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Preface

The dictionary defines drug as a therapeutic agent. Through the ages, drugs—natural or synthetic—have been used in the diagnosis, alleviation, treatment, prevention, or cure of disease. These drugs are based on thousands of years of knowledge accumulated from folklore, serendipity, and scientific discovery. This is a book about drugs that have changed the world in which we live, how they were developed, and the manner in which they exert their “magic.” In telling the fascinating history of the findings and use of drugs, there is drama of triumphs and failures filled with colorful personalities—the selfless and the selfish, the competitor and the cooperator, the hero and the villain, those with unbridled ambition, those seeking fortune, and the bold as well as the timid.

Today, there are drugs to protect against infectious diseases, to alleviate aches and pains, to allow new organs to replace old ones, and to modify brain function. Yet, for the most part, the manner by which drugs are developed and by whom remains a mystery. For many of us, a drug is a pill or a liquid, prescribed by a physician, found in the medicine cabinet. Drugs are more than this, and although only several dozen or so drugs have markedly affected our lives and altered the path of civilization, to simply catalog these would be too numbing to read. Instead, I have selected a sampling—drugs that represent milestones in affecting our well-being and that have influenced social change.

Quinine, the first antimalarial to cure the disease malaria (Chapter 1), illustrates how a natural product enabled armies to triumph in the tropics. This chapter also deals with synthetic antimalarials (atabrine, chloroquine, and mefloquine) and the newest natural product, artemisinin. It provides the reader with an appreciation of what goes into drug testing, the role of animal models, the need for clinical trials, and the problems associated with drug resistance. In the second two chapters, Chapter 2—on aspirin, the first drug to treat simple pain; and Chapter 3—on anesthesia, the power of making a person insensible to surgical operation, are described. Hormones, too, are drugs; their role is illustrated in “The Pill” (Chapter 4), where a synthetic hormone analog revolutionized contraceptive choices for women; and in Chapter 5, where the isolation of insulin, the first hormone therapy for treating diabetes, is examined. Smallpox (Chapter 6) led to a vaccine that ultimately eradicated the disease and was the impetus for the development of other vaccines to combat infectious diseases (Chapter 7). Syphilis (Chapter 8) provided the spark for a cure through chemotherapy (salvarsan), which eventually led to the first antibiotic—penicillin, as well as synthetic antimetabolites (prontosil and pyrimethamine) for treating bacterial diseases (Chapter 9). The modern plague, AIDS, and the development of antiretroviral drugs are covered in Chapter 10. Organ transplantation became possible with the first drug, cyclosporine, to reversibly blunt the immune system (Chapter 11); and in the last chapter (Chapter 12), the relationship between malaria, madness, and the first psychotropic drug, chlorpromazine, is explored.

This is a book for the curious. It is for those who want to know more about the science behind the label on the prescription bottle or in the vial of vaccine. I have written it for those who wonder where the most important medicines came from and the societal consequences of their introduction. For me, learning about how drugs have shaped our lives and our civilization has been an exciting and enlightening experience. Hopefully, the readers of this book will also find this to be true.

Irwin W. Sherman

University of California at San Diego




A Note to the Reader

Interspersed throughout the text, chemical structures appear. These should not be a deterrent should your knowledge of chemistry be limited. Rather, the structures are provided so that those with the appropriate background and interest can appreciate the relationships between the chemical structures. Even without reference to these chemical structures, the text should be entirely comprehensible to all.

Parts of Chapters 1 and 9, from the author’s previous book Magic Bullets to Conquer Malaria (Copyright 2011, American Society for Microbiology) are used with permission. No further reproduction or distribution is permitted without prior written permission of the American Society for Microbiology. In Chapters 6 through 8 and 10, material previously published in The Power of Plagues (Copyright 2006, American Society for Microbiology) is used with permission. No further reproduction or distribution is permitted without prior written permission of the American Society for Microbiology.
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Malaria and Antimalarials
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Cinchona calisaya. (From Köhler’s Medizinal Pflanzen. With permission.)
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Malaria and the Earliest Antimalarial Drug

The disease malaria has had a long association with humans and historically assumed a variety of guises, being called intermittent fever, marsh fever, or simply “the fever.” The Greek physician Hippocrates (460–370 BC) recognized that at the harvest time (late summer and autumn) when Sirius, the Dog Star, was dominant in the night sky, fever and misery would soon follow. Hippocrates believed these periodic fevers were brought about by drinking water drawn from the stagnant marshes. Malaria spread across the European continent, and in England, seasonal fevers called agues (meaning a “sharp or acute” fever) were common in the marshy areas. Geoffrey Chaucer (1342–1400) wrote in the Nun’s Priest’s Tale: “You are so very choleric of complexion/Beware the mounting sun and all dejection,/Nor get yourself with sudden humours hot;/For if you do, I dare well lay groat/That you shall have the tertian fever’s pain,/Or some ague that may well be your bane.” And William Shakespeare (1564–1616) mentioned ague in eight of his plays. For example, in The Tempest (Act II, Scene II) Stephano mistaking Caliban’s trembling and apparent delirium for an attack of malaria tries to cure him with alcohol “… he hath got, as I take it, ague … open your mouth: this will shake your shaking … if all the wine in my bottle will recover him, I will help his ague.”



