamin E is ongoing [131]. Rice biofor-
tification should be a major focus of research and development efforts in affected
countries. Researchers of biofortified rice, policymakers, stakeholders, and philan-
thropists should focus on policies that directly benefit rice consumers in affected
countries, such as the public-private partnership model in agri-biotech research,
“freedom to operate” biofortified rice varieties developed by private companies,
area-specific production, better storage facilities, international rice distribution poli-
cies, and raising awareness. Furthermore, the COVID-19 pandemic, a current global
health emergency, as well as several illnesses caused by micronutrient deficiency,
have drawn attention to the utility of biofortified crops as a viable and cost-effective
method of providing important micronutrients to billions of people worldwide. These
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biofortification strategies will assist those who are vulnerable in becoming more resil-
ient to future shocks to food and income systems caused by unfavorable causes such as
prospective pandemics and natural disasters. Governments should therefore encour-
age the widespread and augmented adoption of biofortified staple crops, particularly
rice, by providing financial incentives. There has been great progress in this field, and
with more planned studies and robust laws, rice biofortification may see considerable
success in the coming years. As a result, biofortified rice has significant potential for
addressing the issue of micronutrient insufficiency, with excellent prospects for its
adoption and influence in assuring the nutritional security of the world’s population
by reaching the unreached.
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