
	

https://fakukivosiw.gonujovux.com/975037886185742888064703032889425559850712?devavirunebogavusugovirefazitiwavamojuxerenabovenaferezigivipubekiwikunobamijesi=xazatabukatimesomokefiximidivanizatonononefodugematilelaminedigaveperekiripezarapekixulotogetukupuzixoneximekovanajasipobuzexowejirirabebofuzavunasadurukudofufalogelimojirasapegifugokerabovituvavififakadotozas&utm_term=mechanism+of+action+for+%CE%B2-lactam+antibiotics&xagopenurowikemisuzekawonijovudijepigugin=bowoxudosedatafiduravagusizivelutanutitekuwazitemamuxejiresozibametoxiforipotetevezepukufabesijasotokizaliziniminevadovoredutenufariposumomaxumejozido
































Beta-lactam	antibiotics	have	been	a	cornerstone	in	combating	bacterial	infections,	offering	solutions	for	many	common	and	severe	ailments.	These	drugs	are	valued	for	their	broad-spectrum	efficacy	and	relatively	low	toxicity	compared	to	other	antibiotic	classes.	However,	antibiotic	resistance	poses	challenges	to	their	continued	effectiveness.	This
article	explores	various	aspects	of	beta-lactam	antibiotics,	including	their	mechanisms,	types,	and	how	bacteria	develop	resistance,	providing	insights	into	current	medical	practices	and	future	considerations.	Mechanism	of	Action	Beta-lactam	antibiotics	target	the	bacterial	cell	wall,	essential	for	maintaining	cell	integrity	and	shape.	The	cell	wall	is
primarily	composed	of	peptidoglycan,	a	polymer	that	provides	mechanical	strength.	Beta-lactams	interfere	with	the	synthesis	of	this	component	by	binding	to	penicillin-binding	proteins	(PBPs),	enzymes	involved	in	the	final	stages	of	peptidoglycan	assembly.	This	binding	inhibits	the	cross-linking	of	peptidoglycan	strands,	leading	to	a	weakened	cell
wall.	As	the	bacterial	cell	attempts	to	grow	and	divide,	the	compromised	cell	wall	cannot	withstand	the	internal	osmotic	pressure,	resulting	in	cell	lysis	and	death.	This	mechanism	is	particularly	effective	against	actively	dividing	bacteria,	as	they	are	constantly	remodeling	their	cell	walls.	The	specificity	of	beta-lactams	for	bacterial	cells,	as	opposed	to
human	cells,	accounts	for	their	relatively	low	toxicity,	making	them	a	preferred	choice	in	many	clinical	settings.	The	effectiveness	of	beta-lactam	antibiotics	is	influenced	by	their	ability	to	reach	and	bind	to	PBPs,	which	can	vary	among	different	bacterial	species.	Some	bacteria	possess	multiple	PBPs	with	varying	affinities	for	beta-lactams,	affecting
the	drug’s	efficacy.	Additionally,	the	outer	membrane	of	Gram-negative	bacteria	can	act	as	a	barrier,	limiting	the	access	of	beta-lactams	to	their	target	sites.	This	necessitates	the	development	of	different	beta-lactam	compounds	to	overcome	such	barriers	and	enhance	antibacterial	activity.	Types	of	Beta-Lactam	Antibiotics	Beta-lactam	antibiotics
encompass	a	diverse	group	of	compounds,	each	with	unique	structural	features	and	antibacterial	spectra.	These	variations	allow	for	targeted	treatment	of	a	wide	range	of	bacterial	infections.	The	primary	classes	include	penicillins,	cephalosporins,	carbapenems,	and	monobactams,	each	offering	distinct	advantages	and	applications	in	clinical	practice.