Quinine and Cinchona

In the sixteenth century, a serendipitous discovery led to a treatment for the ague. In the Viceroy’s Palace in Lima, Peru, the beautiful Countess of Chinchon lay gravely ill with the ague. Her husband, the Count, fearful she would die, called the court physician to provide a remedy, but none was at hand. In desperation, the physician obtained a native Indian prescription: an extract from the bark of a tree growing in the Andes Mountains. The concoction was given to the Countess in a glass of wine, and the symptoms abated. The physician was rewarded, the Count relieved, and the Countess returned to Spain where she lived happily thereafter. The remedy that had been provided, and called by the Indians of Peru “quina-quina,” literally “bark of barks,” came to be known in Europe as the Countess’ powder or the Countess’ bark. This story of the Countess’ recovery from her affliction—surely it must have been malaria that she had—circulated for 300 years in Europe; regrettably the story appears to be a fable. Who then first introduced fever bark into Europe? The most plausible explanation (and this is only a guess) is that the medicinal effect of the bark was discovered by the Spanish missionaries who came to Peru four decades after Pizarro’s conquest of the Incas, and either by following the practices of local Indian herbalists or by trial and error its fever-curing properties were found.

Malignant fevers were so common in Europe during the seventeenth and eighteenth centuries that there was an increased demand for the powdered bark. The Jesuits through their missions had easy access to the bark; arranged for the collection of the bark in Peru, Ecuador, and Bolivia; powdered it, and then sold it in Europe for the benefit of the Society of Jesus. Because the Jesuit fathers were the promoters and exporters of the remedy, it was called Jesuits’ bark or Jesuits’ powder.

In the 1600s, Jesuits’ bark was used almost everywhere in Europe; however, in one country, where the ague was a national calamity, it was shunned. The England of 1650 was “Puritan England,” and there was general prejudice against the Roman Catholic Church. Oliver Cromwell (1599–1658), the nation’s Protector, was a zealous guardian of the Protestant faith who hated both the papacy and Spain. As a result, no one had the temerity to bring to England a medicine sponsored by the Vatican and known by the abhorrent name, Jesuits’ powder. Although 2 years after the death of Cromwell (from malaria!) the first prescription of the powder in England was written the medicine did not become popular until 1682 when Robert Talbor’s “secret for curing malaria” was disclosed.

Talbor, almost unknown today for his work with fever bark, was born in Ely in 1642 in the ague-ridden English fens and was determined to find a cure. He was not trained as a scientist, nor was he a member of the Royal Society of London, and he did not read or write in Latin as his medical contemporaries did. In 1661, Talbor was working as an apothecary’s assistant and had access to Jesuits’ bark, which he was quick to recognize its value if administered safely and effectively. He left his apprenticeship and conducted “field studies” on ague patients in the Essex marshes using different formulations and procedures. In 1672, he was appointed one of the King’s Physicians in the Ordinary and styled himself as a specialist in fevers, and when in 1678 he was called to Windsor Castle and successfully cured the ague-suffering King Charles II, who knighted him for his service, Talbor’s fame spread and in sympathy for his friends in France, King Charles allowed Talbor to visit the French court where he cured the Dauphin of his fever. The secret of Talbor’s cure became a subject of intense interest and in 1679 the Dauphin’s father, King Louis XIV, paid a large sum for the secret, provided it was not revealed until after Talbor’s death. In 1682, following Talbor’s death King Louis XIV published the remedy—the English “bitter solution.” There was no real secret; rather, it was the simplicity of the method for administration and the dosage. He gave larger doses more frequently and rarely bled or purged his patients. The Jesuits’ powder, infused with white wine to disguise its bitter taste, was sprinkled with the juices of various herbs and flowers and given immediately after the fit. One piece of information not revealed was which of the several different kinds of barks he used. Now the challenge for the rest of the world was to discover the kinds of bark that would have the greatest effectiveness against malaria.

The rising demand for the new remedy and a desire to better understand the trees that produced the useful bark led to a series of botanical expeditions to the New World to find trees in the wild that would ensure a predictable supply of high-quality barks. The earliest, in 1753, was sponsored by the French Academy of Sciences. The specimens were sent to Carolus Linneaus, the Swedish naturalist. Wishing to immortalize the name of the Countess of Chinchon, Linnaeus gave the tree the name Cinchona. However, in his Genera Plantarum (1742) and his Materia Medica (1749), he misspelled it, leaving out the first “h” of the Chinchon family name; despite the error, Cinchona remains enshrined as the name for the fever bark tree. Linnaeus prepared the first botanical description of two species, although only one, C. officianalis, had any fever-reducing properties.

