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Antimicrobialresistanceisnotanewphenomenon.Innature,microbesareconstantlyevolving

inordertoovercometheantimicrobialcompoundsproducedbyothermicroorganisms.Human

developmentofantimicrobialdrugsandtheirwidespreadclinicalusehassimplyprovided

anotherselectivepressurethatpromotesfurtherevolution.Severalimportantfactorscan

acceleratetheevolutionofdrugresistance.Theseincludetheoveruseandmisuseof

antimicrobials,inappropriateuseofantimicrobials,subtherapeuticdosing,andpatient

noncompliancewiththerecommendedcourseoftreatment.

Exposureofapathogentoanantimicrobialcompoundcanselectforchromosomalmutations

conferringresistance,whichcanbetransferredverticallytosubsequentmicrobialgenerations

andeventuallybecomepredominantinamicrobialpopulationthatisrepeatedlyexposedtothe

antimicrobial.Alternatively,manygenesresponsiblefordrugresistancearefoundonplasmids

orintransposonsthatcanbetransferredeasilybetweenmicrobesthroughhorizontalgene

transfer(seeHowAsexualProkaryotesAchieveGeneticDiversity).Transposonsalsohavethe

abilitytomoveresistancegenesbetweenplasmidsandchromosomestofurtherpromotethe

spreadofresistance.

MechanismsforDrugResistance

Thereareseveralcommonmechanismsfordrugresistance,Thesemechanismsinclude

enzymaticmodificationofthedrug,modificationoftheantimicrobialtarget,andpreventionof

drugpenetrationoraccumulation.

Mechanismsofresistance.Effluxpump(pumpingdrugsoutofthecell):fluoroquinolones,

aminoglycosides,tetracyclines,Beta-lactams,macrolides.Blockedpenetration(notletting

drugsintothecell):beta-lactams,tetracyclines,fluoroquinolones.Targetmodification(changing

thetargetofthedrugsuchasribosomesorDNA):fluoroquinolones,rfamycins,vancomycin,

beta-lactams,macrolides,aminoglycosides.Inactivatingenzyme(enzymethatbreaksdownthe

drug):beta-lactams,aminoglycosides,macrolides,rifamycins.

Therearemultiplestrategiesthatmicrobesusetodevelopresistancetoantimicrobialdrugs.

DrugModificationorInactivation



Resistancegenesmaycodeforenzymesthatchemicallymodifyanantimicrobial,thereby

inactivatingit,ordestroyanantimicrobialthroughhydrolysis.Resistancetomanytypesof

antimicrobialsoccursthroughthismechanism.Forexample,aminoglycosideresistancecan

occurthroughenzymatictransferofchemicalgroupstothedrugmolecule,impairingthe

bindingofthedrugtoitsbacterialtarget.Forβ-lactams,bacterialresistancecaninvolvethe

enzymatichydrolysisoftheβ-lactam bondwithintheβ-lactam ringofthedrugmolecule.Once

theβ-lactam bondisbroken,thedruglosesitsantibacterialactivity.Thismechanism of

resistanceismediatedbyβ-lactamases,whicharethemostcommonmechanism ofβ-lactam

resistance.Inactivationofrifampincommonlyoccursthroughglycosylation,phosphorylation,or

adenosinediphosphate(ADP)ribosylation,andresistancetomacrolidesandlincosamidescan

alsooccurduetoenzymaticinactivationofthedrugormodification.

PreventionofCellularUptakeorEfflux

Microbesmaydevelopresistancemechanismsthatinvolveinhibitingtheaccumulationofan

antimicrobialdrug,whichthenpreventsthedrugfrom reachingitscellulartarget.Thisstrategy

iscommonamonggram-negativepathogensandcaninvolvechangesinoutermembranelipid

composition,porinchannelselectivity,and/orporinchannelconcentrations.Forexample,a

commonmechanism ofcarbapenem resistanceamongPseudomonasaeruginosaisto

decreasetheamountofitsOprDporin,whichistheprimaryportalofentryforcarbapenems

throughtheoutermembraneofthispathogen.Additionally,manygram-positiveandgram-

negativepathogenicbacteriaproduceeffluxpumpsthatactivelytransportanantimicrobialdrug

outofthecellandpreventtheaccumulationofdrugtoalevelthatwouldbeantibacterial.For

example,resistancetoβ-lactams,tetracyclines,andfluoroquinolonescommonlyoccurs

throughactiveeffluxoutofthecell,anditisrathercommonforasingleeffluxpumptohavethe

abilitytotranslocatemultipletypesofantimicrobials.

