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Como e quando a 
humanidade começou 

a usar os produtos 
naturais na 

terapêutica? 



PRÉ-HISTÓRIA:

¡ Não há como determinar exatamente quando 
as plantas passaram a ser utilizadas para 
tratar doenças

¡ Provavelmente descobertas acidentais 
marcam o início do conhecimento popular

¡ Primeiras evidências: Neanderthal enterrado 
a 60.000 anos com plantas de uso medicinal 
(análise através do pólen)



PRIMEIROS REGISTROS:

¡ Sumerianos registraram o uso de numerosos 
remédios preparados a partir de plantas a 
4000 anos

¡ Egito antigo – Papiro de Ebers (3500 anos)
¡ China antiga – 1a. Farmacopéia publicada no 

ano 1600 com milhares de preparações 
vegetais atribuídas ao Imperador Shen-nung
que viveu a mais de 4500 ano

¡ Na índia, plantas medicinais descritas no 
versos sagrados Rig-Veda. Base da medicina
Ayurvedica



ROMA E GRÉCIA ANTIGAS

¡ Hippocrates (460-377 B.C.), conhecido como o pai da 
medicina, utilizava várias plantas medicinais nos seus
tratamentos

¡ O médico romano Discoriades (1o. Século D.C) 
escreveu De Materia Medica, uma coleção de livros
que contém mais de 600 espécies de plantas
medicinais. Foi utilizada como referência médica por
mais de 1500 anos.



O CAMINHO PARA A MEDICINA MODERNA

¡ Comprovação científica do uso popular

¡ Algumas preparações passam a ser prescritas

¡ William Withering foi o primeiro cientista a

investigar cientificamente um remédio popular

¡ Estudos (1775-1785) com Digitalis sp para o 

tratamento da insuficiência cardíaca congestiva



SÉCULO 19

¡ Começam os estudos de purificação dos princípios ativos das plantas
medicinais

Codeína

Sertuner, 1806

Pierre-Jean Robiquet, 1824.

Papaverina
George Merck, 1848 

Atropina
Mein, 1831 

Caféína, 
Runge, 1820 

Digoxina
Claude-Adolphe 
Nativelle, 1869 



SÉCULO 20:

¡ O uso de extratos de plantas diminui com o avanço da 
medicina alopática 

¡ Ainda assim as plantas medicinais ainda contribuem 
para um número significativo das prescrições

¡ Política Nacional de Plantas Medicinais e Fitoterápicos (2006)

¡ Programa Fármacias Vivas

¡ Muitas moléculas sintéticas são inspiradas nas 
moléculas naturais



O IMPACTO DOS PRODUTOS NATURAIS NA P&D 
DE MEDICAMENTOS

� Os PN correspondem 60% do mercado farmacêutico.

� 70% dos antibióticos em uso clínico são PN ou
derivados (U$ 32 bilhões)

� Novas entidades químicas (52% são PN ou
derivadas de PN);

� PN e fármacos relacionados são usados para
tratamento de 80% de todas as doenças (48/55);

� 84 de 150 das drogas mais prescritas são PN ou
fármacos relacionados.

Singh and Macdonalds, 2010. Drug Discovery Today  15 (17/18). Chin 
et al., 2006. AAPS Journal 8 (2): article 28



EXEMPLOS DE FÁRMACOS DE ORIGEM 
NATURAL

¡ Analgésicos:  
¡ Aspirina (Salix spp./Europa);  Morfina, codeína (Papaver 

somniferum/Mesopotâmia)

¡ Asma:
¡ Efeddrine: Ephedra sinica/China; Cardiotônicos digoxina (Digitalis 

purpurea/UK-Europe)

¡ Malária:
¡ Quinina: Cinchona spp./Amazonia; Artemisinina: Artemisia annua/China

¡ Câncer:
¡ Paclitaxel (Taxus briviflora); Alcalóides da vinca (Catharanthus roseus)

¡ Hipolipidêmicos
¡ Estatinas (Penicillium citrinum)

¡ Hipoglicemiantes 
¡ Metformina (Galega officinalis)





Exenatide (INN, marketed as Byetta) is one
of a new class of medications (incretin
mimetics) approved by FDA (Apr 2005) for
the treatment of diabetes mellitus type 2)

The Gila Monster and the development of Byetta®

Heloderma suspectum (Helodermatidae)
39-amino-acid peptide

D. Drucker, J. Buse, K. Taylor, D. Kendall, M. Trautmann, D. Zhuang, L. Porter. The Lancet, 372, 2008, 1240-1250



Senter & Sievers, 2012. Nature Biotechnology, 30, 631.
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ABSTRACT: This review is an updated and expanded version of
the five prior reviews that were published in this journal in 1997,
2003, 2007, 2012, and 2016. For all approved therapeutic agents,
the time frame has been extended to cover the almost 39 years
from the first of January 1981 to the 30th of September 2019 for all
diseases worldwide and from ∼1946 (earliest so far identified) to
the 30th of September 2019 for all approved antitumor drugs
worldwide. As in earlier reviews, only the first approval of any drug
is counted, irrespective of how many “biosimilars” or added
approvals were subsequently identified. As in the 2012 and 2016
reviews, we have continued to utilize our secondary subdivision of a “natural product mimic”, or “NM”, to join the original primary
divisions, and the designation “natural product botanical”, or “NB”, to cover those botanical “defined mixtures” now recognized as
drug entities by the FDA (and similar organizations). From the data presented in this review, the utilization of natural products and/
or synthetic variations using their novel structures, in order to discover and develop the final drug entity, is still alive and well. For
example, in the area of cancer, over the time frame from 1946 to 1980, of the 75 small molecules, 40, or 53.3%, are N or ND. In the
1981 to date time frame the equivalent figures for the N* compounds of the 185 small molecules are 62, or 33.5%, though to these
can be added the 58 S* and S*/NMs, bringing the figure to 64.9%. In other areas, the influence of natural product structures is quite
marked with, as expected from prior information, the anti-infective area being dependent on natural products and their structures,
though as can be seen in the review there are still disease areas (shown in Table 2) for which there are no drugs derived from natural
products. Although combinatorial chemistry techniques have succeeded as methods of optimizing structures and have been used
very successfully in the optimization of many recently approved agents, we are still able to identify only two de novo combinatorial
compounds (one of which is a little speculative) approved as drugs in this 39-year time frame, though there is also one drug that was
developed using the “fragment-binding methodology” and approved in 2012. We have also added a discussion of candidate drug
entities currently in clinical trials as “warheads” and some very interesting preliminary reports on sources of novel antibiotics from
Nature due to the absolute requirement for new agents to combat plasmid-borne resistance genes now in the general populace. We
continue to draw the attention of readers to the recognition that a significant number of natural product drugs/leads are actually
produced by microbes and/or microbial interactions with the “host from whence it was isolated”; thus we consider that this area of
natural product research should be expanded significantly.

■ INTRODUCTION
It is now close to 23 years since the publication of our first
review covering drugs from 1984 to 19951 and 17 years since
the second that covered the period from 1981 to 2002,2 12
years since our third covering the period 1981 to the middle of
2006,3 seven years since we covered 1981 to 2010,4 and almost
five years since our last full analysis (covering the period 1981
to 2014), which was published in early 2016,5 of the sources of
new and approved drugs for the treatment of human diseases.
In this current review, we have covered the almost five years
from the first of January 2015 to the 30th of September 2019.
Since the last review, we have also published either together,

independently, or with other authors a number of intermediate
reports and/or standalone articles on natural products as drug
leads or actual drugs. A partial listing includes the following:
endophytic and epiphytic microbes as sources of bioactive

natural products;6−8 marine drug candidates;9 a chemometric
analysis of the natural product drugs in the 2016 review versus
synthetic drugs;10 a review of methods of “persuading”
microbes to reveal their hidden genetic information;11 natural
product scaffolds of value in drug discovery;12 a discussion on
the value of marine-derived drugs;13 the influence of
nucleosides and adrenergic agents on drug discovery;14 a
discussion on the influence of Brazilian biodiversity on drug
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discovery covering the pederine-based drug candidates and the
sources of ACE inhibitors;14 the screening of natural product
extracts to identify complex 1 bypass factors;15 a review of
currently uncultured microbes as sources of natural products;16

a chapter on biodiversity and drug discovery (in a Brazilian
book);17 a review on marine-derived warheads for antitumor
antibody−drug conjugates;18 a review on current screening
methods to identify natural product-based compounds;19 a
book chapter on microbial involvement in natural product
production by organisms from all kingdoms;20 a requested
review on bioactive cyclic molecules and drug design;21 a short
discussion article on synthetic modifications of vancomycin
structures to overcome resistance;22 a chapter on natural
products as antitumor compounds;23 a chapter on pharmaco-
logical aspects of marine natural products, but not involving
any antitumor agents;24 a discussion piece covering the “true
producers” of natural products from microbial sources;25 a
review discussing the use of both large-scale collections and
genomic techniques with marine natural products;26 a chapter
on extremophilic marine fungi;27 and a recent article on
marine-derived agents as warheads in ADCs.28 All these
articles demonstrate that natural product and/or natural
product structures continued to play a highly significant role
in the drug discovery and development process.
In addition, for the benefit of new readers, we have shown in

Table 1 the codes that we have used and modified over the
years with the dates of the reviews in which we introduced
them.

That Nature in one guise or another has continued to
influence the design of small molecules is shown by inspection
of the information given below, where with the advantage of
now almost 39 years of data from 1981 to the end of
September 2019, the system has been refined in the following
ways. We have eliminated some more duplicative entries that
crept into the earlier data sets and continued to revise some
source designations as newer information was obtained from
diverse sources. In particular, as behooves authors originally
from the National Cancer Institute (NCI), in the specific case
of cancer treatments, we continued to consult the records of
the FDA and added comments from investigators who have
informed us of compounds that may have been approved in
other countries and that were not captured in our earlier
searches. As a slight modification from prior reports, we are
presenting the cancer data in two time series: agents approved
before the beginning of 1981 with the first “date” now being
1946, thus covering the molecules from 1946 to the end of
1980, then antitumor agents approved from 01JAN1981 to
30SEP2019. This avoids duplication in the relevant tables, and
we have added a graphic demonstrating the total “sources” of

approved antitumor agents from 1946 in the relevant sections
later in the review.
A trend mentioned in our 2003 review,2 namely, the shift

away from large combinatorial libraries, has continued today,
with the emphasis continuing to be on small focused (100 to
∼3000 plus) collections that contain much of the “structural
aspects” of natural products. In previous reviews we described
the various names given to these newer processes including
“diversity-oriented syntheses”. As mentioned in our last (2016)
review,5 we still prefer to simply refer to such compounds as
“more natural product-like” in terms of their combinations of
heteroatoms and significant numbers of chiral centers within a
single molecule as described in 2005 by Reayi and Arya.29

Another term could be “natural product mimics” if they
happen to be direct competitive inhibitors of the natural
substrate, which was the origin of our subset listed as ?/NM.
Although we have mentioned it before, Lipinski’s fifth rule
effectively states that the first four rules do not apply to natural
products nor to any molecule that is recognized by an active
transport system when considering “druggable chemical
entities”. We will reference those papers in this review that
demonstrate this, as even today, many years later, synthetic
chemists still do not (or will not?) take this into account.30−32

We also suggest that, even though it is now seven plus years
old, the paper by Koehn in 2012 be “mandated reading for
chemists” interested in NP-based drug design. In that article,
the list in their Table 1 shows the 26 drugs approved between
1981 and 2011, based on 18 natural product structures, that do
not obey the “Rule of 5” and its strictures.33 Following on from
the Koehn article, in 2017, a group at AbbVie published an
excellent and relatively short perspective in the Journal of
Medicinal Chemistry showing the 12 FDA-approved drugs that
are orally active and were approved from 2014 to 2016. Six of
these drugs were for the treatment of HCV, four were
antitumor agents, one was for the treatment of nausea from
chemotherapy, and one was for cardiovascular treatment, with
molecular weights ranging from 531 to 894 and cLogP values
from −0.9 to 10.4. The paper is also worth reading for its
discussion of the large number of AbbeVie compounds that are
orally active and violate more than one of the Lipinski rules.
The paper was online in late 2017 and formally published in
2018.34 An earlier paper in 2014 by the Khilberg group also
demonstrated that bioactive compounds can significantly
violate the Lipinski rules and demonstrate oral bioactivity.35

