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Preface 

I have worked in the pharmaceutical industry most of my life, on 

numerous products that reached the market and many more that did 

not. Over the years, I have learned how drugs are developed. And while 

I may have learned the process, I have noticed that many people 

working at pharmaceutical companies do not know what we actually 

do. They may say we develop and make drugs. This is true, but it 

trivializes the process. What does it mean to develop a drug? What are 

the activities that are necessary to bring a drug to market? There are 

whole groups of individuals in companies who don’t know. These may 

include the administrative staff, the legal team, the contracts team, the 

chemists, and the list goes on. Even among scientists employed by a 

company, while they may be experts in their particular area, they may 

not be familiar with the entire drug development process. 

Starting around 2013, I began developing a series of lectures at Astellas to explain the big picture of 

drug development, with an eye towards the drug label, so participants could better understand how 

to read it and comprehend the activities involved in creating it. This course was named – Drugs 101. 

This book is an extension of those lectures. Each chapter was a lecture in the course. Let me state 

up front, I know this book is decidedly US-centric in its approach. I barely mention laws other than 

the Federal Food, Drug, and Cosmetic Act or other regulatory agencies other than the FDA. This is 

the “write what you know philosophy.” Perhaps in the future, I can expand into other regions and 

understand how their laws and regulations affect drug development. For example, privacy laws are 

much stricter in the EU; what impact does this have on drug development? 

I’ve had so much fun writing this book. I’ve written many books, and this one is a far departure from 

my usual fare. I’ve decided to take a more conversational tone to make it more reader-friendly. Drug 

development is fascinating and full of little tidbits of trivia and stories that are interesting (at least to 

me). I hope you find these little bits of trivia and history as interesting as I do. 

I also wanted to try something different with this book: make it a living document available online. I 

plan to update it regularly, rather than releasing editions every few years. I also don’t plan to sell it 

to make money. I will, however, make it available on Amazon for those who want a hard copy. I 

learned a long time ago that if you want to make money, don’t write a science book. The only one 

making money on publishing is the publisher. But I don’t write these books to make money anyway. 

I write them because I have something to say, and it has to come out, much like why a musician 

writes music or an artist creates their art — not that I am comparing myself to a musician or an 

artist. Lol.  

I’ve got lots of ideas for the future updates: new stories, reader-requested topics, and new chapters.  

I want to add a chapter on the sales and marketing of pharmaceuticals, but it will require significant 

time since I am not an expert in this area. Look for that in the future. I also want to write material 

on food regulation (Drugs and Food Explained?) and medical devices, perhaps even cosmetics.  

I am trying to figure out the best way to disseminate the book. I will be making it available 

(eventually) on Github and Zenodo. I will also be working on a personal website at peterbonate.com. 

If there is something you want to see, don’t hesitate to write me at peter@peterbonate.com. 

I want to thank all those who contributed to this book. Many researchers graciously allowed me to 

reprint their figures. What would I have done without Wikipedia and Wikimedia Creative Commons 

for many of the images in the book? Thank you.  

I would also like to thank the many reviewers of the book who helped me make it more interesting 

and relevant. Thank you to my team: Souvik Bhattacharya, Mary Choules, Alexis Hoerter, Hu Huang, 

Jace Nielsen, Pouye Sedighian, Vijay Siripuram, Junko Toyoshima, and Jared Weddell. You were all 

a great help in making this more cohesive. I didn’t want to write the regulatory chapter, but I listened 

https://github.com/peterbonate/Drugs-Explained
mailto:peter@peterbonate.com


 

x Peter Bonate: Drugs Explained. This work is subject to a Creative Commons CC-BY-NC-ND license. 

Subject to such a license, all rights reserved—Copyright 2026. Version 01MAR2026 

to your advice, and you were right; the book needed it. I want to thank Salaheldin Hamed for his 

review of that material. His comments made it a lot better overall. I also want to thank my friend, 

Christiane Collins, who never saw a contraction she liked. Thank you very much for reading this book 

and giving me your thoughts. 

Peter Bonate, March 2026 
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Chapter 1 

What is a Drug? 

Drugs are all around us. Got a headache? Take a pill. Got a stomachache? Take another pill. Got a 

weird rash? Here’s a cream for you. Drugs have permeated our culture. We write songs about them 

– “I want a new drug,” “Lucy in the Sky with Diamonds.” And they are in the news—the opioid crisis, 

the EpiPen shortage, mRNA COVID vaccines, and GLP-1 agonists to treat obesity. Athletes are 

constantly being banned from one sport or another for using performance-enhancing drugs. The 

legalization of medical marijuana has been rapid in many states. Drugs are everywhere. And while 

the title of this chapter is somewhat glib, defining what a drug ‘is’ can be difficult.  

First, let’s take a little test. Go ahead and write down in your own words what a drug is. And then, 

after reading this chapter, let’s see how you did. 

Foods, Drugs, and Cosmetics 
One way to define a drug is through its legal definition. As defined by the Federal Food, Drug, and 

Cosmetic Act (FFDCA, Sec. 201; 21 USC 321), a set of laws initially approved in 1938 that gives the 

Food and Drug Administration (FDA) the authority to oversee the safety of food, drugs, and 

cosmetics, a drug is defined as [2]: 

“(A) articles recognized in the official United States Pharmacopoeia, official Homoeopathic 

Pharmacopoeia of the United States, or official National Formulary, or any supplement to any 

of them; and (B) articles intended for use in the diagnosis, cure, mitigation, treatment, or 

prevention of disease in man or other animals; and (C) articles (other than food) intended to 

affect the structure or any function of the body of man or other animals; and (D) articles 

intended for use as a component of any article specified in clause (A), (B), or (C). A food or 

dietary supplement for which a claim, subject to sections 343(r)(1)(B) and 343(r)(3) of this 

title or sections 343(r)(1)(B) and 343(r)(5)(D) of this title, is made in accordance with the 

requirements of section 343(r) of this title is solely because the label or the labeling contains 

such a claim. A food, dietary ingredient, or dietary supplement for which a truthful and not 

misleading statement is made in accordance with section 343(r)(6) of this title is not a drug 

under clause (C) solely because the label or the labeling contains such a statement.” 

This is too complicated; only a lawyer might understand what it means. But hidden within there is 

the meat of the definition, and that is clause (B): a drug is an article intended for use in the diagnosis, 

cure, mitigation, treatment, or prevention of disease in man or other animals. On the surface, this 

may seem an acceptable definition, but it does not cover those drugs that are not used for those 

reasons. For example, some drugs of abuse, like LSD, have no medical purpose but are still 

considered drugs.  
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These Drugs?” for clarification). Can cosmetics be drugs? Yes. Sometimes, you may hear the term 

‘cosmeceutical’ used to describe a product that combines the properties of both cosmetics and drugs, 

such as a shampoo that has both cleaning and antibacterial properties, or retinol-containing anti-

aging creams. However, under the law, the FFDCA does not recognize the term. The FDA uses the 

Intended Use Doctrine to determine whether a cosmetic is a cosmetic, a drug, or, in some cases, a 

medical device. Cosmetics do not require FDA approval before they can be marketed and are the 

least regulated among items under the FFDCA. However, in 2022, a significant revision to the FFDCA 

was issued, enhancing the FDA’s regulatory jurisdiction and oversight of cosmetics [4].  

Natural Does Not Mean Safe: Supplements Explained 
There is a movement that began in the 1970s, when Linus Pauling, a Nobel Prize-

winning chemist and Nobel Peace Prize winner, proposed megadoses of Vitamin C 

to prevent the common cold, and later, with Ewan Cameron, a Scottish physician, 

proposed high-dose Vitamin C as a cancer therapy. Pauling was a major proponent 

of orthomolecular medicine, which proposes that disease can be prevented by 

creating an optimal molecular environment within the body through the use of 

vitamins and micronutrients.  Pauling’s stance tainted his Nobel Prize win, as 

numerous studies have failed to demonstrate that Vitamin C could reduce the 

incidence of common colds [5]. Nevertheless, the idea took hold in the public 

consciousness and cannot be let go. This idea that ‘natural is healthy’ is firmly rooted. Celebrities like 

Gwyneth Paltrow, Madonna, and Adele continue to hold influence over the public, advocating mega-

doses of Vitamin C and vitamin infusions for better health. 

The concept of vitamin supplements has expanded to include other natural products. For example, 

turmeric has been proposed as an anti-inflammatory agent, echinacea has been used to treat colds 

and boost immune function, and garlic has been used to enhance cardiovascular health and immune 

function. The problem is that some of these natural remedies are, in fact, therapeutic. For example, 

Table 1 

Facts About Cosmetics 

Cosmetics have their 
own set of Good 
Manufacturing 
Practices. 

 

For instance, 
some products 
regulated as 
cosmetics in 
Europe are 
regulated as 
drugs in the 
United States 
(US), e.g., 
sunscreens. 

 

Cosmetics imported 
into the US, 
including both 
ingredients and 
finished products, 
must meet the same 
safety and labeling 
criteria as those 
manufactured 
domestically. 

FDA does not pre-
approve cosmetic 
products or 
ingredients, with the 
important exception 
of color additives. 

 

Cosmetic firms are 
responsible for 
marketing safe, 
properly labeled 
products without 
prohibited ingredients 
and adhere to restricted 
ingredient guidelines. 

Color additives 
must be certified 
for purity in FDA 
labs if they are to 
be used legally in 
a product 
marketed in the 
United States. 

FFDCA does not 
specify any 
particular testing 
regimens for 
cosmetic products 
or ingredients. 

 

The cosmetic 
company is 
responsible for 
substantiating the 
safety of its products 
and ingredients 
before marketing 
them to the public. 
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folic acid has been shown to prevent neural tube defects during pregnancy, zinc can reduce the 

duration of colds by about 2 days, and peppermint oil is a useful short-term remedy for irritable 

bowel syndrome. However, not all supplements can improve health and treat illness. Many 

supplements lack medical value. For example, vitamin E has been shown not to affect cardiovascular 

outcomes, despite advertisements that say otherwise. And some supplements are even dangerous. 

Ephedra was an herbal supplement that promoted weight loss and increased energy; it was banned 

in 2004 by the FDA because of reported high blood pressure, heart attacks, stroke, seizures, and 

death associated with its use. The message here is that 'natural' does not mean 'safe'. 

Due to the increasing use of supplements in the 1980s and 1990s and the cries of “FDA overreach” 

in attempts to regulate these products, Congress modified the FFDCA through the Dietary 

Supplement Health and Education Act (DSHEA) in 1994, creating a new category called dietary 

supplements. Hereafter, supplements will be treated differently from drugs (Table 2). As defined, a 

dietary supplement: 

“means a product (other than tobacco) intended to supplement the diet that bears or contains 

one or more of the following dietary ingredients: 

(A) a vitamin; 

(B) a mineral; 

(C) an herb or other botanical; 

(D) an amino acid; 

(E) a dietary substance for use by man to supplement the diet by increasing the total 

dietary intake or 

(F) a concentrate, metabolite, constituent, extract, or combination of any ingredient 

described in clause (A), (B), (C), (D), or (E). 

Dietary supplements are further defined as products labeled as dietary supplements and are 

not represented for use as conventional food or as a sole item of a meal or diet. Supplements 

can be marketed for ingestion in a variety of dosage forms, including capsule, powder, soft 

gel, gelcap, tablet, liquid, or, indeed, any other form so long as they are not represented as 

conventional foods or as sole items of a meal or of the diet (FDCA, as amended, § 402).” 

Table 2 

Similarities and Differences Between Drugs and Supplements 

Property Supplements Drugs 

Regulatory Basis DSHESA 1994 FFDCA 

Premarketing Approval Not required Required 

Content Claims Allowed Allowed 

Structure/Function Allowed Not used; drugs make direct 

therapeutic claims 

Disease Treatment Claims Not allowed unless approved 

by the FDA 

Allowed 

Disclaimers Yes for all 

structure/function claims 

Claims are FDA-approved 

Evidence of efficacy required No Yes 

Adequate safety Yes Yes 

Follow GMPs Yes Yes 
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Supplements must be within 90 to 110% of the amount reported on the label and demonstrate purity, 

free of contaminants. In a market with over 4,000 unique products and more than 75,000 products 

on shelves nationwide, the FDA cannot possibly ensure product quality for all supplements sold in 

the US. It is generally recognized that 20% of supplements are adulterated in some form [14], and 

this number may be on the low side. 