Penicillins	Penicillins	are	the	earliest	discovered	beta-lactam	antibiotics,	with	penicillin	G	being	the	first	to	be	used	clinically.	They	are	primarily	effective	against	Gram-positive	bacteria,	such	as	Streptococcus	and	Staphylococcus	species.	Over	time,	various	derivatives	have	been	developed	to	enhance	their	spectrum	and	stability,	including	amoxicillin
and	ampicillin,	which	are	effective	against	some	Gram-negative	bacteria.	Resistance	to	penicillins	has	emerged,	often	due	to	the	production	of	beta-lactamase	enzymes	by	bacteria,	which	hydrolyze	the	beta-lactam	ring,	rendering	the	antibiotic	ineffective.	To	counteract	this,	beta-lactamase	inhibitors	like	clavulanic	acid	are	sometimes	combined	with
penicillins	to	restore	their	efficacy.	Cephalosporins	Cephalosporins	are	a	broad	class	of	beta-lactam	antibiotics	developed	over	several	generations,	each	with	expanded	activity	against	a	wider	range	of	bacteria.	The	first-generation	cephalosporins,	such	as	cephalexin,	are	effective	primarily	against	Gram-positive	bacteria.	Subsequent	generations,
including	cefuroxime	and	ceftriaxone,	have	increased	efficacy	against	Gram-negative	organisms	and	are	often	used	to	treat	infections	like	pneumonia	and	urinary	tract	infections.	The	structural	modifications	in	cephalosporins	enhance	their	resistance	to	beta-lactamases,	making	them	a	valuable	option	in	cases	where	penicillin	resistance	is	a	concern.
However,	the	emergence	of	extended-spectrum	beta-lactamases	(ESBLs)	poses	a	challenge,	as	these	enzymes	can	degrade	many	cephalosporins,	necessitating	careful	selection	and	use	in	clinical	settings.	Carbapenems	Carbapenems,	such	as	imipenem	and	meropenem,	are	among	the	most	potent	beta-lactam	antibiotics,	known	for	their	broad-
spectrum	activity	against	both	Gram-positive	and	Gram-negative	bacteria,	including	many	resistant	strains.	They	are	often	reserved	for	severe	or	high-risk	infections,	such	as	those	caused	by	multidrug-resistant	organisms.	Carbapenems	are	structurally	unique,	allowing	them	to	evade	many	beta-lactamases,	including	ESBLs,	which	makes	them
effective	against	bacteria	that	are	resistant	to	other	beta-lactams.	Despite	their	efficacy,	the	rise	of	carbapenem-resistant	Enterobacteriaceae	(CRE)	has	become	a	significant	concern	in	healthcare	settings,	driven	by	the	production	of	carbapenemase	enzymes	that	inactivate	these	drugs.	This	resistance	highlights	the	need	for	ongoing	surveillance	and
the	development	of	new	therapeutic	strategies.	Monobactams	Monobactams,	with	aztreonam	being	the	only	commercially	available	agent,	are	a	unique	class	of	beta-lactam	antibiotics	characterized	by	a	single	beta-lactam	ring.	They	are	specifically	effective	against	aerobic	Gram-negative	bacteria,	including	Pseudomonas	aeruginosa,	making	them
useful	in	treating	infections	where	Gram-negative	pathogens	are	predominant.	Monobactams	are	particularly	valuable	for	patients	with	allergies	to	other	beta-lactams,	as	they	have	a	low	cross-reactivity	with	penicillins	and	cephalosporins.	While	monobactams	are	resistant	to	some	beta-lactamases,	they	are	susceptible	to	others,	such	as	metallo-beta-