Current examples of the use of small focused libraries (with
“small” meaning less than 5000 compounds in a related
library) are given in four recent papers. These range from the
results of a 96-member quinone-based click chemistry library
against Cdc25 phosphatases, demonstrating a potent and
selective agent that was active against the vinca alkaloid-
resistant cell line KB-vin;36 the use of a peptide array synthesis
based upon a microfluidic printing system from which 625
tetrapeptides were screened against the α4β1 integrin system
identifying Arg-Ala and Ala-Asp constructs that did not bind to
Jurket cells, thus demonstrating both the technique and
discovery of potential structures with the desired activities;37

and the use of the Waldmann BIOS system to discover a
simplified structure derived from an indole alkaloid-like
skeleton that inhibited the crm-1/NPM1 locus (structures 1,
2).38 Then, very recently an extension of methodologies has
demonstrated how compound libraries from (some) privileged
structures can lead to compounds that would have been
marked by the PAINS filters first established in the 2010 time

Table 1. Codes Used in Analyses

code brief definition/year

B biological macromolecule, 1997
N unaltered natural product, 1997
NB botanical drug (defined mixture), 2012
ND natural product derivative, 1997
S synthetic drug, 1997
S* synthetic drug (NP pharmacophore), 1997
V vaccine, 2003
/NM mimic of natural product, 2003

Journal of Natural Products pubs.acs.org/jnp Review
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ALL NEW APPROVED DRUGS



SMALL MOLECULES APPROVED DRUGS



or fewer drugs were approved together with a simple
summation of sources. As mentioned earlier, we have kept to
this format rather than placing the fewer than four drug/
disease categories in the Supporting Information, as readers
can then easily determine where a given disease moiety falls in
terms of number of approved drugs in the time frame used.
Next, in Figure 10 we have used a simple bar graph to further
demonstrate the influence of the various sources. In this plot,
the first “series” covers all diseases, for the 1881 NCEs, the
second “series”, the four or more diseases covered by 1602
NCEs, and the third “series”, the three or fewer disease
indications covered by the remaining 279 NCEs. It should also
be noted that in contrast to our 2012 review,4 but as we
mentioned in the 2016 review,5 we have continued to combine
drugs against diabetes into one category not two.
A further analysis of Table 2 demonstrates that in this time

period the major disease areas that have had four or more
drugs approved by the relevant authorities, with the drug
sources being mainly the pharmaceutical industry, and in rare
cases governmental and/or academic groups, continue to be
the following: infectious diseases, including microbial, parasitic,
and viral, with 402 (25%); cancer with 247 (15.4%);
hypertension with 82 (5.1%); antidiabetic with 63 (3.9%);
inflammation with 53 (3.3%). For each, there have been more
than 50 approved drug therapies.

Disease Areas without Natural Product Drugs. As
reported in our earlier analyses,1−5 there are still significant
therapeutic classes where the available drugs are totally
synthetic at the present time. These include antihistamines,
diuretics, and hypnotics for indications with four or more
approved drugs (cf. Table 2), and, as found in the earlier
reviews, there are still a substantial number of indications in
which there are three or fewer approved drugs that are also
totally synthetic. The underlying reasons for the “all-synthetic
drug” disease areas are well beyond the scope of this review,
but almost certainly involve access to the disease site (crossing
the blood brain barrier for example), first pass metabolism by
body processes, and other pharmacological processes. Readers
who are interested can access the structures using other
chemical databases, as the diseases are identified in Table 2,
with a total listing of all drugs in the Supporting Information.
By contrast, as mentioned in our earlier reviews from 2003,2−5

due to the introduction of the “NM” subcategory in the 2003
review, indications such as antidepressants, bronchodilators,
and cardiotonics continue to have substantial numbers that,
although formally “S” or “S*”, fall into the “S/NM” or “S*/
NM subcategories, as the information in the literature points to
their interactions at active sites as competitive inhibitors and/
or agonists/antagonists depending upon their pharmacology.
As mentioned earlier, we have combined some disease classes,
particularly in antidiabetics and hemophilia; thus a direct
comparison of Table 2 in this review with its predecessor tables
needs to take such modifications into account.

Economic Value of Drugs. The numbers of approved
drugs/disease do not correlate with the “value” as measured by
sales, though one has to be careful in assessing and/or using
such figures, as the term “sales” can and does have a variety of
definitions. The major “information source” in the USA is the
prescription sales data collected by IMS, but this definition can
vary, and sales data from overseas can also be a problem to
obtain, characterize, and audit.
From a report in 2018 by Andrew Liu published by Fierce

Pharma (https://www.fiercepharma.com/from-old-behemoth-

Figure 13. Antiviral Drugs by Source.

Table 6. Antiparasitic Drugs from 10JAN1981 to
30SEP2019, Organized Alphabetically by Generic Name
within Source

generic name trade name
year
intro. volume page source

artemisinin Artemisin 1987 ARMC 23 327 N
ivermectin Mectizan 1987 ARMC 23 336 N
mefloquine HCI Fansimef 1985 ARMC 21 329 ND
artemether Artemetheri 1987 I 90712 ND
artenusate Arinate 1987 I 91299 ND
eflornithine HCl Ornidyl 1990 DNP 04 104 ND
arteether Artemotil 2000 DNP 14 22 ND
moxidectin 2018 DT 55 57 ND
tafenoquine
succinate

Etaquine 2018 DT 55 56 ND

albendazole Eskazole 1982 I 129625 S
quinfamide Amenox 1984 ARMC 20 322 S
lumefantrine 1987 I 269095 S
halofantrine Halfan 1988 ARMC 24 304 S
delamanid Deltyba 2014 DF 51(1) 48 S
fexinidazole Fexinidazole

Winthrop
2019 I 308225 S

atovaquone Mepron 1992 ARMC 28 326 S*
bulaquine/
chloroquine

Aablaquin 2000 DNP 14 22 S*

arterolane/
piperaquine

Synriam 2012 I 466970 S*

trichomonas
vaccine

Gynatren 1986 I 125543 V

GSK-257049 Mosquirix 2015 I 433552 V

Figure 14. Antiparasitic drugs by source.

Journal of Natural Products pubs.acs.org/jnp Review

https://dx.doi.org/10.1021/acs.jnatprod.9b01285
J. Nat. Prod. 2020, 83, 770−803

785









EMBO reports VOL 10 | NO 3 | 2009 ©2009 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION194  

viewpointviewpoint
Natural products and drug discovery
Can thousands of years of ancient medical knowledge lead us to new and powerful drug combinations  
in the fight against cancer and dementia?

Hong-Fang Ji, Xue-Juan Li & Hong-Yu Zhang

The medicinal use of natural prod-
ucts—compounds that are derived 
from natural sources such as plants, 

animals or micro-organisms—precedes 
recorded human history probably by thou-
sands of years. Palaeoanthropological stud-
ies at the cave site of Shanidar, located in 
the Zagros Mountains of Kurdistan in Iraq, 
have suggested that more than 60,000 years 
ago, Neanderthals might have been aware 
of the medicinal properties of various 
plants, as evidenced by pollen deposits in 
one of the graves at the site (Solecki, 1975). 
Over the ensuing millennia, humankind 
discovered and made use of an enormous 
range of natural compounds; the latest ver-
sion of the Dictionary of Natural Products 
(DNP; http://dnp.chemnetbase.com) has 
just over 214,000 entries.

Throughout our evolution, the impor-
tance of natural products for medicine and 
health has been enormous. Since our earliest 
ancestors chewed on certain herbs to relieve 
pain, or wrapped leaves around wounds 
to improve healing, natural products have 
often been the sole means to treat diseases 
and injuries. In fact, it has only been during 
the past decades that natural products have 
taken a secondary role in drug discovery 
and drug development, after the advent of 
molecular biology and combinatorial chem-
istry made possible the rational design of 
chemical compounds to target specific mol-
ecules. The past few years, however, have 
seen a renewed interest in the use of natural 
compounds and, more importantly, their role 

as a basis for drug development. The modern 
tools of chemistry and biology—in partic-
ular, the various ‘-omics’ technologies—now 
allow scientists to detail the exact nature of 
the biological effects of natural compounds 
on the human body, as well as to uncover 
possible synergies, which holds much prom-
ise for the development of new therapies 
against many devastating diseases, including 
dementia and cancer.

Owing to the diverse biological  
activities and medicinal potentials 
of natural products, nearly every 

civilization has accumulated exper ience 
and knowledge of their use. The oldest med-
ical text comes from ancient Mesopotamia, 
circa 2600 BC, and is written on hundreds 
of clay tablets in cuneiform. It describes 
approx imately 1,000 plants and plant- 
derived substances, such as the oils of Cedrus 
species (cedar), the resin of Commiphora 
myrrha (myrrh) and the juice of the poppy 
seed Papaver somniferum (Newman et al, 
2000). Many of these herbs and formulations 
are still used today. The ancient Egyptian 
Ebers Papyrus, dating from around 1550 BC, 
contains about 800 complex prescriptions 
and more than 700 natural agents such as 
Aloe vera (aloe), Boswellia carteri (frank-
incense) and the oil of Ricinus communis 
(castor) (Zhong & Wan, 1999). The famous 
Greek physician, Hippocrates of Cos (circa 
460–377  BC), collected more than 400 
natural agents and described their use in his 
Corpus Hippocraticum. He mentioned using 
melon juice as a laxative, described the di-
uretic effect of the juice from Ornithogalum 
caud atum (squill) and detailed how to use 
an extract from Atropa belladonna as an  
anaesthetic. He also advised using an extract 
of Veratrum album (white hellebore) as an 

emetic and how to use olive oil to improve 
wound healing (Castiglioni, 1985). Roman 
physicians built on this extensive know  
ledge and added their own insights and 
experience. Pedanius Dioscorides (circa 
40–90 AD) compiled De Materia Medica, 
which described the dosage and efficacy of 
about 600 plant-derived medicines and laid 
the foundations of pharma cology in Europe 
(Wermuth, 2003). Galen (129–200 AD),  
another famous Greek physician and pharm-
acist, recorded 540 plant-derived medicines 
and demonstrated that herbal extracts con-
tain not only beneficial components, but 
also harmful ingredients (Cai, 1992; Cheng 
& Zhen, 2004).

Natural product-based medicines also 
flourished in the Orient. Charaka Samhita, 
the first treatise devoted to the concepts 
and practice of Indian Ayurveda, was writ-
ten around 900 BC and contains 341 plant-
derived medicines. The Sushruta Samhita 
(circa 600 BC) was mainly devoted to 
surgical practices, but also described 395 
medicinal plants and 57 animal-derived 
products (Dev, 1999).

Traditional Chinese medicine (TCM) 
is also famous for its extensive use of nat-
ural products. The most primitive Chinese 
medicinal book, Wu Shi Er Bing Fang—
which translates to Prescriptions for Fifty-
Two Diseases—was compiled around 

Throughout our evolution, the 
importance of natural products 
for medicine and health has  
been enormous

…the switch away from natural 
products to combinatorial 
chemistry during the 1990s 
might have led to the current 
paucity of new drug candidates 
in the development pipeline…
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460–377  BC), collected more than 400 
natural agents and described their use in his 
Corpus Hippocraticum. He mentioned using 
melon juice as a laxative, described the di-
uretic effect of the juice from Ornithogalum 
caud atum (squill) and detailed how to use 
an extract from Atropa belladonna as an  
anaesthetic. He also advised using an extract 
of Veratrum album (white hellebore) as an 

emetic and how to use olive oil to improve 
wound healing (Castiglioni, 1985). Roman 
physicians built on this extensive know  
ledge and added their own insights and 
experience. Pedanius Dioscorides (circa 
40–90 AD) compiled De Materia Medica, 
which described the dosage and efficacy of 
about 600 plant-derived medicines and laid 
the foundations of pharma cology in Europe 
(Wermuth, 2003). Galen (129–200 AD),  
another famous Greek physician and pharm-
acist, recorded 540 plant-derived medicines 
and demonstrated that herbal extracts con-
tain not only beneficial components, but 
also harmful ingredients (Cai, 1992; Cheng 
& Zhen, 2004).

Natural product-based medicines also 
flourished in the Orient. Charaka Samhita, 
the first treatise devoted to the concepts 
and practice of Indian Ayurveda, was writ-
ten around 900 BC and contains 341 plant-
derived medicines. The Sushruta Samhita 
(circa 600 BC) was mainly devoted to 
surgical practices, but also described 395 
medicinal plants and 57 animal-derived 
products (Dev, 1999).

