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There is a considerable diversity of Brazilian berries, purple in color, and potentially rich in anthocyanins,
which are an unexplored source of new foods, products, extracts, and compounds of economic and
social interest. Nevertheless, none of these berries are significantly marketed or invested in for
increasing the production and extraction of target compounds. Therefore, this review combined
scientific data regarding the use of Brazilian berries as an innovative approach to the healthy and
sustainable development of food products. The current review provides an overview of the main
Brazilian berries (e.g., camu-camu, nhamburi, pitanga preta, cherry of Rio Grande, grumixama, agai,
jabuticaba, jucara, capinuriba and guabiju) and their nutritional and mineral profile, content of
bioactive compounds and their biological activities. In addition, we report Brazilian berries used in the
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Sustainability spotlight

The United Nations Sustainable Development Goals (SDGs) are a set of 17 interconnected goals adopted by the United Nations General Assembly in 2015 as part
of the 2030 Agenda for Sustainable Development. In our review, we showed how the exploitation of Brazilian berries as raw materials for the development of new
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food and nutraceutical products is based on the SDGs, especially sustainability, including social, economic, and environmental aspects, to achieve a more

sustainable future for all.

1 Introduction

Sustainability is well understood as the ability to meet present
needs without compromising the ability of future generations to
meet their own needs. It involves balancing social, economic,
and environmental factors. Sustainable practices aim to
conserve resources, protect ecosystems, and promote long-term
well-being for both humans and the planet. The United Nations
Sustainable Development Goals (SDGs) are a set of 17 inter-
connected goals adopted by the United Nations General
Assembly in 2015 as part of the 2030 Agenda for Sustainable
Development.*

These goals aim to address various dimensions of
sustainability, including social, economic, and environmental
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aspects, to achieve a more sustainable future for everyone.
Biodiversity refers to the variety of living organisms in
a habitat or on Earth.” It includes species diversity, genetic
variation, and ecosystem diversity. Biodiversity is essential for
ecosystem health and provides numerous benefits to
humanity. According to the World Health Organization,
“sustainable diets are those diets with low environmental
impacts, which contribute to food and nutrition security and
a healthy life for present and future generations. Sustainable diets
are protective and respectful of biodiversity and ecosystems;
culturally acceptable; accessible; economically fair and afford-
able; nutritionally adequate, safe, and healthy, while optimizing
natural and human resources”.’

The UN Decade of Action on Nutrition 2016-2025 recom-
mends that health systems should consider the long-term
consequences associated with excess weight and obesity by
promoting prevention and control through diet. One of its
pillars is the causal relationship between sustainable food
systems and the promotion of healthy eating, emphasizing the
importance of investments and public policies that integrate
nutrition, food, and agriculture, and strengthening local food
production and processing.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The World Health Organization (WHO) tirelessly advocates
that a healthy and efficient food system, linked to healthy life-
styles, can significantly reduce the costs of treating Non-
Communicable Diseases (NCDs), along with improving
people's quality of life, thus promoting productivity and job
creation.**

Therefore, countries should adopt policies encouraging the
development, production, and promotion of food products that
contribute to a healthier diet. It is necessary to offer healthy and
affordable options that can effectively prevent and control
overweight and obesity.>® In this sense, expanding dietary
diversity through the utilization of biodiversity emerges as
a strategic option, being intensely supported by scientific
evidence, as we intend to show in this review.

Non-Communicable Chronic Diseases (NCDs) drive much
morbidity, mortality, and national healthcare costs, which
impacts the economy of many countries independently of the
development situation. Currently, chronic diseases account for
41 million deaths worldwide with cardiovascular diseases and
diabetes leading the charge. In 2016, 67.5% of US adults were
overweight, 63.5% in Egypt, 53.8% in Brazil, and 32% in China.
The overall prevalence of obesity in Brazil increased from 11.7%
to 18.1% in men, and from 12.1% to 18.8% in women between
2006-2016.7*

These alarming data are probably underestimated nowadays
due to a lack of actualized epidemiological research and since
obesity rates have risen markedly in the past few decades
maintaining this tendency. This rise in obesity worldwide
affects all age groups and contributes to the prevalence of
NCDs. The recent COVID-19 pandemic has brought new
concerns about obesity from an epidemiological point of view.
Obesity is identified as both a risk factor for the manifestation
of a severe form of the disease and a serious nutritional
consequence of prolonged confinement.”

Regular consumption of common commercial berries, like
blueberries, has proved to be helpful in the prevention of
chronic diseases, based on epidemiological data, whose bene-
fits are attributed to their phytochemical's composition.® In
contrast, the review by Aguilera and Toledo (2022) highlights
the global significance of wild berries in the nutrition of rural
communities. These berries are rich in bioactive compounds
that can combat chronic diseases linked to oxidative stress and
inflammation." While chemical analyses confirm that wild
berries, have high bioactive content and antioxidant activity,
and in vivo studies demonstrate their health effects, however,
the exact mechanisms of their therapeutic action remain
elusive. In essence, wild berries show promise fighting NCDs,
but further research is essential to reinforce their health
benefits.

Thus far, some Brazilian native Myrtaceae fruits, like Jabu-
ticaba (Myrciaria cauliflora) and camu-camu (Myrciaria dubia),
have already been proved as potent sources of biologically active
polyphenols, primarily tannins like ellagitannins and proan-
thocyanidins. There is extensive research, including in vitro, in
vivo, and clinical studies, that consistently demonstrates their
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unique ability to regulate glucose levels, improve glucose
homeostasis, mitigate dyslipidemia, combat inflammation,
reduce oxidative stress, and prevent excessive weight gain.'
Furthermore, there is evidence that Brazilian native fruits hold
significant promise as potential candidates for innovative
cancer treatments since several studies show their unique
ability to selectively target cancer cells while sparing healthy
ones.” Incorporating these fruits into one's diet may help
reduce the risk and improve the management of chronic
diseases, offering a natural and delicious approach to better
health.

Brazil harbors the greatest plant biodiversity in the world.> A
variety of species in Brazilian ecosystems represents available
and unexplored sources of food and compounds with the
potential to improve people's quality of life and health. The
chemical characterization (e.g,, anthocyanin profile) and
potential health benefits (e.g., anti-inflammatory, anti-obesity,
and prebiotic effects) of numerous native fruits remain
unknown and are disregarded by farmers, consumers, traders,
and industries.>*®

Despite Brazil's exceptional biodiversity, most cultivated
commodities such as soybeans and sugarcane are not originally
from South American ecosystems. The expansion of agriculture
and urbanization promote deforestation and the destruction of
vast areas of typical biomes such as the Atlantic Forest and the
Amazon Rainforest in an unnecessary and uncontrolled
manner. Therefore, monocultures and livestock expansion
result in immeasurable losses of biodiversity that may take
centuries to recover."* Consequently, many plants may disap-
pear even before being catalogued or studied. To mitigate this
waste of biodiversity and protect this natural heritage, it is
urgent to investigate and rediscover the richness of native fruits
in Brazil. For the construction of a sustainable future, it is
essential to understand the incalculable value of biodiversity for
generating employment and income.

The fruits of Brazilian biodiversity emerge as strategic foods
and raw materials for functional foods and nutraceutical
products. Brazilian native fruits, are rich sources of opportu-
nities for innovation, generating jobs and income, improving
public health, and significantly contributing to sustainable
development, mainly SDG 2 (Zero Hunger), in the sense of new
food sources, SDG 3 (Good health and well-being), in the sense
of new functional products for health purposes, SDG 9
(Industry, Innovation and Infrastructure), in the sense of
innovative technologies to generate new products and SDG 12
(Responsible Consumption and Production), in the sense of
generating new food products that attend to new sustainability
needs.

Natural foods and ingredients from plant biodiversity
represent a value-creation strategy in the transition to
a sustainable biobased economy, especially in biodiversity-rich
countries.” In this regard, integrating Brazilian berries into
food markets will promote responsible consumption and
production, especially if they are cultivated by local and tradi-
tional communities. Consequently, adding value to the
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sustainable production of Brazilian berries will stimulate local
industry and infrastructure. Eating Brazilian berries fruits and
products diversify our diets and reduce the demand for mono-
culture agriculture, which often leads to soil degradation and
water pollution.

Additionally, Brazilian berries are rich in antioxidants, vita-
mins, and other essential nutrients. Thus promoting these
berries can induce healthier habits which are more accessible
and available for low-income people, thus ensuring food secu-
rity. Moreover, sustainable food sources, such as Brazilian
berries, plays a crucial part in biodiversity preservation, thus
protecting invaluable ecosystems from deforestation.*® Defor-
estation in tropical forests, like Atlantic Forest and Amazon
rainforest has reached unprecedented rates, requiring effective
and achievable conservation. Preventing deforestation is
imperative, but restoration is also required. Areas of Brazilian
tropical forest losses greatly affected fruit availability, such as
the ones from Sapatoceae, Myrtaceae, and Lecythidaceae fami-
lies. It also affected fruit quality, in terms of lipids and proteins.
These alterations in the quantity and quality of fruits can trigger
severe impacts for plant-animal interactions, likely interfering
in the seed dispersal process, thus harming forests' resilience."”
Then, protecting Brazilian forest areas for fruits production,
and additionally, reforestation of areas with theses commer-
cially Brazilian native berries, can help mitigate damagedue to
deforestation.

