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ANTIBACTERIAL CHEMOTHEL}

By I. M. RoLLo

Department of Pharmacology and Therapeutics, University of Manitoba
Faculty of Medicine, Winnipeg, Canada

The field of antibacterial chemotherapy is now so vast and the results
of research so profitable that to do justice to the subject while retaining
a measure of readability would require many more pages than can be
spared for inclusion in this volume. I have presented, therefore, no more
than a few facets of a many-sided picture. These were chosen to permit
an appreciation of the developments over the past year or so of new anti-
bacterial substances which have already shown some application to thera-
peutics. Little or no mention has been made of substances still in the stage
of development. A brief discussion of penicillin resistance and penicillin
hypersensitivity has also been included because of the interest and im-
portance of these topics at this time.

PENICILLINS AND CEPHALOSPORINS
SEMISYNTHETIC PENICILLINS

Nafcillin—Nafcillin (Fig. 1) is another semisynthetic f-lactamase-
resistant penicillin introduced recently into clinical practice (1).
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Its antibacterial activity in wvitro against Diplococcus pneumoniae and
Streptococcus pyogenes has been found to be slightly higher than that of
other penicillins of this type (1—4). Indeed, in a controlled trial, it was
concluded that nafcillin was as effective in treating “penicillin treatable
infections” as benzylpenicillin, and as effective as methicillin in treating
“staphylococcal infections” (5). However, potency differences between the
drugs were obscured by the use of dosages much greater than those mini-
mally curative (6). In the laboratory, nafcillin appeared to be more active
against animal infection with staphylococci, streptococci, and pneumococci
than methicillin, oxacillin, and cloxacillin [see (7)].

The greater potency of nafcillin in vivo, if confirmed, may have sev-

! The survey of the literature pertaining to this review was concluded on June
1, 1965.
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eral explanations quite apart from its slight advantage in terms of mini-
mum inhibitory concentration # wvitro. Its distribution in the body may
be one of the reasons. Glassman et al. (8) have shown that biliary ex-
cretion constitutes a much more important pathway in the disposition of
nafcillin than elimination by the kidney. The reverse is true for methicillin
and benzylpenicillin. Hence, the process of reabsorption and re-excretion
continuing for a considerable period of time may be responsible for the
greater therapeutic efficacy of nafcillin in laboratory animals.

However, quite apart from the demonstrable antibacterial activity of
any antibiotic lies the effect of host response to infection and the inter-
action of unknown factors with bacteria which have been damaged but
not killed by the agent. These factors cannot be determined directly as
yet. Nevertheless, the action of the enzymes lysozyme and trypsin on bac-
teria may provide an insight into such processes occurring in the tissues
of an infected host.

Warren & Gray (9) have demonstrated that subinhibitory concentra-
tions of nafcillin, oxacillin, and cloxacillin decreased the resistance of
Staphylococcus aureus to lysis by these enzymes. The results obtained
with the three penicillins differed quantitatively one from another, al-
though growth of the particular strain used was inhibited by approxi-
mately equal concentrations of each penicillin. Nafcillin was found to be
considerably more potent that the other two penicillins in reducing re-
sistance to lysis. The results of this study suggest the subinhibitory con-
centrations of nafcillin readily produce alteration in cell wall structure,
which allows access of the lytic enzymes and consequent death of the
cell. Differences in potency in this respect between nafcillin and other
penicillins might, at least in part, explain the differences in potency ob-
served in experimental infections. Similar changes in lysozyme sensitivity
have also been produced by subinhibitory concentrations of methicillin (10).

Quinacillin—The very recent introduction of quinacillin into clinical
practice resulted from studies on a series of heterocyclic side-chain peni-
cillins. Early studies were based on the observation that 2-pyridylpeni-
cillin was inactivated more slowly than was benzylpenicillin by staphy-
lococcal B-lactamase (11). Subsequent work was directed towards the
preparation of bis-penicillins, particularly from vicinal dicarboxylic acids,
on the supposition that the two penicillanic acid moieties might provide
mutual steric protection against attack by the enzyme. Expectation was
fully realized when it was shown that the penicillin prepared from quin-
oxaline-2,3-dicarboxylic anhydride was as active against highly penicillin-
resistant strains of S. aureus as against normally sensitive strains. Fur-
ther investigation showed, however, that this anhydride reacted with
6-aminopenicillanic acid to give a single product, a monopenicillin, with
the formula shown in Figure 2.

Quinacillin has unusual properties and in many respects comes close
to meeting the demands of Pollock (12) for improvements in B-lactamase-
resistant penicillins. He required that the ideal penicillin should have the
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antibiotic potency of benzylpenicillin, the insusceptibility to hydrolysis of
cephalosporin C, an affinity for the enzyme as low as that of methicillin,
and the property of not inducing B-lactamase formation or a substantially
decreased inducing power. To the biochemist, the properties of quina-
cillin are certainly of interest. To the clinician, data are as yet inadequate
to foretell what part it will play in the treatment of staphylococcal in-
fection.