Supplement manufacturers have different responsibilities than drug manufacturers. Supplement 

manufacturers must ensure that their products are safe and that their product labels are truthful and 

not misleading. Their safety aspect differs from that of drugs, where manufacturers must 

demonstrate both safety and efficacy. Supplement manufacturers are not required to demonstrate 

that their products are efficacious, and they cannot make the same claims as drug manufacturers. 

On their labels, supplements are allowed to make content claims, e.g., “this product contains 100 mg 

Vitamin C,” or “High in Vitamin C,” or “100% of the daily requirement for Vitamin C” (per 21 CFR 

§101.93(f). Supplements may also make structural/functional claims about how they affect the 

structure or function of the body, e.g., “Calcium builds strong bones” and “Supports Immune Health.” 

These claims do not require FDA approval, but they must be truthful and cannot be misleading. 

Specific health-related claims, like “Calcium may reduce the risk of osteoporosis”, are allowable but 

must be approved by the FDA. What a supplement cannot claim is that it can diagnose, treat, cure, 

or prevent disease – these claims are reserved for drugs. Hence, on most supplement labels, there 

will be a statement that reads “This product is not intended to diagnose, treat, cure, or prevent 

disease.” 

Somewhere between drugs and food, and somewhat related to supplements, is a whole new category 

of products called nutraceuticals. First coined in 1989, nutraceuticals are defined as a “food (or part 

of a food) that provides medical or health benefits, including the prevention and treatment of a 

disease.” There are two classes of nutraceuticals: dietary supplements and functional foods. Dietary 

or nutritional supplements are designed to supplement and provide nutrients that are not obtained 

from a standard diet. Examples include glucosamine and chondroitin for joint health, coenzyme Q10 

for heart health, fish oil to improve lipid profiles, and resveratrol for cardiovascular health. Functional 

foods are enriched or fortified foods intended to be consumed in their natural state. Examples include 

the addition of Vitamin D to create fortified milk, weight-loss bars, and probiotic yogurts. 

Nutraceuticals are not yet recognized as a separate category in the FFDCA and, as such, are regulated 

depending on how they are marketed and used. 

Table 3 

Differences Between Small Molecules and Biologic Drugs 

Biologics Chemical Drugs 

Made by living cells Made by chemical synthesis 

Large molecular weight and size Small molecular weight and size 

The structure is complex and 
heterogeneous 

Well-defined structure 

Difficult to structurally characterize 
analytically 

Easy to structurally characterize analytically 

Sensitive to environmental conditions Relatively stable 

Usually injected Usually taken orally 
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Small Molecules and Biologics 
Small-molecule drugs have well-defined chemical structures with molecular weights generally < 1000 

Daltons and are chemically synthesized. The majority of drugs approved today are small molecules, 

and for decades, they have been the major type of drug developed. Examples of small molecules 

include aspirin, acetaminophen, ibuprofen, and warfarin. 

The FDA defines a biological drug as vaccines, blood and blood components, allergenics (such as 

allergy shots), somatic cells, gene therapy, cell therapies, and recombinant therapeutic proteins. 

Examples of biological drugs include proteins such as insulin, growth hormone, and interferon; 

monoclonal antibodies such as trastuzumab (Herceptin); enzymes such as imiglucerase (Cerezyme); 

antisense oligonucleotides such as fomiversen (Vitravene); vaccines; cell therapies such as 

tisagenlecleucel (Kymriah); and gene therapy. Most biologics differ from small molecules in that they 

require injection, either intravenous or subcutaneous, for their administration. 

Biological drugs, or biologics as they are often called, are biological macromolecules that are orders 

of magnitude larger in size and complexity than small molecule drugs (Table 3). Biologics cannot be 

synthesized directly, unlike small molecules, and are instead produced by living cells — either 

microorganisms, plants, or animal cells — hence their name. Production of biologics is more complex 

than that of small molecules, and they cannot simply be made like small molecules. As such, their 

exact structure and purity cannot always be determined by standard laboratory testing methods. 

Furthermore, a significant safety concern with biologics is their potential to trigger an immune 

response, which can be life-threatening. 

Monoclonal antibodies represent the dominant class of biologics. As of 2024, roughly 150 have been 

approved, representing about 60-70% of total biologics sales. The highest-selling drug between 2020 

and 2025 was a monoclonal antibody (MAb); Keytruda (pembrolizumab) posted sales of almost $25 

billion in 2023 and $30 million in 2024. As such, it is worth discussing what they are. 

Antibodies are produced by B cells, a type of white blood cell, in response to antigens, which are 

substances the body recognizes as foreign, such as parts of a bacterium or a virus. Antibodies 

themselves are large proteins, about 150,000 Daltons, consisting of two heavy chains and two light 

chains held together by disulfide bonds. At one end is the epitope-binding domain, where the antigen 

 

Fab region is the binding 

domain for antigens, 

confers specificity, and is 

responsible for therapeutic 

efficacy 

Post-translational 

modifications are largely 

responsible for the 

antigenicity of monoclonal 

antibodies 

FcRn region protects the 

antibody from degradation 

and is responsible for 

antibody recycling, thereby 

prolonging its half-life in 

the body 
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binds to the antibody, and at the other is the FcRn-binding domain, which helps extend the antibody's 

lifespan in the body. On the surface of the antibody are post-translational modifications, which are 

chemical changes that occur to a protein after it has been synthesized. These include adding sugar 

residues to the surface or modifying the antibody with methyl, acetyl, or phosphoryl groups. These 

changes are important because they are not only essential to the antibody’s normal function but also 

help the body recognize the antibody as part of the person, not a foreign protein. 

What normally happens in the body in response to a first-time antigenic challenge is that the immune 

system detects the antigen, a naïve B cell binds it via its B-cell receptor, and it is internalized into 

the cell. With the help of T-cells, another type of white blood cell, an army of B-cells is produced 

against the antigen, which differentiates into two types: plasma cells, which are antibody-producing 

factories, and memory cells, which remember the antigen for the next time it is encountered by the 

body, allowing a greater immune response to be achieved. This is a slow process, which takes weeks 

to months. 

 

Items not drawn to scale. 

Comparison of Structures of Small Molecules and Biologics 

  
Items not drawn to scale. 
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When modern biologic drugs, particularly monoclonal antibodies and other proteins, started to be 

developed in the 1970s and 1980s, this presented a regulatory challenge for the FDA because the 

FFDCA was primarily written for small molecules. However, the Public Health Services Act (PHSA) 

was an early law to regulate biological products for safety, purity, and potency. In 1902, Congress 

passed the Biologics Control Act, also called the Virus-Toxin Act, the first US law regulating biological 

products, like vaccines and antitoxins, after 13 people died when a contaminated diphtheria antitoxin 

was released to the public. In 1944, the PHSA was enacted, establishing the Public Health Service 

and placing the regulation of biologics— primarily vaccines, antitoxins, blood, and blood components 

and their derivatives — under the control of the National Institutes of Health. Later, in 1972, the 

authority for biologics was transferred from the NIH to the Bureau of Biologics in the FDA, which was 

renamed the Center for Biologics Evaluation and Research (CBER) in 1988.  

When Orthoclone OKT-3 was approved in 1986 as the first therapeutic monoclonal antibody by CBER 

within the FDA, it established the regulatory precedent of approving the drug under the PHS Act 

§351, not the FFDCA. Monoclonal antibodies were subsequently regulated under the PHSA by 

interpretation rather than by explicit authority in the act. The Food, Drug, and Modernization Act 

(FDAMA) of 1997 strengthened the FDA’s biologics authority, but did not alter the PHSA’s definition 

of a biologic. Later, in 2003, CBER transferred regulatory control of monoclonal antibodies to the 

Center for Drug Evaluation and Research (CDER), the FDA arm that has regulated small molecules, 

where they are today.  

When is a Drug Not a Drug? 

When is a drug not a drug? When it is a 
combination of a drug and a device. Examples 
include: the EpiPen, which is sold as epinephrine 
inside a self-injecting needle unit (auto-injector); 
drug-eluting stents, which are small mesh tubes 
designed to keep open blood vessels and slowly elute drug into its local environment; and 
drug infused implants, which can release a drug into the circulation slowly over weeks, 
months, or sometimes years, like Exparel (bupivacaine) for non-opioid pain management. 
Are these drugs? Yes. Are they devices? Yes. But they are considered a combination medical 
device, containing drugs, and are also regarded as a medical device. The legal definition of a 
combination device builds on the legal definition of a drug:  

An instrument, apparatus, implement, machine, contrivance, implant, in vitro 
reagent, or other such related article, including any component parts or 
accessories, that contain a recognized and approved drug that is intended to 
diagnose, prevent, treat, or cure disease in man or animals, that is intended to 
affect the structure or function of the body, and does not achieve its primary 
purpose through chemical action alone within the body. 

Sometimes, the distinction between what 
constitutes a medical device and a drug is 
blurred. The choice between the two has 
significant implications, as each has 
different regulations and approval 
pathways. For example, is a fentanyl 
popsicle a drug or a device? Originally 

approved as a drug, today it might be considered a device. Medical devices that contain new 
drug entities will need to obtain approval for both the drug and the device aspects. 
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Cell Therapy 
Another type of biologic drug is cell therapy, the administration of live cells into patients. These cells 

may be the patient’s own cells or universal cells, such as stem cells, and there are many different 

types. Adoptive cell therapy is the stuff of science fiction. Immune cells from cancer patients, typically 

T cells, are extracted from the body, isolated, and then expanded ex vivo (outside the body) or 

modified by adding new receptors. The cells are then reinfused back into patients. In 1986, Steven 

Rosenberg and colleagues at the US National Cancer Institute harvested tumors from mice, removed 

T-cells from the tumor microenvironment, known as tumor-infiltrating lymphocytes (TILs), and 

expanded their numbers ex vivo. They then re-administered the expanded TILs back to the mice. 

When given in combination with traditional chemotherapy and IL-2, 100% of mice with colon cancer 

were cured, and 50% were cured of lung metastases [15]. Later, Rosenberg and colleagues 

administered autologous activated killer cells and IL-2 to patients with advanced cancer, all of whom 

failed prior therapies. Cancer regression was observed in 11 of 25 patients, with complete tumor 

shrinkage in one patient for 10 months. While promising, this approach was too toxic for routine 

therapeutic use. 

Enter chimeric antigen receptor T-cells (CAR-T), which are T-cells with chimeric T-cell receptors 

added to the cell's surface to recognize tumor cells [16]. These cells use antibody fragments to 

recognize tumor cells. The first chimeric T-cell receptor was developed in 1993 by mixing an antibody-

like binding domain to the body of a T-cell receptor, thereby allowing the T-cell to bind to a tumor 

cell and kill it (Figure 1). These first CAR-T cells did not last long in the body; however, in 1998, it 

was demonstrated that the introduction of one of the co-proteins necessary for T-cell activation and 

stimulation (CD28) into the chimeric T-cell receptor could significantly improve the persistence of 

chimeric T-cells in the body, marking a significant advancement (2nd generation).  

In 2002, the first effective CAR-T cells were developed targeting CD19, a marker expressed on B 

cells. In 2013, the first clinical study was performed in leukemia patients and the first CAR-T was 

approved in 2017 (Kymriah, tisagenlecleucel) for treating patients with B-cell acute lymphoblastic 

leukemia (ALL). As of 2022, six CAR-T cell therapies have been approved by the FDA, all of which 

are active against blood cancers, including leukemia. Despite its hype, CAR-T therapy has been 

criticized for its severe adverse events, ineffectiveness towards solid tumors, and high cost (upwards 

of $450,000). There are also concerns about whether CAR-T therapy may cause T-cell cancers, such 

as lymphoma. 

Cell therapies are reviewed and approved by CBER within the FDA under the PHSA. Products 

submitted to CBER submit a Biologics License Application (BLA), whereas products submitted to CBER 

submit a New Drug Application (NDA).  Regulation of cell therapy has largely remained unchanged, 

with the exception being approval of Regenerative Medicine Advanced Therapy designation within 

the 21st Century Cures Act, which created an expedited program for innovative regenerative products, 

similar to breakthrough designation, which includes “cell therapies, therapeutic tissue-engineering 

products, human cell and tissue products, and combination products using any such therapies or 

products; and may include gene therapies and genetically modified cells, including genetically 

modified somatic cells,” as a way to bring experimental cell therapies to patients faster. More on the 

regulatory aspects of cell therapies is discussed in the chapter on Regulatory Considerations. 

