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ABSTRACT 

The origin of FDA approved natural product new chemical entities. 

Natural products are produced by living organisms and are usually secondary metabolites 

that are produced as a defence mechanism against predators or to aid the organism 

adapting to its environment. Natural products have been evolving for a very long time in 

natural selection process. Therefore they possess optimized biologically active 

metabolites that have delivered a great variety of structures for drug discovery. 

NPs have always been an important part of drug discovery and intense research has been 

conducted in this area since the discovery of penicillin in the forties. However in the 1990s 

the interest in NPs declined and was replaced by molecular target based drug discovery. 

In recent years NP based drug discovery that was considered too complex is regaining 

value as a promising and important source for drug discovery. 

The purpose of this project was to pool all available information on the origin of NPs and 

NP derived NCEs approved by the FDA until the end of 2015 and to evaluate the input of 

NPs in drug discovery. 

The results show that NPs still play a very important role in the search for new drugs. NPs 

have had significant input in drug development especially in treatment of bacterial 

infections and various cancer treatments and continue to deliver new drugs in almost every 

field of medicine. 
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ÁGRIP 

 
Uppruni nýrra lyfjaefna í náttúrunni sem samþykkt hafa verið af Lyfjastofnun 

Bandaríkjanna. 

Lífverur framleiða annars stigs efni til að verjast rándýrum og breytingum í sínu nánasta 

umhverfi. Þessi náttúruefni hafa verið að þróast í langan tíma í gegnum náttúruval og eru 

oft mjög lífvirk efni sem hafa byggingar sem geta nýst í þróun nýrra lyfja. 

Náttúruefni hafa alltaf haft mikilvægan sess í lyfjaþróun og miklar rannsóknir hafa verið 

gerðar á þessu sviði síðan byrjað var að nota pensilín sem lyf á fimmta áratugnum. Á 

tíunda áratug síðustu aldar dró þó úr áhuga lyfjaiðnaðarins á náttúruefnum í kjölfar 

tækninýunga. Síðustu ár hefur áhugi lyfjaiðnaðarins á náttúruefnum aukist aftur og þau 

eru nú álitin mikilvæg uppspretta fyrir uppgövun nýrra lyfja. 

Markmið þessa verkefnis var að safna öllum tiltækum upplýsingum um náttúruefni og 

afleiður þeirra sem samþykkt höfðu verið af Lyfjastofnun Bandaríkjanna sem ný lyfjaefni 

í lok ársins 2015 og leggja mat á hvaða áhrif þau hafa á uppgötvun nýrra lyfja. 

Niðurstöðurnar sýna að náttúruefni gegna enn mikilvægu hlutverki við þróun á nýjum 

lyfjum við hinum ýmsu sjúkdómum og eru sérstaklega mikilvæg þegar kemur að 

uppgötvun á nýjum krabbameins lyfjum og sýklalyfjum. 



E 

 

LIST OF ABBREVIATIONS 
 

EMA   European medicines agency 

FDA   US Food and Drug Administration 

HTS   High throughput screening 

NCE   New chemical entity 

NP   Natural product 

NP derivative  Natural product derivative 

  



F 

 

INDEX 

1. INTRODUCTION _________________________________________________________________________ 1 

1.1 Natural products______________________________________________________________________ 1 

1.1.1 Structural diversity _____________________________________________________________________________ 1 

1.1.2 Selective mechanism ____________________________________________________________________________ 2 

1.1.3 Natural products and natural derived products ___________________________________________ 2 

1.2 History of natural products _________________________________________________________ 3 

1.2.1 Early history _________________________________________________________________________________ 3 

1.2.2 18th and 19th century _______________________________________________________________________ 3 

1.2.3 20th century _________________________________________________________________________________ 4 

1.3 Drug discovery and development __________________________________________________ 5 

1.3.1 Drug discovery process _________________________________________________________________________ 6 

1.3.1.2 Phenotypic approach _____________________________________________________________________ 6 

1.3.2 Natural product drug discovery ____________________________________________________________ 7 

1.3.3 Natural product inspired drug design ______________________________________________________ 9 

1.4 Natural product and natural product derived drugs _________________________ 10 

1.4.1 Plants ________________________________________________________________________________________ 10 

1.4.2  Microorganisms ________________________________________________________________________________ 12 

1.4.3 Marine _______________________________________________________________________________________ 14 

1.4.4 Other sources _______________________________________________________________________________ 15 

1.5  FDA approved natural products _____________________________________________________ 15 

2. AIMS _________________________________________________________________________________________ 17 

3. Methods ____________________________________________________________________________________ 18 

3.1 Scope _________________________________________________________________________________ 18 

3.2 Data collection ______________________________________________________________________ 18 

3.3 Analysis ______________________________________________________________________________ 19 

4. RESULTS ____________________________________________________________________________________ 20 

4.1 NP and NP derived drugs approved by the FDA _______________________________ 20 

4.2 Analysis of NP and NP derived drugs ____________________________________________ 28 

4.3 Analysis of NP sources _____________________________________________________________ 29 



G 

 

5. DISCUSSION ________________________________________________________________________________ 32 

5.1 Importance of NPs in drug discovery _____________________________________________ 32 

5.2 Annual approvals of NP and NP derivative NCEs ______________________________ 33 

5.3 NP sources ___________________________________________________________________________ 33 

5.2.1 Important sources __________________________________________________________________________ 33 

5.2.2 Development of drug discovery with respect to sources of NP _________________________ 34 

5.2.3 Importance of the biota ____________________________________________________________________ 35 

6. Conclusion ______________________________________________________________________________ 36 

REFERENCES _________________________________________________________________________________ 37 

 

  



H 

 

 

 

TABLES 

 
Table 1. NP and NP derived drugs approved by the FDA until the end of 

 2015 listed in chronological order according to the year of approval………..20 

   



I 

 

FIGURES 

 
Figure 1. NP, NP derivatives and total number of FDA approved NP  

NCEs in 10 year periods…………………………………………………..29 

 
Figure 2. FDA approved NP and NP derived NCEs, separated by  

biological source…………………………………………………………..30 

 

 

Figure 3. Number of FDA approved NCEs in 10 year periods,  

separated by biological source…………………………………………….31 



1 

 

1. INTRODUCTION 

1.1 Natural products 

Natural products (NPs) can be defined as biologically active chemical compounds that are 

found in nature even if the compound can be prepared by total synthesis. Natural products 

are produced by living organisms and are usually secondary metabolites. Secondary 

metabolites have functions that are not directly involved in the growth, development or 

reproduction of the organism (Krause & Tobin, 2013). They are generally produced as a 

defence mechanism against predators or to aid the organism adapting to its surrounding 

environment (Dias, Urban, & Roessner, 2012). Natural products have been evolving for a 

very long time in natural selection process adapting to various abiotic and biotic stresses 

with. Therefore they possess optimized biologically active metabolites which can be 

highly potent and selective and have through the history been an important source of drugs 

and continue to deliver a great variety of structures for drug discovery (Clardy & Walsh, 

2004; Croteau, Kutchan, & Lewis, 2000; Paterson & Anderson, 2005). 

Large portion of drugs on the market today are natural products or natural derived products 

and natural products have been an important source of active compounds and leads for the 

discovery and development of new drugs (Chin, Balunas, Chai, & Kinghorn, 2006; 

Newman & Cragg, 2016b; Patridge, Gareiss, Kinch, & Hoyer, 2015). It is estimated that 

more than 95% of the world’s biodiversity has not been evaluated for biological activity 

so there is yet more to discover (David, Wolfender, & Dias, 2015). 

1.1.1 Structural diversity 

Pharmaceuticals are substances that can be used as medicines. The chemical structure can 

be complex or simple with a variety of chemical, structural, physical and biological 

properties (Taylor, 2015). NPs occupy a different and wider chemical space than synthetic 

compounds and show more diverse and chemically complex structures, and thus continue 

to be a valuable source for the discovery of drug candidates (Ertl & Schuffenhauer, 2008; 

Feher & Schmidt, 2003; Ganesan, 2008; Krause & Tobin, 2013). NPs also tend to have 

rich pharmacophores with three dimensional structures that are less linear and express 
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more functional groups than synthetic compounds (Koehn & Carter, 2005; Paterson & 

Anderson, 2005).  

1.1.2 Selective mechanism 

NPs are natural metabolites and may have the advantage over synthetic compounds of 

being likely to be able to transport to their intracellular site of action (Harvey, Edrada-

Ebel, & Quinn, 2015). NPs often possess highly selective and specific biological activities 

that would probably not be discovered without the investigation of the mechanism of 

action of natural product leads. Natural products and derivatives of natural product on the 

market have various mechanisms of actions and have targets such as topoisomerases, 

peptidyltransferases, ribosomes, transpeptidases, G-protein-coupled receptors, opioid 

receptors, neurotransmitter receptors, HMG-CoA reductase (statins) and cyclooxygenases 

(salicylic acid) (Patridge et al., 2015). 

1.1.3 Natural products and natural derived products 

NP derivatives are NPs that have been chemically modified to improve their properties, 

for example to enhance bioactivity, solubility, stability or absorption, or to reduce toxicity 

and adverse effects. An example of such modifications is the development of orlistat from 

lipstatin, a pancreatic lipase inhibitor which was obtained from Streptomyces toxytricini. 

Hydrogenation of lipstatin, resulted in a more stable derivative with longer shelf life, 

orlistat, that was approved in 1999 to treat obesity (FDA, 2015; Szychowski, Truchon, & 

Bennani, 2014). Modifications can also be made to develop prodrugs so that the active 

drug is released in vivo (Rautio et al., 2008). NP derivatives can also be designed with 

simplified structures that are more easily synthesized than the parent compound as is the 

case with eribulin that was approved by the FDA in 2010 as a chemotherapy for metastatic 

breast cancer. Eribulin was derived from halichondrin B, a complex, much larger natural 

product obtained from marine sponges such as Halichondria okadai. Removal of large 

portions of halichondrin B did not have major effects on its antimiotic properties (Paterson 

& Anderson, 2005; Rangel & Falkenberg, 2015). 
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 1.2 History of natural products 

1.2.1 Early history 

Humans have relied on nature from the beginning for their basic needs and natural 

products have been a very important source of medicines. The knowledge of medicinal 

properties of plants and extracts has been shared through history first verbally and then in 

writing. This knowledge was based on trial and error where an entire plant or parts of 

plants were used with no knowledge of the multiple chemical content of the plants 

(Umashankar, 2015). The first records of traditional medicine systems are from Egypt 

(2900 BC) and Mesopotamia (2600 BC), where about 1000 plant derived medicines are 

described. Egyptian pharmaceutical record that dates from 1500 BC documents more than 

700 drugs in various formulas such as pills, snuffs, poultices and infusions. 

Documentation of the Indian Ayurveda system dates from about 1000 BC (Atanasov et 

al., 2015; Cragg & Newman, 2013) and the first record of traditional Chinese medicine, 

that involves more than 13000 drugs today, dates from about 1100 BC (Taylor, 2015). 

1.2.2 18th and 19th century 

The basis for rational clinical investigation of medicinal herbs began in the 18th century 

with the studies of poisonous herbs such as aconite and colchicum by Anton von Störck 

and studies of foxglove,  which use had been traced back to Europe in the 10th century, for 

the treatment of edema by William Withering (Atanasov et al., 2015). The active 

constituent of foxglove (Digitalis purpurea), digitoxin was later found to have cardiotonic 

effects and is still used in treatment of congestive heart failure and heart deficiency (Dias 

et al., 2012).  

In the first decades of the 19th century the rational drug discovery from plants began with 

new techniques to separate active substances from extracts (Umashankar, 2015). The first 

report of isolation of an active substance from plant was in 1816 when the German 

apothecary assistant Friedrich Sertürner isolated morphine from Papaver somniferum. 

Opium juice from the plant has been used since before history was recorded in ancient 

Mesopotamia (Cragg & Newman, 2005). Sertürner described the isolation, crystallization, 

crystal structure and pharmacological properties (studied in dogs and self-experiments) of 

the substance. This discovery increased the understanding of alkaloid chemistry and lead 
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to examination of other medicinal herbs that yielded many bioactive natural products in 

the beginning of the 19th century such as quinine, caffeine, nicotine, atropine, colchicine, 

cocaine and capsaicin (Atanasov et al., 2015).  

Examples of early drug discovery and development are the stories of quinine and salicylic 

acid. Quinine was isolated from the bark of Cinchona species in 1820 by the French 

pharmacists, Caventou and Pelletier. The bark was first introduced in Europe for the 

treatment of malaria early in the 17th century but had been used long before that in the 

Amazon region for the treatment of fevers. Chloroquine and mefloquine are synthesised 

commonly used antimalarial agents which are based on the structure of quinine (Cragg & 

Newman, 2005). The bark of willow trees had been recorded by Hippocrates as having 

analgesic properties (Taylor, 2015) and in 1829 it was discovered that the compound 

salicin from the bark of willow trees, Salix alba, was helpful in relieving pain. In 1838 

salicylic acid was isolated and the first natural compound produced by chemical synthesis 

was salicylic acid in 1853. Around that time efforts to produce natural products by 

chemical synthesis were undertaken to facilitate high quality production at lower costs 

(Atanasov et al., 2015). Salicylic acid had gastric side effects and in 1897 a modified 

version with improved efficacy and less side effects was synthesized, acetylsalicylic acid 

(Krause & Tobin, 2013; Taylor, 2015). Acetylsalicylic acid is still widely used today for 

pain management. It was the first nonsteroidal anti-inflammatory drug (NSAID) and its 

specific inhibition of cyclooxygenase inspired the developments of several other NSAIDs 

(McCurdy & Scully, 2005). 

1.2.3 20th century 

Investments in research and development increased with the Second World War, a wide 

range of conditions required treatments and largescale production of analgesics and 

antibiotics began. Governments also increased their involvement in the pharmaceutical 

area with regulations of medicinal production (Taylor, 2015). Natural product discovery 

blossomed after the war when pharmaceutical companies refocused on the search for new 

antibiotics with large research and development programs developed around natural 

product discovery (Baker, Chu, Oza, & Rajgarhia, 2007). Extracts and partly purified 

natural products were increasingly replaced with pure compounds and major advances 

were seen in drug development (Atanasov et al., 2015). An example of the results is the 
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discovery in the 1970s of compactin and mevinolin from fungal fermentation broths of 

Penicillin and Aspergillus species. These compounds were found to inhibit the 

biosynthesis of cholesterol and have led to the development of semisynthetic statins such 

as simvastatin and pravastatin and more potent totally synthetic statins such as 

atorvastatin, which structure is based on the natural compounds (Baker et al., 2007; 

Newman, Cragg, & Snader, 2000; Wu, 2010).  

In the 1990s the interest in natural products declined and was replaced by molecular target 

based drug discovery with promising new technologies introduced into the drug discovery 

process, such as combinatorial chemistry and high throughput screening (HTS). With 

combinatorial chemistry, compounds can be synthesized rapidly to create libraries 

containing hundreds of thousands of compounds, and HTS allows rapid testing of 

compounds. The expectations of these new technologies have not materialized, as the 

compound libraries have limited structural diversity and few NCEs were delivered, though 

the efficiency of the whole discovery process has improved. In recent years, natural 

product based drug discovery that was considered too complex is regaining value as a 

promising and important source for drug discovery (Dias et al., 2012; Ertl & 

Schuffenhauer, 2008; Krause & Tobin, 2013; Szychowski et al., 2014). This can be seen 

from the number of worldwide pharmaceutical patents granted for natural products 

between 1984 and 2003. Patent activity increased through the 1980s and a small decline 

can be seen in the 1990s, while in the same period worldwide pharmaceutical research and 

development spending tripled. Then there was an increase in number of patents granted 

between 2000 and 2003 (Koehn & Carter, 2005).  