The antibacterial activity of quinacillin is low against all species tested
so far with the exception of S. aureus and Streptococcus faecalis. Against
the former, its activity was found to be of the same order as that of methi-
cillin; against some strains of the latter, it was the most active of the
resistant penicillins (2, 11, 13). As a substrate for staphylococcal B-lacta-
mase, quinacillin was found to have a V., 8 per cent that of benzylpeni-
cillin at pH 7.4 (14)—5 per cent at pH 6.5 (11)—compared to a value
of 0.18 for cephalosporin C and 1.6-3.3 for methicillin [see (12)]. How-
ever, its affinity for the enzyme is so low, K,—61 mM at pH 7.4, 11 mM
at pH 6.5 [K,, methicillin—28 mM (15)], that at 4.3 mM no appreciable
hydrolysis was observed. The induction constant of quinacillin was found
to be considerably higher than that for methicillin. Richards, Housley &
Spooner (11) reported a 25-fold difference while Smith, Hamilton-Miller
& Knox (14), using a different strain of S. aureus, observed an eightfold
difference.

These data indicate, therefore, that the sidechain of quinacillin is
responsible for a loss of affinity for B-lactamase, for the induction centre
in staphylococci, and for the site responsible for antibacterial activity in
most bacteria but not in staphylococci. Under the conditions of these ex-
periments, however, the possibility existed that a change occurred in the
structure of the molecule to produce a less reactive substance and that
either this or the intact molecule was capable of inhibiting growth of
staphylococci without producing the now well-known penicillin-induced
biochemical lesion. On investigation, however, there was no evidence of
any degradation (14), and at minimum inhibitory concentrations, 46.6 per
cent of maximum intracellular accumulation of N-acetylamino sugars
was observed compared to a figure of 59 per cent for benzylpenicillin
(16). Hence, it appears that the substance itself is the active moiety and
that it has a typical penicillin-like mode of action. The reasons for its
lesser antibacterial activity against other species is as yet unknown.

Pollock’s demands might be extended to include lack of cross-resistance
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to clinically isolated methicillin-resistant strains of S. aureus and inhibi-
tion of the action of B-lactamase against penicillins sensitive to the action
of the enzyme. Evidence on the first point is contradictory. Barber &
Waterworth (2) have shown that against such strains, quinacillin was
much less active than methicillin itself, while Smith, Hamilton-Miller &
Knox (14) maintain that the organisms were slightly more susceptible
to quinacillin than to methicillin. Obviously, experimental protocols dif-
fered in these experiments i witro. Final proof would depend on the suc-
cessful use of quinacillin in clinical situations where other penicillins
have proved to be ineffective. Here, there is little to go on except for the
statement by Hale et al. (17) that one patient with staphylococcal men-
ingitis recovered dramatically following treatment with quinacillin, hav-
ing already been treated unsuccessfully with cloxacillin, methicillin, and
chloramphenicol. Evidence on inhibition of the action of B-lactamase is
not encouraging. Smith, Hamilton-Miller & Knox (14) have shown that
quinacillin does not inhibit the hydrolysis of benzylpenicillin by B-lacta-
mase prepared from several gram-positive bacteria including S. oureus.
B-Lactamases from gram-negative bacteria, with the exception of Kleb-
siella aerogemes also are not inhibited by quinacillin.

Little is known of the pharmacology of the substance except that, al-
though highly acid-stable, it is poorly absorbed after oral administration.
It is more highly bound to serum proteins than is methicillin but less so
than other B-lactamase-resistant penicillins (11).

Dicloxacillin—Dicloxacillin is the latest of the acid-stable, B-lactamase-
resistant semisynthetic penicillins. It has a structure identical to that of
cloxacillin except that a second chlorine atom has been added in the meta
position relative to the first (Fig. 3).

CO-NH J:T_SJ(CHB)Z'
Cl Ng~CHy 0" N"o N,

/

Cl

Fic. 3. Dicloxacillin.

Its stability at pH 2 is almost identical with that of phenoxymethyl-
penicillin and appreciably greater than the stability of either oxacillin or
cloxacillin (18). Against staphylococci and other gram-positive bacteria,
the activity of dicloxacillin is little different from that of the other iso-
xazolyl penicillins (18-21). There is, however, an important difference in
its physiological disposition. After a single oral dose, dicloxacillin appears
and persists in greater concentrations in the blood than after single doses
of the other acid-stable B-lactamase-resistant penicillins (18-22).

A large proportion is, however, bound to serum proteins. At a concen-
tration of 10 ug/ml, only 5 per cent is unbound in human serum, less at
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lower concentrations. The degree of binding is, therefore, greater than
that of oxacillin and cloxacillin (18). Hence, the benefit of high blood
concentration which is probably caused at least in part by this factor, may
be offset by the relatively small proportion of free material available for
antibacterial activity and tissue penetration.

PENICILLIN RESISTANCE

Fortunately for clinical practice, the all-pervading and often unneces-
sary use of penicillin has resulted in the development of resistance to a
serious degree in only two organisms—the staphylococcus and the gono-
coccus. The development of the semisynthetic penicillins resistant to hy-
drolysis by B-lactamase produced by resistant S. aurews answered, for a
time at least, problems posed by this versatile organism. Penicillin resist-
ance in the gonococcus, however, raises different problems in that resist-
ance involves an intrinsic relative insusceptibility to penicillin and not
the development of an antibiotic-destroying enzyme. Hence, resistance to
benzylpenicillin involves resistance to other penicillins and is similar to
the resistance to methicillin observed in some strains of staphylococci
(vide infra). Added to this are public health problems concerned with a
rising incidence of gonorrhoea and the necessity for continuing success
of “one-shot” curative chemotherapy.