Traditional Chinese medicine (TCM) 
is also famous for its extensive use of nat-
ural products. The most primitive Chinese 
medicinal book, Wu Shi Er Bing Fang—
which translates to Prescriptions for Fifty-
Two Diseases—was compiled around 

Throughout our evolution, the 
importance of natural products 
for medicine and health has  
been enormous

…the switch away from natural 
products to combinatorial 
chemistry during the 1990s 
might have led to the current 
paucity of new drug candidates 
in the development pipeline…
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Natural products and drug discovery
Can thousands of years of ancient medical knowledge lead us to new and powerful drug combinations  
in the fight against cancer and dementia?

Hong-Fang Ji, Xue-Juan Li & Hong-Yu Zhang

The medicinal use of natural prod-
ucts—compounds that are derived 
from natural sources such as plants, 

animals or micro-organisms—precedes 
recorded human history probably by thou-
sands of years. Palaeoanthropological stud-
ies at the cave site of Shanidar, located in 
the Zagros Mountains of Kurdistan in Iraq, 
have suggested that more than 60,000 years 
ago, Neanderthals might have been aware 
of the medicinal properties of various 
plants, as evidenced by pollen deposits in 
one of the graves at the site (Solecki, 1975). 
Over the ensuing millennia, humankind 
discovered and made use of an enormous 
range of natural compounds; the latest ver-
sion of the Dictionary of Natural Products 
(DNP; http://dnp.chemnetbase.com) has 
just over 214,000 entries.

Throughout our evolution, the impor-
tance of natural products for medicine and 
health has been enormous. Since our earliest 
ancestors chewed on certain herbs to relieve 
pain, or wrapped leaves around wounds 
to improve healing, natural products have 
often been the sole means to treat diseases 
and injuries. In fact, it has only been during 
the past decades that natural products have 
taken a secondary role in drug discovery 
and drug development, after the advent of 
molecular biology and combinatorial chem-
istry made possible the rational design of 
chemical compounds to target specific mol-
ecules. The past few years, however, have 
seen a renewed interest in the use of natural 
compounds and, more importantly, their role 

as a basis for drug development. The modern 
tools of chemistry and biology—in partic-
ular, the various ‘-omics’ technologies—now 
allow scientists to detail the exact nature of 
the biological effects of natural compounds 
on the human body, as well as to uncover 
possible synergies, which holds much prom-
ise for the development of new therapies 
against many devastating diseases, including 
dementia and cancer.

Owing to the diverse biological  
activities and medicinal potentials 
of natural products, nearly every 

civilization has accumulated exper ience 
and knowledge of their use. The oldest med-
ical text comes from ancient Mesopotamia, 
circa 2600 BC, and is written on hundreds 
of clay tablets in cuneiform. It describes 
approx imately 1,000 plants and plant- 
derived substances, such as the oils of Cedrus 
species (cedar), the resin of Commiphora 
myrrha (myrrh) and the juice of the poppy 
seed Papaver somniferum (Newman et al, 
2000). Many of these herbs and formulations 
are still used today. The ancient Egyptian 
Ebers Papyrus, dating from around 1550 BC, 
contains about 800 complex prescriptions 
and more than 700 natural agents such as 
Aloe vera (aloe), Boswellia carteri (frank-
incense) and the oil of Ricinus communis 
(castor) (Zhong & Wan, 1999). The famous 
Greek physician, Hippocrates of Cos (circa 
460–377  BC), collected more than 400 
natural agents and described their use in his 
Corpus Hippocraticum. He mentioned using 
melon juice as a laxative, described the di-
uretic effect of the juice from Ornithogalum 
caud atum (squill) and detailed how to use 
an extract from Atropa belladonna as an  
anaesthetic. He also advised using an extract 
of Veratrum album (white hellebore) as an 

emetic and how to use olive oil to improve 
wound healing (Castiglioni, 1985). Roman 
physicians built on this extensive know  
ledge and added their own insights and 
experience. Pedanius Dioscorides (circa 
40–90 AD) compiled De Materia Medica, 
which described the dosage and efficacy of 
about 600 plant-derived medicines and laid 
the foundations of pharma cology in Europe 
(Wermuth, 2003). Galen (129–200 AD),  
another famous Greek physician and pharm-
acist, recorded 540 plant-derived medicines 
and demonstrated that herbal extracts con-
tain not only beneficial components, but 
also harmful ingredients (Cai, 1992; Cheng 
& Zhen, 2004).

Natural product-based medicines also 
flourished in the Orient. Charaka Samhita, 
the first treatise devoted to the concepts 
and practice of Indian Ayurveda, was writ-
ten around 900 BC and contains 341 plant-
derived medicines. The Sushruta Samhita 
(circa 600 BC) was mainly devoted to 
surgical practices, but also described 395 
medicinal plants and 57 animal-derived 
products (Dev, 1999).

Traditional Chinese medicine (TCM) 
is also famous for its extensive use of nat-
ural products. The most primitive Chinese 
medicinal book, Wu Shi Er Bing Fang—
which translates to Prescriptions for Fifty-
Two Diseases—was compiled around 

Throughout our evolution, the 
importance of natural products 
for medicine and health has  
been enormous

…the switch away from natural 
products to combinatorial 
chemistry during the 1990s 
might have led to the current 
paucity of new drug candidates 
in the development pipeline…
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constitutes a formula in TCM that has proven 
effective against human acute promyelo-
cytic leukaemia (Huang et al, 1995). Its syn-
ergistic effect was recently attributed to the 
direct anti-cancer properties of tetra-arsenic 
tetrasulphide from Realgar and the comple-
mentary effects of indirubin and tanshinone 
IIA from Indigo naturalis and Radix salviae 
miltiorrhizae, respectively, which enhance 
the transport of tetra-arsenic tetrasulphide into 
target cells and thus potentiates its efficacy 
(Wang et al, 2008).

Similarly, the combination of Coptidis 
rhizoma and Evodia rutaecarpa, known as 
Zuo Jin Wan, has been used for more than 
700 years in TCM to treat gastric cond-
itions. This herbal combination contains 
possible drug candidates such as berberine 
and calystigine—antibiotics and poten-
tial inhibitors of Helicobacter pylori—
limonene, an antineoplastic agent, and 
obacunone and rutecarpine, which are 
inhibitors of cancer-cell multidrug resist-
ance, which are all relevant to treating 
gastric conditions including cancers (Kong  
et al, 2008c). Thus, this naturally occurring, 
effective combination of chemicals points 
us towards new combinations and uses for 
those drugs that we already have.

TCM has also accumulated experience of 
treating dementia using plant-derived med-
icines. A recent analysis of 1,232 TCM for-
mulae revealed that the most common 
combination of herbs used for this purpose 
was Rhizoma chuanxiong, Radix salviae 
miltiorrhizae, Radix polygalae tenuifoliae 
and Rhizoma acori tatarinowii. These herbs 
contain hundreds of natural products, some 
of which have anti-dementia effects. For 
example, tetramethylpyrazine and 3-n-butyl-
phthalide from Rhizoma chuanxiong are 
neuronal injury inhibitors; 9-cis,12-cis-
linoleic acid from Rhizoma chuanxiong is 
effective against cognition disorders; milti-
rone from Radix salviae miltiorrhizae is an 
anxiolytic; and baicalin from Radix salviae 
miltiorrhizae has anti-inflammatory and 
antioxidant potential. In addition, Radix 
polygalae tenuifoliae contains 1-hydroxy-
3,6,7-trimethoxy xanthone, which is an 
antidiabetic agent and could be used to 

treat diabetes-related cognitive disorders 
(Kong et al, 2008b).

These formulae also contain important 
clues about synergistic effects that could 
provide new leads for the fight against 
complex diseases such as cancer and 
dementia. Most of these compounds are 
available as pure chemicals and some 
have already been used in the clinic for 
many years. This accumulated experience 
from TCM and other ancient medicinal 
practices could allow modern researchers 
to design and control synergistic effects far 
better than was possible by blending crude 
natural products.

As mentioned above, a strategy to ana-
lyse and modify synergistic drug combin-
ations still poses considerable challenges 
for research, clinical development and 
regulatory agencies. Nonetheless, mod-
ern pharmaceutical research, using the 
powerful tools of genomics, proteomics, 
metabolomics and synthetic and combin-
atorial chemistry, could learn a lot from the 
historical record of using natural products 
to fight diseases—after all, this knowledge 
represents the cumulative experience of 
thousands of years of medical practice.
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The co-evolution theory also explains 
other phenomena, including synergistic 
effects. Several years ago, Lewis and co-
workers showed that the high anti microbial 

potential of Berberis spp. (Pepperidge 
bush) is caused not only by antimicro-
bial agents such as berberine, but also by 
multidrug-resistance (MDR) inhibitors such 

as 5’-methoxyhydnocarpin (Stermitz et al, 
2000). The latter have no microbicidal activ-
ity of their own, but seemingly potentiate 
the antibiotic effects of other molecules. This 
phenomenon could be explained in terms 
of co-evolution and the classic ‘arms race’ 
between host and pathogen. Plants that 
evolved antimicro bials were able to defend 
themselves against pathogenic bacteria; 
pathogens that evolved resistance mecha-
nisms, such as MDR pumps, were able to 
break plant defences; in turn, plants that 
developed MDR inhibitors had a significant 
evolutionary advantage (Li & Zhang, 2008).

Some compounds exert their biolog ical 
effects by mimicking endogenous meta-
bolites, including ligands, hormones or 
other molecules involved in inter- and intra-
cellular signal transduction. For example, 
some alkaloids—such as anagyrine from 
Anagyris foetida, cytosine from Laburnum 
anagyroides, lupanine from Cytisus scoparius 
[Syn. Spartium scoparium] or sparteine from 
Chelidonium majus—affect neuroreceptors 
by forming a quaternary nitrogen configur-
ation that resembles a structural motif present 
in most neurotransmitters (Wink, 2003). In 
other cases, different organisms use similar 
molecules for the same purpose: brassino-
lids are plant steroid hormones, which reg-
ulate cell division and cell development in 
the plant, and that are structurally similar to 
human growth-regulating steroids.

Recently, Howitz & Sinclair (2008) 
proposed an alternative hypothesis, 
called xenohormesis, to explain 

the origin of beneficial natural products. 
According to their theory, the common 
ancestor of plants and animals was able to 
synthesize a large number of stress-induced 
secondary metabolites. Animals and fungi 
that feed on plants gradually lost the capac-
ity to synthesize these low-weight molecu-
lar compounds, but retained the ability to 
sense these chemical cues in plants, pos-
sibly in order to detect when plants were 
stressed and gain an early warning of 
changing environmental conditions.

A

B

(–)-Huperzine A Physostigmine

Bellidifolin Ursolic acid

Fig 1 | Molecular structures of natural inhibitors of acetylcholinesterase. (A) (–)-Huperzine A 
(EC 50 = 0.1 nM), physostigmine (EC 50 = 0.6 nM), bellidifolin (EC 50 = 0.15 nM) and ursolic acid 
(EC 50 = 7.5 nM). (B) Binding sites of these inhibitors on the acetylcholinesterase. (–)-Huperzine A  is 
shown in red, physostigmine in yellow, bellidifolin in cyan and ursolic acid in orange. The X-ray structure 
of acetylcholinesterase and (–)-huperzine A was obtained from the Protein Data Bank (entry 1VOT). The 
binding of the other three inhibitors was calculated by using the FlexX module of SYBYL 7.0.

…the popularity of natural 
products will continue simply 
because they are a matchless 
source of novel drug leads and 
inspiration for the synthesis  
of non-natural molecules…
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350 BC and lists 247 natural agents and 
about 150 combinatorial drug formulae, 
along with practical advice regarding the 
properties, efficacies and synergies of nat-
ural medicines (Wan & Zhong, 1990; Jiao 
& Wang, 2005). The monograph Shen 
Nong Ben Cao Jing (Shen Nong Materia 
Medica) was compiled during the Eastern 
Han dynasty (25–220 AD) and doc umented 
365 agents, including 252 med icinal 
plants and 67 medicinal animals (Gao, 
2004). The therapeutic effects of many of 
these agents have been confirmed by subs-
equent medical practice (Gao, 2004), such 
as the use of Coptis chinensis (coptis root) 
to treat diarrhoea, Ephedra sinica (ephe-
dra herb) as an anti-asthmatic and Melia 
azedarach (chinaberry seed) as an anti-
helmintic. In 659 AD, China issued the first 
national pharmacopaeia, Xin Xiu Ben Cao 
(Newly Revised Medicinal Materials, also 
called Tang Ben Cao), which contained 
850 agents (Gao, 2004). In 1587 AD, Li 
Shi-Zhen published his famous work Ben 
Cao Gang Mu (Compendium of Medicinal 
Materials), which recorded 1,892 agents 
and about 11,000 combinatorial formulae 
(Gao, 2004).