Cinchona trees, of which there are 23 different kinds, grow in a narrow swath in cool climates on the slopes and valleys of the Andes; the trees do not grow lower than 2500 ft or higher than 9000 ft above sea level, and the forests are thick with hornets, mosquitoes, and vicious biting ants. The hardship of collecting the bark was considerable—the climate was variable; there was often a thick mist, sunshine alternated with showers and storms, and temperatures were near freezing. As a consequence, bark collection was relegated to the Indians, called cascadores or cascarilleros, who had found a clump of the desirable cinchona trees in the dense forest and proceeded to cut away the surrounding vegetation, removing the vines and parasitic plants that encircled the trunk; the bark of trunk was then beaten and longitudinal and circular cuts were made; and the tree was felled and the bark stripped. Slabs were dried over an open fire; the thickest parts were dried flat and the thin pieces from the branches were rolled into tubes. Both were packed into bales or put into sacks and transported down the torturous mountain trail to market. Until 1776, nearly all the bark collected was from C. officinalis.

The active component of the cinchona bark was unknown until Pierre Pelletier and Joseph Caventou isolated it in 1820. Pelletier was the son of a French pharmacist and had begun his work at the Ecole de Pharmacie in Paris and later became a retail apothecary in Paris. Caventou was another young Parisian pharmacist with a penchant for plant chemistry, who assisted Pelletier. The two began working on the bark in 1818 when Pelletier was 32 and Caventou 25. Both already had experience with other plant extracts including the isolation of strychnine and emetine. An alcoholic extract of the bark did not produce a precipitate when diluted with water; however, when alkali (caustic potash or potassium hydroxide) was added, it produced a pale yellow gummy substance that could be dissolved in ether, water, or alcohol, and they named the bitter-tasting alkaloid quinine after the Indian word “quina-quina.” Pelletier and Caventou took out no patents for their discovery or the manufacture of quinine (as would be the common practice today); however, in 1827, the French Institute of Science rewarded them with a small sum of 10,000 francs. Pelletier began to manufacture quinine commercially in 1826, and in that same year a Swiss apothecary, Riedel, began its manufacture in Berlin for which he received $8 per ounce. In 1823, Farr and Kunzl (Philadelphia) manufactured quinine, and in 1824, Rosengarten & Sons (Philadelphia) began to manufacture the “essence” of the cinchona bark, actually quinine sulfate, a more soluble salt that had the advantage of being more easily swallowed than powdered bark and was less likely to induce vomiting. Both firms eventually merged with the German company Merck, and in 1837, it began to prepare quinine sulfate. This company was purchased by Engelmann & Boehringer, and in 1892, one of the Boehringer family’s partners, Friedrich Engelhorn, became the sole owner, though he kept the name Boehringer. Boehringer became the biggest manufacturer of quinine and quinine products, and under Engelhorn’s stewardship, a new company seal and trademark was designed, featuring a branch from the cinchona tree.

By the 1840s, export of the bark to Europe from the Andean republics amounted to millions of tons. The Spanish government stepped in and funded expeditions that found several new species of cinchona. In 1844, Bolivia passed laws that prohibited the collection and export of seeds and plants without a license because 15% of the country’s tax revenue came from bark exports. The idea was to protect their monopoly, to discourage reckless stripping of the forests, and to prevent smuggling. In 1852, the Dutch sent a botanist to Bolivia and Peru, who narrowly succeeded in obtaining cinchona seeds that were used to start a plantation in Java in 1854. By 1850, the British had decided that a controlled supply of cinchona was necessary. The British Army in India estimated that it needed an annual supply of 1.5 million pounds in order to prevent 2 million adults from dying of malaria in India, and rehabilitating the 25 million survivors of malaria would require 10 times as much. And then there was Africa with a malaria fever rate up to 60% in some regions. In 1860, a British expedition managed to procure 100,000 seeds of C. succirubra that were used for plantings in British India and Ceylon. Because it had a quinine content of only 2% when compared to 17% from the red bark cinchona C. calisaya from Bolivia, it was a financial failure, and by 1900, the entire British venture was found to be unprofitable and a million trees were destroyed. Clearly, the seeds obtained by the Dutch and British were not of the best yielding varieties of cinchona growing in the Andes.

The most successful collector of cinchona seeds was a short, barrel-chested Englishman, a real cockney, Charles Ledger (1818–1905). At the age of 18, Ledger was working as a trader in alpaca wools in Peru. Ledger collected a herd of alpacas and walked them more than 1500 miles over the mountain passes from Bolivia to the coast of Chile where they were sent to Australia. However, the enterprise failed; the flock was decimated by disease, and finally broken up and sold leaving Ledger bankrupt. He returned to Peru making friends with the Indians and local traders; by living in the cinchona area, he was able to differentiate between the less and more active barks. Knowing of the world market for Jesuits’ bark, he sent his servant Manuel Incra Mamani, a Bolivian cascarillero, to search for seeds from a stand of 50 huge C. calisaya trees that they had seen in flower in Bolivia 9 years earlier (1851) during the exploration of a mountainous passage for alpacas. Mamani was gone for 5 years because four April frosts destroyed the flowers and prevented the ripening of the fruit to produce seeds. But finally in 1865, he succeeded. He had walked more than 1000 miles from Bolivia to bring the seeds to Ledger. Sent out again by Ledger to collect more seeds, he was seized by the Bolivian officials who had banned the collection and export of the seeds. For refusing to tell for whom he was collecting, Mamani was imprisoned, beaten, starved, and robbed of his possessions. At last, he was set free only to die shortly thereafter from his ill treatment.

