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The Future of the Quinolones

Vincent T. Andriole
Yale University School of Medicine, New Haven, Connecticut, USA

Abstract This review emphasises the advances in the development of newer quinolones:
their broader antimicrobial activity particularly their increased activity against Pneu-
mococcus and anaerobes; their longer half-life and tissue penetration including activ-
ity in cerebrospinal fluid; and their excellent efficacy in respiratory, intra-abdominal,
pelvic, and skin and soft tissue infections. Also, considerable progress has been made
in our understanding of the development of bacterial resistance to the newer
quinolones. Additional advances in quinolone development are likely to provide better
compounds for clinical use.

The future of a specific class of therapeutic agentsfluoroquinolones. The mechanism of action of the
is difficult to predict because a number of factors may quinolones is that they inhibit DNA topoisomerases
determine the continued clinical utility of compounds (gyrases), 4 subunits of which (2 A monomers and 2
in the class. Major factors that are likely to determine B monomers) have been identified in topoisomerase
a successful future for a specific class of therapeutidl.[>®1 Topoisomerase Il supercoils strands of bacterial
agents include the development of newer compound®NA in the bacterial cell’-¢l Each chromosomal do-
that have, relative to earlier compounds in that class:main is transiently nicked during supercoiling, which

e greater clinical efficacy results in single-stranded DNA. When supercoiling is
* less toxicity and greater safety complete, the single-stranded DNA state is abolished
* lower propensity to induce resistance by an enzyme that seals the nicked DNA. Thus,
e easier patient compliance topoisomerase Il (nicking-closing enzyme) nicks dou-
» shorter effective durations of therapy ble-stranded DNA, introduces negative supercoils,
* better cost-benefit ratio. and seals the nicked DN&2-121

Although predictions are difficult, some estimates  The second major advance contributing to the rapid
can be attempted if they are based on our previougxpansion of the newer quinolones was the ability to
experiences as well as current studies in progress. Wehemically manipulate the nucleus of the 4-
are, in fact, in a better position now than we were aquinoloned!31The basic molecule has been modi-
decade ago when the future prospects of the quinofied at the N-1 position, with different groups added
lones were first reviewdd and subsequently up- to the C-6, C-7, and C-8 positions. These modifica-
dated?3Substantial progress has been made recentlyions result in major changes in the antimicrobial ac-
inthe development of newer quinolone agents, primar+ivity, pharmacokinetics and metabolic properties of
ily because of advances in our understanding of thehe quinolones. Specific changes include the follow-
chemistry, the molecular mechanisms of quinolone acing: the addition of a fluorine atom at position C-6,
tion on various organisms, and the factors that lead tavhich enhances DNA gyrase inhibitory activity and
the development of quinolone resistance. provides activity against staphylococci; addition of a

The first and key discovery was the identification second fluorine group at position C-8, which results in
of the enzyme DNA gyrase or topoisomerase Il byincreased absorption and a longer half-life; addition of
Gellert and colleagud$,which led to a better under-  a piperazine group at position C-7, which provides the
standing of the molecular basis for the potent antibachbest Gram-negative activity; ring alkylation improves
terial effects of the newer quinolones. We now know Gram-positive activity and half-lif€2! substitution of
that there are 4 DNA topoisomerases in bacteria. Ofa methyl group for the piperazine group, which results
these, topoisomerases | and Il are not very sensitivén increased absorption and a longer half-life; and ad-
to inhibition by the quinolones. In contrast, topo- dition of a cyclopropyl group at position N-1, an amino
isomerase Il and IV are the 2 major targets of thegroup at position C-5, and a fluorine group at C-8, which
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results in increased activity againstycoplasmaand  fluid concentrations, significant entry into phagocytic
Chlamydia Similarly, adding a fluorine or chlorine at cells, and excellent urinary concentrations after oral
C-8 in combination with an N-1 cyclopropyl further administratiort3®! Advances in our understanding of

enhances antibacterial activity:16! structure-activity relationships has improved the phar-
macokinetics (longer half-life and tissue penetration
1. Microbiology appropriate for once-daily administration) of some of

the newest quinolones, including grepafloxacin,

Early in vitro studies of the initial group of newer sparfloxacin, trovafloxacin, moxifloxacin, gatiflox-
quinolones indicated that these compounds W&Y8:  acin, gemifloxacin and sitafloxaci#?-16:311
e very active against enteric Gram-negative aerobic

bacteria and generally active against other aerobic 3. Clinical Uses

Gram-negative organisms
¢ moderately active againftseudomonas aerugin- Many infectious diseases can be treated success-

osa (ciprofloxacin was most active) and active fully with oral quinolone therapy. Specifically, bacte-

against staphylococci, but with the potential for the rial infections of the respiratory tract (bacterial exac-

development of resistance by these organisms  erbation of chronic bronchitis and pneumonia),
¢ only moderately active against streptococci, espe-urinary tract (uncomplicated and complicated), skin,

cially Streptococcus pneumoniae soft tissues, bones and joints respond well to oral

