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Preface
Several years ago we noted a paucity of textbooks that dealt with the principles of pharmacology as a science rather than pharmacology as a therapeutic entity. In an attempt to remedy this we organized a textbook designed to meet the needs of students interested in pharmacology at the advanced undergraduate and early graduate level. This text addresses the many facets that form the foundation of pharmacology.
Students will find extensive discussions by leaders in the field are written in clear and straightforward manner. Illustrations are included to help further the reader's understanding of the material covered in each chapter. The editors and authors have focused on the science of pharmacology and use drugs for illustrative purposes only.
As pharmacology is a field of science that encompasses science from various arrays, we have included chapters dealing with each level of biological organization, both biology and chemistry which has been included in discussion of each chapter and how they related to one another. The material in this textbook will provide the student and the practicing pharmacology scientist excellent education and reference materials. Each chapter is written in a matter similar to Scientific American where the text is not interrupted by referencing but an extensive bibliography is provided for the reader at the end of each chapter.
The editors are grateful the for the dedication and cooperation of the authors and recognize the efforts put forth by each to create a textbook that is not only first rate but a useful resource to students and researchers alike. The editors are also deeply grateful for the assistance that we received from the high talented and professional staff of the publisher, Elsevier.
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1.1. What Is Pharmacology?
Obviously, a discussion of all the ancient remedies would require more space than possibly could be allotted for one chapter in a textbook. In this chapter we will discuss a few of the more fascinating examples of how ancient civilization was able to treat disease with available natural products. We will then discuss the progression of pharmacology from the science of testing crude extracts of plants, animals, and minerals for their medicinal properties, to the science it is today, in which isolated chemicals are examined for their effects on live tissue. This begs the question, what is a good working definition for modern pharmacology? On the surface, this seems like an easy task, but as we peruse the textbooks and articles pertaining to pharmacology we rapidly realize that the definition of pharmacology varies greatly, depending on who is defining the discipline.
A dictionary defines pharmacology as:
1.Study of drugs: the science or study of drugs, especially of the ways in which they react biologically at receptor sites in the body
2.Drug's effects: the effects that a drug has when taken by somebody, especially as a medical treatment
Yet another source defines pharmacology in this way:
Branch of 
medicine dealing with the actions of 
drugs in the body—both therapeutic and toxic effects—and development and testing of new drugs and new uses of existing ones.
Though the first Western pharmacological treatise (a listing of herbal plants) was compiled in the first century 
ad, scientific pharmacology was possible only from the eighteenth century on, when drugs could be purified and standardized. Pharmacologists develop drugs from plant and animal sources and create synthetic versions of these, along with new drugs based on them or their chemical structure. They also test drugs, first 
in vitro for biochemical activity and then 
in vivo for safety, effectiveness, side effects, and interactions with other drugs and to find the best dose, timing, and route.
When reading textbooks, we find such definitions as:
Pharmacology is the science of drugs, their chemical composition, their biological action and their therapeutic application to man and animal. It includes toxicology, which encompasses the harmful effects of chemicals, whether it is used therapeutically or not.
Pharmacology is the study of the interaction of chemicals with biological entities.
Pharmacology is the study of substances that interact with living systems through chemical processes, especially by binding to regulatory molecules and thereby activate or inhibit biological activities in the body.
There are as many definitions of pharmacology as there are those defining the science. Given the breadth and scope of the discipline it is hardly surprising that there is such a variance in definitions. For the purposes of this chapter we will define the field in as simple yet inclusive terms as possible:
Pharmacology is the study of the effects of chemicals and the mechanism of these effects on living organisms (pharmacodynamics), and the effects of the living organisms on the chemicals including absorption, distribution, metabolism, and excretion (pharmacokinetics).

1.2. What Is the Position of Pharmacology in the Field of Therapeutics?
Briefly, the medicinal chemist works in concert with the pharmacologist in determining the efficacy of the chosen target molecule. The lead molecule then is identified following a series of chemical modifications of the target molecule (structure activity relationship, or SAR). The analytical chemist works with both the medicinal chemist and the pharmacologist to assure the chemical structure and purity of the chemical product. The pharmacodynamics group works closely with pharmacology while performing the SAR studies. The pharmacokinetics group works with pharmacology and analytical chemistry to assess how the body affects a chemical once administered. The pharmaceutics group works with the pharmacokinetics/pharmacodynamics groups and the pharmacologist to determine how best to formulate the drug for maximum efficacy. Once the lead compound, formulation, and route(s) of administration have been selected, the toxicology group works with the pharmacologist to determine potential sites of toxicity in experimental animals.
Once preclinical toxicology studies have been completed, an application is submitted to the FDA for approval to perform clinical trials for efficacy and toxicity in human subjects. Finally, if efficacy and toxicology warrant it, another application is submitted to the FDA for drug marketing approval. As we can see from the brief description, the pharmacologist plays a pivotal role in every aspect of the drug discovery and development process. A thorough discussion of this process can be found in Chapter 15 of this textbook.

	[image: B9780123695215000014/gr1.jpg is missing]
	Figure 1.1. 
	Pharmacology: A multifacted discipline.




1.3. The Beginnings of Pharmacology
Pharmacology is both an ancient science and a relatively new science. Since the beginning of mankind there has been a search for ways to alleviate the pain and suffering associated with life. To the ancient pharmacologist this meant painstaking observations and experimentation with natural products such as plants, animals, and minerals. Substances like fruits, leaves, bark, roots, dirt, and animal parts were rubbed on to the human body, boiled in hot water and drunk, smelled, or consumed in the physical state that they were gathered. The effects of these preparations on the human were noted and discussed and thus tribal folklore evolved. Slowly a knowledge base developed regarding what to use for a given malady.
As different tribes comingled, exchange of tribal folklore more than likely occurred and an ever-increasing compendium of useful, not so useful, and even horribly dangerous remedies developed. A good example of how these ideas and concepts grew into understanding the need of specific items in our diet and health was common salt. Long before recorded time, salt trade routes were established between the hot dry climates near the sea where salt deposits flourished, and the areas where salt was scarce. Why did salt become an essential ingredient in the lives of the ancients? Perhaps by ancients observing animal behavior and dietary activities in and around natural salt flats. The practice of mimicking animal behavior aided in the evolution of both foodstuffs and potential remedies for disease.
Diet was then and remains today a vital component of maintaining good health and battling disease. Various foods were scrutinized for their possible health values and were passed from culture to culture and generation to generation. Those who were charged with maintaining the health of a given tribe or population were expected to know the values of different foods, medicinal plants, minerals, and even such esoteric things as the healing properties of smoke and chants. Equally importantly these individuals had to know how and when to administer these healing agents. Records from ancient China, India, Sumeria, Egypt, and Greece are full of suggestions, often in great detail, of the health benefits of every known fruit, grain, tuber, berry, or vegetable. Other records describe different soil and mineral preparations, as well as animal parts, for medicinal properties. In certain cultures, many of these preparations remain in vogue and are still used.
Consider one example and how important it may have been in maintaining the health of early hunter/gatherer societies, especially nomadic tribes constantly moving into new uncharted territories. Having no extensive knowledge of the new area these people relied heavily on trial and error when it came to gathering plants for food. Using observational information obtained by watching what the indigenous animal ate helped somewhat. Given what we now know about species variation among animals, plants that are edible for a given animal could prove to be a devastating poison to the humans who recently moved into the new region. From careful observations the ancients also knew that certain plants or parts of plants could induce vomiting. If the consumption of an unknown foreign plant resulted in unpleasant sensations in the GI tract they knew to consume a medicinal plant to rid themselves of the new plant. In fact, one of the most widely described medicinal purposes of plants was that of a purgative.
One of the oldest medicinal preparations made by man was alcohol. Here again careful observations provided the basis for the development of this ancient and important drug. Recipes for beer, wine, and mead are found in the oldest of recorded literature from cultures worldwide. Not only were these liquids used in ceremonial practices, their medicinal properties of decreasing pain sensation and the ability to induce sleep were greatly appreciated. As the cultures became more sophisticated these alcoholic beverages were used as tinctures of herbs to enhance the medicinal effectiveness of herbs and plants.

1.4. Pharmacology of the Greco-Roman Era
Probably the best recognized of all the ancient Greek physicians is Hippocrates. It is likely that much of the writings attributed to this man came from a group of health professionals of whom Hippocrates was the most prominent member. During this time rationality was introduced in the healing process as they began to understand the importance of careful descriptions of diseases, symptoms, and geographical locations. In spite of the importance of this group in the field of medicine they really had little to do with drugs. Rather, Hippocrates and his followers relied much more on the healing power of nature, known as 
Vis medicatrix naturae. It is of interest that even today there is evidence of the placebo effect in which the patient cures him- or herself though the belief in the curing effects of the drug even though no drug is present in their medicine. Is this not an example of the healing power of nature?
The evolution of the healing practices was transferred to the Roman empire as Greek doctors came to Rome, many times as slaves. It is here where interest in medicines grew rapidly. Celsus wrote eight books on disease, containing significant references to the use of drugs in the treatment of disease. As in Greece, the health professionals of Rome felt it necessary to maintain excellent records and perform careful observations. One of the most important records of that time was kept by Dioscorides, a Roman surgeon, who traveled with Nero's armies compiling all the information on drugs that he could. This compendium, entitled 
Materia Medica, included some 600 plants, also including illustrations, how to find the plant, where to find the plant, and how and when to use the plant.
With the growth of knowledge of the medicinal properties associated with plants came the fear of accidental or intentional poisoning. Rulers of Rome were especially fearful as it was clearly established that ascension along the political ranks was best accomplished by assassination of those above you. An interesting undertaking was that of Mithridates, King of Pontus, in which he described a “universal antidote” called mithridatium, a concoction of 35 different ingredients. An interesting myth associated with this universal antidote is that a ruler taking mithridatium was given the opportunity to kill himself rather than suffer the embarrassment of being killed by his captors. To do this he had to use his sword because none of the available poisons were effective against mithridatium.
An important physician during the second century 
ad was Galen, who solidified the concept of the four humors first championed by Hippocrates into the workings of the healthcare providers. These humors were blood, phlegm, yellow bile, and black bile. So powerful was the influence of Galen, that Galenic principles of medicine were practiced to the eighteenth century, much to the detriment of medical evolution. It must be noted however that Galen was an excellent experimentalist and observationalist. Galen first described that blood occupied the arterial system, that the heart provided the power to move blood, and that the heart isolated from the body continued to beat.
As time progressed, the Byzantine and Muslim worlds added to the base of knowledge concerning drugs. Most of the information gained during this period was a continuation of the efforts started in Greece and Rome, that being the production of further compendia of medicinal plants. The Muslims provided such contributions as the development of syrups for respiratory ailments, the use of mercurial formulations for skin diseases and the process of distillation to obtain concentrates of beer and wine. In addition, important refinements were made in the record keeping and organization of medical plants. However during this time the alchemists came into fashion and worked diligently on such projects as turning lead into gold and the search for the universal “elixir of life” to cure all diseases and prolong a healthy life. The concept behind the elixir arose from the observations that wine made the ill feel better, brought on a feeling of euphoria, and made the elders feel young again. Thus, it was believed that with proper distillation techniques the important elixir or spirit could be isolated and used. Unfortunately for all, this was never accomplished.

1.5. Pharmacology and the Middle Ages
The middle ages of Europe (
ca 10–15 centuries 
ad) were a time of feudalism, authoritarianism, and dogmatic religious leaders. During this period intellectual thought and discovery were hampered terribly by the intellectual complexity of the times. The Roman era of peace and security was gone and was replaced by epidemics, squalor, poverty, and ignorance throughout Europe. All teachings revolved around salvation through the church. The health professional virtually disappeared and the use and understanding of drugs fell back to pre-Greco-Roman times. Civilization and learning were almost the exclusive provenance of the monasteries, monks skillfully copying manuscripts for dispersal to other monasteries. Monks maintained drug-herbal gardens to assure at least a semblance of plant drug supply.
If one city can be highlighted as the most important in bringing Greco-Roman medicine back to Europe it must be Salerno, an important trading center on the southwest coast of Italy. Here traders from all over the world came to trade their goods and bring information and knowledge back to Europe. It is here where a hospital not under the thumb of the church sprang up. The caretakers of the sick sought reference works from the foreign traders and back came the drug information that had been all but lost during the middle ages. The task of converting these compendia from their native languages of Greek and Arabic to Latin fell onto the shoulders of a few, with one of the most notable being Constantinus Africanus. Born in Carthage and widely traveled, Constantinus took on the onerous responsibility of manuscript translation including a major compendium on Greco-Roman and Muslim plant- and animal-based drugs. So influential was his work that he was asked to translate classical literature, which may have played a role in the recovery of universities in Europe.
The medical school in Salerno slowly became quite successful. Members of the school were allowed to think freely and question authority, providing an intellectual atmosphere for growth. During this time a rebirth in codifying medical plants occurred. New approaches to treating disease were developed such as the use of seaweed (high in iodine) to treat goiter, cleaning a wound using alcohol distillates, and the rediscovery of mercurial ointments to treat skin sores and lice. So successful was this school of medicine that the churches began to build medical schools modeled after that in Salerno. Toward the end of the middle ages drug use and drug trade were firmly reestablished, thus paving the way for growth during the Renaissance.

1.6. Pharmacology and the Renaissance
Several important events occurred during the Renaissance that drove the growth of pharmacology. First was the development of the movable type printing press. With this machine came the availability of books that could be dispersed and read. Knowledge could be obtained and spread with relative ease, enabling those interested to learn about medicinal plants and animals. Further, new knowledge could be dispersed far more easily and rapidly than ever before. At the same time glorious new geographical explorations were leaving from Europe to the far reaches of the Earth. The adventurers returned with exotic plants and stories on how these plants were used medically. Finally, the mind of the European was now open after centuries of religious constraints and new ideas and concepts began to evolve.
Herbalists in every country were gathering plants and knowledge in attempts to develop new medicines to treat disease. With the gain of medical knowledge came the birth of a formalized botany. German herbalists are considered to be the fathers of botany. One German physician condemned his fellow German herbalists for using names on their drug receptacles with Greek names that were no longer applicable. He authored a short poetic piece that expressed the feelings of society of that day toward the healers (come to think of it, many today still hold this belief):
Three faces has the doctor:
A god's when first he's sought
And then an angel's, cures half wrought:
But when comes due the doctor's fee,
Then Satan looks less terrible than he!
What was the crowning achievement of this enlightened period? Probably a continuation of what had preceded this era—care in cataloguing plant medicines, how to prepare them, and how to use them. The printing press enabled these cataloguers to widely disperse their work. Two important names are associated with this period, Cordus and Vesalius. Valerius Cordus, during his relatively short life, edited and expanded the pivotal work of Dioscorides. His work marked the transition from magic, spells, and alchemy to a rational approach to chemical experimentation. In addition, Cordus developed the first true pharmacopeia, the 
Dispesatorium pharmacopolarum, which received wide use and served as the format for plethora of pharmacopeias that arose following the publication of his work. Vesalius's major contribution was the standardization of drug preparation in order to assure to some degree a uniformity in expected results following the use of any given drug.
One of the most important experimentalists of the time was a Swiss named Auerrolus Theophrastus Bombastus von Hohenheim, or Paracelsus as he called himself. His father was a physician and he, too, became a trained physician. After earning his degree he traveled extensively, learning the art of medicine from a number of different sources. An interesting character, he was appointed professor of medicine at Basel and shortly thereafter was erroneously thought to have been killed in a tavern brawl in Salzburg. A gruff, bombastic, but brilliant individual, he first described the concept of dose response relationship when he said (paraphrased), “Everything is a poison and nothing is a poison, it is only the dose that counts.” As an experimentalist he noted a correlation between exposure to dust in mines and lung damage, he studied the effect of mineral baths on skin disorders, and the role of heavy metals in the treatment of disease. He may well have been the first to use pure chemicals as drugs.
Along with the growing appreciation for careful observations and record keeping came the increased interest in and the use of poisons. The most fascinating family of the era was the Borgias, an Italian family who manipulated the papacy and the empire in large part through their expertise in poisoning. An interesting aspect of this was the fact that they used arsenic trioxide, a water-soluble white powder without taste or aroma. The compound often was mixed with wine and was virtually nondetectable. It is often said that the Borgias gave rise to experimental toxicology. Although arsenic trioxide was used during the Renaissance, just recently the drug has been approved by the FDA for the treatment of cancer!

1.7. Pharmacology and the Baroque Period
The next two centuries brought about changes in medicine and the developing field of pharmacology too numerous to discuss in detail. An attempt will be made to select some of the more important highlights of this interesting era. This period can be considered a groundbreaking time with respect to experimentalism. A motivating factor in drug discovery during this period was the introduction of new plants (and drugs) from places far away for this was the time of extended geographical exploration. The Spaniards brought back a variety of plant samples from South America, and the Portuguese discovered a trade route to the Far East and brought back many medicinal plants and spices.
The introduction of these highly acclaimed and important new sources of drugs to European medicine was slow because each country carefully guarded their findings. However, two of the most important drugs had to be ipecacuanha and cinchona bark. The former was shown to have significant but relatively safe emetic properties. The drug became an important treatment for diarrhea and dysentery. In the decoction was a drug emetine that became the treatment of choice for amebic dysentery and amebic abscess. It wasn't until the twentieth century that newer drugs to treat amebiasis were introduced. The cinchona bark was important in treating fevers as an extract of the bark; often referred to simply as 
The Bark, it seemed to treat all fevers regardless of origin. The use of The Bark became so widespread throughout Europe that the cinchona tree became scarce. It is of interest that a similar situation occurred quite recently when the bark of old-growth Yew trees was shown to contain taxanes, which proved effective in treating cancer. So effective in fact that there was a very real fear that there were insufficient trees to support the production of the drug. We encourage you to read the story of taxol and how this problem was overcome.
Cinchona remained a very valuable medicine even up to WWII, when Allied soldiers in the South Pacific were exposed to malaria. Cinchona bark (quinine) was used extensively to treat the disease. After the Japanese invaded and controlled Java, an important source of the bark was lost, which necessitated the development of alternative medicines to treat this horrid disease.
In addition to the introduction of many new medicines, many important discoveries were made by scientists of the time. For example, William Withering, a British physician, first described the effects of an extract of the leaves of the purple foxglove on cardiac dropsy (congestive heart failure). From his careful experimentation, the dose-related difference in the effects of digitalis on the human body were first described and still remain pertinent today. Edward Jenner noted that milkmaids seldom got small pox but instead suffered a far less severe form of the disease known as cow pox. From this observation, soon he was inoculating an individual with the pus from a cow pox pustule and then later challenged that individual with small pox. Cow pox protected the person from small pox! William Harvey first reported that the circulatory system was a closed system using the heart to pump blood through the vasculature system. He also suggested that drugs taken orally entered the body through the gastrointestinal tract and were distributed throughout the body via the blood.
Work done during this period was severely hampered by the lack of chemical isolation and characterization techniques. However, it was during this time that the foundations for such approaches were developed. Individuals such as Robert Boyle, Joseph Priestly, and Antoine-Laurent Lavoisier were actively investigating the principles of physics, gasses, and chemical isolation. This time period provided the basis for the explosion of scientific investigation and the birth of modern pharmacology that occurred during the next century.

1.8. The Birth of Modern Pharmacology
The basics of analytical chemistry had been introduced in the late eighteenth century and were rapidly applied to pharmacology. The seminal work in the field of active ingredient isolation was that of Friedrich Wilhelm Serturner, a German pharmacist with a deep interest in opium. Extracting opium with an acid, he isolated a water soluble compound that induced sleep in dogs and himself. He called the chemical 
morphine, in honor of the god of sleep. Within a relatively short period of time a variety of chemicals were isolated from crude plant sources and the beginnings of testing isolated chemicals, rather than a crude extract of a plant, for pharmacological activities began in earnest.
Francois Magendie studied a variety of chemical extracts of plants, focusing primarily on the newly defined class of chemicals called the alkaloids. He became so impressed with the chemicals that he developed a compendium of alkaloids that described the actions and indications of a variety alkaloids recently isolated and described. More importantly, Magendie laid down the basic principles that remain unique to pharmacology today:
▪ Dose response effect, explored from the beginning but not quantitated until 1927

▪ Factors involved in ADME

▪ Identification of the drug site of action

▪ The mechanism of action of the drug

▪ Structure activity relationship



Much of the work done regarding the use of these principles in the scientific laboratory was done first by Magendie's pupil Claude Bernard, a gifted physiologist/early pharmacologist. He developed a number of theories—some proved wrong, such as the coagulation theory of anesthesia, and some proved quite valid, such as the use of morphine before chloroform to enhance the anesthetic properties of chloroform. This latter observation was one of the first to describe drug–drug interactions.
Magendie's other student, equally gifted as Bernard but less well known, was James Blake. Enamored with technology of the time, Blake used newly developed instrumentation to determine blood pressure, blood circulation time, and was probably the first to report on structure activity relationships as they pertain to drug discovery. He was truly a renaissance man as he was involved in a variety of pharmacological, medical, and veneologic enterprises. He even served as president of the California Academy of Science, where he reported on his studies in meteorology, geology, and biochemistry to name a few. The contributions of Magendie and his students Bernard and Blake laid the groundwork for modern pharmacology.
A significant advance made during the first half of the nineteenth century was research into anesthesiology. Surgical techniques developed far faster than did methods to decrease or eliminate the pain associated with surgery. As a result the mark of a good surgeon was the speed with which he could complete a given procedure. The first anesthetic to gain popularity was nitrous oxide, although it must be said that the interest in this gas was more at medical side shows than medical practice. A dentist, Horace Wells, demonstrated that tooth extraction could be completed painlessly if the patient were under the influence of nitrous oxide. Unfortunately, when the procedure was performed at the Massachusetts General Hospital, in front of the medical leaders of the time, the demonstration was a failure as the patient squawked and fought the extraction. As is the case all too often in science, the establishment attacked Wells for the failure and Wells retired in disgrace.
William Morton, a colleague and partner of Wells, the man who set up the nitrous oxide demonstration at Massachusetts General, feared that nitrous oxide was not reproducibly strong enough to provide the needed anesthesia and sought a more powerful anesthetic. Ether was selected as the next anesthetic for testing. Morton developed the technique for ether delivery and provided a demonstration again at Mass. General, and this time the demonstration was a total success. He also reported on ether-induced vomiting in children, an experience this author is all too familiar with following tonsil extraction in the early 1950s.
James Young Simpson was dissatisfied with the time required for ether-induced anesthesia and received from a chemist friend of his, three chloroform-based liquids. He then tested these products on his friends and family for anesthetic potential! Of the samples tested, chloroform provided the most rapid and effective anesthesia. Simpson went on to use chloroform with great success in controlling pain of childbirth but this did not come without controversy. The church fought the use of anesthetics in something so divine as childbirth. Even at this time fundamentalism was still supreme but Simpson ultimately won the day by arguing that the Bible states clearly how Adam was put to sleep before Eve was born from him.
The success of both ether and chloroform resulted in much debate about the merits of each. Chloroform was preferred in England and Europe, whereas ether was preferred in the United States. A great deal of work was done on which anesthetic was better, and although no true conclusion was attained, this scientific undertaking was one of the first in comparative pharmacology addressing the risks and benefits of different drugs.
During this time the fathers of modern pharmacology were establishing their laboratories in Germany. Rudolf Buchheim, recognized as the first German pharmacologist, was able to eliminate a number of old and ineffective therapies, and produced a new compendium of drugs based on the proven effects of the drugs. He taught pharmacology out of his home and studied the pharmacokinetics of minerals and heavy metals and ascribed to the belief that drugs must be studied in a systematic way to provide a rational background for drug therapy. His pupils then established the field of pharmacology throughout the Germanic countries. One of his students, Oswald Schmiedeberg, has been credited with training all the Americans who established pharmacology in the United States.
During the nineteenth century, the concept of isolating pure chemicals with bioactivities was established. The pure chemical then could be characterized structurally and could be evaluated carefully and accurately for varying biological activities. The success of this approach meant that health practitioners could provide their patients the benefits of these isolated characterized bioactive natural products. As pharmacology matured further, the concept of making synthetic drugs through chemical synthesis began to take hold.
The rise of chemistry at this time made this approach possible. John Dalton described the atomic theory, making it possible to understand how inorganic molecules fit together. Kekule described the aromatic ring of organic compounds. In addition, synthetic chemistry was coming of age. A driving force for the production of synthetic drugs was the economic problem with quinine and the bark of the cinchona tree and the hope for safer more effective drugs coming from the chemist's bench.
In 1872, Schmiedeberg established his laboratories in a newly renovated building in Strassburg, which became the first well-equipped modern laboratory for pharmacology. As stated before, these new and up-to-date facilities attracted many of the brightest young U.S. students of pharmacology. His research included investigations on the similarities between the chemical muscarine and electrical stimulation and that the effects of both could be blocked by atropine. As can be seen, the ability to study single drug entities greatly enhanced the quantity and quality of the pharmacological research being done in the latter portion of the nineteenth century.
Another important contribution of the Schmiedeberg lab was the careful studies on how drugs were “detoxified” and removed from living tissue. He showed the importance of glucuorinic acid and the liver in removal of drugs from the body via the kidney. His laboratory and the students within it were so prolific that a journal, often referred to as 
Schmiedeberg's Archives (formally known as 
Archives for Experimentelle Pathlogie and Pharmakologie), was established. The importance of this event rests in the fact that it established pharmacology as an independent field of investigation and the important role pharmacology would play in medical education.
Schmiedeberg's successor, Rudolf Bohm, isolated and characterized anti-helmentic therapy. Of interest, Bohm also demonstrated that there are times when a crude preparation on a botanical is safer and more effective than the chemically pure isolate.
The number of exciting findings made during the latter portion of the nineteenth century are too numerous to describe, as are the scientists involved in this research. Suffice it to say that the latter part of the nineteenth century was an amazing time in pharmacology, bringing together all the advances made in the recent past and utilizing them to propel pharmacology into the twentieth century, and the importance of this exciting field in the next 108 years. The advances made during the twentieth century provide the basis of this textbook, and the ever-growing importance of pharmacology as a discipline. Hopefully, this chapter provided an interesting read and new insight into how the field of pharmacology developed into the discipline it is today.
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2.1. Introduction
Drug substances are seldom administered in their natural or pure state, as they once were when families cultivated medicines that in their gardens or native peoples of the land collected in the wild.
The pharmaceutical industry combines the active ingredient, which was either synthesized in a laboratory or extracted from its source, with those nonmedicinal agents that serve varied and specialized pharmaceutical functions. These latter ingredients usually are referred to as pharmaceutical ingredients, aides, adjuncts, necessities, or excipients, which result in a variety of pharmaceutical dosage forms. These ingredients are added to solubilize, stabilize, preserve, color, flavor, suspend, thicken, dilute, emulsify, and produce efficacious and appealing dosage forms.
Each pharmaceutical preparation is unique in its physical and pharmaceutical characteristics as well as the final form in which the drug is presented for patient acceptance.
The pharmaceutical industry thus is challenged to produce a dosage form that provides therapeutics for the patient, which a physician can deem acceptable. The potent nature and low dosage for most drugs used in practice usually precludes any expectation that the general public could safely obtain the appropriate dose of the drug from the bulk material. The vast majority of drug substances are administered in milligrams, which usually requires the use of a very sensitive laboratory balance. When the dose of a drug is minute, solid dosage forms such as tablets and capsules must be prepared with the diluents or fillers so that the resultant dosage unit may be large enough to be handled.
In addition to providing the mechanism for a safe and convenient delivery of an accurate dose, the dosage form must provide: 
1 Protection of the drug from destructive influences of atmospheric oxygen or moisture (e.g., coated tablets, sealed capsules, etc.)