Although the ancient Occidental and 
Oriental medicinal systems developed 
independently of one other, it is interest-
ing to note that their respective practition-
ers often used the same natural products 
to treat similar diseases. For example, both 
Shen Nong Ben Cao Jing and De Materia 
Medica describe the use of an extract from 
Tussilago farfara as an antitussivum to sup-
press coughing. Hippocrates used an extract 
of Veratrum album (white hellebore) as an 
emetic, whereas his Chinese counterparts 
used that of Veratrum nigrum (black helle-
bore). The oil of Nepeta cataria (catnip) was 
used as an antipyretic in Europe for thou-
sands of years, and Shen Nong Ben Cao Jing 
notes the same use for another species of the 
family, Nepeta tenuifolia. As there seems 
to have been little regular communication 
between China and Europe 2,000 years ago, 
this would seem to be an example of the 
convergent evolution of different medicinal 
systems (Kong et al, 2008a).

Despite the wide use of medicinal 
plants in the Orient and Occident, 
their effective components—the 

specific identity of the chemicals that had 
the desired therapeutic effects—remained 
all but unknown until the eighteenth and 
nineteenth centuries. However, early doc-
tors, such as Galen, did understand that 
various natural products contained differ-
ent compounds that would each affect the 
human body differently.

Modern chemistry has ushered in a new 
era for the study and use of natural prod-
ucts. Analytical and structural chemistry 
have provided the tools to purify various 
compounds and to determine their struc-
tures, which, in turn, has given insights into 
their action on the human body. In 1805, 
the German pharmacist Friedrich Wilhelm 
Sertürner (1783–1841) isolated morphine 
from opium, and it became both the first 
pure naturally derived medicine and the first 
to be commercialized, by Merck in 1826. 
In fact, Western pharmaceutical compa-
nies quickly began to prefer purified nat-
ural products as ingredients to make drugs, 
rather than crude extracts. In addition, the 
elucidation of the molecular structures  
of many natural products allowed chem-
ists to synthesize them, rather than isolating 
them from natural sources, which markedly 
lowered the cost of drug production.

Subsequently, a large number of well-
known natural compounds were identi-
fied, analysed and synthesized: salicin 
from Salix alba (white willow), emetine 
from Cephaelis ipecacuanha (ipecac-
uanha), strychnine and brucine from 
Strychnos nux-vomica (strychnos), quinine 
from Cinchona ledgeriana (cinchona bark), 
colchicine from Colchicum autumale 
(colch icum), caffeine from Coffea arabica, 
nicotine from Nicotiana tabacum, atro-
pine from Atropa belladonna and cocaine 
from Erythroxylum coca. Many of these 
compounds are still widely used as drugs. 
The twentieth century saw the discovery 
of the antibacterial properties of peni-
cillin, derived from the mould Penicillium 
notatum, which was soon followed by 
various other anti bacterials that gave phys-
icians an enormously powerful weapon in 
their battle against infectious diseases.

The structural analysis of natural com-
pounds and the ability to synthesize them 
allowed chemists to modify them in order 
to suppress or enhance certain character-
istics such as solubility, efficiency or stab-
ility in the human body. Newman (2008) 

estimates that about 60% of the drugs that 
are now available—including household 
names such as artemisinin, camptothecin, 
lovastatin, maytansine, paclitaxel, peni-
cillin, reserpine and silibinin—were either 
directly or indirectly derived from natural 
products. Moreover, natural products have 
also been an invaluable source of inspir-
ation for organic chemists to synthesize 
novel drug candidates (Beghyn et al, 2008; 
Hunter, 2008; Koehn & Carter, 2005). Some 
have even claimed that the switch away 
from natural products to combinatorial 
chemistry during the 1990s might have led 
to the current paucity of new drug cand-
idates in the development pipeline (Desai 
& Chackalamannil, 2008). It is therefore 
a matter of great scientific, economic and 
medical interest to analyse and understand 
why so many natural products are beneficial 
to human health.

Many chemists and biologists have 
attempted to explain the puzzle 
of why so many compounds in 

nature have biological effects in humans 
and other species. One explanation that 
has been widely accepted is that it is the 
result of long-term co-evolution within 
biological communities: interacting organ-
isms that evolved in close proximity to 
one another developed compounds that 
could influence the biological processes 
of neighbouring species. As these com-
pounds proved to be advantageous, they 
became a trait on which natural selection 
could act, and were retained and improved 
throughout the course of evolution. Given 
the similarities between aspects of human 
physiology and that of other animals, it is 
not surprising that such molecules can 
also exert biological effects in humans. 
For example, many chemicals that plants 
evolved to defend themselves against herb-
ivores are now used as laxatives, emetics, 
cardiotonics or muscle relaxants in humans 
(Briskin, 2000). In addition, humans have 
taken advantage of some of the discovered 
properties of natural compounds: those 
that are able to interact with or suppress the 
growth of bacteria, for example, are now 
used as antimicrobial drugs in medicine.

…we need to move beyond either 
xenohormesis or co-evolution  
to explain the biological effects  
of natural products

…it remains an important 
challenge to find biologically 
active compounds and to develop 
these into new drugs, even if one 
uses nature for inspiration
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350 BC and lists 247 natural agents and 
about 150 combinatorial drug formulae, 
along with practical advice regarding the 
properties, efficacies and synergies of nat-
ural medicines (Wan & Zhong, 1990; Jiao 
& Wang, 2005). The monograph Shen 
Nong Ben Cao Jing (Shen Nong Materia 
Medica) was compiled during the Eastern 
Han dynasty (25–220 AD) and doc umented 
365 agents, including 252 med icinal 
plants and 67 medicinal animals (Gao, 
2004). The therapeutic effects of many of 
these agents have been confirmed by subs-
equent medical practice (Gao, 2004), such 
as the use of Coptis chinensis (coptis root) 
to treat diarrhoea, Ephedra sinica (ephe-
dra herb) as an anti-asthmatic and Melia 
azedarach (chinaberry seed) as an anti-
helmintic. In 659 AD, China issued the first 
national pharmacopaeia, Xin Xiu Ben Cao 
(Newly Revised Medicinal Materials, also 
called Tang Ben Cao), which contained 
850 agents (Gao, 2004). In 1587 AD, Li 
Shi-Zhen published his famous work Ben 
Cao Gang Mu (Compendium of Medicinal 
Materials), which recorded 1,892 agents 
and about 11,000 combinatorial formulae 
(Gao, 2004).

Although the ancient Occidental and 
Oriental medicinal systems developed 
independently of one other, it is interest-
ing to note that their respective practition-
ers often used the same natural products 
to treat similar diseases. For example, both 
Shen Nong Ben Cao Jing and De Materia 
Medica describe the use of an extract from 
Tussilago farfara as an antitussivum to sup-
press coughing. Hippocrates used an extract 
of Veratrum album (white hellebore) as an 
emetic, whereas his Chinese counterparts 
used that of Veratrum nigrum (black helle-
bore). The oil of Nepeta cataria (catnip) was 
used as an antipyretic in Europe for thou-
sands of years, and Shen Nong Ben Cao Jing 
notes the same use for another species of the 
family, Nepeta tenuifolia. As there seems 
to have been little regular communication 
between China and Europe 2,000 years ago, 
this would seem to be an example of the 
convergent evolution of different medicinal 
systems (Kong et al, 2008a).

Despite the wide use of medicinal 
plants in the Orient and Occident, 
their effective components—the 

specific identity of the chemicals that had 
the desired therapeutic effects—remained 
all but unknown until the eighteenth and 
nineteenth centuries. However, early doc-
tors, such as Galen, did understand that 
various natural products contained differ-
ent compounds that would each affect the 
human body differently.

Modern chemistry has ushered in a new 
era for the study and use of natural prod-
ucts. Analytical and structural chemistry 
have provided the tools to purify various 
compounds and to determine their struc-
tures, which, in turn, has given insights into 
their action on the human body. In 1805, 
the German pharmacist Friedrich Wilhelm 
Sertürner (1783–1841) isolated morphine 
from opium, and it became both the first 
pure naturally derived medicine and the first 
to be commercialized, by Merck in 1826. 
In fact, Western pharmaceutical compa-
nies quickly began to prefer purified nat-
ural products as ingredients to make drugs, 
rather than crude extracts. In addition, the 
elucidation of the molecular structures  
of many natural products allowed chem-
ists to synthesize them, rather than isolating 
them from natural sources, which markedly 
lowered the cost of drug production.

Subsequently, a large number of well-
known natural compounds were identi-
fied, analysed and synthesized: salicin 
from Salix alba (white willow), emetine 
from Cephaelis ipecacuanha (ipecac-
uanha), strychnine and brucine from 
Strychnos nux-vomica (strychnos), quinine 
from Cinchona ledgeriana (cinchona bark), 
colchicine from Colchicum autumale 
(colch icum), caffeine from Coffea arabica, 
nicotine from Nicotiana tabacum, atro-
pine from Atropa belladonna and cocaine 
from Erythroxylum coca. Many of these 
compounds are still widely used as drugs. 
The twentieth century saw the discovery 
of the antibacterial properties of peni-
cillin, derived from the mould Penicillium 
notatum, which was soon followed by 
various other anti bacterials that gave phys-
icians an enormously powerful weapon in 
their battle against infectious diseases.

The structural analysis of natural com-
pounds and the ability to synthesize them 
allowed chemists to modify them in order 
to suppress or enhance certain character-
istics such as solubility, efficiency or stab-
ility in the human body. Newman (2008) 

estimates that about 60% of the drugs that 
are now available—including household 
names such as artemisinin, camptothecin, 
lovastatin, maytansine, paclitaxel, peni-
cillin, reserpine and silibinin—were either 
directly or indirectly derived from natural 
products. Moreover, natural products have 
also been an invaluable source of inspir-
ation for organic chemists to synthesize 
novel drug candidates (Beghyn et al, 2008; 
Hunter, 2008; Koehn & Carter, 2005). Some 
have even claimed that the switch away 
from natural products to combinatorial 
chemistry during the 1990s might have led 
to the current paucity of new drug cand-
idates in the development pipeline (Desai 
& Chackalamannil, 2008). It is therefore 
a matter of great scientific, economic and 
medical interest to analyse and understand 
why so many natural products are beneficial 
to human health.

Many chemists and biologists have 
attempted to explain the puzzle 
of why so many compounds in 

nature have biological effects in humans 
and other species. One explanation that 
has been widely accepted is that it is the 
result of long-term co-evolution within 
biological communities: interacting organ-
isms that evolved in close proximity to 
one another developed compounds that 
could influence the biological processes 
of neighbouring species. As these com-
pounds proved to be advantageous, they 
became a trait on which natural selection 
could act, and were retained and improved 
throughout the course of evolution. Given 
the similarities between aspects of human 
physiology and that of other animals, it is 
not surprising that such molecules can 
also exert biological effects in humans. 
For example, many chemicals that plants 
evolved to defend themselves against herb-
ivores are now used as laxatives, emetics, 
cardiotonics or muscle relaxants in humans 
(Briskin, 2000). In addition, humans have 
taken advantage of some of the discovered 
properties of natural compounds: those 
that are able to interact with or suppress the 
growth of bacteria, for example, are now 
used as antimicrobial drugs in medicine.

…we need to move beyond either 
xenohormesis or co-evolution  
to explain the biological effects  
of natural products

…it remains an important 
challenge to find biologically 
active compounds and to develop 
these into new drugs, even if one 
uses nature for inspiration
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This theory is at least partly supported by 
the finding that certain human genes have 
homologues in plants and microbes—at 
least to the extent that plants and animals use 
similar signalling molecules and receptors in 
some cases. Indeed, a comparative genomic 
analysis revealed that 70% of cancer- 
related human genes have orthologues in 
Arabidopsis thaliana ( Jones et al, 2008). Thus, 
given the similarity of many plant and human 
genes, it seems obvious that some secondary 
metabolites produced by plants to modulate 
their own metabolism should also be able to 
bind to molecules that have a role in human 
disease. For example, multidrug resistance-
like proteins that are used by Arabidopsis to 
transport auxin have orthologues in humans 
that are crucial for the transport of anti-cancer 
agents; auxin-distribution modulators such 
as flavonoids from Arabidopsis can inhibit 
P-glycoprotein (MDR1) in various human 
cancer cells (Taylor & Grotewold, 2005).