TargetModification

Becauseantimicrobialdrugshaveveryspecifictargets,structuralchangestothosetargetscan

preventdrugbinding,renderingthedrugineffective.Throughspontaneousmutationsinthe

genesencodingantibacterialdrugtargets,bacteriahaveanevolutionaryadvantagethatallows

them todevelopresistancetodrugs.Thismechanism ofresistancedevelopmentisquite

common.Geneticchangesimpactingtheactivesiteofpenicillin-bindingproteins(PBPs)can

inhibitthebindingofβ-lactam drugsandprovideresistancetomultipledrugswithinthisclass.

Thismechanism isverycommonamongstrainsofStreptococcuspneumoniae,whichaltertheir

ownPBPsthroughgeneticmechanisms.Incontrast,strainsofStaphylococcusaureusdevelop

resistancetomethicillin(MRSA)throughtheacquisitionofanewlow-affinityPBP,ratherthan

structurallyaltertheirexistingPBPs.Notonlydoesthisnewlow-affinityPBPprovideresistance

tomethicillinbutitprovidesresistancetovirtuallyallβ-lactam drugs,withtheexceptionofthe



newerfifth-generationcephalosporinsdesignedspecificallytokillMRSA.Otherexamplesofthis

resistancestrategyincludealterationsinribosomesubunits,providingresistancetomacrolides,

tetracyclines,andaminoglycosides;

lipopolysaccharide(LPS)structure,providingresistancetopolymyxins;

RNApolymerase,providingresistancetorifampin;

DNAgyrase,providingresistancetofluoroquinolones;

metabolicenzymes,providingresistancetosulfadrugs,sulfones,andtrimethoprim;and

peptidoglycansubunitpeptidechains,providingresistancetoglycopeptides.

TargetOverproductionorEnzymaticBypass

Whenanantimicrobialdrugfunctionsasanantimetabolite,targetingaspecificenzymeto

inhibititsactivity,thereareadditionalwaysthatmicrobialresistancemayoccur.First,the

microbemayoverproducethetargetenzymesuchthatthereisasufficientamountof

antimicrobial-freeenzymetocarryouttheproperenzymaticreaction.Second,thebacterialcell

maydevelopabypassthatcircumventstheneedforthefunctionaltargetenzyme.Bothofthese

strategieshavebeenfoundasmechanismsofsulfonamideresistance.Vancomycinresistance

amongS.aureushasbeenshowntoinvolvethedecreasedcross-linkageofpeptidechainsin

thebacterialcellwall,whichprovidesanincreaseintargetsforvancomycintobindtointhe

outercellwall.Increasedbindingofvancomycinintheoutercellwallprovidesablockagethat

preventsfreedrugmoleculesfrom penetratingtowheretheycanblocknewcellwallsynthesis.

TargetMimicry

Arecentlydiscoveredmechanism ofresistancecalledtargetmimicryinvolvestheproductionof

proteinsthatbindandsequesterdrugs,preventingthedrugsfrom bindingtotheirtarget.For

example,Mycobacterium tuberculosisproducesaproteinwithregularpentapeptiderepeatsthat

appearstomimicthestructureofDNA.Thisproteinbindsfluoroquinolones,sequesteringthem

andkeepingthem from bindingtoDNA,providingM.tuberculosisresistanceto

fluoroquinolones.ProteinsthatmimictheA-siteofthebacterialribosomehavebeenfoundto

contributetoaminoglycosideresistanceaswell.

Listseveralmechanismsfordrugresistance.

Multidrug-ResistantMicrobesandCrossResistance

From aclinicalperspective,ourgreatestconcernsaremultidrug-resistantmicrobes(MDRs)and

crossresistance.MDRsarecolloquiallyknownas“superbugs”andcarryoneormoreresistance



mechanism(s),makingthem resistanttomultipleantimicrobials.Incross-resistance,asingle

resistancemechanism confersresistancetomultipleantimicrobialdrugs.Forexample,having

aneffluxpumpthatcanexportmultipleantimicrobialdrugsisacommonwayformicrobesto

beresistanttomultipledrugsbyusingasingleresistancemechanism.Inrecentyears,several

clinicallyimportantsuperbugshaveemerged,andtheCDCreportsthatsuperbugsare

responsibleformorethan2millioninfectionsintheUSannually,resultinginatleast23,000

fatalities.2Severalofthesuperbugsdiscussedinthefollowingsectionshavebeendubbedthe

