Revista Brasileira de Farmacognosia (2021) 31:505-518
https://doi.org/10.1007/s43450-021-00181-2

REVIEW q

Check for
updates

Paving New Roads Towards Biodiversity-Based Drug Development
in Brazil: Lessons from the Past and Future Perspectives

Fernao Castro Braga'

Received: 4 August 2021 / Accepted: 25 August 2021 / Published online: 17 September 2021
© The Author(s) under exclusive licence to Sociedade Brasileira de Farmacognosia 2021

Abstract

Although Brazil gathers two fundamental features to occupy a leading position on the development of biodiversity-based
medicines, the largest flora on earth and a broad tradition on the use of medicinal plants, the number of products derived
from the national genetic heritage is so far modest, either as single drugs or as herbal medicines. This article highlights some
aspects that may have contributed to the low rates of success and proposes new insights for innovation. We initially approach
the use of medicinal plants in Brazil, molded by its ethnic diversity, and the development of the local pharmaceutical industry.
A discussion of some governmental initiatives to support plant-based drug development is then presented. Employing the
economic concept of “middle-income trap,” we further propose that Brazil is stuck in a “middle-level science trap,” since
the increase in the number of scientific publications that launched the country to an intermediate publishing position has
not been translated into drug development. Two new approaches to escape from this trap are presented, which may result in
innovative drug development. The first is based on the exploitation of the antifragility properties of herbal products aiming
to investigate non-canonical pharmacodynamics mechanisms of action, aligned with the concepts of system biology. The
second is the manufacture of herbal products based on the circular economy principles, including the use of byproducts for
the development of new therapeutical agents. The adoption of these strategies may result in innovative phytomedicines, with
global competitiveness.

Keywords Circular economy - Biodiversity - Brazilian pharmaceutical industry - Innovative drug development - Medicinal
plants - Public policies

Introduction

Brazil presents two fundamental features to foster the inhouse
development of plant-based drugs: a rich biodiversity and a
broad tradition on the use of medicinal plants. The country
is considered to host the largest flora on earth, with 49,992
species of plants, algae, and fungi currently registered in dif-
ferent ecosystems (Flora do Brasil 2020). Nevertheless, the
number of drugs developed from or based on constituents
of the Brazilian biodiversity and traditional medicine is very
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modest. The development of the antihypertensive drug cap-
topril (1) and its analogues enalapril and lisinopril, based on
the peptide phenylalanyl-prolyl-alanine (2), isolated from the
venom of the Brazilian snake Bothrops jararaca is considered
the country’s most relevant contribution to pharmacotherapy
(Newman 2017). The naphthoquinone lapachol (3), first iso-
lated from Handroanthus impetiginosus (Mart. ex DC.) Mat-
tos, Bignoniaceae (ipé-roxo), used for treating malaria in the
late nineteenth century, was the template for the synthesis
of the antimalarial drug atovaquone (4) (Looareesuwan et al.
1999). The alkaloid pilocarpine (5) can also be cited, obtained
from leaves of Pilocarpus trees, Rutaceae (jaborandi), for-
merly used to treat glaucoma and currently employed to
relieve xerostomia (Skirycz et al. 2016). Another example is
tubocurarine chloride or d-tubocurarine (6), a constituent of
the curare, a traditional preparation made with Chondroden-
dron tomentosum Ruiz & Pav., Menispermaceae, introduced
in anesthesiology in the 1940s due to its relaxing effect of
skeletal musculature (Zhang et al. 2020).
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Brazil has a solid scientific basis for the investigation of
medicinal plants, resulting from 70 years of governmental
funding on graduate programs and the establishment of
research infrastructures in public universities and institutes.
Such long-term effort resulted in high numbers of scien-
tific papers published in the field of medicinal plants in the
last decades. Despite that, there seems to be a negative cor-
relation between the number of published papers on Bra-
zilian biodiversity and the number of innovative products
derived from the Brazilian biomes introduced in the market
(Calixto 2019). Besides the development of new drugs, the
exploitation of the Brazilian biodiversity for medicinal pur-
poses encompasses the validation of medicinal plants and
their development as herbal medicines (HM). In this sense,
another favorable condition for developing phytopharmaceu-
tical products in Brazil is the solid framework established by
the Brazilian Health Regulatory Agency (Anvisa) to regulate
the approval of new HM, based on consistent pharmacologi-
cal and toxicological pre-clinical and clinical data, in addi-
tion to strict quality requirements. As similarly observed for
new drugs, the number of HM developed and registered to
date is restricted in the country. Relevant products launched
in the last years include Acheflan®, an analgesic and anti-
inflammatory ointment obtained from the essential oil of
Cordia curassavica (Jacq.) Roem. & Schult. (syn. Cordia
verbenacea DC.), Boraginaceae, Melagrido®, developed
from the leaves of Mikania glomerata Spreng., Asteraceae,
and used for the management of cough and asthma, along
with Fitoscar®, an ointment based on Stryphnodendron
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adstringens (Mart.) Coville, Fabaceae, used in wound heal-
ing (Calixto 2019; Valli and Bolzani 2019). Despite the
above-mentioned examples of success, the local herbal
medicine market is very modest, totalizing ca. US$ 261
million, which represents less than 5% of the global market
of medicines in the country (Dutra et al. 2016). It should be
also remembered that the small number of phytomedicines
developed from native species is also reflected in the Brazil-
ian public health (SUS) care system, since among the 12 HM
available in SUS, eight were developed from exotic plant
species (Tabajara de Oliveira Martins et al., 2019). Besides,
only 27% of the plants licensed as active pharmaceutical
ingredients in HM in Brazil are native species (Carvalho
et al. 2018). These findings are also reflected in the Brazilian
Pharmacopoeia, whose all editions contained more exotic
than native herbal drug species (Brandio et al. 2006; Anvisa
2010; 2019).