1.3 Drug discovery and development 

An important part of drug discovery is identifying new chemical entities (NCEs) which 

possess potential therapeutic value. A NCE is a new active substance, that is responsible 

for the physiological or pharmacological action of the drug, that has not been used before 

in a medicinal product (EMEA, 2003; "FDA New drug product exclusivity," 2015). NCEs 

can be obtained from chemical synthesis, isolation from natural sources or a combination 

of both. The drug discovery environment is constantly evolving with new techniques and 

increasing demands of safety and efficacy. Modern drug discovery and development is a 
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long process that can take 10-15 years (Taylor, 2015) and even longer, in some cases up 

to 30 years (Martins, Vieira, Gaspar, & Santos, 2014).  

1.3.1 Drug discovery process  

Leads for the discovery and development of new drugs can be identified by target based 

or phenotypic screening, modification of natural products or biologic based approaches 

(Swinney & Anthony, 2011). Innovating companies need to patent drugs early in the 

discovery phase in order to protect their invention and have exclusive rights to sell the 

product. Patents are usually granted for 20 years so, after 10-15 years of research, when 

the drug reaches the market there are only 5-10 years left until the patent expires and 

generic competition will arrive. By that time the company needs to have earned back what 

has been spent in research, manufacturing and marketing on this drug, and research on all 

the other drugs that did not reach the market since generic competition leads to a dramatic 

reduction in price and loss of market share (Taylor, 2015).  

1.3.1.1 Target based approach 

A typical target based approach begins with a target selection. A potential drug target, the 

site where a drug can bind and act, is identified and its relevance in a disease process 

demonstrated (Taylor, 2015; Umashankar, 2015). With identified and validated drug 

targets the search for hits, which are molecules that display preferable interactions with 

the target, can begin. Hits are usually found by high-throughput screening (HTS) that can 

yield several hundred compounds (Taylor, 2015). A number of chemical libraries exist 

including natural compound libraries and combinatorial chemistry libraries. Leads, 

compounds that usually exhibit overall good pharmaceutical properties, are then 

developed from the hits. They can then be optimized by chemical modification according 

to structure activity analysis to display improved potency, efficacy, pharmacokinetic and 

pharmacodynamics properties (Umashankar, 2015). The leads that show promising 

activity against a drug target are then tested in pre-clinical studies. In this step the number 

of potential leads are reduced from 10-15 to 3-4 substances (Taylor, 2015).   

1.3.1.2 Phenotypic approach 

With a phenotypic approach the test compound is applied to a cell line (bacteria, yeast, 

eukaryotic cells or tissues in culture, etc.) and the response is measured (Katz & Baltz, 
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2016). A prior understanding of the molecular mechanism of action is not required, and  

the activity that is seen in such assays might be translated into therapeutic impact in a 

given disease state more effectively than in the more artificial target-based assays 

(Swinney & Anthony, 2011).  

1.3.1.3 Pre-clinical and clinical studies 

Pre-clinical studies are done in vitro, in vivo and in silico and include: development of 

large scale synthesis of the lead compound; animal safety studies; carcinogenicity studies; 

drug delivery, elimination and metabolism studies; formulation experiments; and dose-

ratio studies. Those candidates that have promising outcomes in pre-clinical studies can 

then proceed to clinical human trials. The costs escalate rapidly in this step, where 

metabolic and pharmacological effects of the drug candidates are studied in humans, and 

about 90% of drug candidates entering clinical trials fail so an informed decision needs to 

be made whether the candidate is taken forward into clinical development. Clinical trials 

are divided into four phases where safety, tolerability, pharmacodynamic and 

pharmacokinetic properties of the drug are tested as well as the effectiveness of the drug 

is tested and compared with standard therapy to establish its relevance in treatment and 

monitor side effects. Following successful phase 1, 2 and 3 clinical trials the drug can be 

marketed if approved by relevant authorities such as Food and drug administration (FDA) 

in the United States and the European medicines agency (EMA) in Europe. Phase 4 begins 

when the drug reaches the market and involves monitoring safety and detecting rare or 

long term side effects in a large population and time period (Taylor, 2015; Umashankar, 

2015).  

1.3.2 Natural product drug discovery 

Natural products are ideal candidates for drug discovery and have the advantage over 

synthetic compounds that they do not need much modifying since they have been 

optimized already through evolution. They are likely to have a high bioavailability, be 

biologically active and to be substrates for the transporter systems that can deliver the 

compounds to their target (Harvey et al., 2015; Swinney & Anthony, 2011). NPs for drug 

development are usually identified by testing extracts for a desirable activity. Libraries are 

created of crude extracts of NPs or semi-purified chemical compounds from NP extracts 

that are stored for screening purposes. The diversity of source materials for these extracts 
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is increasing with natural products from unexplored sources like the deep oceans and from 

extreme ecosystems (Baker et al., 2007). 

  

1.3.2.1 Challenges in natural product drug discovery 

Challenges related with the use of natural products as sources for drug discovery have to 

do with the accessibility of the starting material, policy issues and financial pressure 

(Kingston, 2011). The available amount of natural products is often limited and yields 

insufficient quantities of compounds. For the initial pharmacological evaluation a small 

amount of material is usually sufficient while much larger quantities are needed for 

additional testing, especially if the product becomes a pharmaceutical lead (David et al., 

2015; Koehn & Carter, 2005; Martins et al., 2014). Natural habitat needs to be respected 

when collecting from the wild and can rapidly disappear when overharvested so 

recollections of wild species could turn difficult (David et al., 2015) and season-dependent 

chemical composition of plants can also limit the window for recollecting (Atanasov et 

al., 2015). Also collection of plant material, correct identification and nomeclature, and 

preparation of the herbarium vouchers are challenging tasks that cannot be automated 

(Taylor, 2015).  

The structure of natural products are usually more complex than of synthesized 

compounds, which makes it more difficult to extract, purify or synthesize sufficient 

quantities for discovery and development research (Krause & Tobin, 2013). The issue of 

compound supply came up with the cancer therapeutic paclitaxel that was isolated from 

the bark of Taxus brevifolia. A bark from three matured trees (100 years old) are needed 

to provide 1 gram of paclitaxel (2 grams are needed for a course of treatment). With an 

expensive and complex synthesis it is now produced synthetically (Dias et al., 2012).  

 

Efforts have been made to improve technical issues and optimize the use of natural 

products in drug discovery with advances in the development of screening libraries based 

on natural product extracts, fractions prepared from extracts and purified compounds, and 

the use of chemical scaffolds based on natural products (Harvey, 2008; Harvey et al., 

2015). Also genomics- and bioinformatics-based approaches provide alternative strategies 

in natural product development and have revealed new compounds that were undetected 

with previous methods (Luo, Cobb, & Zhao, 2014).  
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1.3.3 Natural product inspired drug design 

Many medicinal and pharmaceutical discoveries involving mechanism of action and target 

discoveries have been made and are worth to mention in this contest.  Discoveries that 

perhaps would not have been made without the involvement of NPs even though the final 

therapeutic compound is synthetic and cannot be considered a NP (Harvey, 2014; 

Newman et al., 2000). A few examples are described below. 

1.3.3.1 ACE inhibitors 

The angiotensin converting enzyme (ACE) inhibitors which are used in treatment of 

cardiovascular diseases are synthetic compounds which development can be traced back 

to experiments conducted in 1965 with the venom of the South American pit viper, 

Bothrops jaracaca. Teprotide is a nonapeptide isolated from the venom that lowers 

systematic blood pressure by blocking ACE. Experiments conducted, first with the venom 

and then with teprotide, established the essential role of ACE in regulating blood pressure 

even though teprotide is not a good drug candidate due to lack of oral activity (Harvey, 

2014). Further experiments showed that all the peptides that had inhibited ACE had a C-

terminal proline and that benzylsuccinic acid was a specific inhibitor of a similar 

carboxypeptidase. This led to the development of series of proline derivatives that finally 

resulted in the orally active captopril, which was the first ACE inhibitor introduced in 

1981. Further developments have led to more potent ACE inhibitors such as enalapril, 

fosinopril and quinapril (Newman et al., 2000; Nguyen & Kiso, 2015).  

1.3.3.2 Neuromuscular blocking agents  

The introduction of neuromuscular blocking agents revolutionized the practice of 

anesthesia which allowed rapid advances in general surgery. Neuromuscular blocking 

agents compete with acetylcholine for nicotinic acetylcholine receptors and block 

excitatory signals at the neuromuscular junction resulting in skeletal muscle paralysis 

(Harvey, 2014). The first muscle relaxant was isolated from curare, which is a crude plant 

extract from various species of Strichnos and Chondrodendron. Curare was used for 

centuries by South American Indians as an arrow poison and introduced in western 

medicine in the 19th century in the treatment of tetanus, epilepsy, rabies and chorea. 

Tubocuranine, an alkaloid that is one of the key active substances in curare, was the first 
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drug derived from the toxin. It was extracted from Chondrodendron tomentosum, and 

approved by the FDA in 1945 as an anesthetic agent (Dorkins, 1982; FDA, 2015).  

After the introduction of tubocurarine advances were seen in neuromuscular 

pharmacology and various compounds were designed based on tubocurarine’s structure 

(Dorkins, 1982; Harvey, 2014). Examples of synthesized compounds based on these 

findings are atracurium, doxacurium and mivacurium approved by the FDA in 1983, 1991 

and 1992 respectively. Explorations of similar toxins led to the discovery of malouetine 

which is a steroid isolated from African poisons from the roots and bark of Malouetia 

bequaertiana. NP muscle relaxants derived from malouetine are pancuronium (1972), 

pipecuronium (1990), vecuronium (1984), rocuronium (1994) and rapacuronium (1999) 

(Booij, 2000).  

 

1.3.3.3 Nucleoside derivatives 

The identification of sponguridine and spongothymidine in the 1951 from a Caribbean 

marine sponge, Tectitethya crypta  (Rangel & Falkenberg, 2015) had a big influence on 

nucleoside analog research. Until then it was believed that the nucleoside had to have a 

ribose or deoxyribose to show biological activity but this fundamental discovery led to 

experiments with nucleoside analogs containing arabinose as antiviral and antitumor 

agents. Many synthetic antiviral and anticancer agents can be traced back to this discovery 

such as aciclovir, abacavir, entecavir and clofarabine (Jones, Chin, & Kinghorn, 2006; 

Newman & Cragg, 2016a).  

1.4 Natural product and natural product derived drugs 

1.4.1 Plants 

 

Plants have formed the basis for traditional medicine systems in many cultures for 

thousands of years and traditional medicine will continue to play an important part in 

health care across the world. Plants have been the inspiration for a number of modern 

drugs and some discoveries have been made with isolation of substances from plants used 

in traditional medicine (David et al., 2015). Farnsworth and colleagues reported in 1985 

that of 119 NP derived from plants 88 (74%) were discovered after isolation from plants 
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that were known to be used in traditional medicine (Farnsworth, Akerele, Bingel, Soejarto, 

& Guo, 1985).  

Many indispensable compounds for modern pharmacotherapy are derived from plants. 

Examples of drug discovery based on traditional medicine are the early discoveries of 

morphine, digitoxin and quinine that were mentioned above. Another recent example is 

artemisinin, isolated in 1972, from wormwood, Artemisia annua, that has been used for 

centuries in Traditional Chinese medicine to treat malaria and fevers. Artemisinin and its 

derivative, artemether are highly effective against chloroquine-resistant malaria and are 

used throughout the world today (Jones et al., 2006; Newman et al., 2000). In 2015 

Youyou Tu was awarded with the Nobel Prize in medicine for the discovery of artemisinin 

and shared the price with William C. Campbell and Satoshi Omura that discovered 

ivermectin. Ivermectin that is derived from Streptomyces bakteria led to the discovery of 

a novel class of antiparasitic drugs (Nobel Media AB). 

A few examples of medicinal uses of plant derived drugs are: metformin, a widely used 

diabetes agent, that is a derivative of galegine obtained from the plant Galega 

officinalis  (Bailey & Day, 2004); salbutamol and salmeterol, which are bronchodilators 

used in asthma treatment, that are synthetic derivatives of ephedrine obtained from 

Ephedra sinica (Lee, 2011); and the cancer agents paclitaxel and its derivatives from 

Taxus species mentioned above, vincristine and vinblastine from Catharanthus roseus and 

topotecan and irinotecan which are derivatives of camptothecin isolated from the tree 

Camptotheca acuminate (Atanasov et al., 2015; Cragg & Newman, 2013).  

Medicinal uses have been documented for 10,000 to 15,000 of the world’s plants and 150-

200 of them have been incorporated in modern treatments (Krause & Tobin, 2013). By 

gathering the studies and knowledge of traditional medicine, benefits for the development 

of new improved drugs can arise (David et al., 2015). It is estimated that only 5-6% of the 

approximately 300,000 higher plant species (estimations range from 215,000 to 500,000) 

have been systematically investigated, pharmacologically, and 15% phytochemically 

(Cragg & Newman, 2013; Krause & Tobin, 2013). 

1.4.1.2 Botanical drugs 

According to the World Health Organization (WHO) traditional medicine serves as the 

main or only source of health care for many millions of people in poor populations and its 

use is increasing as a compliment or alternative to basic health care worldwide, with over 
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20 million Europeans preferring health care which includes traditional medicine. WHO 

policy aims to build the knowledge base to improve quality, safety, and efficacy of 

traditional medicine so it can be used to improve health services and health outcomes and 

to ensure that all people have access to care (World Health Organization, 2013). 

Traditional methods represent alternatives to expensive treatments with unfavourable cost 

and in some cases unfavorable risk and benefits. The efficacy and safety of traditional 

medicine use can be improved by clinical studies on standardized traditional natural 

preparations. Botanical drugs are plant based extracts with defined composition that can 

be registered as drugs if clinical studies are performed and registration is approved (David 

et al., 2015).  

The first botanical drug to receive FDA approval in 2006, sinecatechins, is indicated for 

the topical treatment of genital warts. It is an extract from Green tea leaves, Camellia 

sinensis, consisting of 85-95% catechins. Another botanical drug, crofelemer, approved 

by the FDA in 2012 for the treatment of non-infectious diarrhea is a mixture of defined 

proanthocyanidins obtained from Dragons blood, Croton lechleri (FDA, 2015). A few 

complex mixtures have been approved by the FDA before that have now been 

discontinued including Veratrum viride root approved in 1947 and ergoloid mesylates 

approved in 1953 (Patridge et al., 2015).  

1.4.2  Microorganisms 

The clinical studies by Chain and Florey on penicillin from the filamentous fungus 

Penicillium notatum, the introduction of synthetic penicillins and the discovery of 

streptomycin, obtained from systematic screening of actinomycetes found in soil, in the 

1940s, transformed drug discovery research. Intensive screening for biological activities 

in microorganisms began that has yielded many important pharmaceutical products 

(Butler, 2004; Cragg & Newman, 2013; Katz & Baltz, 2016).  

It has been estimated that less than 1% of microorganisms seen microscopically have been 

cultivated (Cragg & Newman, 2013). Yet the number of microbe-derived therapeutic 

agents discovered and developed thus far has been impressive. Of all antibacterial agents 

approved by the FDA from 1930-2013, 69% originated from natural products and 97% of 

them were isolated or derived from microorganisms. Between 2000 and 2013, 77% of 

antibiotics approved by the FDA were natural products, all of them derived from 
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microorganisms (Patridge et al., 2015). Examples of drugs from microbial sources are 

described below. 

1.4.2.1 Fungi 

 

The ergot alkaloids are produced by fungi of the Clavicipitaceae and Trichocomaceae 

families that are known to grow on grains and grass. Ergot alkaloids are used as a treatment 

for migraine and Parkinson’s Disease (Beekman & Barrow, 2014). Examples of ergot 

alkaloids approved by the FDA are ergotamine, methylergometrine, methysergide, 

pergolide, bromocriptine, and cabergoline (FDA, 2015). 