2 Protection of a drug from the destructive influences of gastric acid after oral administration

3 Concealment of the bitter, salty, or obnoxious taste or odor of a drug substance (e.g., capsules, coated tablets, flavored syrups)

4 Liquid dosage forms for soluble substances in a desired vehicle (e.g., solutions)

5 Liquid dosage forms for either the insoluble or the unstable in the desired vehicle (e.g., suspensions)

6 Extended drug action through the use of special controlled release mechanisms

7 Optimal drug action from topically applied sites (e.g., ointments, creams, ophthalmic, ear, and nasal preparation)

8 The ability to insert the drug into one of the body's orifices

9 The ability to place drugs within body tissues (e.g., injections)

10 Drug actions through inhalation



In addition, many dosage forms include appropriate markings to permit ease of drug identification by the use of distinctive color, shape, or packaging.

2.2. Therapeutic Ramifications in Selecting the Appropriate Dosage Forms
2.2.1. Overview
The nature of the disease or illness for which the drug substance is intended is essential in deciding which dosage forms of that drug should be prepared and marketed. Is the disease state better when treated locally or systematically? Which dosage forms should be prepared and evaluated by clinical trials? What assessments are to be made as to whether the disease state is best treated with prompt, slow, short, or long acting dosage forms? Is there a chance that a given drug may have applications to an emergency situation as to whether the patient is comatose, unlikely, or unwilling to take oral medication, thus necessitating the administration of an appropriate parental dosage that would need to be developed? Is the illness of such a nature that self-administration of an appropriate dosage form (e.g., tablets, capsules, administered liquid) can treat it safely?
In the majority of the cases the drug manufacturer will prepare a single drug substance into several dosage forms to satisfy the personal preferences of physicians or patients, or to partly meet the specific needs or requirements of a certain situation.
Medication may be given prophylactically (e.g., to combat nausea and vomiting from motion sickness or pregnancy). It should be noted that this therapy would have little value during the course of the illness for which it was taken to prevent. Suppositories are also prepared and available for use when required, and can be extremely useful when treating infants or small children.
Each drug administered has its own characteristics relating to drug absorption. Some drugs may be well absorbed from a given route of administration whereas others may be poorly absorbed. Each drug must be individually evaluated with the most effective routes determined and dosage forms prepared.
Drugs intended for localized effects are generally applied directly to the intended site of action. These products include those intended for use in the eyes, ears, nose, and throat, as well as applied to the skin or placed into, on, or around the other body cavities. They may even be applied to the oral cavity or swallowed to treat any localized diseases within the gastrointestinal tract.

2.2.2. The Patient's Age
The patient's age has a profound influence on the types of dosage forms in which a drug may be given. Pharmaceutical liquids rather than solid dosage forms should be considered for infants and children who are under the age of five years. The liquid dosage forms are generally flavored aqueous solutions, syrups, hydroalcoholic solutions, suspensions, or emulsions, which are administered directly into the oral cavity or administered with food to aid consumption.
When the infant or child cannot swallow, due to a crisis such as vomiting, gagging, or rebellion, there may be a question as to how much of the drug has been ingested or expectorated. A single liquid, 
pediatric, dosage form can be used for infants and children of all ages. The dose of the drug can be varied by the volume administered. Rectal suppositories may also be administered to infants and children using smaller sized dosage units. It should be realized that drug absorption from the rectum is erratic and often unpredictable.

2.2.3. Factors Affecting Dosage
Drug dosing has been described as a quantity of an entity that is just enough but not too much, with the intended idea to produce an optimum therapeutic effect in a given patient with the lowest possible dose. Many things in nature can be considered poisons if the dose is uncontrolled. Those poisons that have their dose controlled are called drugs. This concept becomes evident if the patient consumes too much drug per dose and becomes toxic.
During the evolution of European society, aspiring enemies or family routinely killed nobility with poisons. In order to avoid this demise, many nobles instituted two general procedures: one, tasters who consumed some of the food prior to the nobility, and two, the gradual consumption of the common poisons of their time in an increasing dosage to build up tolerance and avoid death by poison.
The dose of a drug is an individual consideration with many factions contributing to the size and effectiveness of that given. The correct drug dose would be the smallest effective amount. This would probably vary among individuals. It could also vary in that same individual on different occasions. A normal distribution or bell-shaped curve would be indicative of these scenarios, and would produce an average effect in the majority of individuals.
A portion of the patients will see little effect from the drug whereas another group of similar size could see a greater effect from the same dose of drug. The majority will exhibit the average effect. The dosage that will provide the average effect will be the drug's usual dosage.
In order to produce systemic effects, the drug must be absorbed from its route of administration at a suitable rate. It must also be distributed in adequate concentration to the receptor sites, and must remain at the receptor site for a sufficient duration of time. A measurement of a drug's absorption characteristics can be determined by the blood serum concentration over a specific time interval. Blood samples usually are taken at specific points within this time frame. For systemic drugs a correlation can be made between the blood serum concentration and the presentation of a therapeutic effect. The average blood serum concentration of a drug can be determined, which represents the minimum in concentration expected to produce the desired patient response (also known as the Minimum Effective Concentration or MEC). The second level of blood serum concentration is that of Minimum Toxic Concentration (MTC).
Drug concentrations above this level would produce dose-related toxicity effects while challenging patient safety. Ideally, serum drug concentration is usually well maintained between the MEC and MTC for the period of time that the desired drug effects are in force. The time–blood level will usually vary among patients and will be dependent upon the drug itself, the drugs physicochemical characteristics, the dosage form type, the pathological state of the patient, the patient's diet, the patient's ethnicity, concomitant drug therapy, as well as other factors.
The median effective dose of a drug is that quantity that will produce 50% of the desired therapeutic intensity. The median toxic dose is that quantity of drug that will produce a defined toxic effect in 50% of the individuals tested. The relationships between the desired and undesired effects of a drug are expressed as its therapeutic index. It is defined as the ratio between a drug's median toxic dose and its median effective dose (TDSO/EDSO).
The therapeutic index is usually viewed as a general guide to the margin of safety. It must be judged with respect to each patient and the patient's response to a given drug; these should be considered separately.
Factions that can influence giving the proper dose of a drug for a given patient include the patient's age, weight, sex, pathological state, tolerance to the drug, time of drug administration, route of administration, concurrent administration of one or more other drugs, and a wide variety of physiologic and psychological factors.
2.2.3.1. Age
The age of the patient who is being treated must be considered, especially if the patient is very young or very old. Newborns, particularly if born premature, are abnormally sensitive to certain drugs due to the immature state of their hepatic and renal function, which would normally inactivate and eliminate the drugs from the body. Failure to detoxify and eliminate drugs results in their accumulation in the tissues to toxic levels. Aged individuals may also respond abnormally to drugs due to their impaired ability to inactivate or excrete drugs because of other concurrent pathogens. Prior to current concepts of the physiologic difference among adults, children, and infants, these last two patients were treated is if they were miniature adults. Various rules of dosage in which pediatric dosing has been prominent, specify the child's dose (CD) and the adult dose (AD) as follows:
Young's Rule[image: B9780123695215000026/si1.gif is missing]



Clark's Rule[image: B9780123695215000026/si2.gif is missing]



Cowling's Rule[image: B9780123695215000026/si3.gif is missing]



Fried's Rule[image: B9780123695215000026/si4.gif is missing]



Today, these rules are not often used since age alone is no longer considered to be a valid criterion by itself for use in the determination of children's dosage. This stems from the fact that the adult dose itself provides wide clinical variations in response. The usual clinical pediatric dose is now determined for specific drugs and dosage for through clinical evaluation.

2.2.3.2. Body Weight
When considering body weight, the usual doses for infants and children is given by the following rule:
Clark's Rule[image: B9780123695215000026/si5.gif is missing]



Adult doses for drugs generally are considered suitable for those individuals who are 70 kilograms (150 pounds). This weight does not match with today's average adult weight; females average between 120 to 220 pounds, and males average between 180 to 360 pounds. The ratio between the amount of drug administered and the size of the body influences the drug concentration at its site of action.
Drug dosage may require adjustment for those individuals who are abnormally thin or obese. We must also consider the drug to be administered as well as the patient's pathology and physiological state.
The dosage of a number of drug substances is based on body weight and can be expressed in a milligram (mg) of a drug per kilogram (kg) of the body weight, or mg per pound basis.

2.2.3.3. Body Surface Areas
There is a close correlation between a large number of physiological processes and body surface area (BSA). A formula for determining a child's dose based on relative body surface area and the adult dose is as follows: 
[image: B9780123695215000026/si6.gif is missing]



This equation provides the approximate child's dose without considering any other factors. The surface area for an individual may be determined using one of the methods described in Tables 2.1 and 2.2 and by using Table 2.3. Tables 2.1 and 2.2 compare the approximate relationship of surface area and weights of individuals of average body dimensions, and are based on an average BSA of 1.73 square meters. Table 2.3 compares the BSA of both children and adults based on their body weight and heights. The nomogram is based on the formula of DuBois and Dubois, 1 where 
S = 
W0.25 × 
H0.725 × 71.84 or log 
S = 0.425 log 
W + 0.725 log 
H + 1.8564 where 
S = body surface area in cm
2, 
W = weight in kg, and 
H = height in cm.
1DuBois and Dubois (1916). 
Arch Intern Med17: 863.
Table 2.1 Nomogram for Children

	[image: B9780123695215000026/fx1 is missing]


Table 2.2 Nomogram for Adults

	[image: B9780123695215000026/fx2 is missing]


Table 2.3 Approximate Relations of Surface Area and Weights of Individuals of Average Body Dimensions

	Kilograms	Pounds	Surface Area in Square Meters	Percent of Adult Dose
	2	4.4	0.15	9
	3	6.6	0.2	11.5
	4	8.8	0.25	14
	5	11	0.29	16.5
	6	13.2	0.33	19
	7	15.4	0.37	21
	8	17.6	0.4	23
	9	19.8	0.43	25
	10	22	0.46	27
	15	33	0.63	36
	20	44	0.83	48
	25	55	0.95	55
	30	66	1.08	62
	35	77	1.2	69
	40	88	1.3	75
	45	99	1.4	81
	50	110	1.51	87
	55	121	1.58	91


It has long been recognized that a relationship exists between physiological processes and BSA; practitioners have advocated the use of BSA as a parameter for calculating doses for both adults and children. Upon determining the BSA for either an adult or child the dose can be calculated as follows: 
[image: B9780123695215000026/si7.gif is missing]





2.2.4. Dose Based on Creatinine Clearance
There are two major mechanisms by which drugs are eliminated from the body, hepatic (liver) metabolism and renal (kidney) excretion. Kidney functions will dramatically affect the rate of drug loss when renal excretion is the major elimination route. Polar drugs are eliminated predominately renally.
For most drugs, a specific drug concentration must be reached in the blood to maintain a proper therapeutic effect. The initial serum concentration attained by a specific dose is usually dependent on the weight of the patient and the volume of body fluids into which the drug is distributed. This volume is usually a theoretical volume based on the serum concentration and the initial dose.
The lean body mass (LBM) provides an excellent estimation of the distribution volume, especially for those drugs that are not well distributed into body fat (adipois) tissue. Lean body mass can be readily calculated using the following formulas based on the patient's height and sex.
For males:
[image: B9780123695215000026/si8.gif is missing]


or
[image: B9780123695215000026/si9.gif is missing]



For females:
[image: B9780123695215000026/si10.gif is missing]


or 
[image: B9780123695215000026/si11.gif is missing]



The kidneys receive about 20% of the cardiac output (blood flow) and filters approximately 125 ml of plasma per minute. As the patient loses kidney function, the quantity of plasma filtered per minute decreases with an accompanying decrease in clearance. The most useful estimation of creatinine clearance rate (CC
R) is obtained using the following empirical formula based on the patient's age and serum creatinine level.
For males:
[image: B9780123695215000026/si12.gif is missing]



For females:
[image: B9780123695215000026/si13.gif is missing]



Normal CC
R may be considered as 100ml/minute; once the CC
R and LBM have been calculated the loading dose (initial dose) required to reach a certain serum concentration and the maintenance dose to maintain the specified concentration can be calculated. The loading dose (LD) is based solely on the LBM of the patient. The maintenance dose (MD) is based on LBM and the renal clearance rate of the drug.
[image: B9780123695215000026/si14.gif is missing]



The MD can be calculated for a “normal” patient:
[image: B9780123695215000026/si15.gif is missing]



For renally impaired patients the MD can be calculated as: 
[image: B9780123695215000026/si16.gif is missing]





2.3. Routes of Drug Administration
Tables 2.4 and 2.5 show sites of routes of administration and the primary dosage forms.
Table 2.4 Routes of Administration

	Term	Site
	Oral	Mouth
	Peroral (per os 1)	Gastrointestinal tract via mouth
	Sublingual	Under the tongue
	Parenteral	Other than the gastrointestinal tract (by injection)
	Intravenous	Vein
	Intraarterial	Artery
	Intracardiac	Heart
	Intraspinal/intrathecal	Spine
	Intraosseous	Bone
	Intraarticular	Joint
	Intrasynovial	Joint-fluid area
	Intracutaneous/intradermal	Skin
	Subcutaneous	Beneath the skin
	Intramuscular	Muscle
	Epicutaneous (topical)	Skin surface
	Conjuctival	Conjuctiva
	Intraocular	Eyes
	Intranasal	Nose
	Aural	Ear
	Intrarespiratory	Lung
	Rectal	Rectum
	Vaginal	Vagina
	Urethral	Urethra


Table 2.5 Primary Dosage Forms

	Route of Administration	Primary Dosage Forms
	Oral	 Tablets

 Capsules

 Solutions

 Syrups

 Elixirs

 Suspensions

 Magmas

 Gels

 Fast dissolve stips

 Fast dissolve tablets

 Powders



	Sublingual	 Tablets

 Troches/lozenges



	Parenteral	 Solutions

 Suspensions



	Epicutaneous	 Ointments

 Creams

 Pastes

 Powders

 Aerosols

 Lotions

 Solutions



	Conjuctival	Ointments
	Intraocular	Solutions
	Intraaural	Suspensions
	Intranasal	 Solutions

 Sprays

 Inhalants

 Ointments



	Intrarespiratory	Aerosols
	Rectal	 Solutions

 Ointments

 Suppositories



	Vaginal	 Solutions

 Ointments

 Emulsion foams

 Tablets

 Suppositories



	Urethral	 Solutions

 Suppositories





2.3.1. Oral Route
2.3.1.1. Introduction
In the United States, drugs are most often taken orally. There are only a few drugs that are intended to be dissolved within the mouth, in sublingual (under-the-tongue) and buccal (against-the-cheek) tablet dosage forms. The vast majority are intended to be swallowed. The majority of these dosage forms are taken for their systemic effects resulting after absorption from the various surfaces along the gastrointestinal (GI) tract. A very few drugs are taken orally for their local action within the confines of the GI tract due to their insolubility and/or poor absorbability from this route. Figure 2.1 provides a diagram for the absorption of drugs along the GI tract, and Figure 2.2 shows the various organs that must be taken into account in the GI tract.
	[image: B9780123695215000026/gr1.jpg is missing]

	Figure 2.1 Diagram for absorption along the GI tract.




	[image: B9780123695215000026/gr2.jpg is missing]

	Figure 2.2 Various organs of the GI tract.




Compared to alternate routes, the oral route is the most natural, uncomplicated, convenient, and safe for administering drugs. Disadvantages include slow response (as compared to parenteral and sublingual dosage forms), chance of irregular absorption of drugs (depending upon such factors as constitutional gut make-up, the amount and/or type of food present at time of ingestion), and destruction of the drug by acid reaction in the stomach and/or by GI enzymes.
The uncertainty of drug maintenance is in the hands of the patient and can lead to over- or underdosage with self-administered drugs.

2.3.1.2. Dissolution and Drug Absorption
In order for a drug to be absorbed, it must be dissolved in the fluid at the absorption site. A drug administered orally in a tablet or capsule dosage form cannot be absorbed until the drug particles are solubilized by the fluids at some point within the GI tract. When the solubility is dependent upon either an acidic or basic medium, the drug would be solubilized in the stomach or intestines, respectively. Drug dissolution is described by the Noyes-Whitney Equation: 
[image: B9780123695215000026/si17.gif is missing]


where 
dC/dt = rate of dissolution

K = dissolution rate constant

S = surface area of the dissolving solid

Cs = concentration of the drug in the diffusion layer

C = concentration of the drug in the dissolution medium at time (
t)



Factors that can influence bioavailability of oral drugs are summed up in Table 2.6.
Table 2.6 Factors That Can Influence the Bioavailability of Orally Administered Drugs

	1 Drug substance characteristics
A Particle size

B Crystalline or amorphous form

C Salt form

D Hydration

E Lipid/water solubility

F pH




2 Pharmaceutic ingredients and dosage form characteristics
A Pharmaceutic ingredients
1 Fillers

2 Binders

3 Coatings

4 Disintegrating agents

5 Lubricants

6 Suspending agents

7 Surface active agents

8 Flavoring agents

9 Coloring agents

10 Preservative agents

11 Stabilizing agents




B Disintegration rate (tablets)

C Product age and storage conditions




III Patient characteristics
A Gastric emptying time

B Intestinal transit time

C Gastrointestinal abnormality or pathologic condition

D Gastric contents
1 Other drugs

2 Food












2.3.1.3. Ionization of Drugs
Most drugs are either weak acids or bases. Only the unionized species of the drug (unless it is a small molecule, ~ 100 daltons or less) can be absorbed by biological membranes. Therefore knowledge of their individual ionization or dissociation characteristics are important as it governs their absorption by the degree of ionization they present to the absorbing membrane barrier. Cell membranes are more permeable to the unionized form of the drug due to its greater lipid solubility. It is the highly charged cell membrane that results in binding or repelling the ionized form, thus decreasing cell penetration. Ions can become hydrated through their association with covalent molecules. This results in larger particles than the undissociated molecule and decreases penetration capability.
The degree of drug ionization depends upon both the 
pH of the solution in which it is presented to the biological membrane and on the 
pKa (dissociation constant) of the drug (whether it is an acid or base). The entire concept of 
pKa is derived from the Henderson-Hasselbalch equation for both acids and bases as follows:
Acids: 
[image: B9780123695215000026/si18.gif is missing]



Bases: 
[image: B9780123695215000026/si19.gif is missing]


where 
pKa = acid dissociation constant

pKb = base dissociation constant

pKw ≈ 14 = dissociation of water at 25° C



It should be noted that 
pKw is temperature-dependent and can affect the calculation. Table 2.7 presents the effect of 
pH on the ionization of weak electrolytes (acids and bases) and is taken from Doluisis and Somtoskz. 2
2Doluisis and Somtoskz (1965). 
Amer J Pharm137: 149.
Table 2.7 The Effect of pH on the Ionization of Weak Electrolytes

	pKa-pH	If Weak Acid	If Weak Base
	-3	0.1	99.9
	-2	0.99	99
	-1	9.09	90.9
	-0.7	16.6	83.4
	-0.5	24	76
	-0.2	38.7	61.3
	0	50	50
	0.2	61.3	38.7
	0.5	76	24
	0.7	83.4	16.6
	1	90.9	9.09
	2	99	0.99
	3	99.9	0.1



2.3.1.4. Dosage Forms
Drugs in Solution
Drugs in solution represent a number of different dosage forms and include waters, solutions, syrups, elixirs, tinctures, and fluid extracts. Because the drug is already dissolved in the solvent system of the dosage form, absorption begins immediately after ingestion. The rate of absorption depends upon the 
pKa of the drug and the 
pH of the stomach. It is also possible that the environment of the stomach could cause precipitation of the drug, which would delay absorption. This delay would be dependent upon the rate of dissolution of the precipitated drug.

Drugs in Suspension
This dosage form contains finely dissolved drug particles (suspensoid) distributed somewhat uniformly throughout the vehicle (suspending medium) in which the drug exhibits a minimum degree of solubility. There are two types of products available commercially:
1 Ready-to-use: A product that is already dispersed throughout a liquid vehicle with or without stabilizers and other pharmaceutical additives.

2 Dry Powders intended for suspension in liquid vehicles: A powder mixture containing the drug and suitable suspending and dispersing agents, which upon dilution and agitation with a specified quantity of vehicle (usually purified water) results in the formation of the final suspension suitable for administration.



There are several reasons for preparing an oral suspension:
1 Certain drugs are chemically unstable when in solution but stable when in suspension.

2 For many patients, the liquid form is preferred over the solid forms (tablets and capsules) due to ease of swallowing.

3 A greater flexibility in dose administration especially for exceedingly large doses.

4 Safety and convenience of liquid doses for infants and children.



The disadvantages of a disagreeable taste for certain drugs given in solution are negligible when the same drug is administered as a suspension. Chemical forms of certain poor-tasting drugs have been developed specifically for the sole purpose of attaining a palatable finished product. Suspensions also include magmas and gels.


2.3.1.5. Emulsion Dosage Form
Emulsions are dispersions in which the dispersed phase (internal phase) is composed of small globules of a liquid distributed throughout a liquid vehicle (external or continuous phase) in which it is immiscible. Emulsions having an oleagenous internal phase and an aqueous external phase are designated oil-in-water (o/w) emulsions, whereas water-in-oil (w/o) emulsions have an aqueous internal phase and an oleaginous external phase. The o/w emulsion can be diluted with water. In order to prepare a stable emulsion an emulsifying agent as well as energy in the form of work is required. Orally administered o/w emulsions permit the administration of a palatable product that normally would be distasteful by adjusting the flavor and sweetener in the aqueous vehicle. The reduced particle size of the oil globules may render the oil more digestible and therefore more readily absorbed.

2.3.1.6. Tablet Dosage Form
Tablets are solid dosage forms prepared by compression on molding. They contain medicinal substances as well as suitable diluents, disintegrants, coatings, colorants, flavors, and sweeteners, if and when needed. These latter ingredients are necessary in preparing tablets of the proper size, consistency, proper disintegration, flow of powders, taste, and sweetness. Various coatings are placed upon tablets to permit safe passage through the acid stomach environment where the acidity or enzymes can destroy the drug. Other coatings can be employed to protect drugs from destructive environmental influences such as moisture, light, and air during storage. Coatings can also conceal a bad or bitter taste of the drug from the patient. Commercial tablets have distinctive colors, shapes, monograms, and code numbers to facilitate their identification and serve as added protection to the public. Figure 2.3 shows several tablet shapes.
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	Figure 2.3 Various common tablet shapes.
(Used with permission from CSC Publishing. Tablets and Capsules Annual Buyers Guide.)