Gene Therapy 
Gene therapy is the administration of genetic material to treat or prevent disease by modifying a 

person’s genes. Essentially, the genetic material is the drug, and rather than treating the symptoms, 

as so many drugs do, gene therapy aims to treat the root cause. Gene therapy works by one of the 

following mechanisms: 
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Brand-name Drugs vs. Generics 
In most countries, drugs are patented for 20 years. However, with some extensions and clinical trials 

in specific populations, like pediatrics or rare diseases, patents may be extended for a few more 

years. Once a drug comes off patent, any manufacturer may begin manufacturing and marketing it 

as their own product, provided they meet specific regulatory requirements. These drugs are known 

as generic drugs, or simply generics, and there are similarities and differences between brand-name 

drugs and generic drugs. Before a regulatory agency can approve a generic drug, it must be 

chemically identical to the original in terms of active agent, dose, route of administration, quality, 

performance, and intended use. For example, if a brand-name drug was marketed with strengths of 

50 and 100 mg, the generic manufacturer could not make a strength of, say, 75 mg, or if the drug 

was approved for use in patients with breast cancer, the generic manufacturer could not market it to 

treat thyroid cancer, or if the brand-name was a tablet, the generic manufacturer could not market 

a suspension. What can differ regarding a generic drug are the inactive ingredients used in the 

formulation, known as excipients. 

Once approved by a regulatory agency, the product can be marketed under its non-proprietary name, 

or the manufacturer can market it under its own brand-name. The use of generic drugs rapidly grew 

after Congress approved the Hatch-Waxman Act in 1984, more formally known as the Drug Price 

Competition and Patent Term Restoration Act. Before 1984, there was no straightforward regulatory 

pathway for approving a generic. Generic manufacturers had to conduct the same expensive and 

time-consuming clinical trials as brand-name manufacturers. Additionally, in conducting these clinical 

trials, generic manufacturers exposed themselves to legal liability for potential patent infringement. 

The Hatch-Waxman Act changed all this by creating an expedited pathway for generic approval and 

certain patent exclusivities for generics upon their approval. It also adjusted patent life for brand-

name drugs due to delays in regulatory review and established a patent litigation process for potential 

patent infringements by generic manufacturers. Generic drugs account for 90% of the 6.5 billion 

prescriptions written in the US [21]. 

From a clinical pharmacology perspective, generic drugs must demonstrate chemical and 

bioequivalence. Chemical equivalence is easy – if the brand-name drug has a tablet with 75 mg of 

active ingredient, so should the generic drug. A little trickier is whether the generic drug must be 

formulated with the same salt as the brand-name drug. Some drugs are ionic when dissolved, 

meaning they are positively or negatively charged. The ionic state of a drug can significantly impact 

its stability, solubility, dissolution from a tablet to a solution, and pharmacokinetic profile. By 

Table 4 

Differences Between Brand-Name Drugs and Generic Drugs 

Brand-name Drugs Generic Drugs 

Made by the originator company Not usually made by the originator company 

May be marketed under the brand name Cannot be marketed under the brand name 

Exclusivity during patent period Only available after the patent expires 

Active ingredient + excipients Must have the same active ingredient but 
may have different excipients 

Made using strict quality standards Also made using strict quality standards 

Originator fronts all the major development 
costs 
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formulating the drug as a salt, its chemical stability is often improved, as are its solubility, dissolution, 

and absorption into the body. For example, Luvox is fluvoxamine maleate (maleate is the counterion 

for fluvoxamine). Hydrocortisone is often formulated with an acetate counterion, i.e., hydrocortisone 

acetate. Once in solution, salts rapidly dissociate into their components, and the counterion plays no 

role in the pharmacodynamic effect of a drug. Generic manufacturers may alter the counterion, but 

regulatory agencies may require additional tests and studies to ensure the safety, effectiveness, and 

equivalence of the generic drug. 

Bioequivalence, discussed in much more detail in the chapter Principles of Pharmacokinetics, is 

defined as follows: two formulations are bioequivalent if they have the same rate and extent of 

absorption at the site of action [22]. This assessment is made by comparing the concentration-time 

profiles of different formulations of the drug in a biological matrix, such as plasma or serum. If two 

formulations are bioequivalent, they behave pharmacologically the same (Figure 2). Under certain 

circumstances, companies may request a biowaiver from regulatory agencies, which allows the 

generic manufacturer to substitute in vitro tests for clinical studies in humans.  

Although the Hatch-Waxman Act has been amended many times, a significant milestone for generics 

was the Patient Protection and Affordable Care Act, more informally known as Obamacare, approved 

by Congress in 2010, which allowed generic versions of biological drugs and granted 12 years of 

exclusivity to brand-name manufacturers before a generic version of the drug could be approved. 

The difficulty with allowing a generic version of biologics by the FDA was that before the Act, there 

was no formal regulatory pathway for approval – the generic pathway, as defined by law, was for 

small molecules.  

Generic manufacturers had to show chemical equivalency, but for biologics, that was impossible. Two 

biologics made by different cell lines are never exactly the same. Hence, generic biologics are referred 

to as biosimilars. They are similar, but not the same as, brand-name drugs, and they must 

demonstrate no clinically meaningful performance differences from the brand-name drug to be 

approved. The EU was ahead of the US in establishing a regulatory framework for approving 

biosimilars. By 2015, the EU had more than four dozen approved biosimilars, while the US had just 

approved its first one. The first FDA-approved biosimilar was Sandoz’s version of filgrastim, initially 

made by Amgen and marketed as Neupogen. To denote that Sandoz’s version was not the same as 

Amgen’s version, Sandoz’s version was given the non-proprietary name filgrastim-sndz, while 

Amgen’s version remained simply filgrastim. Sandoz then launched the product as Zarxio. The 

approval of biosimilars has skyrocketed, with the FDA approving its 50th biosimilar in 2024. 

Pharmaceutical Salts Are Formed From the  
Crystallization of Ionic Drugs and Counterions 
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The Hatch-Waxman Act was approved because it was believed that generic drugs would decrease 

consumer drug costs and that, as more generic drugs became available, drugs would become even 

cheaper. The same was true for the Affordable Care Act and the biosimilar approval pathway. A 

natural question then is, did Hatch-Waxman work? Do generic drugs result in decreased costs for 

consumers? It has been estimated that generic drugs saved Americans $373 billion in 2021. To put 

this number in perspective, it was estimated that consumers spent $324 billion on prescription drugs 

in the US in 2015, of which $7 billion was spent on biosimilars. That’s the good news.  

On the downside, there have been increased reports of poor pharmaceutical quality from overseas 

generic drug manufacturers, which can lead to potential therapeutic failures. Since the FDA has 

insufficient inspectors to do 

quality checks at overseas 

manufacturing sites, this 

could lead to 

manufacturing issues with 

generic drugs. For 

example, in 2015, the FDA 

sent a warning letter to Dr. 

Reddy’s Laboratories, one 

of the largest generic drug 

manufacturers, requiring 

the recall of certain lots of 

the antiepileptic drug 

divalproex, the cholesterol-

lowering drug atorvastatin, 

and the antihypertensive 

drug amlodipine [23]. 

Furthermore, because the 

 

Figure 2. Concentration-time profiles for three formulations of the same drug in the body. The 
blue profile is the brand-name formulation, while the red and orange profiles are generics. The red 
profile is bioequivalent to the brand-name profiles, but the orange profile is not because it has a 
different rate and extent of absorption compared to the other two profiles. 

Comparing the Same Biologic Made by Different 
Processes is Like Trying to Compare Trees 
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the package insert can limit the manufacturer's liability because it can then be argued that the 

consumer was warned of the risk. As a society, we have lost touch with Paracelsus’s adage. We need 

to remember that all drugs are potentially dangerous, even ones that are over the counter.  

Summary 
Drugs are an integral part of our lives. It’s hard to imagine not having them when we are sick. As 

patients become more educated about medicine and the options available to them, it is equally 

imperative that they also become more informed about the drugs they are taking and other 

medications that may be suitable alternatives. Only then can they make an informed decision. Since 

1968, pharmaceutical manufacturers have provided consumers and healthcare professionals with 

information about their drugs through package inserts. This helps physicians make informed dosing 

decisions and provides consumers with information about the medication's risks and benefits. Today, 

these inserts are lengthy documents. The FDA has attempted over the years to simplify them and 

make them more accessible to consumers, but they are still tedious to read. They are written 

primarily for doctors and scientists rather than the general public. Hence, the burden is on the public 

to become more educated if they hope to understand them. Now that we know what a drug is, the 

remaining chapters will hopefully help decipher the contents of the inserts so that consumers may 

understand what is written in them.   
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Chapter 2  

A Brief History of Drug Discovery 

Before the rise of the tech industry in the 

21st century, the pharmaceutical industry 

was the single largest funder of research 

and development (R&D) in the US Even 

today, as a percentage of revenue, 

pharmaceutical companies spend more on 

R&D than any other sector in the US, 

including the tech industry, with 

pharmaceutical companies reinvesting 

~25% of their revenues in R&D. For the 

10 years between 2010 and 2020, Roche, 

Pfizer, and Johnson & Johnson each spent 

more than $80 billion for R&D [27].  

Now, ask yourself: how much does it cost 

to develop a single drug? Is it less than 

$500 million, between $500 million and 

$1 billion, or more than $1 billion? That is 

a trick question. Depending on how 

economists calculate a pharmaceutical 

company's costs, labor, and expenses, 

the cost can range from $161 million to 

$4.5 billion (as of 2019) [28]. That’s a 

billion with a ‘b.’ Regarding the cost per 

drug per R&D expenditure, Novartis had 

12 drug approvals between 2016 and 

2021. During that time, they spent 

$44 billion on R&D expenditures, which 

naively translates to $3.6 billion per drug. 

This is the equivalent of the salary of the 

top 200 players (out of 484) in the 

National Basketball Association for 2023 or 600 Super Bowl commercials!   

One last question: how long does it take to get a new drug to market, from discovery to approval? 

The time from the start of studies in humans to approval averages about 9 years [29]. In total, 

including all animal studies conducted before the initiation of human studies, the time from drug 

discovery to approval is approximately 12 to 15 years, assuming the drug even reaches that stage. 

The odds are strongly against any newly discovered drug ever reaching the market. For compounds 

that reach animal testing, only about 10-20% ultimately make it to market [30]. For some diseases, 

R&D Spending in 2022 
 for Select Companies 

 

Data redrawn from [25, 26]. 
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the success rate is even more dismal, with cardiovascular, psychiatry, and oncology drugs showing 

success rates of around 5 to 6% [29]. 