Resistance im gomococci—Various explanations have been forwarded
for failure of “routine” doses to cure gonorrheal infections. Erroneous
diagnosis, the presence of the morphologically similar Mimea spp. (23,
24), and the production of B-lactamase by concomitant staphylococcal
infections (25, 26) have been invoked. However, evidence from in witro
sensitivity tests carried out on isolates from patients with inadequate re-
sponse to treatment have shown that strains of Neisseria gomnorrhoeae
with sensitivity much reduced when compared with earlier isolates are
now prevalent. In a recent survey (27), the in witro sensitivity of gono-
cocci isolated from treatment failures differed appreciably from that of
gonococci isolated from those treated successfully. Treatment consisted
of intramuscular injection of either 600,000 units procaine penicillin plus
600,000 units benzathine penicillin or one million units of procaine peni-
cillin. The minimum inhibitory concentrations of benzylpenicillin against
“sensitive” gonococci ranged from 0.01 to 0.3 units/ml with an average
of 0.103 units/ml, while the “resistant” organisms were sensitive to 0.1
to 0.5 units/ml with an average of 0.26 units/ml. Similar changes in in
vitro sensitivity have been noted elsewhere (28). Fortunately, these
changes represent, as yet, fairly minor changes in susceptibility which
can be catered for by increasing the dosage of penicillin. Nevertheless,
the situation is uncomfortable and calls for frequent review of established
procedures.

Methicillin resistance—Staphylococcal resistance to the newer semi-
synthetic f-lactamase-resistant penicillins, usually termed methicillin resist-
ance, is similar in character to the resistance of gonococci to benzylpeni-
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cillin. It represents an intrinsic insusceptibility, albeit of a greater degree,
to the group of penicillins which are more or less unaffected by the 8-
lactamase produced by the organisms. Such strains usually are resistant
to streptomycin and tetracycline and sometimes to chloramphenicol and
erythromycin, and belong to phage group III (29).

While the authors of several studies have concluded that inactivation
by B-lactamase plays little or no part in resistance to methicillin, the “type”
compound (30-33), others maintain it appears highly probable that B-lacta-
mase activity contributes significantly to the resistance of naturally oc-
curring methicillin-resistant strains (34, 35). The truth of the matter is
obscure and subject to dispute. A possible explanation is that the growth
of methicillin-resistant strains is not inhibited by “therapeutically avail-
able” concentrations by virtue of the intrinsic insensitivity of the organ-
isms and that increased and, in some strains, very large concentrations of
B-lactamase induced by the presence of the penicillin cause a subsequent
decrease in concentration of the antibiotic. Nevertheless, some strains of
methicillin-resistant staphylococci are unable to inactivate methicillin
even after induction (35, 36, 37).

Since the first report of the occurrence of methicillin-resistant strains
of S. aureus, three strains of a total of 5440.isolates (38), many such
strains have been isolated [see (39, 40)]. Generally, their incidence is
quite low. For example, 0.48 per cent of strains received at the British
staphylococcal reference laboratory were found to be resistant to methi-
cillin (41). However, within individual hospitals the incidence may be
very much higher (40, 42). Most investigators have been unable to find
any correlation between the use of B-lactamase-resistant penicillins and
acquisition of resistance to them, hence such strains have been dubbed
“naturally resistant.” In one case, however, a fourfold decrease in sus-
ceptibility was observed after treatment of a patient with methicillin. In
this case, a concomitant infection with a gram-negative bacillus possess-
ing methicillin-inactivating properties may have contributed to a local
reduction in the concentration of methicillin which permitted conditions
suitable for development of resistance (43).

Examination of several strains of methicillin-resistant S. aureus has
shown that even at subinhibitory concentrations of methicillin, growth
on nutrient agar is much less luxuriant than on agar without antibiotic,
and tends to be confined to the site of heavy inoculum (29). This is ac-
counted for by the fact that all such strains consist of mixed populations
in which the majority of cells are of normal sensitivity to methicillin
with a minority showing methicillin resistance. In one such strain, it was
found that 250 per million of the population grew at a concentration of
125 ug/ml, and that only 2.5 cells per million were capable of growing
at 500 pg/ml of methicillinn However, despite this marked variation in
sensitivity across the population, a much more uniform response to other
antibiotics was found whether the strain was sensitive to them or not (39).

Because highly resistant organisms form such a small proportion of
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the total population, and because these organisms have been found to
grow much more slowly than normally sensitive cells, the usual disc
method of sensitivity testing is unsuitable for determining whether or
not a strain is resistant to methicillin. A serial dilution test using a heavy
inoculum of the suspect organism and incubation for 48 hours has been
recommended as being more reliable. Under these conditions, the growth
of methicillin-sensitive staphylococci is inhibited by concentrations of 5
ug/ml or less while methicillin-resistant staphylococci are prevented from
growing only by concentrations of 125 ng/ml or more (39).