In 1865, Ledger sent 14 pounds of the high-quality seeds to his brother George in London, who attempted to sell them to the British government. The British government was not interested, and so the remaining half was sold to the Dutch for about $20. Within 18 months, the Dutch had 12,000 plants ready to set out and 5 years later their analyses of the bark showed the quinine content to be between 8% and 13%. To honor Ledger, this high-yielding species was named C. ledgeriana. Experimenting with hybrids and grafting onto suitable rootstocks, the Dutch developed the world’s best cinchona trees—and used a process for obtaining the bark that did not destroy the tree. Ledger eventually retired to Australia where he received a miserable pension from the Dutch and in 1905 died in poverty; he was buried in a pauper’s grave in Sydney. In 1994, a tombstone was erected in his memory bearing the inscription “Here lies Charles Ledger. He gave quinine to the world.” There is, however, no monument to Manuel Incra Mamani.

The Dutch formed a cooperative, the Kina Bureau in Amsterdam, to control quinine production. Consequently, by 1918, 90% of the bark from Java, which represented 80% of the world’s production, was sent to Amsterdam and distributed by the Kina Bureau. At the outbreak of World War II, Java had some 37,000 acres of cinchona producing more than 20 million pounds of bark a year. The Dutch quinine combine had created what amounted to the most effective crop monopoly of any kind in all history.



The Synthesis of Quinine

On December 7, 1941, the Japanese attacked Pearl Harbor, and as a consequence, the United States declared war. With the Japanese occupation of Java, the world’s supply of quinine became limited (at the time 90% of the world’s supply came from Java). With the shortage of quinine, there was a push by the U.S. military to synthesize quinine. News on the breakthrough in the synthesis of quinine by William Doering and Robert Woodward of Harvard University was heralded in the May 4, 1944, edition of the New York Times with the title: “Synthetic Quinine Produced Ending Century Search.” The article went on to state: “the duplication of the highly complicated architecture of quinine molecule was achieved and … considered it one of the greatest scientific achievement’s of the century.” And in the June 5th edition of Life magazine, an article appeared that was titled “Quinine: Two Young Chemists End a Century’s Search by Making Drug Synthetically from Coal Tar.” The Science Newsletter stated that starting with 5 pounds of chemicals, they had obtained the equivalent of 40 milligrams.

Although Woodward had promoted the synthesis of quinine beginning as early as 1942, his immediate aim was not for the use by the military, but for commercial purposes because he was supported by contracts from Edwin Land’s Polaroid Corporation with the objective of finding synthetic alternatives to quinine as a precursor to light polarizing molecules. (Land was the inventor of instant photography using his innovative Land Polaroid camera.) Woodward and Doering’s synthesis was not amenable to commercial production, however. Indeed, their strategy for synthesis would have cost 200 times more than the naturally derived product if, indeed, it was at all feasible. Moreover, it would have taken years of research to optimize the process and to reduce the price, and by that time there were alternative synthetic drugs.

Today, approximately 300–500 tons of quinine and quinidine are produced each year by extraction of the bark from cinchona trees. Approximately 40% of quinine is used in pharmaceuticals, whereas the remainder is used by the food industry as the bitter principle in soft drinks such as bitter lemon and tonic water. (Because tonic water contains only 15 mg of quinine per liter the drink has little antimalarial benefit.)

Quinine is still used occasionally in the treatment of severe falciparum malaria. Because of its slow action and rapid elimination, it is administered not by mouth but by slow intravenous infusion at a loading dose of 20 mg/kg body weight over 4 h, followed by maintenance doses of 10 mg/kg infused over 2 h every 8–12 h. If intravenous administration cannot be used, then it is given by intramuscular injection.

Despite its use for centuries, we still do not know precisely how quinine works, but we do know that it works only on the blood-feeding stages of malaria parasites. Malaria parasites have a unique apparatus (cytostome) for the ingestion of the red blood cell’s hemoglobin, placing this in food vacuoles where by the action of protein-digesting enzymes the globin portion is broken down into smaller fragments (peptides and amino acids), releasing the potentially toxic-free heme that is polymerized into the inert, crystalline, golden brown-black, nontoxic, malaria pigment. It has been suggested that quinine acts within the food vacuole to block the crystallization of malaria pigment, thereby allowing the accumulation of large amounts of the toxic heme to accumulate and this kills the parasite.