Why is it so hard to bring a drug to market, and why does it cost so much? There are plenty of 

reasons. One is that the regulatory landscape has undergone significant changes over the last 50 

years. Increased regulations lead to longer development times and higher development costs. The 

number of studies a company must conduct and the number of patients it must study to prove a drug 

is safe and efficacious, can be quite large and challenging to conduct. The Phase 3 trial conducted in 

the intended patient population under the proposed dosing regimen is referred to as a confirmatory 

or pivotal study. In a somewhat dated review of 161 drugs approved in the EU from 2000 to 2010, 

it was estimated that the median number of patients treated with the drug in the confirmatory trial 

was 1708, but 16% of medicines had more than 5,000 patients in their confirmatory studies [31]. In 

cancer patients, it was reported that from 2006 to 2010, 158,810 patients participated in 1335 clinical 

studies, meaning that, on average, each study enrolled 120 participants [32]. Furthermore, the 

number of regulations continues to increase. It’s challenging to grasp how regulations accumulate 

over time. Researchers at George Mason University’s Mercatus Center and the Regulatory Affairs 

Professional Society reported that the number of regulatory requirements a regulatory professional 

needed to know increased from 16,239 in 2000 to 18,777 in 2012, representing a 15% rise. At the 

 

Figure 3. Opium is the dried latex from the opium poppy plant and contains about 12% morphine. 
Fredrick Serturner, shown in the middle, was a German chemist who was the first to isolate a 
medicinal product from a plant. In the early 1800s (the exact year this was done varies by source), 
Serturner purified morphine from raw opium extract by solubilizing it in hot water and precipitating it 
with ammonia. The extract was 10-times more potent than opium tincture. To demonstrate its 
activity, Serturner tested the extract on himself and three boys (imagine if this were done today!) 
with near-disastrous �F�R�Q�V�H�T�X�H�Q�F�H�V���� �6�X�E�M�H�F�W�V�� �H�[�S�H�U�L�H�Q�F�H�G�� �µ�V�H�Y�H�U�H�� �Q�D�U�F�R�V�L�V���¶�� �µ�S�D�L�Q���¶�� �D�Q�G��
�µ�H�[�K�D�X�V�W�L�R�Q���¶�� �%�D�V�H�G�� �R�Q�� �W�K�H�� �G�U�H�D�P-like state Serturner experienced, he named the extract 
�µ�P�R�U�S�K�H�X�P�¶�� �D�I�W�H�U�� �W�K�H�� �*�U�H�H�N�� �J�R�G�� �R�I�� �G�U�H�D�P�V�� �0�R�U�S�K�H�X�V���� �7�K�H�� �Q�D�P�H�� �X�V�H�G�� �W�R�G�D�\���� �P�R�U�S�K�L�Q�H���� �Z�D�V�Q�¶�W��
coined until 1818 when French chemist Joseph Gay-�/�X�V�V�D�F���W�U�D�Q�V�O�D�W�H�G���6�H�U�W�X�U�Q�H�U�¶�V���S�X�E�O�L�F�D�W�L�R�Q���L�Q�W�R��
French and recommended that the names of all comp�R�X�Q�G�V���G�H�U�L�Y�H�G���I�U�R�P���S�O�D�Q�W���E�D�V�H�V���H�Q�G���L�Q���µ-�L�Q�H���¶��
H�H�Q�F�H�����K�H���F�K�D�Q�J�H�G���W�K�H���Q�D�P�H���R�I���P�R�U�S�K�H�X�P���W�R���P�R�U�S�K�L�Q�H�����Z�K�L�F�K���6�H�U�W�X�U�Q�H�U���G�L�V�D�J�U�H�H�G���Z�L�W�K�����,�W���Z�D�V�Q�¶�W��
�X�Q�W�L�O�������������W�K�D�W���W�K�H���V�W�U�X�F�W�X�U�H���R�I���P�R�U�S�K�L�Q�H���Z�D�V���L�G�H�Q�W�L�I�L�H�G�����D�Q�G���L�W���Z�D�V�Q�¶�W���X�Q�W�L�O�������������W�K�D�W���P�R�U�S�K�L�Q�H���Z�D�V��
first chemically synthesized. 
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same time, the number of words in the Code of Federal Regulations dealing with the FDA increased 

by 166,892, which is about equal to the number of words in Charles Dickens’s novel “Oliver Twist” 

(and maybe just as boring).  

Another reason is that it is harder to find a drug with 

suitable properties to be a drug with appropriate 

safety and efficacy. It’s been said that if aspirin were 

submitted to the FDA as a new drug today, it would 

be denied approval due to too many side effects. That 

is true. Every year, the safety and efficacy hurdle 

increases, making it harder to find suitable drugs. 

There are other reasons as well, the point being that 

drug development is long, hard, and expensive. The 

next time you hear someone complain about the high 

costs of drugs, maybe you will think about this 

chapter. 

 People complain all the time that prescription drugs cost too much. Each pill costs only pennies to 

manufacture, yet pharmaceutical companies charge substantial amounts for each one. That is true. 

But behind each pill are years of research, studies involving thousands of patients, and thousands of 

hours of manpower. We wouldn’t ask Microsoft to give away the next release of Office for free, but 

it’s the same argument. Microsoft hardly sells any versions of Office on DVD anymore. It’s all 

electronic downloads from the internet. We wouldn’t ask them to give Office away for free simply 

because it costs them only pennies to maintain the servers that deliver Office. Instead, we pay 

Microsoft the hundreds of dollars it costs to develop the new version.  

 This chapter provides an overview of the history of drug discovery. Not every drug can be covered 

in this section, but what is covered represents my attempt to highlight what I consider to be the most 

important drugs. This section is divided into four parts: drug discovery before World War II, from 

World War II to 1980, from 1980 to 2000, and from 2000 to the present. Figure 4 presents a timeline 

of the first section, from the 1800s to World War II. 

Before World War II 
Until the 1850s, the primary source of drugs was natural products. Plants, fungi, animals, insects, 

reptiles, and minerals were used to cure disease or relieve symptoms. Pharmacologically active 

substances derived from natural products include opium tincture from the poppy plant, caffeine from 

tea and coffee, nicotine from tobacco plants, digitalis and digoxin from the foxglove plant, and 

Consider This 

Out of every ~ 5,000 new 
chemically made small molecule 

compounds 
identified during discovery, 
15-30 are tested in animals, 

Five are considered safe for testing 
in human volunteers, and 

only 1 of these compounds is 
typically approved as a marketed 

drug. 

 

Figure 4. Timeline of important drugs discovered from the 1800s to World War II. 
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World War II to 1980 �ó The Golden Age of Drug Discovery 
Figure 5 presents a timeline of important drugs approved from World War II to 1980. With the onset 

of World War II, drug discovery underwent a significant shift, becoming a central component of the 

war effort. This development marked the beginning of the pharmaceutical industry as we know it 

today. Many soldiers were dying from infections they received from battlefield injuries. At the time, 

sulfa drugs were the only drugs available to treat infections, and they were limited in what they could 

do. The search was on to find other antibiotics. Although penicillin had been known since 1928, when 

Alexander Fleming made his amazingly serendipitous discovery, he could not produce it in sufficient 

quantities to be used medically, and he discarded it [39].  

In 1938, Howard Florey of Oxford was interested in the biochemical properties of lysozyme, an 

antibacterial enzyme originally isolated by Fleming. What happens next is a matter of contention and 

differs among various sources. In one account, upon discovering Fleming’s paper, Florey decided that 

he would unravel penicillin’s antibactericidal action. A few years earlier, Florey had hired biochemist 

Ernst Chain. In another account, Chain claims he came upon Fleming’s paper in the “… oblivion of 

the literature” and that penicillin and lysozyme were the same or at least similar. This was decades 

before computers, and looking up prior research was a talent in itself because it required deep diving 

into old, obscure, and possibly regional journals. Chain claimed he sought to isolate penicillin to prove 

whether lysozyme and penicillin were identical.  

Within a few short months, Britain would declare war on 

Germany and, with it, all the supplies to support a war, 

including antibiotics. With a research grant in hand, Florey 

and Chain sought to isolate Fleming’s penicillin. They 

quickly did so, and biochemist Norman Heatley used every 

available container he could find to grow as much 

penicillin as possible and to purify it. To test the activity 

of what they were isolating, they boldly tested its activity 

by injecting it in a policeman who had nicked his face in 

his rose garden and developed a staphylococcus and 

streptococcus infection that was resistant to sulfa drugs. 

After five days of injections, the infection began to clear, 

 

Penicillin fungi on an agar plate. 

 

Figure 5. Timeline of important drugs approved or discovered from World War II to 1980. 
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the discovery of diaminopurine and thioguanine in 

1950. Elion later substituted an oxygen molecule 

for a sulfur molecule, creating 6-mercaptopurine, 

which is active against leukemia.  

The 1950s also saw the release of one of the most 

famous drugs of the 20th century – Tylenol 

(acetaminophen) [43]. Phenacetin and Antifebrin, 

two older antipyretics from the early 1900s, were 

not completely safe. Both caused 

methemoglobinemia in rare cases. Methemoglobin 

is a form of hemoglobin with a reduced ability to 

release oxygen into the tissues. High 

concentrations in red blood cells lead to loss of 

breath, dizziness, mental status changes, and, in 

extreme cases, coma and death. Why Phenacetin 

and Antifebrin caused this severe side effect was 

studied in 1948 by Julius Axelrod and Bernard 

Brodie, the former a future Nobel Prize winner and 

the latter a Lasker Award winner. They found that 

a small fraction of Antifebrin was metabolized to 

anilide, a known cause of methemoglobinemia. 

They also found another metabolite in more 

significant quantities, N-acetyl-p-aminophenol 

(APAP). They found that Phenacetin was 

predominantly metabolized to APAP and, to a minor 

extent, to p-phenetidine, another metabolite that 

causes methemoglobinemia.  

Although studied as an antipyretic more than 50 

years earlier in 1893 by clinical pharmacologist 

Joseph von Mering, APAP was rejected as a 

therapeutic because it too caused 

methemoglobinemia. Such was von Mering's 

reputation that his findings were not questioned 

until Axelrod and Brodie showed that APAP had the 

same antipyretic and analgesic effects as 

Phenacetin and Antifebrin, but lacked its effect on 

hemoglobin. They showed that von Mering’s 

findings were wrong. Later studies suggested that 

von Mering’s studies with APAP may have been 

contaminated with 4-aminophenol, from which von 

Mering synthesized his APAP, and which also 

causes methemoglobinemia. McNeil Laboratory 

used these findings and, in 1955, began marketing 

APAP as Tylenol Children’s Elixir under the generic 

names paracetamol in Europe and acetaminophen 

in the US.  

The 1950s also saw the introduction of drugs 

outside of antibacterials and chemotherapy. In 

particular, the 1950s saw the introduction of drugs 

affecting the brain. Monoamine oxidase (MAO) is a class of enzymes that oxidize monoamine 

neurotransmitters, such as norepinephrine and serotonin, two of the brain's major neurotransmitters. 

In 1951, MAO inhibitors for the treatment of depression were introduced [44]. Starting with the 

observation that tuberculosis patients prescribed iproniazid became happier, it was discovered that 

Acetanilide (Antifebrin) and 
Acetophenetidine (Phenacetin) 

are Both Metabolized to 
Acetaminophen (APAP) 
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Launched in 1955 by McNeil 

Labs For Children 

 

Marketing directly to physicians and 
using packaging that catered to children 
(notice that the box looked like a firetruck; 
God only knows how many children 
overdosed on Tylenol thinking they were 
taking candy; this was before child-safe 
caps) McNeil Labs sold APAP as a safe and 
effective alternative to aspirin. This 
product was soon expanded to other 
products, and today, it continues to 
generate sales of over $200 million 
annually in the US. 
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iproniazid had an additional property: it inhibited 

monoamine oxidase (MAO), thereby inhibiting 

monoamine metabolism. This observation led to the 

monoamine theory of depression, which holds that 

depression is the result of depletion of serotonin, 

norepinephrine, and/or dopamine in the central nervous 

system. In theory, drugs that block the depletion or 

reverse the depletion should ablate the depression. The 

first class of antidepressants, MAO inhibitors, works by 

blocking the enzyme responsible for metabolizing these 

monoamine neurotransmitters, thereby increasing the 

amount of neurotransmitter in the neurons. However, 

with these drugs, a new type of severe drug interaction 

was noted where foods rich in tyramine, like pizza and 

beer, could lead to a hypertensive crisis because 

tyramine, which is a neurotransmitter, also increases 

blood pressure (more on this in later chapters). 

Inhibiting tyramine metabolism increases its 

concentration, thereby elevating blood pressure. 

Drugs for the treatment of schizophrenia were also 

introduced in the 1950s [45]. After the war, Henry 

Laborit, a French physician, was interested in the use of 

antihistamines before surgery to prevent possible 

histamine release in patients in post-surgery shock. He 

started with a cocktail of mepyramine and 

promethazine, both known antihistamines. Over time, 

he found that the mood of his patients improved and, with promethazine, they required less morphine 

and were less anxious. Laborit went to Rhone-Poulenc to meet with the chemist who had synthesized 

promethazine and persuaded him to create a new set of more potent analogs. One of them was 

chlorpromazine, which affected the peripheral nervous system the least. Physicians found it to be the 

most effective calming drug to date when tested in patients experiencing shock. Chlorpromazine was 

released in 1953 under the name Largactil, derived from the terms “large” and “acti” for activity. 

Following this, Laborit studied the drug in patients with severe burns and psychiatric patients. In one 

patient, it was shown to have a profound effect on their mania, which led to a study in manic patients. 