2.3.1.7. Capsule Dosage Form
Capsules are solid dosage forms in which the drug and such appropriate pharmaceutical adjuncts, such as fillers, antioxidants, flow enhancers, and surfactants are enclosed in a gelatin shell. A “hard” gelatin capsule is composed of gelatin, glycerin, sugar, and water, whereas a “soft” gelatin capsule is composed of only gelatin, glycerin, and water. Capsules vary in size from 000 to 5. As the number increases the capsule size becomes smaller. The sizes provide a convenient container for the amount of drug to be administered and can be of distinctive shapes and colors when produced commercially. Figure 2.4 shows various capsule sizes.
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	Figure 2.4 Common capsule sizes.
(Used with permission from CSC Publishing. Tablets and Capsules Annual Buyers Guide.)



Generally drugs are released from capsules faster than from tablets because the powdered drug has not been compressed and can dissolve at faster rates. The gelatin (a protein) is acted upon rapidly by the enzymes of the GI tract, which permits gastric juices to penetrate and reach the contents to promote dissolution.

2.3.1.8. Miscellaneous Oral Dosage Forms
Included in this category are lozenges (medicated and nonmedicated), fast dissolving cellulosic strips (Listerine®), and mini melt granules (Mucosin D Pediatric®).


2.3.2. Rectal Route
Drugs are administered rectally either for their local, or less frequently, for their systemic effects. The dosage forms given rectally include solutions, suspensions, suppositories, and ointments.
The rectum and colon are capable of absorbing many soluble drugs. Rectal administration of drugs intended for systemic action may be preferred for those drugs that are destroyed or inactivated by the stomach or intestines. The rectal route is also preferred when the oral route is precluded due to vomiting or when the patient is unconscious or incapable of swallowing drugs safely without choking. Drugs absorbed rectally do not pass through the liver before entering the systemic circulation. Compared to oral administration, rectal administration of drugs is inconvenient and absorption is frequently irregular and difficult to predict. As a rule of thumb the rectal dose is usually twice the oral dose.
Suppositories are solid bodies of various weights and shapes intended for introduction into various body orifices (rectal, vaginal, or urethral) where they soften or melt, release their medication, and exert their therapeutic effect. These effects include the promotion of laxation (glycerin), the relief of discomfort (pain or hemorrhoids) from inflamed tissue, or the promotion of systemic effects (analgesic or antifebrile) in infants, children, and adults.
The composition of the suppository base can generally influence the degree and rate of drug release. It should be selected on an individual basis of each drug.
The use of rectal ointments is generally limited to the treatment of local conditions. Rectal solutions are employed as enemas or cleansing solutions.

2.3.3. Parenteral Route
A drug administered parenterally is one that is injected through the hollow of a fine needle into the body at various sites and to various depths. The three primary routes are subcutaneous (SC, SubQ), intramuscular (IM), and intravenous (IV). Strict sterility requirements make this dosage form more expensive and require competent trained personnel for administrations.
Drugs destroyed or inactivated in the GI tract or that are too poorly soluble to provide a satisfactory response may be administered parenterally. Rapid absorption is essential in emergency situations, when the patient is uncooperative, unconscious, or otherwise unable to accept the medication. The major disadvantage of parenteral administration is that once injected there is no return. Removal of the drug, which may be warranted by an untoward or toxic effect or an inadvertent overdose, is very difficult. Other routes of administration provide more time between administration and absorption, allowing for intervention, which becomes a safety factor to allow the extraction of the unabsorbed drug.
Injectable preparations are usually either sterile suspensions or solutions of a drug in water or in a suitable vegetable oil. Solutions act faster than drugs in suspensions with an aqueous vehicle, providing faster action than an oleaginous vehicle. Drug absorption occurs only after the drug has dissolved. Thus a suspension must first allow the drug to dissolve to be absorbed. The body is more foregoing to an aqueous vehicle and permits faster absorption than an oleaginous vehicle. A depot or repository (long acting) effect may be obtained either from a suspension or oleaginous solution since it will act as a storage reservoir within the body for the drug. This type of injection is usually limited to the IM type. Drugs injected intravenously do not encounter absorption barriers and produce rapid drug effects. Therefore, IV preparations must not interfere with blood components or with circulation and are limited to aqueous solutions of drugs. On rare occasions, IV lipids can be administered as an emulsion and is still mandated to be sterile.
2.3.3.1. Subcutaneous Administrations
Subcutaneous injections are usually aqueous solutions or suspensions administered in small volumes of 2mL or less. They are generally given in the forearm, upper arm, thigh, or abdomen. The site should be rotated if frequent injections are to be given, to reduce tissue irritation.

2.3.3.2. Intramuscular Injections
Intramuscular injections are performed deep into the skeletal muscles at either the deltoid, gluteal, or lumbar muscles. The site is chosen to minimize danger of hitting a nerve or blood vessel. Aqueous or oleaginous solutions or suspensions may be used with rapid effects or depot activity selected to meet the requirements of the patient. Drugs that are irritating to subcutaneous tissue are often administered intramuscularly with volumes of 2 to 5 mL or more. When a volume of 5 mL or more is to be injected it should be in divided doses using two injections.

2.3.3.3. Intravenous Injections
Intravenous administration of drugs (as an aqueous solution) is injected directly into a vein at a rate that is commensurate with efficiency, safety, comfort for the patient, and desired duration of the drug response. The drug may be administered via a slow drip to maintain the blood level or to provide nutrients and drugs after surgery. The drug must be maintained in solution after injection so that no precipitation occurs to produce emboli. Injections with oleaginous bases are not given IV as they might produce pulmonary embolisms.

2.3.3.4. Intradermal Injections
These are administered into the conium of the skin, usually in volumes of about a tenth of a milliliter. Common sites are the arm and back, where there is no hair. They are frequently done for diagnostic measures (tuberculin and allergy testing).

2.3.3.5. Ocular, Aural, and Nasal Routes of Administration
Drugs are frequently applied topically to the eye, ear, and mucus membranes of the nose. In these instances ointments, suspensions, and solutions are generally employed. They are generally not employed for systemic effects. Nasal preparations may be absorbed and a systemic effect may be seen.
Ophthalmic preparations (solutions and suspensions) are sterile aqueous preparations with other qualities essential to the safety and comfort of the patient. Ophthalmic ointments must be sterile and free from grittiness.
Nasal preparations are usually solutions or suspensions administered by drops or as a fine mist from a nasal spray container, which could include an aerosol with a metered valve.
Otic or ear preparations are usually very viscous so that they may have contact with the affected area. They can be employed to soften ear wax, relieve an earache, or combat an infection.


2.3.4. Transdermal Drug Delivery Systems
These are dosage forms designed to be applied to the skin and include ointments, creams, lotions, liniments, topical solutions, tinctures, pastes, powders, aerosols, and transdermal delivery systems.
The applications of these dosage forms can be used for their physical effects, in that they act as protectants, lubricants, emollients, drying agents, and such. They may also be used for the specific effect of the medicinal agent present. Preparations that are sold over-the-counter (OTC) often must contain a mixture of medicinal substances for the treatment of minor skin infections, itching, burns, diaper rash, insect stings and bites, athlete's foot, corns, calluses, warts, dandruff, acne, psoriasis, eczema, pain, arthritis, and to supply warmth to aching joints.
Absorption of the medicament may occur on the epidermis; however it is possible that other drugs may go deeper to penetrate the upper dermis, and still others may find themselves in proximity to blood capillaries that feed on the subcutaneous tissues and exhibit a systemic effect.
Absorption of substances from outside the skin to positions beneath the skin, including entrance into the blood stream, is referred to as percutaneous absorption. This is shown in Figure 2.5. The absorption of a medicament present in a dermatological such as a liquid, gel, ointment, cream, paste, among others depends not only on the physical and chemical properties of the medicament but also on its behavior in the vehicle in which it is placed and upon the skin conditions. The vehicle influences the rate and degree of penetration, which varies with different drugs and vehicles.
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	Figure 2.5 Schematic of the path of transdermally delivered drug to the systemic circulation.




The skin is composed of three tissue layers: epidermis, dermis, and subcutaneous. The epidermis is a laminate of five types of tissues:
▪ Stratum Corneum (Horney Layer)

▪ Stratum Lucidum (Barrier Zone)

▪ Stratum Granulosum (Granular Layer)

▪ Stratum Spinosum (Prickle Cell Layer)

▪ Stratum Germinativum (Basal Cell Layer)



The following factors affect percutaneous absorption:
▪ The drug itself

▪ The drug concentration

▪ Surface area to which it is applied

▪ Attraction of the drug to the base, which slows absorption, or for the skin, which speeds absorption

▪ Solubility of the drug as demonstrated by the partition coefficient

▪ Ability of the base to cover, mix with the sebum, and bring the drug in contact with the skin

▪ Vehicle composition

▪ Hydration of the skin

▪ Types of bandage covering the skin and preparations

▪ Amount of rubbing or energy (inunctions) applied

▪ Thickness of the skin

▪ Amount of time permitted in contact with the skin



These factors pertain to normal skin. If an injury or disease state should prevail of a varying dimension, then differences in drug absorption will occur. If the skin has been abraded, cut, or broken, this will facilitate drugs and any other foreign matter to gain direct access to the subcutaneous tissues.
The various dosage forms that are applied transdermally will be defined as follows:
▪ Ointments are semisolid preparations intended for external application and can be either medicated or nonmedicated. They are used for their emollient or lubricating effect.

▪ Creams are viscous liquid or semisolid emulsions of either the o/w or w/o type, which are employed as emollients or as medicated applications to the skin.

▪ Pastes are intended for external application to the skin. They differ from ointments in that they contain high percentages of solid material and are thicker and stiffer than an ointment.

▪ Lotions are liquid preparations intended for external application to the skin. They usually contain finely powdered substances that are insoluble in the dispersion medium and are suspended through use of suspending and dispersing agents. Lotions are intended to be applied to the skin for the protective or therapeutic value of their constituents. Their fluidity allows for rapid and uniform application over a large surface area. They are intended to dry rapidly on the skin after application to leave a thin coat of medicament on the surface. Because they are biphasic (fine particles dispersed in a liquid vehicle) and tend to separate on standing, they should be shaken vigorously before each use to redistribute any matter that has separated.




2.3.5. Topical Solutions and Tinctures
In general, topical solutions employ an aqueous vehicle, whereas topical tinctures employ an alcoholic vehicle. Cosolvents or adjuncts may be required to enhance stability or solubility of the solute (drug).
Topical solutions and tinctures are prepared mainly by simple solution of the solute in the solvent or solvent blend. Certain solutions are prepared by chemical reaction. Tinctures for topical use may be prepared by maceration (soaking) of the natural components in the solvent whereas others are prepared by simple solution.
Liniments are alcoholic or oleaginous solutions or emulsions of various medicinal substances intended for external application to the skin with rubbing. Alcoholic or hydroalcoholic liniments are useful as rubefacients, counterirritants, or where penetrating action is desired. Oleaginous liniments are employed primarily when massage is desired, and are less irritating to the skin than the alcoholic liniments. Solvents for the oleaginous liniments include such fixed oils (nonvolatile) as almond, peanut, sesame, or cottonseed or volatile oils (those that evaporate at room temperature and are odoriferous) like wintergreen (methyl salicylate) or turpentine. Combinations of fixed and volatile oils are also acceptable.
Collodions are liquid preparations composed of pyroxylin (soluble gun cotton, collodion cotton) dissolved in a solvent mixture composed of alcohol (94% ethanol) and ether with or without added medicinals. Pyroxylin is obtained by the action of nitric and sulfuric acids on cotton or other cellulosic material to produce cellulose tetranitrate. Pyroxylin is completely soluble in 25 parts of a mixture of 3 volumes of ether and 1 volume of alcohol. It is extremely flammable and must be stored in a well-closed container away from flame, heat, and light. Collodions are intended for external use as a protective coating to the skin. When medicated, it leaves a thin layer of that medication firmly placed against the skin.
Glycerogelatins are described as plastic masses intended for topical application containing gelatin, glycerin, water, and a medicament including zinc oxide, salicylic acid, resorcinol, and other appropriate agents. This dosage form is usually melted prior to application, cooled to above body temperature, and then applied to the affected area with a fine brush.
Plasters are solid or semisolid adhesive masses spread upon a suitable backing material that is intended for external application to an area of the body to provide prolonged contact at that site. The backing materials commonly used include paper, cotton, felt, linen, muslin, silk, moleskin, or plastic. Plasters are adhesive at body temperature and are used to provide protection or mechanical support (nonmedicated) or localized or systemic effects (medicated). The backings onto which the masses are applied are cut into various shapes to approximate the contours and extent of the body surface to be covered. These products commonly are used as back plasters, chest plasters, breast plasters, and corn plasters. This product has been commercialized today to provide warmth and protection. Adhesive tape was once known as adhesive plaster.
2.3.5.1. Miscellaneous Preparations for Topical Application to the Skin
These preparations include: 
▪ Rubbing Alcohol, which is 70%v/v of ethyl alcohol and water. It contains denaturants with or without color additives and perfume oils and stabilizers.

▪ Isopropyl Rubbing Alcohol, which is 70%v/v isopropyl alcohol and water with or without color additives, stabilizers, and perfume oils.

▪ Hexachlorophene Liquid Cleanser, which is an antibacterial sudsing emulsion containing a colloidal dispersion of 3%w/w hexachlorophene in a special stable vehicle.

▪ Chlorhexidine Liquid Cleanser, which is an antibacterial liquid cleanser containing 4%w/w chlorhexidine in a special stable vehicle.





2.3.6. Transdermal Drug Delivery Systems
Transdermal drug delivery is designed to provide the passage of drug substances from the surface of the skin, through its various layers, and into the systemic circulation.
Figure 2.6 provides a hypothetical blood level pattern from a conventional oral multiple dosing schedule superimposed on an idealized pattern from a transdermal release system.
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	Figure 2.6 Hypothetical blood level pattern from a conventional multiple dosing schedule, and the idealized pattern from a transdermal controlled release system.




The basic objectives of transdermal dosage form design are to: 
1 Optimize drug therapy by establishing relatively constant blood levels.

2 Release the drug according to pharmacokinetically rational rate to the intact skin for systemic absorption.

3 Optimize the selectivity of drug action and minimizing the number of undesirable side effects as well as their severity and incidence.

4 Provide a predictable and extended duration of action.

5 Reduce the disincentives to regimen compliance by patients.

6 Minimize the inconvenience of patient remedication.

7 Provide a therapeutic advantage over other drug delivery systems.

8 Stimulate innovation and therapeutic use of established but unpatented drugs and natural substances.



When the transdermal patch is applied to the skin, the steady state systemic dosage may not be reached for some time due to the slow absorption of the drug by the skin. It is not possible simply to equate the rate of drug delivery with the rate of appearance of drug in the systemic circulation. When the skin absorption sites are saturated steady state is reached. It is at this point that the rate of drug release equals the rate of appearance in the blood.
Criteria for drug selection for transdermal systems include:
1 Physicochemical properties of the drug including molecular size (100–800 daltons) as dictated by the patient's skin type, oil-to-water solubility (
K
0w) as well as the hydration state; melting point is a major contributor to drug absorption and may require enhancers or electrical potential driving forces partitioning between the delivery system and stratum corneum as well as the stratum corneum and the viable epidermis.

2 Drug potency as indicated by low dose in order for this route to be a feasible option.

3 Biological half-life should be short rather than long. Long half-lived drugs delay steady state levels and plasma concentration will rapidly decline following termination.

4 Must lead to plasma levels above the minimum effective concentration (MEC) but below the minimum toxic concentration (MTC).

5 The drug must not include a cutaneous irritation or allergic response.

6 There must be a clinical need for this mode of administration, especially if oral administration is adequate for the delivery of the drug.



Permeation of the skin can occur via passive diffusion by the three processes given in Figure 2.6. Absorption results from the direct penetration of the drug through the stratum conium, which, being keratinized, behaves as a semipermeable membrane that allows for passive drug diffusion (Figure 2.7).
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	Figure 2.7 Possible routes of penetration of drugs through skin.




The amount of material passing through the skin per unit area is given by: 
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 where: 
J = flux of the drug in g/cm/sec

Km = partition coefficient based on the affinity of the drug for the skin from the vehicle that is applied

D = the diffusion coefficient and is a reflection of the degree of interaction of the drug with the skin barrier

 (Δ
C/
h) = the driving force for drug penetration (drug concentration) versus stratum conium thickness (
h)



There are two basic types of transdermal dosing systems:
▪ Those that allow the skin to control the rate of drug absorption (Figure 2.8) and are known as the Monolithic type
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	Figure 2.8 Schematic of a monolithic transdermal drug-delivery system (A) and the drug-release rate obtained (B).





▪ Those that control the rate of drug delivery (Figure 2.9) and are of the Reservoir type
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	Figure 2.9 Schematic of a reservoir transdermal drug-delivery system (A) and the drug-release rate obtained (B).







Monolithic systems incorporate a polymeric drug matrix layer between the impermeable backing and the adhesive that is contacting the skin. The matrix is of two types:
▪ With or without an excess of drug with regard to its equilibrium solubility and steady state concentration

▪ Those having no excess drug to maintain the saturation of the stratum cornium



Reservoir systems also have a backing and adhesive layer, but are contained by a rate-controlling membrane. The drug is contained within the reservoir as a suspension in a liquid or gel phase. The drug is released rapidly when the device is placed on the skin to give an initial burst effect. Thereafter, drug release is controlled by the rate of drug diffusion through the membrane and adhesive layers as seen in Figure 2.9B. The release rate can be controlled by changing the membrane thickness and permeability.
Enhancers and other excipients may be used in these devices to promote skin permeation. The mechanisms by which enhancers exert their effects include:
▪ Solvent action to directly plasticize or solubilize the skin tissue components

▪ Interaction with intercellular lipids to disrupt the highly ordered lamellar structure to increase the diffusivity through the membrane.

▪ Interaction with intracellular proteins to promote permeation through the corneocyte layer

▪ Increasing the partitioning of the drug or coenhancer into the membrane



Enhancer systems include:
▪ Lipophilic solvents (ethanol, polyethylene glycol, dimethylsulfoxide (DMSO) and azone)

▪ Fatty acid esters and long chain alcohols

▪ Water-enhanced transport

▪ Sulfoxide enhanced transport (DMSO and Decylmethylsulfoxide (DCMS))

▪ Aprotic solvent enhanced transport (n-Methyl-2-Pyrrolidone, Pyrrolidone, Dimethyl acetamide, Dimethyl formamide, Dimethyl isosorbide)

▪ Propylene glycol enhanced transport

▪ Azone related compounds for enhanced transport (parent compound being 1-dodecyl-aza-clycloheptane-2-one)

▪ Amines and amides as enhancers (chlorpheneramine, diphenhydramine, 3-phenoxypyridine, nicotine, alkyl n,n-dialkyl amino acetate)

▪ Alcohol and acids as enhancers (methanol, ethanol, decyl alcohol, dodecyl alcohol, capric acid, lauric acid, myristic acid) that have been mixed with hydrophobic cosolvents such as n-hexane, n-dodecane, and n-hexadecane

▪ Esters as enhancers (methyl acetate, ethyl acetals, butyl acetals, methyl propionate, ethyl propionate, methyl valerate, isopropyl myristate, and glucol monolaureate)

▪ Organic acids and salicylates as enhancers (salicylic acid, citric acid, succinic acid, and glycol derivatives such as methyl, ethyl and propyl) of salicylic acid



The advantages obtained by using transdermal delivery include:
1 Avoidance of GI drug absorption difficulties associated with 
pH, enzymatic activity, drug interactions with food drink, or other orally administered drugs

2 Avoidance of the first-pass effect (deactivation by digestive and liver enzymes)

3 Acts as a substitute for oral administration when this route is not suitable (e.g., diarrhea and vomiting)

4 Increased patient compliance due to the elimination of multiple dosing schedules

5 Termination of drug effects rapidly, if clinically desired, by simple removal of the patch

6 Minimization of the inter- and intrapatient variation, as is the case with oral products, where differences arise due to the variability in:
▪ Drug absorption

▪ Gastric emptying

▪ Transit time in the small intestine

▪ Blood flow in the absorption area

▪ Differences in first-pass effect

▪ Small fluctuations due to individual activities such as eating, sleeping, and physical activity




7 Reduced side effects due to optimization of the blood concentration profile

8 Reproducible and extended duration of action



The disadvantages for this dosage form include:
1 Unsuitable for drugs that irritate or sensitize the skin

2 Difficulty with skin penetration

3 Unsuitable for the delivery of large doses of the drug

4 Unsuitable for drugs that are extensively metabolized in the skin

5 Technical difficulties can arise during the manufacture of the patch that can cause erratic absorption; environmental and adhesive problems can cause variable rate-controlling drug delivery problems




2.3.7. Aerosol Delivery Devices for Inhalation, Inhalants, and Sprays
Aerosols are primarily pressurized packaging of a drug product. Pharmaceutical aerosols depend upon the container, valve assembly, and propellant. The physical form in which the contents are emitted is dependent upon the product formulation and type of valve and actuator employed to produce the following:
▪ Fine mists: Space spray

▪ Coarse wet mist: Surface coating sprays

▪ Dry powders

▪ Steady stream

▪ Foams: Quick breaking or stable (shave cream)



The aerosol dosage form provides several distinct advantages including:
▪ A portion of the medication can be withdrawn easily from the package without contaminating or exposing the remaining product.

▪ The packaging prevents environmental oxygen, light, and moisture from adversely affecting the product.

▪ The medication can be applied in a uniform thin layer without touching the affected area.

▪ It is possible to control the physical form, dose, and particle size of the emitted product through a metered valve.

▪ It is a clean process requiring little or no clean-up by the user.



There are two delivery mechanisms used for these products. The first utilizes either a compressed or liquefied gas system and the second relies on Bernoulli's Principle. Compressed gases operate on the Laws of Boyles, Charles, and Guy Lussac over two sets of conditions to give: 
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and when 
T1 = 
T2 then 
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and the equation of state becomes 
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and 
R = 0.08205 L atm/mole degree, or as 
R = 1.987 Cal/mole degree.
Liquefied gases operate under the principle of Raoult's Law, which states that the total pressure of a system is equal to the sum of the partial pressures of the volatile ingredients. The partial pressure of each ingredient is equal to the mole fraction of that ingredient in the mixture times its own pure vapor pressure. The equation becomes 
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 where 
P
T = total pressure

[image: B9780123695215000026/si26.gif is missing] = pure vapor pressure of component A, B, C, etc.

X
A = mole fraction of component A, B, C, etc.



The partial pressure equation is written as 
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In compressed gas systems, when the actuator (button) is pressed to permit the exit of product, gas is also emitted. This loss of gas causes a decrease in pressure. As the product is used the pressure will continue to decline until the pressure inside equals the pressure outside the container and no more product can be obtained. This is demonstrated in Figure 2.10. In contrast, liquefied gas propellants form an equilibrium between the liquefied gas and the gas to maintain a constant pressure. Therefore, when the actuator is pressed and both products, liquefied gas and gas, escape, the pressure inside the container remains constant and almost all of the product can be made available to the patient. This is demonstrated in Figure 2.11.
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	Figure 2.10 Compressed gas aerosol.
(Printed with permission from Lippincott Williams & Wilkins. Copyright 1974. Dittert, LW.)
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	Figure 2.11 Cross-section of a typical two-phase package.
(Printed with permission from Lippincott Williams & Wilkins. Copyright 1974. Dittert, LW.)



The compressed gases used today include nitrogen, carbon dioxide, and nitrous oxide. The liquefied gases that once were used include the Freons® and Gentrons®, which were fluorinated chlorinated hydrocarbons. Today most of these products have been replaced by chlorinated hydrocarbons, which are predominantly inert.
The presence of the aerosol is critical to its performance and is controlled by the type and amount of propellant as well as the nature and amount of material compressing the product concentrate. Pressure can be provided from 11 psig (pounds per square inch gauge) up to 90 psig.
Aerosol containers can be any of the following:
▪ Glass: uncoated or plastic coated

▪ Metal: Tin-plated steel, aluminum, or stainless steel

▪ Plastic and resins



Pharmaceutical and nonpharmaceutical aerosol products are used as convenient forms of delivery and include personal deodorant sprays, cosmetic hair lacquers and sprays, perfume and cologne sprays, shaving lathers, toothpaste, surface pesticide sprays, and paint sprays. Also included are various household products such as spray starch, waxes, polishers, cleaners, and lubricants. A number of veterinary and pet products have been put into aerosol form. Food products and dessert toppings and food spreads are also available.