Thus, the development of resistance became a maguinolones. Gastrointestinal infections, particularly
jor concern during our early clinical experience, eveninfectious diarrhoea caused by toxigegiccoli, Sal-
though the spontaneous single-step mutation fremonella(including typhoid and paratyphoid fevers,
qguency for the newer quinolones was 1000-fold lessand the chronicSalmonellacarrier state)Shigella
than for nalidixic acid. Additional studies indicate that Campylobacter Aeromonasand Vibrio species, as
mutations in theyrA gene of topoisomerase llin clin- well as byPlesiomonas shigelloideare also highly
ical isolates ofStaphylococcus aureusonfer resis- responsive to oral quinolone therapy. In addition,
tance to the quinolones. Similar results have beersome sexually transmitted diseases (gonococcal,
found for P. aeruginosaEscherichia coli Neisseria  chlamydial and chancroid infections) and pelvic infec-
gonorrhoeagKlebsiellaand Citrobacter freundii'#18  tions can be cured with oral quinolone ther&3y!
Resistance to the quinolones can also result from More recent clinical investigations with some of
changes in quinolone permeation. Genes& and the newest quinolones, particularly trovafloxacin,
cfxB) that decrease the expression of the outer memhave demonstrated excellent efficacy in intra-abdom-
brane protein OmpF at the post-transcriptional levelinal infections, in some postoperative surgical abdom-
decrease the accumulation of norfloxacin in cells, andinal infections, as well as certain obstetrical/gynaeco-
porin-deficient bacterial mutants become more resis-logical infections, because of the anti-anaerobic
tant to quinolone&®2%IRecent advances in the devel- (including Bacteroides fragili} spectrum of activity.
opment of the newest quinolones indicate that someAlso, trovafloxacin has been shown to be highly effi-
of these have activity against quinolone-resistant baccacious in the treatment of meningococcal meningitis.
terialt®l Potent activity against quinolone-resistant Thus, this is the first of the newest quinolones to
strains, (particularly quinolone-resist&htaureusand ~ demonstrate excellent penetration through the blood-
P. aeruginosais exhibited by the newest quinolones, brain barrier and clinical efficacy in a most serious
clinafloxacin and sitafloxacin (DU-6859A), which infectious diseas& In addition, during the past
have a C-8 chlorine atof-21Also, the newer quino- decade we have accumulated much more clinical ex-
lones with a C-8 methoxy group have improved activ- perience in the utility of newer quinolones in the treat-
ity against quinolone-resistaBt aureus?2®Further- ment and prevention of infections in immuno-
more, some of the newest quinolones [trovafloxacin,compromised patients!
sitafloxacin, clinafloxacin, moxifloxacin (BAY-
128039) and gemifloxacin (SB-265805)] have en- 4. Adverse Events
hanced activity agains. pneumoniaeand anaer-

obeg16.26-29] Toxicities with the early quinolones were low. Com-
pared with other commonly used antimicrobial agents,
2. Pharmacokinetics the fluoroquinolones can be considered to be relatively

well tolerated!31536IThe commonest adverse events

Important and practical pharmacological aspects ofinvolve the gastrointestinal tract and the central nerv-
the newer quinolones include excellent oral absorp-ous system (CNS). Gastrointestinal disturbances
tion, good tissue distribution with excellent interstitial (anorexia, nausea, diarrhoea, vomiting, dyspepsia and
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abdominal discomfort) are the adverse reactions re- Disturbances of blood glucose, including symp-
ported most frequently (2 to 11%). CNS reactions (1 tomatic hyper- or hypoglycaemia, have been reported,
to 7%) may occur in the form of headache, dizziness,usually in diabetic patients receiving concomitant treat-

tiredness, vertigo, syncope, restlessness, insomnianent with an oral hypoglycaemic agent or inst##el
tinnitus and sensory changé153¢1Severe neuro-