lactamases,	which	can	limit	their	effectiveness.	Their	narrow	spectrum	of	activity	necessitates	careful	consideration	of	the	infecting	organism	and	susceptibility	patterns	when	selecting	monobactams	for	treatment.	Resistance	Mechanisms	The	emergence	of	resistance	to	beta-lactam	antibiotics	is	a	growing	concern,	driven	by	the	adaptive	capabilities
of	bacteria	to	survive	in	the	presence	of	these	drugs.	One	primary	mechanism	by	which	bacteria	develop	resistance	is	through	the	modification	of	target	sites.	Bacteria	can	alter	or	acquire	mutations	in	the	genes	encoding	penicillin-binding	proteins	(PBPs),	reducing	the	binding	affinity	of	beta-lactams.	This	alteration	allows	the	bacteria	to	continue
synthesizing	their	cell	walls	despite	the	presence	of	the	antibiotic,	thereby	circumventing	its	intended	effects.	Additionally,	the	efflux	pump	systems	in	bacteria	contribute	significantly	to	resistance.	These	pumps	actively	expel	antibiotics	from	the	bacterial	cell,	decreasing	the	intracellular	concentration	of	the	drug	and	thus	its	efficacy.	Efflux	pumps
can	be	specific	to	certain	antibiotics	or	have	broad-spectrum	activity,	impacting	a	wide	range	of	drugs,	including	beta-lactams.	The	increased	expression	of	efflux	pumps	is	often	a	response	to	selective	pressure	from	antibiotic	exposure,	highlighting	the	importance	of	judicious	use	of	these	medications.	Another	significant	factor	in	resistance	is	the
ability	of	bacteria	to	acquire	resistance	genes	from	other	organisms	through	horizontal	gene	transfer.	This	process	can	occur	via	transformation,	transduction,	or	conjugation,	allowing	bacteria	to	rapidly	disseminate	resistance	traits	within	a	population.	The	acquisition	of	mobile	genetic	elements,	such	as	plasmids	that	carry	beta-lactamase	genes,	can
spread	resistance	across	different	bacterial	species,	exacerbating	the	challenge	of	controlling	resistant	infections.	Class	of	broad-spectrum	antibiotics	β-Lactam	antibioticDrug	classCore	structure	of	penicillins	(top)	and	cephalosporins	(bottom)	the	2	most	common	groups	of	β-lactam	antibiotics	.	β-lactam	ring	in	red.Class	identifiersUseBacterial
infectionATC	codeJ01CBiological	targetPenicillin	binding	proteinExternal	linksMeSHD047090Legal	statusIn	Wikidata	β-Lactam	antibiotics	(beta-lactam	antibiotics)	are	antibiotics	that	contain	a	β-lactam	ring	in	their	chemical	structure.	This	includes	penicillin	derivatives	(penams),	cephalosporins	and	cephamycins	(cephems),	monobactams,
carbapenems[1]	and	carbacephems.[2]	Most	β-lactam	antibiotics	work	by	inhibiting	cell	wall	biosynthesis	in	the	bacterial	organism	and	are	the	most	widely	used	group	of	antibiotics.	Until	2003,	when	measured	by	sales,	more	than	half	of	all	commercially	available	antibiotics	in	use	were	β-lactam	compounds.[3]	The	first	β-lactam	antibiotic	discovered,
penicillin,	was	isolated	from	a	strain	of	Penicillium	rubens	(named	as	Penicillium	notatum	at	the	time).[4][5]	Bacteria	often	develop	resistance	to	β-lactam	antibiotics	by	synthesizing	a	β-lactamase,	an	enzyme	that	attacks	the	β-lactam	ring.	To	overcome	this	resistance,	β-lactam	antibiotics	can	be	given	with	β-lactamase	inhibitors	such	as	clavulanic	acid.