ESKAPEpathogens.Thisacronym referstothenamesofthepathogens(Enterococcusfaecium,

Staphylococcusaureus,Klebsiellapneumoniae,Acinetobacterbaumannii,Pseudomonas

aeruginosaandEnterobacterspp.)butitisalsofittinginthatthesepathogensareableto

“escape”manyconventionalformsofantimicrobialtherapy.Assuch,infectionsbyESKAPE

pathogenscanbedifficulttotreatandtheycausealargenumberofnosocomialinfections.

Methicillin-ResistantStaphylococcusaureus(MRSA)

Methicillin,asemisyntheticpenicillin,wasdesignedtoresistinactivationbyβ-lactamases.

Unfortunately,soonaftertheintroductionofmethicillintoclinicalpractice,methicillin-resistant

strainsofS.aureusappearedandstartedtospread.Themechanism ofresistance,acquisition

ofanewlow-affinityPBP,providedS.aureuswithresistancetoallavailableβ-lactams.Strains

ofmethicillin-resistantS.aureus(MRSA)arewidespreadopportunisticpathogensanda

particularconcernforskinandotherwoundinfections,butmayalsocausepneumoniaand

septicemia.Althoughoriginallyaproblem inhealth-caresettings(hospital-acquiredMRSA[HA-

MRSA]),MRSAinfectionsarenowalsoacquiredthroughcontactwithcontaminatedmembers

ofthegeneralpublic,calledcommunity-associatedMRSA(CA-MRSA).Approximatelyone-third

ofthepopulationcarriesS.aureusasamemberoftheirnormalnasalmicrobiotawithoutillness,

andabout6%ofthesestrainsaremethicillinresistant.34

CLAVULANICACID:PENICILLIN’SLITTLEHELPER

Withtheintroductionofpenicillinintheearly1940s,anditssubsequentmassproduction,

societybegantothinkofantibioticsasmiraclecuresforawiderangeofinfectiousdiseases.

Unfortunately,asearlyas1945,penicillinresistancewasfirstdocumentedandstartedto

spread.Greaterthan90%ofcurrentS.aureusclinicalisolatesareresistanttopenicillin.5

Althoughdevelopingnewantimicrobialdrugsisonesolutiontothisproblem,scientistshave

explorednewapproaches,includingthedevelopmentofcompoundsthatinactivateresistance

mechanisms.Thedevelopmentofclavulanicacidrepresentsanearlyexampleofthisstrategy.



Clavulanicacidisamoleculeproducedbythebacterium Streptococcusclavuligerus.Itcontains

aβ-lactam ring,makingitstructurallysimilartopenicillinandotherβ-lactams,butshowsno

clinicaleffectivenesswhenadministeredonitsown.Instead,clavulanicacidbindsirreversibly

withintheactivesiteofβ-lactamasesandpreventsthem from inactivatingacoadministered

penicillin.

Clavulanicacidwasfirstdevelopedinthe1970sandwasmassmarketedincombinationwith

amoxicillinbeginninginthe1980sunderthebrandnameAugmentin.Asistypicallythecase,

resistancetotheamoxicillin-clavulanicacidcombinationsoonappeared.Resistancemost

commonlyresultsfrom bacteriaincreasingproductionoftheirβ-lactamaseandoverwhelming

theinhibitoryeffectsofclavulanicacid,mutatingtheirβ-lactamasesoitisnolongerinhibitedby

clavulanicacid,orfrom acquiringanewβ-lactamasethatisnotinhibitedbyclavulanicacid.

Despiteincreasingresistanceconcerns,clavulanicacidandrelatedβ-lactamaseinhibitors

(sulbactam andtazobactam)representanimportantnewstrategy:thedevelopmentof

compoundsthatdirectlyinhibitantimicrobialresistance-conferringenzymes.