2.3.8. Inhalations
These are drugs or solutions of drugs administered by the nasal or respiratory route. The drugs are administered for their local action on the bronchial tree or for their systemic effects through absorption from the lungs. Certain gases such as oxygen and ether are administered as finely powdered drug substances and as solutions administered as fine mists.
A number of devices are available for the delivery of medications for inhalation therapy. Among these are the nebulizer, atomizer, and insufflator, which operate under Bernoulli's Principle.
Bernoulli demonstrated that as air passes through a structure in a glass tube, or any tube, the pressure drops only to increase again after leaving the structure (Figure 2.12). This can be further demonstrated by preparing a glass tube in the shape of a “T” such that when air or any gas is passed through a vacuum it is produced at the perpendicular tube. If this tube is inserted into a liquid, the liquid will rise in the perpendicular tube until it reaches the moving gas. At this point the liquid will be carried by the moving gas and exit the tube as fine droplets. This is seen in Figure 2.13 for a nebulizer and in Figure 2.14 for a vacuum atomizer. An offshoot of this principle is demonstrated by Figure 2.15 for a pressure atomizer, in which the air puts pressure on the liquid and when the liquid equalizes the pressure the air can thus produce a fine spray at the end of the tube. The same principle can be used in a powder insufflator (Figure 2.16).
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	Figure 2.12 Illustration of Bernoulli's theorem. The fluid (or gas) flows more rapidly at B than A or C, and the pressure is less at B than A or C.




	[image: B9780123695215000026/gr13.jpg is missing]

	Figure 2.13 Sketch of a commercially available nebulizer.
(Printed with permission from Lippincott Williams & Wilkins. Copyright 1974. Dittert, LW.)
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	Figure 2.14 Operation of a simple vacuum atomizer.
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	Figure 2.15 Sketch of a commercially available atomizer that operates on the vacuum principle.
(Printed with permission from Lippincott Williams & Wilkins. Copyright 1974. Dittert, LW.)
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	Figure 2.16 Sketch of a commercially available powder blower or powder insufflator.
(Printed with permission from Lippincott Williams & Wilkins. Copyright 1974. Dittert, LW.)




2.3.9. Vaporizers and Humidifiers
The common household vaporizer produces a fine mist of water (as steam or droplets of water) to humidify a room. Confusion has persisted since there are both steam and cool mist humidifiers. Vaporizers actually boil the water, utilizing an electric current passing between two electrodes. The addition of an electrolyte (e.g., NaCl) can facilitate this process. When a volatile medication is added to the vaporizer both steam and the aromatic volatilizes, which is then inhaled by the patient.
A true humidifier does not boil water, but rather operates by one of two principles. Ultrasound can be used to produce a mist of cool water, which is emitted as fine droplets, and the smallest of these evaporate. The larger droplets fall and eventually cause wetness beneath the humidifier.
Moisture in the air is important to prevent mucous membranes of the nose and throat from becoming dry and irritated. Vaporizers and humidifiers are used commonly in adjunctive treatment of colds, cough, and chest congestion.

2.3.10. Inhalants
Inhalants are drugs or combinations of drugs that by virtue of their high vapor pressure can be carried by an air current into the nasal passage where they exert their effect. The device in which the medication(s) is contained and from which it is administered is called an 
inhaler (e.g., Vicks® Inhaler; Benzedrex® Inhaler).

2.3.11. Vaginal and Urethral Drug Administration
Drugs can be inserted into the vagina and urethra for local effects. Drugs are presented to the vagina in the form of tablets, suppositories, creams, ointments, gels or jellies, emulsion foams, or solutions.
Urethral medication for both males and females present themselves as either suppositories or solutions. Systemic drug effects are generally undesired from the mucous membranes of these sites.
Vaginal preparations are designed for two purposes: (1) to combat infections occurring in the female genitourinary tracts and (2) to restore the vaginal mucosa to its normal state. Powders are used to prepare solutions for vaginal douching (irrigation and cleansing). These bulk powders are admixed with an appropriate volume of aqueous vehicle until dissolved. Commercialization of this product has ready-to-use product available in disposable self-administration units. Among the components of douche powders are:
▪ Boric acid or sodium borate

▪ Astringents (potassium alum, ammonium alum, zinc sulfate)

▪ Antimicrobials

▪ Quaternary ammonium compounds

▪ Detergents (sodium lauryl sulfate)

▪ Oxidizing agents (sodium perborate)

▪ Salts (sodium citrate, sodium chloride)

▪ Aromatics (menthol, thymol, eucalyptol, methyl salicylate, phenol).



These products are generally employed for their hygienic effects.

2.3.12. Nanoparticle
Nanotechnology is the study of extremely small particles. The National Nanotechnology Initiation defines nanotechnology as the research and technology development at the atomic, molecular, or macro-molecular scale, leading to the controlled creation and use of structures, devices, and systems with a length scale of approximately 1 to 100 nanometers (nm). This size has been expanded to include 1–1000 nanometers. Extensive work in nanotechnology has provided a tremendous opportunity for the pharmaceutical and biotechnology industries. These industries have seen the role of these various particles as delivery systems that can opportunistically incorporate more than one drug into the nanosystem to obtain beneficial therapeutic effects. Strategies are being developed to get various kinds of drug molecules to overcome drug resistance both in cancer and infectious disease as well as into the brain to treat debilitating diseases.
Nanoparticles such as liposome, dendrimers, gold nanoshells, quantum dots, and fullerenes have a number of potential advantages over classic drug delivery methods. These advantages include a greatly altered absorption, distribution and length of time that drugs stay in the body, as well as allowing for targeted drug delivery to diseased sites. Its application to cancer therapeutics to improve drug targeting and avoid toxic systemic effects is well known. The exploration of applications in the areas of cardiology and infectious disease is currently under way. The field is not without its challenges. Some scientists cite liability concerns, still others challenge taking this type of particle from the laboratory to scaling them up from chemical studies and commercial production.
First-generation nanodrug delivery was considered in the use of lipid-based drugs and nanopowders. Nanoparticles allow for multiple functionalities. Liposomes have been around for approximately 20 years and were the first nanoparticles to be used for drug delivery. Liposomes are phospholipids (e.g., polylactic-coglycolic acid) with a proven safety record and are used pharmaceutically. Other phospholipids are being synthesized but must go through safety screens. Abraxane (a liposome-based drug) from Abraxis Bioscience Inc., Los Angeles, California was approved in 2005 for metastatic breast cancer. It is a formulation of the cancer drug paclitaxel that uses nanoparticles made of human protein albumin. Due to the interaction of the nanoparticle with two biochemical processes in tumors, they are capable of boosting the amount of paclitaxel delivered to the body at a 50% higher dose over 30 minutes. The standard paclitaxel administration must be given as an infusion for up to three hours. Binding the paclitaxel to albumin avoids the toxic effects. However, due to its poor solubility in blood, paclitaxel, if given unbound, must be mixed with various solvents, which can result in serious hypersensitivity reactions and other side effects. This necessitates steroid treatment before chemotherapy, which has been suspected to result in hyperglycemia, immunosuppresion, and insomnia. Abraxane, being less toxic, can be given in higher doses, which may explain a response rate almost double that of plain paclitaxel in clinical trials.
Nanopowders are the second approach to enhanced drug delivery. The four drugs on the market, all reformulators, use Nano Crystal® technology from Elan Pharmaceuticals, Dublin Ireland, which decreases drug particle size to typically less than 1000 nanometers in diameter. This increases surface area and dissolution rates for poorly water soluble compounds to improve activity. The Nano Crystals® are produced using a proprietary, wet milling technique. They are then stabilized from agglomeration by surface adsorption of a selected stabilizer, which results in an aqueous dispersion of the drug substance that behaves like a solution.
The second generation of nano-enabled drugs are being enabled by the Nanotechnology Characterization Laboratory (NCL) in Frederick, Maryland. The National Cancer Institute (NCI) established the NCL to perform preclinical efficacy and toxicity testing of nanoparticles to accelerate the transition of nano scale particles and devices into clinical application. The NCL has characterized about 65 different particles and as of 2006 there are about 150 nanoparticle cancer therapies in development and thousands of other potential candidates waiting in the wings.
Some of these key particles investigated to date include:
▪ 
Dendrimers, which have well-defined chemical structures and exhibit monodispersity with potential applications in targeting cancer cells, drug delivery, and imaging.

▪ 
Gold Nanoshells, which are actually a gold shell surrounding a semiconductor that can be irradiated when reaching their target. This heats the nanoshell, which in turn kills the cancer cells.

▪ 
Fullerenes, which are a form of carbon (C-60) composed of carbon atoms arranged in a soccer ball-like configuration, hence their name, 
bucky balls. They are easily manufactured in quantity and appear to be ideal drug delivery vehicles due their size and shape.



These particles and others have a great deal of potential. Another concern that arises is the potential for toxicity. Of the 65 particles characterized so far by the NCI, all but one has been very benign. The future seems bright for this next generation of drug delivery systems.


Review Questions
1 Describe the reasons why drug encapsulation is used in the preparation of a drug formulation.

2 Although oral administration of a drug is by far the easiest route of drug administration, describe situations in which this is not an acceptable route.

3 What role does age play in the selection of a drug formulation to be used?

4 What is meant by the MEC and the MTC? These concepts gave rise to the therapeutic drug monitoring. What role would TDM play in proper drug therapy and why would this be more important when dealing with drugs having a small therapeutic index?

5 What is the difference in dose calculation using drug weight/body weight and drug weight/body surface area? What are the advantages of each approach?

6 Why would one consider creatinine clearance in dose calculation?

7 A drug causes extreme irritation to soft tissues when the drug comes in contact with these tissues. What is the more likely route of administration to be used and why?

8 If a drug is given by the oral route one must consider the first-pass effect. When the same drug is given sublingually, first-pass effect is far less important. What is first-pass effect and why is the oral route so susceptible to this phenomenon?

9 What is bioavailability? Why is this concept important to understanding the efficacy (and toxicity) of a drug?

10 What is the Henderson-Hasselbach equation and why is it an important consideration if a drug crossed membranes by simple passive diffusion? Why is it far less important if a drug utilizes either facilitated transport or active transport carrier systems to cross membranes?

11 Compare and contrast tablet formulation and gelatin capsule formulation. What might consequences be to the overall bioavailability of a drug if one formulation dissolves four times faster in the gut than another tablet formulation of the same drug?

12 What is the blood–brain barrier and what role does it play in drug entering the cerebral spinal fluid? Would you predict that a drug that is highly lipid soluble would be more or less likely to enter the CSF than a highly water soluble drug? Why? How might you administer a drug that enters the CSF poorly or not at all?

13 What is transdermal drug administration? What are the theoretical advantages of this route of administration? What considerations must be taken into account when using this route?

14 How does the monolithic formulation differ from the reservoir system?

15 What are advantages of inhalational drug administration? Why might an inhalant administered corticosteroid be preferred over a systemically administered corticosteroid in an asthmatic patient, whereas the reverse might be true in a patient suffering from severe inflammatory disease?

16 What are nanoparticles and why are they considered to be the next important form of drug preparation and drug administration?
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Glossary

Active transport 
Transport across a membrane using metabolic energy.



Amino acid 
Compound with both an amino group and a carboxylic acid. Amino acids form the building blocks of proteins.



Amphipathic 
Molecule with both hydrophobic and hydrophilic regions, synonymous with 
amphiphilic.



Amphiphilic 
Molecule with both hydrophobic and hydrophilic regions, synonymous with 
amphipathic.



Anesthetic additivity 
Phenomenon where half-doses of two unrelated anesthetic drugs provide the full effect of amnesia.



Barrel-stave model 
Model for pore-forming amphipathic peptides in which the polar face forms a hydrophilic pore.



Carpet model 
Model for pore-forming amphipathic peptides in which the peptide behaves much like a detergent.



Carrier protein 
Protein that selectively binds a molecule to effect its translocation.



Caveolae 
Flask-shaped invaginations of the plasma membrane mediated by caveolin.



Caveolin 
Family of proteins mediating caveolin-dependent endocytosis.



Caveosomes 
Endosome formed from fused caveolae vesicles.



Ceramide 
Sphingolipid with an amide-linked fatty acid and an unsubstituted 1-hydroxyl.



Cerebroside 
Sphingolipid with an uncharged monosaccharide headgroup.



Channel protein 
Transmembrane protein that opens a pore in the membrane.



Clathrin 
One of the main scaffolding proteins mediating clathrin-dependent endocytosis.



Curvature stress 
Stress generated by the presence of a nonlamellar lipid in a lamellar membrane.



Diacylglycerol 
Glycerolipid with two fatty acyl groups esterified to two of the three alcohol moieties of glycerol.



Efficacy 
In pharmaceuticals, the ability of a drug to produce its desired effect.



Electrochemical potential-driven transporters 
Group of transporters driven by electrochemical gradients using facilitated or (secondary) active transport mechanisms.



Endocytosis 
Uptake of cell surface constituents by the formation of vesicles from the plasma membrane.



Exocytosis 
Fusion of intracellular vesicles to the plasma membrane.



Facilitated diffusion 
Passive diffusion across a membrane facilitated by membrane transporter proteins.



Filtration 
In biology, the process by which matter passes between cells in a tissue.



Fluid mosaic model 
Model of a biological membrane that depicts a fluid sea of lipids with a mosaic of proteins floating within.



Ganglioside 
Sphingolipid with one or more sialic acids in the oligosaccharide headgroup.



Gated channel 
Channel protein that opens and closes in response to external stimuli.



Gel phase 
In lipids, a meso-phase state in which the lipid molecules are tightly packed, diffuse slowly, and sample fewer conformational states.



Globoside 
Sphingolipid with an uncharged oligosaccharide headgroup.



Glycerolglycan 
Glycerolipid with a sugar attached to the sn-3 hydroxyl of the glycerol backbone.



Glycerolipid 
Lipid containing glycerol as a backbone.



Glycerophospholipid 
Lipid with a glycerol backbone and a phosphate group, usually linked to the sn-3 carbon by a phosphoester bond.



Glycolipid 
Lipid containing a sugar moiety; these occur in all classes of lipid.



Glycosphingolipid 
Sphingolipid with a sugar moiety.



Group translocators 
Group of carriers that alter the solute during its passage across the membrane in a vectorial enzyme reaction.



Hydrophilic 
Easily dissolved in water.



Hydrophobic 
Insoluble in water, hydrophobic surfaces tend to minimize contact with water.



Hydrophobic matching 
Match between the length of the hydrophobic region of a transmembrane protein and the thickness of the bilayer.



Integral membrane protein 
Protein stabilized by its association with the hydrocarbon core of a bilayer.



Juxtamembrane 
Near the membrane surface, used to refer to regions of proteins near the membrane interface.



Lateral pressure profile 
Measure of several counteracting forces exerted at different depths across the bilayer.



Lipid domain 
Region in a bilayer with distinct lipid constituents and physicochemical properties.



Lipid phase 
Distinct physical state defined by the interaction between lipid molecules.



Lipid vesicle 
Closed bilayer structure.



Lipids 
Oils from biological sources.



Lipophilicity 
Solubility in lipids.



Liquid disordered phase 
In lipids, a meso-phase state in which lipid molecules are loosely packed together, diffuse rapidly, and sample many conformational states.



Liquid ordered phase 
In lipids, a meso-phase state with properties between the liquid disordered state and the gel state, in which lipid molecules diffuse rapidly but have somewhat restricted conformational freedom.



Log D 
Log of the sum of the equilibrium ratios for both ionized and unionized species of an electrolyte partitioned between two or more phases.



Log P 
Log of the partition coefficient.



Macropinocytosis 
Formation of large vesicles internalizing extracellular fluids by extensions of the plasma membrane.



Membrane fluidity 
Measure of microviscosity or the freedom of movement of a lipid or solute within its immediate region of the bilayer.



Membrane permeant peptide 
Cationic peptides capable of breaching the biological membrane without causing cell lysis.



Nucleotide 
Compounds with a nitrogenous base linked to a pentose phosphate that form the building blocks of nucleic acids such as DNA.



Octadecanoic 
18-carbon hydrocarbon with a carboxylic acid at one end; a synonym for stearic.



Octadecenoic 
18-carbon hydrocarbon with a carboxylic acid at one end and one or more double bonds.



Oleic acid 
18-carbon hydrocarbon with a carboxylic acid at one end and a double bond at the ninth carbon.



Packing efficiency 
Refers to the way membrane constituents pack together to minimize abrupt interfaces.



Paracellular 
Process by which matter passes between cells in a tissue.



Partition coefficient 
Equilibrium ratio of a solute partitioned between two or more phases.



Passive diffusion 
Translocation driven by kinetic energy down electrochemical gradients.



Phagocytosis 
Ingestion of particles into a cell by extensions of the plasma membrane.



Pharmaceutical profiling 
Screening of drug candidates for physicochemical properties relevant for drug delivery, including solubility, lipophilicity, and stability.



Phosphatidate 
Glycerophospholipid with only a phosphate at the sn-3 hydroxyl on the glycerol backbone.



Phospholipid 
Lipid containing a phosphorous, including glycerophospholipids and sphingophospholipids.



Phosphosphingolipid 
Lipid containing a sphingoid base and a phosphorous.



Pinocytosis 
Invagination of specialized regions of the cell membrane, internalizing a vesicle of extracellular fluid and solutes.



Polyketide 
Hydrocarbon metabolite formed of repeating methylenes in pathways analogous to fatty acid biosynthesis.



Polynucleotide 
Polymer of nucleotides.



Polypeptide 
Polymer of amino acids, often forming a protein.



Potocytosis 
Caveolin-mediated endocytosis, or, potentially, clathrin-independent endocytosis.



Prenol 
Lipid derived from 5-carbon isoprene units.



Primary active transporters 
Group of transporters that couple the energy of a chemical reaction or light on one side of the membrane to the transport of a solute.



Saccharolipid 
Lipid derived from fatty acids linked in ester or amide linkages directly to sugar molecules.



Specificity 
In pharmaceuticals, the degree to which a drug avoids undesired side effects.



Sphingolipid 
Lipid containing a long chain amino alcohol as a backbone.



Sphingomyelin 
Sphingolipid with an amide-linked fatty acid and a phosphocholine headgroup, a ceramide phosphocholine.



Stearic acid 
18-carbon hydrocarbon with a carboxylic acid at one end, a synonym for octadecanoic.



Toroidal pore model 
Model for pore-forming amphipathic peptides in which the polar face remains associated with the polar headgroups of lipids, bending the bilayer such that the pore is lined with both peptide and associated lipid headgroups.



Transcellular 
Process by which matter passes through the cell membranes to reach the other side of a tissue.



Transport electron carriers 
Group of carriers that catalyze electron flow across a membrane.



Transporter protein 
Channel or carrier protein, sometimes used to refer exclusively to carriers.



Triacylglycerol 
Glycerolipid with three fatty acyl groups esterified to the three carbons of glycerol.



Unit membrane 
Morphology of a membrane as described by electron microscopy showing two electron-dense layers enclosing a less dense layer.



Vesicle-mediated transport 
Transport of a substance between cellular membranes with the substance either within or enclosed by a vesicle.




3.1. Introduction
In the discussion of drug distribution in Chapter 4, pharmacokinetics in Chapter 7, signal transduction and second messengers in Chapter 12 and ion channels and transport in Chapter 13, membranes are treated as boundaries and barriers to divide living cells into organizational compartments. In this chapter, we will direct our attention to the membranes themselves. We will focus on the molecules that make up biological membranes, the ways in which these molecules are organized, the influence of the microscopic and macroscopic properties of membranes on biological processes, and the unique dynamic environment formed by membranes that support and regulate the function of membrane-associated and integral membrane proteins. Because more than 50% of the drugs currently on the market target membrane proteins and the vast majority of drugs interact with membranes at one point or another before reaching their intended sites of action, membranes are central to modern drug design and studies of the molecular and cellular mechanisms of drug actions.
3.1.1. Membranes Define Life
In the strictest sense, life starts quite literally with the separation of matters by membranes. Having a membrane is not a sufficient definition of life, but it is a necessary one. Cells are the basic unit of life on Earth, and a cellular membrane encloses and maintains a highly regulated state distinguishable from the surrounding environment. More importantly, biological membranes establish discrete regions within the cell that create complex intracellular environments essential for important cellular functions. Though only two molecules thick—as little as about 5 nm or 5 hundred-thousandths the thickness of a typical piece of paper—membranes represent the largest structural component of a cell by mass. In an average human, membranes are estimated to provide about 100 square kilometers of coverage, an area equivalent to approximately 19,000 U.S. football fields.
The ubiquitous nature of biological membranes results from the fact that oil and water do not mix. Water, because of its unique structure, is widely appreciated as being essential to life. Oils from biological sources, or 
lipids, are intimately associated with life because of their tendency to self-aggregate in water and form closed boundaries separating aqueous compartments. It is within these membrane boundaries that life evolves.

3.1.2. Membranes Characterize the Process of Life
The permeability barrier formed by lipids separating one aqueous environment from another is the defining characteristic of a biological membrane. This barrier enables maintenance of different concentrations of solutes on the two sides of the membrane. Control over these concentration gradients is the essential work of the life process and is provided by various membrane components. Most essential among these components are membrane proteins, which make up 30 to 80% of a biological membrane depending on where the membrane is derived. Whereas some proteins regulate cellular transport mechanisms, either allowing a solute to equilibrate along its concentration gradient or actively transporting the solute against its gradient, others are involved in signal transduction events with which a cell senses changes in its environment. Modulation of membrane proteins is the primary means by which a cell regulates molecular traffic across and between membranes. Membrane proteins are also a key structural element of a biological membrane, maintaining membrane domains and forming a framework for specialized functions.
As we shall learn in the following sections of this chapter, the lipid and protein compositions of membranes and changes to these compositions are among the most essential characteristics that distinguish membranes derived from different species, different cells, and different subcellular structures. For example, the membranes of the cell nucleus, where the genetic information of eukaryotic cells is stored, are connected to, but distinguishable from, the membranes of the endoplasmic reticulum, where many gene products—proteins—are synthesized. Mitochondria, which form the powerhouse of the cell, contain intertwined and highly convoluted inner and outer membranes that support the cell machinery vital for energy production. Differences among membranes directly reflect their distinct and specialized functions, and the proteins within them are sensitive to particular lipid compositions. Thus biological membranes function as an integrated whole to perform such tasks as maintaining a constant internal environment (homeostasis), energy production and transduction (metabolism), cell–cell communication, response to external stimuli, adaptation, reproduction, and myriad other processes that define the state of being alive.

3.1.3. Membranes Are Essential to Drug Action
Given that a biological membrane surrounds all living cells, it should come as no surprise that the vast majority of drugs must interact with a membrane to reach their target. Exceptions are rare and often involve an extracellular site of action. For example, an antacid exerts its pharmaceutical effect by neutralizing gastric acid within the alimentary canal without passing through a membrane. As another example, in cases of severe lead poisoning, a chelating agent administered intravenously renders lead dissolved in the blood biologically inert. In most cases, however, a drug is administered to an extracellular space remote from a cellular site of action. Between the drug and its site of action there are typically multiple layers of anatomical barriers comprised by cells in tight association. To cross such barriers, the drug must either pass between the cells through 
filtration (
paracellular) transport, or more typically, across the cell membranes through 
transcellular transport. Since life processes are cellular in nature, a drug usually interacts with a specific cellular component once arriving at its site of action. Thus most drugs must interact with biological membranes, either during transport to the target within the cell or at the specific cellular component within the membrane that produces their biological effect.
From the drug design point of view, drugs with high 
efficacy and 
specificity often are those that target certain proteins (particularly membrane receptors) or specific intracellular components. Approximately 50% of the drugs currently available and nearly 90% of cancer drugs target 
integral membrane proteins. Many of these drugs also have strong interactions with membrane lipids. Since membrane proteins are sensitive to lipid composition, these interactions may also play an important role in producing the desired and undesired physiological effects of the drugs. Similarly, drugs with intracellular targets must transverse the cell membrane, either by partitioning into the membrane or by taking advantage of the transport mechanisms the cell uses for transmembrane trafficking. These same considerations apply to excretion of the drug and its metabolites. In practice, many drugs are lipid soluble and readily cross the membrane barrier. Often these drugs are metabolized to forms that are less soluble in lipid. Once removed from the cell by membrane transport proteins, the lipid membrane prevents the metabolite from reentering the cell.
Thus, membranes are key to drug action. Understanding biological membranes and the way that drugs interact with them is essential to understanding the way the majority of drugs work.