[6]	β-Lactam	antibiotics	are	indicated	for	the	prevention	and	treatment	of	bacterial	infections	caused	by	susceptible	organisms.	At	first,	β-lactam	antibiotics	were	mainly	active	only	against	gram-positive	bacteria,	yet	the	recent	development	of	broad-spectrum	β-lactam	antibiotics	active	against	various	gram-negative	organisms	has	increased	their
usefulness.[citation	needed]	In	uninflamed	(normal)	brain	meninges,	the	penetration	of	beta-lactam	antibiotics	is	low,	at	0.15	of	AUCCSF/AUCS	ratio	(the	ratio	of	area	under	curve	of	cerebrosopinal	fluid	against	area	under	curve	of	serum).[7]	Common	adverse	drug	reactions	for	the	β-lactam	antibiotics	include	diarrhea,	nausea,	rash,	urticaria,
superinfection	(including	candidiasis).[8]	Infrequent	adverse	effects	include	fever,	vomiting,	erythema,	dermatitis,	angioedema,	pseudomembranous	colitis.[8]	Pain	and	inflammation	at	the	injection	site	is	also	common	for	parenterally	administered	β-lactam	antibiotics.[citation	needed]	Immunologically	mediated	adverse	reactions	to	any	β-lactam
antibiotic	may	occur	in	up	to	10%	of	patients	receiving	that	agent	(a	small	fraction	of	which	are	truly	IgE-mediated	allergic	reactions,	see	amoxicillin	rash).	Anaphylaxis	will	occur	in	approximately	0.01%	of	patients.[8][9]	There	is	perhaps	a	5–10%	cross-sensitivity	between	penicillin-derivatives,	cephalosporins,	and	carbapenems;[citation	needed]	but
this	figure	has	been	challenged	by	various	investigators.[who?][citation	needed]	Nevertheless,	the	risk	of	cross-reactivity	is	sufficient	to	warrant	the	contraindication	of	all	β-lactam	antibiotics	in	patients	with	a	history	of	severe	allergic	reactions	(urticaria,	anaphylaxis,	interstitial	nephritis)	to	any	β-lactam	antibiotic.	Rarely,	allergic	reactions	have	been
triggered	by	exposure	from	kissing	and	sexual	contact	with	a	partner	who	is	taking	these	antibiotics.[10]	A	Jarisch–Herxheimer	reaction	may	occur	after	initial	treatment	of	a	spirochetal	infection	such	as	syphilis	with	a	β-lactam	antibiotic.[citation	needed]	Penicillin	and	most	other	β-lactam	antibiotics	act	by	inhibiting	penicillin-binding	proteins,	which
normally	catalyze	cross-linking	of	bacterial	cell	walls.[11]	In	the	absence	of	β-lactam	antibiotics	(left),	the	cell	wall	plays	an	important	role	in	bacterial	reproduction.	Bacteria	attempting	to	grow	and	divide	in	the	presence	of	β-lactam	antibiotics	(right)	fail	to	do	so,	and	instead	shed	their	cell	walls,	forming	osmotically	fragile	spheroplasts.[12]	β-Lactam
antibiotics	are	bactericidal,	and	act	by	inhibiting	the	synthesis	of	the	peptidoglycan	layer	of	bacterial	cell	walls.	The	peptidoglycan	layer	is	important	for	cell	wall	structural	integrity,[6]	especially	in	gram-positive	organisms,	being	the	outermost	and	primary	component	of	the	wall.	The	final	transpeptidation	step	in	the	synthesis	of	the	peptidoglycan	is
facilitated	by	DD-transpeptidases,	also	known	as	penicillin	binding	proteins	(PBPs).	PBPs	vary	in	their	affinity	for	penicillin	and	other	β-lactam	antibiotics.	The	number	of	PBPs	varies	between	bacterial	species.[11]	β-Lactam	antibiotics	are	analogues	of	d-alanyl-d-alanine—the	terminal	amino	acid	residues	on	the	precursor	NAM/NAG-peptide	subunits	of