However, neither theory explains 
the full power of natural products. 
First, some natural compounds—

for example, curcumin, resveratrol or quer-
cetin—can bind to many target molecules 
implicated in human disease (Aggarwal 
& Shishodia, 2006; Goel et al, 2008; Ji & 
Zhang, 2008). Some of these targets such as 
acetylcholinesterase (AChE) or monoamine 
oxidases A and B, are unique to animals and 
have no homologues in plants that produce 
these natural agents.

Second, the health effects of many plant 
compounds are not intrinsic to those mol-
ecules but are a consequence of the human 
digestive system processing their meta-
bolites. Willow bark has long been used to 

ease pain and reduce fever; yet, although 
the effective component is salicylic acid, 
willow bark only contains the precursor 
salicin, which is hydrolysed in the small 
intestine to salicylic alcohol and further 
oxidized to salicylic acid by intestinal bac-
teria (Akao et al, 2002). Another example is 
phenolic glucoside arbutin, which is used to 
treat urinary tract infections. This compound 
itself is ineffective until it is hydrolysed and 
oxidized to hydroquinone in the human 
body. Further examples are the sennosides, 
which are converted into laxative anthrones 
by bacteria in the gut. Similarly, conjugated 
phytoestrogens have to be hydrolysed in the 
stomach or the gut to exert their oestrogen-
like effects (Hostettmann & Marston, 2007). 
Strictly speaking, these plant molecules are 
not drugs, but proto-drugs.

Third, some of the biological effects of 
these natural products—such as slowing 
down the progress of Alzheimer disease or 
dementia—give no obvious advantage to the 
producer of the agent, and so their action can-
not be explained as the result of co-evolution. 
Taken together, these puzzling observ ations 
seem to suggest that we need to move beyond 
either xenohormesis or co-evolution to 
explain the biological effects of natural prod-
ucts. In turn, this has stimulated our interest 

in the three-dimensional structures of natural 
product–target complexes.

Modern structural biology has made 
possible the exact determination 
of the crystal structures of protein 

target–inhibitor complexes, such as HIV-1 
protease–lopinavir complex or AChE–
huperzine A complex. These studies have 
revealed that, in most cases, the relation-
ship between a target and a native inhibi-
tor is not a rigid lock and key combination. 
First, the same macromolecule can bind 
to distinct inhibitors. By way of example, 
natural inhibitors of AChE can have differ-
ent structures (Fig 1A), but have comparable 
inhibitory activities (Mukhejee et al, 2007). 
The explanation for this is that the binding 
cavity of the protein is larger than the small 
inhibitor, which means that there are many 
binding modes for these agents to modify 
enzyme activity. Fig 1B shows how four 
AChE inhibitors are able to occupy different 
parts of the protein.

Second, many natural compounds can 
bind to diverse proteins. Quercetin, for 
example, can inhibit enzymes with distinct 
architectures such as phosphatidyl inositol-
3-kinase, which has a protein kinase-like 
fold; helix–turn–helix-type trans criptional 
regulator, which has a tetracycline repressor- 
like fold; and 3-hydroxyisobutyryl-CoA 
hydrolase, which has a ClpP/crotonase 
fold (Fig 2A–C). This phenomenon is likely 
to result from the fact that ligand-binding 
cavities are less diverse than protein arch-
itectures ( Ji et al, 2007; McArdle & Quinn 
2007); that both natural products and pro-
teins are flexible entities, which allows them 
to adapt their configuration; and that natural 

A B C

Quercetin

Asp 964

Lys 833

Glu 880

His 114

Asn 110

Gly 98

Phe 56

Met 89

Val 882

Quercetin Quercetin

Fig 2 | Binding modes of quercetin. Binding to (A) phosphatidylinositol-3-kinase; (B) helix–turn–helix-type transcriptional regulator; and (C) 3-hydroxyisobutyryl-
CoA hydrolase. 

…natural products provide 
important clues for identifying 
and developing synergistic  
drugs that, so far, research has 
largely neglected



In the past century, diverse classes of natural products
have been isolated and their structures characterized.
These discoveries, along with the elucidation of biologi-
cal and biochemical mechanisms of therapeutic action,
have been central to the work of organic and medicinal

chemists. Natural products have been invaluable as tools for
deciphering the logic of biosynthesis and as platforms for
developing front-line drugs1,2.For example, between 1981 and
2002, 5% of the 1,031 new chemical entities approved as drugs
by the US Food and Drug Administration (FDA) were natural
products, and another 23% were natural-product-derived
molecules3. Natural products are still major sources of innova-
tive therapeutic agents for infectious diseases (both bacterial
and fungal), cancer, lipid disorders and immunomodulation4. 

However, the complexity of many natural products can
limit the scope for making chemical modifications to
optimize their therapeutic use. Moreover, obtaining a
renewable supply of active compounds from biological
sources can be problematic. Nevertheless, as the recent
multigram, total synthesis of the potent anti-cancer natural
product discodermolide shows5, the increasing efficiency
of synthetic organic chemistry has reduced the barrier
posed by limited natural supply, even for materials with
very complex structures. 

Here, we examine some of the lessons from nature that
remind us of the structural and mechanistic diversity of

natural small molecules, and evaluate the uncertain present
and diminishing future interest for natural products as
central players in the research strategies of pharmaceutical
companies. We begin by describing the structural features of
representative natural products of medicinal importance,
their mechanisms of action and their biosynthesis, before
turning to prospects for future discoveries.

Structural features of natural products
How do natural products compare with drugs? 
Figure 1a shows the structures of four natural products that
have proved to be useful as drugs or leads: vancomycin6,7 (1),
staurosporine8 (2), rapamycin9 (3) and Taxol10 (4). These
have been used for the treatment of Gram-positive bacterial
infections, as a lead indolecarbazole structure11 for the
inhibition of protein kinases at the ATP-binding site, for
immunosuppression, and for cancer chemotherapy,
respectively. For comparison, Fig. 1b shows the structures of
four synthetic drug molecules that are in widespread use:
Viagra12 (5), Prozac13 (6), Lipitor14 (7), and Gleevec15 (8).
These are used to treat erectile dysfunction, depression,
hypercholesterolaemia and chronic myelogenous leuk-
aemia, respectively. Each of the eight molecules has a well-
defined biological target to which it binds with useful
affinity, and all these targets are proteins, except for the
peptidoglycan termini of bacterial cell walls (the target for

insight review articles

Lessons from natural molecules
Jon Clardy & Christopher Walsh

Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, Massachusetts 02115, USA 
(e-mail: jon_clardy@hms.harvard.edu)

Natural products have inspired chemists and physicians for millennia. Their rich structural diversity and
complexity has prompted synthetic chemists to produce them in the laboratory, often with therapeutic
applications in mind, and many drugs used today are natural products or natural-product derivatives. Recent
years have seen considerable advances in our understanding of natural-product biosynthesis. Coupled with
improvements in approaches for natural-product isolation, characterization and synthesis, these could be
opening the door to a new era in the investigation of natural products in academia and industry. 

Some important natural products with low molecular
weights act with potency and specificity at protein receptors;
for example, the low-molecular-weight amine
neurotransmitters, derived from enzymatic decarboxylation
of proteinogenic amino acids. These neurotransmitters have
been outstanding platforms for natural-product-based drug
design. Decarboxylation and subsequent oxidation of
tyrosine generates the hormones and neurotransmitters
noradrenaline (43) and adrenaline (44). Similar processing of
tryptophan yields the neurotransmitter serotonin (45) and the
hormone melatonin (46). Simple decarboxylation of histidine

gives histamine (47), which has at least three well-
characterized activities: (1) bronchoconstriction and
vasodilation; (2) gastric-acid secretion; and (3)
neurotransmission. These simple molecules have provided
starting points for numerous small-molecule drugs. For
example, seven out of ten anti-migraine medicines are
based on serotonin3, several generations of !- and 
"-adrenergic drugs are generated from adrenaline scaffolds,
and antihistamines (histamine receptor H1 and H2 selective
antagonists) and selective serotonin re-uptake inhibitors
(SSRIs) are some of the world’s best-selling drugs.

Box 1 
Signalling within and among organisms 
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PROPRIEDADES ESTRUTURAIS:

• Presença de centros estereogênicos
e maior complexidade estrutural que 
as moléculas sintéticas;

• Maior quantidade de relativa de 
carbono, hidrogênio e oxigênio que as 
moléculas sintéticas;

• Tamanho (massa molecular > 500Da) 
e polaridade (maior solubilidade em 
água).

• Geralmente não seguem a Lei de 
Lipinski

Clardy & Walsh. Nature, 432: 829.



LEI DE LIPINSKI





Lovastatina (Aspergillus terreus)
Estatina

Metformina (Galega officinalis)
Hipoglicemiante

Salicilina (Salix sp.)
AINE Morfina (Papaver somniferum)

Opióide

Escopolamina (Brugmansia suaveolens)
Anti-muscarínico

Ciclosporina (Tolypocladium inflatum)
Imunossupressor
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Natural products and their intricate molecular frameworks 
o!er medicinal chemists a range of uncharted chemo-
types for the discovery of chemical probes and drugs1–7. 

Natural products o"en feature biologically relevant molecular scaf-
folds and pharmacophore patterns that have evolved as preferred 
ligand–protein binding motifs8–12. #erefore, natural products have 
long been explored as invaluable sources of inspiration for drug 
design, with particular e!ectiveness in cancerous and infectious 
diseases13–16. For example, rosuvastatin, a blockbuster drug for the 
treatment of high cholesterol, mimics the pharmacophore of the 
natural product mevastatin from the fungus Penicillium citrinum 
but contains fewer chiral centres (Fig. 1). Focused natural-product-
inspired compound libraries may transfer, at least in part, pharma-
cologically relevant features to synthetically more tractable small 
molecules, thereby potentially improving the biological activity 
of these synthetic small molecules. #us, it is no surprise to see 
pharmaceutical drug discovery programmes bene%tting from the 
incorporation of natural-product-derived fragments into develop-
ment pipelines. An analysis of drugs that have been approved by the 
US Food and Drug Administration since 1939 reveals the persis-
tent use of natural-product-derived fragments in medicinal chem-
istry (Fig. 2b). We anticipate molecular design in chemical biology 
and medicinal chemistry to be further propelled by systematically 
exploring the chemical space of natural products17,18. Recent tech-
nological advances support this optimistic view, speci%cally for the 
discovery of biosynthetic gene clusters producing bioactive second-
ary metabolites19, the development of bioinformatic methods for 
identifying such biosynthetic gene clusters in genome sequences 
and predicting the chemical structures of their products20, and the 
synthesis of natural products and derivatives through the manipula-
tion of biosynthetic enzymes21.

Natural products are o"en perceived as chemically complex and 
di!ering from synthetic drug-like molecules in many regards22. 
Pioneering studies in the early 2000s revealed that these products 
contain a much larger fraction of sp3-hybridized bridgehead atoms 
and chiral centres compared with synthetic small molecules1,23. 
Natural products also present a lower nitrogen but higher oxygen 
content on average. Nature apparently favours aliphatic over aro-
matic rings, with only 38% of the known natural products contain-
ing arene systems. Approximately 50% of the structurally resolved 
natural products in the Dictionary of Natural Products database do 
not have synthetic counterparts, and only approximately 20% of the 

Counting on natural products for drug design
Tiago Rodrigues1, Daniel Reker1, Petra Schneider1,2 and Gisbert Schneider1*

Natural products and their molecular frameworks have a long tradition as valuable starting points for medicinal chemistry and 
drug discovery. Recently, there has been a revitalization of interest in the inclusion of these chemotypes in compound collec-
tions for screening and achieving selective target modulation. Here we discuss natural-product-inspired drug discovery with a 
focus on recent advances in the design of synthetically tractable small molecules that mimic nature’s chemistry. We highlight 
the potential of innovative computational tools in processing structurally complex natural products to predict their macro-
molecular targets and attempt to forecast the role that natural-product-derived fragments and fragment-like natural products 
will play in next-generation drug discovery.

ring systems that are present in natural products can also be found 
in trade drugs1,19.  As current medicinal chemistry practice strives 
to abandon planar molecules and emphasize three-dimensionality 
for compound library design, natural products clearly o!er inno-
vative ring systems with suitable geometries for spatial side-chain 
positioning24, which has recently been highlighted by the discovery 
of pharmacologically relevant macromolecular targets of the sesqui-
terpene englerin A (ref. 25).