3.2. What Is a Membrane?
3.2.1. The Lipid Molecules
Despite its immense complexity, the biosphere seems to have selected a very limited number of simple organic molecules as building blocks. DNA, encoding the genetic information passed from one generation to the next during cell reproduction, is constructed with a linear sequence of only four major types of 
nucleotides in a 
polynucleotide chain. The backbone of a polynucleotide is invariant, joined by a repeating phosphodiester linkage of sugar phosphates (Figure 3.1A). The part that varies along the sequence is the nitrogenous base covalently attached to the repeating sugar phosphate. Similarly, proteins—the primary products of genes—are formed from linear polymers composed from a library of 20 different 
amino acids joined by identical peptide bonds to form 
polypeptide chains (Figure 3.1B). The complexity of proteins and their functions are achieved through the arrangement of these amino acid polymers in three-dimensional space.
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	Figure 3.1 Macromolecular structures in biological molecules. Most biological macromolecules are composed of a limited number of building blocks joined by covalent bonds, as shown for deoxyribonucleic acid (A) and proteins (B). Membranes (C) are composed of a large diversity of molecules sharing similar physical properties that allow for noncovalent self-association.




The situation with membranes is considerably more complicated, both in terms of the number of chemical species and in the manner in which they form macromolecular structures. There are literally hundreds of different types of lipids within each cell. These lipids do not form covalent polymers, rather, they self-associate with each other and with protein components to form dynamic, but stable, aggregates. Membrane-forming lipids share a bipartite structure consisting of a polar region (head) covalently connected to a hydrocarbon region (tail). These distinct chemical differences between the head and tail regions govern the self-assembly of lipid molecules into macromolecular structures with the head and tail regions of each lipid molecule aligned with one another (Figure 3.1C).
Although lipids are derived from different pathways and each pathway produces many different species, they share a similar overall structure (Figure 3.2 and Table 3.1). Structurally, lipid molecules can be classified into five categories based upon the backbone from which they are derived: 
▪ Polyketides

▪ Glycerolipids

▪ Sphingolipids

▪ Prenols

▪ Saccharolipids
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	Figure 3.2 Anatomy of a lipid molecule. Lipid molecules found in membranes all share a bipartite structure consisting of a hydrophilic region (head) covalently connected to a hydrophobic region (tail). Structurally, these fall into five major categories distinguished by their overall structure: polyketides, represented here by the fatty acyl derivatives that form the hydrocarbon tails of more complex lipids; glycerolipids, where the tail is joined to the head through a common glycerol backbone; sphingolipids, containing a long chain sphingoid base at their core; the diverse prenols, derived biosynthetically from five carbon isoprene units; and the saccharolipids, in which fatty acyl groups are linked directly to sugar backbones. A representative member of each of the five categories of lipid molecules is shown. Carbon is colored violet, hydrogen is white, oxygen is red, phosphorous is orange, and nitrogen is blue. The similarity between classes is easy to see; each is a bipartite structure with a hydrocarbon tail and a polar head group.




Table 3.1 Representative Lipids of Biological Membranes

	Polyketides (Fatty Acyls)
	Common Name	Systematic Names	Structure
	Palmitic acid	hexadecanoic acid; 16:0 fatty acid	[image: B9780123695215000038/fx1 is missing]
	Oleic acid	9Z-octadecenoic acid; 18:1 Δ
9 fatty acid; 18:1 (9Z) fatty acid	[image: B9780123695215000038/fx2 is missing]
	Arachidonic acid	5Z,8Z,11Z,14Z-eicosatetraenoic acid; 20:4 Δ
5,8,11,14 fatty acid; 20:4 (5Z,8Z,11Z,14Z) fatty acid	[image: B9780123695215000038/fx3 is missing]
	Glycerolipids
	Common Name	Systematic Names	Structure
	1-palmitoyl 2-oleoyl phosphatidic acid	16:0-18:1Δ
9-
sn-glycero-3-phosphate; 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phosphate; GPA(16:0/18:1(9Z))	[image: B9780123695215000038/fx4 is missing]
	1-palmitoyl 2-oleoyl phosphatidyl choline (POPC)	16:0-18:1Δ
9-
sn-glycero-3-phosphocholine; GPCho(16:0/18:1(9Z)); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn- glycero-3-phosphocholine	[image: B9780123695215000038/fx5 is missing]
	1-palmitoyl 2-oleoyl phosphatidyl ethanolamine (POPE)	16:0-18:1Δ
9-
sn-glycero-3-phosphoethanolamine; GPEtn(16:0/18:1(9Z)); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn- glycero-3-phosphoethanolamine	[image: B9780123695215000038/fx6 is missing]
	1-palmitoyl 2-oleoyl phosphatidyl serine (POPS)	16:0-18:1Δ
9-
sn-glycero-3-phosphoserine; GPSer(16:0/18:1(9Z)); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phosphoserine	[image: B9780123695215000038/fx7 is missing]
	1-palmitoyl 2-oleoyl phosphatidyl glycerol (POPG)	16:0-18:1Δ
9-
sn-glycero-3-[phospho-rac-(1-glycerol)]; GPGro(16:0/18:1(9Z)); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phospho-(1′-sn-glycerol)	[image: B9780123695215000038/fx8 is missing]
	1-palmitoyl 2-oleoyl phosphatidyl inositol (POPI)	16:0-18:1Δ
9-
sn-glycero-3-phosphoinositol; GPIns(16:0/18:1(9Z)); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phospho-(1′-myo-inositol)	[image: B9780123695215000038/fx9 is missing]
	1-palmitoyl 2-oleoyl phosphatidyl inositol glycan	16:0-18:1Δ
9-
sn-glycero-3-phosphoinositolglycan; EtN-P-6Manα1-2Manα1-6Manα1-4GlcNα1-6GPIns(14:0/14:0); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phosphoinositolglycan	[image: B9780123695215000038/fx10 is missing]
	1-palmitoyl 2-oleoyl diacylglycerol	16:0-18:1Δ
9-
sn-glycerol; DG(16:0/18:1(9Z)); 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycerol	[image: B9780123695215000038/fx11 is missing]
	Sphingolipids
	Common Name	Systematic Names	Structure
	Sphingosine	D-
erythro-sphingosine; sphing-4-enine; (2S,3R,4E)-2-aminooctadec-4-ene-1,3-diol	[image: B9780123695215000038/fx12 is missing]
	N-palmitoyl sphingosine (a ceramide)	Cer(d18:1/16:0); N-(hexadecanoyl)-sphing-4-enine	[image: B9780123695215000038/fx13 is missing]
	N-stearyl-sphingomyelin	SM(d18:1/18:0); N-(octadecanoyl)-sphing-4-enine-1-phosphocholine	[image: B9780123695215000038/fx14 is missing]
	glucosyl(ß) Lauroyl ceramide (a cerebroside)	C12 ß-D-Glucosyl Ceramide GlcCer(d18:1/12:0); N-(dodecanoyl)-1-β-glucosyl-sphing-4-enine	[image: B9780123695215000038/fx15 is missing]
	Prenols (Sterols)
	Common Name	Systematic Names	Structure
	Cholesterol	Cholest-5-en-3β-ol	[image: B9780123695215000038/fx16 is missing]
	Lauroyl cholesterol	12:0 Cholesterol ester; cholest-5-en-3β-yl dodecanoate	[image: B9780123695215000038/fx17 is missing]
	Saccharolipids
	Common Name	Systematic Names	Structure
	Lipid X	2,3-bis-(3R-hydroxy-tetradecanoyl)-αD-glucosamine-1-phosphate	[image: B9780123695215000038/fx18 is missing]


A comprehensive classification system for lipids with broad support in the lipid research community can be found at the Lipid Maps Structure Database (www.lipidmaps.org). The Lipid Maps Structure Database currently catalogs over 10,000 structures.
Polyketides include a wide variety of hydrocarbon metabolites, but the most relevant in discussions of membrane structure are the fatty acids. Fatty acids are long-chain hydrocarbons with a carboxyl group (-COOH) attached at one end. Free fatty acids are found only transiently in membranes, but they are important as signaling molecules, and as the covalently attached hydrocarbon tails of glycerolipids, sphingolipids, and saccharolipids, where they form the bulk of membrane lipid. A few of the typical fatty acids found in membranes are shown in Table 3.1. Much of the complexity found in membrane lipids comes from the diverse chemical composition of the long-chain fatty acid tails. The chain lengths of fatty acids can range from 4 to 36 carbons, but in most membranes the chain lengths are between 12 and 24 carbons, with 16 and 18 carbon chains dominating.
Due to the way fatty acids are synthesized, nearly all fatty acids have an even number of carbons. These fatty acids are most commonly unbranched, but considerable diversity exists in nature, including branched, cyclic and heteroatom structures. The chemical bonds linking carbon atoms can be fully saturated, but are often unsaturated to different degrees. Fatty acids can adopt many flexible conformations around methylene bonds, but are less flexible around double bonds. The conformation can be 
trans, which extends the length of the lipid, or 
cis, which shortens the effective chain length while increasing its width.
Unsaturated lipids typically exhibit the 
cis conformation. A standard nomenclature to describe acyl chains is a numeric representation with two numbers separated by a colon. The first number denotes the number of carbons in the chain, and the second number represents the number of double bonds in the chain. The positions of the double bonds are denoted by numbers as superscripts preceded by the Greek letter Δ. For example, the 18-carbon saturated 
stearic (or 
octadecanoic) acid is represented by 18:0, whereas the 18-carbon unsaturated 
oleic (or 
octadecenoic) acid is written as 18:1 or more completely, 18:1(Δ
9).
Glycerolipids are defined by the presence of a glycerol backbone. The three carbons of glycerol are designated according to a stereospecific number system, 
sn-1, 
sn-2, and 
sn-3. The most important membrane-forming glycerolipids are the 
glycerophospholipids, which are the most common components of the lipid bilayer. The term 
phospholipid is often used, but this term would also include the 
phosphosphingolipids, discussed later. In a typical glycerophospholipid, the 
sn-1 and 
sn-2 positions are esterified (or sometimes ether-linked) with fatty acyl groups. The 
sn-3 position is linked through an ester bond to a phosphate or a phosphorylated alcohol. If it is a phosphate, the molecule is known as a 
phosphatidic acid (or 
phosphatidate).
Phosphatidic acids are present at low concentrations in biological membranes where they serve transiently as signaling molecules and precursors to other phospholipids. The most abundant glycerophospholipids found in animals and plants have various alcohol derivatives attached to the phosphate group, including phosphatidylcholine (PC), phosphatidyl-ethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidylglycerol (PG). A glycerophospholipid is usually named using the names of the two fatty acid tails, followed by the name of the phosphatidate derivatives of the head group. If there is only one fatty acid tail, the prefix 
lyso- precedes the name. For example, a glycerol esterified with 16:0 and 18:1 fatty acids at carbons 1 and 2, respectively, and a phosphatidylcholine at carbon 3 is called 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC). Table 3.1 lists some common glycerophospholipids by their name, systematic representations, and structure. Also shown in Table 3.1 is a derivative of a phosphatidylinositol with a chain of additional sugar groups attached to inositol by a glycosidic linkage. Similarly, chains of sugar groups can be attached directly to the glycerol backbone at the 
sn-3 position, forming a class of glycerolipids referred to as 
glycerolglycans. Lipids with one or more sugars attached via glycosidic linkages are referred to as 
glycolipids. These glycan modifications can vary greatly, contributing to the overall diversity of lipid molecules. Glycolipids occur in every lipid category.
Two other important subclasses in the glycerolipid category include the 
diacylglycerols, in which the 
sn-3 carbon of the glycerol backbone is unmodified (-OH is the head group), and the 
triacylglycerols (
triglycerides), in which the 
sn-3 position is linked to a third fatty acid. Diacylglycerols are present only transiently in membranes but serve an important role in signal transduction as activators of protein kinase C signaling pathways. Triacylglycerols are a major form of energy storage, but are not present in significant amounts in membranes due to a structure that favors phase separation. A high level of triacylglycerols in the human bloodstream is associated with atherosclerosis, a disease manifested by hardening of the arteries.
Sphingolipids make up a third major category of lipids. These lipids differ from the glycerolipids in that their backbone is a long chain amino alcohol base synthesized from serine and a long chain fatty acyl-CoA. The major sphingoid base of mammals is sphingosine, but sphingoid bases vary in alkyl chain length, unsaturation, branching, and other features. Representatives of several major classes of sphingolipids are shown in Table 3.1. Most sphingolipids contain an amide-linked fatty acid, forming a ceramide. More complex ceramides are defined based on the head group substitution at the 1-hydroxyl group in the sphingoid base.
The major subclasses include 
phosphosphingolipids, with head groups attached through phosphodiester linkages, and 
glycosphingolipids, with head groups attached through glycosidic bonds. Most phosphosphingolipids found in mammals are ceramide phosphocholines (
sphingomyelins). Ceramide phosphoethanolamines and ceramide phosphoinositols can also be found in nature. Glycosphingolipids are a subclass of sugar-containing glycolipids, in which the head group substitution at the 1-hydroxyl position of a ceramide is either a single sugar or an oligosaccharide. Sphingolipids with an uncharged single sugar head group are called 
cerebrosides. In the plasma membranes of neural cells, cerebrosides typically have galactose as the head group, whereas in the nonneural tissues, the head group is glucose.
Two important subclasses of glycosphingolipids with oligosaccharide head groups include 
globosides and 
gangliosides. The former has two or more uncharged sugars, usually galactose, glucose, or N-acetyl-D-galactosamine, whereas the latter has more complex oligosaccharides with at least one sialic acid, which is negatively charged at pH 7.
Sphingolipids have many functions; some important ones have been identified only recently. One of these functions is the biological recognition of different cell surfaces. Therefore, sphingolipids play a critical role in cell signaling and immune responses. For example, blood types in humans are determined partially by the oligosaccharides in the head groups of glycosphingolipids. As will be discussed later, sphingolipids, along with cholesterols, are involved in the inhomogeneous distribution of different lipids in the membranes and are responsible for the formation of 
phases or 
domains in the cell membranes. Synthesis of complicated gangliosides can be induced during tumor formation, and trace amounts of gangliosides have been shown to trigger differentiation of neuronal tumor cells in culture. Even simple ceramides have been found to function as second messengers to mediate signal cascades in cell proliferation and apoptosis. Thus, these lipids are potential drug targets.
Prenols make up a major category of lipids derived from 5-carbon isoprene units, with cyclic or long chain carbon skeletons and varying functional groups. These are probably the most diverse group of lipids and are the source for some of the scents and flavors in various spices and herbs. Many key ingredients in traditional herbal remedies may actually be prenols. A systematic investigation is still needed to understand the mechanisms of their pharmacological effects. Other important prenols include vitamins, steroids, bile acids, and the polyprenols involved in the transport of oligosaccharides across membranes. However, the most important prenols involved in membrane structure and function are the sterols, which, along with glycerophospholipids and sphingomyelins, form the bulk of eukaryotic membrane lipid.
Sterols have a carbon skeleton of three 6-carbon rings and one 5-carbon ring fused together. This gives them a relatively rigid structure compared to the other major lipid classes, along with a unique role in membrane formation. Membrane sterols do not exhibit the wide diversity of other lipid classes, with a single species predominating in a particular organism; cholesterol in animals, sitosterol in plants, and ergosterol in fungi. Sterols are not common in prokaryotes, though exceptions do exist. In eukaryotes, sterols distribute very differently in different membranes. For example, the weight percentage of cholesterol is 30 to 50% in plasma membranes, but only 8% in Golgi, 6% in endoplasmic reticulum, and 3% in mitochondria. This gradient of cholesterol content in the membranes of different subcellular compartments is believed to contribute to protein trafficking and sorting in cells.
Using the same nomenclature as for glycerolipids and sphingolipids, the -OH group in sterols is equivalent to the head group of other lipids. Similarly, the fused carbon rings and attached hydrocarbon groups form the tail region. The most pronounced characteristic that sets sterols apart from glycerolipids and sphingolipids is their small polar head combined with a rigid tail. As will be discussed later, this feature is essential for membranes to provide support for the specific functions of many membrane proteins.
Saccharolipidsm, where fatty acids are linked in ester and amide linkages directly to sugar molecules. This is a relatively small class of molecules, best described in bacteria and plants. The most well known of these are the acylated glucosamine precursors of the lipid A component of the endotoxin thought to be responsible for the toxicity of Gram-negative bacteria. A simple monosaccharide precursor, Lipid X, is shown in Table 3.1.

3.2.2. Organization of Lipid Molecules
3.2.2.1. The Amphipathic Property of Lipid Molecules
In order to understand how lipid molecules are organized when surrounded by water, let us first examine some interesting physical properties of lipid and water molecules. One of the principal differences between the head and tail regions of lipid molecules is their ability to mix with water. It is well known that water and oil (i.e., the hydrocarbon region forming the tail of a lipid) do not mix, but the hydroxyl group, the phosphate, the phosphorylated alcohols, and the sugar groups in the lipid head region are readily dissolvable in water. The terms describing solubility in water are 
hydrophobic (water-avoiding) and 
hydrophilic (water-liking). Molecules that cannot dissolve in water are 
hydrophobic, meaning they have an aversion to water. Molecules that are polar or polarizable are hydrophilic. Molecules that have both hydrophobic and hydrophilic properties are called amphipathic (or amphiphilic). Lipids that form membranes are amphipathic molecules, and lipids that do not, like triacylglycerols, are predominantly hydrophobic.
The hydrophobic effect is an aggregate phenomenon, distinguished from all other molecular forces (e.g., covalent, ionic, dipolar, hydrogen bonding, π interactions, van der Waals, and London forces) in that it arises from the collective behavior of many molecules by disruption of the hydrogen-bonded structure of water.
Water is an extremely cohesive fluid because of its ability to form an extended three-dimensional network of hydrogen bonds in addition to dipole–dipole interactions. Each water molecule can engage in up to four hydrogen bonds with neighboring water molecules. These bonds are dynamic, constantly being exchanged for new ones with different neighbors. Many different arrangements are possible, and thus entropic effects stabilize the entire hydrogen-bonding network. Although the precise structure of water is still under investigation, the resulting cohesive forces are easily seen on a macroscopic scale. For example, water is liquid under conditions where hydrogen compounds of similar mass, such as methane and ammonia, are gas. The density of solid water under normal conditions (i.e., ice) is smaller than that of liquid water. Most relevant to the discussion is the fact that water exhibits high surface tension relative to most other fluids.
The surface tension of water is defined as the energy required to increase the surface area of a water interface with air or with a hydrophobic medium. It is a measure of the cohesive forces between water molecules. The strength of these forces can be seen in the way a drop of pure water defies gravity by forming a semi-spherical bead on a smooth waxed surface instead of flattening over a large area, as we would expect in the absence of strong attractive forces holding the water droplet together. A comparison of a drop of water with a drop of methanol is shown in Figure 3.3. Water molecules in bulk water can interact with other water molecules in a dynamic fashion, forming up to four hydrogen bonds at any given time. Water molecules at the interface have much fewer options and form fewer hydrogen bonds, resulting in a loss of degrees of freedom and hence entropy. To minimize the loss of entropy, the hydrogen-bonding network can be stabilized only by minimizing the number of water molecules at the interface, or, in other words, minimizing the surface area.
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	Figure 3.3 Surface tension of a water droplet. A water droplet is shown on the left. A methanol droplet of the same volume is shown on the right. Water is capable of forming a much more extensive hydrogen-bond network than methanol, giving it much greater cohesive forces and allowing it to defy the force of gravity.




In fact, hydrophobic molecules such as hydrocarbons are excluded from water through the same mechanisms as outlined above. Because they cannot dissolve in water they must form an interface. The same forces that defy gravity to minimize the surface area of a water droplet drive the segregation of hydrophobic compounds to minimize their interfacial contact with water. This is the macroscopic manifestation of the hydrophobic effect. It is a complex phenomenon with both enthalpic and entropic components, but under physiological conditions the entropic component dominates. The hydrophobic effect is moderated by the same parameters affecting hydrogen bond formation and dipole–dipole interactions. These include temperature, pH, ionic strength, and cooperativity.
The possible aggregate structures that minimize interfacial contact depend upon the structure of the hydrophobic compounds being aggregated. For a truly hydrophobic substance, such as any of the simple hydrocarbons, the minimal interface is provided by phase separation into a bulk aqueous phase and a bulk hydrocarbon phase. Amphipathic molecules form much more interesting structures. At a water interface, amphipathic molecules will orient such that their polar regions face the water phase while their nonpolar regions are excluded. The presence of a water-interactive polar region at the interface accommodates the extended structure of water much better than air, or the dewetted surface of a hydrocarbon phase; in effect, softening the edge of the interface. This reduces interfacial tension, which increases the stability of dispersions of hydrophobic compounds. Examples of this phenomenon are found in the effect of emulsifiers and surfactants.
In the same way, amphipathic compounds are arranged by the hydrophobic effect to minimize abrupt water-hydrophobic interfaces. Proteins, for example, are amphiphathic, composed of both hydrophobic and hydrophilic amino acids. One of the primary forces for the proper folding and self-assembly of protein molecules is the hydrophobic effect. For a water-soluble protein, the polar regions dominate the exterior of a properly folded protein, and hydrophobic regions dominate the interior. This effect is modulated by other interactions of the protein with itself, including electrostatic interactions, hydrogen bonding, and disulfide bonds. For integral membrane proteins, the situation is more complex—the protein folds in an environment with both hydrophobic and hydrophilic regions.
As mentioned earlier, lipids are typically amphipathic molecules. Their so-called self-assembly is to a large degree an assembly driven by water. Lipid molecules, much shorter than proteins, cannot fold individually to minimize the water-hydrocarbon interface. Instead they are driven by the hydrophobic effect into aggregated structures to minimize the water-hydrocarbon interface by helping each other as a “society.” Likewise, it is energetically unfavorable to bury the polar head group within the hydrophobic phase. The structures therefore must also keep the head group region in a polar environment—either in contact with water or with other head groups. Several stable arrangements are possible to satisfy the separation of the hydrophobic and hydrophilic phases. In biological membranes, the so-called bilayer is by far the most common arrangement.

3.2.2.2. The Bilayer
Long before we had an in-depth understanding of the molecular properties of lipid molecules, the question arose of how these molecules are organized in biological membranes. The experimental investigation started around the turn of the twentieth century. The work of Ernest Overton was among the first to indicate that a biological membrane is a lipid-formed boundary layer. He found that the permeability of organic solutes across a cell membrane could be predicted by the oil-water partition coefficient of the solute more than any other characteristic. Overton concluded that the membrane must be a lipid-impregnated boundary layer with properties similar to those of cholesterol esters and lecithin. He was—as we now know—exactly right. The details, however, are still being established over a hundred years later.
Shortly thereafter, Gorter and Grendel advanced the idea that lipids in a membrane must be arranged as a bimolecular film. By measuring the surface area of a monolayer of lipids extracted from a known number of red blood cells, they calculated that there was a sufficient amount of lipid molecules to form a double layer of lipid around each cell. Ironically, they were wrong. Hampered by the early technologies, they underestimated the surface area of the red blood cells from which they extracted the lipids. Modern measurements indicate that there is a sufficient amount of lipids to cover roughly only half the surface area of the red blood cells as a bilayer. The remaining surface area is covered by the protein component of the membrane, of which nothing was known at the time. Nonetheless, the 2:1 ratio they described between the surface areas of the lipid monolayer and of the red blood cells was striking, providing the insight necessary to propose the bilayer model of a biological membrane. That model forms the basis of our understanding today.
The bilayer model was not immediately accepted as the general description for biological membranes. In particular, it was difficult to see how all the functions occurring at the boundary of a cell could be regulated with such a simple arrangement. The emergence of electron microscopy in the 1950s established that all cellular membranes shared a similar structure. This was true not only for the plasma membrane surrounding many different types of cells, but also for the boundaries of subcellular organelles. In cross-sections, the boundaries appeared as two dense outer bands separated by a lighter central region. This was called the 
unit membrane. Since all the cellular membranes shared a similar structure, the unit membrane had to be sufficiently adaptable to handle such disparate processes as electron transport and glucose uptake. The imaging studies at that time, however, did not have sufficient resolution to distinguish the molecular composition of the unit membrane. Since it had already been established from biochemical studies that the unit membrane was composed of mixtures of lipids and proteins, there was a debate about whether the basic structure of the unit membrane was composed of subunits of lipoproteins or a lipid bilayer with attached proteins. Work with model membrane systems—purified and synthetic lipids—resolved this debate, as it was shown that the purified lipids could reproduce many of the characteristics of biological membranes. Even more intriguingly, protein components could be added back to model membranes to reconstitute additional function. Some of these proteins were accessible from both sides of the membrane, establishing that at least some proteins must span the membrane.
About the same time, advances in magnetic resonance spectroscopy allowed a measure of the dynamics of biological membranes, demonstrating that lipids behaved more like a fluid constrained to two dimensions than a solid. This finding, combined with experiments demonstrating the lateral diffusion of proteins in membranes, generated the concept of the membrane as a sea of lipids with a mosaic of associated proteins either floating on the surface or embedded within a bilayer of lipids. The concept is known as the 
fluid mosaic model of biological membranes, as depicted in Figure 3.4.
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	Figure 3.4 Fluid mosaic model of a biological membrane. This model represents a biological membrane as a sea of lipids with a mosaic of associated proteins either floating on the surface or embedded within a fluid bilayer of lipids. This model is sufficient to describe many phenomena associated with membranes. It has been modified more recently to include the concept of membrane domains constrained over different timescales by interactions among lipids, between lipids and proteins, and between membrane proteins and the cytoskeletal network. (Modified from a public-domain image created by Mariana Ruiz Villarreal.)