PeENICILLIN HYPERSENSITIVITY

Hypersensitivity to penicillin is considered to be the most common
cause of allergic reactions produced by therapeutic agents today (44).
Its incidence has been variously estimated, published figures ranging from
1 per cent to over 10 per cent. The differences probably reflect the composi-
tion of the populations studied. Little or nothing is known about factors pre-
disposing individuals to sensitivity, but the risk seems to be less in patients
receiving continuous prophylactic treatment than in those undergoing inter-
rupted therapy (45). There is little danger of death resulting from the most
acute manifestation of hypersensitivity, anaphylaxis, providing proper pre-
cautions are observed; nevertheless, irreversible residual brain damage
caused by secondary anoxia is a hazard that makes prompt treatment man-
datory (46). A previous history of reaction after the administration of
a penicillin is good justification for the use of an alternative agent, but
the lack of such a history is no basis for assuming that a subsequent course
of penicillin treatment will prove uneventful. For this reason, and the fact
that the penicillins are perhaps the most widely used of all antibacterial
agents, it is-of considerable importance to be able to determine, in ad-
vance of treatment, whether or not a patient harbours antibodies to these
substances. It is unfortunate that hypersensitivity to any one of the peni-
cillins manifests as hypersensitivity to any other homologue containing the
6-aminopenicillanic acid nucleus (45), although there are isolated reports
of semisynthetic penicillins being used uneventfully in patients presenting
histories of sensitivity to benzylpenicillin and showing positive results to
intradermal and scratch test (47).

Much work has been carried out in recent years to devise tests which
will tell the clinician whether or not a patient can be treated safely with a
penicillin. Arising out of this work has been the finding that hypersensi-
tivity to penicillin provides a “comparatively well-defined haptenic system
for the study of fundamental immune mechanisms involved in human allergic
diseases” (48). It is generally agreed that in penicillin hypersensitivity
the antigenic determinant is not the intact molecule, but rather the peni-
cilloyl group. The penicillin molecule as such is capable of reversible bind-
ing with proteins, but these complexes are thought to be incapable of
inducing the hypersensitive state. Rather, it was thought that benzylpeni-
cillin rearranges to form an isomer, p-benzylpenicillenic acid, which reacts
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irreversibly with lysine e-amino groups of proteins to form benzylpeni-
cilloyl-amine haptenic groups. The intermediate substance, p-benzylpeni-
cillenic acid, is also found as an impurity in dry crystalline benzylpenicillin.
However, most recent evidence has shown that some semisynthetic peni-
cillins form their corresponding penicillenic acids at very much reduced
rates and yet give rise readily to penicilloyl-specific antibody in experi-
mental animals. In addition, many penicillin hypersensitivities result from
the presence of antibodies specific for p-a-penicilloyl rather than the mix-
ture of diastereoisomers which would result from the intermediate forma-
tion of penicillenic acid. Therefore, it is thought currently that direct
acylation of lysine e-amino groups of protein by the intact penicillin can
occur, and that both processes are accountable for the formation of anti-
body. The steps involved are shown diagrammatically in Figure 4. For a
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FiG. 4. Possible steps involved in the formation of benzylpenicilloyl-amide haptenic
groups. [After Levine (48)].
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more complete discussion of this subject see references (48, 49, 50).
Several tests have been devised to assess a patient’s sensitivity to penicillin
and these may be classified as follows: skin-tests, serological tests, and
tests of histamine release.

Skin testing.—Skin testing with solutions of crystalline benzylpenicillin
is the oldest and the simplest of the techniques used. Unfortunately it has,
by itself, little useful value. False positives and false negatives occur with
sufficient frequency that little reliance can be placed upon the results. In
addition to which, anaphylactic reactions, including at least one fatal re-
action, have been reported after the intradermal injection of minute
amounts of penicillin (51, 52). The same comments apply to conjunctival
testing.

To be useful, a suitable preparation should enable a correct assess-
ment to be made of an individual’s state of sensitivity without itself sensitiz-
ing or producing a hypersensitivity reaction. Recent work based on knowl-
edge of the scheme outlined above has resulted in the synthesis of
penicilloyl-polylysine. It was hoped that this substance would overcome
all the disadvantages inherent in the use of penicillin itself (53). A prepa-
ration containing, on average, 20 lysine groups per molecule, bearing 12
to 15 penicilloyl groups, has been found to be the most suitable (54).

Penicilloyl-polylysine is not sensitizing. Repeated skin testing has
failed to produce antibody in experimental animals (55). In addition, there
is no record of a reaction having occurred in a human being as a result
of testing with this material. On the other hand, its effectiveness in
screening patients for hypersensitivity is, at the moment, in question.
Some patients, a very small proportion, may develop manifestations of
hypersensitivity without reacting to penicilloyl-polylysine. Others, a larger
proportion, may exhibit a strongly positive skin test and yet experience no
clinical reaction following penicillin treatment. There is, indeed, some evi-
dence to indicate that crystalline benzylpenicillin may be a more effective
detector of the potential “immediate reactor” than penicilloyl-polylysine
(56, 57). To detect such a reactor, it is recommended that the test be
carried out with both reagents with the knowledge that a strongly positive
reaction only increases the probability that an immediate reaction follow-
ing penicillin treatment will occur. Based on what is known to date, a
negative reaction to both materials would indicate that an immediate re-
action following the administration of penicillin will not occur, but this
view is based on only a relatively small number of cases. In addition, a
negative reaction does not rule out the occurrence of a late urticarial or
serum-sickness type of reaction (45, 48).