Antibacterial agents that have been isolated from fungi include penicillins from 

Penicillium species and cephalosporins from Cephalosporium Acremonium. 

Antifungal agents derived from fungi are griseofulvin isolated from a culture of 

Penicillium griseofulvum and the echinocandins, caspofungin and anidulafungin, derived 

from Aspergillus nidulans (Beekman & Barrow, 2014). 

Agents with other indications include fingolimod that is used in treatment of multiple 

sclerosis, mevastatin and lovastatin which are cholesterol lowering agents from 

Penicillium species as mentioned above (Cragg & Newman, 2013), and warfarin that is a 

widely used anticoagulant. Warfarin is a derivative of the fungal metabolite dicoumarol 

that was obtained from fungal infected Melilotus alba and Melilotus officinalis plants 

(Beekman & Barrow, 2014; Wallwey & Li, 2011; Wardrop & Keeling, 2008). 

Mycophenolic acid, isolated from Penicillium sp. and cyclosporine, a cyclic peptide 

isolated from Tolypocladium inflatum, are primarily used to prevent organ transplant 

rejection (Beekman & Barrow, 2014). 

1.4.2.2 Bacteria  

Antibacterial agents that have been isolated from bacteria include the aminoglycosides, 

such as streptomycin isolated from Streptomyces griseus, and gentamicin isolated from 

Micromonospora. Other antibacterial agents are erythromycin isolated from 

Saccharopolyspora 

erythraea, vancomycin isolated from Amycolatopsis orientalis, and the tetracyclines, such 

as chlortetracycline, oxytetracycline, doxycycline and minocycline isolated from various 

Streptomyces species (Katz & Baltz, 2016; Newman et al., 2000). 
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Antitumor antibiotics, such as doxorubicin, daunorubicin, bleomycin, idarubicin and 

mitomycin, are produced by Streptomyces species and are amongst the most important 

cancer chemotherapeutic accents (Cragg & Newman, 2013; Katz & Baltz, 2016). 

Botulinum neurotoxins are produced by Clostridium botulinum and other related 

Chlostridium species. The opthalmologist Alan Scott was looking for an alternative to 

surgical correction of strabismus in the 1970s and performed the first experiments with 

microbial protein injections for the treatment of human disease when he injected 

botulinum neurotoxin into the extraocular muscles in primate and human subjects. Today 

several stereotypes and preparations of botulinum neurotoxins exist that are used as a 

treatment for various disorders characterized by excessive muscle tone including 

treatment of facial lines, prevention of chronic migraine, dystonia and urinary 

incontinence (Abrams & Hallett, 2013). 

1.4.3 Marine 

The world’s oceans cover approximately 70% of earth’s surface. Life evolved from the 

oceans more than 3.5 billion years ago (Krause & Tobin, 2013) and of the 33 major animal 

phyla, only 1 is not found in aquatic environment while 15 of them are exclusively aquatic.  

Marine organisms do not have a history of use in traditional medicine and are largely 

unexplored (Cragg & Newman, 2013) but have in the last decades been collected with 

new techniques such as dredges, trawls, submersibles and scuba diving. With 

submersibles samples can be collected from unusual habitats such as deep sea benthic 

habitats and vent communities (Pomponi, 1999). The systematic search for novel 

biologically active agents in marine environment only began in the 1970s and has revealed 

many novel bioactive compounds with unique structures not seen in terrestrial sources 

(Cragg & Newman, 2013; Montaser & Luesch, 2011).  

By the end of 2015 seven marine NPs had been approved by the FDA. Cytarabine and 

vidarabine were isolated from the sponge, Tectitethya crypta. Cytarabine was approved 

by the FDA in 1969 and is still the treatment of choice for myeloid and meningeal 

leukaemia, and non-Hodgkin’s lymphoma. Vitarabine was approved by the FDA in 1976 

as antiviral agent but was discontinued in 2001, though it is still in use in Europe. Other 

anticancer agents from marine sources are eribulin mesylate, trabectedin and brentuximab 

vedotin. Eribulin mesylate is mentioned above. Trabectedin, isolated from the tunicate 
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Ecteinascidia turbinata, is a broad spectrum antitumor agent that was approved by the 

FDA in 2015. Brentuximab vedotin is an antibody drug conjugate approved by the FDA 

in 2011 for the treatment of lymphomas, with a chimeric antibody conjugated with 

monomethyl auristatin E. Monomethyl auristatin E is a derivative of dolastatins that were 

isolated from the sea hare Dolabella auricularia, and produced by Cyanobacteria (FDA, 

2015; Rangel & Falkenberg, 2015).  

 

Ziconotide was approved by the FDA in 2004 for severe pain management. It is a peptide 

derived from the venom of the cone snail Conus magnus and acts by selective N-type 

calcium channel blockade which is a mechanism of action not seen before (Martins et al., 

2014). And omega-3-acid ethyl esters were approved by the FDA in 2004 to treat 

hypertriglyceridemia and prevent coronary heart disease (FDA, 2015; Rangel & 

Falkenberg, 2015). 

1.4.4 Other sources 

Examples of drugs derived from other sources are exenatide and lepirudin. Exenatide is a 

39-residue peptide that was derived from the saliva of the Gila monster lizard, Heloderma 

suspectum. It is a glucagon-like peptid-1 analog approved by the FDA for the treatment 

of type 2 diabetes mellitus (Cragg & Newman, 2013; Nguyen & Kiso, 2015). The medical 

leech Hirudo medicinalis produces hirudin in its salivary gland which is a potent thrombin 

inhibitor. The gene for this protein was identified, cloned and used recombinantly to 

provide almost identical protein, lepirudin, which was approved by the FDA in 1998 as 

an anticoagulant (Leader, Baca, & Golan, 2008; Nguyen & Kiso, 2015).  

1.5  FDA approved natural products 

Natural products play a vital role in the discovery of lead structures for drug development 

as has been described above and revealed in numerous analyses (Chin et al., 2006; Cragg, 

Grothaus, & Newman, 2009; Cragg, Newman, & Snader, 1997; Ganesan, 2008; Newman 

& Cragg, 2007; Newman & Cragg, 2016b; Newman, Cragg, & Snader, 2003; Patridge et 

al., 2015). One analysis indicated that, of the 1073 small molecule NCEs that had been 

approved over the 30 year period of 1981 to 2010, 34% were NPs and NP derivatives 

(Newman & Cragg, 2012). Another analysis showed that by the end of 2013, 307 NPs and 
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NP derivatives from plant, bacteria, fungi and marine sources had been approved by the 

FDA, or 21% of all approved NCEs (Patridge et al., 2015). 

NPs have always been an important part of drug discovery and intense research has been 

conducted in this area since the discovery of penicillin in the forties. However in the 1990s 

the interest in NPs declined and was replaced by molecular target based drug discovery. 

The expectations of these new technologies have not materialized and in recent years NP 

based drug discovery is regaining value as a promising and important source for drug 

discovery. An interesting question is how important are NPs for drug development and 

how important is the biota for the discovery and development of new drugs? 
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2. AIMS 

NPs have always been an important part of drug discovery and intense research has been 

conducted in this area since the discovery of penicillin in the forties. However in the 1990s 

the interest in NPs declined and was replaced by molecular target based drug discovery. 

In recent years NP based drug discovery that was considered too complex is regaining 

value as a promising and important source for drug discovery. 

The overall aim of this project is to pool all available information on the origin of NPs 

and NP derived NCEs approved by the FDA until the end of 2015 and to evaluate the 

input of NPs and NP derivatives in drug discovery. 

 

Specific aims: 

1. List all NP NCEs in a Table sorting them as NP and NP-derived drugs 

2. Add information on indication, year of FDA approval, sources of the NP including 

species if available or genus. 

3. Analyse the data to answer the following questions: 

-How important are the NPs and NP derivatives for the development of new drugs? 

- How has the NP drug discovery developed with respect to NP and NP derivatives 

throughout this period? 

- Which groups of lifeforms are the most important for discovery of NCE of natural 

origin?  

- How has the NP drug discovery developed with respect to sources of NP throughout 

this period? 

- How important is the biota for the discovery and development of new drugs? 

- What are the prospects for future NP drug discovery? 
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3. Methods 

This analysis includes NCEs approved by the US Food and Drug Administration (FDA) 

up until 2015 derived from natural sources.  

3.1 Scope 

NCEs approved by the FDA were chosen for this analysis since FDA is one of the largest 

and best documented modern agencies responsible for the safety regulation of drugs. FDA 

was formed in 1930 although its regulatory functions began in 1906 under the Department 

of Agriculture (US Food and Drug Administration, 2015a). 

 Further the list of FDA approved drugs can be considered to be similar to the ones 

approved in Europe. EMA was first established in 1995 and serves all the 28 EU member 

states as well as the countries of the European Economic Area including Iceland  

(European Medicines Agency). 

Excluded from the analysis are botanical drugs, vaccines, imaging and diagnostic agents, 

drugs derived from primary metabolites (e.g. tyrosine, steroids, prostaglandins and 

nucleosides), vitamins (e.g. vitamin D, vitamin A and their derivatives) and NP derived 

from mammalian organisms, including primary metabolites. 

It was tempting to dig deeper and include NCEs inspired by NP or as Newman and Cragg 

have defined synthetic drugs that are based on NP pharmacophore or designed to mimic 

the mechanism of action of a NP (D. J. Newman & Cragg, 2007, 2012; David J. Newman 

& Cragg, 2016). An example of NP inspired NCEs would be the ACE inhibitors that were 

designed to mimic the C-terminal sequence of angiotensin I following the work that 

originally started from studies on the NP teprotide (D. J. Newman, Cragg, & Snader, 

2003). However, it was decided that to include the NCEs inspired by NPs would be too 

extensive for the project so the focus was set on NPs and their derivatives. 

3.2 Data collection 

Information on the active substance; its generic name (INN), indication, FDA approval 

year, source and references was pooled in a table (Table 1). The data was obtained from 

published reviews and other references obtained by literature search, that was then 
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compared, corrected and supplemented with information from FDA (FDA, 2015; US Food 

and Drug Administration, 2015c).  

All references are listed in the table except for FDA resources which were referred to for 

all of the NCEs. 

The NP were grouped as bacteria, fungi, plants, marine and other sources, and the species 

or genus of origin was also listed when available.  

3.3 Analysis 

The data was analyzed with respect to NPs and NP derivatives, and with respect to sources 

of NPs for the whole period and on annual basis. Visual presentation using pie charts and 

bar graphs were used to clarify the results and answer the research questions put forward 

under specific aims. 
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4. RESULTS 

4.1 NP and NP derived drugs approved by the FDA  

279 NP and NP derivative NCEs had been approved by the FDA by the end of 2015 

representing 18.4% of the total 1515 NCEs approved by the FDA in this time (Table 1). 

A total of 1515 NCEs had been approved by the FDA by the end of 2015 (Kinch, 

Haynesworth, Kinch, & Hoyer, 2014; Us Food and Drug Administration, 2015b). 

 

Table 1. NP and NP derived drugs approved by the FDA until the end of 2015 listed 

in chronological order according to the year of approval. 

References (Ref.): 1; (Patridge et al., 2015); 2. (Butler, Robertson, & Cooper, 2014); 3. (Rangel & Falkenberg, 2015); 

4. (Miller & Lanthier, 2015); 6. (Katz & Baltz, 2016); 7.(Newman & Cragg, 2016b); 8... (Newman et al., 2000); 12. 

(Reichert, 2012); 14. (Zhu et al., 2011); 15. (Newman et al., 2000); 19.  (Fabricant & Farnsworth, 2001); 20. (Beekman 

& Barrow, 2014); 21. (Butler, 2008); 22.(Balunas & Kinghorn, 2005); 23. (Kurkov & Loftsson, 2013): 26. (Harvey, 

2014); 27. (Nguyen & Kiso, 2015); 28. (C. Sharpe, R. Richardson, S. Kalinowski, & V. Bernhardt, 2011); 29. 

(Gadzikowska & Grynkiewicz, 2002); 30. (Schaap, Trauner, & Jansen, 2014); 31. (Cragg & Newman, 2013); 36. 

(Kumar & Banker, 1993); 37. (Gutierrez-Lugo & Bewley, 2008); 38. (Booij, 2000); 39. (Butler, 2004); 40. (Farnsworth 

et al., 1985). 

Generic name (INN) Indication Approval Description Source Species References 

MORPHINE  Analgesic 1827 NP Plant Papaver somniferum 1,14,19 

ACETYL-
SALICYLIC ACID 

Analgesic 1899 NP derived Plant Salix alba 1,14 

DIGOXIN Cardiovascular 1937 NP Plant Digitalis lanata 1,14 

DESLANOSIDE Cardiovascular 1939 NP Plant Digitalis lanata 1,14 

HYDROCODONE Analgesic 1943 NP derived Plant Papaver somniferum 1,14 

DICOUMAROL Antithrombotic 1944 NP Fungi Penicillium 1,20 

TUBOCURARINE  Muscle relaxant 1945 NP Plant Chondrodendron 
tomentosum 

1,14,19,38 

STREPTOMYCIN  Antibacterial 1946 NP Bacteria Streptomyces 

griseus 

1,6,14 

DIHYDRO-
ERGOTAMINE 

Analgesic 1946 NP derived Fungi Claviceps purpurea 1,14,20 

ERGOTAMINE Analgesic 1946 NP Fungi Claviceps purpurea 14 

METHYLERGO-
METRINE 

Gynecological 1946 NP derived Fungi Claviceps purpurea 1,6,20 

BENZYL-

PENICILLIN 

Antibacterial 1948 NP Fungi Penicillium notatum 20 

CAFFEINE  Psychoanaleptic 1948 NP Plant Camellia 1,19 

DIGITOXIN Cardiovascular 1948 NP Plant Digitalis lanata 1,14 

CHLOR-

TETRACYCLINE 

Antibacterial 1950 NP Bacteria Streptomyces 

aureofaciens 

1,14 

QUININE Cardiovascular 1950 NP Plant Cinchona officinalis 1,14,19 

OXYCODONE  Analgesic 1950 NP derived Plant Papaver somniferum 1,14 
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BACITRACIN Antibacterial 1951 NP Bacteria Bacillus subtilis 1,14 