The patients experienced profound changes in mood, thinking, and emotional behavior. Within two 

years, it was marketed in the US for the treatment of psychosis under the trade name Thorazine 

because when you take it, it is like being hit by Thor’s Hammer. After all, the action is so rapid. The 

spectacular success of chlorpromazine caused other companies to develop derivatives of it, which 

eventually led to the family of first-generation antipsychotics: prochlorperazine, fluphenazine, 

thioridazine, and chlorprothixene. 

Along with these discoveries was the introduction of lithium to treat bipolar disorder. Lithium is a 

natural element on the Periodic Table belonging to the same family as hydrogen, sodium, and 

potassium. In 1949, Australian psychiatrist John Cade was trying to isolate a compound from the 

urine of schizophrenia patients that might be responsible for their illness. He needed something to 

act as a control in his experiments. He believed that since uric acid was helpful in the treatment of 

gout and was shown to be psychoactive, he used lithium urate as the control. When he administered 

lithium urate to rats, much to his surprise, they became tranquil, which Cade attributed to the lithium 

cation rather than the urate anion. Cade then successfully treated manic psychiatric patients with 

lithium citrate and lithium carbonate, allowing some of them to be discharged from the hospital. 

Unfortunately, the impact of lithium for the treatment of bipolar disorder took a few years to catch 

on because of an incident in the US where a salt manufacturer switched from sodium chloride to 

lithium chloride, and people died as a result of lithium toxicity [46]. Today, however, lithium is used 

as a “mood stabilizer.” 

 

Early advertisement for Thorazine 
from the 1960s. 



Drugs Explained 

40 Peter Bonate: Drugs Explained. This work is subject to a Creative Commons CC-BY-NC-ND license. 

Subject to such a license, all rights reserved—Copyright 2026. Version 01MAR2026 

While these advances in severe mental illness profoundly 

changed the practice of psychiatry, nothing compared to 

the impact that Miltown (meprobamate) had. During World 

War II, Frank Berger was looking for a preservative for 

penicillin when he noticed that the compound mephenesin 

had a tranquilizing effect on rodents. But mephenesin had 

its own problems. It was short-acting and not very potent. 

In 1950, Berger and colleagues synthesized an analog of 

mephenesin that did not have these issues. They called this 

compound meprobamate. Wallace Laboratories bought the 

drug and named it Miltown. Launched in 1955, it gained 

popularity as an anxiolytic.  

Miltown was called “Momma’s Little Helper” and was 

advertised in mainstream magazines such as Newsweek, 

Time, and Reader’s Digest, as well as in women’s 

magazines such as Ladies' Home Journal. The Rolling 

Stones even wrote a song about it, called “Mother’s Little 

Helper,” with lyrics like “Doctor please/Some more of 

these” and “Momma needs something today/To calm her down.” Patients flooded doctors’ offices 

demanding the drug. Pharmacies hung signs out their windows saying, “Out of Miltown” or “More 

Miltown Tomorrow.” Reaching such a broad audience 

made Miltown the first blockbuster psychotropic drug 

in history, and by 1956, it was the most prescribed 

medication in America. Consumer Reports estimated 

that 1 in 20 Americans was taking Miltown, and by 

1957, more than 35 million prescriptions had been 

written, when the total US population was 172 million. 

This psychotropic revolution and popularization of 

psychotropic medication continued into the 1960s. 

Even into the latter half of the 20th century, serendipity 

continued to play a role in drug discovery. In 1954, 

while searching for drugs with psychotropic properties, 

Leo Sternbach, a chemist at Hoffman-LaRoche, went 

back to a series of heptodiazine analogs he had 

synthesized in graduate school as synthetic dyes. He 

synthesized 40 compounds and submitted them for 

pharmacological activity testing; all were inactive. 

Chemical analysis revealed that the analogs were not 

heptodiazine analogs but were benzodiazepine 

analogs. While cleaning the lab a year and a half later, 

another chemist found one of the analogs and realized 

it had not been submitted to the original group for 

testing. The chemist suggested that it be submitted for 

testing, and Sternbach agreed. The compound showed 

activity similar to that of chlorpromazine (Thorazine). 

This compound was later named chlordiazepoxide and, 

in 1960, was marketed as Librium, the first 

benzodiazepine sedative/hypnotic drug. Three years 

later, Valium (diazepam) was introduced by Hoffman-LaRoche and, from 1969 to 1982, was the top-

selling drug in the US. By 1977, benzodiazepines were the most prescribed class of drugs globally.  

 

Advertisements like these for 
Miltown turned it into the first 
blockbuster psychotropic drug. 

 

The anxiolytic Miltown was 
named after the borough of 
Miltown, New Jersey, where it 
was invented. 
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These discoveries and new psychotropic drugs led to a 

revolution and a new golden age of psychiatry, where drugs 

could treat psychiatric illnesses, transforming mental illness 

from one of long-term hospitalization to one of community 

mental health. With Miltown, mental illness shifted from 

“Blame the Mother to blame the brain,” as psychiatrist Eliot 

Valenstein put it, and dramatically lessened the role of 

psychotherapy thereafter. What was remarkable about these 

drugs is that scientists had no idea how these new 

psychotropic drugs worked. In 1950, brain activity was 

thought to be entirely electrical, and there was no concept of 

neurotransmission. This was the age of electroconvulsive 

therapy and insulin comas. Future Nobel Laureate Arvid 

Carlsson was mocked by colleagues when he proposed that 

dopamine might be a neurotransmitter. Developing drugs 

that affect brain function was a truly fantastic achievement. 

The 1960s are remembered for “sex, drugs, and rock n’ roll.” 

The drugs part certainly started with the psychotropic 

revolution in the 1950s, but the sex part started with the 

introduction of “the pill.” In 1951, birth control activist 

Margaret Sanger was 72 years old and was looking for 

someone to make for her the “magic pill” that would prevent 

pregnancy [47]. At a dinner party one night, she met biologist 

Gregory Pincus, and during their discussion, he surprised her by saying it might be possible to do 

such a thing with hormones. He agreed to investigate but said he needed funding to do so. Sanger 

convinced Planned Parenthood to provide the funds for his pilot project and showed that progesterone 

prevents ovulation in animals. Pincus later worked with Harvard obstetrician and gynecologist John 

Rock and, later, pharmaceutical company G.D. Searle, to develop an oral form of progesterone. Using 

a 21-day on/7-day off regimen of synthetic estrogen and progestin, in their efforts to keep 

contraception as natural as possible, they showed spectacular success in their initial efforts. In their 

first study of 50 women, none of the women ovulated while on the drug. After some setbacks related 

to contaminants in the formulation, Searle submitted their product to the FDA for approval, and it 

was approved in 1957 under the name Enovid.  

However, Enovid was approved for the treatment of severe menstrual 

bleeding, with a warning that Enovid will prevent ovulation. Doctors and 

women quickly saw what Enovid could do, and within two years, over 

half a million American women “developed” severe menstrual bleeding 

and were prescribed Enovid. In 1959, realizing that Enovid could be a 

huge moneymaker for the company, they re-filed with the FDA, this time 

as a contraceptive pill, and in 1960, it was approved. Within two years, 

Searle's monopoly on the market was lost when Syntex released Ortho-

Novum in the ever-familiar today DialPak dispenser. Today, there are 

more than 70 different birth control pills available to women. 

The 1960s also witnessed a profound shift in the treatment of heart 

disease with the introduction of beta-blockers, calcium channel blockers, 

and diuretics [48][49]. In the late 1940s, Raymond Ahlquist proposed 

two types of adrenergic receptors: alpha and beta [50]. When 

norepinephrine was applied to alpha-receptors, excitatory responses, 

such as vasoconstriction, occurred, and when it was applied to beta-

receptors, inhibitory responses, such as vasodilation, occurred. At the 

time, this proposal was not universally accepted. In fact, for a while, the 

original paper proposing this idea was rejected for publication because 

it contradicted prevailing dogma, and even after publication, it was 

 

Advertisement for Valium from 
1965. 

 

Enovid was the first 
contraceptive pill 
approved for use in 
1960. 
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largely ignored for over a decade. Today, receptor subtypes form the basis of modern pharmacology 

and drug development. 

In 1957, Irwin Slater of Eli Lilly was working with analogs of isoproterenol, a compound discovered 

in 1939 and known to be a bronchodilator. Using isolated tracheal strips, Slater would bathe the 

strips in adrenaline to ensure they remained responsive before testing the new analog on them. He 

noticed that those strips that had been exposed to dichloroisoproterenol (DCI) did not relax when 

exposed to adrenaline. Neil Moran at Emory University then tested the cardiac effects of DCI and 

found that it antagonized the increase in heart rate and muscle tension produced by adrenaline. 

These studies were the first proof that beta-receptors could be blocked by drugs, leading Moran to 

refer to these drugs as “beta-adrenergic blockers” or simply “beta-

blockers.” 

These results intrigued James Black, a Scottish pharmacologist working 

at Imperial Chemical Industries (ICI) in Great Britain, who, in 1958, was 

interested in finding drugs that reduced myocardial oxygen demand in 

hearts compromised by arterial disease. Using Ahlquist’s dual receptor 

theory and recognizing the importance of Moran’s work, Black believed 

it was possible to develop a drug that bound to receptors in the heart, 

the so-called beta-receptors, without having any intrinsic activity of 

their own. Black’s group then synthesized analogs of DCI, leading to the 

creation of pronethalol, launched in 1963 as Aderlin, the first non-

selective beta-blocker. Pronethalol had the properties Black was looking 

for, but caused tumors in mice and, as such, was only allowed in humans 

in life-threatening circumstances.  

Black and his team then returned to the laboratory and created another 

series of analogs, which ultimately led to 

the development of propranolol. Clinical 

trials showed that it was more effective 

at lowering blood pressure than 

pronethalol and had fewer side effects. In 

1964, propranolol was marketed as 

Inderal for treating angina, the first new 

treatment since the release of 

nitroglycerin 100 years earlier. It rapidly 

became the best-selling cardiovascular 

drug on the market. But Black did not 

stop there. Faced with the development of sotalol by Mead-Johnson, 

which was less active than propranolol but had fewer side effects, 

Black and his team created other propranolol analogs and discovered 

an even more cardioselective drug, practolol. Practolol was marketed 

as Eraldin and proved to have its own role in the treatment of cardiac 

arrhythmias, but it was removed from the market in 1975 for the 

profound toxicity (blindness, skin rash) it caused. However, 

differences in their effects led Black to propose the existence of beta-

receptor subtypes to explain the pharmacologic differences between 

propranolol and practolol. 

The other two drug classes developed in the 1960s that solidified the 

use of medicinal treatment of heart disease were the discovery of 

calcium channel blockers [51] and diuretics [49]. Papaverine is an old 

drug from the 1800s used to treat visceral spasms and vasospasms. 

Working with a series of papaverine analogs, Ferdinand Dengel of Knoll 

AG synthesized verapamil, which was found to be a coronary muscle 

dilator and later found to be antiarrhythmic. Albrecht Fleckenstein then 

 

Sir James Black was 
awarded the 1988 
Nobel Prize for 
discovering the beta-
blocker propranolol.  

He also discovered 
cimetidine, the first 
H2-histamine 
blocker, which was 
marketed ten years 
later for treating 
peptic ulcers. 
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state to approve psilocybin (an analog of LSD) for 

therapeutic use. 

The 1970s can be marked by two significant events: the 

War on Cancer and the emergence of biologic drugs. 

Even though mustard gases were released in the 1940s, 

the 1950s were marked by a period of pessimism 

regarding cancer therapies. In the 1960s, oncology as a 

medical specialty did not exist (it was not established 

until 1973), and medical universities discouraged 

research into new cancer drugs. But with the hard-

fought efforts of luminaries like Vince DeVita, Paul 

Calabresi, Gordon Zubrod, Emil Frei, and Howard 

Skipper, by the end of the 1960s, it was believed that 

cancer might be curable. In 1971, President Richard 

Nixon signed the National Cancer Act, which was sold to 

the American public as the "War on Cancer." With that 

signing, vast amounts of money became available for 

cancer research and the study of new cancer drugs.  