3.2.2.3. Trans-bilayer Structure
The fluid mosaic model is supported and has been further developed by measurements with modern techniques, including nuclear magnetic resonance spectroscopy, X-ray and neutron scattering, and computer simulations. Details with molecular resolutions have now been revealed. Figure 3.5 depicts a snapshot of a fully hydrated ternary membrane patch composed of a 3:1:1 ratio of POPC:POPA:cholesterol from a large-scale, all-atom computer simulation. Several structural characteristics are notable. First, the lipids in the bilayer are very dynamic. Although many of the fatty acyl tails can be seen approaching the lowest energy extended conformation, others are bent and twisted to varying degrees. Second, the head groups are not aligned perfectly into two flat planes. There is a significant degree of undulation perpendicular to the bilayer. Thus, the interface between the aqueous phase and the lipid interior is not a smooth or sharp transition, but a region with a rough surface and dynamic thickness. Third, because of the undulation of the interface, the thickness of the bilayer, typically measured from the head groups of one leaflet to the head groups of the other leaflet, is not a single number but a distribution around an averaged number. Fourth, the water molecules penetrate deeply from the head group region to the glycerol bridge.
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	Figure 3.5 Molecular dynamics simulation of a membrane bilayer. This is a snapshot of a fully hydrated ternary membrane patch composed of 3:1:1 ratio of POPC:POPA:cholesterol from a large-scale, all-atom computer simulation. Only a thin slab is depicted for display clarity. Heterogeneity perpendicular to the bilayer is evident in the broadened head group and interfacial regions, and in the diverse conformations found in the tail region. The gray angles represent water molecules. For clarity, only single atoms from each of the head groups are shown: the phosphorous from POPC (gold) and POPA (violet), and the oxygen from cholesterol (red). The hydrocarbon tails are shown for POPC (yellow), POPA (blue), and cholesterol (red).




These dynamic features in the trans-bilayer direction can be averaged for the collective behavior of many lipid molecules and plotted as the averaged electron density profiles of various lipid groups and segments. In computer simulations, the electron density profile can be calculated on the basis of the atomic number and the so-called partial charges for all heavy atoms (i.e., C, O, N, and P). The summation of all components gives the total electron density profile, which is typically what is measured experimentally by X-ray diffraction. Figure 3.6 shows an example of an electron density profile for a simulated dimyristoyl phosphatidylcholine (DMPC) bilayer showing the distance of each component from the center of the bilayer. By looking at the profiles for each component, it is easy to see that each component occupies a range rather than a unique position in space. For example, the carbonyls from fatty acid esters in this experiment ranged from about 7 to 20 Å from the center of the bilayer, with an average distance of about 14 Å.
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	Figure 3.6 Electron density profile for a DMPC bilayer. A calculated electron density profile for a dimyristoyl phosphatidylcholine (14:0-14:0-sn-glycero-3-phosphocholine) bilayer showing the averaged thicknesses of bilayer density regions. Legend: terminal methyl (open circle); long-chain methylene (open square); carbonyl (inverted solid triangle); glyceryl (open triangle); phosphate (X); choline (solid square); and water (solid circle). (Adapted with permission from Zubrzycki, Xu et al. (2000).)





3.2.2.4. Lateral Structure of a Bilayer
A molecular picture of the two-dimensional structure in the membrane plane, or the lateral relationship among lipid molecules, has started to emerge only in recent years. Only a few biophysical techniques, including atomic force microscopy and cryo-electron microscopy, can directly probe the distribution of lipid molecules in the membrane plane with sufficient resolution. Advances in single particle tracking using fluorophores or colloidal particles attached to lipids and membrane proteins allow assessment of the lateral mobility of these membrane components. Results from recent investigations using these and various indirect techniques suggest that the fluid mosaic model oversimplifies the structural role of lipids. The fluid mosaic model relegates the function of the lipid bilayer to a passive permeability barrier that provides a laterally homogeneous environment for protein constituents. The homogeneity arises from the fluidity of the membrane; there are no barriers to lateral diffusion in the fluid mosaic model. In reality, it has become clear that there are barriers to the rate of lipid diffusion, both through specific and nonspecific interactions with proteins, and through interactions among lipid molecules. These interactions, combined with the action of enzymes that alter lipid compositions within the membrane, serve to create regions with physicochemical properties distinct from what would be predicted if the bilayer were truly homogeneous.
The importance of the microheterogeneity of the lipid bilayer is not yet fully understood. Because the bilayer is an aggregate structure whose properties depend not on an individual molecule, but on the sum of the dynamic interactions among molecules, we expect that the nature of the aggregation must in some way depend on the shape of the individual lipid molecules, the chemical and physical properties of these molecules, and the aggregate structure of the surrounding water. Indeed, as will be discussed later, the presence of sphingolipids and cholesterols has been correlated with the formation of two-dimensional domains on micro-, meso-, and macroscales. The microdomains are called lipid rafts. Although the existence of lipid rafts in living cells is still a subject of debate due to the lack of truly noninvasive (nondisturbing) detection methods, it has become clear from recent studies that certain lateral organizations of lipids are important for cell–cell communication, cell recognition, and protein trafficking and sorting. We will return to this topic later.

3.2.2.5. Other Possible Lipid Organizations
The hydrophobic effect discussed earlier acts to segregate hydrophobic regions away from water, aligning head groups and compressing the hydrocarbon tails. Additional attractive forces such as hydrogen bonds between lipid head groups and dispersion forces between the hydrocarbon chains also play a role. Countering these forces are the repulsive forces between lipid head groups and between lipid hydrophobic regions. The flexible fatty acyl chains, adopting many different conformations, are sterically constrained by their neighbors. This results in an entropic repulsion somewhat larger than expected from the width of the extended acyl chain. The head group repulsions are both steric and electrostatic in origin and head groups may recruit other molecules that contribute to these forces. Because of these interacting forces, the shape of a lipid molecule is dynamic and is influenced by many factors that alter the strength of these forces, including temperature, ionic strength, pH, and the inclusion of other molecules. It is the average shape of a lipid molecule under a specific set of conditions that determines its tendency to form a variety of aggregate structures.
When gangliosides with their large, negatively charged oligosaccharide head groups and flexible long hydrocarbon chains are compared to cholesterol with its tiny head group and rigid ring structure, it is easy to appreciate the difference in bulkiness and rigidity of various lipid molecules. If the ranges of interaction are taken into consideration, the abstract view of lipid heads and tails immediately carries a geometric meaning. Charged head groups have a larger effective size than neutral head groups due to electrostatic repulsion, and lipid tails with 
cis double bonds take more lateral space than 
trans double bonds or the saturated hydrocarbon chains. The rigid ring structure of cholesterol gives it a very specific shape that has profound effects on the packing of other lipids. In general, the effective shape of a lipid molecule, especially in relation to the size of its polar region, determines the physicochemical effect of that lipid on lipid packing. Orienting the lipid molecule with the head group at the top, lipids with charged head groups and saturated tails (e.g., gangliosides) and lysolipids with only a single tail typically have an ice cream cone shape. Phospholipids with uncharged head groups and saturated or lightly unsaturated hydrocarbon chains usually have a cylindrical shape. Cholesterols and simple ceramides with their small head groups or other phospholipids with multiple unsaturated hydrocarbon chains appear as upside-down cones.
The aggregate structures that pure lipids can adopt based on geometric considerations are shown in Figure 3.7. At the extremes, lipids with a large head and a small tail produce a micelle, and lipids with a small head and a large tail produce an inverted micelle. Essentially, cylindrical lipids produce perfect bilayers. Natural biological membranes consist of mixtures of a wide variety of lipids along with proteins of varying shapes. It is easy to see that the 
curvature stress, or tendency to form nonlamellar structures, introduced into a bilayer by cone-shaped lipids or proteins may be relieved by lipids with an inverted cone shape. Similar stresses can be introduced in many ways, including the presence of other hydrophobic compounds, proteins, distortion of the bilayer by cytoskeletal components, and chemical changes to lipids in the bilayer. This can be purposeful; destabilized bilayers are important for functions such as membrane fusion and proper functioning of some membrane proteins.
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	Figure 3.7 Aggregate structures adopted by lipid molecules in aqueous solution. Schematic illustration of how the shape of a lipid determines its tendency to form nonlamellar structures. The lipid forming the structure on the right is depicted as a space-filling model on the left. The cubic phase has multiple forms. The inverted micelle is not shown, since it does not form in aqueous solutions. The inverted hexagonal phase is comprised essentially of cylinders of inverted micelles packed with the hydrocarbon tails adjacent.




The inverted hexagonal phase (H
II) in Figure 3.7 deserves special mention. Total lipids extracted from the bilayers of many different types of cells, when purified away from other cellular components, form H
II structures instead of bilayers, suggesting that the H
II structure is energetically more favorable for these lipids. Lipids with a tendency to form nonlamellar (H
II) phases have been shown to modulate protein activity as well as processes involving membrane fusion and other regions of high curvature. Because of their tendency to mediate fusion processes, these lipids are of great interest in designing drug delivery vehicles. Various lipid-soluble drugs also increase the tendency toward nonlamellar phases and it has been hypothesized that this tendency is intrinsic to the action of these drugs. For example, the nonsteroidal anti-inflammatory drug flufenamic acid induces nonlamellar phases, enhancing the trans-bilayer flip-flop of lipids. It has been suggested that this is the basis for its inhibition action on phopholipase activity.


3.2.3. The Role of Proteins in a Bilayer
Proteins are not needed in order for lipids to form a bilayer. Many lipids can spontaneously form closed bilayers, or 
lipid vesicles, when hydrated at low ionic strength. However, all natural biological membranes include a substantial amount of protein. Proteins make up about 30 to 70% of a biological membrane, depending on the cell and the specific membrane. The protein components alter the nature of the biological membrane, changing its permeability and giving rise to structural and functional heterogeneity.
The proteins intrinsic to membranes are diverse. About 30% of the genome encodes for integral membrane proteins, and possibly more than that for membrane-associated proteins. Protein constituents of a membrane are the primary means to regulate molecular traffic, effect cellular communication, and alter membrane structure. These processes are involved in many different aspects of cell function. In addition, many different enzymatic pathways are associated with cellular membranes, ranging from the metabolism of lipid molecules to the synthesis of carbohydrates. Membrane proteins define specialized membrane structures. Examples include subcellular organelles and the specialized regions of polarized cells like neurons and epithelial cells, as well as smaller domains like clathrin-coated pits. Supramolecular assemblies are often anchored to membranes. The largest of these is the cytoskeletal network that defines the shape of the cell, and together with connections to integral membrane proteins, divides the bilayer into a mosaic of diffusionally restricted regions.
Traditionally, membrane proteins are classified according to how they are solubilized away from lipids. Integral membrane proteins require detergent to be solubilized from membranes, whereas peripheral membrane proteins are released by high salt or pH changes. Peripheral membrane proteins are anchored to the membrane primarily through ionic interactions with lipid head groups or other protein components. Integral membrane proteins are inserted into the hydrocarbon core of the bilayer. Other membrane proteins do not fall neatly into either category. Some of these proteins are modified with isoprenyl, fatty acyl or glycolyl-phosphotidylinositol (GPI) moieties. These moieties serve to anchor the protein to the hydrocarbon core of the membrane. The interaction with the membrane often strengthened by sequence motifs on the protein that interact with negatively charged lipid head groups or specifically with cholesterol. Another type of interaction may be represented by protein kinase C, where a phospholipid acyl chain is proposed to extend up from the membrane to occupy a hydrophobic cavity in the protein. Seven different ways that a protein may interact with a biological membrane are represented schematically in Figure 3.8.
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	Figure 3.8 Protein interactions with biological membranes. A protein may interact with biological membranes in seven different ways, as illustrated here. A: The hydrophobic domain of a protein penetrating into the hydrocarbon bilayer. B: A protein with a transmembrane domain. C: Electrostatic interactions with lipid head groups. D: Lipid anchor covalently attached to the protein. E: Nonspecific binding of the protein to the head group region by weak physical forces. F: Interaction with a membrane-anchored protein. G: Lipid extension into a hydrophobic pocket within the protein.




Integral membrane proteins represent a particularly interesting problem in protein folding and structure stabilization. A water-soluble protein folds and is stabilized in a relatively isotropic environment. In contrast, an integral membrane protein is exposed to a structured environment divided into regions with different properties, including the aqueous compartments on either side of the bilayer, the bilayer interfaces (including the lipid head groups and associated molecules), and the hydrocarbon core. Neither the aqueous compartments nor the bilayer interfaces are identical on two sides of the bilayer, and the hydrocarbon core is also anisotropic, with different physical parameters at different depths. Within the hydrocarbon core, the protein is almost always fully hydrogen-bonded, usually in the form of helices but sometimes as beta sheets. Helical structure is more favorable than the beta sheets for the transmembrane domains because the hydrogen-bonding requirement can be satisfied locally with residues close to each other in the sequence. Hydrophobic amino acids dominate the lipid-facing regions of the transmembrane domains, as we might expect. Interestingly, they also dominate contacts between transmembrane segments, just as protein–protein contacts are largely hydrophobic for the interior of soluble proteins. In the hydrophobic core, however, packing effects, rather than the hydrophobic effect, drive the association.
Given this highly structured environment, it is not surprising that integral membrane proteins are specifically adapted to the membrane environment in which they reside. Changes to this environment can have a profound effect on the functions of these proteins. Perhaps this is one reason lipid composition, and therefore the physicochemical properties of membranes, are maintained by highly regulated lipid metabolizing enzymes. Disturbances in lipid metabolism have been associated with numerous disease states, such as neurodegenerative diseases and schizophrenia. Amphiphilic and hydrophobic drugs will partition into the bilayer, and may cause sufficient changes in membrane composition to affect protein function.


3.3. The Membrane Environment
3.3.1. Lateral Heterogeneity
The fluid mosaic model is a gross oversimplification of a biological membrane, but is surprisingly useful and sufficient to explain many aspects of membrane biology. It is useful on a sufficiently small scale up to about 10 nm. At larger scales, however, it is insufficient. Barriers to diffusion must exist in membranes; otherwise a cell would quickly become homogeneous, with every region of every membrane having the same protein and lipid constituents. This is known not to be the case. Specialized membrane regions are evident in terms of large stable assemblies of lipids and proteins that can be visualized microscopically and sometimes preferentially purified away from other membranes. These assemblies include the membranes of subcellular organelles, plasma membrane domains like the membranes of polarized cells (e.g., the axonal and somatodendritic membranes of axons or the apical and basolateral membranes of epithelial cells), and specialized regions like cell adhesion structures, caveolae, or clathrin coated pits. These assemblies are stable in the sense that their overall morphology exists long enough—at least under the specialized measuring conditions—to be identified by light or electron microscopy, ranging from a few hundred seconds to the lifetime of the cell. The individual lipid and protein molecules in these aggregates may be much more dynamic, exchanging with bulk pools and undergoing metabolic turnover. Overall, however, these structures are maintained by low affinity attractions between the involved molecules combined with high local concentrations and limited diffusion. Diffusion is limited by specific and nonspecific interactions of proteins and lipids with each other and with the cytosolic components forming the cytoskeletal network.
In addition to these stable structures, it has become clear that there are much more transient interactions in the membrane that nonetheless create regions of distinct physicochemical properties. The largest of these is created by the interaction of the actin-based cytoskeleton with membrane proteins, both through direct binding and through steric interactions. Tracking techniques have established that lipid and proteins tend to diffuse freely within a compartment between 30 and 400 nm depending on the molecule and the cell type. Because of the dynamic nature of the fluid bilayer, the molecules are not trapped in one compartment, but can hop to the adjacent compartment on a time scale of 1 to 100 ms, where they again diffuse freely before hopping to the next compartment. The membrane cytoskeletal network thus creates a mosaic of regions on the cell surface separated by a reduced rate of diffusion. This, in combination with rapid changes in membrane components due to metabolic processes, can create regions that, dynamically, are quite distinct from surrounding regions.
Lipids do not form an ideal fluid, but exist as a mixture of diverse species that show preferences in associating with each other as a result of head group attractions or repulsions, and packing effects in the hydrocarbon core. Small transient microdomains are formed by specific and nonspecific protein–protein, protein–lipid, and lipid–lipid interactions. A variety of techniques have shown that membrane proteins are surrounded by a dynamic boundary layer of lipids with an average composition distinct from the bulk phase. Membrane proteins, through their preferential association with specific lipids, can induce microdomains consisting of these boundary lipids and the lipids that interact preferentially with the boundary lipids. In turn, these microdomains enhance the formation of protein clusters.
It should be pointed out that microdomains are difficult to study in biological membranes because of their small size and dynamic nature. In model systems, interactions between cholesterol and the saturated hydrocarbons of sphingolipids and certain glycerolipids can form rafts of lipids separated from unsaturated lipids, both because of better packing of the rigid cholesterol backbones with saturated hydrocarbons and because of hydrogen bonding between cholesterol and sphingolipid head groups. These lipid rafts are stable enough to be probed by atomic force microscopy. In biological systems, with a greater diversity of lipids and the influence of membrane proteins, the lipid rafts are much smaller and must be detected indirectly. Accumulating evidence seems to confirm their existence. Lipid rafts are thought to be important for clustering of specific proteins, intracellular trafficking, and signal transduction.
The existence of microdomains within a membrane creates lateral heterogeneity that has consequences in terms of local concentrations of membrane-associated compounds, including membrane-active drugs, and the cooperativity between membrane proteins. It also causes fluctuations in the physicochemical properties of bilayers, including chemical interactions in the interfacial head group regions. These fluctuations can have profound effects on protein function and drug availability.

3.3.2. In Support of Protein Function
Interactions with the interfacial head group region usually anchor and stabilize integral membrane proteins in the bilayer. They are also the primary attractive force for the initial adsorption of peripheral membrane proteins. Intracellular membranes contain up to 10% anionic lipids (lipids with negatively charged head groups), and most membrane targeting domains of peripheral membrane proteins contain cationic surfaces. This initial adsorption to the membrane effectively enhances the concentration of the protein at the membrane, increasing its probability of forming more specific interactions with particular lipids or membrane proteins. A large number of cytoplasmic proteins involved in signal transduction or membrane trafficking reversibly bind to specific lipids or particular regions of the membrane. This reversible binding can be induced by conformational changes in the protein or by other factors such as calcium release or phosphorylation. Changes in the membrane can also lead to stabilization of these structures.
Other interfacial chemistries are found in 
juxtamembrane domains of certain proteins that show a preferential interaction with specific lipids in their head group region. Important lipids involved in these interactions include the polyphosphate phosphatidylinositol lipids, cholesterol, gangliosides, and sphingomyelin. Interfacial chemistries play a role in the formation of microdomains and can determine the effective concentration of certain amphiphilic drugs in different membranes or even in different leaflets of the same membrane.
Another important membrane environmental variable that has strong impact on protein function is lipid packing. 
Packing efficiency describes how well membrane constituents come together to minimize abrupt interfaces. Though ultimately driven by the hydrophobic effect, at close range London dispersion forces also become significant, especially when viewed as a sum of multiple interactions. In general, the better molecular surfaces fit one another, the more stable the aggregate structure. This has obvious implications in terms of membrane permeability; membranes become most permeable at disordered interfaces where there are dramatic packing defects. Other parameters affected by packing efficiency include phase formation, membrane fluidity, membrane lateral pressure profile, and membrane thickness.
Pure lipids form phases with tight transitions between one another depending on temperature and the physicochemical properties of the particular lipids. The lowest energy structure is achieved by saturated phospholipids with fully extended chains, which pack tightly. This tight packing forms the so-called 
gel phase, which is highly ordered and distinctly different from a fluid. In the gel phase, lipids are no longer free to sample different conformations. Their lateral diffusion is extremely slow and membrane proteins cease to function within them. At higher temperatures, the increased energy state of the system allows the hydrocarbon chains to sample many different conformations. The lipids no longer pack together as tightly and the gel phase melts into the so-called 
liquid disordered phase, characterized by a high degree of lateral movement as well as conformational freedom of the hydrocarbon chains. In biological membranes, lipids occur as mixtures of different hydrocarbon lengths and saturation. The different species do not fit together neatly, so at physiological temperatures, membranes exist mostly in the liquid disordered state.
The lipid rafts described earlier, with their high concentrations of cholesterol and saturated hydrocarbons, are thought to exist in an intermediate state called the 
liquid ordered state. The rigid ring structure of cholesterol packs better with the extended conformation of saturated lipids, and thus tends to associate with saturated lipids in a nonideal mixture and stabilize the extended conformation. The packing is not as tight as with pure saturated lipids, so the gel state does not form. Saturated lipids tend to remain conformationally ordered, but the lipids are still free to diffuse laterally. Cholesterol is present at a level of 20 to 50% in the plasma membranes of all animals, and one of its important roles is to prevent the formation of the gel phase in biological membranes, along with the leaky gel-liquid phase transitions at physiological temperatures. Cholesterol has only a slight preference for saturated lipids, and readily partitions into the liquid disordered phase. It tends to increase order, thus softening the difference between phases.
In the absence of clear delineated phases in real biological membranes, the concept of 
membrane fluidity is useful. Membrane fluidity is a measure of microviscosity—the freedom of movement of a lipid or solute within its immediate region of the bilayer. Lipids with a high degree of unsaturation or saturated lipids at high temperatures are fluid and can easily accommodate multiple conformations of a solute. Fluidity varies in both trans-bilayer and lateral directions in the bilayer and is thought to affect the internal dynamics of membrane proteins as well as the rate of protein association.
The effects discussed earlier of the shape of lipid molecules on curvature stress in the membrane can also influence membrane fluidity. The more general description of these effects is the 
lateral pressure profile, which is a measure of several counteracting forces exerted at different depths across the bilayer. Three major contributors to the lateral pressure can be considered. At the outmost surface of the bilayer there is a repulsion force among the head groups that tends to push the lipid molecules apart from each other. This force has the tendency to increase the surface area of the bilayer and is defined by convention as a positive force. Likewise, in the lipid tail region, the flexibility of the hydrocarbon chains creates an entropic force that also tries to push lipid molecules apart (thus also positive). When the bilayer is in equilibrium, the net forces across the bilayer must be zero. The negative force pulling all lipid molecules together is the hydrophobic force that acts at the interface between the head groups and hydrocarbon tails.
As we already know, the hydrophobic forces try to minimize the exposure of lipid tails to the aqueous environment. Because the thickness of this interfacial layer is very thin, the strain built up at this interface is very large. It can be estimated that the lateral pressure in a lipid bilayer can amount to several hundred atmospheres. This is a tremendous amount of pressure, which is highly sensitive to lipid compositions and changes in the amount of nonlamellar lipids and solutes such as drugs in the bilayer. The lateral pressure profile can influence protein conformation directly by mechanical pressure, or indirectly by stabilizing nonlamellar structures or by changing membrane thickness.
Membrane thickness is of particular importance for a wide range of membrane proteins. The average thickness of a membrane is about 3 nm for the hydrocarbon core, and another 3 nm for the interfacial region, but this can vary considerably in time and space. The highly structured environment provided by a biological membrane requires a matching protein structure for proper folding and functioning. This phenomenon is termed 
hydrophobic matching, reflecting that it is energetically unfavorable to immerse polar or charged residues within the hydrocarbon core or to expose a hydrophobic surface to the aqueous milieu. As a consequence, membrane thickness varies dynamically to match the length of a protein's transmembrane domain. As we have discussed, the thickness of a membrane is determined by the length of the hydrocarbon chains in the two leaflets of the bilayer and the degree of unsaturation, the temperature, the lateral pressure profile, and the hydration of head groups (changing their effective average size).
Another common variable affecting membrane thickness is cholesterol content. Cholesterol alters the lateral pressure profile, extending hydrocarbon chains and thus thickening the bilayer. The thickness can also be altered by interactions with proteins, which cannot only stabilize lipids in certain conformations but can also recruit special lipids to provide the desired thickness. In this way, hydrophobic matching initiates the formation of microdomains, which can in turn recruit other proteins and lipids attracted to that particular membrane thickness. This process is thought to be the mechanism of protein clustering and targeting to specific membranes. For example, proteins resident in the Golgi apparatus have transmembrane helices about five residues shorter than those in the plasma membrane, reflecting the thinner membrane of the Golgi apparatus. Alternatively, some proteins can undergo a shift in structure to accommodate the hydrophobic mismatch. One mechanism involves the tilting of transmembrane helices to accommodate a thinner membrane.
The activity of a number of membrane proteins has been linked to the thickness of the membrane, including channels, ion pumps, and sugar transporters. For example, the Na
+K
+-ATPase (sodium pump) is an integral membrane protein that shows maximal activity in synthetic bilayers with longer chain saturated lipids. In the presence of cholesterol, the maximum shifts to shorter chain saturated lipids, consistent with the fact that cholesterol thickens a bilayer by encouraging the extended chain conformation.