PSEUDO-

EPHEDRINE  

Immunological 1952 NP Plant Ephedra sinica 1,14,19 

GUAIFENESIN Respiratory 1952 NP derived Plant Guaiacum officinale 1 

CODEINE  Analgesic 1952 NP Plant Papaver somniferum 1,14,19 

PHENOXYMETHYL
PENICILLIN 

Antibacterial 1953 NP Fungi Penicillium 
chrysogenum 

1,14,20 

CHOLINE 

THEOPHYLLINATE 

Respiratory 1953 NP Plant Camellia 1,14 

METHYL-
SCOPOLAMINE  

Immunological 1953 NP derived Plant Datura metel 1,14,29 

LEVORPHANOL  Analgesic 1953 NP derived Plant Papaver somniferum 1,14 

VIOMYCIN Antibacterial 1954 NP Bacteria Streptomyces 1,6,14 

WARFARIN  Antithrombotic 1954 NP derived Fungi Penicillium 1,20 

METHOXSALEN Psoriasis 1954 NP Plant Ammi majus 1,19 

METARAMINOL  Cardiovascular 1954 NP derived Plant Ephedra sinica 1 

RESERPINE Cardiovascular 1954 NP Plant Rauwolfia 

serpentina 

1,14 

BENZATROPINE  Parkinson's 1954 NP derived Plant Solanaceae sp. 1,29 

CHLOROQUINE Antiparasitic 1955 NP derived Plant Cinchona officinalis 7,14,15 

ACETYLDIGITOXIN Cardiovascular 1955 NP derived Plant Digitalis lanata 1,14,19,20 

AMPHOTERICIN B Antifungal 1956 NP Bacteria Streptomyces 

nodosus 

1,6,14 

THEOPHYLLINE Respiratory 1956 NP Plant Camellia 1,14,19 

LEVALLORPHAN  Analgesic 1956 NP derived Plant Papaver somniferum 1 

RESCINNAMINE Cardiovascular 1956 NP Plant Rauwolfia 

serpentina 

1,14 

METACYCLINE  Antibacterial 1957 NP derived Bacteria Streptomyces 
rimosus 

1,14 

TETRACYCLINE  Antibacterial 1957 NP Bacteria Streptomyces 

rimosus 

1,6,14 

PHENPROCOUMON Antithrombotic 1957 NP derived Fungi Penicillium 1,20 

METHOCARBAMOL Muscle relaxant 1957 NP derived Plant Guaiacum officinale 1 

DESERPIDINE Cardiovascular 1957 NP Plant Rauwolfia 

serpentina 

1,14 

VANCOMYCIN Antibacterial 1958 NP Bacteria Amycolatopsis 

orientalis 

1,14 

PAROMOMYCIN  Antibacterial 1958 NP Bacteria Streptomyces 1,14 

METICILLIN  Antibacterial 1959 NP derived Fungi Penicillium 

chrysogenum 

1,14 

OXYMORPHONE  Analgesic 1959 NP derived Plant Papaver somniferum 1,14 

DEMECLOCYCLINE Antibacterial 1960 NP derived Bacteria Streptomyces 

aureofaciens 

1,14 

AMPICILLIN  Antibacterial 1960 NP derived Fungi Penicillium 

chrysogenum 

1,14,20 

ATROPINE Digestive 1960 NP Plant Atropa belladonna 1,14,29 

COLCHICINE Gout 1961 NP Plant Colchicum 

autumnale 

1,14 

METHYSERGIDE  Analgesic 1962 NP derived Fungi Claviceps 1,14,20 

GRISEOFULVIN Cardiovascular 1962 NP Fungi Penicillium 1,14,20 
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OCTATROPINE 

METHYLBROMIDE 

Ulcer 1962 NP derived Plant Solanaceae sp. 1,29 

POLYMYXIN B Antibacterial 1963 NP Bacteria Paenibacillus 1,14 

NEOMYCIN  Antibacterial 1963 NP Bacteria Streptomyces 
fradiae 

1,6,14 

VINCRISTINE  Cancer 1963 NP Plant Catharanthus roseus 1,14,19 

CYCLOSERINE Antibacterial 1964 NP Bacteria Streptomyces 1,6,14 

DACTINOMYCIN Cancer 1964 NP Bacteria Streptomyces 1,6,14 

NOVOBIOCIN  Antibacterial 1964 NP Bacteria Streptomyces 1,6,14 

OXYTETRA-

CYCLINE 

Antibacterial 1964 NP Bacteria Streptomyces 1,6,14 

LINCOMYCIN  Antibacterial 1964 NP Bacteria Streptomyces 

lincolnensis 

1,6,14 

TRIOXYSALEN Psoriasis 1964 NP derived Plant Ammi majus 1,19 

CHYMOPAPAIN Neuromuscular 1964 NP Plant Carica papaya 1,40 

CLOXACILLIN  Antibacterial 1965 NP derived Fungi Penicillium 1,14 

VINBLASTINE  Cancer 1965 NP Plant Catharanthus roseus 1,14,19 

CROMOGLICIC 
ACID 

Immunological 1966 NP derived Plant Ammi visnaga 1,14 

ERYTHROMYCIN Antibacterial 1967 NP Bacteria Saccharopolyspora 1,7,14 

DOXYCYCLINE Antibacterial 1967 NP derived Bacteria Streptomyces 1,14 

PENTAZOCINE Analgesic 1967 NP derived Plant Papaver somniferum 8,14 

GRAMICIDIN Antibacterial 1968 NP Bacteria Bacillus brevis 1,6,14 

DEFEROXAMINE  Iron chelating 
agent 

1968 NP Bacteria Streptomyces pilosus 1,28 

CHLOR-

AMPHENICOL 

Antibacterial 1968 NP Bacteria Streptomyces 

venezuelae 

1,6,14 

CARBENICILLIN  Antibacterial 1968 NP derived Fungi Penicillium 1,14 

DICLOXACILLIN  Antibacterial 1968 NP derived Fungi Penicillium 1,14,20 

AMINO-

SALICYLATE  

Antibacterial 1968 NP derived Plant Salix alba 1,37 

TROLEANDO-

MYCIN 

Antibacterial 1969 NP derived Bacteria Saccharopolyspora 1,14 

CYTARABINE Cancer 1969 NP derived Marine Tectitethya crypta 3,7,14 

GENTAMICIN Antibacterial 1970 NP Bacteria Micromonospora 
echinospora 

1,6,14 

CLINDAMYCIN Antibacterial 1970 NP derived Bacteria Streptomyces 

lincolnensis 

1,14 

PLICAMYCIN Cancer 1970 NP Bacteria Streptomyces 
plicatus 

1,6,14 

CEFALOGLYCIN Antifungal 1970 NP derived Fungi Acremonium 

chrysogenum 

1,14 

NAFCILLIN  Antibacterial 1970 NP derived Fungi Penicillium 
chrysogenum 

1,14 

PENICILLAMINE Immunological 1970 NP derived Fungi Penicillium 

chrysogenum 

1,14 

LEVODOPA Parkinson's 1970 NP Plant Mucuna 1,14,19,27 

RIFAMPICIN Antibacterial 1971 NP derived Bacteria Amycolatopsis 

mediterranei 

1,6,14 

CAPREOMYCIN  Antibacterial 1971 NP Bacteria Saccharothrix 
mutabilis 

1,6,14 

MINOCYCLINE  Antibacterial 1971 NP derived Bacteria Streptomyces 1,14 
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SPECTINOMYCIN  Antibacterial 1971 NP Bacteria Streptomyces 

spectabilis 

1,6,14 

CEFALEXIN Antibacterial 1971 NP derived Fungi Acremonium 1,14,20 

CEFAPIRIN  Antibacterial 1971 NP derived Fungi Acremonium 1,14 

NALOXONE Antidote 1971 NP derived Plant Papaver somniferum 1,14 

CANDICIDIN Antifungal 1972 NP Bacteria Streptomyces 1,6,14 

SALBUTAMOL Respiratory 1972 NP derived Plant Ephedra sinica 1,31 

PANCURONIUM  Muscle relaxant 1972 NP derived Plant Malouetia 

bequaertiana 

1,38 

BLEOMYCIN  Cancer 1973 NP Bacteria Streptomyces 

verticillus 

1,6,14 

CEFAZOLIN  Antibacterial 1973 NP derived Fungi Acremonium 1,14,20 

CEFRADINE Antibacterial 1973 NP derived Fungi Acremonium 1,14 

AMOXICILLIN Antibacterial 1973 NP derived Fungi Penicillium 1,14,20 

MITOMYCIN Cancer 1974 NP Bacteria Streptomyces 1,6,14 

DOXORUBICIN Cancer 1974 NP Bacteria Streptomyces 

peucetius 

1,6,14 

CEFALOTIN  Antibacterial 1974 NP derived Fungi Acremonium 1,14,20 

PILOCARPINE Parasympathom

imetic 

1974 NP Plant Pilocarpus 1,14,19 

CEFOXITIN  Antibacterial 1975 NP derived Bacteria Streptomyces 1,6,14 

TOBRAMYCIN Antibacterial 1975 NP derived Bacteria Streptomyces 

tenebrarius 

1,6,14 

CARBIDOPA Parkinson's 1975 NP derived Plant Mucuna 1,14 

NYSTATIN Antifungal 1976 NP Bacteria Streptomyces 
noursei 

1,6,14 

OXACILLIN  Antibacterial 1976 NP derived Fungi Penicillium 1,14 

TICARCILLIN Antibacterial 1976 NP derived Fungi Penicillium 1,14,20 

VIDARABINE Antiviral 1976 NP Marine Tectitethya crypta 1,3,14 

AMIKACIN Antibacterial 1977 NP derived Bacteria Streptomyces 
kanamyceticus 

1,14 

AMINOPHYLLINE Respiratory 1977 NP derived Plant Camellia 1,14 

KANAMYCIN Antibacterial 1978 NP Bacteria Streptomyces 

kanamyceticus 

1,6,14 

NATAMYCIN Antifungal 1978 NP Bacteria Streptomyces 

natalensis 

1,6,14 

CEFADROXIL Antibacterial 1978 NP derived Fungi Acremonium 

chrysogenum 

1,14 

CEFAMANDOLE  Antibacterial 1978 NP derived Fungi Acremonium 

chrysogenum 

1,14 

BROMOCRIPTINE  Diabetes 1978 NP derived Fungi Claviceps  1,20 

BUTORPHANOL  Analgesic 1978 NP derived Plant Papaver somniferum 1,14 

VALPROIC ACID Epilepsy 1978 NP derived Plant Valeriana officinalis 1 

DAUNORUBICIN  Cancer 1979 NP Bacteria Streptomyces 
peucetius 

1,6,14 

CEFACLOR Antibacterial 1979 NP derived Fungi Acremonium 

chrysogenum 

1,14,20 

CYCLACILLIN Antibacterial 1979 NP derived Fungi Penicillium 
chrysogenum 

1,14 

SCOPOLAMINE Psycholeptic 1979 NP Plant Datura metel 1,14,29 

NALBUPHINE  Analgesic 1979 NP derived Plant Papaver somniferum 1,14 
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MECLOCYCLINE  Antibacterial 1980 NP derived Bacteria Streptomyces 1,14 

BACAMPICILLIN  Antibacterial 1980 NP derived Fungi Penicillium 

chrysogenum 

1,14 

CEFOPERAZONE  Antibacterial 1981 NP derived Fungi Acremonium 
chrysogenum 

1,7,14 

CEFOTAXIME  Antibacterial 1981 NP derived Fungi Acremonium 

chrysogenum 

1,14,20 

CEFOTIAM  Antibacterial 1981 NP derived Fungi Acremonium 
chrysogenum 

1,7,14 

LATAMOXEF Antibacterial 1981 NP derived Fungi Acremonium 

chrysogenum 

1,7 

MEZLOCILLIN Antibacterial 1981 NP derived Fungi Penicillium 
chrysogenum 

1,14 

PIPERACILLIN  Antibacterial 1981 NP derived Fungi Penicillium 

chrysogenum 

1,14,20 

BUPRENORPHINE Analgesic 1981 NP derived Plant Papaver somniferum 1,14 

STREPTOZOCIN Cancer 1982 NP Bacteria Streptomyces 

achromogenes 

1,6 

AZLOCILLIN  Antibacterial 1982 NP derived Fungi Penicillium 
chrysogenum 

1,14 

SODIUM 

CELLULOSE 
PHOSPHATE 

Calcium 

management 

1982 NP Plant NA 1,7,36 

DEXTRO-

METHORPHAN 

Respiratory 1982 NP derived Plant Papaver somniferum 1,14 

DIFLUNISAL Analgesic 1982 NP derived Plant Salix alba 1,14 

NETILMICIN  Antibacterial 1983 NP derived Bacteria Micromonospora 1,7,14 

CEFTIZOXIME  Antibacterial 1983 NP derived Fungi Acremonium 
chrysogenum 

1,7,14 

CEFUROXIME Antibacterial 1983 NP derived Fungi Acremonium 

chrysogenum 

1,7,14,20 

CICLOSPORIN Immunological 1983 NP Fungi Tolypocladium 
inflatum 

6,7,14,20 

ETOPOSIDE Cancer 1983 NP derived Plant Podophyllum 

peltatum 

1,7,14,19 

CLAVULANIC ACID Antibacterial 1984 NP Bacteria Streptomyces 
clavuligerus 

1,6,14 

CEFONICID  Antibacterial 1984 NP derived Fungi Acremonium 

chrysogenum 

1,7,14 

CEFORANIDE Antibacterial 1984 NP derived Fungi Acremonium 
chrysogenum 

1,7,14 

CEFTRIAXONE  Antibacterial 1984 NP derived Fungi Acremonium 

chrysogenum 

1,7,14,20 

MECILLINAM Antibacterial 1984 NP derived Fungi Penicillium 

chrysogenum 

1,14 

VECURONIUM  Muscle relaxant 1984 NP derived Plant Malouetia 

bequaertiana 

1,7,38 

NICOTINE Addiction 1984 NP Plant Nicotiana tabacum 1,14,19 

HYDROMORPHONE  Analgesic 1984 NP derived Plant Papaver somniferum 1,14 

NALTREXONE Addiction 1984 NP derived Plant Papaver somniferum 1,7,14 

CEFOTETAN Antibacterial 1985 NP derived Bacteria Streptomyces 1,6,7,14 

IMIPENEM Antibacterial 1985 NP derived Bacteria Streptomyces 1,6,7,14 

RIBAVIRIN Antiviral 1985 NP derived Bacteria Streptomyces 1,14,21 

CEFTAZIDIME Antibacterial 1985 NP derived Fungi Acremonium 1,7,14,20 

DRONABINOL Antiemetic 1985 NP Plant Cannabis 1,7,14 
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NABILONE Antiemetic 1985 NP derived Plant Cannabis 1,14 

AZTREONAM Antibacterial 1986 NP derived Bacteria Chromobacterium 1,7,14 

SULBACTAM Antibacterial 1986 NP derived Fungi Penicillium 1,14 

IPRATROPIUM 

BROMIDE 

Respiratory 1986 NP derived Plant Atropa belladonna 1,14 

URSODEOXYCHOLI
C ACID 

Bile therapy 1987 NP Bacteria Intestinal bacteria 1,30 

MUPIROCIN Antibacterial 1987 NP Bacteria Pseudomonas 

fluorescens 

1,7,14 

MITOXANTRONE Cancer 1987 NP derived Bacteria Streptomyces 1,7 

CEFMENOXIME Antibacterial 1987 NP derived Fungi Acremonium 

chrysogenum 

1,7,14 

LOVASTATIN Cardiovascular 1987 NP Fungi Aspergillus terreus 1,6,7,14 

MESALAZINE Digestive 1987 NP derived Plant Salix alba 1,7 

PERGOLIDE Parkinson's 1988 NP derived Fungi Claviceps 7,20 

BOTULINUMTOXIN Neuromuscular 1989 NP Bacteria  Clostridium 
botulinum 

1,4,7,14 

CEFMETAZOLE Antibacterial 1989 NP derived Bacteria Streptomyces 1,6,14 

CEFIXIME Antibacterial 1989 NP derived Fungi Acremonium 1,7,14 

CEFPIRAMIDE Antibacterial 1989 NP derived Fungi Acremonium 1,7,14 

MEFLOQUINE Antiparasitic 1989 NP derived Plant Cinchona officinalis 1,7,14 

IDARUBICIN Cancer 1990 NP derived Bacteria Streptomyces 

peucetius 

1,7,14 

PIPECURONIUM  Muscle relaxant 1990 NP derived Plant Malouetia 

bequaertiana 

1,38 

PODOPHYLLO-

TOXIN 

Antiviral 1990 NP Plant Podophyllum 

peltatum 

1,7,14,19 

AZITHROMYCIN Antibacterial 1991 NP derived Bacteria Saccharopolyspora 

erythraea 

1,7,14 

CLARITHROMYCIN Antibacterial 1991 NP derived Bacteria Saccharopolyspora 

erythraea 

1,7,14 

PENTOSTATIN Cancer 1991 NP Bacteria Streptomyces 

antibioticus 

1,7,14 

CEFPROZIL  Antibacterial 1991 NP derived Fungi Acremonium 

chrysogenum 

1,7,14 

LORACARBEF Antibacterial 1991 NP derived Fungi Acremonium 

chrysogenum 

1,7,14 

PRAVASTATIN Cardiovascular 1991 NP derived Fungi Penicillium citrinum 1,7,14,20 

SIMVASTATIN Cardiovascular 1991 NP derived Fungi Penicillium citrinum 1,7,14,20 

RIFABUTIN Antibacterial 1992 NP derived Bacteria Amycolatopsis 1,7,14 

CEFPODOXIME Antibacterial 1992 NP derived Fungi Acremonium 1,7,14 

MASOPROCOL Cancer 1992 NP Plant Larrea tridentata 1,7,14 

NEDOCROMIL Respiratory 1992 NP derived Plant Marsdenieae 1,7,14 

TENIPOSIDE Cancer 1992 NP derived Plant Podophyllum 1,14,19 

PACLITAXEL Cancer 1992 NP Plant Taxus 1,7,14,19 

MELEVODOPA Parkinson's 1993 NP derived Plant Mucuna 7,14 

TACROLIMUS Immunological 1994 NP Bacteria Streptomyces 
tsukubaensis 

1,6,7,14 

VINORELBINE Cancer 1994 NP derived Plant Catharanthus roseus 1,7,14 

SALMETEROL Respiratory 1994 NP derived Plant Ephedra sinica 1,7 
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ROCURONIUM Muscle relaxant 1994 NP derived Plant Malouetia 

bequaertiana 

1,7,38 

ACARBOSE Diabetes 1995 NP Bacteria Actinoplanes 1,6,7,14 

DIRITHROMYCIN Antibacterial 1995 NP derived Bacteria Saccharopolyspora 
erythraea 