Serological testing.—It has been known for some time that red blood
cells preincubated with benzylpenicillin could be agglutinated by some
human sera (58). The antibodies dctected by this technique are specific,
mainly for the penicilloyl-amide structure described above, but only low
titres have been obtained. The sensitivity of this reaction can be increased



Annu. Rev. Pharmacol. 1966.6:209-230. Downloaded from www.annualreviews.org

by John Carroll University on 12/17/11. For personal use only.

218 ROLLO

considerably if the red cells are preincubated with benzylpenicillin at alka-
line pH. These conditions accelerate the direct acylation of protein amino
groups by the penicillin molecule.

Using this modified technique, titres of human antipenicilloyl anti-
bodies as high as 1/20,000 have been observed. However, although hemag-
glutinating antibodies accompany allergic manifestations, no correlation
has been found between the titre obtained and the level of hypersensitivity
as estimated by skin reaction to penicilloyl-polylysine. The fact that high
titres persist for only a few weeks after an allergic reaction also limits its
usefulness. The test, therefore, may be useful to confirm a diagnosis of
penicillin hypersensitivity but is not suitable for determining routinely
whether or not a patient, lacking a history of previous reactions, will re-
act to the administration of penicillin. For references to this and earlier
work, see DeWeck (59).

Tests for histamine release—Skin testing with either benzylpenicillin or
penicilloyl-polylysine depends on observation of the effects resulting from re-
lease of histamine from the mast-cell. The release of histamine from other
cells, basophils, has been studied by microscopic examination of the cells
themselves. The assumption made is that during the reaction between antigen
and antibody, the granules of living basophils release histamine and visible
changes occur in the cells (60). Variations in this test are possible using
either the patients own blood as a source of basophils or, if basophils are
scarce in the sample, rabbit leukocytes. Benzylpenicillin has been used as the
antigen. In general, a high proportion of positive results have been observed
in patients with a history of reaction less than two years previously. If a
larger period had ensued, results were more variable, and in the temporary
anergic state following a severe reaction, results of the test were negative.
The test may be criticized on the grounds that the results depend largely
on the personal judgement of the technician observing subtle alterations in
the cytology of the basophil. In addition to which, serum controls may con-
tain several abnormal cells making interpretation of the test difficult. In a
modified test (61), both serum control and serum penicillin sample are
applied to the same slide, making it easier to compare the cytology of the
control basophils with that of the test basophils.

A refinement of this technique, which removes sources of error caused
by personal bias in the observer, has recently been described (62). In this,
the amount of histamine released from a system containing benzylpeni-
cillin and rabbit blood passively sensitized with fresh human serum is
measured fluorometrically. The results obtained have been similar to those
described above.

CEPHALOSPORINS
Research towards new derivatives of cephalosporin C is reminiscent of

the early days of semisynthetic penicillins, To the first clinically useful
derivative, cephalothin (63, 64), have been added cephaloridine (65) and
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cephaloglycin (66). The structural formulae of these substances are shown
in Figure 5. Other closely related substances described recently are cepha-
loram, the phenylacetamido derivative of cephalosporin C (67), and CAPH
(3-pyridinomethyl-7-[4-(3-phenylhydantoin-5-yl) -z-butyramido]-A3-cephen-
4-carboxylic acid) (68). The literature on cephalothin has been reviewed
recently (69, 70) ; further reports on its behaviour in the laboratory and its
clinical usefulness confirm the earlier findings (2, 71, 72, 73).

A feature of the clinical reports is that cephalothin has been given with
no untoward reactions to patients with either known or suspected hyper-
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sensitivity to penicillin. In one patient, however, with known hypersensi-
tivity, the first injection of cephalothin was followed immediately by an
anaphylactoid reaction (74). It seems unlikely that this was a case of
cross-sensitization because of dissimilarities between the structures of the
two substances. The patient suffered from a chronic dermatophyte infection
and it is probable that cephalosporins produced by the organisms were re-
sponsible for the hypersensitive state. Batchelor, Dewdney & Gazzard (50)
have shown that cephalosporin C and its derivatives can readily acylate
amino groups of proteins, and in several clinical studies, the occurrence of
sensitivity reactions in patients treated with cephalothin has been noted.
One may assume, therefere, that indiscriminate use of such derivatives will
result in an increasing incidence of hypersensitivity reactions.

Quite apart from their value in treating patients hypersensitive to peni-
cillins, definite clinical advantages would accrue the cephalosporins if they
combined high activity against all strains of staphylococci with high activ-
ity against other gram-positive and gram-negative organisms.

Cephaloridine has been shown to possess high activity against a range
of gram-positive organisms and to retain activity against (-lactamase-
producing staphylococci. In a medium containing 95 per cent human serum,
cephaloridine inhibited the growth of a large inoculum of (-lactamase-
producing S. aureus at a concentration lower than was required for any
of the other “resistant” penicillins and cephalosporins (2). It was also
moderately active against naturally occurring methicillin-resistant strains
of S. aureus.

In contrast to the “resistant” penicillins, none of which had significant
activity against any of the coliform bacilli, both cephaloridine and cepha-
lothin were shown to have activity similar to that of ampicillin against
Escherichia coli, salmonellae and shigellae, and to be more active against
some strains of Proteus and Klebsiella spp. The effectiveness of cepha-
loridine in treating some gram-negative infections has been demonstrated
in preliminary clinical trials (75, 76). The suggestion has been made that
because cephaloridine is nontoxic and is bactericidal against a wide range
of organisms, its use should be seriously considered when a patient is ob-
viously septicaemic, especially in the presence of renal failure, but before
the organism can be identified.