Over the past two decades, fragment-based drug discovery has 
emerged as an alternative concept to circumvent some of the draw-
backs of the traditional early drug discovery paradigm, which has 
all too o"en resulted in clinical attrition caused by toxicity and lack 
of e&cacy26. Aided by diverse biophysical techniques and steered by 
ligand e&ciency metrics27, fragment-based drug discovery aims to 
optimize low-molecular-weight compounds that exert the desired 
biological activity into potent lead structure candidates through 
stepwise molecule growing and linking28. Natural-product-derived 
and bioactivity-oriented ring systems appear to be particularly suited 
for fragment growth into such ligand-e&cient and selective new 
chemical entities29,30. Recent progress in utilizing natural-product-
derived fragments to computationally infer the biomolecular targets 
and activities of natural products31, together with the longstanding 
success of fragment-based de novo design32, advocates for the con-
cepts and methodology of modern computer-assisted drug design 
to support and guide these developments. Here, we review recent 
advances at the interface between theoretical and practical medici-
nal chemistry and promote the concept of computationally inspired 
natural product research.

Natural products as starting points for lead discovery
Natural-product-inspired synthetic compounds can provide fea-
sible and innovative solutions to address important and enduring 
drug design challenges. For example, Hergenrother and colleagues 
reported a deoxynybomycin-inspired fragment-like chemical entity 
with potent activity against Staphylococcus aureus and improved 
aqueous solubility33. Infected mice that were treated with com-
pound 1 (Fig.  3a) showed signi%cantly longer survival rates rela-
tive to untreated animals. Interestingly, some of the investigated 
compounds would hardly %t the o"en-too-stringent medicinal 
chemistry criteria for drug leads. Although more thorough physico-
chemical and pharmacological pro%ling is imperative to validate 
compound 1 as a probe or lead structure, its success clearly suggests 
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that the rigorous application of decision guidelines, such as the 
popular ‘rule of !ve’34 or ‘rule of three’35, may hinder the discov-
ery of biologically useful chemical entities36,37. Many of the existing 
guidelines have been developed with properties and structures of 
synthetic compounds in mind. Evidently, the excessive use of hard 
cut-o"s for property rules and the occurrence of certain chemi-
cal structures should be avoided given their scienti!c and/or sta-
tistical weakness, speci!cally in the natural product context38,39. In 
fact, 18% of the natural products from the Dictionary of Natural 
Products database violate the ‘rule of !ve’ in at least two criteria 

(31% of Traditional Chinese Medicine Database, 15% of DrugBank, 
9% of the ChEMBL database), which suggests the careful applica-
tion of such guidelines not only for synthetic compounds, but also 
for natural products in particular40.

Non-natural spirotryprostatin B analogues have recently been 
shown to act either as inhibitors of the p53–MDM2 protein–protein 
interaction or lead to cell cycle arrest in the G2/M phase by disrupt-
ing tubulin polymerization41. A concise and highly enantio selective 
synthesis of 3,3ʹ-pyrrolidinyl spirooxindoles via asymmetric 
1,3-dipolar cycloaddition a"orded the desired compounds featuring 
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Figure 1 | Rosuvastatin is a natural-product-inspired drug. The drug rosuvastatin was developed as a synthetically accessible mimetic of the natural 
product mevastatin, which is produced by the fungus Penicillium citrinum. The two compounds possess a consensus pharmacophore but di!erent chemical 
frameworks or ‘sca!olds’. Lipophilic pharmacophore points are highlighted in green, hydrogen-bond acceptors in red and joint hydrogen-bond acceptors 
and donors in magenta135. The superimposed crystal-structure models of the two compounds (rosuvastatin in blue and mevastatin in green) reveal 
essentially identical interactions with the target enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase. The surface of the enzyme pocket represents 
the solvent-accessible surface of the amino acid residues surrounding rosuvastatin (several amino acid residues are not shown to ensure the complete 
visibility of the ligand structures). The field of computational pharmacophore modelling has a long tradition in medicinal chemistry and provides methods 
of choice for understanding and accessing the pharmacological e!ects of bioactive natural products. Photograph: Ursula Alter/Getty.

Figure 2 | Natural products and their computationally generated fragments as inspiration for drug discovery. a, Virtual natural product fragmentation. 
The Dictionary of Natural Products database contains 210,213 natural products. It yields 134,102 unique fragment-sized (molecular weight (MW) between 
100 and 300 g mol−1) substructures when applying a computational pseudo-retrosynthetic scheme (RECAP method)136. Many of these fragments are 
contained in approved drugs. The fragments can also be used as starting points for computational de novo drug design, which has become feasible with 
modern fragment-based molecular design software. b, Average number of natural-product-derived fragments in approved drugs. Natural products have 
always inspired medicinal chemistry. The histogram (blue bars) shows the molecular weight-corrected fragment count per drug molecule (fragment 
score = number of matching fragments / molecular weight). The black dots correspond to the annual number of US Food and Drug Administration-
approved drugs (www.fda.gov) with a match of the active ingredient found in the DrugBank database (www.drugbank.ca). c, Natural-product-derived 
fragments in a synthetic drug. For example, the chemical structure of tramadol, a synthetic opioid analgesic137, contains a total of 47 natural-product-
derived fragments. Four of the 47 fragment structures are shown. Of note, the tertiary amide (drawn in black) is the only part of tramadol not covered by 
the fragment matches. Forty-seven divided by tramadol’s molecular weight (263.4 g mol−1) gives a relatively low normalized fragment score of 0.02. The 
drug Ultram contains tramadol as active ingredient. It was first approved by the US Food and Drug Administration in 1995. For the 27 drugs initially 
approved in 1995, we computed an average fragment score of 0.22 (compare with panel b).
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derivatization. Innovative target prediction tools are now avail-
able to help identify the macromolecular receptors and potential 
o!-target liabilities of drugs or lead-like entities and may help to 
identify the bioactivities of natural products64–71. #e parallel virtual 
screening of an array of potential targets o!ers an a!ordable and 
attractive solution to unveiling putative ligand–receptor interac-
tions by both ligand- and receptor-based methods72. For example, 
by relying on inverse molecular docking, cyclooxygenase-2 and per-
oxisome proliferator-activated receptor gamma were successfully 
identi$ed as targets of meranzin, which exhibits potency compara-
ble to that of indomethacin and rosiglitazone73. In a similar fashion, 
Rollinger and co-workers have productively applied three-dimen-
sional pharmacophore models to interrogate target engagement 
by natural-product-derived structures74,75. #ese authors virtually 
screened 16 secondary metabolites from Ruta graveolens with a 
set of 2,208 pharmacophore models, resulting in the identi$cation 
and experimental validation of the natural product arborinine as a 
human rhinovirus coat protein inhibitor and rutamarin as a can-
nabinoid-2 receptor ligand76. Elaboration on an acetylcholinesterase 
pharmacophore model also resulted in the identi$cation of morphi-
nan and isoquinolines as moderate inhibitors77. Potent partial 
agonists of proliferator-activated receptor gamma were identi$ed 
among neolignans: dieugenol, tetrahydrodieugenol and magnolol78. 
Similarly, honokiol was identi$ed as a weak non-adipogenic partial 
proliferator-activated receptor gamma agonist79, providing oppor-
tunities for development. Although fragment-like natural products 
may serve as starting points for immediate further elaboration, the 
use of such weak e!ectors in chemical biology requires extensive 
prior validation80.

#e so%ware PASS81,82 is one of the early attempts to qualitatively 
predict thousands of biological activities from the two-dimensional 
chemical structure using molecular fragment descriptors83. #is 
so%ware was successfully applied to a set of more than 90 marine 
sponge alkaloids to identify anti-tumoural activity for approximately 

80% of these natural products. Ninety-three individual components 
of St John’s wort were analysed for probable pharmacological e!ects. 
Several compounds were correctly predicted for known side e!ects 
and cytochrome P450 modulation. Moreover, possible pharmaco-
therapeutic applications were identi$ed for further experimental 
validation. Numerous target prediction tools have been developed 
to analyse synthetic drug-like molecules84,85. #e majority of these 
methods rely on (i) chemical substructure similarity for target 
inference from reference drugs with known targets, (ii) explicit 
ligand–receptor docking, or (iii) genomic sequence and pathway 
information86–88. #erefore, it is no surprise that these approaches 
largely fail to predict targets for structurally intricate natural prod-
ucts because of their o%en rather di!erent molecular constitution 
compared with that of synthetic drugs, computationally elusive 
receptor-relevant conformational ensembles89, and lack of genomic 
and metabolomic reference data. 

In contrast to explicitly substructure-based computational 
methods, the SPiDER target prediction so%ware relies on a dual 
molecular representation in terms of topological pharmacophores 
and physicochemical properties90,91. Speci$cally, this so%ware tack-
les the challenge of performing predictions in the absence of struc-
tural similarity for de novo-designed chemical entities. #e idea is 
to $nd similarities between natural products and synthetic drugs 
on the level of pharmacophore features and computed proper-
ties. #e algorithm clusters compounds with self-organizing maps 
built from molecular descriptors92 that are suited for sca!old hop-
ping between natural products and their synthetic mimetics52. #is 
so%ware was fruitfully employed for the identi$cation of G-protein-
coupled receptor ligands90 and antiplasmodial kinase inhibitors93. 
We recently adapted this algorithm to predict the targets of struc-
turally complex natural products. #e antiproliferative macrocyclic 
archazolid A served as a challenging example, motivated by its pro-
found structural dissimilarity to drug-like small molecules. Target 
identi$cation for archazolid A was achieved through an analysis 

α,β-Unsaturated carbonyl groups are the most frequent potentially 
reactive substructures of natural products. One-sixth of the cur-
rently known natural products contain this generic chemical signa-
ture. It is controversial as to whether these compounds may serve as 
leads for drug design because their potential Michael acceptor func-
tion can lead to unwanted side e!ects, such as cell-damage or cyto-
toxicity. However, α,β-unsaturated carbonyls also have the potential 
to act as radical scavengers, enable covalent ligand binding to tar-
get proteins, or act as antioxidants, for example, by thiol trapping. 
Direct interaction with enzymes through α,β-unsaturated carbon-
yls can be desirable. For example, carcinogenesis can be blocked by 
a variety of substances that can induce (activate) certain enzymes, 
for example, quinone reductase and glutathione S-transferase 

activity, which then inhibits the ‘reactive electrophilic forms of 
carcinogens’138. #ese abilities can be attributed to substances with 
Michael-accepting features. #ere have been several attempts to 
calculate the reactivity of α,β-unsaturated carbonyls, speci$cally 
high Michael acceptor reactivity, which is linked to compound tox-
icity139. It remains di(cult to predict the actual in vivo functionality 
of these substructures, although Michael receptor functionality can 
be tuned by chemical optimization. One such approach is to vary 
the side chains of α-substituted enones (‘α-modenones’)140, exploit-
ing the fact that more electron-deprived bonds are more reactive. 
Spectroscopic methods support chemical optimization. For exam-
ple, 13C NMR shi% analysis of the α and β carbons of the double 
bond captures the strength of its Michael-accepting capabilities141.

Box 1 | Natural products containing α,β-unsaturated carbonyls — a liability for drug design?
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derivatization. Innovative target prediction tools are now avail-
able to help identify the macromolecular receptors and potential 
o!-target liabilities of drugs or lead-like entities and may help to 
identify the bioactivities of natural products64–71. #e parallel virtual 
screening of an array of potential targets o!ers an a!ordable and 
attractive solution to unveiling putative ligand–receptor interac-
tions by both ligand- and receptor-based methods72. For example, 
by relying on inverse molecular docking, cyclooxygenase-2 and per-
oxisome proliferator-activated receptor gamma were successfully 
identi$ed as targets of meranzin, which exhibits potency compara-
ble to that of indomethacin and rosiglitazone73. In a similar fashion, 
Rollinger and co-workers have productively applied three-dimen-
sional pharmacophore models to interrogate target engagement 
by natural-product-derived structures74,75. #ese authors virtually 
screened 16 secondary metabolites from Ruta graveolens with a 
set of 2,208 pharmacophore models, resulting in the identi$cation 
and experimental validation of the natural product arborinine as a 
human rhinovirus coat protein inhibitor and rutamarin as a can-
nabinoid-2 receptor ligand76. Elaboration on an acetylcholinesterase 
pharmacophore model also resulted in the identi$cation of morphi-
nan and isoquinolines as moderate inhibitors77. Potent partial 
agonists of proliferator-activated receptor gamma were identi$ed 
among neolignans: dieugenol, tetrahydrodieugenol and magnolol78. 
Similarly, honokiol was identi$ed as a weak non-adipogenic partial 
proliferator-activated receptor gamma agonist79, providing oppor-
tunities for development. Although fragment-like natural products 
may serve as starting points for immediate further elaboration, the 
use of such weak e!ectors in chemical biology requires extensive 
prior validation80.