Vancomycin-ResistantEnterococciandStaphylococcusaureus

Vancomycinisonlyeffectiveagainstgram-positiveorganisms,anditisusedtotreatwound

infections,septicinfections,endocarditis,andmeningitisthatarecausedbypathogens

resistanttootherantibiotics.Itisconsideredoneofthelastlinesofdefenseagainstsuch

resistantinfections,includingMRSA.Withtheriseofantibioticresistanceinthe1970sand

1980s,vancomycinuseincreased,anditisnotsurprisingthatwesawtheemergenceand

spreadofvancomycin-resistantenterococci(VRE),vancomycin-resistantS.aureus(VRSA),and

vancomycin-intermediateS.aureus(VISA).Themechanism ofvancomycinresistanceamong

enterococciistargetmodificationinvolvingastructuralchangetothepeptidecomponentofthe

peptidoglycansubunits,preventingvancomycinfrom binding.Thesestrainsaretypicallyspread

amongpatientsinclinicalsettingsbycontactwithhealth-careworkersandcontaminated

surfacesandmedicalequipment.

VISAandVRSAstrainsdifferfrom eachotherinthemechanism ofresistanceandthedegreeof

resistanceeachmechanism confers.VISAstrainsexhibitintermediateresistance,witha

minimum inhibitoryconcentration(MIC)of4–8μg/mL,andthemechanism involvesanincrease

invancomycintargets.VISAstrainsdecreasethecrosslinkingofpeptidechainsinthecellwall,

providinganincreaseinvancomycintargetsthattrapvancomycinintheoutercellwall.In

contrast,VRSAstrainsacquirevancomycinresistancethroughhorizontaltransferofresistance

genesfrom VRE,anopportunityprovidedinindividualscoinfectedwithbothVREandMRSA.

VRSAexhibitahigherlevelofresistance,withMICsof16μg/mLorhigher.6Inthecaseofall



threetypesofvancomycin-resistantbacteria,rapidclinicalidentificationisnecessarysoproper

procedurestolimitspreadcanbeimplemented.Theoxazolidinoneslikelinezolidareusefulfor

thetreatmentofthesevancomycin-resistant,opportunisticpathogens,aswellasMRSA.

Extended-Spectrum β-Lactamase–ProducingGram-NegativePathogens

Gram-negativepathogensthatproduceextended-spectrum β-lactamases(ESBLs)show

resistancewellbeyondjustpenicillins.Thespectrum ofβ-lactamsinactivatedbyESBLs

providesforresistancetoallpenicillins,cephalosporins,monobactams,andtheβ-lactamase-

inhibitorcombinations,butnotthecarbapenems.Anevengreaterconcernisthatthegenes

encodingforESBLsareusuallyfoundonmobileplasmidsthatalsocontaingenesforresistance

tootherdrugclasses(e.g.,fluoroquinolones,aminoglycosides,tetracyclines),andmaybe

readilyspreadtootherbacteriabyhorizontalgenetransfer.Thesemultidrug-resistantbacteria

aremembersoftheintestinalmicrobiotaofsomeindividuals,buttheyarealsoimportant

causesofopportunisticinfectionsinhospitalizedpatients,from whom theycanbespreadto

otherpeople.

Carbapenem-ResistantGram-NegativeBacteria

Theoccurrenceofcarbapenem-resistantEnterobacteriaceae(CRE)andcarbapenem resistance

amongothergram-negativebacteria(e.g.,P.aeruginosa,Acinetobacterbaumannii,

Stenotrophomonasmaltophila)isagrowinghealth-careconcern.Thesepathogensdevelop

resistancetocarbapenemsthroughavarietyofmechanisms,includingproductionof

carbapenemases(broad-spectrum β-lactamasesthatinactivateallβ-lactams,including

carbapenems),activeeffluxofcarbapenemsoutofthecell,and/orpreventionofcarbapenem

entrythroughporinchannels.SimilartoconcernswithESBLs,carbapenem-resistant,gram-

negativepathogensareusuallyresistanttomultipleclassesofantibacterials,andsomehave

evendevelopedpan-resistance(resistancetoallavailableantibacterials).Infectionswith

carbapenem-resistant,gram-negativepathogenscommonlyoccurinhealth-caresettings

throughinteractionwithcontaminatedindividualsormedicaldevices,orasaresultofsurgery.

Multidrug-ResistantMycobacterium tuberculosis

Theemergenceofmultidrug-resistantMycobacterium tuberculosis(MDR-TB)andextensively

drug-resistantMycobacterium tuberculosis(XDR-TB)isalsoofsignificantglobalconcern.MDR-

TBstrainsareresistanttobothrifampinandisoniazid,thedrugcombinationtypicallyprescribed

fortreatmentoftuberculosis.XDR-TBstrainsareadditionallyresistanttoanyfluoroquinolone

andatleastoneofthreeotherdrugs(amikacin,kanamycin,orcapreomycin)usedasasecond

lineoftreatment,leavingthesepatientsveryfewtreatmentoptions.Bothtypesofpathogens



areparticularlyproblematicinimmunocompromisedpersons,includingthosesufferingfrom

HIVinfection.Thedevelopmentofresistanceinthesestrainsoftenresultsfrom theincorrect

useofantimicrobialsfortuberculosistreatment,selectingforresistance.