Before starting the analysis of the reasons why biodiver-
sity-based drug development in Brazil presents low rates of
success, we must highlight two fundamental aspects that
might have impacted the process negatively and tend to
aggravate it in forthcoming years. The first is the continu-
ous process of destruction suffered by the native vegetation
along the centuries, impacted by different economic activi-
ties. It caused, for instance, the ongoing preservation of only
12% of the original Atlantic Forest and 54% of the tropical
savanna ecoregion (“cerrado”), two Brazilian biodiversity
hotspots, which may have resulted in the loss of several
bioactive species (Crouzeilles et al. 2017). The situation
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of the Amazonian Forest is equally alarming, since about
16% of the vegetation has already been lost and in 2020 the
deforestation rate was 182% higher than the established tar-
get of the National Policy on Climate Change (Silva Junior
et al. 2020). It is important to remember that the remain-
ing native vegetation is still impacted by soy monoculture,
sugar cane culture for ethanol production, cattle raising, and
mining endeavors, among other economic activities, result-
ing in continuous increase of deforestation in these biomes
(Crouzeilles et al. 2017).

The second fundamental aspect to be considered is the
loss of traditional knowledge by indigenous populations. A
survey carried out in Brazilian public markets indicated that
only one-half of the commercialized medicinal plants were
confirmed as the same vernacular name as in the Brazilian
Pharmacopoeia, thus demonstrating a loss of knowledge
of the original native species (Branddo et al. 2013). The
access to Western medicines may result in the reduction in
the use and loss of knowledge of medicinal plants in indig-
enous communities (Saethre 2007). Data collected from
two Brazilian communities revealed that medicinal plants
are preferred to manage simpler health problems, whereas
Western medicine is mostly used for treating more complex
conditions (Zank and Hanazaki 2017). The generational
loss of traditional medicine knowledge is considered to be
one of the greatest risks to using ethnopharmacology in the
drug discovery process, along with the loss of the natural
resources due to overexploitation and/or economic activities
(Buenz et al. 2018). Therefore, the establishment of ethno-
botanical databases to register plant species with traditional
uses, their applications, and modes of uses constitutes a
valid strategy for conservation of traditional knowledge, as
recently reported for the Brazilian database Ewé (Souza and
Hawkins 2020).

A verse of the National Anthem of Brazil, composed in
1831, translates well the dilemma faced nowadays by scien-
tists and citizens related to the exploitation of the country’s
rich biodiversity: lying eternally on a splendid cradle (“dei-
tado eternamente em berco espléndido”). Only time will tell
us if this verse is a prologue of a golden age still to come or
the epitaph of untapped potential and wasted opportunities.
To ignite the discussion, we herein examine some aspects
that may have impaired the development of medicinal prod-
ucts from the Brazilian biodiversity and bring some ideas,
concepts, and new paradigms that can be adopted to improve
the process, or at least to be a source of inspiration. We will
initially approach the historical basis on the use of medici-
nal plants in Brazil and the local pharmaceutical industry,
followed by a discussion of some governmental initiatives
to support plant-based drug development. Further, we will
present new approaches that may improve the development
of innovative products from the Brazilian genetic heritage,
namely the exploitation of antifragility properties of herbal

medicines and the manufacture of phytomedicines adopting
the circular economy principles.

Discussion
Medicinal Plants and the Pharmaceutical Industry

Brazil is a melting pot of indigenous populations, European
colonizers, and African slaves, resulting from the coloni-
zation process started by the Portuguese in the sixteenth
century. This ethnic diversity molded the cultural identity
of the nation and affected the use of medicinal plants and
associated traditional knowledge. The ethnomedical prac-
tices of the native Brazilians encompass both naturalistic
aspects and mystical rituals. Plants were employed to treat
less severe diseases, whereas supernatural powers were
evoked in the pursuit of healing in the case of more seri-
ous conditions (Gurgel 2011; Barbosa et al. 2016). African
slaves introduced mystical elements in the set of traditional
medicine practices, exerting its influence both on the indig-
enous population and European colonizers. Native Brazil-
ians were considered to have a vast knowledge on plants: the
Guarani people, for instance, was ascribed to have a deeper
comprehension on plants than the Europeans of the sixteenth
century (Mello 1980). Other authors, however, consider the
Amerindian populations of Brazil as pre-agriculturalist soci-
eties since no written consensus around efficacious medicine
existed. According to them, the biodiversity-based trial and
error approach to treat diseases would have started only after
the arrival of the European colonizer (Tabajara de Oliveira
Martins et al., 2019).