The Disease Malaria

Malaria, literally meaning “bad air,” was unknown in the English language until Horace Walpole in 1740 during a visit to Rome wrote: “There is a horrid thing called mal’ aria that comes to Rome every summer and kills one.” The disease was generally believed to result from human exposure to the poisonous vapors that had seeped in from the soil. In 1878, the French Army physician Alphonse Laveran was transferred to Bone, Algeria. The North African coast was malarious, and although Laveran spent most of his time looking at fixed material from those who had died from malaria, he also examined fresh specimens. On November 6, 1880, while examining a drop of fresh blood, liquid and unstained, from a feverish artilleryman, he saw several transparent mobile filaments—flagella—emerging from a clear spherical body. He recognized that these bodies were alive and that he was looking at an animal, not a bacterium or a fungus. Subsequently, he examined blood samples from 192 malaria patients: in 148 of these he found the telltale crescents. Where there were no crescents, there were no symptoms of malaria. Laveran also found spherical bodies in or on the blood cells of those suffering with malaria. He named the one-celled beast Oscillaria malariae and communicated his findings to the Société Médicale des Hôspitaux on December 24, 1880. Laveran was anxious to confirm his observations on malaria in other parts of the world, and so he traveled to the Santo Spirito Hospital in Rome where he met two Italian malariologists (one of whom was Ettore Marchiafava and the other Angelo Celli, Professor of Hygiene) and showed them his slides. The Italians were unconvinced. Later, Marchiafava and Celli claimed to have seen the same bodies as described by Laveran but without any pigment granules. They also denied the visit by Laveran 2 years earlier. Although the search for the parasite itself continued for most of this period, there was a serendipitous finding of great significance. In 1884, C. Gerhardt deliberately induced malaria for therapeutic purposes in two patients with tertiary syphilis by injection of blood from another patient suffering with intermittent fever, and then cured them all using quinine. A year later, Marchiafava and Celli, working on the wards of Rome’s Santo Spirito Hospital, gave multiple injections of malaria-infected blood intravenously and subcutaneously to five healthy subjects. Parasites were recovered from three of the five who came down with malaria; all recovered after receiving quinine. Clearly, it was the blood of a malaria patient that was infectious, and the disease was not acquired from “bad air.”

In 1886 during a visit to Europe, Major George Sternberg visited Celli at the Santo Spirito Hospital. Celli drew a drop of blood from the finger of a malaria patient and was able to show Sternberg the ameba-like movement of the parasite and the emergence of flagella. Sternberg returned to the United States and working with blood taken from a malaria patient in the Bay View Hospital in Baltimore was able to find Laveran’s parasite in Welch’s laboratory at Johns Hopkins University. A year later, Welch separated the two kinds of malaria with 48 h fever peaks; one would be named Plasmodium (from the Latin “plasma” meaning “mold-like”) vivax and the other he named P. falciparum because it had sickle-shaped crescents (and “falcip” in Latin means “sickle or scythe”). In 1885, Camillo Golgi (1843–1926) of the University of Pavia examined 22 malaria patients with a quartan (72 h) fever cycle. Golgi discovered that the malaria parasite reproduced asexually by fission and correlated the clinical course of fever with destruction of the red blood cells to release the parasite. In 1886 when he noted that in both the tertian (48 h) and the quartan (72 h) fevers, there were no crescents; he effectively had distinguished P. vivax from P. malariae based on fever symptoms. Today, it is recognized that there are four kinds of human malaria: P. falciparum, P. malariae, P. vivax, and P. ovale. (Some investigators suggest that despite its preference for monkeys, P. knowlesi should be considered the fifth malaria parasite.)

All of the pathologic effects of malaria are due to the rapidly multiplying stages in the blood. The primary attack of malaria begins with headache, fever, anorexia, malaise, and aching muscles. This is followed by paroxysms of chills, fever, and profuse sweating. The fever spike may reach up to 41°C and corresponds to the rupture of the red blood cells as infectious stages (merozoites) are released. There may be nausea, vomiting, and diarrhea. Such symptoms are not unusual for an infectious disease, and it is for this reason that malaria is frequently called “The Great Imitator.” Complications of malaria include kidney insufficiency, kidney failure, fluid-filled lungs, neurological disturbances, and severe anemia. In the pregnant female, falciparum malaria may result in stillbirth, lower than normal birth weight, or abortion. Nonimmune persons and children may develop cerebral malaria, a consequence of the mechanical blockage of small blood vessels and capillaries in the brain because of the sequestration of infected red blood cells.

All human malarias are transmitted through the bite of an infected female anopheline mosquito. A mosquito becomes infected when it ingests male and female gametocytes (that arise from merozoites in the blood that do not divide asexually). In the mosquito stomach, the male gametocyte divides into flagellated microgametes (first seen by Laveran) that escape from the enclosing red blood cell; these swim to the macrogamete; one fertilizes it; and the resultant motile zygote, the ookinete, moves across the stomach wall. This encysted zygote, now on the outer surface of the mosquito stomach, is an oocyst. Through asexual multiplication, threadlike sporozoites are produced in the oocyst, which bursts to release sporozoites into the body cavity of the mosquito. The sporozoites find their way to the mosquito’s salivary glands where they mature, and when this female mosquito feeds again, sporozoites are introduced into the human body and the transmission cycle has been completed.