The functional properties of Brazilian native fruits can
stimulate the interest of producers and consumers, which in
turn opens perspectives for the application of advanced
techniques for sustainable processing, and full use of plant
materials, spreading the consumption of unique fruits from
Brazilian biodiversity in a sustainable fashion. This expan-
sion of exploitation of Brazilian berries can benefit the local
producers, protect biodiversity and its environment,
generate economic development, and improve health and
well-being.

In this sense, this review addresses Brazilian native berries
as a strategy to generate new food products using innovative
techniques as strategies against NCDs worldwide. Additionally,
we propose investing resources, research, and efforts in Bra-
zilian berries production, innovation, and consumption for
helping reach the mentioned SDGs.

2 New raw materials found in
Brazilian biodiversity

Berry is defined in botanical terms as a simple fruit that
develops from a single flower with one ovary, typically having
a soft and fleshy pericarp, and often containing multiple seeds.
Examples of true berries include blueberries, cranberries, and
grapes.®

In the context of gastronomy and consumer sciences, berries
present small size, balanced sweetness and acidity, vibrant
color, and are often juicy fruits that are typically consumed
fresh or used as an ingredient in various dishes, desserts, and
beverages. Berries are often sought-after for their pleasant taste,
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appealing appearance, and versatility in various food prepara-
tions and products.*®

In food science, a berry is a fruit characterized by its small
size, high water content, red to dark-purple colours, and high
concentration of bioactive compounds such as antioxidants,
vitamins, and dietary fibers." Despite the similarities of defi-
nitions, the berry industry which expanded its global presence,
is based exclusively in strawberries, blackberries, raspberries,
and blueberries.” Then, most people worldwide recognize
berries as only the widely popular and expensive four fruits
mentioned above. Moreover, it can wrongly transmit an image
of these fruits as sustainable, while they are provided mostly by
monocultures, needs vast application of agrochemicals, and are
mostly traded internationally, creating lots of environmental
impact. This misconception can prejudice local and wild berry
demand, market value, and production.

In this review, berries are considered as red to purple,
eventually black, coloured small fruits, since this is the defini-
tion which is closest to consumer perception. Then, all fruits
presented can be easily included in the ‘berry’ category, pre-
senting them as a more healthy and sustainable alternatives for
commercial and imported berries.

Brazil is renowned for its rich biodiversity, and within its
diverse ecosystems, a wide variety of berries have naturally
emerged. Most of these fruits have contributed in the past to
indigenous nutrition and medicine. Nowadays, only a few
species still contribute to locals' diet and traditional ethnicities
in national indigenous lands. Some Brazilian berries resist the
country's culinary traditions, like acai, jaboticaba and
pitanga.'**¢

Years ago, several public parks and squares in big cities were
planted with native fruits, like cherry of Rio Grande (Eugenia
involucrata), grumixama (Eugenia brasiliensis), and pitanga
(Eugenia uniflora), but they remain unnoticed by most of the
population. Brazilian berries are perfectly adapted for tropical
climates, however, they are not commercially grown, while food
markets are dealing with an increased demand for imported
berries (blueberry, cranberry and cherries).>**

There is a considerable diversity of fruits native to Brazil,
purple in color, and potentially rich in anthocyanins, which are
an unexplored source of new foods, products, extracts, and
compounds of economic and social interest.”” For example,
grumixama is a dark-purple fruit with a sweet and sour taste.
Pitanga is widely consumed both fresh and in juices and has
a sweet and tangy flavor. Jabuticaba, often referred to as the
Brazilian grape tree, produces unique fruits that grow directly
on the trunk. These Brazilian berries are used in diverse culi-
nary applications. Mostly are consumed fresh, mixed in juices,
or turned into homemade jams. However, none of these berries
are significantly marketed, or invested in for increasing
production, while the traditional berries which are sold and
consumed in Brazil (e.g., blackberries, blueberries, and
cherries) are imported and expensive. There is a lot of effort and
investment to increase the production of imported berries in
Brazil, but with many challenges due to the little or no adap-
tation of these plants to our climate, as is the case of blueberries
which are only profitable due to their high market value.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Brazilian berries possess unique botanical characteristics,
since their botanical families have evolved within the biomes
they inhabit, and most of them are endemic, i.e., only naturally
occurring in Brazilian biomes. Brazilian berries belong to
various botanical families, each with its own distinct charac-
teristics. Besides huge scientific efforts, there is still a shortage
of reliable primary taxonomic data and description of biodi-
versity patterns of Brazilian plants, including edible fruits.
However, it is well documented that Brazil is a megadiverse
country, home to more plant species than any other country. 46
975 native species of algae, fungi, and plants have been cata-
logued, of which 19 669 are endemic to the country. The Atlantic
Rainforest is, to date, the most diverse Brazilian domain,
especially in the group of angiosperms - the group of plants
which produce flowers and fruits.?

There are several berries which have been studied in past
decades as food and sources of bioactive compounds.>*>®* Most
of them are included in the Myrtaceae family, followed by
Rubus and Arecaceae.””

There is also a representantive of the Myrciaria family, called
camu-camu (Myrciaria dubia), which has great market potential
due to its taste and appearance.' The berries from the Myrta-
ceae family are all endemic to Brazil, since their original biome
is the Atlantic Rainforest, which grows across the Brazilian
coast. The ones from the Amazon rainforest are also found in
neighbouring countries, like Peru, Bolivia, and Colombia.*®*®

The acai berry (Euterpe oleracea) sets an important precedent
on how the media's appreciation of the beneficial properties of
a fruit, validated by science, can expand the sustainable
production and commercialization of a native fruit, thus
promoting the protection of national biodiversity. It illustrates
the potential results that can be obtained from investigating
native biodiversity. Acai was traditionally consumed only by
indigenous, riverside and local populations in the northern
region of the country. From the 60's, many industries intensi-
fied the extractive production, often illegal, of canned heart of
palm, almost putting the acai tree at risk of extinction. This
scenario was transformed when acai began to be publicized as
an energetic and healthy food for youth in the television media,
conquering an important market in the Brazilian
metropolises.***> The beneficial health effects of the composi-
tion of bioactives (anthocyanins and healthy fat acids) in acai
have gradually been proven.**

Acal has emerged as a noteworthy economic force with
remarkable growth trends. Brazilian acai production increased
from approximately 116 000 tons in 2009 to an impressive 227
000 tons by 2021. This booming industry substantially elevated
acal’s economic significance. It is worth noting that in 2020,
acal claimed the second-largest share of plant-based food
products extracted in Brazil. The economic implications of acai
have reached international borders, as evidenced by the bur-
geoning export market with the United States being the largest
importer, followed by Germany, Belgium, and the Netherlands.
This escalating demand is indicative of agai's growing role in
the global market for functional foods, nutraceuticals, and
‘superfoods’. The economic viability of acai has extended
beyond traditional consumption, with companies recognizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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its potential as a natural, health-conscious offering.** Other
Brazilian berries carry the same appeal, thus having the same
potential for gaining the world's attention. Further, the acai
industry has incorporated social and environmental responsi-
bility into their production and market strategies,*® which
represents the most important lesson taken, and must be
applied in the development of other Brazilian berries’ food
markets. In summary, acai's economic journey, from a tradi-
tional staple to global commodity, is replete with remarkable
growth, especially due to the sustainable practices implemented
and scientific efforts which clearly indicate the best path for
innovation within Brazilian berries.