The first investigations on the use of medicinal plants in
Brazil are credited to the Jesuits, which performed empirical
studies on medicinal plants motivated by the richness of the
flora and by their contact with different indigenous ethnici-
ties. As expected, there was a huge cultural shock between
these groups regarding the curing practices and the religious
attributed to the demons the healing arts exercised by the
shamans—called by some Jesuits as “wicked sorcerers,”
“deceivers,” and practitioners of the “lies of hell” (Barbosa
et al. 2016). The erroneous association between medicinal
plants and shamanism that persists in some segments of the
Brazilian population probably derives from the aforemen-
tioned cultural differences, a fact that might limit recogniz-
ing phytotherapy as a valid scientific practice nowadays. The
Jesuits were also responsible to develop formulas and rem-
edies in the colony by fusing the Brazilian native flora and
the European traditions, for example the Triaga Brasilica,
a panacea composed by several native plants, which was
also used internationally (Edler 2013). The outcomes of the
Jesuits’ studies were occasionally registered and constituted
the first pharmacopoeic writings in the country (Teixeira
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and Edler 2012). However, the Historia Naturalis Brasi-
liae is considered the first scientific work on the Brazilian
natural world and its traditional medical knowledge (Piso
and Marggraf, 1648). In 1843, von Martius published the
Systema Materiae Medicae Vegetabilis Brasiliensis, which
describes 470 plant species, highlighting the abundance of
plants used in the traditional medicine in the country (Mello
1980).

The use of plants for medicinal purposes experienced a
continuous decline in Brazil throughout the twentieth cen-
tury. This is reflected in the percentage of monographs of
native herbal drugs included in the Brazilian Pharmaco-
poeia, which reduced from 27.5% in the first edition of 1929
to 15.6% and 17.4% in the 2nd and 3rd editions, published
respectively in 1959 and 1977. The percentage increased
to 25% in the 4th edition of 1996 and remained nearly the
same in the 5th and 6th editions of 2010 and 2019, respec-
tively 26.9% and 22.5% (Anvisa 2010; 2019). Although the
1st and 6th editions of the Brazilian Pharmacopoeia present
similar percentages of monographies of native species, the
absolute number of plants varies substantially: it declined
from 196 species in the first to 18 plants in the current edi-
tion (Anvisa 2019).

After the Second World War, there were tremendous
advances in the field of organic synthesis that allowed the
development of several synthetic drugs. The number of new
drugs increased substantially until 1960, when the indus-
try appeared to decline, at least in the USA, probably due
to enactment of the Kefauver—Harris legislation, which
required sponsors to demonstrate the safety and efficacy of
new medicines, motivated by the public outrage due to the
thalidomide disaster (Kinch et al. 2019). This period was
characterized by an intense process of industrialization and
urbanization in Brazil, and numerous international pharma-
ceutical industries began to operate globally and thereafter
established in the country. This process, however, leads nei-
ther to the verticalization of the activities of the international
companies settled in Brazil nor to the integration with local
industries, since their actions were basically focused on
the production and marketing (Centro de Gestdo e Estudos
Estratégicos 2017). Afterwards, the official medicine was
almost exclusively based on synthetic drugs. This change
of paradigm might explain the reduction in the number of
monographies of native plants in the Brazilian Pharmaco-
poeia along the editions and the general loss of interest on
medicinal plants by the local industries.

In the 1970s, the national pharmaceutical companies
operated primarily through the representation of foreign
brands, which allowed the development of commercial
training. The absence of industrial property rights for phar-
maceutical products and processes in this period enabled
the skills of reverse engineering required to produce ref-
erence medicines. The Brazilian market has become the
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most important in sales in Latin America and the seventh
in the world, although 75% of it was represented by mul-
tinational pharmaceutical companies (Centro de Gestdo e
Estudos Estratégicos 2017). In the following decade, there
were government initiatives to improve technological skills
of the sector, majorly based on technology transfer efforts.
Although relevant, these initiatives did not strengthen the
local industries, and the participation of multinational com-
panies reached 85% of the market by the end of the dec-
ade (Oliveira 2005, Gadelha and Maldonado 2008). In the
1990s, trade liberalization and macroeconomic stabilization
culminated in the expansion of imported pharmaceutical
products. Important steps to regulate the pharmaceutical
sector according to international standards were taken in
this period. The National Medicines Policy was approved in
accordance with the guidelines of the World Health Organi-
zation (WHO) (Bermudez et al. 2000) that subsequently
allowed the establishment of Anvisa.