During the late 1930s and early 1940s, and before there was penicillin, patients with neurosyphilis were treated with malaria in order to cure them of the progressive dementia and paralysis (see Chapter 12). During malariatherapy, the effects of quinine treatment were found to be markedly different in blood-induced infections from those that were mosquito-induced, that is, by sporozoites. The blood-inoculated patients were cured with quinine, whereas the sporozoite-induced infections relapsed after the same quinine therapy. In order for there to be a relapse, malaria parasites must have been lurking somewhere in the body, but the question was where? In 1948, P. C. C. Garnham and H. E. Shortt at the London School of Tropical Medicine and Hygiene allowed 500 malaria-infected mosquitoes to bite a single rhesus monkey, then for good measure the infected mosquitoes were macerated in monkey serum, and this brew was also injected into the monkey. Seven days later, the monkey was sacrificed and its organs were taken for microscopic examination. Malaria parasites were found in the liver. From that time onward, liver (or exo-erythrocytic, EE) stages have been described for the human malarias, as well as many of the rodent and primate malarias.

In P. falciparum, the disappearance of infected red blood cells from the peripheral blood (as evidenced by simple microscopic examination of a stained blood film) may be followed by a reappearance of parasites in the blood. This type of relapse, called recrudescence, results from an increase in the number of preexisting blood parasites. P. vivax and P. ovale also relapse, although the reappearance of parasites in the blood is not from a preexisting population of blood stages and occurs after cure of the primary attack with a drug such as quinine. The source of these blood stages remained controversial for many years, but in 1980, the origin of such relapses was identified. In relapsing malarias, induced by sporozoites, Krotoski and coworkers found dormant parasites, called hypnozoites, within liver cells. The hypnozoites, by an unknown mechanism, are able to initiate full EE development and then go on to establish a blood infection.



The Road from Dyes to Antimalarial Drugs

After 1700, a complex series of social and economic changes took place in England and Germany; much of it was based on the development of the technology for using steam-powered engines. Coal was the cheapest and most abundant fuel used for powering these engines. At the same time, the coke oven was developed for heating coal to a high temperature in the absence of air to produce a viscous substance called coal tar. Coal tar was a complex carbon-containing substance consisting of a wide variety of organic molecules. Distillation of coal tar produced light oils and heavy oils known as creosote and the residue pitch. August Hoffmann (1818–1892), who in 1843 had just obtained his doctor’s degree under Justus von Liebig at Giessen, Germany, was given the task of analyzing the contents of a bottle of light oil and found it contained benzene and aniline. In 1845, Hoffmann left Germany to become the director of the newly formed Royal College of Chemistry in London, an institution backed by industrialists and agriculturists. His appointment to the Royal College was favored by Britain’s Prince Albert, with the hope that organic chemistry could be applied to improvements in agriculture. In 1854 Hoffmann assigned to William Perkin (1838–1907), then 16 years of age, the synthesis of quinine in the laboratory. Hoffmann had written: “Everybody must admit that the discovery of a simple process for preparing artificially the febrifuge principle of the cinchona bark would confer a real blessing on humanity. Now we have good grounds for the expectation that constructive chemistry will not long remain without accomplishing this task. Already … numerous substances have been artificially formed, which are in the closest relation to quinine . . . .” Hoffmann believed the formula for quinine differed from that of an aniline derivative, allyltoluidine, by the addition of two molecules of hydrogen and oxygen and hence, he reasoned it should be possible to make quinine from it by just adding water through the action of potassium dichromate in sulfuric acid. At the time, chemists knew the number and kind of atoms in a molecule, that is, how many hydrogens, oxygens, and carbons there were, but not how they fitted together. Thus, the students at the Royal College conducted much of their experiments in organic chemistry without a map or compass. Indeed, if Perkin and Hoffmann had known the actual structure of quinine they certainly would have abandoned this route, but at that time the chemical structure of quinine and allyltoluidine was unknown. Perkin oxidized the allyltoluidine (prepared from coal tar with toluene) with dichromate and got a brown-red solid that was definitely not quinine. He repeated the experiment using “aniline,” which actually contained a mixture of aniline and toluidine, and obtained a black precipitate. He boiled the black sludge with ethyl alcohol and a striking purple color solution formed, he called it aniline purple or mauveine. This was the first recorded preparation of a synthetic dye and Perkin quickly recognized its commercial value, because he was successful in using it to dye silk, and it did not fade or run when subjected to washing or when exposed to sunlight. From this accidental discovery, the synthetic dyestuffs industry began.

Due to the efforts of Hoffmann and his students, aniline dyes in all shades of the rainbow could be had. “The manufacture of the dye would prove to be crucial to developments in organic chemistry in that it shifted the attention of investigators from a consideration of color as an incidental property to one of primary importance. Thereafter, many chemists began to search consciously for organic compounds … with color.” They could produce by artificial synthesis not only natural substances but those that did not occur in nature. Despite Hoffmann’s admonitions that Perkin continue with his academic studies Perkin left school at 18, patented his discovery, built a factory and retired in 1873 (age 35) a rich man. Ironically, the poorly endowed Royal College of Chemistry lost its support because it could not show its usefulness to agriculture and British investors did not consider the support of scientific education and long-term industrial research as a good financial risk, especially when compared to investments in mining, trade, shipping, and the manufacture of textiles and railroad equipment. So in 1865 when the Prussian government solicited Hoffmann to return to Germany as the chair of chemistry in Berlin, a lucrative research post with large laboratories that he could design himself, he could not resist. With the departure of Hoffmann, the center of the dyestuffs industry moved from Britain to Germany, and from Berlin he would speak bitterly about the loss of financial support by the industry, the lack of encouragement for his teaching, and the British government’s failure to appreciate the importance of chemistry as both a pure science and as a means to further industrial advancement. By World War I, about 90% of all dyestuffs were being manufactured in Germany.