toxic reactions are rare (<0.5%) and include psychotic

reactions, hallucinations, depression and grand mal 5. Current Status

seizures, which are reversible with cessation of ther-

apy. These direct CNS effects correlate roughly with ~ Many new quinolones have been synthesised dur-
quinolone binding at GABA (y-aminobutyrate) re- ing the past decade. Some offer important advantages
ceptors in the brain, blocking GABA and leading to over compounds developed earlier. Currently avail-
CNS stimulatiort*®! Hypersensitivity reactions also able newer quinolones, with their dates of approval for
are rare (0.4 to 2%) and include erythema, pruritus,clinical use in the US, include norfloxacin (1986),
urticaria, and rash. Equally rare are episodes of hypociprofloxacin (1987), ofloxacin (1991), temafloxacin
tension, tachycardia, nephrotoxic reactions (crystal-(1992), which was withdrawn in 1992 because of tox-
luria) with elevated serum creatinine Ievels,thrombo-icity, enoxacin (1992), lomefloxacin (1992), spar-
cytopenia, leukopenia, and anaemia. Transient elevationgoxacin (1996), levofloxacin (1996), grepafloxacin
in liver enzymes have rarely been obseri#d. (1997) and trovafloxacin (1997). Quinolones that are

51 cases of serious hepatic events, but no deathg, s 590roved for clinical use in the US but are avail-
were reported during the postmarketing surveillance

. X e ; able in other countries include pefloxacin, fleroxacin
period for t(rjovafloxacm. when .1.2.dm|ll|on fpfmentﬁ rqnd tosufloxacin
were treated, representing an incidence of less tha e : . :
0.004%. Two newer quinolones, sparfloxacin and I_n addition, a ”“T“Pef .Of newer qumolones_ are in
grepafloxacin, are associated with prolongation of theVarous phases of C“n'(.:al investigation. These |nc!ude
electrocardiographic QT(corrected QT) interval. rufloxacin, pazufloxacin, gatifloxacin, clinafloxacin,

Moderate to severe phototoxicity, manifested by ansitafloxacin, mOX|ro>_(aC|n and gemlflc_)xam_n. There
exaggerated sunburn reaction, has been observed € also other new quinolonesthat are invarious stages
patients who are exposed to direct sunlight while re-0f early development, such as prulifloxacin (PD-
ceiving some members of the quinolone class of drugs140288), nadifloxacin, balofloxacin, CFC-222, CS-
such as lomefloxacin, fleroxacin, sparfloxacin, en- 940, HSR-903, CG-5501, and DW-1£6:3%41A new
oxacin and pefloxacin. Quinolones accumulating in subclass of quinolones is also under early investiga-
high concentrations in skin have a higher risk of pro- tion. Compounds in this subclass, which include
ducing phototoxicity!315] BMS-284756 (T-3811) among othédfd are desfluo-

Quinolone-associated arthropathy is a potential adrinated so that the fundamental C-6 fluorine is re-
verse reaction in humans. Substantial experience witlplaced, most often by an amino radical, which pro-
the use of quinolones in children indicate little evi- duces an aminoquinolone group of compouHds.
dence of quinolone-induced arthropathy in hu- Clearly, this list of new compounds is likely to be in-
mansl>3637Quinolones should be avoided during complete.
pregnancy and in nursing mothers because some are Atthe present time, it seems prudent to classify the
excreted into breast mif¥) and their safety has not quinolones into generations in a manner similar to the

beeSn estafl?lished.. | how dose-d dent inyior classification of generations of cephalosporins.
ome fluoroquinolones snow dose-dependent IN“rpq e 5re 3 number of ways to categorise quinolones,

teractions with aluminum- or magnesium-containing for example by their chemical structure, by structure-
antacids, so that simultaneous oral administration

should be avoided. Interactions between some of theaCtiVity relationships, by specifia vitro spectrum of

early fluoroquinolones and theophylline or caffeine a““m.'.cmt?'a' activity, or by pllnlcal efficacy. Such.
have also been observB#?36l classifications are clearly arbitrary. Thus, the classifi-

The quinolones may interact to varying degreescation which appears intable lis based on potency and
with other drugs, including warfarin, +teceptor an-  MOst recent spectrum of antibacterial activity against
tagonists, cyclosporin, rifampicin (rifampin) and non- ‘Problem’bacterial organisms. This definition was se-
steroidal anti-inflammatory drugs (NSAIDs). The lected because it is in keeping with the classification
concomitant administration of an NSAID with a of cephalosporins into generatioi8 A uniform clas-
guinolone may increase the risk of CNS stimulation sification of quinolone generations is likely to be spe-
and convulsive seizurés:36l cifically defined in the near future (table 1).