However, in 1956, Gordon Zubrod was appointed head 

of the Division of Cancer Treatment at the National 

Cancer Institute (NCI). He quickly set up the largest 

collection of American plants to test for anticancer 

activity. Sacks of needles, twigs, bark, seeds, and leaves 

were collected. From these extracts, samples were 

prepared and tested for their ability to kill cancer cells in 

vitro. Further work was done to isolate the active component if something proved active. Over 30,000 

species were collected. One of these was from the Pacific Yew tree, an old-growth tree in the Pacific 

Northwest. When tested in 1964, it was found that an extract of the bark was active, but the leaves 

and twigs were not. After isolating the active ingredient, it was named Taxol [55]. By 1969, 10 kg of 

pure Taxol had been isolated from 1,200 kg of Pacific Yew bark, but it failed to progress beyond this 

stage for reasons not reported. If I had to guess, I would say that the compound did not progress 

further because of the difficulty and low yields in extracting pure Taxol from Pacific Yew tree bark. 

Even if the compound showed promise, it would be untenable to support human development due to 

the amount of bark required. 

By 1971, the chemical structure of Taxol was identified. Still, the structure was so complex to 

synthesize that studies continued to use Taxol derived from the Pacific Yew tree bark. By 1980, an 

order for 20,000 pounds of bark was placed for botanists to collect. Following animal studies, clinical 

trials in cancer patients were initiated in 1984. 

The results were promising, and further studies 

were initiated in patients with melanoma and 

ovarian cancer. This time, 30% of patients with 

ovarian cancer responded, a remarkable 

achievement. Based on the current incidence of 

breast cancer in the population, it was estimated 

that 360,000 Pacific Yew trees would be needed 

to supply the drug per year! 

By now, the NCI realized they did not have the 

time or the resources to supply the nation’s 

ovarian cancer patients with paclitaxel, so they 

contracted everything to Bristol-Myers Squibb 

(BMS) in a very controversial deal because the 

NIH failed to collect the proper monies for Taxol 

 

The day of the first LSD trip, 
19 April 1943, is referred to as 
Bicycle Day because after ingesting 
LSD, the effects Albert Hoffman 
experienced on the ride home on 
his bicycle convinced him he had 
created a potent psychedelic drug. 
This LSD blotter commemorates 
that experience. 
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from BMS adequately and gave BMS a 

virtual monopoly on the drug. BMS invested 

over $ 1 billion in clinical studies to 

demonstrate the safety and efficacy of its 

products. In 1992, Taxol was approved by 

the FDA. In an interesting role reversal, in 

1990, BMS applied to have Taxol as the 

brand name of the drug and paclitaxel as the 

generic name. Critics argued that something 

in the public domain could not be 

trademarked for 20 years, but after a legal 

battle, BMS won the right to sell the drug 

under the name Taxol. It wasn’t until 1994 

that a total synthetic route for Taxol was 

elucidated. Taxol is still used to treat ovarian 

and lung cancer, and in 2000, had peak 

sales of $1.6 billion [56]. 

Following Taxol, other cancer drugs soon 

followed [57]. Chemists discovered that 

minor modifications to Taxol’s chemical 

structure could create other anticancer 

drugs. These drugs were called taxanes, and 

the most prominent of these was docetaxel, 

which was approved in 1996. At the height 

of the NCI’s plant collection program, China 

sent over extracts from Camptotheca 

acuminate, a deciduous tree, which was 

subsequently found to have anticancer 

activity. The active ingredient was identified 

in 1966 as camptothecin. By itself, 

camptothecin had weak clinical activity; 

however, changes to its structure ultimately 

led to the development of topotecan and 

irinotecan, both of which were approved in 

1996. Another plant, Catharanthus roseus, 

more commonly known as the Madagascar 

periwinkle, has led to the creation of a family 

of drugs known as the vinca alkaloids. Although plant extracts had long been known to be 

disinfectants and could be used to treat hypertension and diabetes, the plant sap was poisonous. 

Soon, the sap components were identified (more than 70), and two components ultimately became 

vincristine and vinblastine, both approved in 1963.  

Taking its cue from the NCI program, Italian researchers began examining soil microbes for their 

potential antibiotic or anticancer activity. One sample, collected near the Castel del Monte, a 13th-

century castle in southeast Italy, contained a new strain of Streptomyces bacterium that produced a 

bright red pigment with good anticancer activity against various mouse tumors when isolated. 

Independently, a group of French researchers also discovered the same compound. The two groups 

named the new compound daunorubicin, derived from “dauni” (where the compound was isolated) 

and “rub” (for the color red). But in 1967, daunorubicin was shown to cause cardiac toxicity, and its 

development was halted. The Italian team slightly modified daunorubicin’s structure and found the 

new compound more potent and active against various tumors. This drug was called doxorubicin, 

and it was approved in 1974. Other drugs, such as cisplatin and chlorambucil, were shown to be 

effective anticancer agents in the 1970s and, together with other new cancer drugs, marked a turning 

point in cancer treatment.  

 

Picture showing how the Pacific Yew tree bark 
is peeled (top), which is then processed to 
make Taxol (below) 

 

Taxol is formulated in a mixture of castor oil 
and alcohol. A version of Taxol dissolved in 
polyethylene glycol called Taxotere (docetaxol) 
was approved in 1996. 

 

Image courtesy of Wikipedia. 
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Another significant event was the treatment of 

cancer. Before the 1960s, cancer patients were 

treated with a single drug, and if that drug didn’t 

work, they were treated with another drug, which 

continued until the patient went into remission, was 

cured, or died. In the 1960s, cancer researchers 

started to show that combinations of drugs could be 

more effective than their individual components. 

Researchers found that the drug cocktail called 

VAMP, which stands for vincristine, methotrexate 

(formerly known as amethopterin), 6-

mercaptopurine, and prednisone, was highly 

effective in treating childhood leukemia, increasing 

the cure rate to 60%. Then, researchers started 

studying combination therapy in solid tumors and 

obtained similar results. Today, few new cancer 

drugs are developed under the single-drug 

paradigm. Today, most new cancer drugs are 

developed as combination therapy, and it is almost 

universal to see package inserts that say the drug 

should be given in combination with another drug.  

And while the 1970s saw the introduction of some 

other major drug classes, like the histamine H2-

blockers for the treatment of peptic ulcers, which 

includes Tagamet (cimetidine), and the non-steroidal 

anti-inflammatory drugs to treat pain and inflammation, like Motrin (ibuprofen) and Naprosyn 

(naproxen), the other major event that would have an impact and is still being felt today is the 

introduction of biologic drugs. In 1976, the world’s first biotechnology company, Genentech (which 

stood for GENetic ENgineering TECHnology) was founded, on the back of a napkin as legend has it, 

and they set out to prove that DNA could be recombined from different species and manipulated into 

making drugs [58]. 

In the late 1970s there was a race to see who could synthesize human insulin first. Many different 

groups were trying to solve the problem. But synthesizing insulin soon proved to be like the Mount 

Everest of proteins. While Genentech researchers thought they had a solution, they tackled 

something less challenging to prove their concept. And for that, they tackled somatostatin. Also 

known as growth hormone-inhibiting hormone, somatostatin regulates growth and inhibits insulin 

and glucagon secretion. Whereas insulin has 51 amino acids, somatostatin has only 14. In 1976, 

taking advantage of advances in molecular biology that had started in the 1950s when Watson, Crick, 

and Franklin discovered the structure of DNA, Genentech researchers fused the gene for human 

somatostatin with the gene for E. coli beta-galactosidase, i.e., gene-splicing, creating a chimeric 

plasmid DNA that when inserted back into the bacteria tricks the recombinant bacteria into producing 

the human protein. 

 

Castel del Monte in 
Apulia, Italy, is the soil 
site where a new strain of 
Streptomyces was 
discovered. The 
bacterium produces a 
bright red pigment that 
ultimately led to the 
discovery of 
daunorubicin and, shortly 
after that, doxorubicin. 
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Nothing happened when Genentech researchers 

first achieved this. They were unable to detect any 

protein in the cell culture. Upon considering this, 

they hypothesized that the bacteria were 

metabolizing the newly synthesized somatostatin 

as soon as it was formed. To circumvent this, they 

developed a new gene fusion product, essentially 

a decoy gene, which linked human somatostatin 

to another protein that prevented its metabolism. 

This time, when they experimented, they 

detected somatostatin in the samples. However, 

the final product, the first human protein 

synthesized from a microorganism, was not pure 

and needed to be cleaved by cyanogen bromide 

to create the pure somatostatin hormone.  

This gave Genentech researchers the confidence 

they needed to tackle insulin, and soon, a flurry 

of activity followed. Less than a year later, 

working with the City of Hope National Medical 

Center, they repeated their success with insulin, 

but this time, post-synthesis cleavage was not 

needed – the protein was fully functional. Clinical 

trials of the product began in 1980, and in 1982, 

it was launched as Humulin. At the same time, 

researchers at Genentech created growth 

hormone; in 1982, tissue plasminogen activator 

was produced; and in 1984, Factor VIII for blood 

clotting was produced. All these products were 

eventually marketed to patients as drugs.  

The 1980s to 2000s �ó Rise of 
Biotechnology 
Figure 6 presents a timeline of drugs approved 

from 1980 to 2000. Genentech's synthesis of 

insulin and subsequent development of 

recombinant proteins marks the latest phase in drug discovery – the rise of biotechnology-derived 

drugs. Genentech was not the only company developing biotechnology-derived drugs. Genentech’s 

proteins were based on chimeric plasmids, where the gene of interest was fused with a bacterium. 

Other companies were exploring alternative methods and proteins, particularly antibodies. B-cells 

are the cells in the body that produce antibodies in response to antigens, and there was a theory that 

these antibodies could be developed into effective drugs against specific targets in the body. But how 

do you make antibodies of high enough purity, yield, and affinity to manufacture them? Cesar Milstein 

and Georges Kohler solved this problem in 1975 (they were ultimately awarded the Nobel Prize in 

1984). 

Their idea was to inject the protein of interest into a mouse so that it would mount an immune 

response and begin producing antibodies against the protein [59]. The mouse’s spleen would then 

be isolated and fused with myeloma cells, creating a hybridoma, a fused cell of spleen and myeloma 

origin, which could synthesize antibodies indefinitely under the right conditions. Usually, however, 

antibodies against the protein are ‘polyclonal’ in nature, which means that many different B-cells are 

making antibodies to the protein, but that each B-cell is creating an antibody that binds to a different 

part of the protein (these are called epitopes). Not all polyclonal antibodies bind to the protein with 

the same affinity or “tightness;” some have weak binding, some have strong binding. The next step 

 

 

 

Top Left: Space-filling model of 
somatostatin, also called growth hormone 
inhibiting hormone, a 14-amino acid 
protein that regulates cell growth and 
modulates the endocrine system. In 1978, 
somatostatin was the first protein drug 
produced using recombinant DNA 
technology, ushering in the era of biologic 
drugs. Genentech researchers built the 
gene to create somatostatin manually, one 
nucleotide at a time, triplet by triplet. 

Top Right: Space-filling model of insulin, a 
51-amino acid protein secreted from the 
pancreas and important for metabolizing 
carbohydrates, fats, and proteins. In 1982, 
recombinant DNA-derived insulin was 
licensed from Genentech. The first 
marketed biotechnology drug was 
Humulin, sold by Eli Lilly.  

Legend: carbon is green, oxygen red, 
nitrogen blue, and hydrogen grey. 
Proteins are not drawn to scale. 
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is to separate the polyclonal antibodies, focusing on those with high affinity towards the epitope of 

interest. These polyclonal antibodies could then be separated based on their specificity, or how 

specific the antibody is, towards the protein compared to other proteins. These processes eliminate 

antibodies with low affinity and specificity to the protein of interest, yielding a “monoclonal antibody” 

with high affinity and specificity towards a single epitope on the protein of interest. Today, 

alternatives to hybridomas exist, such as phage display technology, which utilizes molecular biology 

techniques like the polymerase chain reaction (PCR) to increase the amount of heavy and light chains 

of the antibody. 