1,7,14 

CEFTIBUTEN  Antibacterial 1995 NP derived Fungi Acremonium 

chrysogenum 

1,7,14 

MYCOPHENOLIC 
ACID 

Immunological 1995 NP Fungi Penicillium 1,6,7,14 

METFORMIN Diabetes 1995 NP derived Plant Galega officinalis 1,31 

NALMEFENE Addiction 1995 NP derived Plant Papaver somniferum 1,7,14 

AZELAIC ACID Antibacterial 1995 NP Plant Pitirosporium ovale 1,14 

IVERMECTIN Antiparasitic 1996 NP Bacteria Streptomyces 
avermitilis 

1,6,7,14 

MEROPENEM Antibacterial 1996 NP derived Bacteria Streptomyces 

cattleya 

1,7,14 

FOSFOMYCIN  Antibacterial 1996 NP Bacteria Streptomyces 
fradiae 

1,6,7 

CEFEPIME Antibacterial 1996 NP derived Fungi Acremonium 

chrysogenum 

1,7,14,20 

CABERGOLINE Cancer 1996 NP derived Fungi Claviceps 7,14,20 

IRINOTECAN Cancer 1996 NP derived Plant Camptotheca 

acuminata 

1,7,14 

TOPOTECAN Cancer 1996 NP derived Plant Camptotheca 

acuminata 

1,7,14 

MIGLITOL Diabetes 1996 NP derived Plant Morus alba 1,7,14 

DOCETAXEL Cancer 1996 NP derived Plant Taxus 1,7,14 

CEFDINIR Antibacterial 1997 NP derived Fungi Acremonium 
chrysogenum 

1,7,14 

RIFAPENTINE Antibacterial 1998 NP derived Bacteria Amycolatopsis 1,7,14 

VALRUBICIN Cancer 1998 NP derived Bacteria Streptomyces 
peucetius 

1,7,14 

TIROFIBAN Antithrombotic 1998 NP derived Other Echis carinatus 7,26 

LEPIRUDIN Anticoagulant 1998 NP derived Other Hirudo medicinalis 1,4,7,14,27 

EPTIFIBATIDE Antithrombotic 1998 NP derived Other Sistrurus miliarius 

barbouri 

1,7,26 

DENILEUKIN 

DIFTITOX 

Cancer 1999 NP derived Bacteria Corynebacterium 

diphtheriae 

4,7 

SIROLIMUS Immunological 1999 NP Bacteria Streptomyces 

hygroscopicus 

1,6,7,14 

EPIRUBICIN  Cancer 1999 NP derived Bacteria Streptomyces 

peucetius 

1,7,14 

DALFOPRISTIN Antibacterial 1999 NP derived Bacteria Streptomyces 

pristinaespiralis 

1,6,7 

QUINUPRISTIN Antibacterial 1999 NP derived Bacteria Streptomyces 

pristinaespiralis 

1,6,7,14 

ORLISTAT Obesity 1999 NP derived Bacteria Streptomyces 

toxytricini 

1,7,14 

RAPACURONIUM  Muscle relaxant 1999 NP derived Plant Malouetia 

bequaertiana 

1,7,38 

GEMTUZUMAB Cancer 2000 NP derived Bacteria Micromonospora 
echinospora 

4,7,12,39 

BIVALIRUDIN Anticoagulant 2000 NP derived Other Hirudo medicinalis 1,7,14,27 

RIVASTIGMINE Psychoanaleptic 2000 NP derived Plant Physostigma 1,7 
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ERTAPENEM Antibacterial 2001 NP derived Bacteria Streptomyces 

cattleya 

1,7,14 

PIMECROLIMUS Dermatitis 2001 NP derived Bacteria Streptomyces 

hygroscopicus 

1,7,14 

CEFDITOREN 

PIVOXIL 

Antibacterial 2001 NP derived Fungi Acremonium 

chrysogenum 

1,7,14 

CASPOFUNGIN  Antifungal 2001 NP derived Fungi Aspergillus nidulans 1,6,7,18 

GALANTAMINE  Psychoanaleptic 2001 NP Plant Galanthus 1,7,14,19 

NITISINONE Tyrosinemia 2002 NP derived Plant Melaleuca citrina 14,22 

DAPTOMYCIN Antibacterial 2003 NP Bacteria Streptomyces 
roseosporus 

1,6,7 

MIGLUSTAT Metabolic 2003 NP derived Plant Morus alba 1,7,14 

RIFAXIMIN Antibacterial 2004 NP derived Bacteria Amycolatopsis 1,7,14 

TELITHROMYCIN Antibacterial 2004 NP derived Bacteria Saccharopolyspora 

erythraea 

1,7,14 

ZICONOTIDE Analgesic 2004 NP Marine Conus magnus 1,3,7,14,16 

OMEGA-3-ACID 

ETHYL ESTERS 

Cardiovascular 2004 NP derived Marine  1,3 

TIOTROPIUM Respiratory 2004 NP derived Plant Atropa belladonna 1,7,14,19 

APOMORPHINE  Parkinson's 2004 NP derived Plant Papaver somniferum 1,14 

TIGECYCLINE Antibacterial 2005 NP derived Bacteria Streptomyces 1,7,14 

MICAFUNGIN  Antifungal 2005 NP derived Fungi Aspergillus nidulans 1,6,7,18 

EXENATIDE Diabetes 2005 NP Other Heloderma 

suspectum 

7,14,21,27 

VORINOSTAT Cancer 2006 NP derived Bacteria Streptomyces 

hygroscopicus 

7,14,16 

ANIDULAFUNGIN Antifungal 2006 NP derived Fungi Aspergillus nidulans 6,7,18,20 

VARENICLINE Addiction 2006 NP derived Plant Cytisus 1,2,7 

IXABEPILONE Cancer 2007 NP derived Bacteria Sorangium 
cellulosum 

1,7,14 

DORIPENEM Antibacterial 2007 NP derived Bacteria Streptomyces 

cattleya 

1,7,14 

TEMSIROLIMUS Cancer 2007 NP derived Bacteria Streptomyces 
hygroscopicus 

1,6,7,14 

RETAPAMULIN Antibacterial 2007 NP derived Fungi Clitopilus 

scyphoides 

1,6,7,18 

LISDEXAMFETAMI
NE 

Psychoanaleptic 2007 NP derived Plant Ephedra sinica 7,14,21 

METHYL-

NALTREXONE 

Digestive 2008 NP derived Plant Papaver somniferum 1,2,7,14 

TELAVANCIN Antibacterial 2009 NP derived Bacteria Amycolatopsis 
orientalis 

1,2,7,14,21 

ROMIDEPSIN Cancer 2009 NP Bacteria Chromobacterium 

violaceum 

1,7,14 

EVEROLIMUS Cancer 2009 NP derived Bacteria Streptomyces 
hygroscopicus 

1,7,14 

ARTEMETHER Antiparasitic 2009 NP derived Plant Artemisia 1,7,14 

CAPSAICIN Topical pain 2009 NP Plant Capsicum 1,14,21 

CEFTAROLINE Antibacterial 2010 NP derived Fungi Acremonium 1,2,7,14 

FINGOLIMOD Immunological 2010 NP derived Fungi Isaria 2,7,14,20 

ERIBULIN Cancer 2010 NP derived Marine Halichondria okadai 2,3,7,14 

CABAZITAXEL Cancer 2010 NP derived Plant Taxus 1,2,7,14 
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FIDAXOMICIN Antibacterial 2011 NP Bacteria Dactosporangium 1,2,7 

SPINOSAD Antiparasitic 2011 NP Bacteria Saccharopolyspora 1,6,7 

BRENTUXIMAB 

VEDOTIN 

Cancer 2011 NP derived Marine Symploca 2,3,4,7,12 

VANDETANIB Cancer 2011 NP derived Plant Zea 7,14,16 

CARFILZOMIB Cancer 2012 NP derived Bacteria Actinomyces 1,2,7,14 

OMACETAXINE 

MEPESUCCINATE 

Cancer 2012 NP Plant Cephalotaxus 

fortunei 

2,7,14 

INGENOL 
MEBUTATE 

Cancer 2012 NP Plant Euphorbia peplus 1,2,7 

CANAGLIFLOZIN Diabetes 2013 NP derived Plant Malus 2,7 

TRASTUZUMAB 

EMTANSINE 

Cancer 2013 NP derived Plant Maytenus 2,4,7 

ORITAVANCIN Antibacterial 2014 NP Bacteria Amycolatopsis 
orientalis 

2,6,7,14 

DALBAVANCIN Antibacterial 2014 NP Bacteria Nonomuraea 2,6,7 

CEFTOLOZANE Antibacterial 2014 NP derived Fungi Acremonium 6,7 

TAZOBACTAM Antibacterial 2014 NP derived Fungi Penicillium 2,7,14 

VORAPAXAR Antithrombotic 2014 NP derived Plant Galbulimima 2,7 

DAPAGLIFLOZIN Diabetes 2014 NP derived Plant Malus 2,7,14 

EMPAGLIFLOZIN Diabetes 2014 NP derived Plant Malus 2,7 

NALOXEGOL Digestive 2014 NP derived Plant Papaver somniferum 2,7 

SUGAMMADEX Antidote 2015 NP derived Bacteria Bacillus macerans 7,23 

TRABECTEDIN Cancer 2015 NP derived Marine Ecteinascidia 
turbinata, 

21 

 

4.2 Analysis of NP and NP derived drugs 

93 drugs were classified as NPs, compounds that were discovered from natural sources 

even if they are produced by total synthesis, and 186 as NP derived drugs, i.e. semi-

synthetic derivatives of NPs. 

The absolute rate of approvals of NP and NP derivative NCEs rose steadily since the 1940s 

and peaked between 1976 and 1985 with an average of 5.2 NP based NCEs approved 

annually (Figure 1). The number of NP based NCEs dropped to 4.3 average annual 

approvals between 1986 and 1995 and between 2006 and 2015 the average annual 

approval rate was 3.7 NP NCEs.  
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Figure 1. NP, NP derivatives and total number of FDA approved NP NCEs in 10 

year periods. 

The number of unmodified NPs rose up until 1965 and peaked between 1956 and 1965 

with an average of 2 NP NCEs approved annually. After 1965 NP NCEs started to decline 

while the number of NP derived NCEs peaked between 1976 and 1985 with an annual 

average of 4 NP derived NCEs approvals. For the last 30 years annual approvals of NP 

derivatives has been rather steady with an average of 2.9-3.5 annual approvals.  

 

4.3 Analysis of NP sources 

Of the 279 NP based NCEs identified over one third (102, 37%) were derived from plants, 

one third (93, 33%) from bacterial sources, 26% (72) have fungal origin, 2% (7) are 

derived from marine organisms and 2% (5) NCEs have other origins (Figure 3). 

When the data is divided into 10 year periods it is noticeable that plant products are the 

most dominant for the first half of the 20th century (Figure 4). Before 1946 all NP NCEs 

approved were plant products except for dicoumarol (Table 1). An average of 1.6 plant 

products were approved annually between 1946 and 1955 and after that the rate of plant 

product approval declined to an average less than 1 approval per year between 1966 and 

1975. For the last 40 years the average of 1.1-1.6 plant product NCEs have been approved 

every year. 
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Figure 2. FDA approved NP and NP derived NCEs, separated by biological source. 

The approval rate of NP derived from fungi rose and peaked between 1976 and 1985 with 

6 antibacterial NCEs of fungal origin approved in 1981 (Table 1). NCEs of fungal origin 

have declined ever since with an average of 0.6 approvals per year over the last 20 years. 

Streptomycin was the first bacterial product to be approved in 1946 (Table 1) and the 

approval rate for bacterial product NCEs rose and peaked between 1966 and 1975 with an 

average of 1.9 approvals per year. Since then bacterial product NCEs average approvals 

per year have ranged from 1.2 -1.3 except for 5 approvals in 1999. 

As of December 2015 seven marine derived NCEs have been approved by the FDA. 

Cytarabine was the first of the marine originated drugs to be approved in 1969, vidarabine 

was approved in 1976, two marine products NCEs were approved in 2004, ziconotide and 

omega-3-acid ethyl esters, eribulin was approved in 2010, brentuximab in 2011 and 

trabectedin in 2015 (Table 1). 
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Figure 3. Number of FDA approved NCEs in 10 year periods, separated by 

biological source. 

Five NCEs from other sources were approved between 1996 and 2005. Three of them 

were obtained from saliva and two from venoms. Exenatide from the saliva of the lizard 

Heloderma suspectum was approved in 2005. Lepirudin was approved in 1998 and 

bivalirudin in 2000, both are derivatives of hirudin from medicinal leech saliva.  In 1998 

two NCEs NP derivatives from snake venoms were approved, eptifibatide and tirofiban 

(Table 1). 
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5. DISCUSSION 

It is evident from the data gathered in Table 1 as well as from previous studies on NPs and 

NCEs that compounds derived from nature have played and still play an important role in 

the search for new drugs. In spite of decreased emphasis on NPs in drug discovery for a 

while in the 1990s their importance is still high. The research questions put forward under 

specific aims of this study will be addressed below. 

5.1 Importance of NPs in drug discovery 

The results of this study show that NPs and NP derivatives have played a very important 

role in drug development with 18.4% of all NCEs approved by the FDA by the end of 

2015 being NPs or semisynthetic NP derivatives (Table 1). Comparable results have been 

seen from similar research in a published review where NP based NCEs were reported to 

be 21% of all NCEs approved by the FDA by the end of 2013. Looking more closely at 

the data from this particular research reveals that there were included botanical drugs such 

as crofelemer, Veratrum viride root and cryptenamine, vitamins such as ergocalciferol, 

menadiol and menadione, and synthetic compounds inspired by NPs such as atorvastatin 

and pitavastatin (Patridge et al., 2015). These drugs were for the purpose of this study 

either identified as NCEs inspired by NPs, botanical drugs or supplements and thus 

excluded which can explain the different results.  