The global value chain of berries (strawberries, black-
berries, raspberries, and blueberries) is undergoing intense
expansion. The United States of America (USA) and China are
the central players which command international trade,
despite most of the plant breeding to obtain fruits with better
sensory characteristics, higher productivity, and longer post-
harvest life being mainly undertaken in Northern Europe.
Only in the last decade, due to expansion of demand for
‘superfoods’, were Chile and Mexico could integrated into the
global chain with minor share, providing mostly to USA.>® The
main barrier to entry in the berry industry historically has
been agroclimatic conditions and funding of technologies for
plant breeding and fruit preservation. The negative impacts
faced by countries which entered this international market
includes water and soil contamination due to intensified use
of chemical fertilizers and pesticides, deforestation, land use
conversion, and invasion into wildlife habitats, contributing
to global climate change.'®**

Therefore, the environmental and socioeconomic benefits
expected from investing in the development of Brazilian
berries' production instead of the commercially available
ones are vast. Brazilian berries are already adapted to agro-
climatic conditions in the areas they naturally occur. This is
reinforced since most Brazilian berries are endemic (Table 1),
and there is a great genetic diversity available which can be
used for plant breeding strategies. Moreover, starting Brazil-
ian berry production may require less initial investment in
infrastructure formation, land areas and agricultural traits.
Like acai, the extractivism is a simple start for obtaining the
fruits as the raw material for commercialization in the
domestic market. The development of Brazilian berries value
chain will support job creation and potentialize income
increase. However, best practices in production, respect for
local communities and culture, providing good conditions of
work, and forest protection are essential for the success of
Brazilian berries.*®

3 Brazilian berries — biodiversity,
nutritive value, and bioactive
compounds

3.1 Camu-camu (Myrciaria dubia)

Camu-camu is an Amazonian fruit that contains several nutri-
ents such as carbohydrates, proteins, lipids, fibers, minerals,
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Table 1 Origin of some Brazilian berries
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Common name? Botanical name

Family Native biome”

Natural occurrence® Appearance’

Pitanga Eugenia uniflora
Jabuticaba Plinia cauliflora
Grumixama Eugenia brasiliensis

Cherry of Rio Grande Eugenia involucrata

Aracauna Psidium myrtoides

Camu-camu Myrciaria dibia

Guabiju

510 | Sustainable Food Technol., 2024, 2, 506-530

Myrtaceae Atlantic Forest, Cerrado, Pampa, Caatinga

Myrtaceae Atlantic Forest, Cerrado, Pampa

Myrtaceae Atlantic Forest

Myrtaceae Atlantic Forest, Cerrado, Pampa

Myrtaceae Atlantic Forest, Cerrado, Caatinga

Myrtaceae Amazon, Cerrado

Myrcyanthes pungens Myrtaceae Atlantic Forest, Cerrado

-171451206500

centercenter00

centercenter00

centercenter00

»

L 4

centercenter00

centercenter00

centercenter00
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Table 1 (Contd.)
Common name* Botanical name Family Native biome” Natural occurrence’ Appearance?
Capinuriba Rubus sellowii Rosaceae  Atlantic Forest, Pampa ’

centercenter00 lefttop00

sl

Red amora Rubus rosaefolius Rosaceae  Atlantic Forest, Cerrado ,

-67945000
Nhamburi Rubus urticaefolius ~ Rosaceae  Atlantic Forest ’

centercenter00
Acai Euterpe oleracea Arecaceae Amazon

-406403619500
Jussara Euterpe edullis Arecaceae Atlantic Forest, Cerrado

¢ Common names are dependent on location and ethnic groups; thus, the same fruit can receive different names. > Native biome refers the ecologic
characteristics where these fruits emerged. ¢ Natural occurrence indicates the regions of Brazil where it is confirmed they naturally grow. Maps are
provided by the Brazilian Flora Data Bank - REFLORA, different colors in the map indicate different Brazilian regions. ¢ All pictures were
downloaded from Wikimedia commons and have Creative Commons Licenses (CC), unless referred differently. All pictures are allowed to be
shared and adapted for any purpose. Pictures were only re-shaped to fit the table.

vitamins, essential amino acids (phenylalanine, threonine,
valine and leucine) and essential fatty acids (a-linolenic acid
and linoleic acid) (Table 2, 3 and 5).

Furthermore, the fruit demonstrates high content of phyto-
chemicals, such as phenolic compounds and vitamin C.** It is
estimated that camu-camu has 60 times more vitamin C than
orange juice (15 mg/100 g) (Table 2).*® In relation to phenolics,
more than 20 compounds have already been identified in camu-
camu, specially catechin, epicatechin, quercetin, luteolin, rutin,

© 2024 The Author(s). Published by the Royal Society of Chemistry

p-coumaric, gallic acid, ellagic acid and cyanidin 3-glucoside
(Table 3).>7%

3.2 Nhamburi (Rubus urticaefolius)

Nhamburi is considered an acidic fruit (pH = 2.18), with
a humidity of 82.60% and total soluble solids close to 8.8 °Brix
(which can vary according to the maturation of the fruit)
(Table 2).
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Table 2 Nutritional composition and physicochemical properties of Brazilian berries in 100 g of edible portion®
Species Moisture Ash PTN CHO TS LIP Fiber TSS TTA pH Ref.
Myrciaria dubia® 84.00- 0.20- 0.40-0.80 3.5-4.7 1.28-1.48 0.20-0.30 0.10-0.60 5.50-7.20 2.63-2.86 2.51- 39 and 40
94.40 0.30 3.24
Myrciaria dubia®  — 3.67 6.65 47.00 — — 19.23 — — 2.61 40
Myrcianthes 77.11- 0.38 2.14 11.34 — 0.38 1.46° 11.00- 0.02-0.22 4.63- 26, 28 and 41
pungens® 84.29 17.03 5.37
Myrcianthes — 2.25- 2.47-3.23 52.88- 0.82-0.84 — — — — 26 and 28
pungensd 2.32 81.22
Rubus sellowii® 82.56— 0.63- 0.90-0.93 15.10- — — — — 2.99-3.28 3.06- 42
83.02 1.02 15.31 3.11
Eugenia uniflora® — 1.47 4.46 52.00” 33.40 0.30 — — — — 43
Eugenia 91.6 — — — 4.64 — — 5.66-9.53 0.98- 3.42 44-46
involucrata® 15.93
Eugenia — 5.67 9.97 62.38 — 3.36 18.61 — — — 46
involucrata®
Eugenia 82.96- 0.36— 0.39-0.71 9.07 7.94-9.45 0.02-0.72 1.25-5.94 5.00 — — 44, 47-49
brasiliensis® 90.15 0.60
Eugenia — 3.65 3.96 92.18 — 0.20 12.69 — — — 47
brasiliensis®
Euterpe oleracea®  82.74- 0.36- 0.2-1.51 — 21.43 4.28-10.67 — 3.9 0.29-0.53 5.11-5.2 50-52
88.64 0.71
Euterpe oleracea® — 3.77- 8.79-9.47 18.73- — 47.59-61- 8.03-19.8 — — — 51, 53 and 54
4.41 25.35 75
Euterpe edulis® 63.62-92  0.39- 0.82-4.49 — 4.62 19.59 — 2.6-10.15 0.13-0.36 4.9-5.13 42, 55-59
1.03
Euterpe edulis? — 2.4-4.0 6.3-7.87 16.94- 43.08 3.33-33.36 34.25- — — — 55-57, 60 and
54.75 63.8 61
Eugenia cauliflora® 80.87- — — — — — — 7.99-14  0.19- 3.44-3.8 26, 46 and 62
86.16 22.33
Eugenia cauliflora® — 2.97-  6.02- 63.34- — 0.79-5.11  26.87 — 14.2 — 26, 46, 63 and
3.85 14.88 76.14 64

@ PTN: protein; CHO: carbohydrate; LIP: lipids; TSS: total soluble solids; TA: total titratable acidity (% citric acid). ” Total carbohydrates. ¢ Crude
dietary fiber. ¢ The data expressed in dry basis and wet basis. All the data were expressed in grams (g), except TSS (°Brix) and TTA (%).

This fruit has significant antioxidant activity (157.54 mg Eq.
Trolox/100 g fresh fruit), which is mainly due to the presence of
some phenolic compounds (1452.07 mg GAE/100 g fresh fruit)
in its composition (Table 5).® Anthocyanins are compounds
found in high amount in nhamburi (concentrations of total
anthocyanins between 35.37 and 111.24 mg of cyanidin 3-
glucoside/L of sample) (Table 5).7°

Considering that information about the fruit is still limited
in the literature, it would be interesting for other studies to
investigate its bioactive compounds and health benefits, in
addition to exploring its sensory attributes, as the fruit is well
known for its acidic and sweet flavor, which is quite
characteristic.

3.3 Pitanga preta (Eugenia uniflora)

Depending on the biotype and maturation it is possible to find
pitanga of different colors, such as yellow, red, purple and
black, which present differences in their nutritional and
sensory aspects. Therefore, this study included nutritional
information on the purple and black pitanga's biotypes. The
fruit pulp demonstrates significant contents of carbohydrates,
with emphasis on reducing sugars and total sugars, proteins
and minerals (Tables 2 and 3). Furthermore, in relation to their
pigments, there is a prevalence of anthocyanins (34.90 + 1.02
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mg/100 mL) compared to yellow flavonoids (4.48 £+ 0.66 mg/100
mL) (Table 5),”* which is due to the fact that during pitanga's
maturation, anthocyanin content increased, while flavonoid
content decreased.