Cephaloridine is not readily absorbed after oral administration. After
intramuscular injection, high concentrations appear in the serum. Urinary
recovery is good and high concentrations appear in the urine. The instabil-
ity in vivo of the acetoxy group, induced by replacement of the 7-g-amino-
adipic acid side-chain of cephalosporin C with various substituted acetic
acids, is circumvented in cephaloridine by replacement of this group with
pyridine (77).

Unlike the earlier derivatives of cephalosporin C, cephaloglycin is well
absorbed after oral administration and, in mice at least, higher concentra-
tions are found in the blood than after the oral administration of the same
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dose of phenoxymethylpenicillin (66). Its activity against gram-positive
bacteria is considerably less than that of cephaloridine, however, against
sensitive gram-negative organisms their activities are comparable. Cepha-
loglycin is rather unstable, and after 12 hours incubation in broth solutions
little biologically active material remains.

The spectrum of activity of CAPH (see above) is interesting when
compared with the activity of other cephalosporins. Although it retains a
fairly high degree of activity against gram-positive bacteria, it has lost all
activity against gram-negative organisms. In this respect it resembles the
(-lactamase-resistant penicillins.

NEW ANTIBACTERIAL AGENTS
ANTIBIOTICS

Lincomycin.—Lincomycin, first described in 1962 (78), is unrelated

" chemically to any other commercially available antibiotic (79). Its structure

has not yet been determined, but its hydrochloride has an empirical formula
C18H3,N,0S.HCL1/2 H,0. Group analysis indicates 2 C-CHj, 1 N-CHj,, and
no acetyl or methoxy groups. It was isolated from a fermentation broth of
a new actinomycete designated Streptomyces lincolnensis var. lincolnensis
sp. n. Its antibacterial activity is directed against 2 very narrow range of
organisms. Gram-positive cocci, with the exception of enterococci, are sen-
sitive to low concentrations, whereas gram-negative bacteria are unaffected
by concentrations up to several orders of magnitude higher (78, 80-86).
Lincomycin’s lack of activity towards the gram-negative cocci, which are
usually susceptible to other “narrow-spectrum’ antibiotics, such as the peni-
cillins and erythromycin, is notable. Data on the in vitro activity of linco-
mycin and, for comparison, the activity of erythromycin are summarized in
Table I. Lincomycin, like erythromycin, is bacteristatic at low concentra-
tions. Bactericidal activity is observed only at very much higher concen-
trations.

Staphylococci, as might be expected, can develop resistance to lincomy-
cin. In one study (81), multiple passage in vitro in the presence of linco-
mycin permitted a 14-fold increase in resistance after 15 transfers. In a
parallel series, resistance of erythromycin increased 170-fold. There was
no evidence that either antibiotic allowed resistance development of the
“one-step” type. In another study (85), a several hundredfold increase in
resistance to lincomycin after 32 transfers, with concomitant cross-resist-
ance to erythromycin, occurred in one strain. Four others similarly treated
showed little or no change in sensitivity to both substances. After exposure
to erythromycin, some strains became cross-resistant to lincomycin, others
showed little or no change in sensitivity although all became resistant to
erythromycin. Using one of the strains showing this dissociated type of
resistance (88), the activity of lincomycin was found to be markedly re-
duced in the presence of small concentrations of erythromycin.

In a clinical study (89), MacLeod et al. found a very low incidence of
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TABLE I

ANTIBACTERIAL ACTIVITY In Vitro oF LINCOMYCIN (85) COMPARED WITH THAT
oF ErRyTHROMYCIN (87)

Lincomycin ~ Erythromycin
Gram-positive: ’
Staplylococcus aureus . 0.5-2 0.01-1.6
Streptococcus pyogenes 0.06-0.12 0.02-0.2
Diplococcus pneumoniae 0.06-0.5 0.01-0.2
Streptococcus faecalis 4-16 0.6-3.1
Gram-negative:
Neisseria gonorrhoeae 32 0.04-0.4
Neisseria meningitidis >32 0.2-1.5
Haemophilus influenzae 4-16 0.4-3.1
Escherichia coli >128 50-300
Shigella spp. 128->128 100-200
Salmonella spp. >128 100-200

Figures represent minimum inhibitory concentrations (ug/ml), obtained using an
agar dilution technique.

lincomycin resistance in over a thousand isolates of S. aureus. However,
Daikos et al. (82) observed 19 per cent of their strains to be resistant to
more that 2 pg/ml. Their isolates showed a 30 per cent incidence of erythro-
mycin-resistant strains. Daikos et al. associated several failures in lincomy-
cin-treated staphylococcal urinary tract infection with development of
resistance by the organisms. This appeared a short time after starting treat-
ment, with no phase of initial improvement in the patients’ condition.
Others have noted the development of resistance by staphylococci in
urinary tract infection (83).