The law of generic drugs adopted in 1999 was responsi-
ble for the boom of the Brazilian pharmaceutical economy
occurred in the following decades. The number of phar-
maceutical companies quadruplicated from 2000 to 2006,
whereas the presentations sold boosted 18 times in the
period (Quental et al. 2008). In 2018, 34.7% of pharmaceu-
tical products recorded in Anvisa Drug Market Monitoring
System (Sammed) are generic drugs and 35.2% are similar
drugs. Together, they sold more than 67% of 12,383 pharma-
ceutical presentations and had a 35% share in the total reve-
nues of the companies, which was R$ 76.3 billion in the year
(Vieira and Santos 2020). This successful economic result
might explain the lack of interest on research and devel-
opment (R&D) of biodiversity-based drugs by the inhouse
companies. Although the generic drugs boom promoted the
growth of national companies and stimulated partnerships
between companies and institutions of science and technol-
ogy, it did not bring high impact innovations, probably due
to low investments on R&D. Internal investments by the
local pharmaceutical industries totalized 0.7% of their reve-
nues in 2005 and 4.9% in 2014, while the 33 largest multina-
tional pharmaceutical and biotechnology industries invested,
in average, 15.9% of their revenues (Paranhos et al. 2019;
Vieira and Santos 2020). To modernize and expand the pro-
ductive capacity of national pharmaceutical companies and
their alignment with regulatory aspects, the National Bank
for Economic and Social Development (BNDES) launched
a program to support the development of the pharmaceuti-
cal production chain (Profarma) in 2004, which was fur-
ther expanded to the Health Industrial Complex (CIS) to
stimulate the creation of technological capacities through
systematic investment in innovation (Gomes et al. 2014).

The regulatory mark for the exploitation of the Brazilian
biodiversity was established in 2015 by the Law no. 13123
that provides for access to genetic heritage, as well as the
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protection and access to associated traditional knowledge
and on the benefit sharing for conservation and sustainable
use of biodiversity. It is important to notice that this Law
came only after 23 years of Rio Eco 92 when the Convention
of Biological Diversity was approved and the free access to
biological resources was abolished. Important unfolding of
the Law 13,123 occurred with the creation of the National
System of Genetic Heritage Management and Associated
Traditional Knowledge, SisGen, an electronic system that
works as an auxiliary instrument of the Genetic Heritage
Management Board, CGen, in the management of genetic
heritage and associated traditional knowledge. The estab-
lishment of this regulatory framework shall be translated
into a scenario that is more conducive to the development
of products from medicinal plants in Brazil, with the guar-
antees ensured to all actors involved. After a period of high
market growth based on generic drugs, the companies need
to base their strategies on products that provide competi-
tive differential, looking at a fiercer scenario of competition.
The establishment of the legal framework for developing
biodiversity-based drugs and the new techniques available
for drug discovery may encourage inhouse companies to
seek radical innovations, taking on greater prominence in
pharmaceutical R&D (Pimentel et al. 2015).

Public Policy Initiatives

So far, the Brazilian state has played a minor role to
improve the pharmaceutical sector, and the applied poli-
cies are considered insufficient and scarce. Some of these
policies were formulated but never implemented, like the
establishment of the state company Farmoquimica Bra-
sileira S/A (Farmobras) in the 1960s (Vieira and Santos
2020). Only two decades ago, the country adopted meas-
ures to promote the sector, with the Generic Drugs Act
in 1999, and the institution of financing lines through the
BNDES, from 2004. This situation contributed to maintain
the dependency on imported synthetic products and driven
the national pharmaceutical companies to prioritize activi-
ties focused on the internal market, a fact that may be also
related to their low technological capacity (Frangoso and
Strachman 2013).

The governmental initiatives undertaken until now in Bra-
zil to promote the exploitation of national biodiversity for
medicinal purposes were mainly focused on the development
of herbal products. This fact can be ascribed to the techno-
logical challenges faced for developing a single chemical
entity into a drug, as well as the long time required for the
process, in addition to the low rates of success and huge
investments, now estimated to reach up to US$ 2.8 billion
(Wouters et al. 2020). Such conditions restrict the participa-
tion of national companies in the process and favored their
focus on herbal products, considered to demand much lower

investments for R&D, like the US$ 5 million reported for
Acheflan® development (Calixto 2005).

One pioneer action assigned to develop herbal medicines
from Brazilian medicinal plants was implemented by the
extinct federal agency Central de Medicamentos (CEME)
through the Medicinal Plants Research Program (PPPM), in
the 1980s. Between 1983 and 1997, a total of 110 projects
was funded by CEME within the program for studying 65
plant species by research groups of 24 institutions, totalizing
nearly US$ 8 million in investment (Sant’Ana and Assad
2004). By the time CEME was terminated in 1997, the
research activities of eight plants were at final stages of pre-
clinical studies and/or beginning of clinical assays, namely
Maytenus ilicifolia Mart. ex Reissek, Celastraceae, Phyllan-
thus niruri L., Phyllanthaceae, Mikania glomerata Spreng.,
Asteraceae, Allium sativum L., Amaryllidaceae, Passiflora
edulis Sims, Passifloraceae, Cuphea aperta Koehne, Lyth-
raceae, Cymbopogon citratus (DC.) Stapf, Poaceae, and
Cecropia glaziovii Snethl, Urticaceae. Although the goal of
PPPM was to undertake R&D activities of the native flora,
two of the above-mentioned species, A. sativum and C. cit-
ratus, are exotic plants.