The 279 NP and NP derived NCEs approved by the FDA over this period are used to treat 

a variety of conditions such as pain, respiratory diseases, cardiovascular diseases, 

Parkinson’s disease, gout and psoriasis (Table 1).  The most prominent are antibacterial 

agents representing more than one third (101, 36%) of the NP based NCEs and cancer 

agents representing 14% (40). The results from a recent review, which covered NCEs 

approved worldwide from 1981-2014 and all anticancer NCEs approved worldwide, 

revealed that 73% of antibacterial NCEs approved worldwide in this timeframe were NP 

or NP derivatives. The results from this review also show that 49% of all anticancer drugs 

were NP or NP derivatives. When NP inspired drugs were included, 75% of all anticancer 

drugs were NP based (Newman & Cragg, 2016b).  

The results reveal that NP and their derivatives have had significant input in drug 

development especially in treatment of bacterial infections and various cancer treatments. 
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5.2 Annual approvals of NP and NP derivative NCEs 

The results show that the number of annually approved NP and NP derivative NCEs rose 

steadily since the 1940s, peaked between 1976 and 1985 and declined slightly after that. 

For the last 30 years the average number of annually approved NP based NCEs has been 

rather stable with 3.7-4.3 NP based NCEs approved every year (Figure 1). The results 

from a recent review shows that the total number of approved NCEs for the last 30 years 

has been on average 25-30 NMEs per year  (Kinch, Patridge, Plummer, & Hoyer, 2014). 

These results combined with the results from this study show that NP and NP derived 

NCEs have been 14-15% of all NCEs approved by the FDA for the last 30 years. This 

indicates that NP are still a very important source for the development of new drugs. 

Unmodified NPs were more dominant until 1965, representing more than half of approved 

NP based NCEs, but have over time largely been replaced by chemically modified NP 

derivatives (Figure 1). The same pattern was seen in a similar research (Patridge et al., 

2015).  

5.3 NP sources 

5.2.1 Important sources  

Assessment of the source of NPs reveals that through this period the most important 

sources of NPs have been plant, bacteria and fungi (Figure 2). Plant sources represent 37% 

(102), fungi 33% (93) and bacteria sources 26% (72) of all NP based NCEs approved by 

the FDA. Results from a comparable research mentioned above presents slightly different 

results where 45% of FDA approved NPs were considered from plants, 29% from bacteria 

and 22% from fungi (Patridge et al., 2015). The difference could be due to a different 

scope of the research as was mention above. There have also been some discrepancies in 

the information on sources in different previously published reviews. One example is 

lepirudin which was approved by the FDA in 1998 as an anticoagulant (FDA, 2015). 

Lepirudin is a recombinant protein developed from hirudin, which is produced in the 

salvary gland of the medicinal leech Hirudo medicinalis (Leader et al., 2008). In this 

particular review it was grouped with unmodified NPs of fungal origin (Patridge et al., 
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2015) while others came to the conclusion that it is a NP derived from the medical leech 

Hirudo medicinalis (Newman & Cragg, 2016b; Nguyen & Kiso, 2015; Zhu et al., 2011). 

Plants have been in “clinical trials” for centuries since they are readily accessible and 

formed the basis for traditional medicine systems in many cultures for thousands of years 

so there is no wonder that plants have been the most important source of NP throughout 

this period. Many important drugs are derived from plants which are used to treat a variety 

of conditions such as cancer, diabetes and asthma (Table 1). It can be assumed that plant 

sources will continued to deliver new leads for drug discovery since it is estimated that 

only 5-6% of the approximately 300,000 higher plant species (estimations range from 

215,000 to 500,000) have been systematically investigated, pharmacologically, and 15% 

phytochemically (Cragg & Newman, 2013; Krause & Tobin, 2013). Also of the 10,000 to 

15,000 plants with documented ethnopharmacological uses only 150-200 have been 

incorporated in modern treatments (Krause & Tobin, 2013). 

Microorganisms are a fertile source of structurally diverse bioactive metabolites and 

represent 59% of all FDA approved NCEs until the end of 2015 (Figure 2). The intensive 

screening for biological activities in microorganisms since the discovery of penicillin and 

streptomycin has yielded many important pharmaceutical products such as antitumor 

drugs, immunosuppressant, hypocholesterolemic and antiparasitic agents (Table 1). The 

larger part of antibacterial agents approved by the FDA from 1930-2013 were isolated or 

derived from microorganisms (Patridge et al., 2015). It has been estimated that less than 

1% of microorganisms seen microscopically have been cultivated (Cragg & Newman, 

2013). 

5.2.2 Development of drug discovery with respect to sources of NP  

Plant products are the most dominant for the first half of the 20th century (Figure 3). Before 

1946 all NP NCEs approved were plant products except for dicoumarol that was actually 

obtained from Melilotus plant species infected with Penicillium fungi (Wardrop & 

Keeling, 2008). Since 1946 the average of 0.9-1.6 plant product NCEs have been approved 

every year. From 2006 to 2015 an average of 1.5 plant based NCEs were approved 

annually which indicates that plants are still an important source for drug discovery. 

Streptomycin was the first bacterial product to be approved in 1946 (Table 1) and in 1948 

benzylpenicillin was the first NP approved that was known to have fungal origin 
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(Beekman & Barrow, 2014). The results of the intensive screening for biological activities 

in microorganisms can be seen from the rising number of NCEs approved over the next 

decades. 

It is evident from the results that marine sources are gaining value in drug discovery. As 

of December 2015 seven marine derived NCEs have been approved by the FDA, two in 

2004 and three between 2000 and 2015 (Table 1). The interest in marine sources is also 

evident from the number of marine products in clinical trials. In December 2015, 23 

marine products were in clinical trials, thereof 3 in phase 3. Plinabulin is a 

diketopiperazine from fungus, plitidepsin is a depsipeptide from tunicate and tetrodoxin 

is a guanidinium alkaloid from plutterfish (Mayer, 2016). 

5.2.3 Importance of the biota  

The biota has been extremely important for the discovery of new drugs (Table 1). It is 

estimated that more than 95% of the world’s biodiversity has not been evaluated for 

biological activity (David et al., 2015) and the diversity of source materials for drug 

discovery is increasing with natural products from extreme ecosystems and unexplored 

sources. An example of those unique and unexplored areas is the ocean surrounding 

Iceland, with geothermal activity and both warm and cold environment. Recently 2000 

species of benthic invertebrates have been identified in the Icelandic waters, thereof 41 

new species. Preliminary results from a research on the potential of Icelandic marine 

invertebrates as a source of new bioactive compounds show fractions with anticancer and 

immunological activities in vitro (Omarsdottir et al., 2012). Another example are bacteria 

that do not grow under laboratory conditions. Uncultured bacteria are an unexplored 

source of NPs that make up approximately 99% of all species in external environments. 

Antibiotic resistance has become a major clinical and public health problem and constant 

introduction of new antibiotics are required. Resent research suggest that uncultured 

bacteria might yield new antibacterial agents with novel structures and mechanism of 

action. Teixobactin, obtained from a new genus of bacteria, has shown to be active against 

drug-resistant infections in a number of animal models (Ling et al., 2015). From these 

results it can be estimated that the biota will continue to tribute to the discovery of new 

drugs. 
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6. Conclusion 

 

The results of this study show that NPs have played and still play a very important role in 

the search for new drugs. Over time with progress in chemistry and new technologies NPs 

have largely been replaced with modified NP derivatives that have improved properties. 

NPs and have had significant input in drug development especially in treatment of 

bacterial infections and various cancer treatments and continue to deliver new drugs in 

almost every field of medicine.  

Plants were the only source of NPs in the early years and bacteria and fungi have also been 

important sources for drug discovery for the last 70 years. Recently marine sources are 

gaining value as valuable drug candidates.  

The biota is invaluable in the discovery of new drugs and it is estimated that more than 

95% of the world’s biodiversity has not been evaluated for biological activity. Prospects 

for the future of NP drug discovery are promising with the finding of new species in soil 

and marine environment.  

Similar research should be undertaken in 5-10 years to see how the NP drug discovery is 

evolving and if there will be new NCEs approved in resent future from soil bacteria or the 

extreme environment around Iceland. 

 

 

 

 

  



37 

 

AKNOWLEDGEMENS 
 

 

Í would like to thank my supervisor Elín Soffía Ólafsdóttir for her guidance and helpful 

advice for the last months. 

I would also like to thank my colleagues at Akureyrarapótek for their endless support. 

Special thanks go out to Jónína and Gauti. 

Last but not least I would like to thank my family and friends for their love and support. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

REFERENCES 

Beekman, A. M., & Barrow, R. A. (2014). Fungal Metabolites as Pharmaceuticals. Australian 
Journal of Chemistry, 67(6), 827-843. doi:http://dx.doi.org/10.1071/CH13639 

Cragg, G. M., & Newman, D. J. (2013). Natural products: A continuing source of novel drug 
leads. Biochimica Et Biophysica Acta-General Subjects, 1830(6), 3670-3695. 
doi:10.1016/j.bbagen.2013.02.008 

David, B., Wolfender, J. L., & Dias, D. A. (2015). The pharmaceutical industry and natural 
products: historical status and new trends. Phytochemistry Reviews, 14(2), 299-315. 
doi:10.1007/s11101-014-9367-z 

Ertl, P., & Schuffenhauer, A. (2008). Cheminformatics analysis of natural products: lessons from 
nature inspiring the design of new drugs. Prog Drug Res, 66, 217, 219-235.  

Feher, M., & Schmidt, J. M. (2003). Property distributions: differences between drugs, natural 
products, and molecules from combinatorial chemistry. J Chem Inf Comput Sci, 43(1), 
218-227. doi:10.1021/ci0200467 

Ganesan, A. (2008). The impact of natural products upon modern drug discovery. Current 
Opinion in Chemical Biology, 12(3), 306-317. 
doi:http://dx.doi.org/10.1016/j.cbpa.2008.03.016 

Kinch, M. S., Patridge, E., Plummer, M., & Hoyer, D. (2014). An analysis of FDA-approved drugs 
for infectious disease: antibacterial agents. Drug Discovery Today, 19(9), 1283-1287. 
doi:http://dx.doi.org/10.1016/j.drudis.2014.07.005 

Koehn, F. E., & Carter, G. T. (2005). The evolving role of natural products in drug discovery. Nat 
Rev Drug Discov, 4(3), 206-220.  

Krause, J., & Tobin, G. (2013). Discovery, development, and regulation of natural products. In 
M. Kulka (Ed.), Using old solutions to new problems: natural drug discovery in the 21st 
century (pp. 3-35). 

Leader, B., Baca, Q. J., & Golan, D. E. (2008). Protein therapeutics: a summary and 
pharmacological classification. Nat Rev Drug Discov, 7(1), 21-39. doi:10.1038/nrd2399 

Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P., . . . Lewis, K. 
(2015). A new antibiotic kills pathogens without detectable resistance. Nature, 
517(7535), 455-459. doi:10.1038/nature14098 

http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-
information 

Montaser, R., & Luesch, H. (2011). Marine natural products: a new wave of drugs? Future Med 
Chem, 3(12), 1475-1489. doi:10.4155/fmc.11.118 

Newman, D. J., & Cragg, G. M. (2016). Natural Products as Sources of New Drugs from 1981 to 
2014. Journal of natural products. doi:10.1021/acs.jnatprod.5b01055 

Nguyen, J.-T., & Kiso, Y. (2015). Discovery of Peptide Drugs as Enzyme Inhibitors and Activators 
Peptide Chemistry and Drug Design (pp. 157-201): John Wiley & Sons, Inc. 

Omarsdottir, S., Einarsdottir, E., Ögmundsdottir, H. M., Freysdottir, J., Olafsdottir, E. S., 
Molinski, T. F., & Svavarsson, J. (2012). Biodiversity of benthic invertebrates and 
bioprospecting in Icelandic waters. Phytochemistry Reviews, 12(3), 517-529. 
doi:10.1007/s11101-012-9243-7 

Paterson, I., & Anderson, E. A. (2005). Chemistry. The renaissance of natural products as drug 
candidates. Science, 310(5747), 451-453. doi:10.1126/science.1116364 

Patridge, E., Gareiss, P., Kinch, M. S., & Hoyer, D. (2015). An analysis of FDA-approved drugs: 
natural products and their derivatives. Drug Discovery Today, 21(2), 204-207. 
doi:10.1016/j.drudis.2015.01.009 

http://dx.doi.org/10.1071/CH13639
http://dx.doi.org/10.1016/j.cbpa.2008.03.016
http://dx.doi.org/10.1016/j.drudis.2014.07.005
http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-information
http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-information


39 

 

Szychowski, J., Truchon, J.-F., & Bennani, Y. L. (2014). Natural Products in Medicine: 
Transformational Outcome of Synthetic Chemistry. J Med Chem, 57(22), 9292-9308. 
doi:10.1021/jm500941m 

Wardrop, D., & Keeling, D. (2008). The story of the discovery of heparin and warfarin. Br J 
Haematol, 141(6), 757-763. doi:10.1111/j.1365-2141.2008.07119.x 

Zhu, F., Qin, C., Tao, L., Liu, X., Shi, Z., Ma, X., . . . Chen, Y. (2011). Clustered patterns of species 
origins of nature-derived drugs and clues for future bioprospecting. Proc Natl Acad Sci 
U S A, 108(31), 12943-12948. doi:10.1073/pnas.1107336108 

 

 

 

  



40 

 

 

Abrams, S. B., & Hallett, M. (2013). Clinical utility of different botulinum neurotoxin 
preparations. Toxicon, 67, 81-86. doi:http://dx.doi.org/10.1016/j.toxicon.2012.11.024 

Atanasov, A. G., Waltenberger, B., Pferschy-Wenzig, E.-M., Linder, T., Wawrosch, C., Uhrin, P., . 
. . Stuppner, H. (2015). Discovery and resupply of pharmacologically active plant-
derived natural products: A review. Biotechnology Advances, 33(8), 1582-1614. 
doi:10.1016/j.biotechadv.2015.08.001 

Bailey, C. J., & Day, C. (2004). Metformin: its botanical background. Practical Diabetes 
International, 21(3), 115-117. doi:10.1002/pdi.606 

Baker, D. D., Chu, M., Oza, U., & Rajgarhia, V. (2007). The value of natural products to future 
pharmaceutical discovery. Nat Prod Rep, 24(6), 1225-1244. doi:10.1039/b602241n 

Beekman, A. M., & Barrow, R. A. (2014). Fungal Metabolites as Pharmaceuticals. Australian 
Journal of Chemistry, 67(6), 827-843. doi:http://dx.doi.org/10.1071/CH13639 

Booij, H. H. D. J. (2000). The history of neuromuscular blocking agents. Current Anaesthesia & 
Critical Care, 11(1), 27-33. doi:http://dx.doi.org/10.1054/cacc.2000.0245 

Butler, M. S. (2004). The Role of Natural Product Chemistry in Drug Discovery. Journal of 
natural products, 67(12), 2141-2153. doi:10.1021/np040106y 

Chin, Y.-W., Balunas, M. J., Chai, H. B., & Kinghorn, A. D. (2006). Drug discovery from natural 
sources. The AAPS Journal, 8(2), E239–E253. doi:10.1007/BF02854894 

Clardy, J., & Walsh, C. (2004). Lessons from natural molecules. Nature, 432(7019), 829-837.  
Cragg, G. M., Grothaus, P. G., & Newman, D. J. (2009). Impact of natural products on 

developing new anti-cancer agents. Chem Rev, 109(7), 3012-3043. 
doi:10.1021/cr900019j 

Cragg, G. M., & Newman, D. J. (2005). Biodiversity: A continuing source of novel drug leads. 
Pure and Applied Chemistry, 77(1), 7-24. doi:10.1351/pac200577010007 

Cragg, G. M., & Newman, D. J. (2013). Natural products: A continuing source of novel drug 
leads. Biochimica Et Biophysica Acta-General Subjects, 1830(6), 3670-3695. 
doi:10.1016/j.bbagen.2013.02.008 

Cragg, G. M., Newman, D. J., & Snader, K. M. (1997). Natural Products in Drug Discovery and 
Development. Journal of natural products, 60(1), 52-60. doi:10.1021/np9604893 

Croteau, R., Kutchan, T. M., & Lewis, N. G. (2000). Natural Products (Secondary Metabolites).  
David, B., Wolfender, J. L., & Dias, D. A. (2015). The pharmaceutical industry and natural 

products: historical status and new trends. Phytochemistry Reviews, 14(2), 299-315. 
doi:10.1007/s11101-014-9367-z 

Dias, D. A., Urban, S., & Roessner, U. (2012). A Historical Overview of Natural Products in Drug 
Discovery. Metabolites, 2(2), 303.  