Lincomycin is effective in preventing growth of L-forms of staphylo-
cocci at much lower concentrations than those necessary to inhibit the
intact coccal forms (90). This suggests that its primary site of action is
not in the cell wall. Indeed, this high degree of activity suggests its use
in controlling the growth of such forms in human tissue if the hypothesis is
correct that L-forms are of account in relapsing states of staphylococcal
disease (91). This effect is consistant with earlier findings that high con-
centrations of lincomycin did not affect the incorporation of L-lysine into
the cell wall fraction of logarithmically growing cultures of S. aureus (92).
Subsequent experiments showed that protein synthesis was inhibited by
lincomycin and that this occurred immediately on adding the antibiotic to
the growing culture. Nucleic acid synthesis was unaffected for 15 to 30
minutes in the case of DNA and at least 60 minutes in the case of RNA,
suggesting that lincomycin acts by inhibiting the activation, transfer, or
polymerization of amino acids.

Lincomycin is rapidly but incompletely absorbed from the gastroin-
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testinal tract. Absorption is primarily from the duodenum. Little or none
is absorbed from the stomach (93). In human beings, an oral dose of 500
mg every six hours maintains serum concentrations between 2.4 and 3.9
pg/ml. Only 3 to 5 per cent of the administered dose is excreted in the
urine within 24 hours. After intramuscular or intravenous administration,
about one quarter to one half of the dose is recoverable in the urine in 24
hours (94). Other investigators, however, have obtained lower figures.
Lincomycin is distributed throughout a space larger than that occupied by
extracellular water and almost equivalent to that of total body water (95).
Higher concentrations than those present in serum are found in bile, but
little appears in the cerebrospinal fluid in the absence of meningeal in-
flammation. Lincomycin passes readily the placental barrier. In nursing
mothers, the milk contains concentrations similar to those of the maternal
peripheral blood (96). Lincomycin has been found in bone at concentra-
tions of 1 to 2 ng/g after either oral or intramuscular administration (83).

Lincomycin has been used successfully in the treatment of a variety of
infections caused by gram-positive bacteria (82, 83, 84, 97). Encouraging
results have been obtained in the treatment of severe staphylococcal infec-
tions caused by organisms demonstrating patterns of multiple resistance,
including resistance to erythromycin (89). Lincomycin has been used suc-
cessfully in the treatment of staphylococcal osteomyelitis (98).

In laboratory animals, lincomycin has proved to be remarkably nontoxic
even at high dosage (99). The clinical use of this antibiotic has been at-
tended by pain at the site of intramuscular injection and, not uncommonly,
diarrhoea during a course of treatment. No more serious side effect has
been observed.

Gentamicin—Gentamicin is a new antibiotic, the first clinically useful
antibiotic produced by a species of Micromonospora of the actinomycetes
group (Micromonospora purpurea). It is a combination of two isomeric
pseudo-oligosaccharides and is related to the streptomycin-neomycin-kana-
mycin group of antibiotics (100-102). It is bactericidal against susceptible
organisms at concentrations two to three times bacteristatic concentrations.

Gentamicin is of particular interest because of its activity against both
gram-positive and gram-negative bacteria, the latter including proteus and
pseudomonas (101, 103-110). Figure 6, taken from the most recent study
(110), summarizes the results of minimum inhibitory concentration de-
terminations made against organisms isolated from clinical cases. In addi-
tion, 13 strains of Neisseria gonorrhoeae, 23 Haemophilus influenzae, 2
Pasteurella sp., and 12 Salmonella sp. were sensitive to concentrations
ranging from 0.8 to 6.3 ug/ml. Hence, gentamicin combines the activity of
polymyxin and colimycin against pseudomonas with the activity of neomy-
cin and related antibiotics against proteus and all strains.of staphylococci.
In addition, there is some evidence that gentamicin may potentiate the
action of ampicillin against certain strains of Proteus mirabilis (105).

Resistance to gentamicin can be developed in the laboratory and occurs
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slowly in a step-wise fashion (101, 104, 110). Such resistant strains are
cross-resistant to other members of the streptomycin-neomycin group of
antibiotics. Clinically isolated strains which appear insensitive to this group,
however, seem to retain sensitivity toward gentamicin (101, 103, 110).

There is little direct evidence on the mode of action of gentamicin.
However, concentrations having no effect on coccal forms of staphylococci
completely inhibit the growth of L-forms. It has been suggested, therefore,
that its primary site of action is not in the cell wall (90).

Gentamicin is not well absorbed when given orally. After a single intra-
muscular administration of the recommended dose, 0.4 mg/kg, peak concen-
trations of about 2 pg/ml have been obtained in the serum within one half
to one hour. This concentration decreased to about one third of a micro-
gram per millilitre within four to six hours (111). Data on serum concen-
trations obtained after larger doses have also been reported (109-111).
Twofold increase in dose results in an approximate doubling of peak con-
centrations.

Very much higher concentrations have been found in urine. Gentamicin/
creatinine clearance ratios of one or nearly one have been found in dogs.
Using large doses, 1.6 and 3.2 mg/kg, almost complete recovery of un-
changed antibiotic has been obtained in 24 hours; however, at lower doses,
recovery was slower initially, increasing in rate as drug administration was
continued (109, 111). Only small amounts are cleared in the bile. The ac-
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tivity of gentamicin in vitro is reduced in the presence of serum. Various
estimates have been made of the degree of serum binding; all fall within
the range of 25 to 30 per cent (101, 104, 110, 112).