The research efforts conducted within PPPM did not
result in the development of one single herbal product, but
the initiative contributed with the pharmacological knowl-
edge of selected plants and promoted the formation and
consolidation of human resources and research groups in
the fields of botany, agronomy, pre-clinical pharmacology,
animal toxicology, and clinical pharmacology (Ministério
da Saide 2006). However, the major identified problems
during PPPM implementation persist, like the dispersion
of resources, lack of concrete results, absence of research
coordination, and deficiencies in infrastructure and human
resources (Sant’Ana and Assad 2004). The dispersion of
funds is noticeable, since nearly US$ 8 million were spent
to finance 110 projects, a similar order of magnitude of the
expenditures reported for developing one single product—
Acheflan® (Calixto 2005).

Fifty-five out of 74 plant species selected for PPPM were
studied, of which 50 were submitted to pre-clinical phar-
macology trials, 15 to clinical trials, and 30 were evaluated
toxicologically. Of the 15 species submitted to clinical trials,
nine confirmed the actions popularly attributed (Ministé-
rio da Satde 2006). There was a marked prioritization on
preclinic and clinic pharmacological projects—64% of the
total funded—and they were apparently developed without
joint chemical investigations, including the identification of
active markers and standardization of the plant drugs and
phytopharmaceuticals. Moreover, difficulties related to the
acquisition, botanical characterization, and quality control of
medicinal plants, pointed out as limiting factors by the indus-
trial sector, were not solved within the program (Sant’Ana
and Assad 2004). The non-disclosure of the results obtained
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from PPPM is another fragility of the program. Until 1991,
28 species had studies conducted, of which only five had the
results officially published by CEME (Ministério da Sadde
2006). These problems seem to continue until now, despite
other governmental initiatives on the theme that followed
PPPM.

The establishment of the National Policy on Medicinal
Plants and Herbal Products in 2006 was a landmark in the
area. The policy establishes guidelines and priority lines for
different partners to act around common goals to ensure the
safe access and rational use of medicinal plants and herbal
products, in addition to the development of technologies
and innovations, the strengthening of production chains and
production arrangements, along with the sustainable use of
biodiversity and the development of the Health Productive
Complex (Ministério da Satide 2009). Two years later, the
National Policy on Integrative and Complementary Practices
(PNPIC) was introduced at the Brazilian public health sys-
tem (SUS). The policy aimed to incorporate and implement
integrative and complementary practices (ICPs) in SUS,
including medicinal plants and herbal medicines (Ministério
da Satide 2009). The National Program of Medicinal Plants
and Herbal Products was launched in 2008 to operationalize
the federal policy on medicinal plants of 2006. One of its
goals is to implement phytotherapy in SUS following the
requirements of safety, efficacy, and quality established by
PNPIC (Ministério da Saiade 2009).

The above-mentioned policies and program were funda-
mental to expand the use of phytotherapy in SUS, being
observed a remarkable growth in the number of programs
throughout the country from 2006. However, this policy has
not necessarily contributed to strengthen regional biodiver-
sity and socio-diversity of the programs (Ribeiro 2019).
The adherence to ICPs practices is still limited in Brazil: a
recent survey indicates a prevalence of use of 4.1%, while
the most used types were medicinal plants and phytotherapy
(2.5%). Interestingly, the prevalence of ICPs use was higher
in the North Region, among older people, women, partici-
pants with higher educational attainment, and with a higher
number of chronic diseases (Boing et al. 2019). This find-
ing indicates that social, regional, and economic features
also influence the acceptance and use of herbal products in
Brazil.

Another relevant initiative to be mentioned is the pro-
ject “Plants for the Future,” launched by the Ministry of
the Environment (MMA) in 2005. This project aimed to
gather scientific information of plants potentially useful
for economic exploitation, occurring in distinct geographic
regions of the country. For this purpose, an extensive survey
of the scientific literature was carried out to recover informa-
tion on pharmacological activities, chemical composition,
agronomical aspects, botanical description, and traditional
uses of selected plants, among other data. This initiative

@ Springer

is important to disclose plants that shall be prioritized for
investigation in future R&D projects to generate new phar-
maceutical products. The lack of clinical studies was identi-
fied as a deficiency common to most of them, as well as the
lack of an established production chain, capable of supplying
the plant drug with quality and amount required for indus-
trial use. Moreover, in some cases, it is necessary to identify
the active marker of the species, to enable the quality control
of plant drug, and to monitor the actions of technological
transformation to obtain intermediate derivatives and final
herbal products. A series of books with monographies of
the priority plants defined so far is being released by MMA,
available for download at the MMA website (https://www.
mma.gov.br/publicacoes/biodiversidade/category/54-agrob
iodiversidade.html).