the	nascent	peptidoglycan	layer.	The	structural	similarity	between	β-lactam	antibiotics	and	d-alanyl-d-alanine	facilitates	their	binding	to	the	active	site	of	PBPs.	The	β-lactam	nucleus	of	the	molecule	irreversibly	binds	to	(acylates)	the	Ser62	residue	of	the	PBP	active	site.	This	irreversible	inhibition	of	the	PBPs	prevents	the	final	crosslinking
(transpeptidation)	of	the	nascent	peptidoglycan	layer,	disrupting	cell	wall	synthesis.[13]	β-Lactam	antibiotics	block	not	only	the	division	of	bacteria,	including	cyanobacteria,	but	also	the	division	of	cyanelles,	the	photosynthetic	organelles	of	the	glaucophytes,	and	the	division	of	chloroplasts	of	bryophytes.	In	contrast,	they	have	no	effect	on	the	plastids
of	the	highly	developed	vascular	plants.	This	is	supporting	the	endosymbiotic	theory	and	indicates	an	evolution	of	plastid	division	in	land	plants.[14]	Under	normal	circumstances,	peptidoglycan	precursors	signal	a	reorganisation	of	the	bacterial	cell	wall	and,	as	a	consequence,	trigger	the	activation	of	autolytic	cell	wall	hydrolases.	Inhibition	of	cross-
linkage	by	β-lactams	causes	a	build-up	of	peptidoglycan	precursors,	which	triggers	the	digestion	of	existing	peptidoglycan	by	autolytic	hydrolases	without	the	production	of	new	peptidoglycan.	As	a	result,	the	bactericidal	action	of	β-lactam	antibiotics	is	further	enhanced.[citation	needed]	Another	possibility	that	has	been	proposed	to	account	for	much
of	the	cytotoxicity	of	β-lactams	focuses	on	the	oxidation	of	the	guanine	nucleotide	in	the	bacterial	nucleotide	pool.[15]	The	incorporation	of	oxidized	guanine	nucleotide	into	DNA	could	cause	cytotoxicity.	Bacterial	cytotoxicity	could	arise	from	incomplete	repair	of	closely	spaced	8-oxo-2'-deoxyguanosine	lesions	in	the	DNA	resulting	in	double-strand
breaks.[15]	See	also:	β-Lactam	reactivity	Two	structural	features	of	β-lactam	antibiotics	have	been	correlated	with	their	antibiotic	potency.[16]	The	first	is	known	as	"Woodward's	parameter",	h,	and	is	the	height	(in	angstroms)	of	the	pyramid	formed	by	the	nitrogen	atom	of	the	β-lactam	as	the	apex	and	the	three	adjacent	carbon	atoms	as	the	base.[17]
The	second	is	called	"Cohen's	parameter",	c,	and	is	the	distance	between	the	carbon	atom	of	the	carboxylate	and	the	oxygen	atom	of	the	β-lactam	carbonyl.[18]	This	distance	is	thought	to	correspond	to	the	distance	between	the	carboxylate-binding	site	and	the	oxyanion	hole	of	the	PBP	enzyme.	The	best	antibiotics	are	those	with	higher	h	values	(more
reactive	to	hydrolysis)	and	lower	c	values	(better	binding	to	PBPs).[16]	By	definition,	all	β-lactam	antibiotics	have	a	β-lactam	ring	in	their	structure.	The	effectiveness	of	these	antibiotics	relies	on	their	ability	to	reach	the	PBP	intact	and	their	ability	to	bind	to	the	PBP.	Hence,	there	are	two	main	modes	of	bacterial	resistance	to	β-lactams:	enzymatic
hydrolysis	of	the	β-lactam	ring	and	possession	of	altered	penicillin-binding	proteins.[citation	needed]	If	the	bacterium	produces	the	enzyme	β-lactamase	or	the	enzyme	penicillinase,	the	enzyme	will	hydrolyse	the	β-lactam	ring	of	the	antibiotic,	rendering	the	antibiotic	ineffective.[19]	(An	example	of	such	an	enzyme	is	New	Delhi	metallo-beta-lactamase