Howdoesdrugresistanceleadtosuperbugs?

Tolearnmoreaboutthetop18drug-resistantthreatstotheUS,visittheCDC’swebsite.

FACTORYFARMINGANDDRUGRESISTANCE

AlthoughanimalhusbandryhaslongbeenamajorpartofagricultureinAmerica,theriseof

concentratedanimalfeedingoperations(CAFOs)sincethe1950shasbroughtaboutsomenew

environmentalissues,includingthecontaminationofwaterandairwithbiologicalwaste,and

ethicalissuesregardinganimalrightsalsoareassociatedwithgrowinganimalsinthisway.

Additionally,theincreaseinCAFOsinvolvestheextensiveuseofantimicrobialdrugsinraising

livestock.Antimicrobialsareusedtopreventthedevelopmentofinfectiousdiseaseintheclose

quartersofCAFOs;however,themajorityofantimicrobialsusedinfactoryfarmingareforthe

promotionofgrowth—inotherwords,togrowlargeranimals.

Themechanism underlyingthisenhancedgrowthremainsunclear.Theseantibioticsmaynot

necessarilybethesameasthoseusedclinicallyforhumans,buttheyarestructurallyrelatedto

drugsusedforhumans.Asaresult,useofantimicrobialdrugsinanimalscanselectfor

antimicrobialresistance,withtheseresistantbacteriabecomingcross-resistanttodrugs

typicallyusedinhumans.Forexample,tylosinuseinanimalsappearstoselectforbacteriaalso

cross-resistanttoothermacrolides,includingerythromycin,commonlyusedinhumans.

Concentrationsofthedrug-resistantbacterialstrainsgeneratedbyCAFOsbecomeincreasedin

waterandsoilsurroundingthesefarms.Ifnotdirectlypathogenicinhumans,theseresistant

bacteriamayserveasareservoirofmobilegeneticelementsthatcanthenpassresistance

genestohumanpathogens.Fortunately,thecookingprocesstypicallyinactivatesany

antimicrobialsremaininginmeat,sohumanstypicallyarenotdirectlyingestingthesedrugs.

Nevertheless,manypeoplearecallingformorejudicioususeofthesedrugs,perhapscharging

farmersuserfeestoreduceindiscriminateuse.Infact,in2012,theFDApublishedguidelinesfor

farmerswhovoluntarilyphaseouttheuseofantimicrobialdrugsexceptunderveterinary



supervisionandwhennecessarytoensureanimalhealth.Althoughfollowingtheguidelinesis

voluntaryatthistime,theFDAdoesrecommendwhatitcalls“judicious”useofantimicrobial

drugsinfood-producinganimalsinanefforttodecreaseantimicrobialresistance.

PART3

Unfortunately,Marisa’surinarytractinfectiondidnotresolvewithciprofloxacintreatment.

LaboratorytestingshowedthatherinfectionwascausedbyastrainofKlebsiellapneumoniae

withsignificantantimicrobialresistance.TheresistanceprofileofthisK.pneumoniaeincluded

resistancetothecarbapenem classofantibacterials,agroupofβ-lactamsthatistypically

reservedforthetreatmentofhighlyresistantbacteria.K.pneumoniaeisanopportunistic,

capsulated,gram-negativerodthatmaybeamemberofthenormalmicrobiotaoftheintestinal

tract,butmayalsocauseanumberofdiseases,includingpneumoniaandUTIs.

SpecificlaboratorytestslookingforcarbapenemaseproductionwereperformedonMarisa’s

samplesandcamebackpositive.Baseduponthisresult,incombinationwithherhealthhistory,

productionofacarbapenemaseknownastheNewDelhiMetallo-β-lactamase(NDM)was

suspected.AlthoughtheoriginoftheNDM carbapenemaseisnotcompletelyknown,many

patientsinfectedwithNDM-containingstrainshavetravelhistoriesinvolvinghospitalizationsin

Indiaorsurroundingcountries.