Insights for Reflection and Innovation

Whatever a myth or reality, some researchers do believe
that the economic development condition known as “mid-
dle-income trap” applies to Brazil nowadays, a situation
in which a country that has attained a certain income level
remains incapable to further reach higher per capita income
growth. Such countries have experienced rapid growth from
low-income to middle-income levels—propelled by reallo-
cation of labor and capital from low-productivity sectors
like traditional agriculture to export-driven to manufactur-
ing—followed by lower growth, limited industrial diversi-
fication, and lack of high-quality and innovative products
(Larson et al. 2016). We can borrow the economic concept
of “middle-income trap” and apply it into the current sci-
entific research scenario in Brazil, notably because science
and technology development is crucial for promoting pro-
ductivity advancement and, hence, further per capita income
growth.

Between 2002 and 2014, the country experienced a sharp
growth in the number of published scientific articles result-
ing from increases in research funding. In 1996, Brazil was
ranked 21* among all countries worldwide in the publica-
tion of citable documents (articles, reviews, and conference
papers) across all areas of science in the SCImago database
(http://www.scimagojr.com) (Rodrigues and Morel 2016).
It was ranked in 13" place in 2015 and at the 14" position
in the most recent SCImago analysis (2020). The growth in
the last two decades was remarkable, but the effects of the
economic crises from 2014 and rising currency exchange
rates that affected funding for science are visible. Despite
that, Brazil still occupies a middle position in the rank-
ing but seems to be stuck at that place. According to the
last SCImago analysis, the H index of Brazil (649) is much
lower than closely ranked countries, either bellow (e.g. 15™
position Netherlands, H 1333; 161 position Switzerland, H
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1085) or above (e.g. 11" position Spain, H 1010; 10 posi-
tion Australia, H 1115) its position. Although a simplistic
analysis, the H index of Brazil reflects the low impact of
the scientific production generated in the country. Besides,
the remarkable increase in publications, previously men-
tioned, has not been translated into scientific development
in Brazil, at least if we consider drug development. We can
therefore conclude that Brazil is stuck in a “middle-level
science trap.”

Exploring System Biology and Antifragility

To escape from the trap and obtain success in the develop-
ment of biodiversity-derived products is mandatory to adopt
innovative approaches. Phenotypic screening is again at the
forefront of drug discovery due to its ability to detect inter-
actions with multiple targets to elicit the desired biological
activity, in addition to detect unwanted side effects. Target-
based drug discovery, on the contrary, focusses on a single
molecular target for compound development, which is not a
representative model for the complex disease environment
(Jorg and Madden 2021). This finding is aligned with the
directives of system biology, defined as a holistic approach
to decode the complexity of biological systems that starts
from the understanding that the networks that form the
whole of living organisms are more than the sum of their
parts (https://isbscience.org/about/what-is-systems-biolo
gy/). System biology constitutes a modern approach to the
R&D of herbal medicines in a non-reductionist way (Fig. 1).
The bioactive constituents of a medicinal plant often work in
a synergistic manner to elicit its therapeutic effect, and iso-
lating the individual components may be counterproductive.
Instead of looking for a specific molecule with a specific
target, system biology focuses the complete equilibrium of a
physiological system undergoing synchronized mechanisms
on multiple molecular targets; in other words, it assumes
a holistic vision of the pharmacological effects (Thomford
et al. 2018).

Besides, the use of omics technologies like genomics,
transcriptomics, proteomics, and metabolomics may offer a
deeper understanding of the pharmacological effects, path-
ways, and mechanisms of action of herbal medicines. Their
combination with system biology, along with automation
and computational strategies, including artificial intelligence
(Khan et al. 2021), can accelerate the development of inno-
vative herbal medicines (Thomford et al. 2018). Moreover,
new strategies for the identification of molecules in com-
plex mixtures and their structure determination are avail-
able, resulting from the advances in analytical techniques,
in addition to progress in chemometrics, data processing,
and machine learning approaches (Goodacre 2019), with
or without relations to bioassay screening data (Wolfender
et al. 2019).

Plant extracts and complex herbal formulas are consid-
ered “complex systems” since they contain hundreds of com-
pounds (Gong et al. 2012). They present a supramolecular
architecture, with nonuniform distribution of their constitu-
ents over large length scales. Regions of higher and lower
solute concentrations also coexist in solution, and predicting
biological effects based solely on their chemical composi-
tion is not straightforward (Bizzarri et al. 2020). In addition
to the classical pharmacodynamic mechanisms of action,
plant-derived products also induce biological responses by
physical and unconventional pharmacodynamics mecha-
nisms, such as supramolecular chemistry, enhancement of
absorption, changes on surface tension, and chelating effects
on toxic ions, among others, and they should be integrated
within network models currently in use (Bizzarri et al.
2020). This finding opens new venues for investigating the
biological effects of herbal medicines through the concept
of antifragility.

Antifragility is a property of systems that increases in
capability in response to external perturbation like stressors,
variability, volatility, randomness, or disorder (Taleb 2012).
A simple demonstration of antifragility can be given by the
stress suffered by the muscle fibers during lifting weights:
the body adapts to lift heavier weights subsequently. To
date, the concept has been mainly applied to computer
science, economics, and management, with a few applica-
tions in medicine (Kaempf et al. 2017; Fiorini et al. 2015;
Fatovich 2021). Taleb (2018) applied risk analysis to medi-
cal problems through the properties of nonlinear responses
and described “antifragility” as a mathematical property for
local convex response and “fragility” as its opposite, locally
concave (Fig. 1). The author proposed a framework to inte-
grate the consequences of nonlinearities in evidence-based
medicine and medical risk management. Recently, a predic-
tive method was developed to measure antifragility, and it
was successfully applied to predict the robustness and evolv-
ability of biological networks (Kim et al. 2020).