#e so%ware PASS81,82 is one of the early attempts to qualitatively 
predict thousands of biological activities from the two-dimensional 
chemical structure using molecular fragment descriptors83. #is 
so%ware was successfully applied to a set of more than 90 marine 
sponge alkaloids to identify anti-tumoural activity for approximately 

80% of these natural products. Ninety-three individual components 
of St John’s wort were analysed for probable pharmacological e!ects. 
Several compounds were correctly predicted for known side e!ects 
and cytochrome P450 modulation. Moreover, possible pharmaco-
therapeutic applications were identi$ed for further experimental 
validation. Numerous target prediction tools have been developed 
to analyse synthetic drug-like molecules84,85. #e majority of these 
methods rely on (i) chemical substructure similarity for target 
inference from reference drugs with known targets, (ii) explicit 
ligand–receptor docking, or (iii) genomic sequence and pathway 
information86–88. #erefore, it is no surprise that these approaches 
largely fail to predict targets for structurally intricate natural prod-
ucts because of their o%en rather di!erent molecular constitution 
compared with that of synthetic drugs, computationally elusive 
receptor-relevant conformational ensembles89, and lack of genomic 
and metabolomic reference data. 

In contrast to explicitly substructure-based computational 
methods, the SPiDER target prediction so%ware relies on a dual 
molecular representation in terms of topological pharmacophores 
and physicochemical properties90,91. Speci$cally, this so%ware tack-
les the challenge of performing predictions in the absence of struc-
tural similarity for de novo-designed chemical entities. #e idea is 
to $nd similarities between natural products and synthetic drugs 
on the level of pharmacophore features and computed proper-
ties. #e algorithm clusters compounds with self-organizing maps 
built from molecular descriptors92 that are suited for sca!old hop-
ping between natural products and their synthetic mimetics52. #is 
so%ware was fruitfully employed for the identi$cation of G-protein-
coupled receptor ligands90 and antiplasmodial kinase inhibitors93. 
We recently adapted this algorithm to predict the targets of struc-
turally complex natural products. #e antiproliferative macrocyclic 
archazolid A served as a challenging example, motivated by its pro-
found structural dissimilarity to drug-like small molecules. Target 
identi$cation for archazolid A was achieved through an analysis 

α,β-Unsaturated carbonyl groups are the most frequent potentially 
reactive substructures of natural products. One-sixth of the cur-
rently known natural products contain this generic chemical signa-
ture. It is controversial as to whether these compounds may serve as 
leads for drug design because their potential Michael acceptor func-
tion can lead to unwanted side e!ects, such as cell-damage or cyto-
toxicity. However, α,β-unsaturated carbonyls also have the potential 
to act as radical scavengers, enable covalent ligand binding to tar-
get proteins, or act as antioxidants, for example, by thiol trapping. 
Direct interaction with enzymes through α,β-unsaturated carbon-
yls can be desirable. For example, carcinogenesis can be blocked by 
a variety of substances that can induce (activate) certain enzymes, 
for example, quinone reductase and glutathione S-transferase 

activity, which then inhibits the ‘reactive electrophilic forms of 
carcinogens’138. #ese abilities can be attributed to substances with 
Michael-accepting features. #ere have been several attempts to 
calculate the reactivity of α,β-unsaturated carbonyls, speci$cally 
high Michael acceptor reactivity, which is linked to compound tox-
icity139. It remains di(cult to predict the actual in vivo functionality 
of these substructures, although Michael receptor functionality can 
be tuned by chemical optimization. One such approach is to vary 
the side chains of α-substituted enones (‘α-modenones’)140, exploit-
ing the fact that more electron-deprived bonds are more reactive. 
Spectroscopic methods support chemical optimization. For exam-
ple, 13C NMR shi% analysis of the α and β carbons of the double 
bond captures the strength of its Michael-accepting capabilities141.

Box 1 | Natural products containing α,β-unsaturated carbonyls — a liability for drug design?

R1

O

R2
α

β

α,β-Unsaturated
 carbonyl

O

R2

R1

O

R2

R1

O

R2
ox

Nu
R3

R1

O

R2

Nu
R3

R1

O

R2

R1

O

R2

Oxidation

Michael addition

Radical scavenging
or

or
R1

ox

–2e–, –2H+

HNuR3

NuR3 or R

REVIEW ARTICLENATURE CHEMISTRY DOI: 10.1038/NCHEM.2479

ǟ
ɥ
ƐƎƏƖ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ



34



LIMITAÇÕES

• Suprimento para garantir avanços do processo de P&D 
do medicamento
• Extrativismo

• Cultivo do organismo produtor

• Síntese em laboratório

• Dificuldade de modificação estrutural – “domesticação” 
da molécula

• Toxicidade



DESAFIOS:

v Redução da toxicidade do tratamento

v Resistência a múltiplas drogas

v Novas moléculas

v Novos alvos

v Atrelar a descoberta de moléculas com novos alvos
terapêuticos



PONTOS PARA REFLEXÃO:

¡ 80% da população mundial faz uso de medicamentos

alternativos (baseados em preparações de plantas) no 

tratamento de doenças (WHO)

¡ Estima-se um mercado de 18 bilhões de dólares

¡ Crença em efeitos colaterais menores

¡ Conhecimento tradicional associado



¡ Poucos dados em relação a pureza, segurança e eficácia
das medicações “alternativas”

¡ Por exemplo – preparações de gingeng são padronizadas
a partir do % de ginsenosídoes, mas existem 30 
compostos diferentes dessa classe que podem contribuir
com relação a atividade biológica

¡ Falta de testes clínicos padronizados

¡ Desconhecimento dos efeitos colaterias

¡ Interações medicamentosas

¡ Preconceito (?)

PONTOS PARA REFLEXÃO:



RESVERATROL

• Efeitos do resveratrol em modelos animais – dose efetiva (20 mg/kg)

• Concentração de resveratrol numa garrafa de vinho tinto (2 mg/L)

• “Dose efetiva” de vinho para um indivíduo de 70 kg – 700 garrafas de vinho
por dia



PESQUISA DE PRODUTOS NATURAIS COM 
ATIVIDADE ANTICÂNCER – HISTÓRICO: 

¡ Iniciou em 1955 no Instituto Nacional do Câncer (EUA) através 
de Screening

¡ Acima de 400 000 compostos foram testados

¡ Posteriormente passou a englobar micróbios e organismos 
marinhos

¡ Em 1980 foi interrompido em função dos poucos compostos 
identificados com o uso das linhagens leucêmicas de 
camundongos (L1210 e P388)



PESQUISA DE NOVOS FÁRMACOS ANTI-CÂNCER:

• Pré screening em 3 linhagens iniciou em 1999.

• Em seguida em 60 linhagens- Elimina 80% dos candidatos.

• Identificação o alvo molecular antes de proceder o teste xenografico , in 
vivo- desde de 1998.

• Tumores sólidos

PRE SCREEN –TESTE 
IN VITRO EM 3 
LINHAGENS DE 

CÉLULAS

TESTE NO PAINEL 
DE 60 LINHAGENS HOLLOW FIBER MODELOS 

XENOGRÁFICOS



70% dos quimioterápicos tem sua estrutura baseada num produto natural!!!









Paclitaxel



ALCALOÍDES DA VINCA

USO POPULAR:

Europa: tratamento da diabetes.

Índia: picada de inseto.

Hawai: hemorragia.

América central e do sul: congestão nasal e 

inflamação.

Caribe: irritação e infecção.

Catharanthus roseus 



ALCALÓIDES DA VINCA

¡ Originalmente isolados em 1958 por Robert 
Noble e Charles Thomas Berr no Canadá

¡ Ely Lilly identificou a citotoxicidade em 1959

¡ Rendimento 0.00002%

¡ Mecanismo de ação: inibição da polimerização 
da tubulina

¡ Aprovação para uso clínico em 1963



ALCALÓIDES DA VINCA:

¡ Uso clínico:
• Vincristina – Oncovin®, Leucemia, tumor de wilms e 

linfoma

• Vinblastina - Velban®, Linfoma de Hodgkin
• Efeitos adversos:

• Mielossupressão (branda), parestesias

• Alopecia

ALCALOÍDES DA VINCA



Podophyllum spp. -BERBERIDACEAE

Podofilina (lignano) verruga genital
Berberine (alcaloíde) febre e infeção
Podofilotoxina (derivado da podofilina) 
câncer





MECANISMO DE AÇÃO

displayed lower rates of religation. For the 16 sites with Cmax
values #1.5%, a strong linear inverse correlation (r ' 0.86) was
observed between rates of religation and levels of maximal
cleavage (Fig. 6, inset). This inverse correlation indicates that
the ability of etoposide to inhibit religation at these nucleic acid
sequences to a large extent dictates the levels of DNA cleavage
complex formed.

For the six sites with Cmax values .1.5%, the linear relation-
ship with rates of religation no longer held. Although these sites
displayed some of the slowest religation rates observed, maximal
levels of cleavage could not be accounted for solely on the basis of
drug-induced inhibition of religation. In these cases, it is pro-
posed that levels of noncovalent topoisomerase IIzdrugzDNA com-
plexes (i.e. ternary complexes) present at these sequences are
higher than those found at lesser sites. This increased concen-
tration of enzyme would contribute to the increased maximal
scission observed, allowing levels of cleavage to exceed those
predicted on the basis of religation rates alone.

DISCUSSION

Although topoisomerase II-targeted anticancer drugs induce
cell death by stimulating enzyme-mediated DNA scission (19,
22–26), little is understood regarding the nucleotide sequence
selectivity of these agents. Therefore, to address this critical
issue, a series of kinetic and binding experiments were carried
out in order to determine the mechanism by which etoposide
enhances cleavage complex formation at specific nucleic acid
sequences. Results indicate that interactions between topoi-
somerase II and etoposide appear to direct cleavage complex
formation, and enzymezdrug complexes are kinetically compe-
tent intermediates in this pathway. Furthermore, maximal
levels of drug-induced scission are determined largely by the
ability of etoposide to inhibit religation at specific sequences
rather than the kinetic affinity of the drug for cleavage complex
formation at those sites.

In some cases, levels of cleavage complexes formed at specific
sites exceeded those predicted on the basis of religation rates.
Thus, it is possible that higher levels of noncovalent ternary
complexes are formed at these sites. Although the nucleic acid
sequence elements that potentially promote increased levels of
enzymezdrugzDNA complex formation are not obvious, it should
be noted that the six sites that supported the highest levels of
maximal cleavage were located in two small clusters. Thus, it
may be that strong sites located in close proximity to one
another act synergistically to promote higher levels of enzyme
binding.

The kinetics of etoposide-enhanced DNA cleavage at specific
sites were analyzed by Eadie-Hofstee plots. Topoisomerase II-
mediated DNA scission appears to be amenable to this type of
analysis despite the fact that cleaved DNA is never released by
the enzyme. Most likely this is because all components of the
cleavage reaction are in equilibrium with one another. Conse-
quently, the level of DNA cleavage, which is a direct measure-
ment of cleavage complex concentration, reflects the rates of all
forward reactions (i.e. binding and cleavage) minus the rates of
all backward reactions (i.e. DNA religation and dissociation)
and hence is a value that can be equated to the velocity of the

FIG. 6. Correlation of rates of religation with maximal cleav-
age levels. Rates of religation were plotted versus Cmax values. The
inset shows a least squares linear fit to the data for Cmax #1.5% (r 5
0.86). The data represent the averages of two to four independent
experiments.