Dorkins, H. R. (1982). Suxamethonium-the development of a modern drug from 1906 to the 
present day. Medical History, 26(2), 145-168.  

EMEA. (2003). Guideline on the chemistry of new active substances.   Retrieved from 
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/
09/WC500002815.pdf 

Ertl, P., & Schuffenhauer, A. (2008). Cheminformatics analysis of natural products: lessons from 
nature inspiring the design of new drugs. Prog Drug Res, 66, 217, 219-235.  

Farnsworth, N. R., Akerele, O., Bingel, A. S., Soejarto, D. D., & Guo, Z. (1985). Medicinal plants in 
therapy. Bulletin of the World Health Organization, 63(6), 965-981.  

FDA New drug product exclusivity, Pub. L. No. 21CFR314.108 (2015). 
Feher, M., & Schmidt, J. M. (2003). Property distributions: differences between drugs, natural 

products, and molecules from combinatorial chemistry. J Chem Inf Comput Sci, 43(1), 
218-227. doi:10.1021/ci0200467 

http://dx.doi.org/10.1016/j.toxicon.2012.11.024
http://dx.doi.org/10.1071/CH13639
http://dx.doi.org/10.1054/cacc.2000.0245
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002815.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002815.pdf


41 

 

Ganesan, A. (2008). The impact of natural products upon modern drug discovery. Current 
Opinion in Chemical Biology, 12(3), 306-317. 
doi:http://dx.doi.org/10.1016/j.cbpa.2008.03.016 

Harvey, A. L. (2008). Natural products in drug discovery. Drug Discovery Today, 13(19–20), 894-
901. doi:http://dx.doi.org/10.1016/j.drudis.2008.07.004 

Harvey, A. L. (2014). Toxins and drug discovery. Toxicon, 92, 193-200. 
doi:http://dx.doi.org/10.1016/j.toxicon.2014.10.020 

Harvey, A. L., Edrada-Ebel, R., & Quinn, R. J. (2015). The re-emergence of natural products for 
drug discovery in the genomics era. Nat Rev Drug Discov, 14(2), 111-129. 
doi:10.1038/nrd4510 

Jones, W. P., Chin, Y.-W., & Kinghorn, A. D. (2006). The Role of Pharmacognosy in Modern 
Medicine and Pharmacy. Current Drug Targets, 7(3), 247-264. 
doi:10.2174/138945006776054915 

Katz, L., & Baltz, R. H. (2016). Natural product discovery: past, present, and future. J Ind 
Microbiol Biotechnol, 43(2-3), 155-176. doi:10.1007/s10295-015-1723-5 

Kinch, M. S., Haynesworth, A., Kinch, S. L., & Hoyer, D. (2014). An overview of FDA-approved 
new molecular entities: 1827–2013. Drug Discovery Today, 19(8), 1033-1039. 
doi:http://dx.doi.org/10.1016/j.drudis.2014.03.018 

Kinch, M. S., Patridge, E., Plummer, M., & Hoyer, D. (2014). An analysis of FDA-approved drugs 
for infectious disease: antibacterial agents. Drug Discovery Today, 19(9), 1283-1287. 
doi:http://dx.doi.org/10.1016/j.drudis.2014.07.005 

Kingston, D. G. I. (2011). Modern Natural Products Drug Discovery and its Relevance to 
Biodiversity Conservation. Journal of natural products, 74(3), 496-511. 
doi:10.1021/np100550t 

Koehn, F. E., & Carter, G. T. (2005). The evolving role of natural products in drug discovery. Nat 
Rev Drug Discov, 4(3), 206-220.  

Krause, J., & Tobin, G. (2013). Discovery, development, and regulation of natural products. In 
M. Kulka (Ed.), Using old solutions to new problems: natural drug discovery in the 21st 
century (pp. 3-35). 

Leader, B., Baca, Q. J., & Golan, D. E. (2008). Protein therapeutics: a summary and 
pharmacological classification. Nat Rev Drug Discov, 7(1), 21-39. doi:10.1038/nrd2399 

Lee, M. (2011). The history of Ephedra (ma-huang). JR Coll Physicians Edinb, 41(1), 78-84.  
Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P., . . . Lewis, K. 

(2015). A new antibiotic kills pathogens without detectable resistance. Nature, 
517(7535), 455-459. doi:10.1038/nature14098 

http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-
information 

Luo, Y., Cobb, R. E., & Zhao, H. (2014). Recent advances in natural product discovery. Current 
Opinion in Biotechnology, 30, 230-237. 
doi:http://dx.doi.org/10.1016/j.copbio.2014.09.002 

Martins, A., Vieira, H., Gaspar, H., & Santos, S. (2014). Marketed Marine Natural Products in the 
Pharmaceutical and Cosmeceutical Industries: Tips for Success. Marine Drugs, 12(2), 
1066-1101. doi:10.3390/md12021066 

McCurdy, C. R., & Scully, S. S. (2005). Analgesic substances derived from natural products 
(natureceuticals). Life Sciences, 78(5), 476-484. 
doi:http://dx.doi.org/10.1016/j.lfs.2005.09.006 

Montaser, R., & Luesch, H. (2011). Marine natural products: a new wave of drugs? Future Med 
Chem, 3(12), 1475-1489. doi:10.4155/fmc.11.118 

http://dx.doi.org/10.1016/j.cbpa.2008.03.016
http://dx.doi.org/10.1016/j.drudis.2008.07.004
http://dx.doi.org/10.1016/j.toxicon.2014.10.020
http://dx.doi.org/10.1016/j.drudis.2014.03.018
http://dx.doi.org/10.1016/j.drudis.2014.07.005
http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-information
http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-information
http://dx.doi.org/10.1016/j.copbio.2014.09.002
http://dx.doi.org/10.1016/j.lfs.2005.09.006


42 

 

Newman, D. J., & Cragg, G. M. (2007). Natural products as sources of new drugs over the last 25 
years. J Nat Prod, 70(3), 461-477. doi:10.1021/np068054v 

Newman, D. J., & Cragg, G. M. (2012). Natural products as sources of new drugs over the 30 
years from 1981 to 2010. J Nat Prod, 75(3), 311-335. doi:10.1021/np200906s 

Newman, D. J., & Cragg, G. M. (2016a). Chapter 13 Natural Product Scaffolds of Value in 
Medicinal Chemistry. In S. Bräse (Ed.), Privileged Scaffolds in Medicinal Chemistry: 
Design, Synthesis, Evaluation (pp. 348-378): The Royal Society of Chemistry. 

Newman, D. J., & Cragg, G. M. (2016b). Natural Products as Sources of New Drugs from 1981 to 
2014. Journal of natural products. doi:10.1021/acs.jnatprod.5b01055 

Newman, D. J., Cragg, G. M., & Snader, K. M. (2000). The influence of natural products upon 
drug discovery (Antiquity to late 1999). Natural Product Reports, 17(3), 215-234. 
doi:10.1039/a902202c 

Newman, D. J., Cragg, G. M., & Snader, K. M. (2003). Natural products as sources of new drugs 
over the period 1981-2002. J Nat Prod, 66(7), 1022-1037. doi:10.1021/np030096l 

Nguyen, J.-T., & Kiso, Y. (2015). Discovery of Peptide Drugs as Enzyme Inhibitors and Activators 
Peptide Chemistry and Drug Design (pp. 157-201): John Wiley & Sons, Inc. 

Omarsdottir, S., Einarsdottir, E., Ögmundsdottir, H. M., Freysdottir, J., Olafsdottir, E. S., 
Molinski, T. F., & Svavarsson, J. (2012). Biodiversity of benthic invertebrates and 
bioprospecting in Icelandic waters. Phytochemistry Reviews, 12(3), 517-529. 
doi:10.1007/s11101-012-9243-7 

Paterson, I., & Anderson, E. A. (2005). Chemistry. The renaissance of natural products as drug 
candidates. Science, 310(5747), 451-453. doi:10.1126/science.1116364 

Patridge, E., Gareiss, P., Kinch, M. S., & Hoyer, D. (2015). An analysis of FDA-approved drugs: 
natural products and their derivatives. Drug Discovery Today, 21(2), 204-207. 
doi:10.1016/j.drudis.2015.01.009 

Pomponi, S. A. (1999). The bioprocess–technological potential of the sea. Journal of 
Biotechnology, 70(1–3), 5-13. doi:http://dx.doi.org/10.1016/S0168-1656(99)00053-X 

Rangel, M., & Falkenberg, M. (2015). An overwiew of the marine natural products in clinical 
trials and on the market. Journal of coast life medicine, 3(6), 421-428. 
doi:10.12980/JCLM.3.2015JCLM-2015-001 

Rautio, J., Kumpulainen, H., Heimbach, T., Oliyai, R., Oh, D., Jarvinen, T., & Savolainen, J. (2008). 
Prodrugs: design and clinical applications. Nat Rev Drug Discov, 7(3), 255-270.  

Swinney, D. C., & Anthony, J. (2011). How were new medicines discovered? Nat Rev Drug 
Discov, 10(7), 507-519. doi:10.1038/nrd3480 

Szychowski, J., Truchon, J.-F., & Bennani, Y. L. (2014). Natural Products in Medicine: 
Transformational Outcome of Synthetic Chemistry. J Med Chem, 57(22), 9292-9308. 
doi:10.1021/jm500941m 

Taylor, D. (2015). The pharmaceutical industry and the future of drug development. In R. E. 
Hester & R. M. Harrison (Eds.), Pharmaceuticals in the environment (pp. 1-33): The 
royal society of chemistry. 

Umashankar, V. G., S. (2015). Drug discovery: An appraisal. International Journal of Pharmacy 
and Pharmaceutical Sciences, 7(4), 59-66.  

Wallwey, C., & Li, S.-M. (2011). Ergot alkaloids: structure diversity, biosynthetic gene clusters 
and functional proof of biosynthetic genes. Natural Product Reports, 28(3), 496-510. 
doi:10.1039/C0NP00060D 

Wardrop, D., & Keeling, D. (2008). The story of the discovery of heparin and warfarin. Br J 
Haematol, 141(6), 757-763. doi:10.1111/j.1365-2141.2008.07119.x 

World Health Organization. (2013). WHO traditional medicine strategy: 2014-2023.   Retrieved 
from http://apps.who.int/iris/bitstream/10665/92455/1/9789241506090_eng.pdf 

http://dx.doi.org/10.1016/S0168-1656(99)00053-X
http://apps.who.int/iris/bitstream/10665/92455/1/9789241506090_eng.pdf


43 

 

Wu, Y.-J. (2010). New Indole-Containing Medicinal Compounds. In W. G. Gribble (Ed.), 
Heterocyclic Scaffolds II:: Reactions and Applications of Indoles (pp. 1-29). Berlin, 
Heidelberg: Springer Berlin Heidelberg. 

Zhu, F., Qin, C., Tao, L., Liu, X., Shi, Z., Ma, X., . . . Chen, Y. (2011). Clustered patterns of species 
origins of nature-derived drugs and clues for future bioprospecting. Proc Natl Acad Sci 
U S A, 108(31), 12943-12948. doi:10.1073/pnas.1107336108 

 

 

 

 

Abrams, S. B., & Hallett, M. (2013). Clinical utility of different botulinum neurotoxin 

preparations. Toxicon, 67, 81-86. 

doi:http://dx.doi.org/10.1016/j.toxicon.2012.11.024 

Atanasov, A. G., Waltenberger, B., Pferschy-Wenzig, E.-M., Linder, T., Wawrosch, C., 

Uhrin, P., . . . Stuppner, H. (2015). Discovery and resupply of pharmacologically 

active plant-derived natural products: A review. Biotechnology Advances, 33(8), 

1582-1614. doi:10.1016/j.biotechadv.2015.08.001 

Bailey, C. J., & Day, C. (2004). Metformin: its botanical background. Practical Diabetes 

International, 21(3), 115-117. doi:10.1002/pdi.606 

Baker, D. D., Chu, M., Oza, U., & Rajgarhia, V. (2007). The value of natural products to 

future pharmaceutical discovery. Nat Prod Rep, 24(6), 1225-1244. 

doi:10.1039/b602241n 

Balunas, M. J., & Kinghorn, A. D. (2005). Drug discovery from medicinal plants. Life 

Sciences, 78(5), 431-441. doi:http://dx.doi.org/10.1016/j.lfs.2005.09.012 

Beekman, A. M., & Barrow, R. A. (2014). Fungal Metabolites as Pharmaceuticals. 

Australian Journal of Chemistry, 67(6), 827-843. 

doi:http://dx.doi.org/10.1071/CH13639 

Booij, H. H. D. J. (2000). The history of neuromuscular blocking agents. Current 

Anaesthesia & Critical Care, 11(1), 27-33. 

doi:http://dx.doi.org/10.1054/cacc.2000.0245 

Butler, M. S. (2004). The Role of Natural Product Chemistry in Drug Discovery. 

Journal of natural products, 67(12), 2141-2153. doi:10.1021/np040106y 

Butler, M. S. (2008). Natural products to drugs: natural product-derived compounds in 

clinical trials. Natural Product Reports, 25(3), 475-516. doi:10.1039/B514294F 

Butler, M. S., Robertson, A. A. B., & Cooper, M. A. (2014). Natural product and natural 

product derived drugs in clinical trials. Natural Product Reports, 31(11), 1612-

1661. doi:10.1039/C4NP00064A 

http://dx.doi.org/10.1016/j.toxicon.2012.11.024
http://dx.doi.org/10.1016/j.lfs.2005.09.012
http://dx.doi.org/10.1071/CH13639
http://dx.doi.org/10.1054/cacc.2000.0245


44 

 

C. Sharpe, P., R. Richardson, D., S. Kalinowski, D., & V. Bernhardt, P. (2011). 

Synthetic and Natural Products as Iron Chelators. Current Topics in Medicinal 

Chemistry, 11(5), 591-607. doi:10.2174/156802611794785163 

Chin, Y.-W., Balunas, M. J., Chai, H. B., & Kinghorn, A. D. (2006). Drug discovery 

from natural sources. The AAPS Journal, 8(2), E239–E253. 

doi:10.1007/BF02854894 

Clardy, J., & Walsh, C. (2004). Lessons from natural molecules. Nature, 432(7019), 

829-837.  

Cragg, G. M., Grothaus, P. G., & Newman, D. J. (2009). Impact of natural products on 

developing new anti-cancer agents. Chem Rev, 109(7), 3012-3043. 

doi:10.1021/cr900019j 

Cragg, G. M., & Newman, D. J. (2005). Biodiversity: A continuing source of novel drug 

leads. Pure and Applied Chemistry, 77(1), 7-24. doi:10.1351/pac200577010007 

Cragg, G. M., & Newman, D. J. (2013). Natural products: A continuing source of novel 

drug leads. Biochimica Et Biophysica Acta-General Subjects, 1830(6), 3670-

3695. doi:10.1016/j.bbagen.2013.02.008 

Cragg, G. M., Newman, D. J., & Snader, K. M. (1997). Natural Products in Drug 

Discovery and Development. Journal of natural products, 60(1), 52-60. 

doi:10.1021/np9604893 

Croteau, R., Kutchan, T. M., & Lewis, N. G. (2000). Natural Products (Secondary 

Metabolites).  