Antifragility was measured in seven different biological
systems, and they all showed antifragile dynamics (Pineda
et al. 2019). According to the authors, a model represent-
ing how LT CD4 + cells orchestrate immune responses
depending on environmental signals and immunological
challenges was identified as the most antifragile system,
probably because it has the most variable environment. If
we consider the interaction of two complex and variable sys-
tems—herbal medicines and diseases—it is likely to obtain
antifragile responses for the desired pharmacological effects.

The synergism between the constituents of several plant
extracts has been fully demonstrated (Caesar and Cech
2019). It is now time to move further and start investigat-
ing the antifragility properties of herbal medicines and their
unconventional pharmacodynamic effects elicited in system
therapeutics. System therapeutics differ from current drugs
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because they target biological networks rather than single
transduction pathways and affect disease processes rather
than physiological processes (Danhof et al. 2018). This
change of paradigm demands the use of new tools to meas-
ure the biological response, and antifragility seems to be
tailed to this purpose. The local industries should embrace
the opportunity to develop innovative products from the Bra-
zilian biodiversity, highlighting their antifragility properties,
a finding that may present unique competitiveness in the
international market.

Adopting Principles of Circular Economy

In general terms, circular economy is defined as a transition
from a linear model (take, make, use, dispose) to a circular
model (restorative and regenerative) (Fig. 2) (EMF, 2015).
According to the United Nations, the circular economy can
be seen as a means of progressing towards sustainable devel-
opment through achieving the Sustainable Development
Goals (SDG) (United Nations 2018). The circular economy
is linked with the bioeconomy concept, defined as the use
of renewable biological resources from land and sea, like
crops, forests, fish, animals, and microorganisms, to produce
food, materials, and energy. This concept is the focus of a
key element of the circular economy model, which includes
optimizing resource yields in biological cycles, as well as
technical cycles (WHO 2018). It is currently believed that
the dominant linear economy will be gradually replaced by
the circular economy concepts and business models. The
transition to this new model can result in significant net

Fig.2 Representation of the R

health benefits that will contribute to the attainment of the
SDGs. Some researchers advocate that WHO and the health
and environment sectors should promote a health-friendly
transition to a circular economy and support countries to
define their strategies and translate them into action plans
(WHO 2018).

A 2020 survey carried out by the European Federation of
Pharmaceutical Industries and Associations (EPFIA) indi-
cates that the circular economy is being prioritized by the
industry. Supply chain initiatives like reducing CO, emis-
sions by raw material manufacturing, supplier engagement,
and improvements in operations and designing out waste are
the practices of the circular economy mostly adopted by the
surveyed industries, while the processing of byproducts has
been also described (EFPIA 2020).

A recent publication reviews several plant wastes and
byproducts and their potential use in various fields within
the concept of the circular economy, especially for their
exploitation in human healthcare and food (Chiocchio et al.
2021). According to the authors, the number of scientific
publications on the theme has increased markedly in the last
3 years, reflecting the expanding global interest in the cir-
cular economy and requalification of neglected plant matri-
ces. Polyphenols, terpenes, and alkaloids are representative
examples of compounds found in plant wastes with potential
for drug development. For instance, pomace—a byproduct of
wine production—is recognized as a source of polyphenols
like gallic, syringic, and vanillic acids; catechin; isoquer-
citrin; and epicatechin (Moldovan et al. 2019). Triterpenes
like oleanolic, betulinic, and ursolic acids are other examples
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of high-value products for medicinal purposes exploitation.
Oleanolic acid is a constituent of olive trees (Olea europaea
L., Oleaceae) wastes, produced at huge amounts, that can be
extracted and contribute to improve the olive oil production
chain (Claudio et al. 2018).

There are probably several byproducts from Brazilian
plants—including medicinal and edible species—that might
present potential of exploitation for medicinal purposes. A
revision of these plants is beyond the goal of this article;
however, two species will be herein highlighted in view of
their proven pharmacological activities and relevance of
their agricultural cultivation. Both species fit well in the
principles of the circular economy, and their exploitation for
medicinal purposes would satisfy the whole chain of produc-
tion, also aligned with SDGs. The first species is a fruit tree,
Hancornia speciosa Gomes, Apocynaceae, popularly known
as “mangaba” or “mangabeira.” The fruits are consumed
in natura and used to produce ice creams, juices, and jams,
among other products. The species is cultivated in North-
east Brazil and has special economical relevance to local
communities. We have demonstrated the antihypertensive
properties of H. speciosa leaves by in vitro, ex vivo, and in
vivo assays (Serra et al. 2005; Ferreira et al. 2007a, 2007b;
Silva et al. 2011, 2016; Endringer et al. 2014; Moreira
et al. 2019), and these results led to a standardized extract
enriched in cyclitols and flavonoids, which is intended to
be developed as an herbal medicine to treat hypertension
(Braga et al. 2009). The cyclitol L-(+)-bornesitol (7) is the
main hypotensive constituent of the standardized extract
(Pereira et al. 2012; Moreira et al. 2019), and it presents
favorable pharmacokinetics in rats (Moreira et al. 2020). The
leaves of “mangaba” are a renewable source for exploitation,
containing high amounts of bornesitol, which was the first
cyclitol described as a new class of angiotensin-converting
enzyme (ACE) inhibitors (Endringer et al. 2014). There
are no doubts on the potentialities of exploiting “mangaba”
leaves for developing an antihypertensive herbal medicine or
as a source of the bioactive constituent bornesitol.