Studies have also already demonstrated that the biotype and
maturation of pitanga influence the biosynthesis of phyto-
chemicals. Ramalho et al.”> identified hydrolysable tannins in
samples of pitanga of different colors, and oenothein B (23.59-
33.10 mg g~ ') was the major compound presented in the purple
pitanga, followed by eugeniflorin D2, O-galloyl-p-glucose and
Tri-O-galloyl-B-p-glucose (Table 5).

3.4 Cherry of Rio Grande (Eugenia involucrata)

The cherry of Rio Grande presents an attractive appearance,
with an intense and shiny red color, similar to the traditional
cherry, with a sweet and slightly acidic flavor and succulent
pulp. It is a good source of fiber, which aids in digestion and
promotes satiety, and it also has a high amount of carbohy-
drates. The fruit stands out for its high content of potassium
and calcium (Table 3).%

Studies have shown that cherry of Rio Grande has a high
content of phenolic compounds, such as anthocyanins, which
are responsible for the intense red color of the fruit. Among the
anthocyanins found in red/purple fruits, cherry of Rio Grande

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Minerals and vitamins of Brazilian berries in 100 g of edible portion®

Species Ca K P Mg Na Mn Fe Cu Zn Vit. C Nia Ribo Thi Vit. A Ref.

Myrciaria 6.2-15.7 60-144.1 25.6- 4.7-12.4 2.7-11.1  0.14- 0.18- 0.1 ns 960- 62 40 10 14.2- 40

dubia® 29.5 0.21 0.66 2990 24.5

Myrciaria 22.12 796.99 — 33.47 — — — — — 20310 — — - — 40

dubia”

Myrcianthes 47.46 — — 8.18 13.56 0.05 0.44 0.04 0.23 1173 — — - — 41

pungens®

Myrcianthes 357.17- 697.37- — 120.58-  100.43- 0.97- 0.92- 0.24 0.61- — - — - — 26 and 28

pungensb 2276.48 9603.64 585.78 309.94 1.01 1.69 0.67

Eugenia 157.09 2102.92 96.39 110.27 10.13 1.47 17.65 0.92 1.45 125.87 10 173.33 20 623.64 46 and 65

involucrata®

Eugenia 29.86-323 84-361.01 1.93 22.57- 1.93- 5 0.32- — 0.22- — — — —_ — 47-49

brasiliensis” 44.64 117.51 154 21

Euterpe oleracea 46.88 — — 23.32 — 6.4 0.3 0.18 0.25 — - — - — 66

Euterpe 524.2 — — 77.54 — 0.065 8.12 2.71 1.94 126 - — - — 59 and 67

oleraced”

Euterpe edulis® — — — — — — — — — 0.031 — — — 58

Euterpe edulis® 271.97- 1067.70- 106.77 165.17- 9.39- 7.77- 2.87- 0.89- 2.72- — — — —_ — 56 and 68
541.23 1160.70 170.29 24.49 10.8 6.54 1.11 2.99

Eugenia 110.18 4059.22 153.38 86.98 — 0.87 01.10 02.06 0.68 1.18 —_ — — — 60 and 63

cauliflora®

Eugenia 80.53- 1291.93- 149.99 107.79- 359.80 3.67 2.37 0.75 1.57 0.251 — 23.33 363 59.47 26,46 and

cauliflora® 330.13 4533.83 455.60 65

“ Ca: calcium; K: potassium; Mg: magnesium; Na: sodium; Mn: manganese; Fe: iron; Cu: cuprum; Zn: zing; Vit: vitamin; Nia: niacin; Rib: riboflavin;
Thi: thiamine. ” The data expressed in dry basis and wet basis. All the data were expressed in milligrams (mg), except Nia, Rib, and Thi, which were

expressed in micrograms (ug) and vit. A (RE 100 g~ ).

contains cyanidin 3-glucoside (194.82 mg/100 g DB), delphini-
din 3-glucoside (577.13 mg/100 g DB), pelargonidin 3-glucoside
(23.3 mg/100 g DB), and pelargonidin 3,5-diglucoside (70.3 mg/
100 g DB) (Table 5). The antioxidant activity (0.163 mol Trolox
equiv./kg DB) of the fruit have been associated to its phenolic
and flavonoid composition, in which the most abundant
compounds are rutin (48.48 mg/100 g DB) and epicatechin
(24.32 mg/100 g DB).%

3.5 Grumixama (Eugenia brasiliensis)

Grumixama shows an attractive appearance with its small size
and deep purplish-black color when ripe. Also, it showcases
appealing sensory characteristics, valuable nutrition, and a rich
content of phenolic compounds and antioxidants. Nutrition-
ally, grumixama offers several benefits. It is a good source of
dietary fiber (Table 2). Among the minerals present in the edible
portion of fresh fruit, calcium, potassium, and iron stand out
(Table 3).*

Grumixama is rich in anthocyanins, which are responsible
for its deep purple color and contribute to its antioxidant
capacity.”® Studies have shown that grumixama contains
a significant amount of total phenolics (up to 338.22 mg GAE/
100 g) and flavonoids (0.364 mg equivalent of catechin/g WB),
which contribute to its antioxidant activity. It has been found to
have high levels of specific phenolic compounds, such as ellagic
acid (11.59 mg/100 g WB), quercetin (3.78 mg/100 g WB), and
gallic acid (41.14 mg/100 g WB) (Table 5), which are associated
with health benefits, including anti-inflammatory effects.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.6 Acai (Euterpe oleracea)

Acai is a fruit native to the Amazon region (Brazil) that exhibits
distinct sensory characteristics due to its dark purple color,
significant nutritional value, and high content of phenolic
compounds, anthocyanins, and antioxidants. It is known for its
slightly acidic and sweet flavor, with hints of red fruits and an
earthy touch. From a nutritional standpoint, acai has a nutrient-
rich composition. It is an excellent source of energy, primarily
due to its carbohydrate content and lipids (up to 61.75 g/100 g
DB) (Table 2). Additionally, it contains a considerable amount of
healthy fats, such as linoleic and alpha-linolenic acids, which
are beneficial for cardiovascular health.”

It also contains vitamin C* and is considered a good source
of calcium and magnesium” (Table 3). One of the most notable
characteristics of acai is its high content of phenolic
compounds (up to 708.22 mg GAE/100 g WB),” anthocyanins
(up to 383.23 mg of cyanidin 3-glucoside/100 g WB) (Table 5),
and antioxidants (820.0 pmol Trolox equiv. g~ ').”®

The predominant anthocyanins in acai are cyanidin 3-
glucoside and cyanidin 3-rutinoside (51.5 and 96.7 mg/100 g
DB, respectively). Studies have shown that acai contains
a significant amount of phenolic compounds, such as rutin (3.4
mg/100 g DB) and syringic acid (4.8 mg/100 g DB),”” which
contribute to its antioxidant capacity (Table 5).

3.7 Jucara (Euterpe edulis)

The jucara is a palm tree native to the Atlantic Forest in Brazil.
This species is widely appreciated for its fruit, which has a dark
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purple to black color, small and round, with approximately 1 cm
in diameter, and a sweet to earthy flavor. Additionally, it pres-
ents nutritional properties and phenolic compounds that
provide a remarkable antioxidant capacity.*

Regarding its nutritional properties, jucara is an energy
source due to its carbohydrate content and also has a moderate
amount of lipids and fiber (Table 2). Furthermore, jucara
contains interesting levels of potassium, magnesium, calcium,
phosphorus, and iron (Table 3).7%*®

Jucara is recognized for its high concentration of phenolic
compounds, including anthocyanins (214.3-1570.6 mg of cya-
nidin 3-glucoside/100 g WB), flavonoids (1313.8 mg of quercetin
equiv./g DB), and phenolic acids such as quercetin (0.42-102
mg/100 g DB), ellagic acid (7.13-140 mg/100 g DB), and
chlorogenic acid (128 mg/100 g DB), which are known for their
antioxidant properties (Table 5). The most abundant anthocy-
anins in the edible part of jucara fruits are cyanidin 3-glucoside
(281-623 mg/100 g DB) and cyanidin-3-rutinoside (532-2307
mg/100 g DB).*

3.8 Jabuticaba (Eugenia cauliflora)

Jabuticaba is a fruit tree native to the Brazilian Atlantic Forest.
This species is appreciated for its small and round fruits, with
a purple skin, enclosing a gelatinous and sweet pulp that
contains one or more seeds. The taste of jabuticaba is generally
sweet and slightly acidic, with a pH ranging from 3.44 to 3.8.
The fruit is a source of carbohydrates and fibers (Table 2).

