B.6 Antibacterials

OBJECTIVES:

1. Outline the historical development of penicillins.
2. Compare broad-spectrum and narrow-spectrum antibiotics.
3. Explain how penicillins work and discuss the effects of modifying the side chain.
4. Discuss and explain the effect over prescription of penicillins has, and the use of penicillins in animal feedstock.
   Penicillin is an antibiotic produced by the Penicillium notatum mold. It was discovered in 1928 by Alexander Fleming who noticed that a halo of inhibition of bacterial growth in a culture of Staphylococcus around a contaminant blue-green mould. Fleming had been culturing bacteria on agar plates, one of which was ruined by an accidental fungal contamination. Rather than discarding the contaminated plate, Fleming noticed a clear zone surrounding the colony of mold. Having previously studied the ability of the enzyme lysozyme to kill bacteria, Fleming realized that the mold was secreting something that stopped bacterial growth. He knew that this substance might have enormous utility to medicine. Although he was unable to purify the compound (the beta-lactam ring in the penicillin molecule was not stable under the purification methods he tried), he reported it in the scientific literature in 1929. Since the mold was of the genus Penicillium, he named this compound penicillin. It would prove to be the discovery that changed modern medicine. 

Its chemical structure was determined by Dorothy Crowfoot Hodgkin, enabling synthetic production. American scientists Ernst Boris Chain and Australian Howard Walter Florey, who created a method for mass producing the drug, shared the 1945 Nobel Prize in medicine with Fleming. It has since become the most widely used antibiotic to date and is still used for many Gram-positive, or narrow spectrum, bacterial infections (narrow spectrum antibiotics are effective against only a few types of bacteria; broad spectrum antibiotics are effective against a large number of different types of bacteria).

With the increased need for treating wound infections in World War II, resources were poured into investigating and purifying penicillin, and a team led by Howard Walter Florey succeeded in producing usable quantities of the purified active ingredient which were quickly tested on clinical cases. Physicians were exhilarated at the rapid and reliable cure of conditions which had, until then, been difficult to treat, terrible to endure, and frequently fatal. Observation of other species of mold and other organisms revealed a hitherto unknown level of chemical warfare being carried out against bacteria. New antibiotics were rapidly discovered and came into widespread use, and a new era of research into the possibility of similarly "magic" chemotherapeutic cures for other diseases eventually led to successes in the field of cancer chemotherapy.

Penicillin and penicillin derivatives work by inhibiting the formation of peptidoglycan cross links in the bacterial cell wall by directly competing for the reaction site (the beta-lactam ring of penicillin is a chemical analogue for the enzyme that links the peptidoglycan molecules in bacteria) and thus preventing the bacteria from multiplying (or rather causing cell lysis or death when the bacteria tries to divide).  Other antibiotics act inside the bacteria interfering with the chemical activities essential to their life functions.
Penicillin prevents cell wall synthesis, so that replicating bacteria will be unable to produce viable cells when they divide.  Penicillin acts by blocking the activity of the enzyme transpeptidase, which cross connects long polymers of sugars that form the bacterial cell wall.  The beta lactam ring on penicillin irreversibly blocks the activity of the enzyme by covalently bonding with the functional end of the enzyme.  As a result, newly-formed cell walls will be structurally weak in some areas, causing water to rush in and rupture the cell. 

With the widespread use of penicillins, bacteria were evolving to combat them.  Some strains started producing new enzymes, called penicillinases, to counter the drugs.  Penicillinases attack the square ring in the structure (the -lactam ring) degrading the molecule and preventing it inhibiting the formation of a new cell wall. 

By altering the side chain or R group (here it is a benzene ring CH2C6H5) and also slightly altering the sulphur ring, variation could be made which were still active against these penicillinase producing bacteria.     
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One side effect of misusing antibiotics is the development of antibiotic resistance by the infecting organisms, similar to the development of pesticide resistance in insects. Evolutionary theory of genetic selection requires that as close as possible to 100% of the infecting organisms be killed off to avoid selection of resistance; if a small subset of the population survives the treatment and is allowed to multiply, the average susceptibility of this new population to the compound will be much less than that of the original population, since they have descended from those few organisms which survived the original treatment. This survival often results from an inheritable resistance to the compound, which was infrequent in the original population but is now much more frequent in the descendants thus selected entirely from those originally infrequent resistant organisms.

In the 1940s, penicillin was hailed as a cure-all for staph infections and gonorrhea. But before the end of that decade, strains had emerged that could evade penicillin. At that time, drug companies were discovering many new kinds of antibiotics, and the problem of antibiotic resistance was postponed temporarily, as new innovations kept pace with the development of resistance. 

In the 1970s, strains of the bacterium that causes ear infections and meningitis in children (Haemophilus influenzae) and the bacterium that causes gonorrhea (Neisseria gonorrhoeae) developed almost complete resistance to penicillin. One resistant gonorrhea strain was traced to a brothel in Asia where penicillin was given as a preventive measure to keep women free of disease. That strain spread around the world. 