David, B., Wolfender, J. L., & Dias, D. A. (2015). The pharmaceutical industry and 

natural products: historical status and new trends. Phytochemistry Reviews, 

14(2), 299-315. doi:10.1007/s11101-014-9367-z 

Dias, D. A., Urban, S., & Roessner, U. (2012). A Historical Overview of Natural 

Products in Drug Discovery. Metabolites, 2(2), 303.  

Dorkins, H. R. (1982). Suxamethonium-the development of a modern drug from 1906 to 

the present day. Medical History, 26(2), 145-168.  

EMEA. (2003). Guideline on the chemistry of new active substances.   Retrieved from 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2

009/09/WC500002815.pdf 

Ertl, P., & Schuffenhauer, A. (2008). Cheminformatics analysis of natural products: 

lessons from nature inspiring the design of new drugs. Prog Drug Res, 66, 217, 

219-235.  

European Medicines Agency. History of EMA.   Retrieved from 

http://www.ema.europa.eu/ema/index.jsp?curl=pages/about_us/general/general_c

ontent_000628.jsp&mid=WC0b01ac058087addd 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002815.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002815.pdf
http://www.ema.europa.eu/ema/index.jsp?curl=pages/about_us/general/general_content_000628.jsp&mid=WC0b01ac058087addd
http://www.ema.europa.eu/ema/index.jsp?curl=pages/about_us/general/general_content_000628.jsp&mid=WC0b01ac058087addd


45 

 

Fabricant, D. S., & Farnsworth, N. R. (2001). The value of plants used in traditional 

medicine for drug discovery. Environmental Health Perspectives, 109(Suppl 1), 

69-75.  

Farnsworth, N. R., Akerele, O., Bingel, A. S., Soejarto, D. D., & Guo, Z. (1985). 

Medicinal plants in therapy. Bulletin of the World Health Organization, 63(6), 

965-981.  

FDA. (2015).   Retrieved from 

http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm?fuseaction=Re

ports.ReportsMenu 

FDA New drug product exclusivity, Pub. L. No. 21CFR314.108 (2015). 

Feher, M., & Schmidt, J. M. (2003). Property distributions: differences between drugs, 

natural products, and molecules from combinatorial chemistry. J Chem Inf 

Comput Sci, 43(1), 218-227. doi:10.1021/ci0200467 

Gadzikowska, M., & Grynkiewicz, G. (2002). Tropane alkaloids in pharmaceutical and 

phytochemical analysis. Acta Pol Pharm, 59(2), 149-160.  

Ganesan, A. (2008). The impact of natural products upon modern drug discovery. 

Current Opinion in Chemical Biology, 12(3), 306-317. 

doi:http://dx.doi.org/10.1016/j.cbpa.2008.03.016 

Gutierrez-Lugo, M.-T., & Bewley, C. A. (2008). Natural Products, Small Molecules, and 

Genetics in Tuberculosis Drug Development. J Med Chem, 51(9), 2606-2612. 

doi:10.1021/jm070719i 

Harvey, A. L. (2008). Natural products in drug discovery. Drug Discovery Today, 

13(19–20), 894-901. doi:http://dx.doi.org/10.1016/j.drudis.2008.07.004 

Harvey, A. L. (2014). Toxins and drug discovery. Toxicon, 92, 193-200. 

doi:http://dx.doi.org/10.1016/j.toxicon.2014.10.020 

Harvey, A. L., Edrada-Ebel, R., & Quinn, R. J. (2015). The re-emergence of natural 

products for drug discovery in the genomics era. Nat Rev Drug Discov, 14(2), 

111-129. doi:10.1038/nrd4510 

Jones, W. P., Chin, Y.-W., & Kinghorn, A. D. (2006). The Role of Pharmacognosy in 

Modern Medicine and Pharmacy. Current Drug Targets, 7(3), 247-264. 

doi:10.2174/138945006776054915 

Katz, L., & Baltz, R. H. (2016). Natural product discovery: past, present, and future. J 

Ind Microbiol Biotechnol, 43(2-3), 155-176. doi:10.1007/s10295-015-1723-5 

Kinch, M. S., Haynesworth, A., Kinch, S. L., & Hoyer, D. (2014). An overview of FDA-

approved new molecular entities: 1827–2013. Drug Discovery Today, 19(8), 

1033-1039. doi:http://dx.doi.org/10.1016/j.drudis.2014.03.018 

http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm?fuseaction=Reports.ReportsMenu
http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm?fuseaction=Reports.ReportsMenu
http://dx.doi.org/10.1016/j.cbpa.2008.03.016
http://dx.doi.org/10.1016/j.drudis.2008.07.004
http://dx.doi.org/10.1016/j.toxicon.2014.10.020
http://dx.doi.org/10.1016/j.drudis.2014.03.018


46 

 

Kinch, M. S., Patridge, E., Plummer, M., & Hoyer, D. (2014). An analysis of FDA-

approved drugs for infectious disease: antibacterial agents. Drug Discovery 

Today, 19(9), 1283-1287. doi:http://dx.doi.org/10.1016/j.drudis.2014.07.005 

Kingston, D. G. I. (2011). Modern Natural Products Drug Discovery and its Relevance 

to Biodiversity Conservation. Journal of natural products, 74(3), 496-511. 

doi:10.1021/np100550t 

Koehn, F. E., & Carter, G. T. (2005). The evolving role of natural products in drug 

discovery. Nat Rev Drug Discov, 4(3), 206-220.  

Krause, J., & Tobin, G. (2013). Discovery, development, and regulation of natural 

products. In M. Kulka (Ed.), Using old solutions to new problems: natural drug 

discovery in the 21st century (pp. 3-35). 

Kumar, V., & Banker, G. S. (1993). CHEMICALLY-MODIFIED CELLULOSIC 

POLYMERS. Drug Development and Industrial Pharmacy, 19(1-2), 1-31. 

doi:10.3109/03639049309038760 

Kurkov, S. V., & Loftsson, T. (2013). Cyclodextrins. International Journal of 

Pharmaceutics, 453(1), 167-180. 

doi:http://dx.doi.org/10.1016/j.ijpharm.2012.06.055 

Leader, B., Baca, Q. J., & Golan, D. E. (2008). Protein therapeutics: a summary and 

pharmacological classification. Nat Rev Drug Discov, 7(1), 21-39. 

doi:10.1038/nrd2399 

Lee, M. (2011). The history of Ephedra (ma-huang). JR Coll Physicians Edinb, 41(1), 

78-84.  

Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P., . . . 

Lewis, K. (2015). A new antibiotic kills pathogens without detectable resistance. 

Nature, 517(7535), 455-459. doi:10.1038/nature14098 

http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary

-information 

Luo, Y., Cobb, R. E., & Zhao, H. (2014). Recent advances in natural product discovery. 

Current Opinion in Biotechnology, 30, 230-237. 

doi:http://dx.doi.org/10.1016/j.copbio.2014.09.002 

Martins, A., Vieira, H., Gaspar, H., & Santos, S. (2014). Marketed Marine Natural 

Products in the Pharmaceutical and Cosmeceutical Industries: Tips for Success. 

Marine Drugs, 12(2), 1066-1101. doi:10.3390/md12021066 

Mayer, A. M. S. (2016). Marine pharmaceuticals: The clinical pipeline.  

McCurdy, C. R., & Scully, S. S. (2005). Analgesic substances derived from natural 

products (natureceuticals). Life Sciences, 78(5), 476-484. 

doi:http://dx.doi.org/10.1016/j.lfs.2005.09.006 

http://dx.doi.org/10.1016/j.drudis.2014.07.005
http://dx.doi.org/10.1016/j.ijpharm.2012.06.055
http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-information
http://www.nature.com/nature/journal/v517/n7535/abs/nature14098.html#supplementary-information
http://dx.doi.org/10.1016/j.copbio.2014.09.002
http://dx.doi.org/10.1016/j.lfs.2005.09.006


47 

 

Miller, K. L., & Lanthier, M. (2015). Regulatory watch: Innovation in biologic new 

molecular entities: 1986-2014. Nat Rev Drug Discov, 14(2), 83. 

doi:10.1038/nrd4535 

Montaser, R., & Luesch, H. (2011). Marine natural products: a new wave of drugs? 

Future Med Chem, 3(12), 1475-1489. doi:10.4155/fmc.11.118 

Newman, D. J., & Cragg, G. M. (2007). Natural products as sources of new drugs over 

the last 25 years. J Nat Prod, 70(3), 461-477. doi:10.1021/np068054v 

Newman, D. J., & Cragg, G. M. (2012). Natural products as sources of new drugs over 

the 30 years from 1981 to 2010. J Nat Prod, 75(3), 311-335. 

doi:10.1021/np200906s 

Newman, D. J., & Cragg, G. M. (2016a). Chapter 13 Natural Product Scaffolds of Value 

in Medicinal Chemistry. In S. Bräse (Ed.), Privileged Scaffolds in Medicinal 

Chemistry: Design, Synthesis, Evaluation (pp. 348-378): The Royal Society of 

Chemistry. 

Newman, D. J., & Cragg, G. M. (2016b). Natural Products as Sources of New Drugs 

from 1981 to 2014. Journal of natural products. 

doi:10.1021/acs.jnatprod.5b01055 

Newman, D. J., Cragg, G. M., & Snader, K. M. (2000). The influence of natural 

products upon drug discovery (Antiquity to late 1999). Natural Product Reports, 

17(3), 215-234. doi:10.1039/a902202c 

Newman, D. J., Cragg, G. M., & Snader, K. M. (2003). Natural products as sources of 

new drugs over the period 1981-2002. J Nat Prod, 66(7), 1022-1037. 

doi:10.1021/np030096l 

Nguyen, J.-T., & Kiso, Y. (2015). Discovery of Peptide Drugs as Enzyme Inhibitors and 

Activators Peptide Chemistry and Drug Design (pp. 157-201): John Wiley & 

Sons, Inc. 

Nobel Media AB.   Retrieved from 

http://www.thelancet.com/journals/lancet/article/PIIS0140-6736(15)00455-

9/fulltext?rss%3Dyes 

Omarsdottir, S., Einarsdottir, E., Ögmundsdottir, H. M., Freysdottir, J., Olafsdottir, E. S., 

Molinski, T. F., & Svavarsson, J. (2012). Biodiversity of benthic invertebrates 

and bioprospecting in Icelandic waters. Phytochemistry Reviews, 12(3), 517-529. 

doi:10.1007/s11101-012-9243-7 

Paterson, I., & Anderson, E. A. (2005). Chemistry. The renaissance of natural products 

as drug candidates. Science, 310(5747), 451-453. doi:10.1126/science.1116364 

Patridge, E., Gareiss, P., Kinch, M. S., & Hoyer, D. (2015). An analysis of FDA-

approved drugs: natural products and their derivatives. Drug Discovery Today, 

21(2), 204-207. doi:10.1016/j.drudis.2015.01.009 

http://www.thelancet.com/journals/lancet/article/PIIS0140-6736(15)00455-9/fulltext?rss%3Dyes
http://www.thelancet.com/journals/lancet/article/PIIS0140-6736(15)00455-9/fulltext?rss%3Dyes


48 

 

Pomponi, S. A. (1999). The bioprocess–technological potential of the sea. Journal of 

Biotechnology, 70(1–3), 5-13. doi:http://dx.doi.org/10.1016/S0168-

1656(99)00053-X 

Rangel, M., & Falkenberg, M. (2015). An overwiew of the marine natural products in 

clinical trials and on the market. Journal of coast life medicine, 3(6), 421-428. 

doi:10.12980/JCLM.3.2015JCLM-2015-001 

Rautio, J., Kumpulainen, H., Heimbach, T., Oliyai, R., Oh, D., Jarvinen, T., & 

Savolainen, J. (2008). Prodrugs: design and clinical applications. Nat Rev Drug 

Discov, 7(3), 255-270.  

Reichert, J. M. (2012). Marketed therapeutic antibodies compendium. mAbs, 4(3), 413-

415. doi:10.4161/mabs.19931 

Schaap, F. G., Trauner, M., & Jansen, P. L. M. (2014). Bile acid receptors as targets for 

drug development. Nat Rev Gastroenterol Hepatol, 11(1), 55-67. 

doi:10.1038/nrgastro.2013.151 

Swinney, D. C., & Anthony, J. (2011). How were new medicines discovered? Nat Rev 

Drug Discov, 10(7), 507-519. doi:10.1038/nrd3480 

Szychowski, J., Truchon, J.-F., & Bennani, Y. L. (2014). Natural Products in Medicine: 

Transformational Outcome of Synthetic Chemistry. J Med Chem, 57(22), 9292-

9308. doi:10.1021/jm500941m 

Taylor, D. (2015). The pharmaceutical industry and the future of drug development. In 

R. E. Hester & R. M. Harrison (Eds.), Pharmaceuticals in the environment (pp. 

1-33): The royal society of chemistry. 

Umashankar, V. G., S. (2015). Drug discovery: An appraisal. International Journal of 

Pharmacy and Pharmaceutical Sciences, 7(4), 59-66.  

US Food and Drug Administration. (2015a). History.   Retrieved from 

http://www.fda.gov/AboutFDA/WhatWeDo/History/default.htm 

Us Food and Drug Administration. (2015b). New Molecular Entity (NME) Drug and 

NEw Biologic Approvals.   Retrieved from 

http://www.fda.gov/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelop

edandApproved/DrugandBiologicApprovalReports/NDAandBLAApprovalRepor

ts/ucm373420.htm 

US Food and Drug Administration. (2015c). Orange Book: Approved Drug Products 

with Therapeutic Equivalence Evaluations.   Retrieved from 

http://www.accessdata.fda.gov/scripts/cder/ob/ 

Wallwey, C., & Li, S.-M. (2011). Ergot alkaloids: structure diversity, biosynthetic gene 

clusters and functional proof of biosynthetic genes. Natural Product Reports, 

28(3), 496-510. doi:10.1039/C0NP00060D 

http://dx.doi.org/10.1016/S0168-1656(99)00053-X
http://dx.doi.org/10.1016/S0168-1656(99)00053-X
http://www.fda.gov/AboutFDA/WhatWeDo/History/default.htm
http://www.fda.gov/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/DrugandBiologicApprovalReports/NDAandBLAApprovalReports/ucm373420.htm
http://www.fda.gov/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/DrugandBiologicApprovalReports/NDAandBLAApprovalReports/ucm373420.htm
http://www.fda.gov/Drugs/DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/DrugandBiologicApprovalReports/NDAandBLAApprovalReports/ucm373420.htm
http://www.accessdata.fda.gov/scripts/cder/ob/


49 

 

Wardrop, D., & Keeling, D. (2008). The story of the discovery of heparin and warfarin. 

Br J Haematol, 141(6), 757-763. doi:10.1111/j.1365-2141.2008.07119.x 

World Health Organization. (2013). WHO traditional medicine strategy: 2014-2023.   

Retrieved from 

http://apps.who.int/iris/bitstream/10665/92455/1/9789241506090_eng.pdf 

Wu, Y.-J. (2010). New Indole-Containing Medicinal Compounds. In W. G. Gribble 

(Ed.), Heterocyclic Scaffolds II:: Reactions and Applications of Indoles (pp. 1-

29). Berlin, Heidelberg: Springer Berlin Heidelberg. 

Zhu, F., Qin, C., Tao, L., Liu, X., Shi, Z., Ma, X., . . . Chen, Y. (2011). Clustered 

patterns of species origins of nature-derived drugs and clues for future 

bioprospecting. Proc Natl Acad Sci U S A, 108(31), 12943-12948. 

doi:10.1073/pnas.1107336108 

 

http://apps.who.int/iris/bitstream/10665/92455/1/9789241506090_eng.pdf