In 1986, Ortho Biotech released the first monoclonal antibody created using hybridoma technology - 

Orthoclone OKT3 (muromomab-CD3) to treat acute kidney transplant rejection. OKT3 is an IgG2a 

antibody that binds to and blocks the CD3 receptor, which normally activates cytotoxic T cells. Within 

a few minutes of administration, CD3+ T-cells virtually disappear from plasma, making it a useful 

immunosuppressive drug. One problem with OKT3 is that the IgG framework upon which it was built 

was derived from mouse spleen cells. With repeated administration, the human body recognizes 

OKT3 as a foreign protein. It begins mounting an immune response against the drug, leading to the 

formation of HAMA (human anti-mouse antibody). When HAMA antibodies are formed, the efficacy 

of OKT3 is reduced. To prevent the formation of an immune response against antibodies, future 

antibodies would be built on increasingly human-like frameworks, with currently developed 

monoclonal antibodies being fully human in structure.  

Since OKT3’s release, monoclonal antibodies have 

exploded onto the scene. What was once a 

specialty area inhabited by biotechnology 

companies is now Big Pharma's mainstay. As of 

2022, 162 monoclonal antibodies have been 

approved for therapeutic use worldwide, and they 

are active against more than 90 different targets 

[60]. At the same time, the global market for 

monoclonal antibodies was estimated to reach 

more than $600 billion by 2032 [61]. Humira 

alone, the largest-selling monoclonal antibody on 

the market at the time, had sales of $21 billion in 

2022, followed by Keytruda and Stelara with sales 

of $21 billion and $10 billion, respectively. 

 

Figure 6. Timeline of important drugs approved from 1980 to 2000. 

In 1986, Orthoclone OKT-3 (muromab-
CD3) was the first approved monoclonal 
antibody and was developed using murine 
hybridoma technology. 
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Drug discovery from the 1980s onward harnessed 

the power of chemistry, but the biotechnology 

revolution harnessed the power of biology. To say 

that the use of recombinant DNA methods to 

produce biotechnology drugs was a medical 

revolution is not such a stretch. Small molecule 

drugs, while often potent, can target many 

different receptors in the body – they are not very 

specific and, consequently, can have many side 

effects. In contrast, biotechnology-derived drugs 

are highly specific and have few off-target side 

effects. The side effects they do have are often 

related to their route of administration and 

exaggerated pharmacological effects at their 

intended target. Due to the challenges of 

producing biological drugs, this has proven a 

disincentive to generic competition for most 

generic manufacturers. Thus, biological drugs are 

as common in pharmaceutical companies today as 

their small-molecule counterparts.  

The 1980s would not be complete without at least 

mentioning that it was during this time that 

Human Immunodeficiency Virus (HIV) drugs 

became available, as did the first statin drug for 

the treatment of hypercholesterolemia. The story 

of AIDS, HIV, and the drugs used to treat HIV 

could be an entire book in itself. Although today, 

HIV is a largely manageable disease, that was 

certainly not the case 30 years ago. From 1981 to 

1987, the number of new HIV/AIDS cases doubled 

every year, such that by 1987 there were roughly 

40,000 deaths and 50,000 new cases. The politics 

at the time were unimaginable, with protesters, 

the government, and researchers often at odds. 

But in 1987, Retrovir (zidovudine, also known as 

azidothymidine or more commonly as AZT) was 

the first drug approved to treat HIV [62]. It was not a great drug; the side effects were hard to 

tolerate, and it prolonged life by about a year, but it was better than nothing, and it offered the 

promise, if not with this drug, then with future drugs, that the virus could be contained. It would not 

be for another ten years before new drugs and drug cocktails (HAART therapy) turned HIV from a 

death sentence to a long-term illness.  

The other major class of drugs introduced in the 1980s was statin drugs to treat 

hypercholesterolemia; these were not biologics but small molecules. Cholesterol is a fatty compound 

necessary for human life. It is a major component of cell membranes, forms the foundation for many 

steroid hormones, like estrogen and testosterone, and may have anti-inflammatory effects. However, 

excessive cholesterol can form plaques on the inner walls of arteries, leading to arterial hardening 

and making it more difficult for blood to circulate throughout the body. These plaques can break off 

and form blood clots that could cause a stroke or heart attack. By the mid-1980s, it was generally 

accepted that lowering cholesterol would reduce the frequency of cardiac events. HMG-CoA reductase 

was identified as a valuable target for lowering cholesterol in the 1970s, when natural products that 

inhibited its activity in the liver were found to reduce plasma cholesterol levels in animals.  

 

The political climate in the 1980s was 
toxic as the government, patients, and 
researchers were often at odds in the 
search for medications to treat HIV. AIDS 
activist groups like ACT UP charged the 
FDA and the National Institutes of Health 
with taking too long to develop approved 
medications for the treatment of HIV. As a 
result of their activism and public outcry, 
the FDA reevaluated its approval process 
for drugs for life-threatening illnesses and 
established a new basis for approval, 
utilizing a surrogate marker that predicts 
the actual clinical endpoint. In this case, 
the FDA allowed CD4 counts and viral load 
as surrogate markers for survival in HIV 
patients. Because death may not occur for 
many years, it may take a long time before 
the effect of a drug on survival can be 
objectively assessed. A surrogate marker 
is a short-term marker that indicates the 
long-term effect. Changes in a surrogate 
marker can quickly show whether a drug 
may affect the clinical endpoint. 
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Gone would be the days when the chemist would toil in the lab, 

slowly synthesizing hundreds to thousands of compounds 

during their careers. Instead, robots could synthesize the same 

numbers in a fraction of the time. And lastly, high-throughput 

screening (HTS) has matured. Using pure cloned receptors, 

scientists could rapidly determine which analogs from the 

combinatorial chemistry screen had the highest binding affinity 

to the receptor.  

Alternatively, scientists could screen what are called compound 

libraries, vast sets of analogs with different scaffolds, to find 

those compounds with the best binding properties to a 

particular receptor. Using these three advances, drug discovery 

transitioned from a chemocentric to a target-based approach – 

once the target is identified, the most effective drug that binds 

to it can be found. Those compounds with a high degree of 

binding were called ‘hits.’ Starting from these hits, the chemist 

would characterize the binding determinants, whether a free 

hydroxyl group or a long lipid chain, and then attempt to 

optimize the binding even further. This process is called ‘hit to 

lead optimization’ [66]. From a library of 5,000 to 10,000 

compounds, only a handful would be advanced to the lead 

optimization stage.  

Although the 1990s had some notable discoveries, by and 

large, it can be thought of as the me-too decade. Me-too drugs 

are pharmacologically active compounds that are structurally 

related to already approved drugs in the same therapeutic class 

and differ in some respect from those drugs, e.g., by having 

different receptor binding affinity, different pharmacokinetics, 

different adverse event profiles, etc. [67]. In one study, which 

has since been pulled off the internet, nearly two-thirds of all 

approved drugs from 1989 to 2000 were copycat, or me-too 

drugs, of ones already on the market, rather than new drugs 

with innovative mechanisms of action [68]. in Figure 7 shows 

an example of a me-too drug, which compares the structure of 

sorafenib (the originator) against a later competitor, 

regorafenib. The only structural difference between the two is 

the presence of a fluorine atom in regorafenib. Both drugs had 

nearly identical improvements in survival compared to placebo. 

One notable development in the 1990s and 2000s was the 

emergence of biologic drugs. Biologics, particularly monoclonal 

antibodies, started taking center stage, demonstrating how 

powerful these drugs could be. The methods used to create 

monoclonal antibodies have resulted in more human-like 

products. In the 1990s, 30% of monoclonal antibodies were 

based on mouse binding domains; however, by 2008, this 

number had decreased to 7%, while the percentage of fully 

human immunoglobulins had increased to 45%. The 1990s also saw the introduction of recombinant 

enzymes as drugs for humans. Ceredase (alglucerase) was a modified form of β-glucocerebrosidase, 

a lysosomal enzyme responsible for glycolipid metabolism in the cell, which is non-functioning in 

patients with Gaucher’s disease. Patients with Gaucher’s disease have a build-up of glucocerebroside 

in the spleen, liver, and macrophages that can lead to enlarged liver and spleen, neurological defects, 

severe joint pain, and osteoporosis. Ceredase was initially manufactured from human placental tissue 

and, in 1991, was the first approved enzyme replacement therapy. Later, a recombinant DNA version 

The 1990s would not be 
complete without discussing 
Viagra, probably one of the 
last drugs discovered by 
accident. Sildenafil was 
originally tested as a 
cardiovascular drug for 
angina, but in the early 
clinical trials in humans 
(which at that time were 

mostly men), an unusual side 
effect occurred. When the 
nurses went in to check on 
them, many of them were on 
their stomachs and did not 
want to roll over because they 
all had erections and were 
embarrassed. It appears that 
not only were blood vessels in 
the heart dilated, but blood 
vessels in the penis were as 
well. The rest is history. 
Viagra went on to create an 
entirely new erectile 
dysfunction drug category 
and a host of me-too 
products, with peak Viagra 
sales exceeding $2 billion in 
2012. Pfizer later went back 
and tested sildenafil for its 
original indication, and in 
2005, the drug was approved 
as a treatment for pulmonary 
arterial hypertension. To 
avoid confusion, Pfizer 
markets the product as 
Revatio. 
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that did not need human placental 

to be made was approved in 1994 

and sold as Cerezyme.  

The 1990s also saw the continuing 

rise of cancer treatments, 

particularly a new class of agents – 

targeted chemotherapy. Cancer 

drugs developed before the 1990s 

were considered cytotoxic agents in 

that they indiscriminately killed 

cells, both cancer and noncancerous 

cells, but particularly liked to kill the 

rapidly dividing cells. This led to 

adverse events like nausea, 

ulcerations of the gastrointestinal 

tract, diarrhea, bone marrow 

suppression, and hair loss. In the 

1980s, British researchers 

discovered that the ABL cancer gene 

was located on chromosome 9. 

While this may seem mundane, it 

wasn’t because 95% of all patients 

with chronic myelogenous leukemia 

(CML), a type of cancer of the white 

blood cells, have a chromosomal 

translocation called the Philadelphia 

chromosome, where the ABL1 part 

of chromosome 9 breaks off and sticks to the BCR part of chromosome 22, creating a fusion gene 

called BCR-ABL1. This fusion gene encodes a BCR-ABL mutant tyrosine kinase protein that remains 

active, leading to uncontrolled cell division. 

Now that researchers knew the target, they could find a drug to inhibit it. Scientists at the Dana-

Farber Cancer Institute in the United States collaborated and screened hundreds of compounds to 

find one that would inhibit this protein. They found one, which was called STI-571, and it worked in 

test tubes and animals [69]. When given to CML patients and to patients with another type of 

leukemia that sometimes has Philadelphia chromosome aberrations, acute lymphoblastic leukemia 

(ALL), the results were amazing - 55% of CML patients showed a positive effect, with four patients 

showing a complete cure. Of those who did not show a complete cure, their illness went into remission 

for ~3 months to 1 year. Of the 20 ALL patients, 14 (70%) responded, with 4 achieving complete 

remission. Imatinib also had an impressive safety profile and was much 

less toxic than cytotoxic therapies.  

STI-571 was renamed imatinib and, in 2001, was approved for use and 

marketed as Gleevec. Gleevec was huge – it is considered the first 

targeted cancer therapeutic, specifically targeting a particular cancerous 

protein. Later, Japanese researchers showed that imatinib was also useful 

in treating gastrointestinal stromal tumors, which develop in the 

connective tissue of the gastrointestinal tract. One problem with imatinib 

is that patients may become tolerant to its effects and develop resistance. 

In 2006, Sprycel (dasatinib) was approved for the treatment of chronic 

myeloid leukemia (CML) in patients who are resistant to imatinib.  

 

 

Biotechnology-derived products, such as recombinant 
enzymes, are first produced in cells grown in the 
laboratory and then transferred to bioreactors (shown 
above), which provide all the necessary nutrients for cell 
growth. Some of these may be as large as 20,000 liters. 
The desired protein is then isolated from the cells and 
medium in the bioreactor and filled into vials for human 
administration. 

By one estimate, 
almost 1 in 4 of 

all drugs 
approved for use 

between 1938 
and 2012 were 
discovered by 

chance! 
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Imatinib opened the door for a whole host of targeted 

therapeutics, drugs that specifically targeted the 

cancers they were treating while sparing non-

cancerous cells. Once imatinib demonstrated that it 

could inhibit the products of these oncogenes, such as 

BCR-ABL, researchers began examining other cancers 

and their gene products, leading them to focus on 

tyrosine kinases, like BCR-ABL, which phosphorylate 

proteins at tyrosine residues. Protein phosphorylation 

generally activates that protein. Tyrosine kinases 

mediate a host of roles in the body, including cell 

growth, differentiation, metabolism, and apoptosis 

[72]. Studies have shown that mutation, 

overexpression, and overstimulation of these kinases 

may lead to cancer. 