1,	discovered	in	2009.)	The	genes	encoding	these	enzymes	may	be	inherently	present	on	the	bacterial	chromosome	or	may	be	acquired	via	plasmid	transfer	(plasmid-mediated	resistance),	and	β-lactamase	gene	expression	may	be	induced	by	exposure	to	β-lactams.[citation	needed]	Clavulanic	acid	Amoxicillin	The	production	of	a	β-lactamase	by	a
bacterium	does	not	necessarily	rule	out	all	treatment	options	with	β-lactam	antibiotics.	In	some	instances,	β-lactam	antibiotics	may	be	co-administered	with	a	β-lactamase	inhibitor.	For	example,	Augmentin	(FGP)	is	made	of	amoxicillin	(a	β-lactam	antibiotic)	and	clavulanic	acid	(a	β-lactamase	inhibitor).	The	clavulanic	acid	is	designed	to	overwhelm	all
β-lactamase	enzymes,	and	effectively	serve	as	an	antagonist	so	that	the	amoxicillin	is	not	affected	by	the	β-lactamase	enzymes.	Another	β-lactam/β-lactamase	inhibitor	combination	is	piperacillin/tazobactam	with	a	broad	spectrum	of	antibacterial	activity	that	includes	gram-positive	and	-negative	aerobic	and	anaerobic	bacteria.	The	addition	of
tazobactam	to	piperacillin	has	enhanced	its	stability	against	a	wide	range	of	β-lactamase	enzymes	including	some	Extended-Spectrum	β-lactamases.[20]	Other	β-lactamase	inhibitors	such	as	boronic	acids	are	being	studied	in	which	they	irreversibly	bind	to	the	active	site	of	β-lactamases.	This	is	a	benefit	over	clavulanic	acid	and	similar	β-lactam
competitors,	because	they	cannot	be	hydrolysed,	and	therefore	rendered	useless.	Extensive	research	is	currently	being	done	to	develop	tailored	boronic	acids	to	target	different	isozymes	of	beta-lactamases.[21]	However,	in	all	cases	where	infection	with	β-lactamase-producing	bacteria	is	suspected,	the	choice	of	a	suitable	β-lactam	antibiotic	should	be
carefully	considered	prior	to	treatment.	In	particular,	choosing	appropriate	β-lactam	antibiotic	therapy	is	of	utmost	importance	against	organisms	which	harbor	some	level	of	β-lactamase	expression.	In	this	case,	failure	to	use	the	most	appropriate	β-lactam	antibiotic	therapy	at	the	onset	of	treatment	could	result	in	selection	for	bacteria	with	higher
levels	of	β-lactamase	expression,	thereby	making	further	efforts	with	other	β-lactam	antibiotics	more	difficult.[22]	In	the	context	of	medical	pharmacology,	penicillins,	cephalosporins,	and	carbapenems,	while	all	have	the	β-lactam	ring	that	serves	as	the	fundamental	structure,	also	have	an	auxiliary	ring	that	carries	a	carboxylate	group	that	is
positioned	on	the	same	side	as	the	carbonyl	group	within	the	β-lactam	ring,	and,	as	such,	this	structural	configuration	is	critical	to	their	antimicrobial	activity.[23]	Bacterial	resistance	to	these	antibiotics	primarily	occurs	through	the	production	of	β-lactamases,	enzymes	that	hydrolyze	the	amide	bond	of	the	β-lactam	ring,	thereby	eliminating	the
antimicrobial	activity	of	these	antibiotics.	This	resistance	mechanism	underscores	the	importance	of	the	structural	integrity	of	the	β-lactam	ring	for	the	antibiotic's	function.[24]	The	color	change	from	colorless	or	light	yellow	to	amber	or	even	red	in	an	aqueous	solution	of	a	β-lactam	antibiotic	can	denote	β-lactamase	hydrolysis	of	amide	bonds	in	the	β-