FIG. 7. Pathway of etoposide-in-
duced DNA cleavage complex forma-
tion. A pathway is shown depicting the
formation of topoisomerase II-DNA cleav-
age complexes in the presence of etopo-
side (the structure of which is shown at
the top). It is based on the premise1 that
drugs enhance topoisomerase II-mediated
nucleic acid scission predominately by al-
tering the structure of DNA (shown in
red) within the cleavage overhang (indi-
cated by vertical arrows). It is proposed
that the primary pathway for the forma-
tion of the noncovalent enzymezdrugzDNA
ternary complex is through etopo-
sideztopoisomerase II interactions (left
side). Although etoposide may bind DNA
prior to ternary complex formation (right
side), these nonspecific interactions are
proposed to be repository in nature. Fi-
nally, once the ternary complex is formed
at specific sites, enhanced cleavage com-
plex formation results from the ability of
etoposide to inhibit DNA religation at
those sequences (bottom).

Topoisomerase IIzEtoposide Binding Mediates DNA Cleavage 29243
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AÇÃO TERPÊUTICA DO ETOPOSIDE (VEPESID® ) 
E TENOPOSIDE (VUMON®)

¡ Usada em vários tipos de cânceres
¡ Cancer de testículo – não responde a outro 

tratamento. 
¡ Primeira escolha no câncer de pequenas células de 

pulmão.
¡ Saroma de Kaposi, linfomas e melanomas malignos.



Camptotheca acuminata 
(CHINA E TIBET) • 1950 screening no 

NCI

• 1966 Isolado um 
alcalóide da casca 
(quinolina)

• Estudos em tumores 
experimentais 
confirmam a atividade 
anticâncer.



Camptotecina Topotecano

Irinotecano



MECANISMO DE AÇÃO



DESENVOLVIMENTO
¡ O Topotecan foi aprovado pelo FDA em 1996 para o tratamento do 

câncer de ovário resistente a outros quimioterápicos.
¡ Produzido pelo Glaxo Smith Kline (GSK) com o nome comercial de 

Hycamtin®

¡ O Irinotecan (camptosar ®) foi aprovado pelo FDA em 1996 para 
tratamento do câncer coloretal resistente a outros fármacos.

¡ Produzido Pharmacia & Upjohn

¡ O Rubitecan® (9 amino camptotecina)  encontra-se em estudo clínico 
no câncer de pâncreas.

¡ Outros derivados estão sendo sintetizados para uso em outros tipos de 
câncer e atividade antiviral.

¡ As plantações de C. acuminata nos EUA produziram baixos níveis de 
Camptotecina.

¡ Buscou-se então a opção de novas espécies (Camptoteca lowreyana)



PACLITAXEL:
¡ Taxus brevifolia – coletada no 

estado de Washington USA em
1962 – Botânico Arthur S. Barclay.

¡ Jonathan Hartwell – NCI-USA –
Extrato com potente atividade em
leucemia murina e células KB.

¡ Isolamento do taxol – 1964.
¡ Elucidação estrutural – 1971 –

Wani et al.

Wani & Horwitz, 2014. Anti-cancer Drugs 25: 482.



PACLITAXEL:

¡ Mecanismo de ação – 1977 – Susan Band Horwitz

¡ Estudos em HeLa

¡ Bloqueio em metafase

¡ Aumento da polimerização e estabilização da tubulina

¡ Diferente dos alcalóides da vinca

¡ 1979 – primeiro paper do MoA é publicado



PACLITAXEL:

¡ Estudos pré-clínicos:

¡ Ativo em 13/14 tumores murinos transplantáveis

¡ Remissão completa em alguns casos

¡ Ativo em 15/16 tumores xenográficos

¡ Estudos de toxicologia pré-clínica

¡ Testes em ratos, camundongos e cães

¡ Principais efeitos: hematopoiéticos, gastrointestinais e 
neuromotores

¡ Cães foram mais sensíveis



PACLITAXEL:

¡ Suprimento da molécula:

¡ O estudo clínico foi lento em função da pouca disponibilidade da 
substância.

¡ Rendimento: 1 árvore e meia para cada grama de taxol (árvores 
de  100 anos). 

¡ Tratamento usual: 2g/paciente

¡ 40.000 mulheres morriam por ano de câncer de mama.

¡ Bristol Myers Squibb investiu na plantação de mais 100 milhões 
de árvores.

¡ Em 1991/92 , quilos de Taxol foram produzidos a partir da casca 
da árvore (semi-síntese).



PACLITAXEL

¡ Testes clínicos:

¡ Baixa solubilidade atrasou entrada em testes clínicos

¡ 1a tentativa em 1983 - primeiro paciente que recebeu taxol
morreu de choque anafilático

¡ 1983 -1988: Trabalhos na formulação, forma de administração e 
hipersensibilidade

¡ Solução: pré-tratamento com anti-histamínicos e glicocorticóides.

¡ Administração por infusão durante 24 horas

¡ Viabilização dos testes clínicos

¡ 29 de dezembro de 1992 – aprovação do FDA



The battle of “nano” paclitaxel
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Paclitaxel (PTX) is one of the three most widely used chemotherapeutic agents, together with doxorubicin and
cisplatin, and is first or second line treatment for several types of cancers. In 2000, Taxol, the conventional formu-
lation of PTX, became the best-selling cancer drug of all time with annual sales of 1.6 billion. In 2005, the intro-
duction of the albumin-based formulation of PTX, known as Abraxane, ended Taxol's monopoly of the PTX
market. Abraxane's ability to push the Taxol innovator and generic formulations aside attracted fierce competi-
tion amongst competitors worldwide to develop their own unique, new and improved formulation of PTX. At
this time there are at least 18 companies focused on pre-clinical and/or clinical development of nano-formula-
tions of PTX. These pharmaceutical companies are investing substantial capital to capture a share of the lucrative
global PTX market. It is hoped that any formulation that dominates the market will result in tangible benefits to
patients in terms of both survival and quality of life. Given all of this activity, here we address the question: Who
is going to win the battle of “nano” paclitaxel?

© 2017 Elsevier B.V. All rights reserved.

Keywords:
Nanotechnology
Nanomedicine
Paclitaxel
Taxol®
Abraxane®
Oncology

Contents

1. Paclitaxel formulations: big money deals and promising data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.1. Taxol® vs Abraxane® . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.2. The competitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.3. A comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2. The landscape in the near future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1. Paclitaxel formulations: big money deals and promising data

Large pharmaceutical and small biotech companies (18 in total, Fig.
1) have pursued formulation development, manufacturing, acquisition
of distribution rights and/or companymergerswith a goal towards con-
quering the paclitaxel (PTX)market. Funds exchanged in business deals
have ranged from a few million USD, for acquisition of distribution
rights, to several billion USD, for company acquisitions. The motivation

driving these deals is simple: PTX has been established worldwide as
the number one chemotherapeutic agent [1], and these companies are
aiming to obtain a profitable share of the PTXmarket. The US dominates
the global oncology market (i.e. 39%) while North America, Europe,
Japan and BRIC (Brazil, Russia, India, China) together comprise 88% [2].
There is tremendous potential for an efficacious formulation of PTX,
that is approved in all four markets, to become a financial and clinically
meaningful success.

1.1. Taxol® vs Abraxane®

PTX has been formulated andmarketed as Taxol since receiving FDA
approval in 1992. By 2000, Taxol had become the best-selling anti-

Advanced Drug Delivery Reviews 122 (2017) 20–30

⁎ Corresponding author at: Leslie Dan Faculty of Pharmacy, University of Toronto, 144
College Street, Toronto, Ontario M5S 3M2, Canada.

E-mail addresses: alexandrosofias@outlook.com (A.M. Sofias), m.dunne@utoronto.ca
(M. Dunne), g.storm@uu.nl (G. Storm), cj.allen@utoronto.ca (C. Allen).

http://dx.doi.org/10.1016/j.addr.2017.02.003
0169-409X/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews

j ourna l homepage: www.e lsev ie r .com/ locate /addr

cancer drug of all time with annual sales of $1.6 billion [3]. Since 2002,
seven generic Taxol formulations have been launched by the following
companies Gland Pharma, Actavis, Fresenius Kabi Oncol, Mylan Labs,
Sandoz, Teva Pharms, andWest-Ward Pharms. This has significantly re-
duced the revenue resulting from sales of the innovator product [4]. The
Taxol formulations rely on the use of Cremophor EL (alt. nameKolliphor
EL, Macrogolglycerol ricinoleate, PEG-35 castor oil, Polyoxyl 35 hydro-
genated castor oil and Polyoxyl-35 castor oil), a synthetic, nonionic sur-
factant that acts as a solubilizer for PTX. Taxol is clinically approved for
treatment of breast cancer (BC), metastatic breast cancer (MBC), ovari-
an cancer (OC), non-small cell lung cancer (NSCLC), bladder cancer,
prostate cancer, melanoma, esophageal cancer, and other types of
solid tumors [5]. In 2005, the introduction of Abraxane to the market-
place ended the monopoly of the innovator and generic versions of
the Taxol formulation [6].

Abraxane,manufactured byAbraxis Bioscience, was approved by the
Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) in 2005 and 2008, respectively, as second-line therapy
for MBC patients with resistance to an anthracycline plus taxane regi-
men [6,7]. Importantly, the clinical data leading to approval of Abraxane
demonstrated superiority relative to Taxol in terms of a reduction in
toxicity which in turn resulted in a significantly higher maximum toler-
ated dose (MTD) for Abraxane [8]. In 2010, Celgene Corporation ac-
quired Abraxane/Abraxis Bioscience for $2.9 billion [9]. The outlook
for Abraxane then changed significantly following successful Phase III
clinical trials (NCT00540514: comparison of Abraxane and carboplatin
versus Taxol and carboplatin, and NCT00844649: Abraxane and
gemcitabine versus gemcitabine) [10,11] which led to the 2012 FDA ap-
proval of the drug as first-line treatment for NSCLC in combinationwith
carboplatin, and approval by the FDA and EMA in 2013 as first-line
treatment in combination with gemcitabine for metastatic pancreatic
adenocarcinoma [7]. Abraxane sales have increased significantly from

$387 million in 2011 [12] to $967million in 2015 [13] and $973million
in 2016 [14] with projections as high as $1.9 billion by 2020 [15]. These
figures suggest that Abraxane has the potential to surpass the incredible
success of Taxol. As shown in Fig. 2, Taxol's domination of the market
peaked around 2000 and decreased beyond that following expiration
of its US patent in 2001 [16,17]. The current leader in the PTX-formula-
tion market is certainly Abraxane. Nevertheless, Celgene recently pro-
vided an updated estimate of projected revenues for 2017 that
indicated a decrease from an initial projection of N$1.5 billion to $1 bil-
lion, raising questions as to whether it will be feasible to reach $1.9 bil-
lion in sales by 2020 [18].

One of the major factors behind the success of Abraxane is its sim-
plicity. Abraxane includes six or seven PTX molecules bound non-cova-
lently [19] to an albumin molecule forming a PTX-albumin primary
aggregate of 4–14 nm [20,21]. These then further aggregate to form an
albumin-PTX particle of approximately 130 nm in diameter [22]. Pre-
clinical studies have shown that Abraxane improves efficacy, in compar-
ison to Taxol, due to an increase in tumor accumulation of drug [23,24].
An increase in tumor accumulation, following administration of
Abraxane relative to Taxol, has not been confirmed clinically. However,
clinical studies have shown that the absence of Cremophor EL reduces
the toxicity of the formulation, enabling a 49% higher dose of drug to
be administered without corticosteroid premedication [8,25]. Table 1
highlightsmany of the strengths of Abraxane including ease of adminis-
tration, reduction in hypersensitivity reactions, better overall response
and survival, as well as improvements in life years gained (LYG) and
quality-adjusted life years gained (QALYG) [8,26–30]. With respect to
the toxicity profile, even though Abraxane shows a decrease in the inci-
dence of neutropenia, an increase in incidence of neurotoxicity has been
reported when Abraxane is administered in combination with
Gemcitabine for treatment of pancreatic cancer (PC) [31]. In 2015, the
National Institute of Health and Care Excellence (NICE) in the UK

Fig. 1. Industrial competitors in the global PTXmarket. PTX is one of themostwidely used chemotherapeutic agents.Many companies have developed andmanufacturednanotechnology-
based formulations of PTX. Aswell, companies have been involved in large financial deals that have provided an entry point to the PTX-market. Gray lines: formulation development and/
ormanufacturing; green lines: acquisition of drug formulation or distribution rights; blue lines: merger between companies; red lines: company acquisition; $: deal bellow 0.1 billion; $$:
deal between 0.1 and 1 billion; $$$: deal between 1 and 10 billion; $$$$ deal over 10 billion.
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