Jabuticaba is a source of vitamins, including vitamin C,*
vitamin A, and some from the B complex, such as thiamine and
riboflavin (Table 3).°°> Regarding minerals, jabuticaba contains
high levels of potassium, phosphorus, calcium, and
magnesium.*

Jabuticaba is known for its richness in phenolic compounds
and its antioxidant capacity (Table 5).”® Anthocyanins are
mainly present in the fruit skin, with the main compounds
being cyanidin 3-glucoside, delphinidin 3-glucoside, and
pelargonidin 3,5-diglucoside.’*”*7°

3.9 Capinuriba (Rubus sellowii)

Little information is available regarding the nutritional
composition of capinuriba. However, it is known that this
blackberry has significant amounts of carbohydrates, proteins
and minerals (Tables 2 and 3), in addition to demonstrating
a high acidity.*

Given the limited information available in the literature, it is
suggested that studies be carried out to investigate the nutri-
tional composition of the fruit, in addition to identifying
possible compounds of interest to human health (e.g., phenolic
compounds, anthocyanins, and vitamins). Furthermore, it
would be relevant to highlight the use of fruit in the preparation
of new food products, suggesting new ways of consuming it.

3.10 Guabiju (Myrcianthes pungens)

Guabiju is a fruit with a pleasant taste (ratio = 77.74-83.99),
which has relevant contents of carbohydrates, proteins, lipids,
vitamin C and minerals (Tables 2 and 3). The fruit contains
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significant amounts of total anthocyanins, with higher levels
than other berries such as red pitanga and acerola.”® An
expressive bioactive potential was also identified in the fruit due
to its bioactive compounds. It was observed that guabiju's fruits
in the intermediate stage of maturation present higher antiox-
idant capacity compared to the ripe stage.

Phenolic compounds are one of the most prominent anti-
oxidant substances present in guabiju (Table 5), and they have
already been identified in fruit mainly gallic acid, quercetin,
and isoquercitrin, followed by 3,4-dihydroxybenzoic acid,
kaempferol, ferulic acid, p-coumaric acid and syringic acid.*

4 Emergent strategies in the
development of healthy products from
berries

As introduced, Brazilian berries are recognized as a bioactive
compounds-rich food source with potential health benefits.
Several parameters related to the use of Brazilian berries, such
as high nutritional value, phytochemical composition, pleasant
taste, and fruit perishability, have encouraged the industrial
processing of these fruits in the development of new products.
Brazilian berries’ extracts can also be used for new formulations
or to replace synthetic components.

However, the use of Brazilian berries for the development of
new products by the food industry is still limited due to the low
supply of berries and the lack of scientific knowledge about
sustainable processing strategies for using these fruits. In this
way, new alternatives have been directed toward the develop-
ment of food supplements, functional foods, nutraceuticals,
and functional components from Brazilian berries.

In this context, emerging technologies have been presented
as an option for the sustainable development of new products
from Brazilian berries. Among the main emerging technologies
applied, we can mention ultrasound, high hydrostatic pressure
(HPP), supercritical fluid extraction (SFE), pressurized liquid
extraction (PLE), dielectric barrier atmospheric cold plasma,
microwave, and ohmic heating. Emerging technologies are an
innovative and efficient technique for achieving a high yield of
extraction beyond sustainable eco-friendly chemistry.®
However, some of these green technologies can show some
disadvantages, such as the problem of separation, hot spots,
need of know-how and difficulty of operation.®

Several studies on emerging technologies have been carried
out for the development of new products from different berries,
such as jabuticaba (Myrciaria jabuticaba), acai (Euterpe oleracea),
camu-camu (Myrciaria dubia), and jucara (Euterpe edulis Mart.),
among others, as you can see below.

The effect of high-intensity ultrasound (HIUS) technology on
jabuticaba peels instead of the conventional extraction process
resulted in the higher recovery and antioxidant potential of
bioactive compounds. In addition, the exhaustion of bioactive
compounds in the dried jabuticaba (Myrciaria jabuticaba (Vell.)
Berg) peel after the HIUS processing at an ultrasound intensity
of 3.7 W em 2 and 50 g water/100 g proved the high recovery of
target compounds.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Anthocyanins and total phenolic compounds from acai ob-
tained by pressurized liquid were applied to commercial prod-
ucts: freeze-dried acai, acai juice, an acai tablet, and an acai
jam.** After the application, high concentrations of total phenolic
compounds were found in the lyophilized acai samples (12.25 mg
total phenolics/g acai), while considerable amounts were found
in acai juice (2.25 mg g '), followed by juices (2.15 mg g %),
tablets (2.02 mg g~ '), and jam (1.25 mg g ).

Dielectric barrier atmospheric cold plasma is another newly
emerging technology with a positive effect on food application
studies.®® An interesting outcome from the use of this new
technology was reported in a study with camu-camu juice, in
which it improved the nutritional quality due to the increase of
phenolic compound content, antioxidant activity, and inacti-
vation of endogenous enzymes (peroxidase and polyphenol
oxidase). The increase in excitation frequencies did not degrade
the phenolic compounds due to the use of cold plasma and also
increased the bioaccessibility and bioavailability of these
compounds, thus improving consumer health.

The combination of emerging technologies has also been
shown as an option to improve the quality and nutritional
composition of food products. For instance, the effect of high
hydrostatic pressure and thermal pasteurization on anthocya-
nins and non-anthocyanin phenolic compounds content of acai
juice (Euterpe oleracea) has been investigated. The HPP at 500
MPa/5 min/20 °C was 40% more effective for the preservation of
target compounds than thermal pasteurization (85 °C/1 min)
may be due to its thermal sensitivity.*® The high temperature of
the pasteurization processing may have caused the degradation
of compounds in acai juice and decreased the compound's
recovery. HPP stands out as a widespread non-thermal process
for food preservation providing additive-free products and foods
with minimal loss of nutritional, functional, and organoleptic
properties, and maintenance of quality of the final product.®”

The combined use of conventional techniques (conventional
heating) and emerging technologies (ultrasound-assisted) was
applied to camu-camu nectar processing to evaluate quality
parameters, the nutritional value of the nectars, and the inac-
tivation of enzymatic activity.*® The thermosonication resulted
in a nectar rich in bioactive compounds and reduced action of
peroxidase and polyphenol oxidase enzymes on the end
product, improving the quality of food.

Along with the use as an extraction technology, the combi-
nation of ultrasound-assisted extraction (UAE) followed by the
concentration of samples by reverse osmosis was used in order
to obtain a functional camu-camu (Myrciaria dubia) product.’”
As result, a concentrated camu-camu with 3.2 times higher
phenolic compounds and 6.5 times higher anthocyanins was
obtained. Furthermore, it provided high antioxidant activity
and vitamin C content. The synergism of these techniques
turned out to be a promising alternative in order to apply
bioactive compounds in food and in the possible development
of nutraceutical products from berries.

An anthocyanin-rich extract from the jucara pulp (Euterpe edulis
Mart.), microencapsulated with maltodextrin was used in the
preparation of formulations of fermented milk. The authors
showed that microencapsulation with maltodextrin provided

© 2024 The Author(s). Published by the Royal Society of Chemistry
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greater stability of the product's red color and better encapsulation
efficiency, especially when compared to food without micro-
encapsulated extract. In addition, the sensory analysis of the fer-
mented milk showed high scores for all evaluated attributes, such
as taste, flavor, texture, and buy intention, suggesting to the eval-
uated consumers that the anthocyanin microencapsulated from
jucara pulp can be successfully used to formulate fermented milk.
This can contribute to the development of innovative food products
with more stability and the possibility of good commercialization.*

In another approach to new product development, there is
a high demand for food and pharmaceutical products with
healthier formulations enriched with natural compounds to
replace synthetic additives through the use of sustainable eco-
friendly processing. In this sense, a recent study evaluated the
stability of the microencapsulated jabuticaba Myrciaria cauli-
flora extracts and their application in manioc starch fermented
biscuits processed at 180 °C for 20 min.*® In this work, the
microencapsulation provided greater stability and higher
content of polyphenols and antioxidant potential in the fer-
mented cassava starch, thus protecting their compounds after
thermal processing. Therefore, jabuticaba extracts are good
alternatives for microencapsulation by softening the effects of
heat applied in biscuit baking.

From a general point of view, the benefits of emerging
technologies presented above can be summarized in (1) high
extraction yield, (2) improving process time and control
extraction (3) enhancement of safe and food quality (high
antioxidant activity, phenolic content, and improved
nutritional/sensory properties), (4) use of mild process condi-
tion - improvement of environmental sustainability of the
entire process (lower energy input, low consumption and use of
eco-friendly solvent) and/or (5) reduction of costs. Therefore,
our study showed that emerging technologies turned out to be
a promising way to the development of new products from
berries as simple, eco-friendly, and relatively fast technology
that may be used by the food industry to produce new berries-
based formulations with high market value.

5 Use of Brazilian berry by-products
in food innovation

Food production is the main driver of global environmental
change, as agriculture occupies about 40% of the world's land
area and food production is responsible for up to 30% of global
greenhouse gas emissions and 70% of freshwater use.”
However, many studies point to the opportunity to increase
company profits by using berries as an ingredient, thus
contributing to food innovation.