Gentamicin has received clinical trial in gram-negative urinary tract
infections, several of which had responded unsatisfactorily to other agents.
Results of treatment were favourable in most cases considering the types
and sites of infection, and were similar to those obtained with other appro-
priate antibiotics. Proteus infections, on the whole, responded less well than
did infections caused by more susceptible organisms. Where an unsatisfac-
tory response to treatment occurred, development of resistance by the
offending organism was rarely the cause. In general, gram-negative bac-
teremia and nonurinary infections responded poorly to gentamicin in the
doses used (105, 108-110, 113). There were, however, notable exceptions.
Two septicaemias caused by pseudomonas in severely burned patients were
controlled with gentamicin (106) ; pulmonary infections in ten patients re-
sponded to treatment with gentamicin and showed clinical and radiographic
resolution of consolidation, disappearance of symptoms, and reduction in
sputum (108); ventricular fluid was sterilized in an infant with pseu-
domonas meningitis after polymyxin had failed to elicit a response (110).

Toxic doses of gentamicin in laboratory animals have caused damage
to renal and vestibular function. In patients with normal kidney function,
slight increases in serum BUN were common during treatment. Transient
elevation of SGOT has also been noted. In some patients with impaired
renal function and hence decreased ability to excrete the drug, disturbance
of vestibular function—in some cases irreversible loss—has occurred. Com-
plete bilateral loss of labyrinthine function has been associated usually with
high peak serum concentrations of gentamicin of the order of 12 to 13

p.g/ml.

NAPHTHYRIDINE DERIVATIVE
Nalidizic ecid—Nalidixic acid is a new synthetic antibacterial agent,
the most active in a series of 1,8-naphthyridine derivatives (114). Its struc-
ture is shown in Figure 7.
This substance is bactericidal ¢# witro against a wide range of gram-
negative organisms. Concentrations of 10 to 30 ug/ml inhibit the growth of

z ‘ ‘COZH

CHg

F16. 7. Nalidixic acid.
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80 per cent, or more, of strains of E. coli, Aerobacter aerogenes, Proteus,
and Paracolobactrum. A few strains of Pseudomonas aeruginosa are sensi-
tive to concentrations between 60 and 120 ug/ml (115). In a survey of 630
strains of gram-negative pathogens isolated from urine, the activity of
nalidixic acid was surpassed only by kanamycin (116). Other studies have
confirmed its effectiveness against clinically important gram-negative bac-
teria. Most gram-positive bacteria are sensitive only to high concentrations
(117-121).

The development of resistance to nalidixic acid has been studied and the
results are not encouraging. Single-step, eightfold increases in resistance
have been observed in gram-negative bacilli. Twenty-four-fold increases
occurred within four passages, Other strains have been found to develop
resistance of the multiple-step type (117). The ready development of re-
sistance by gram-negative bacilli after a few passages in drug-containing
medium has been confirmed in other studies (115, 118). Fortunately, there
appears to be no cross-resistance between nalidixic acid and other anti-
bacterial agents (118).

Goss, Dietz & Cook have investigated the mode of action of nalidixic
acid on E. coli (122, 123). It was found that the incorporation of precursors
into DNA was inhibited, prior to loss of viability, by concentrations of
nalidixic acid approximately the same as minimal bactericidal concentra-
tions. Because inhibition occurred before there was a loss of viability and
because the concentrations required for both events were approximately
the same, it would appear that the effect observed was the primary effect.
RNA synthesis continued in the presence of concentrations of the drug,
which inhibited DNA synthesis, thus excluding the formation of the purine
and pyrimidine bases and their conversion to the corresponding ribonu-
cleotides as primary sites of action. This and other evidence strongly sug-
gest that these deficiencies in nuclear synthesis in the presence of com-
petent cytoplasmic synthesis result in imbalance of metabolism and death
of the cell. It was also shown that cells exposed to nalidixic acid for as
long as 75 minutes remained viable after the drug was removed, indicating
that it was not firmly bound to the cell."

Nalidixic acid is rapidly absorbed from the gastrointestinal tract. About
80 per cent is recoverable from the urine as definitely characterized prod-
ucts (124). The conversion of the parent substance to conjugated and
hydroxylated forms seems to begin almost immediately upon absorption.
The degradation scheme is outlined in Figure 8.

Most of the material in the urine appears as the monoglucuronide of
the parent substance, but a considerable fraction is excreted as the un-
conjugated 7-hydroxymethyl metabolite. Smaller amounts of the parent
substance, the glucuronide of the hydroxymethyl metabolite and the 3,7-
dicarboxylic acid, also appear in the urine. Interestingly, the hydroxy-
methyl metabolite has an i vitro spectrum of antibacterial activity very
similar to that of nalidixic acid.
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Concentrations found in the serum have been low in relation to the i
vitro sensitivity of gram-negative bacteria. This will probably limit its
routine use in systemic infections. Minimum inhibitory concentrations were
increased 4- to 32-fold in the presence of 50 per cent serum, indicating a
high degree of binding to serum prateins (117). Such binding was found,
however, to be readily reversible (118).

Clinically, nalidixic acid has proved useful in the treatment of urinary
tract infection (116, 117, 125-127). In many of the cases, other agents had
been used unsuccessfully. However, relapses were not uncommon and, in
some cases, resistant organisms were recovered after a period of therapy
(128).

Toxicity of this compound at recommended doses seems to be minimal
and limited to occasional gastrointestinal upset and a few dermatological
reactions which disappear after completion of treatment or cessation of
therapy (116, 125-128). One case of photosensitization has been reported
(129).
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