The floodgates opened as researchers sought 

compounds that would inhibit various tyrosine kinases. 

They developed drugs such as Tarceva (erlotinib), Sutent (sunitinib), and Votrient (pazopanib), 

among others, which led to the creation of an entire class of drugs known as tyrosine kinase inhibitors 

(TKIs). However, researchers did not stop at small-molecule inhibitors. They also began to focus on 

monoclonal antibodies targeting various tyrosine kinases for cancer treatment, which had the 

potential to be highly specific in blocking their targets. An example of this is Herceptin (trastuzumab), 

which was approved in 1998 for the treatment of breast cancer [73]. Trastuzumab is a monoclonal 

antibody that blocks the HER2 receptor, which is overexpressed in breast cancer, and inhibits the 

activity of several growth factors. Without HER2 overexpression, trastuzumab has no effect, and 

patients must be tested for HER2 overexpression before they can be treated with the drug. Today, 

research has progressed beyond cytotoxic drugs that are not specific to cancer cells and now focuses 

exclusively on targeted therapies that target particular proteins or other specific targets. 

Furthermore, TKIs have expanded beyond cancer to other indications, such as autoimmune and 

inflammatory diseases, with the approval of several JAK (another tyrosine kinase) inhibitors, 

including Xeljanz (tofacitinib). As of 2023, over 50 targeted kinase inhibitors (TKIs) have been 

approved by the FDA, and the global market for TKIs is expected to exceed $85 billion by 2028. 

Closing out the 1990s marked the first clinical trials for gene therapy. Ever since the 1960s, 

researchers have believed that DNA could be used to treat various diseases; however, direct DNA 

injection is short-lived because blood enzymes rapidly degrade it. Two types of gene therapies would 

soon arise: in vivo and ex vivo. In ex vivo gene therapy, cells are removed from the patient, modified, 

and reintroduced using a vector. In vivo gene therapy involves the exogenous administration of a 

gene, packaged in a vector, into the body via routes such as intramuscular or intravenous injection. 

In 1990, the first clinical trial of an ex vivo gene therapy was performed. Ashanti DeSilva was 2 days 

old when she developed an infection, the first of many, before she was eventually diagnosed with a 

genetic condition where her body made defective forms of the adenosine deaminase (ADA), an 

enzyme that breaks down adenosine. Blood was removed from the body, the cells were infused with 

a functional ADA gene, and then injected back into her bloodstream. The trial was a success, Ashanti 

was cured, and today she is a genetic counselor. Other trials were started, and patients were dosed 

until 1999 when Jesse Gelsinger was treated for another genetic enzyme deficiency, ornithine 

transcarbamylase. By then, he was the 18th person treated with ex vivo gene therapy. This time, 

however, Jesse went into multiorgan failure and died. He was 18 years old. The FDA immediately 

suspended all gene therapy trials. Lawsuits were filed. Much was made of the informed consent 

process and its lack of clarity. It took years before the next gene therapy trial could be started. 

Jesse’s trial was a major factor in the development of in vivo gene therapy and the use of modified 

adenovirus vectors as gene-delivery vehicles. 

 

Cartoon of the binding of Imatinib 
(red) to the Mutant ABL Fusion 
Protein Tyrosine Kinase (green)  
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replication. It was thought that targeting the tumor more specifically with the antibody would reduce 

the payload's toxicity. In the case of Mylotarg, this was not necessarily the case, as a black box 

warning was added to the label a year later, indicating an increased risk of veno-occlusive disease. 

In this potentially life-threatening side effect, the small veins of the liver are obstructed, often leading 

to acute kidney failure. By 2010, after randomized clinical trials showed a high rate of adverse events, 

Mylotarg was removed from the market. However, Mylotarg was reapproved in 2017 (with a black 

box warning still there).  

In 2011, a year after 

Mylotarg was removed from 

the market, Adcetris 

(brentuximab vedotin) was 

the second ADC approved, 

followed by Kadcyla 

(trastuzumab emtansine) in 

2013, both of which have 

black box warnings. By 

2021, 14 ADCs had been 

approved, all of which 

carried black-box warnings 

for the treatment of solid 

tumors and hematologic 

malignancies. While the 

concept of ADCs supports 

their efficacy, a risk 

associated with their use 

does appear to exist, and 

further research is needed 

to enhance their safety 

profile. As of 2022, it is 

estimated that more than 

 

Mylotarg was the first approved antibody-drug conjugate (ADC) that combines a monoclonal 
antibody targeting a cell surface receptor on white blood cells. The cytotoxic payload would 
be released inside the cell, stopping DNA replication and killing the tumor. Mylotarg was 
removed from the market in 2010 because of safety concerns, but was later reapproved in 
2017. Figure reprinted from Wikipedia. 

 

Antibody-drug conjugates (ADCs) combine a monoclonal 
antibody with a cytotoxic small molecule, known as a payload. 
ADCs are taken up into cancer cells, the payload is released, and 
the tumor cells are killed. Modern ADCs have monoclonal 
antibodies linked to receptors or smaller antibody fragments. 
Figure courtesy of Wikipedia. 
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100 ADCs are in development, with 14 approved for use [75]. 

The other significant development in oncology in the early 2000s was the emergence of immuno-

oncology (IO), which utilizes the immune system to combat cancer. To say that IO revolutionized 

oncology is not an understatement. Scientists have been trying to harness the immune system to 

treat cancer since the 1860s, when Rudolf Virchow, the father of cellular pathology, first identified 

white blood cells in cancer tissues. Later, it was shown that many cancers are associated with long-

term inflammation and that anti-inflammatory drugs reduce the risk of cancer. Finally, in the 1960s, 

immune cells were demonstrated to protect mice from cancer. Since then, the holy grail of cancer 

treatment has been to harness the immune system to target and kill cancer cells. The human body 

has various types of cells, including natural killer cells, killer T cells, helper T cells, and B cells, that 

effectively kill cancer cells. However, being tricky little devils, cancer cells have developed 

mechanisms to avoid these immune responses. Cancer biologists have been studying for decades 

how to overcome these resistance mechanisms. 

Today, there are many types of IO drugs, but one class in particular has been checkpoint inhibitors. 

Immune checkpoint blockade represents the last arm of immunotherapy [77]. One way the body 

promotes self-tolerance, i.e., the ability to avoid eliciting an immune response against normal cells, 

is through checkpoint inhibition, which regulates the immune system. These checkpoints are a normal 

part of the immune system; tumor cells have evolved cell surface proteins that activate immune 

checkpoints, allowing them to evade destruction. When checkpoint proteins bind, the T cell is 

prevented from killing the tumor. A class of new drugs called checkpoint inhibitors prevents the 

binding between checkpoint proteins, allowing T-cells to kill the tumor (Figure 9). 

Since the 1980s, it has been known that activation of T-cell receptors alone is insufficient to activate 

T-cells, and a costimulatory signal is also required. This was identified as the binding of the protein 

 

Figure 9. Immune checkpoints are protein-protein interactions between cells that have a stimulatory 
or inhibitory effect. Tumors evade death when checkpoint proteins, such as PD-1 on T cells, bind to 
PD-L1 on tumor cells, preventing the T cell from killing the tumor (left). T-cells have several 
checkpoint proteins, including CTLA-4, PD-1, CD27, GITR, and TIGIT. Checkpoint inhibitors prevent 
the binding by blocking PD-1 or PD-L1 in this example, allowing the T-cell to kill the tumor (right). 
Korman, Peggs, and Allison were the first to �F�R�L�Q���W�K�H���W�H�U�P���³�F�K�H�F�N�S�R�L�Q�W���E�O�R�F�N�D�G�H�´���W�R��describe drugs 
that block receptors on T-cells [76]. 
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A few other notable drugs were approved in the early 2020s. The high cost and approval barriers 

haven’t stopped drug companies from pursuing anti-diabetes treatments. Ozempic (semaglutide) is 

possibly the most exciting drug of the 2020s. Originally developed by Novo Nordisk as a treatment 

for Type II diabetes in 2012, it entered clinical trials in 2016 and was approved in the US just a year 

later. Interestingly, Ozempic was developed as an injectable formulation. An oral formulation was 

later developed, and rather than having two different forms with the same brand-name, it was given 

the name Rybelsus. But even more interestingly, in those diabetes trials with Ozempic, patients 

experienced weight loss. After 68 weeks of treatment, patients taking Ozempic had a 12.7 kg (28 

lbs.) weight loss compared with the placebo group. This led Novo Nordisk to redevelop Ozempic at a 

higher dose to treat obesity. The approved Ozempic doses are 0.5, 1, and 2 mg, compared to a 

recommended dose of 2.4 mg for Wegovy, which was approved in 2021. Sales soon exploded, and 

competitors followed. Zepbound (tirzepatide) from Eli Lilly & Co. was approved in 2023. Like Wegovy, 

there is also another version of Zepbound for treating diabetes (Mounjaro). Some predict that sales 

for these diabetes and obesity drugs can exceed $100 billion by 2030. This class of drugs will likely 

be the biggest-selling drug class of all time. 

For years, the development of drugs to treat Alzheimer’s disease was seen as a graveyard where 

drugs go to die. Namenda (memantine) was approved in 2004 for the treatment of moderate to 

severe dementia from Alzheimer’s disease. After that, no other new drugs were approved for 17 

years, until 2021, Aduhelm (aducanumab), a monoclonal antibody targeting soluble and insoluble 

amyloid beta, was granted accelerated approval, but not without considerable controversy (see The 

Aduhelm Controversy). Another anti-amyloid monoclonal antibody that reduced plaque formation 

and slowed cognitive decline in Alzheimer's patients, Leqembi (lecanemab) received accelerated 

approval in early 2023, but was later changed to full approval based on clinical evidence: 18-month 

data in 856 Alzheimer’s patients showed a 27% decrease in cognitive decline compared to placebo. 

A third drug, Kisunla (donanemab), was approved in 2024. These drugs represent a milestone for a 

disease that is so devastating. 

The 2000s saw the introduction of biosimilars, which are biologic drugs that are similar to brand-

name biologic drugs, with the approval of Omnitrope (somatropin, a drug used to replace growth 

hormone) in the EU in 2006 and Zarxio (filgrastim, a drug used to stimulate the production of white 

blood cells in cancer patients) in the US in 2015. It’s challenging to get excited about the rise of 

biosimilars, as they don’t represent true innovation. Biosimilars are like generic copies of small-

molecule brand-name drugs, but are not considered generic drugs. Their sales don’t represent 

organic growth. Instead, they cannibalize the sales of other brand-name products on the market. It 

has been argued that biosimilars will be a real cost-saver to consumers because they break the 

stranglehold a brand-name drug has on the market by introducing competition. However, it appears 

that biosimilars are often priced only slightly less than their brand-name counterpart.  

As of 2022, biosimilar sales are reported to have reached ~$500 billion. There does appear to be a 

difference in uptake and usage between the EU and the US. The EU was the first to approve a 

biosimilar, and many more had been approved by the time the first biosimilar was approved in the 

US. Today, there are far more approved biosimilars in the EU than in the US. Although biosimilars 

generate sales for a company, they do so at a price; they divert resources that might otherwise be 

spent on developing new, innovative medicines. Nevertheless, biosimilars are here to stay and are 

expected to become more commonplace as more biologics come off patent. 

In 2025, the first interchangeable biosimilar was approved. This is a significant development in 

biosimilars because, in the past, you could be prescribed and started on a biosimilar. Still, you could 

not be switched from a brand-name drug to a biosimilar. Interchangeability is a separate, higher 

regulatory hurdle to cross. Interchangeable means you can switch from the brand-name drug to the 

biosimilar and vice versa. Biosimilars are similar but not identical; interchangeability means they are 

essentially the same. Poherdy was approved in 2025 as an interchangeable form of Perjeta 

(pertuzumab), a monoclonal antibody used to treat HER2+ breast cancer in combination with other 

breast cancer drugs like trastuzumab. 
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