The use of waste can improve economic performance, opti-
mize the use of resources, and is associated with a lower envi-
ronmental impact, and 90% of an organization's environmental
expenditures can be caused by waste-related costs.”

South America is one of the largest agricultural producers,
with Brazil and Argentina as the main producers.”® For this,
there is a large amount of food by-products generated by the
industry during processing, and this indicates an important
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environmental problem. However, it is already known that the
waste generated, such as peels and seeds, can be functional
food ingredients or used for pharmaceutical applications, for
the prevention or treatment of human diseases due to the
action of different active compounds.®*®* Recent studies have
shown that berries have antioxidant compounds, which are
mostly concentrated in the peels and seeds.*®

Jabuticaba has been used to produce juice, jam, syrup, liqueur,
and fermented beverages, among others (Table 4). To produce
jabuticaba-based products, the fruit peels and seeds are dis-
carded, which represent 40% to 50% of the fruit weight. This
residue has a high content of phenolic compounds, suggesting,
therefore, their potential use for the development of natural
colorants, functional ingredients, and food supplements, which
could be used in the food and pharmaceutical industries.””*

The investment in these products incentivizes research on
sustainable technological processes that maintain not only the
sensory characteristics but also the phenolic compounds of the
fruit."+*'¢ Therefore, it is important to analyze new alternatives to
reduce the environmental impact and add value to the by-products,
such as direct incorporation into foods (yogurt, cookies)."*®

Besides jabuticaba, acai has great economic, nutritional, and
cultural value for the region of Manaus and Para in Brazil. This
fruit has been exploited in many ways and generated products
such as juices, ice cream, sweets, and food supplements (Table
4). Several studies have been showing that acai has important
biological activities, such as antioxidant activity, anti-
inflammatory, protection against hepatic steatosis and fibrosis,
and neuroprotectors, among other benefits. The products
generated are sold both in national and international markets.
This productive growth has generated income, employment, and
new business, and stimulated research and innovation.™*”

However, the large production of this fruit has also led to
some negative environmental and social consequences related to
the increase in the accumulation of waste as seeds, after the
pulping of the fruit, thus affecting the environment and society in
urban areas. The accumulation of waste can cause damage to the
advancement of a sustainable economy in the Amazon region,
generating environmental fines, and economic instability.*"”

There are attempts to use waste, but they are not yet solutions
with a logistical and operational capacity capable of having effi-
cient results. Some applications that have been explored are the
use of waste to generate energy, products with added value, the
development of catalysts, the production of activated charcoal,
and products for civil construction, among others.""”

In the Amazon rainforest, it is very common to find the fruit
camu-camu, also known as cacari and araca d'agua. This fruit is
known to be a rich source of different active compounds which is

Table 4 Examples of products made from native fruit waste
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related to their biological activities (see in Section 3.1)."*® Due to
its acidic taste, camu-camu is not consumed in nature, so it is
used in the form of juices, purees and especially pulp, applied in
the production of beverages and as a food ingredient (Table 4). As
with other fruits, industrial processing generates by-products that
can harm the environment. About 40% of the weight of the fruit is
composed of peel and seed, so in recent years, research has been
demonstrating ways to reduce the environmental impact and
economically exploit these by-products.'*®

In the search for new sources of bioactive compounds, some
researchers have focused on jucara because it is a fruit rich in
bioactive compounds, mainly anthocyanins.”™ In the industry,
the pulp is separated from the peel through processing,
generating residues of the peel and seed, but the anthocyanins,
one of the main compounds of this fruit are in the peel.
Therefore, the by-products generated from these fruits are rich
sources of bioactive compounds which can be used as raw
materials of low cost and high added value.**

The residues of grumixama have high contents of dietary
fiber, magnesium, phenolic compounds, tannins and caroten-
oids, in addition to antioxidant potential; therefore, they have
also been reported as raw materials for industrial use, such as
natural dye extraction.**

Among the berries that are processed by the national agri-
business is the blackberry (Rubus sp.), which is a source of
phenolic compounds, mainly anthocyanins and ellagic acid,
and a powerful antioxidant, being beneficial for preventing
degenerative diseases, and among the minerals are mainly
calcium and potassium, besides vitamin C. Despite this, due to
its fragile structure and seasonality, its consumption in nature
is not very common. Therefore, this fruit is used to make
products such as juice, jam, pulp, and others. However, with the
processing of pulp, 30 to 40% is discarded, and this waste is
a source of bioactive compounds important for physiological
functions and the prevention of chronic diseases.*

Therefore, due to the high added value of by-products and to
reduce the negative environmental impact they cause when they
are discarded irregularly, more research is needed on the
sustainable use of by-products rich in bioactive compounds by
the food and pharmaceutical industries.

6 Potential health benefits of
products obtained from Brazilian
berries

Berries native to Brazil have already gained space in the litera-
ture works related to chronic non-communicable diseases

Berry Fruit fractions Generated product Ref.

Jabuticaba Bark Flour 37,99 and 100
Bark and seed Jelly

Camu camu Bark; pulp Flour; shake 101 and 102

Acai Bark and seed Flour 44
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Myrciaria  Myrcianthes E. Eugenia Eugenia
dubia pungens uniflora involucrata  brasiliensis  Euterpe oleracea Euterpe edulis  Eugenia cauliflora
TMA 10.22- 64.57- 0.49- 50.97- 1.54- 46.12-383.23%¢ 214.3-1570.6° 28.9-109.23%¢
66.16%° 245.31%¢ 7.032¢  158.4%¢ 518.64%°
669.85° 159.03-10202¢ 33.03-1154.0%° 930.56-2400"°
TPC 7.79- 28.41- 25.02-  136.83- 207.83- 44.31-708.22% 415.1-4918.5% 395.88-1696.13%"
25.79%4 59.3454 27.87%¢  757.6% 338.22%
250.89% 2558.37- 1237.73-8840> 13.55-1323.8%"
5434.3%
Tannins — — 10.78- — 7.97%¢ — — 0.025%
13.945¢ 46.78%¢
TF 6.90- 22.78-33.84%/ 0.14- 0.27- 0.364%" 1.97% 1313.8%" 7.984%"
28.37% 0.31%¢  206.06%
95.48%/ 0.21-6.39%/
Cyanidin-3- 0.62-2.78% — 194.82° 51.5° 71.4° 107.9-725°
glucoside 281-623"
Delphinidin-3- — — — 577.13% — — — 41.9-1364°
glucoside
Pelargonidin-3- — — — 23.3" — — 0.6 —
glucoside
Pelargonidin-3,5- — — — 70.3” — — — 109°
diglucoside
Cyanidin-3- — — — — 96.7° 191.0° —
rutinoside 532-2307°
p-coumaric acid ~ 0.06-0.15° 0.11-0.17° — — 0.078° — 0.81° 0.36”
Rutin 2.44-9.78% — 39.4¢ — 0.4° 0.15-31.72°
48.48° 3.4°
Gallic acid 22.72- 4.37-7.78* — — 41.14° — 0.25° 17.47°
97.294 4.16-127°
Caffeic acid — 0.02-0.04> — — — — — 0.26”
Chlorogenic acid ~— 0.01° — — — — 1287 0.194”
3,4- — 0.08-0.12> — — — — — —
Dihydroxybenzoic
acid
Ferulic acid — 0.12? — — — — 4.1? 0.199°
Salicylic acid — 0.02? — — — — — —
Sinapic acid — — 0.01- — — — — —
0.02°
Syringic acid — 0.34-0.50° — — 0.016° 0.6 2.96” 0.097”
0.74-4.8"
Myricetin 0.20-0.30 — — 6.06" 3.99° — 66” 0.9-1.2°
Kaempferol — 0.09-1.07> — — 0.19° — 0.62-44" 0.033”
Luteolin 77.22° — — — — 0.1 37.6% 0.005-5”
0.9°
Pinobanksin — 0.33-0.47 — — — — — —
Quercetin 8.55-26.45" 7.88-8.24°® — 18.18¢ 3.787 — 0.42-102° 1.1-5.21%
Isoquercitrin — 1.41-2.16> — — 7.96 — — —
Isorhamnetin — 0.08-0.10" — — — — — —
Epicatechin 6.53— 0.01-0.03” — 15.76° 0.012° — 0.06-0.36” 5.3
292.83% 24.32°
Ellagic acid — — — 9.09° 11.59% — 7.13-140° 0.987%
15.4-229°
Epigallocatechin  — 0.97-1.57> — — — — —
gallate
Catechin 1108.49-  0.19-0.48" — 6.06% 0.83° — 0.35-1.78” 0.82°
2269.30° 16.985° 9.3%
Vanillic acid — — — — — — 9.43% —
Protocatechuic — — — — — — 0.066-14.58" —
Aromadendrin — — — — — — 15.09” —
4-Hydroxybenzoic — — — — — — — 1.29-15.4°

acid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (Contd.)
Myrciaria  Myrcianthes E. Eugenia Eugenia
dubia pungens uniflora  involucrata  brasiliensis  Euterpe oleracea Euterpe edulis  Eugenia cauliflora
Ref. 38and39 26and41 72 45,46, 65, 47-49 and 75 52, 53, 66, 67, 75, 77 57, 58, 60, 68, 26, 39, 60, 64, 65, 75,
103-105 and 106 107-112 78 and 113

“ Wet basis. ? Dry basis; TMA: total monomeric anthocyanins; TPC: total
1

100 g. ¢ mg of gallic acid equiv. (GAE) g~*. ¢ mg tannic acid equiv. g~

Jphenolic compounds; TF: total flavonoids. ¢ mg of cyanidin-3-glucoside/

mg of quercetin equiv. (QE) g~ . ¢ mg rutin equiv. g . ” mg equiv. of

catechin per g. ' mg of gallic acid equiv. (GAE)/100 g. The data of compounds were expressed in mg/100 g.