3.4. Role of Drug Polarity
In order to reach its target or site of action, a drug must be absorbed and distributed through the body. Usually this involves interacting with or crossing a biological membrane. A drug can thus be amphiphilic, with solubility in both aqueous and lipid phases; hydrophilic, with its site of action accessible from the extracellular space or being passed through the membrane by special transport mechanisms to reach its site of action; or hydrophobic, with special measures needed to deliver the drug to the desired membrane target.
Not surprisingly, amphiphilic drugs make up the largest class of drugs. Amphiphilic drugs don't require specific transport mechanisms to cross the membrane. Soluble in both aqueous biological fluids and in lipid membranes, they simply diffuse throughout the body. For many amphiphilic drugs, efficacy is determined by how fast the drug can partition into or cross the membrane. The rate of drug clearance through metabolism or specific pathways opposes the rate of accumulation. Thus, faster exchange and equilibration between the aqueous and lipid phases means that less drug is needed to produce a desired effect.
The classic experiments were those performed by Ernest Overton and Hans Meyer at the turn of the twentieth century, where tadpoles were placed in solutions containing alcohols of increasing hydrophobicity. They found a correlation between the concentration of the alcohol required to cause cessation of movement and the concentration of the alcohol distributed into the lipid phase of a lipid-water mixture. The ratio of the concentration in the lipid phase to the concentration in the aqueous phase at equilibrium is known as the Overton-Meyer or lipid-water 
partition coefficient. The higher the partition coefficient, the less alcohol was needed to cause cessation of movement.
Since then, many different studies have shown that these early findings are broadly applicable to a wide range of amphiphilic drugs and cell types. The partition coefficient is still a valuable parameter in predicting the efficacy of a drug. Octanol is typically used as the nonpolar phase and partitioning is expressed as the log of the partition coefficient, 
log P. Chromatographic methods used to assess 
lipophilicity typically are calibrated to log P using standards. There are also 
in silico methods for predicting lipophilicity.
It is very difficult for an ion to diffuse across the hydrocarbon core of a membrane. Nonetheless, many drugs are organic compounds that do form ions in solution. These drugs, however, are weak electrolytes that exist in equilibrium between ionized and unionized forms. It is the unionized form of the electrolyte that can diffuse across the membrane. The relative amount of ionized and unionized forms depends on the ionization constant of the electrolyte and the pH. The pH dependence of the partition coefficient is incorporated into the lipophilicity measurement known as 
log D. An interesting effect of amphiphiles that are also weak electrolytes is the interaction of the charged moiety with the interfacial head group region. Given the asymmetry of bilayer leaflets and lateral heterogeneity, this can cause drugs to concentrate based on interfacial chemistries.
Although the efficacy of many drugs can be predicted using log P or log D, many exceptions exist. In some cases the efficacy is anomalously low relative to analogous drugs. This can result from several factors, including retention of the drug in nonproductive membranes due to large size or specific interactions, reduced potency of the analog at the active site, greater vulnerability to degradation, or metabolic conversion or active efflux from the target cell by drug transporters. High lipophilicity reduces water solubility and increases nonspecific binding to hydrophobic surfaces.
An anomalously high efficacy is usually the result of the action of a protein transporter or endocytotic mechanism. Biological membranes contain protein components evolved specifically for transporting hydrophilic nutrients across the membrane. Cellular models that directly measure permeability from both passive diffusion and transport mechanisms have been developed for screening purposes using monolayers of Caco-2 intestinal adenocarcinoma cells or MDK canine kidney cells.
The earliest screenings for effective drugs were herbal folk remedies, particularly in China and other East Asian countries where generations of trial and error established which plant extracts were effective as drugs. The bioavailability and potency of various ingredients at their putative sites of action were tested using recurring illness and diseases in humans as bioassays. Most of the key ingredients identified as effective were either amphipathic and thus could diffuse past membrane barriers, or mimicked natural nutrients, so that transport mechanisms designed to transport nutrients or endogenous substrates would transport the herbal medicine as well. Caffeine, arguably the most widely consumed drug in the world, is a good example. It is a water-soluble compound with poor lipophilicity. It is readily absorbed from the gastrointestinal tract, however, by nucleoside transporters and passed into the bloodstream. Caffeine's stimulating effects on the central nervous system are thought to derive from competition with adenosine at cell surface adenosine receptors leading to changes in the intracellular concentration of cyclic AMP. This is a common theme for hydrophilic drugs. The similarity of the drug to an endogenous substrate underlies both its mechanism of action and the means by which the drug traverses across the biological membranes.
Modern methods of drug screening and design focus on structure–activity relationships (SAR). Various assays are used to screen drug libraries for the desired effect, and those drugs identified as positive are used as the starting point for the synthesis of analogues that explore physicochemical parameters that improve the desired effect. Unlike early screening techniques, the barriers to drug delivery innate to a human being are not considered until potency at the therapeutic site is established. Thus many more potentially effective drugs are identified, but problems of drug delivery past biological membrane barriers remain. 
Pharmaceutical profiling refers to the screening of drug candidates for physicochemical properties relevant for drug delivery, including solubility, lipophilicity, and stability. This profiling step usually precedes any sort of bioassay where such physicochemical properties may have an effect. If 
in vivo systems establish a problem with pharmacokinetics, these properties may be altered to improve drug availability.
One strategy to improve drug availability is to include parameters necessary for uptake by endogenous transport mechanisms in the design of the drug, while maintaining efficacy at the therapeutic site. However, the necessary parameters are not typically known, and sometimes it may not be possible to achieve high availability and efficacy at the same time. Alternatively, it is often possible to chemically add a moiety to increase the drug's lipophilicity, thus taking advantage of passive diffusion across lipid bilayers. Another strategy is to conjugate the drug to a natural substrate or nanoparticle, taking advantage of endogenous transport mechanisms already developed by evolution to breach membrane barriers. The different strategies employed by drugs crossing a biological membrane are reviewed in the next section.

3.5. Crossing the Membrane
3.5.1. Passive Diffusion
As discussed earlier, nearly all drugs have to cross multiple cellular membranes to reach their targets. These membranes vary in protein and lipid content, but share a bilayer structure, thereby creating a tight hydrophobic barrier composed predominately of phospholipids and cholesterol. An artificial membrane composed only of phospholipids and cholesterol is impermeable to strong electrolytes (molecules that carry a charge over the physiological range of pH) and large molecules (molecules in excess of ~300 daltons). Thus, this artificial membrane would block the drugs that fall into these categories. However, because membrane barriers are dynamic and heterogeneous in nature, small polar molecules like water can slowly find their way across through temporary defects in hydrocarbon packing. For these molecules the membrane is a semipermeable barrier, allowing a slow equilibration to occur in the absence of any other factors. For drugs that can partition into the lipid bilayer, the barrier ranges from semipermeable to permeable, depending not only on the solubility of the drugs in the hydrocarbon region, but, especially for large organic molecules, also on their ability to pass through the interfacial region of the bilayer. All these scenarios describe 
passive diffusion across the lipid bilayer, where kinetic energy drives the distribution of molecules to equalize the concentration everywhere.

3.5.2. Transporters
The importance of passive diffusion in drug efficacy is underlined by how often the lipid-water partitioning coefficient can be used to predict the relative efficacy of a series of related drugs. The permeability of a biological membrane to many compounds correlates well with the lipid-water partition coefficient of the compound, but the exceptions are remarkable. Most noticeable among these exceptions are: water; ions such as sodium, potassium, calcium, and chloride; metabolites such as glucose; even large complexes of peptides and other molecules—in short, all the molecules for which the living cell has an interest in regulating the molecular traffic.
The cell controls the expression and activity of membrane proteins that increase the movement of specific molecules across the membrane. These proteins can be classified broadly according to the energy consumed as those governing 
facilitated diffusion or 
active transport. They may also be categorized as 
channels that form an aqueous pore in the membrane through which solutes can pass or 
carriers that selectively bind a molecule to effect its translocation. The term 
transporter is currently used to refer to both channels and carriers, although some authors use it synonymously with carrier.
A comprehensive classification of all protein and nonprotein components that can transport molecules across the membrane is provided by the Transport Classification Database (www.tcdb.org/tcdb), largely the work of Milton H. Saier Jr. of the University of California in San Diego and adopted by the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (IUBMB). The Transport Classification Database currently has 3000 protein sequences categorized into 550 transporter families. The Human Genome Organization's Gene Nomenclature Committee (HGNC) provides an alternative classification system. Though originally designed to provide unique and meaningful names to every human gene, it is sometimes convenient to refer to a protein by its genetic nomenclature.
Channels, by virtue of opening a “hole” in the membrane, are necessarily a form of facilitated diffusion. In facilitated diffusion the driving force is the concentration gradient of the solute just like passive diffusion, but the solute no longer has to partition into the hydrophobic bilayer. Instead, a protein complex opens a hydrophilic pore in the membrane to allow solutes to pass. Channels can be open constantly, such as those found in ion channels that help establish the resting membrane potential. Channels can also be 
gated, opening or closing in response to external stimuli such as voltage, light, membrane stress, or ligand binding. Nerve transmission, heart contraction, kidney excretion and reabsorption, and a diverse range of other functions in many organs are controlled and regulated by voltage-gated and ligand-gated ion channels. Thus, ion channels represent a very large class of targets for novel drugs, as well as the targets for various toxins and venoms. Ion channels will be examined in depth in Chapter 13.
This category also includes a large number of families of toxic or apoptotic molecules that form pores in the membrane, typically killing the cell. One family of these pore-forming molecules is comprised of simple ceramides that can form pores in membranes at physiological concentrations. At low concentrations these molecules serve as second messengers through sphinogomyelin hydrolysis, but as their concentration increases they disrupt the integrity of the membrane. This process is thought to play a role in cytochrome release from mitochondria during apoptosis. At intermediate concentrations these ceramides are thought to induce nonlamellar phase transitions, allowing bilayer lipids to diffuse across the membrane, destroying bilayer asymmetry, and participating in membrane fusion processes. Other peptides and molecules in this category are synthesized specifically by bacteria, plants, and animals as a form of interspecies biological warfare, many of which have been coopted for use as antimicrobials or antibiotics. Also included in this category are neurodegenerative molecules like the amyloid β-protein (Aβ) peptides in Alzheimer's disease and the polyglutamine channels involved in the neurotoxicity of Huntington's and other diseases caused by unstable CAG codon expansions in human genes.
Carriers are a diverse group of integral membrane proteins that bind a specific (usually stereospecific) substrate and undergo a conformational change to release the substrate on the other side of the membrane. This process is typically several orders of magnitude slower than diffusion through a channel, though some carriers approach a channel in their rate of transport. Most channels are oligomeric complexes with multiple subunits, however carriers can be monomeric or oligomeric. There are four major classes of carriers: electrochemical potential-driven transporters, primary active transporters, transport electron carriers, and group translocators. Transporters that facilitate diffusion of a single substance across a membrane are categorized with the electrochemical potential-driven transporter class, since transport is driven by the substrate's own electrochemical gradient. For example, glucose uptake by a cell typically has a favorable concentration gradient—the only barrier to uptake is the lipid membrane. The glucose transporters are a homologous family of proteins, each with about 500 amino acids and 12 transmembrane spanning segments. The rate of diffusion facilitated by these transporters can be 50,000 times greater than passive diffusion through the bilayer.
The other members of the electrochemical potential-driven transporter class and all members of the other classes expend metabolic energy to transport a molecule with or against its electrochemical gradient, and thus represent 
active transport mechanisms. When coupled with the electrochemical energy arising from ion gradients (typically sodium or proton gradients), the process is termed 
secondary transport, since the ion gradients are created by other (primary) active transporters coupled with chemical, electrical, or solar energy. Secondary active transporters make up the rest of the electrochemical potential-driven transporters class, emphasizing the close relationship between facilitated diffusion and secondary active transporters. Secondary active transporters are often categorized into uniporters (a single charged substrate), symporters (the substrate and the coupled ion move in the same direction), or antiporters (the substrate and the coupled ion move in opposite directions). These classifications are subordinate to phylogenetic classifications as described in the Transport Classification Database.
Other active transport classes are divided according to the vectorial nature of the energy linked to membrane transport. 
Primary active transporters couple the energy of a chemical reaction (including oxidoreduction reactions) or light on one side of the membrane to the transport of a solute. 
Transport electron carriers catalyze electron flow across a biological membrane, from donors localized on one side of the membrane to acceptors localized on the other side. These carriers and processes are important in membrane energetics. 
Group translocators alter the solute during its passage across the membrane in a vectorial enzymatic reaction. Originally speculated to be a major mechanism of membrane transport, the only known example of group translocators consists of the bacterial phosphoenolpyruvate: sugar phosphotransferase.
The primary active transporters class includes 30 families and superfamilies of most of the proteins involved in primary active transport. Important examples include the photosynthetic reaction center family, which converts solar energy to chemical energy, the general secretory pathway family, which governs the insertion of membrane proteins and the passage of secreted proteins across the membrane, and the P-type ATPase superfamily, which includes the Na
+K
+-ATPase. The Na
+K
+-ATPase, also called the sodium pump, couples the hydrolysis of ATP to the simultaneous movement of three sodium ions out of the cell for every two potassium ions moved into the cell against their concentration gradients. This is an electrogenic reaction, establishing the resting membrane potential and providing gradients for subsequent secondary transport. The Na
+K
+-ATPase has been estimated to consume some 25% of the energy-yielding metabolism of a person at rest.

3.5.3. Vesicle-mediated Transport
In addition to passive diffusion, channels, and carrier proteins, a fourth mechanism of breaching biological membranes is provided by 
vesicle-mediated transport, which can also be used for drug delivery. 
Endocytosis refers to the uptake of cell surface constituents by the formation of vesicles from the plasma membrane. This process can be subclassified into 
phagocytosis, the engulfment of particles, and 
pinocytosis, the engulfment of fluid.
Phagocytosis is a form of ingestion common to protozoa and specialized cell types in animals, such as white blood cells, where it provides protective and scavenging roles, or in the epithelium of the gut where it functions in nutrient uptake. Phagocytosis is triggered by particles binding to receptors on the membrane. The details of the interactions are not well understood, but appear to operate by both negative and positive signals. Transport mediated by this process is relatively nonspecific; even inanimate particles such as glass beads can be internalized.
Pinocytosis occurs in virtually all cells as the invagination of special regions of the plasma membrane along with small amounts of fluid and solutes form vesicles generally less than 200 nm in diameter. These processes can be constitutive or triggered in response to stimuli, and in many cells a large fraction of the plasma membrane is internalized every hour. Much of what is internalized is recycled back to the plasma membrane by fusion of intracellular vesicles to the plasma membrane in a process called 
exocytosis. 
Macropinocytosis refers to the formation of large vesicles up to 5 microns in diameter by extensions of the plasma membrane (ruffles) found in some cell types such as dendritic cells and macrophages.
There are multiple mechanisms for endocytosis, distinguished by the proteins that make up the necessary scaffolding. Distinct pathways dependent on the cytoplasmic protein 
clathrin or the membrane protein 
caveolin have been relatively well studied, but other mechanisms independent of these two proteins are just beginning to be defined. Different mechanisms of uptake lead to different pathways once internalization occurs, determining the ultimate fate of the absorbed solute. The specific solutes transported by these pathways are largely determined by receptors in the respective specialized structures. These receptors are usually proteins, but the carbohydrate domains of the negatively charged gangliosides also serve to bind ligands in a relatively specific manner.
The main route of endocytosis is through the clathrin-mediated pathway. Specialized transient pits about 100 nm in diameter and coated by the structural protein clathrin can cover up to 2% of the cytosolic face of a plasma membrane. Roth and Porter first described these pits in 1964 as invaginations of the plasma membrane covered with bristle-like projections. The same bristles could be seen covering vesicles just inside the membrane; deeper in the cell the vesicles had lost their bristles. They correctly hypothesized that the bristle-coated pits invaginated to form coated vesicles, which then lost their coat and fused to form a storage granule.
The work of Brown and Goldstein in the late 1970s on low density lipoprotein (LDL) uptake definitively established the function of clathrin-coated vesicles as an endocytotic process. Clathrin-coated pits are enriched with a wide variety of receptors, and internalization of these receptors with their ligands is the primary method of entry of many types of molecules, including iron complexed to transferrin and cholesterol microencapsulated into LDL lipoprotein particles. Clathrin-coated pits are continually invaginating and pinching off to form vesicles, which then lose their clathrin coat and fuse as early endosomes. The early endosomes undergo a series of sorting and transforming events that lead to recycling of membrane components and eventual lysosomal hydrolysis of internal constituents.
Another important mechanism of vesicle-mediated transport is defined by the structural protein caveolin. Caveolins are a family of integral membrane proteins that self-associate and also specifically bind to cholesterol and glycosphingolipids in a relatively stable microdomain. These microdomains are an important component of lipid rafts, though it is clear that there are other cholesterol and sphingolipid microdomains forming lipid rafts that do not have caveolin. 
Caveolae can be visualized in the electron microscope as 50 to 100 nm wide flask-shaped invaginations in the plasma membrane, independently described in the mid 1950s by Palade and Yamada. The caveolae close off to form vesicles and fused endosomes (
caveosomes) distinct from those of the clathrin receptor mediated pathway. In particular, caveosomes do not acidify and their contents are delivered to the cytosol and to the ER. This type of endocytosis is sometimes called 
potocytosis to distinguish it from clathrin-dependent receptor-mediated endocytosis, even though receptors are still involved.
Although specific protein receptors are involved in the process, gangliosides also play an important role in substrate recognition. Caveolin-mediated endocytosis has been shown to be a pathway for uptake of nutrients including folate, albumin, and cholesterol esters; toxins such as cholera toxin; and a pathway for virus attack such as Simian virus 40. It also has been shown to function in efflux pathways and transcellular transport. Caveolae are enriched in efflux transporters, and cholesterol uptake from cells by HDL lipoprotein particles in the plasma can be mediated by caveolae. Particles as large as 500 nm in diameter have been reported to be ingested by a clathrin-dependent mechanism, blurring the distinction between phagocytosis and pinocytosis.
These pathways are not absolute. There is a substantial degree of variability among different cell types. A number of studies have shown that certain ligands (and drugs) undergo endocytosis by multiple pathways, indicating multiple receptors, a wide distribution of receptors in the plasma membrane, or some degree of pathway crossover once internalized. In addition, transporters sometimes transport compounds also absorbed by endocytotic mechanisms. There is some confusion in the literature; the criteria needed to distinguish between different endocytotic mechanisms are still being defined. For example, many studies have assumed that isolated lipid rafts are synonymous with caveolae, but now it is clear that there are at least two additional endocytotic pathways associated with cholesterol and sphingolipid microdomains that are independent of both caveolin and clathrin. Also, both phagocytosis and macropinocytosis are actin-mediated processes covering a relatively large area of the plasma membrane. Both processes have been shown to be independent of caveolin and clathrin. They are distinct processes, however, in terms of their morphology and regulation, although the distinctions between the two processes are not fully understood.
Size can also be a factor determining which endocytotic pathways are involved in ligand absorption. For example, in nonphagocytotic cells, latex beads with diameters less than 200 nm were taken up by the clathrin-dependent pathway, and latex beads with diameters between 200 and 500 nm were taken up by a caveolin-dependent process. Similarly, absorption of DNA-polycation complexes showed clear size dependence: sizes greater than 200 nm were internalized by macropinocytosis. Intermediate size complexes between 100 and 200 nm were internalized by clathrin-coated pits. Small complexes less than 100 nm were internalized through caveolae. This size-dependent selection of pathways has a clear implication in the development of treatment strategies with gene therapies.
Vesicle-mediated transport is a promising method of drug delivery because it is relatively insensitive to the nature of the conjugate attached to the carrier molecule. Whereas a transporter may be fairly restrictive as to the size or chemical nature of a conjugate in its active site, vesicle-mediated transport is much more promiscuous. Extremely hydrophilic or hydrophobic drugs encapsulated in nanoparticles or conjugated with carrier ligands or antibodies can be efficiently targeted to cells and taken up by endocytosis. The down side of using the endocytosis pathways for drug delivery is that when the conjugates cross the plasma membrane they are still bound by the vesicle membrane. In the majority of cases they are headed to the lysosomal acid hydrolases for potential degradation. Developing strategies to recover an active drug in sufficient quantity from its endocytotic vesicle and transport it to its intended intracellular site of action is an area of vigorous research.

3.5.4. Membrane Permeant Peptides
Cationic 
membrane permeant peptides derived from viral proteins and their derivatives are capable of translocating conjugated cargo molecules ranging from small drugs to nanoparticles across the cell membrane. The mechanisms of translocation are not well established, but multiple repeating lysines and especially arginines, combined with the negative charge on the cell surface and a transmembrane potential, seem to be the key components for translocation to occur. The size of the conjugate seems to determine whether uptake is vesicle-mediated or goes directly into the cytosol.
One of the best studied of these permeation peptides is the basic amino acid region from the HIV-1 transactivator of transcription (TAT) protein. The TAT peptide binds to cellular membranes through strong ionic interactions between multiple lysines and arginines, and negatively charged plasma membrane components, such as heparin or negatively charged lipids. What happens next depends on the size and perhaps nature of the cargo. In a recent study utilizing peptides of different lengths, it was found that cargo consisting of greater than 50 amino acids drove the fusion protein through an endocytotic pathway. The fusion protein largely restricted to intracellular vesicles, although the exact nature of the pathway was not determined. Interestingly, for cargos of less than 50 amino acids, the translocation occurred through a vesicle independent mechanism directly into the cytosol. The mechanism of this transfer is unknown, but may represent either a transient membrane perturbation (a hexagonal phase transition was proposed, with the cargo confined to the aqueous lumen) or lipophilic ion pair diffusion driven by the membrane potential.
This is another promising area of drug delivery research, both in the characterization of permeation peptides and in the analysis of the mechanism by which the membrane is transiently breached. Membrane permeation peptides are highly effective in drug delivery, even breaching traditionally difficult barriers such as the skin and the blood–brain barrier. Cell selectivity is one of the important limitations of this system—the nonspecific mechanism leaves all cells open to exposure by the conjugated drug. New strategies being investigated include ways to reversibly shield the permeation peptide or to alter the drug to be active only in targeted cells.


3.6. The Membrane as a Drug Target
The original concept of the fluid mosaic model of biological membranes emphasized the protein and lipid components of the membrane as independent entities. Current understanding recognizes the interdependence of these components in defining the nanostructure of a biological membrane. Thus, the idea of treating membranes as a drug target includes drugs that act on myriad channels, carriers, receptors, enzymes, and structural proteins that reside in the membrane as well as those drugs that interact directly with the lipid components of the membrane. As mentioned earlier, most of the drugs currently on the market belong to this category. Several chapters in this book are devoted to the important classes of drugs that act on membrane targets such as receptors, signal transduction molecules, and ion channels. Therefore, we will focus here only on drugs that act through bilayer lipids to exert their effects on cellular functions.
3.6.1. Pore-forming Peptides
The most obvious of the drugs that exert their pharmaceutical effects directly through bilayer lipids are the pore-forming antimicrobial peptides. Endogenous peptide antibiotics are expressed as a form of biological warfare in all organisms, including humans. Antimicrobial peptides are highly divergent 9-100 amino acid peptides typically characterized by positive or negative charges and high hydrophilicity with the potential to form some sort of self-associating amphipathic structure in membranes. Note that the latter characteristic distinguishes these pore forming peptides from the membrane permeant peptides discussed earlier. There have been over 800 native pore-forming sequences identified and thousands of derived synthetic structures. Whereas some of these peptides are active in the nanomolar range toward specific types of cells, most are active in the micromolar range, with broad specificity. The latter class has been demonstrated to bind to the membrane lipids without the need for a protein receptor or a specific glycolipid.
A good example of this class is the principle active component in bee venom, melittin. Melittin is a 26 amino acid water-soluble peptide with a highly cationic carboxyl terminus. It forms electrostatic interactions with the interfacial region of a membrane, where it is induced to form an amphipathic helix parallel to the plane of the bilayer with the hydrophobic face buried toward hydrocarbon core and the hydrophilic face toward the extracellular milieu. The peptide also self-associates, and when the local concentration is high enough the peptide permeates the membrane. The exact structure permeating the membrane is unclear, and may be membrane dependent.
In one possible structure, the so-called 
barrel-stave model, the hydrophilic faces come together to create a hydrophilic pore, which increases in size as more monomers aggregate. The barrel-stave model has been established only for the peptide alamecithin. Melittin is more likely to form a toroidal pore, in which its hydrophilic face remains associated with the polar head groups of lipids. Peptide aggregation induces the associated lipid to form tight bends, such that the pore is lined by both the peptides and the associated lipid headgroups. Melittin may also function by a variation of this mechanism called the 
carpet model. Toroidal pores are also formed in the carpet model, but the carpet model emphasizes a loose peptide arrangement oriented parallel to the bilayer surface, which at sufficiently high concentrations disrupts the bilayer in a manner similar to detergents. Both of these types of mechanisms are thought to occur among the diverse species of pore-forming peptides, including those involved in apoptosis and neurodegenerative disease. Binding is separate from pore formation, and both are affected by the lipid composition of the membrane. A schematic illustrating the mechanisms of pore-forming peptides is shown in Figure 3.9.
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	Figure 3.9 Models of pore-forming peptides. This schematic illustrates the differences between three models for pore formation by pore-forming peptides, showing the peptides in blue, the lipid headgroup region of the bilayer in gray, and the hydrocarbon core in purple. In the barrel-stave model, the aggregating peptides form a peptide-lined pore, much like any channel protein. In the toroidal model, the peptide induces bending of lipid monolayers, forming a pore lined by both peptides and lipid headgroups. In the carpet model, toroidal pores also form, but this model emphasizes the detergent-like properties of these amphipathic peptides rather than the specific structures they form. Although peptide accumulation on the membrane surface is a feature of all three models, it is an inherent property of the carpet model, which at high enough concentrations essentially solubilizes the membrane.