In 1881, Paul Ehrlich (1854–1915) used methylene blue, a dye derived from aniline to stain bacteria. And 4 years later, he found that it also had a strong and specific affinity for living nerve fibers and other cells. Seizing on the fact that certain dyes stained only certain tissues and not others, it suggested to Ehrlich that there was chemical specificity of binding. This notion became the major theme in his scientific life and led to a search for medicines (derived from dyes) that would specifically strike and kill parasites. Ehrlich called these substances “magic bullets” and wrote that: “curative substances—a priori—must directly destroy the microbes provoking the disease; not by an ‘action from distance,’ but only when the chemical compound is fixed by the parasites. The parasites can only be killed if the chemical has a specific affinity for them and binds to them. This is a very difficult task because it is necessary to find chemical compounds, which have a strong destructive effect upon the parasites, but which do not at all, or only to a minimum extent, attack or damage the organs of the body. There must be a planned chemical synthesis: proceeding from a chemical substance with a recognizable activity, making derivatives from it, and then trying each one of these to discover the degree of its activity and effectiveness. This we call chemotherapy.”

The first recorded cure of malaria by a substitute for quinine fell to Ehrlich. In 1889, after finding that methylene blue stained malaria parasites in the blood, Ehrlich administered capsules containing 100 mg dye five times a day to two patients who had been admitted to the Moabite Hospital in Berlin suffering from mild malaria (P. vivax). Both recovered, and although later methylene blue was found to be ineffective against a more severe kind of malaria (P. falciparum), this was the first instance of a synthetic drug being used against a specific disease. Ehrlich did not continue his work on the chemotherapy of malaria using methylene blue for two reasons. First, he did not have available laboratory animals that could be infected with malaria for testing potential medicines, a prerequisite for the development of any chemotherapeutic agent for use in humans or animals, and second, with his move in 1891 to the Institute for Infectious Diseases in Berlin he had to devote his attention to the preparation of vaccines (see Chapters 6 and 7).



Methylene Blue to Yellow Atabrine

In 1909, Wilhelm Roehl (an associate of Ehrlich) met Carl Duisberg (1861–1935), a chemist and a member of the board of management at Bayer’s Elberfeld laboratories (and at that time a part of the IG Farben cartel) at a lecture in Frankfurt given by Ehrlich on the fundamentals of chemotherapy. Duisberg sought out Roehl with an eye toward bringing his expertise in chemotherapy to Bayer, and in 1911, Roehl responded to Duisberg’s overtures. Roehl knew of Ehrlich’s work on methylene blue and wrote: “it might have been surmised that by chemotherapeutic effort there might be discovered new compounds that would prove effective against malaria. Hence it is remarkable that excluding the cinchona alkaloids, and methylene blue … no new therapeutic agents have been found heretofore.” Roehl believed that a major stumbling block for malaria chemotherapy was the lack of a suitable animal model for studying the effects of putative drugs.

In 1911, P. Kopanis at the Hamburg Tropical Institute described the use of canaries infected with P. relictum, a malaria parasite isolated from infected sparrows and showed this could be used for testing the effects of quinine. Thus, in 1924 Roehl had, what Ehrlich lacked, a small laboratory animal able to be infected by malaria parasites. He noted that although Kopanis had been able to show that a drug active against human malaria was also active against this bird malaria, the reverse had never been done or as Roehl put it: “an active substance against malaria in birds which later proved effective against human malaria.” In addition, Roehl identified another problem associated with the bitter tasting quinine: the subject might not accept the drug either in the food or in the water. Other researchers had overcome this drug-delivery problem by injecting the drug either into the muscle or under the skin; however, because in some instances this resulted in an immediate toxic or inflammatory response the dose had to be reduced significantly. When Roehl found that his canaries “would rather starve than swallow the bitter drug,” he used a technique he had previously used at Speyer House. Using an esophageal tube—a fine catheter attached to a syringe—it was possible to quantitatively deliver a known amount of drug into the stomach of a 25 g canary. Initially, Roehl tested the effects of quinine on canaries that were infected with P. relictum by intramuscular injections. Normally parasites appeared in the blood in 4 or 5 days; however, if the drug dosage of quinine was high enough, it could delay the appearance of infected red blood cells for 10 or more days provided the canaries were treated daily for 5 days after inoculation of infected blood. To determine whether the drug was active, Roehl used untreated canaries as his controls and compared the delay in the appearance of parasites in the blood between the controls and the drug-treated birds.