(CNCDs) due to the fact that they are fruits that have
compounds in their composition that contribute both to the
management and prevention of these diseases. The following
section will present recent works that investigate the potential
of these berries in CNCDs. Table 6 presents the main in vitro, in
vivo, and preclinical studies with different Brazilian native
berries and their respective potential against CNCDs.

6.1 Acai (Euterpe oleracea)

Acai has gained great space in the literature through works that
use it to improve CNCDs. Cancer is one of the most researched
diseases in the world and this fruit has already demonstrated
benefits against various mechanisms of this disease, such as
a positive cytoprotective action for estrogen receptors (MCF-7),
chemopreventive potential, effective for cytotoxic effects in
breast cancer cell lines, induces autophagy and morphological
changes in treated cells, increase mitochondria production after
24 hours of treatment and reduction of tumor cells (Table 6).1477*%°

Besides cancer, acai has also been effective in managing
obesity, through a positive influence against pro-inflammatory
biomarkers, in addition to also being effective against meta-
bolic diseases, such as diabetes, dyslipidemias, inflammation,
oxidative stress and hypertension.*

Some of the benefits found from acai against metabolic
disorders are the ability of glucose tolerance, insulin resis-
tance, control of lipid metabolism, decreased protein expres-
sion of genes involved in lipogenesis and increased expression
of transport proteins involved in the excretion of lipids.
Extracts with part of the fruit were also effective in preventing
the development of hypertension and endothelial
dysfunction.”**

Since acal presents a rich composition of flavonoids, high-
lighting the anthocyanins, a work conducted by** through
a clinical trial identified that the fruit improved vascular func-
tion in overweight individuals, with the hypothesis that its
compounds can reduce the activity of NADP(H) oxidase which is
linked to an increase in the concentration of nitric oxide
through inhibition of superoxide.

6.2 Jabuticaba (Myrciaria cauliflora Berg., Plinia cauliflora,
Myrciaria jabuticaba)

Several species of jabuticaba (e.g., Myrciaria cauliflora Berg.,
Plinia cauliflora and Myrciaria jabuticaba) have also been iden-
tified as potential berries against CNCDs. In works carried out

518 | Sustainable Food Technol., 2024, 2, 506-530

on cancer, it has already been identified that this fruit
contributes to antitumor effects in different cell lines of cancer
cells, as well as in the inhibition of proteins involved in cancer
proliferation, cell survival, adhesion, angiogenesis and chemo-
preventive effect (Table 6).'1>1>%15>

It also has positive advantages against obesity by preventing
weight gain and adiposity, and in diabetes by being able to
modulate the intestinal microbiota of animals and prevent
insulin resistance via inflaimmatory signaling by LPS/
TLR4.132,133,153,154

6.3 Jucara (Euterpe edulis) and camu-camu (Myrciaria
dubia)

Jucara are berries that can have some benefits for CNCDs,
despite presenting few works that use this fruit. The
compounds present in jucara showed a potential antioxidant
capacity related to cancer, in addition to being significantly
effective in reducing body fat and modulating metabolism.
Studies also show the importance of jucara in the control of
systemic arterial hypertension, showing significant effects in
improving baroreflex sensitivity and reducing blood pressure
(Table 6).'%>*7

Camu-camu (Myrciaria dubia) presented compounds in its
composition that were effective in reducing inflammatory
markers, oxidative stress and efficacy in modulating enzymatic
activity, and inhibiting a-amylase and a-glucosidase.*"**%'%°

6.4 Grumixama cherry of Rio Grande and pitanga

On the other hand, while some native Brazilian berries already
have well-established works in the literature, others still need to
be studied for their effectiveness in CNCDs, for example, gru-
mixama, cherry of Rio Grande, pitanga and some varieties of
amora (blackberry) that are native to Brazil.

Work on cherry of Rio Grande demonstrated its effectiveness
as an antitumor agent involving a heterogeneous and complex
mechanism related to proliferation, oxidative stress and cyto-
skeletal architecture of tumor cells and has also presented
promising activity for the management of diabetes through the
inhibitory effect of the enzymes a-glucosidase and acetylcho-
linesterase (Table 6).1°%°

Pitanga also presented compounds in its composition that
are effective in inhibiting o-amylase and extracted nano-
particles from this fruit have already been identified as poten-
tial cholesterol reducers.**"**>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Potential health benefits of Brazilian berries
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Berries CNCDs Assay/dose Main results Ref.

Acai (Euterpe oleracea) Cancer In vitro acai seed extract at Cytotoxic effects against 44
concentrations of 0.25 ug MCF-7
mL~'-250 pug mL ™" Morphological changes in

cell lineage by autophagy
Increase in the production of
ROS*

Acai (Euterpe oleracea) Cancer In vitro acai powder diluted Potent antitumor for the 122
in PBS buffer at proliferation of head and
concentrations of 100, 40, neck tumor lines (SCC9)
and 10 mg mL ™"

Acal (Euterpe oleracea) Cancer In vitro acai dry extract (0- AuNPs effective in killing 123
200 mg mL ') and AuNPs” prostate and pancreas
(0-0.4 mg mL ™) cancer cells

High concentrations of acai
dry extract showed cytotoxic
effect on PC-3 cells

Acal (Euterpe oleracea) Cancer In vitro acai oil at Liver: disorganization of 124
concentrations of 30 mg liver tissue. Proliferation of
kg ™', 100 mg kg~ " or 300 mg Kupffer cells
kg " bw’ Thyroid: alterations in the

size of the follicular lumen
and in the connective tissue
between the follicles

Acai (Euterpe oleracea) Obesity, dyslipidemia Invivo 150 mg kg ' | Body weight and lipid 125

accumulation in the adipose
tissue
| Lipogenesis with a 1 on
fatty acid oxidation
Change the structure of the
gut microbiota (1
Akkermansia muciniphila)
Acai (Euterpe oleracea Mart.) Obesity, diabetes, In vivo 2.5 mL of the | Of ghrelin hormone 126
dyslipidemia reconstituted concentrated (satiety effects)

extract in 50 mL water | in weight and glycemic
index
Significant improvement in
the triglycerides levels

Acai (Euterpe oleracea Mart.) Diabetes In vitro: 500, 100, and 50 pg In vitro: suppressing 127

mL ™! inflammatory mediator
signaling and, consequently,
| proliferation and oxidative
stress induced by high
glucose

In vivo: 200 mg kg™~ per day In vivo: | oxidative stress,
improvement in kidney
function, with less glycosidic
degeneration in renal tissue

Acai (Euterpe oleracea Mart.) Cardiovascular In vivo 2% and 5% of acai Attenuated cardiac 128
pulp remodeling after acute

myocardial infarction due to
morphological changes and
functional alterations

Acai (Euterpe oleracea Mart.) Cardiovascular In vivo 300 mg kg~ ' per day Reduced oxidative damage 129

© 2024 The Author(s). Published by the Royal Society of Chemistry

of acai seed extract

in the aorta

Antioxidant effect with
increased expression of Nrf2
(aorta and heart) and SIRT-1
(heart)
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Berries

CNCDs

Assay/dose

Main results

Ref.

Jabuticaba (Myrciaria
Jaboticaba (Vell.) O. Berg.)

Jabuticaba (Myrciaria
Jaboticaba (Vell.) O. Berg.)