The pharmacological interest in these pore-forming peptides comes from the fact that they do exhibit some cellular specificity. Peptides such as melittin are toxic to many cells, however similar peptides like magainin are toxic only to bacteria. Magainin differs from melittin mostly in its charge distribution; the cationic amino acids are spread across the entire peptide. Apparently the localized cationic charge on peptides like melittin helps permeabilize the eukaryotic membrane. Permeabilizaton of the eukaryotic membrane has other structural requirements not important for permeablizing bacteria. For example, melittin can be modified by cyclization or incorporation of 
d-amino acids to be much less toxic to mammalian cells while retaining its activity against bacteria. The ability to discriminate between these membranes appears to be based entirely on lipid composition. Bacterial bilayers lack sterol and carry a negative charge from high concentrations of phosphatidylglycerol. Eukaryotic plasma membranes are asymmetric with high levels of sterols and zwitterionic lipids and varying amounts of negatively charged glycoproteins and glycolipids in the extracellular leaflet. The inner leaflet has a negative charge due to high amounts of phosphatidylserine.
Interestingly, some antimicrobial peptides specific for bacteria will also attack cancer cells characterized by increased levels of phosphatidylserine and negatively charged glycoproteins. Studies with model membranes show similar effects of charge and cholesterol content for both melittin and magainin. In addition to charge, it is clear that the lateral pressure of the bilayer plays an important role. Incorporation of cholesterol or other nonlamellar lipids with a negative curvature inhibits the ability of these peptides to form pores, whereas lipids with a positive curvature enhance pore-forming ability. Establishing the precise mechanisms of these pore-forming peptides and the related membrane permeant peptides should reveal much about membrane nanostructure and dynamics.

3.6.2. General Anesthesia
Perhaps the largest class of drug interactions with the bilayer is the least understood. As mentioned previously, amphipathic drugs will dissolve into membranes and change the properties of bilayers in ways that are just beginning to be identified. In addition to physicochemical changes caused by the presence of drugs in the membrane, chronic exposure can induce changes in lipid content through homeostatic mechanisms controlling membrane composition. These changes have effects on the functions of proteins that interact with the membrane. The fact that many membrane proteins are affected by the lipid composition of the bilayer is now well established. The submolecular details of lipid–lipid and lipid–protein interaction are still unresolved and are a subject of active investigation. The extent to which a particular protein is affected by an amphipathic drug directly through protein binding or indirectly through the drug's interaction with the membrane is often unclear.
A good example of this type of drug is ethanol. In addition to its use as a disinfectant, which essentially acts on membranes to kill bacteria, ethanol is perhaps one of the most commonly consumed drugs worldwide. Its popularity has contributed a huge amount of data on the acute and chronic effects of ethanol consumption. Ethanol is a member of the class of nerve-acting drugs that also include diverse molecules such as short- to medium-chain alcohols, halogenated alkanes, ethers, nitric oxide, and even the heavy noble gases. These molecules can induce general anesthesia at concentrations that are strongly correlated with their oil-gas partition coefficients, as predicted by the Meyer-Overton rule. The concentrations needed for general anesthesia are fairly high compared to other drugs, typically in the micromolar to millimolar range.
Ethanol is entirely miscible in water and reasonably soluble in lipid. The amphiphilic nature of this small, weakly polar molecule allows it to incorporate readily into the structure of water while at the same time partitioning into hydrophobic environments such as the lipid bilayer. At the concentrations needed to produce a cognitive effect, ethanol will distribute fairly evenly throughout the aqueous and hydrophobic regions of the body, easily crossing the gut, blood–brain and placental barriers.
The most obvious effect of ethanol consumption is that it depresses central nervous system responses. The depression of psychological inhibitions makes it a recreational favorite. Chronic moderate consumption of ethanol is believed to provide protective effects against cardiovascular disease, involving changes in membrane lipids and lipid metabolism. Ethanol is also a potent toxin, causing all sorts of uncomfortable side effects such as headaches and gastrointestinal upset. Chronic overuse of ethanol produces a host of medical complications including hemorrhagic esophagitis and gastritis, liver disease, pancreatitis, ataxia, dementia, cerebrovascular lesions, and cardiomyopathy.
The range of effects caused by ethanol consumption reflects its wide tissue distribution and general interactions with many different protein targets. However, even though specific proteins are involved in the different effects caused by ethanol, in many cases these effects do not appear to be specific for ethanol. In isolated systems where ethanol can be shown to have an effect on a particular protein or pathway, other members of this class of drugs can often be demonstrated to have a similar effect, with a potency predicted by the Meyer-Overton rule. This low specificity of interaction, combined with the high lipophilicity necessary to produce an effect, suggests that the active sites are likely hydrophobic or amphipathic with low binding affinity and broad specificity. The lipid bilayers of biological membranes are one of the obvious targets meeting these criteria. Proteins sensitive to the lipid composition of the membrane may be sensitive to drug-induced changes in the physicochemical properties of the bilayer. This idea forms the basis of the physicochemical or lipid theory of general anesthesia, which dominated anesthesia research for nearly a century since the first public demonstration of general anesthesia in the Ether Dome in 1846. It was an attractive theory in that a single mechanism of action could account for the similar effects of a chemically diverse group of drugs.
The lipid theory of general anesthesia met considerable challenges when it was discovered that many of the physicochemical effects produced by general anesthetics on lipid bilayers could be reproduced by small temperature increases. The same elevation in body temperature does not cause general anesthesia. Moreover, it was found that some of the physical changes to the lipid bilayer caused by general anesthetics persisted even after awakening from general anesthesia. Thus, a pure lipid theory does not explain the action of general anesthetics.
There are other low-affinity amphipathic sites in the cell. Both membrane-bound and soluble proteins contain amphipathic crevices and pockets that are of appropriate size for anesthetic occupancy. Lipids make up a dynamic part of many integral proteins, inserting themselves into crevices at the protein-lipid interface or slipping between subunits or domains of multidomain protein receptors. The protein theory of general anesthesia started with an important discovery by Issaku Ueda in 1965 that the bioluminescence of a water-soluble (thus lipid-free) protein, firefly luciferase, could be inhibited in a concentration-dependent manner by different anesthetics. He and Henry Eyring expanded the study to include more anesthetic molecules, and in 1973 proposed a protein theory of anesthetic action based on protein conformational changes. In 1984, Nicholas Franks and William Lieb repeated virtually identical experiments using more anesthetic molecules to establish a correlation between the anesthetic concentration for luciferase inhibition and the anesthetic potency in animals. This correlation resembles the Meyer-Overton correlation, suggesting that proteins—not lipids—can be the primary targets for general anesthetics. It was proposed that anesthetics could compete with native ligands for hydrophobic binding pockets in proteins to produce anesthesia.
With the advent of modern molecular biology techniques and various functional assays, particularly mutagenesis and electrophysiology, many soluble and integral receptor proteins implicated in signal transduction have now been subjected to functional measurements in the presence of general anesthetics. One particular superfamily of postsynaptic neurotransmitter-gated ion channels, the Cys-loop receptors, has drawn a great deal of attention because of the hypersensitivity of its members to volatile and gaseous anesthetics. This superfamily of receptors includes γ-aminobutyric acid type A (GABA
A) receptors, nicotinic acetylcholine (nAChR) receptors, glycine receptors, and 5-hydroxytryptamine type 3 (5-HT
3) receptors. GABA
A receptors are the major inhibitory receptors in the brain, and glycine receptors are the primary inhibitory receptors in the spinal cord and brain stem. Nicotinic acetylcholine receptors are the major excitatory receptors at neuromuscular junctions. Thus, it is conceivable that potentiation or inhibition of these receptors by general anesthetics can in some way cause general anesthesia.
Indeed, mutagenesis studies have identified an amphipathic pocket in the transmembrane domains where point mutations can alter the GABA
A receptor's response to anesthetics. Although it is entirely possible that the effects are allosteric, a series of experiments, in which the volume of the mutation was systematically related to the size of the anesthetic that could affect channel activity, seems to support the idea that anesthetics might bind directly to this pocket. It was argued that anesthetic binding to this pocket was both necessary and sufficient to mediate the anesthetic effect on the GABA
A receptor at clinical concentrations. This is particularly noteworthy given that there is subunit specificity to this interaction. The GABA
A receptor, like other members of the Cys-loop superfamily, consists of a pentamer of homologous subunits arranged around a central ion channel. For the GABA
A receptor, the subunits are broadly classified into α, β, and γ subunits, with variants for each class for a total of 19 different subunit genes. Mutations in the α subunits seem to mediate response to ethanol and volatile anesthetics, whereas mutations in the β subunits seem to mediate response to propofol and entomidate, two intravenous anesthetics. It is remarkable that the pockets in different subunits have different specificities of interaction with general anesthetics, implying that although anesthetics bind at low affinity to similar sites, they do exhibit considerable specificity.
Transgenic animal experiments, replacing specific subunits of the GABA
A receptor with mutated forms exhibiting near normal GABA
A receptor activity but with modified anesthetic sensitivities, have been important tools to help dissect the targets of anesthetic action. These studies, in combination with analysis of the differential effects of anesthetics and anesthetic analogues on different targets, have resulted in different results for different anesthetics, leading to the proposal that there are multiple mechanisms and multiple sites for different anesthetics. A direct inference is that the major components of anesthesia—sedation, hypnosis (unconsciousness), analgesia, paralysis, and amnesia—can be mediated by the same drug acting at different ion channels.
Resorting to multiple mechanisms to explain different—and sometimes contradicting—results of different anesthetics on different proteins may simply reflect the limitation of our current knowledge on membrane and membrane protein assemblies. The protein theory of general anesthesia based on anesthetics fitting into protein pockets in order to compete with endogenous ligands does not explain the phenomenon of anesthetic 
additivity, where half a dose of one drug and half a dose of another drug provide the full effect of general anesthesia. The two drugs can be structurally completely different, with one being a structureless noble gas and the other a complicated steroid. Likewise, receptors within the same superfamily, of which the structural basis of function is expected to be similar due to sequence homology, can be both potentiated (as in the case of GABA
A and glycine receptors) and inhibited by the same volatile anesthetics. Moreover, nearly all anesthetics are low-affinity drugs without absolute stereoselectivity, meaning that even though potency differences exist for enantiomers of some anesthetics, all enantiomers 
are nevertheless anesthetics. All this seems to argue against a mode of anesthetic action on the basis of a structure-function paradigm.
Recently, a new protein theory of general anesthesia based on protein global dynamics was proposed by Pei Tang and Yan Xu. They argue that anesthetic binding to hydrophobic or amphipathic pockets in proteins is a sufficient but not necessary condition for anesthetics to produce anesthesia. According to this theory, the most essential element in the anesthetic-protein interaction is the modulation of the protein global dynamics that matches the timescale of protein function. For example, ion permeation across an open channel is on a timescale of tens to hundreds of microseconds. Anesthetic modulation on this time scale will manifest as a functional change in the single-channel current or channel conductance. This dynamics-function paradigm can potentially unify the action of a diverse range of anesthetics on a diverse range of receptors without the need for specific binding. Indeed, the majority of mutations that can change receptor sensitivity to general anesthetics are located near the membrane-water interface, where most transmembrane proteins are anchored and where changes in dynamics have the most profound effect on proteins due to sharp variations in the lateral pressure as discussed previously. Experimental validation of this theory requires structure and dynamics measurements at atomic resolution, for which the only method currently suitable is nuclear magnetic resonance spectroscopy.
When protein global dynamics are considered, many integral proteins have been shown to respond to changes in the lipid composition. This has been studied in depth for nAChR, for which the activity depends on the presence of cholesterol and phosphatidic acid. A similar dependence might also be found in other receptors. In the case of nAChR, the receptor forms strong interactions with phosphatidic acid, recruiting it from a complex mixture to form a lipid domain enriched in receptor and phosphatidic acid. The detailed effect of anesthetics on this interaction has not been reported, though anesthetics have been shown to disrupt the partitioning of phosphatidic acid induced by the antibiotic peptide polymyxin B. Labeling studies indicate that nAChR has several binding sites for anesthetics, including the ligand-binding site in the extracellular domain and sites near the transmembrane pore and at the periphery of the lipid-protein interface. Mutations in any of these regions can cause similar changes in acetylcholine receptor function, reflecting the fact that these ion channels are allosterically regulated. The anesthetic binding at all these sites seems to have relatively low affinity; and at clinical concentrations of anesthetics, all these sites could be occupied and the effective local concentration of anesthetics in the membrane, again, is determined by the anesthetic partition coefficient in the membrane. In this and all other transmembrane receptors that have multiple low-affinity interaction sites for general anesthetics, the question remains as to which of the interactions is necessary for the effect of anesthetics on the activity of the receptors. Functional studies alone based solely on a receptor's sensitivity to anesthetics will not be able to answer this question. Again, a complementary approach from a structural viewpoint delineating anesthetic effects on the structure and dynamics of the protein may hold the key to this question.


3.7. Drug Transporters
We now return to membrane transporters to consider their role in drug transportation. As discussed earlier, membrane transporters maintain cellular and organism homeostasis by importing nutrients, facilitating the release and uptake of signaling molecules, regulating ion gradients, and exporting proteins, lipids, carbohydrates, and toxic compounds. Transporters also play a crucial role in drug response, serving as the drug targets and setting the drug levels inside the cells. Transporters are a very diverse group of proteins, typically consisting of multiple (often 12) helical transmembrane domains but having many unrelated families. It is difficult to estimate the total number of proteins involved, given the lack of sequence homology between families, but it has been estimated to be about 4 to 5% of all expressed proteins. Only a fraction of the transporters are known, and only a fraction of the known transporters have established drug responses. This section deals with two aspects of drug transport mediated by carriers: multiple drug resistance and carrier-mediated drug delivery.
3.7.1. Multiple Drug Resistance
The lipid bilayer serves as a poor barrier to amphipathic molecules, but a class of transporters that actively exports a wide array of structurally unrelated amphipathic compounds protects cells from the negative effects of amphipathic toxins. Unfortunately, this protection also works against amphipathic drugs, providing a dynamic but very effective barrier to drug action. The best studied of these transporters is the P-glycoprotein, belonging to the multiple drug resistance (MDR) family of the ATP-binding Cassette (ABC) superfamily of transporters. The ABC transporters are transmembrane proteins that bind ATP and use the energy of hydrolysis to drive transport of various molecules across the membrane. Functional ABC transporters contain two ATP binding domains (also called NBFs or nucleotide binding folds) with the unique signature sequence LSGGQ, and two transmembrane domains, typically with six transmembrane helices each. Some exist as a protein with single NBF and transmembrane domains (half transporters) but must form homo- or heterodimers to form functional transporters. Translocation of the substrate occurs by a conformational change accompanied by hydrolysis of ATP. Other important members of the ABC transporter superfamily include the ABCA1 protein responsible for cholesterol and phospholipid secretion and the cystic fibrosis transmembrane conductance regulator (CFTR) chloride transporter, in which a defect causes cystic fibrosis.
P-glycoprotein is a very large (170 kD) integral phosphorylated glycoprotein found in the plasma membrane of essentially all tissues. It is believed to function specifically to remove endogenous and exogenous toxins, and export peptides not exported by the secretion pathway. The ATP sites are allosterically linked; both are needed to effect the translocation. There are two nonidentical active transport sites apparently accessible from the inner leaflet of the bilayer; some substrates appear to act allosterically to affect binding at the other transport site and the nucleotide binding sites. The substrate specificity of P-glycoprotein varies among individuals, and P-glycoprotein expression can be induced by chronic exposure to high levels of substrates. This has become one of the major obstacles for successful chemotherapy of tumors, accounting for up to a 100-fold increase in drug resistance. These variations also account for some of the differences seen in appropriate dosing for different individuals over time for a wide range of therapies.
Substrates for P-glycoprotein are amphipathic and often cationic, but otherwise the parameters leading to substrate selection are not clear. Sizes range from 250 daltons to 1800 daltons. Other important parameters for transport activity appear to be the ability of the substrate to form hydrogen bonds, insertion of the substrate into the membrane, and the membrane lipid environment. A drug that is a substrate for P-glycoprotein is effectively excluded from cells that express substantial P-glycoprotein, unless the drug's rate of diffusion across the bilayer is greater than its rate of efflux by P-glycoprotein. This greatly reduces the amount of drug available for an intracellular drug target. Many drug substrates also induce an increased expression of P-glycoprotein, making the situation worsen over time. Thus, pharmaceutically, the goal is usually to inhibit P-glycoprotein as an adjuvant therapy to the therapeutic drug.
The largest class of P-glycoprotein inhibitors is formed by substrates capable of very rapid membrane permeation by passive diffusion. The rate of P-glycoprotein mediated efflux is about 900 molecules per minute, much faster than most of its substrates can cross the membrane unaided. However, those substrates that do passively permeate the bilayer more rapidly will form a nonproductive cycle competing with other substrates for P-glycoprotein binding. Another class of inhibitors includes those that bind to P-glycoprotein, but are transported and released very slowly. Examples are cyclosporine A and its derivatives. Most inhibitors become toxic at high doses; after all, all of these are capable of crossing membranes by passive diffusion, and thus have a wide distribution in the body. Interestingly, clinically achievable concentrations of some surfactants apparently alter membrane properties sufficiently to inhibit transporter efflux. Although a synergistic effect from combinations of suboptimal doses of multiple inhibitors has been reported, current strategies for inhibiting P-glycoprotein as an adjuvant therapy focus on inhibitors that bind tightly, but transport slowly.
P-glycoprotein inhibitors often induce greater toxicities of the substrate drugs due to the compromised permeability barriers for tissues other than the targeted tissues. For example, the antidiarrheal drug loperamide is a substrate of P-glycoprotein and is normally excluded from the blood–brain barrier (BBB) by that mechanism. Inhibition of P-glycoprotein allows loperamide to breach the BBB, resulting in serious neurotoxicity. Similarly, when coadministered drugs are both substrates of P-glycoprotein, pharmacokinetic interactions are common. In addition to toxicity and undesirable pharmacokinetic interactions, another obstacle for adjuvant therapy is the presence of other transporters contributing to multidrug resistance depending on the drug and tissue involved.
Although P-glycoprotein enjoys a wide distribution and is clearly the primary efflux path for some drugs, at least 10 other transporters involved in multiple drug resistance have been identified. Intense research in this area has produced second-generation inhibitors that appear to inhibit P-glycoprotein with minimal toxicity, do not induce increases in P-glycoprotein expression, and have minimal undesirable pharmacokinetic interactions. However, clinical trials have yielded mixed results, indicating that additional understanding of these drug efflux pathways is needed.

3.7.2. Carrier-mediated Drug Transport
As mentioned earlier, targeting drugs into cells using carrier-mediated drug transport is a strategy being vigorously pursued. Some of the transporters responsible for the uptake of nutrients exhibit broad specificity and can also transport pharmacologically active compounds similar to the natural substrates. Other transporters are targeted because of their ability to transport surprisingly large drug molecules conjugated to natural substrates or their derivatives. An example is the sodium-dependent multivitamin transporter (SMVT). SMVT is a 635 amino acid, 12 transmembrane domain sodium symporter responsible for the uptake of the water-soluble vitamins biotin, pantothenate, and lipoic acid at micromolar concentrations. It has wide tissue distribution and is capable of transporting drug-biotin conjugates as large as 29 kd. Biotin conjugates targeting SMVT have been used successfully to increase the uptake of drugs treating HIV and cancer.
Similar approaches have been applied successfully to a wide variety of nutrient transporters, including sugar, amino acid, nucleoside, and peptide transporters. However, the physicochemical parameters leading to efficient transport are not well defined for any of these transporters. For example, the PepT1 oligopeptide transporter mediates the cellular uptake of dietary dipeptides and tripeptides. It shows a broad specificity in that it is also a natural transporter of peptide-like drugs such as β-lactam antibiotics, ACE inhibitors, and renin inhibitors. Amino acid esters of nucleoside drugs are also efficiently transported. Recently, however, it has become clear that this apparent broad specificity may simply reflect a lack of understanding at the molecular level. Most dipeptides bind to PepT1, but surprisingly, some are not transported at all, and for others the rate of transport varies considerably. Molecular volume, hydrophobicity, electrostatics, and the side chain flexibility all play a role in efficient transport. The molecular details leading to this specificity are not yet known.
Delivering drugs to specific targets using endogenous transporters is still in its infancy. Although many transporters have been identified, few are understood in detail. As with most large integral proteins, only a few crystallographic structures are available. For the most part, specificity and efficacy of transport is determined by trial and error approaches rather than by rational designs. Currently, criteria affecting the choice of transporter for targeted transport include the similarity of the drug to the defining characteristics of an endogenous substrate, the physicochemical limitations of the drug as a conjugate, and the tissue distribution of the targeted transporter. None of these parameters have been fully established for the drug transporters.


3.8. Key Points and Conclusion
Biological membranes are, in their simplest form, a dynamic mixture of proteins and lipids organized to exclude and be excluded from water. The coarse structure of the membrane is driven almost entirely by the hydrophobic effect. The fine structure, however, is governed by interactions among membrane-associated proteins, membrane proteins, and lipids, including polar interactions and packing effects at the lipid-water interfacial region and packing effects at the hydrocarbon core. Although lipids represent the most diverse group of biological molecules in living systems, all lipids share certain common molecular features. The most fundamental property of lipid molecules is their amphiphilicity, each molecule having distinct hydrophilic and hydrophobic moieties that govern its association with other lipid molecules to form macromolecular structures. Formation of a stable membrane structure by the “social” behavior of many lipid molecules is not an accident but a natural process by which order emerges from chaos.
The fluid mosaic model of biological membranes is an adequate description of the static organization of the membrane on a small scale, but fails to capture the dynamic characteristics that underlie the function of biological membranes to sustain life. A real biological membrane is a nonideal mixture of a wide variety of components that interact with each other to form specialized domains on various scales of time and space. Thus, a biological membrane exhibits heterogeneity in its properties, both within the plane of the membrane and within the bilayer normal. Although some of these features are understood in detail, most are areas of ongoing research.
Both membrane lipids and membrane proteins are potential targets for pharmaceutical agents. Nearly all drugs interact with membranes before reaching their intended site(s) of action. The modern art of drug design must consider strategies to circumvent the natural barrier created by biological membranes. These include strategies that take advantage of the physicochemical properties of a membrane, like fine-tuning amphipathic properties of a drug to increase its passive diffusion through the membrane, conjugating drugs to membrane permeant peptides, or altering the specificity of a drug by taking advantage of differences between cell membranes. They also include strategies that take advantage of endogenous transport systems to transport the drug, such as designing chemical derivatives mimicking natural substrates, conjugating drugs to natural substrates, or hijacking the endocytotic pathways.

Review Questions
1 Why are membranes essential to drug action? Are there any drugs that do not interact with a membrane?

2 What is unique about the structures formed by lipids?

3 How is the hydrophobic effect different from other molecular forces?

4 What are the five major types of lipid? How are they similar, and how are they different?

5 What lipids are included in the term phospholipid? What lipids are included in the term glycolipid?

6 Why is the fluid mosaic model of biological membranes inadequate?

7 Describe the environment in which an integral membrane protein resides.

8 How do weak electrolytes get across a membrane?

9 What are the four major routes to breach the membrane barrier?

10 What is the difference between primary and secondary active transport?

11 What is the difference between a passive transporter and an active secondary transporter?

12 What is the difference between a membrane permeant peptide and a pore-forming peptide?

13 In models of mechanisms of pore forming peptides, how is the pore of a barrel stave different from a toroidal pore?

14 How does an organism protect itself from amphipathic molecules? Why is this necessary?

15 What are the two major approaches to delivering drugs across biological membrane barriers?
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