OH

CH,0
HO
HO OH

HO
7

The second species is Caryocar brasiliense A.St.-Hil.,
Caryocaraceae, an arborous species popularly known
as “pequizeiro.” The tree is cultivated for the economic
exploitation of the fruits, named pequi with an edible pulp,
whereas the fruit peels are discharged. We established a
standardized fraction from pequi peels enriched in tannins,

@ Springer

including corilagin (8) and geraniin (9), and demonstrated
its potential to manage type 2 diabetes by in vitro and in vivo
models (Caldeira et al. 2020). This standardized fraction has
a high potential to be developed as an antidiabetic herbal
medicine. Besides, several biological and pharmacological
activities have been reported for corilagin (Li et al. 2018)
and geraniin (Santhi et al. 2021), and their identification as
constituents of a byproduct from pequi fruits may enable
their exploitation for medicinal purposes. Interestingly, it has
been recently demonstrated that corilagin prevents SARS-
CoV-2 infection (Yang et al. 2021) and is a potential inhibi-
tor of SARS-CoV-2 variants (Binette et al. 2021), a finding
that may enhance the interest on the antiviral properties of
this tannin, and on the identification of new sources for its
extraction.
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Perspectives and Future Directions

Brazil has a huge potential to receive investments for bio-
diversity exploitation aiming at drug development. To
accomplish that, it is mandatory to establish a policy that
favors innovation, encouraging investments, and to expand
the scientific exchanges between national and international
researchers, in addition to adopt a defined and stable reg-
ulatory framework that adequately protects intellectual
property. The “Biodiversity Law” (No. 13123) established
in 2015 is the regulatory mark for the exploitation of the
Brazilian biodiversity. Although some aspects of the law
may hamper the scientific research in public institutions,
it establishes the required security for partners to develop
products, assuring the benefit sharing for conservation and
sustainable use of biodiversity.

According to the Brazilian Pharmaceutical Industry
Union, the development of the national pharmaceutical
sector should be based on the following equation: stimulat-
ing local production, stimulating innovation, establishment
of a favorable environment for inhouse clinical research,
and the adoption of public policies to allow access to
medicines (Sindusfarma 2021). Innovation seems to be
a key feature for the successful development of herbal
medicines, and two new approaches can be explored for
launching new competitive products. The first is based on
the exploitation of the antifragility properties of herbal
products in alignment with the concepts of system biol-
ogy. Through this approach, it can be demonstrated that
the pharmacological effects of herbal medicines surpass
the canonical pharmacodynamics mechanisms, synergism
included. The second approach proposes implementing the
circular economy principles to produce herbal products,
including the use of byproducts for the development of
new therapeutical agents. Herbal medicines are suited
to the circular economy principles since a whole pro-
duction chain can be affected and benefitted from their
manufacture.

Conclusions

The use of plants for medicinal purposes is a trace of the
Brazilian cultural identity since its founding as a nation.
Despite the richness of its flora, the number of medicines
currently available in the market derived from the Brazil-
ian biodiversity is limited, either as single drugs or herbal
medicines. The use of medicinal plants experienced a
continuous decline along the centuries, and the national
pharmaceutical industry was negatively impacted by the
installation of transnational companies in the 1950s. The

national pharmaceutical companies were propelled by
the manufacture of generic drugs, which now account for
57.62% of the market in revenues (Sindusfarma 2021).
However, the successful economic growth has not been
translated into radical or incremental innovation in prod-
ucts, and the development of new biodiversity-based prod-
ucts remains scarce. The absence of solid and long-term
public policies to improve the pharmaceutical sector seems
to be a fundamental aspect to explain the low success in
this enterprise. Previous government initiatives undertaken
to foster herbal medicines development did not result in
new products, a fact that may be explained by the limited
amounts of resources dispended, the absence of a central
coordination, and the sporadic character to the develop-
ment programs.

To conclude, it should be highlighted that the country
presently possesses the required fundamental basis to move
a step ahead in the development of biodiversity-based prod-
ucts. We cannot waste the opportunity to assume a lead-
ership position on the development of herbal medicines
following the new paradigms of the twenty-first century,
especially the circular economy principles. It is now time
to move on from the prologue and arise from our splendid
cradle to start building the first chapter of a golden age in
research and development of biodiversity-based products in
Brazil.
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