5 varieties of jabuticaba
Jabuticaba (Myrciaria

Jaboticaba)

Jabuticaba (Myrciaria
Jaboticaba)

Jabuticaba-sabara (Plinia
Jabuticaba (Vell.) Berg)

Jabuticaba (Plinia cauliflora

(Mart.) Kausel)

Jucara (Euterpe edulis)

Jucara (Euterpe edulis)

Jucara (Euterpe edulis)

Cancer

Cancer

Cancer

Obesity

Obesity

Obesity; diabetes;
dyslipidemia

Diabetes; dyslipidemia

Cancer

Obesity

Obesity; diabetes

520 | Sustainable Food Technol., 2024, 2, 506-530

In vitro: LJE? (177 pg mL™)
In vivo: YE® (4% JE) (1, 5,
and 10 mL kg™ bw)

In vitro: LJE? (10-100 pg
mL ") 0, 0.10, 0.20, 0.30, and
0.40 g/100 g of YE°

Invivo: 10 mL kg™ bw

In vitro peel extract (2, 5, 25,
50, and 250 pg mL™)

In vivo 5%, 10%, or 15% (w/
w) of peel and seed powder

In vivo 5%, 10%, or 15% (w/
w) of peel and seed powder

In vivo 50 and 100 mg GAE?/
kg bw

In vivo freeze-dried peel:
200 mg kg~ ' per day and
400 mg kg ' per day

In vivo 0.3% solution of fruit
pulp

Double-blind randomized
controlled trial 5 g of jucara
pulp powder

Invivo 5 g of jucara freeze-
dried powder in 1 kg of diet

| Aberrant crypt foci

| Proinflammatory
parameters. | RNA
expression of anti-apoptotic
cytokines

1 Expression of pro-
apoptotic cytokines
Modulate gut microbiota

In vitro: cytotoxic effects
against cancer cells

Anti-hemolytic effects

In vivo: modulation of the
intestinal bacterial
microbiota

All varieties showed

a decrease in the cell
proliferation of tumor cells
Improved pro-inflammatory
response associated with
obesity

Prevented the progression of
weight gain and fat
accumulation

Increased OPA1 expression
related to the process of
lipolysis and thermogenesis
Increased capacity and
maintenance of BAT'
functionality

Reduction in the size of
adipocytes

Prevented BWG® and
excessive gain of WAT"

| Adipocyte hyperplasia and
inflammation

| GLUT4 expression and
modulation of the Akt/
mTORC pathway

| LDL! and TG (plasma
levels)/TG and TAG (hepatic
levels)

Extract administration
showed decrease in blood
glucose levels in a dose-
dependent manner (1 dose
= 1 effect)

| Concentration in
cholesterol and 1
concentration in HDL"c
levels

| Number of lesions in the
colorectal mucosa

1 Production of antioxidant
enzymes

Metabolism modulation. (|
body fat and 1 A/H ratio,
HDL'c, and adiponectin
concentrations)

| In body weight gain and 1
energy expenditure
Improves insulin resistance
and glucose intolerance

130

130

133

134

135

136

137

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Berries

CNCDs

Assay/dose

Main results

Ref.

Camu-camu (Myrciaria
dubia)

Camu-camu (Myrciaria
dubia)

Camu-camu (Myrciaria
dubia)

Camu-camu (Myrciaria dubia
(Kunth) McVaugh)

Camu-camu (Myrciaria
dubia)

Camu-camu (Myrciaria

dubia)

Pitanga (Eugenia uniflora L.)

Pitanga (Eugenia uniflora L.)

Cereja do Rio Grande
(Eugenia involucrate)

Obesity

Diabetes; obesity

Obesity; dyslipidemia;
diabetes

Diabetes

Diabetes

Cardiovascular;
hypertension

Dyslipidemia

Diabetes

Cancer

Invivo 1 g kg™ " per day of
hydroalcoholic extract

Invivo 200 mg kg !

Invivo 62.5 mg kg~ per day
and 200 mg kg~ " per day

In vivo 0.5 mL to 2000 mg
kg™ of aqueous extract

Invitro 1 g of freeze-dried
powder to 100 mL of
distilled water

In vivo 75 mg encapsulated
lyophilized powder (1
capsule = 25 mg)

In vivo 0.76, 1.52, 2.28, and
3.8 mg mL™" of GAE” for
liposomes containing PPE°

In vivo 0.06 g of the leaf/
100 mL of water

In vitro raw seed extract or
raw leaf extract

| Glycemia, cholesterol, and
triglycerides

Regulated injury and
inflammatory response
induced by excess adipose
cells

| Fat accumulation

| Metabolic inflammation
and endotoxemia

Changes in the gut
microbiota (1 Akkermansia
muciniphila and |
Lactobacillus)

Improved glucose
homeostasis and insulin
sensitivity

Low dose: | non-HDL'
cholesterol and FFA™

1 Akkermansia mucinphila
High dose: prevented
excessive body weight gain
and fat mass gain. | peak
blood glucose after T + 15
min

Aqueous extract at doses of
100 and 500 mg kg™ showed
antidiabetic effects

At a dose of 1000 mg kg™,
the effect of the extract is
similar to the negative
control (healthy)

The freeze-dried fruit
showed a-amylase and o-
glucosidase inhibitory
activity, indicating
antidiabetic properties
Flow-mediated vasodilation
showed a change in arterial
diameter in participants who
received camu-camu

An improvement in blood
pressure was observed in the
participants after the
administration of the fruit
Liposomes containing
extract of purple pitanga
attenuated the levels of total
lipids and triacylglycerides
Chronic treatment with the
aqueous extract decreased
the incidence of diabetes
Decrease infiltration of
immune response cells in
the pancreatic islets
Cytotoxic activity against
tumor cells

Inhibition of cell migration
(antimetastatic activity)

138

139

140

141

142

143

144

145

146

“ ROS - reactive oxygen species. ” AuNPs - synthesis of cdcgold nanoparticles. © bw - body weight. ¢ LJE - Lyophilized jabuticaba Extract. ¢ YE -
yoghurt extract.” BAT - brown adipose tissue. ¢ BWG - body weight gain. * WAT - white adipose tissue. ° LDL - low density lipoprotein./ LDL -
total cholesterol. ¥ TAG - triacylglycerol. ' HDL - high density lipoprotein. ™ FFA - free fatty acid. " GAE - gallic acid equiv. ° PPE - purple

pitanga fruit.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7 Final considerations and future
research directions

The berries and their residues, such as peels and seeds, are
a rich source of bioactive compounds with several proven
bioactivities. Bioactive compounds from both berries and their
by-products can be extracted using emerging technologies that
have a low negative impact on the environment. The
compounds of interest can be used as dietary supplements,
natural dyes, and functional ingredients by the food industry as
well as by the pharmaceutical industry in the development of
medicines, foodstuffs, and other pharmaceutical products.

Despite the idea that exploring biodiversity from remaining
forests in the food industry can be harmful to the environment,
the overwhelming pressure for lands from large-scale mono-
culture and livestock is literally destroying forests and their
biodiversity. There is no scientific evidence that this kind of
large-scale food system model can help to save the world from
hunger, malnutrition, and NCDs, in fact, it leads to several
damages, including the increase in NCDs. In contrast, we
showed that taking a profit from Brazilian berries in the food
industry has the potential to develop income locally while pro-
tecting biodiversity.

The emergent sustainable strategies for processing Brazilian
berries can provide safe and healthy new products bringing new
flavors to the market. Moreover, regularly including intake of
Brazilian berries and their products has the potential to
improve quality of life, helping to fight the burden of NCDs.
Therefore, it is fundamental to promote the shift of mindset
from ‘untouched nature is protected biodiversity’ to the idea
that sustainable usage of biodiversity, in this case Brazilian
berries, can help protect both people and the environment. In
this way, promoting Brazilian berry consumption and investing
in food science and technology for developing innovative,
healthy, and sustainable products are smart strategies for
reaching SDGs. Also, these actions will increase the demand for
growing Brazilian berries, which requires much less efforts than
adapting foreign berries to a tropical climate.

The evidence shown in this review indicates the potential
products, process, health benefits and sustainable practices
which can be applied as strategy actions for meeting SDGs,
mainly SDG 2 (Zero Hunger), SDG 3 (Good health and well-
being), SDG 9 (Industry, Innovation and Infrastructure) and
SDG 12 (Responsible Consumption and Production). On this
matter, much has been done with acai fruit, which is now in the
phase of increasing exports and innovation of products. The key
for the success of acai fruit and its products is the combination
of investment on discovering its health benefits and the wide
disclosure of the benefits for a healthier and sustainable life.

The future perspectives for other Brazilian berries following
the same path - research, technology, and scientific dissemi-
nation - can be remarkable. However, it is important to point
that the population connected within the forest and the local
farmers will not start commercially cultivating these fruits
before increasing the demand and the reliable indications of
a fair trade. Additionally, sustainable practices should be

522 | Sustainable Food Technol, 2024, 2, 506-530
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adopted in the whole production chain to guarantee the farmers
and consumers that the Brazilian biodiversity is being pro-
tected. Also, the health benefits which are being discovered
about Brazilian berries need further investment, mainly for
clinical studies and process innovation, to confirm health
claims and guarantee that they are safe and effective products
for consumers.
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