Development of new antibiotics has not kept pace with the emergence of antibiotic resistance. In the past few decades, pharmaceutical companies have shifted their development efforts to drugs for chronic diseases, such as those used to treat heart disease and high blood pressure. In addition, with the new infectious disease challenge posed by Human Immunodeficiency Virus (HIV), many researchers have focused on anti-virals instead of antibiotics. The government has been complacent about antibiotic research, devoting only limited resources to research on antibiotic-resistant bacteria and little to the development of novel antibiotics. As a result, the FDA has approved no new classes of antibiotics in the last decade. 

In doctors’ offices, antibiotics are often seen as a quick-fix solution for patients. Doctors currently prescribe antibiotics for outpatients approximately 150 million times a year. However, according to the CDC, more than 50 million of those prescriptions (one-third) are prescribed inappropriately -- when the illness is not caused by bacteria or the disease-causing bacteria are not susceptible to the antibiotic prescribed. In their desire to treat patients quickly and in their acquiescence to some patients’ demands for antibiotics, physicians -- who may be influenced by drug advertising -- often prescribe antibiotics without testing to determine (a) if bacteria are the cause of the illness (culturing) or (b) which antibiotic would be effective against the bacteria (susceptibility testing). Cost also may be a deterrent to culturing. If a physician performed a culture and susceptibility test and waited for the results before prescribing an antibiotic, he or she might find that the patient did not have a bacterial infection and, thus, would not be helped by antibiotics, or that the bacteria present were not susceptible to the antibiotic that he or she had planned to prescribe. For example, the patient might have a viral respiratory infection, and viruses are not susceptible to antibiotic treatment.

Another trend that is contributing to the problem of antibiotic resistance is the shift in the types of antibiotics that are prescribed. Increasingly, stronger, newer, and more broad-spectrum antibiotics are being prescribed in place of narrower-spectrum antibiotics -- which is like using a cannon instead of a rifle. That shift is worrisome because the more broad-spectrum antibiotics are used, the more likely a wider spectrum of bacteria will develop resistance to them. Broad-spectrum antibiotics are appropriate for treating patients at high risk of succumbing to infection quickly. For example, they are appropriate for a severely ill infant or an elderly, very sick patient with a high fever and other symptoms of infection, who cannot wait 24 hours for the results of a culture and susceptibility test. However, it is important not to squander those powerful antibiotics in circumstances when narrow-spectrum antibiotics could be effective. Better surveillance data, which would provide doctors with information about the types of antibiotic-resistant bacteria prevalent in their region, also could aid physicians in selecting more narrow-spectrum antibiotics.

While medical use of antibiotics is probably the major contributor to the emergence of antibiotic resistance, agricultural uses also pose a problem. Agricultural uses account for more than 40 percent of all antibiotics manufactured in the United States. Agricultural uses include (1) treatment of diseases in animals, (2) prevention of disease in animals, (3) growth promotion and improved feed efficiency, and (4) spraying of fruit trees and vegetables to prevent blemishes due to fire blight. 

The subtherapeutic use of penicillin, tetracyclines, and other antibiotics related to those used in human medicine poses a significant hazard to human health. That use involves routine and prolonged subtherapeutic dosing of animals with antibiotics for growth promotion and improved feed conversion. Subtherapeutic use of antibiotics, including penicillin and tetracyclines, accounts for as much as 80 percent of the antibiotics used in agriculture. Poultry, cattle, and swine routinely are given low doses of those antibiotics to increase their growth rates and reduce the amount of feed required to raise an animal to slaughter size. 

To date, the FDA has failed to take any action whatsoever on penicillin and the tetracyclines. The United States (and Canada) still permit their use. The European Union, Japan, Australia, and New Zealand have banned subtherapeutic use of penicillin and tetracyclines. 

The routine use of antibiotics such as penicillin and tetracyclines to promote growth has rendered those antibiotics less effective in treating animal diseases. For example, in Denmark, where the subtherapeutic use of tetracyclines and penicillin is banned, tetracyclines are effective in treating calf scours. In the U.S. tetracyclines are not effective against calf scours. As therapeutic options become less effective, drug companies and veterinarians have urged the approval of additional human-use antibiotics, such as fluoroquinolones, to treat animal diseases, jeopardizing the usefulness of a greater number of antibiotics for treating human diseases. 

Another likely contributor to the inappropriate use of antibiotics in livestock is that many antibiotics commonly used in human medicine (penicillin, tetracyclines, and tylosin, which is related to erythromycin) are available to farmers over the counter for the treatment of animal diseases. In contrast, those drugs are available to human patients only through a prescription from a physician. As a result, there may be no veterinary supervision in the treatment of animal disease. There are no safeguards to prevent a farmer who is concerned about the health of his or her livestock from giving antibiotics that may not be medically warranted. Additionally, because it is often difficult to treat individual animals in a flock or herd, the entire group may be dosed with antibiotics when only a few animals are sick. Dosing the entire herd or flock greatly increases the number of animals exposed to the antibiotic and, thus, increases the chances that antibiotic-resistant bacteria will emerge.

Another use of antibiotics in agriculture is the spraying of crops with antibiotics to prevent and treat diseases. The species of bacteria that cause diseases in plants are different from the bacteria that cause diseases in humans, though they may belong to the same families. The main bacterial pathogen that harms plants is Erwinia, which attacks fruit trees causing fire blight, which damages the fruit. Erwinia is related to bacteria that include Escherichia coli, Salmonella, and Shigella, common foodborne pathogens that infect humans. 