Satisfied that he had a system that was “tractable, scalable, and quantifiable,” Roehl moved beyond quinine to search for new antimalarial drugs. He had derivatives of methylene blue synthesized and found that substituting a diethylaminoethyl side chain on one of the methyl groups produced an effective cure of the malaria-infected canaries. He was concerned, however, that (as expected) a strongly colored dye might prove to be unacceptable to consumers. To avoid this problem, he switched to colorless quinolines but retained the basic side chain of the active methylene blue in the belief that this was essential for antimalaria activity (Figure 1.1). The strategy was to vary the point of attachment of the side chain to the quinoline to prepare a range of substitutions—hundreds, possibly thousands—and then to investigate the effectiveness of each in malaria-infected canaries. In 1925, one particular compound, a 6-methoxyaminoquinoline, was effective in curing canaries. We can imagine him shouting to all who could hear: “Only after my quantitative method had been elaborated was it possible to test the substances chemotherapeutically in animal experiments!”

In 1925, Franz E. Sioli, director of the regional insane asylum in Dusseldorf tested the 6-methoxyaminoquinoline, and the drug was found to be effective in curing the mental patients of their blood-induced vivax malaria. After further evaluation in clinics in Hamburg, Germany, and in naturally acquired infections in Spain and Italy, it was marketed worldwide as Plasmoquin. It was the first synthetic antimalarial and was sold throughout the world as a substitute for quinine. However, with further clinical trials Plasmoquin was shown to have many unfavorable side effects and therefore was not widely used.


[image: Image]

FIGURE 1.1 A comparison of the structures of quinoline, acridine, methylene blue, and the derivative of methylene blue, atabrine.



In 1926, Robert Schnitzer at Hoechst (then a part of the IG Farben cartel) began to synthesize Plasmoquin analogs with an extra benzene ring added to the quinoline ring, thereby producing an acridine (Figure 1.1). In 1927, the project was taken up by Fritz Mietsch and Hans Mauss at Bayer in an attempt to synthesize novel acridines as possible antimalarials, because dyes (gentian violet, mercurochrome) were already in use as topical antibacterial agents. However, it was not the antibacterial properties of the yellow-colored acridine dyes that suggested their possible usefulness to treat malaria but the fact that they had a similarity to the antimalarial Plasmoquin. Using synthetic organic chemistry, Mietsch and Mauss tried to put the right substituents in the right positions so that, as Mietsch put it “they could bring out the slumbering chemotherapeutic characteristics.”

More than 12,000 acridine compounds were synthesized and one, where the nitro group was replaced by a chlorine atom, was successful in antimalaria tests carried out by Walter Kikuth, who had replaced the recently deceased Roehl. By 1930, based on Kikuth’s screening tests there was clear evidence of antimalarial activity by this chloroacridine; however, the first published reports did not appear until 1932. The drug was given the name Plasmoquin E, then changed to Erion, and later called Atabrine (Figure 1.1). In the United Kingdom it was given the name mepacrine.

In the early 1930s, Atabrine was introduced in the United States (where it was also called quinacrine) as a Winthrop Chemical Corporation product, but it was actually made in Germany by IG Farben; all Winthrop did was put it into ampoules or to compress it into tablets for distribution under its own label. Atabrine was marketed throughout the world as a substitute for quinine; however, it was not without problems including mental disturbances. Winthrop neither conceded the fault nor mentioned it. They were satisfied with releasing “friendly” favorable statements and took comfort in the tremendous expansion made at the outbreak of World War II for defense purposes. In addition, the selling price was reduced to a figure that was one-tenth of that charged before the war. Paul de Kruif, author of Microbe Hunters, wrote in Readers’ Digest that Winthrop’s Atabrine was a major victory for the United States never once mentioning its untoward side effects. It was, however, the best available drug for curing malaria especially after the Japanese controlled the world’s supply of quinine by its invasion of Indonesia. The United States responded to the Japanese attack on Pearl Harbor by ordering Winthrop to supply large amounts of Atabrine for use by the military in the South Pacific where malaria was as great a threat as Japanese bullets. Prior to that Winthrop had merely produced 5 million tablets annually from six chemical intermediates imported from Germany. (Winthrop had been set up in the United Sates after World War I to distribute Bayer pharmaceuticals, following its purchase by the Sterling Drug Company of New York a subsidiary of IG Farben. In 1926, by a subsequent agreement IG Farben took over Bayer and became half owners of Winthrop. After the attack on Pearl Harbor, a U.S. government antitrust suit severed the ties between IG Farben and Winthrop so the latter became a wholly owned American company.) By 1944, Winthrop through a sublicensing and royalty-free agreement with 11 American manufacturers was producing 3500 million tablets of Atabrine. Because the antimalaria activity of Atabrine was similar to quinine, that is, it killed the parasites growing in red blood cells but did not affect the parasites in the liver it could be used prophylactically to suppress the symptoms of malaria.

During World War II, it was recognized that a victory by the United States would be tied to the development of a number of research and development programs.
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