0 Adis International Limited. All rights reserved. Drugs 1999; 58 Suppl. 2



4 Andriole

6_ Future Deve|°pmenfs Table I. Classification of quinolones
First generation Third generation
The future prospects of the quinolones, as outlined ing; g o sy oo
earlier reviews$2343lsuggested that newer compounds cinoxacin Gatifloxacin
would be developed that would have: (i) greater po- piromedic acid Pazufloxacin
tency; (ii) less frequent selection of resistance; (jii) Piemedic acid Grepafloxacin

better CNS/cerebrospinal fluid penetration; (iv) better g'ume‘;”‘”e i Fourth ont
patient safety and tolerability; (v) greater activity oo oo oo o eneration

. .. h . Norfloxacin Trovafloxacin
against Gram-positive bacteria, particularly staphylo- ciprofioxacin® Clinafloxacin
cocci, pneumococci arlcegionellg (vi) effectiveness  Enoxacin Sitafloxacin (Du-6859a)
against atypical organisms suchMgcoplasma pneu-  Fleroxacin Moxifloxacin
moniaeandChlamydia pneumoniaand (vii) activity (L)‘:E:;';f]ac'“ Gemifloxacin

against anaerobés3 Lovafloxacin

Significant progress has been made recently, parwufoxacin
ticularly with the introduction into clinical use ofthe very "3~ Most potent vs Pseudomonas.
newest quinolones, especially trovafloxatfh*1This b More potent vs Pneumococcus and anaerobes than earlier
quinolone has excellent activity against Gram-posi-  compounds.
tive organisms, i.e. staphylococci and pneumococcic__Most potent vs Pneumococcus and anaerobes.
(including high-level penicillin-resistant pneumo-
cocci), against ‘atypical’ organisms, iglycoplasma
andChlamydia againstegionellaand against anaer-
obes, including. fragilis, and penetrates the CNS and
cerebrospinal fluid better than earlier quinolones.
Trovafloxacin has been shown to be highly effective

in the treatment of epidemic meningococcal meningi-; .z, : : ; ;
tis in Africa.®* Thus, many of the earlier predictions g‘éggfoﬁ::'ée&%%?gﬁzg of the unique mechanism of

have been accomplished by innovative manipulations ™ gin a1y additional progress in our understanding of
of the basic chemical nucleus that have led to newegy,o jmhortance of structure-activity relationships

and more broadly effective compounds. In addition, g, |d |ead to the development of compounds that will
newer compounds, some already approved for clinica

use and others that should soon be approved, have be?é:compllsh all of the aforementioned needs as well as

{ h Kineti 4 oh d . ith sulting in minimal adverse reactions and a lower rate
ér pharmacokInetics and pharmacodynamics, Withyt serigys adverse effects, thus being as safe as possi-
longer half-lives that allow once-daily administra-

tion 115.16] ble for use in our patients.

killing or may lower the risk of the development of
bacterial resistance. In addition, the interactions of the
quinolones with other antimicrobial agents may lead
to synergistic or additive activity®>7JAntagonist ac-

Although much progress has been made, future re- ]
search is likely to lead to even better compounds that  7- Conclusions
have lower incidences of adverse reactions and serious . . . .
This review has attempted to emphasise the impor-

toxicity. Current intense investigations into the mech- h Prev >
Y 9 tance of the quinolones in clinical medicine, and the

anisms responsibleforthedevelopmentofresistance‘,:ld hat h ready b lished in th
particularly pneumococcal and staphylococcal resis-2dvances that have already been accomplished in the

tance, which occurs with the induction of amino-acid 'tmmd“gt'o.ﬂ of gewb(;omp(r)]unds that are t“_’r|3h’ mncl)va-f
changes in thparC andparE genes of topoisomerase V€ and will undoubtedly have new uses. The roie o
IV (in pneumococci) and ilgyrA genes (in staphylo- these newer compounds in clinical medicine is likely
cocci) are likely to lead to improved compounds for t© grc;wr?ubstantlallya Thlghs’ ]Ehf newer quinolones ap-
the treatment of infections caused by these bacteria i?€a" 10 Nave a very heaithy iuture.
the near future. The results of these studies are likely
to produce compounds that are more resistant to the References
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