lactam	ring.[25][26]	This	is	often	observed	with	a	chromogenic	β-lactamase	substrate	like	ceftriaxone,	merapenem,	or	nitrocefin,[27]	that	undergoes	a	distinctive	color	change	from	yellow	to	red	as	the	amide	bond	in	the	β-lactam	ring	is	hydrolyzed	by	β-lactamase.[27][28]	This	color	change	is	a	visual	indicator	of	the	presence	and	activity	of	β-
lactamase	enzymes,	which	are	responsible	for	conferring	resistance	to	β-lactam	antibiotics	in	many	bacterial	species.	The	hydrolysis	of	the	β-lactam	ring	by	β-lactamase	enzymes	renders	the	antibiotic	ineffective,	thereby	allowing	the	bacteria	to	survive	in	the	presence	of	the	antibiotic.[28]	Some	β-lactam	antibiotics	like	ceftriaxone	and	meropenem	are
known	to	be	relatively	unstable	in	solution,	especially	when	stored	for	extended	periods,	and	degrade	in	an	aqueous	solution	even	without	the	presence	of	β-lactamase.[29]	For	ceftriaxone,	the	color	of	solutions	can	range	from	light	yellow	to	amber,	depending	on	the	length	of	storage,	concentration,	and	diluent	used.[30][31]	A	study	found	that
meropenem	concentrations	dropped	to	90%	of	the	initial	concentration	at	7.4	hours	at	22°C	and	5.7	hours	at	33°C,	indicating	degradation	over	time.[29]	As	a	response	to	the	use	of	β-lactams	to	control	bacterial	infections,	some	bacteria	have	evolved	penicillin	binding	proteins	with	novel	structures.	β-Lactam	antibiotics	cannot	bind	as	effectively	to
these	altered	PBPs,	and,	as	a	result,	the	β-lactams	are	less	effective	at	disrupting	cell	wall	synthesis.	Notable	examples	of	this	mode	of	resistance	include	methicillin-resistant	Staphylococcus	aureus	(MRSA)[32]	and	penicillin-resistant	Streptococcus	pneumoniae.	Altered	PBPs	do	not	necessarily	rule	out	all	treatment	options	with	β-lactam	antibiotics.
[medical	citation	needed]	See	also:	List	of	β-lactam	antibiotics	The	β-lactam	core	structures.	(A)	A	penam.	(B)	A	carbapenam.	(C)	An	oxapenam.	(D)	A	penem.	(E)	A	carbapenem.	(F)	A	monobactam.	(G)	A	cephem.	(H)	A	carbacephem.	(I)	An	oxacephem.	β-Lactams	are	classified	according	to	their	core	ring	structures.[33]	β-Lactams	fused	to	saturated
five-membered	rings:	β-Lactams	containing	thiazolidine	rings	are	named	penams.	β-Lactams	containing	pyrrolidine	rings	are	named	carbapenams.	β-Lactams	fused	to	oxazolidine	rings	are	named	oxapenams	or	clavams.	β-Lactams	fused	to	unsaturated	five-membered	rings:	β-Lactams	containing	2,3-dihydrothiazole	rings	are	named	penems.	β-Lactams
containing	2,3-dihydro-1H-pyrrole	rings	are	named	carbapenems.	β-Lactams	fused	to	unsaturated	six-membered	rings:	β-Lactams	containing	3,6-dihydro-2H-1,3-thiazine	rings	are	named	cephems.	β-Lactams	containing	1,2,3,4-tetrahydropyridine	rings	are	named	carbacephems.	β-Lactams	containing	3,6-dihydro-2H-1,3-oxazine	rings	are	named
oxacephems.	β-Lactams	not	fused	to	any	other	ring	are	named	monobactams.	By	convention,	the	bicyclic	β-lactams	are	numbered	starting	with	the	position	occupied	by	sulfur	in	the	penams	and	cephems,	regardless	of	which	atom	it	is	in	a	given	class.	That	is,	position	1	is	always	adjacent	to	the	β-carbon	of	β-lactam	ring.	The	numbering	continues
clockwise	from	position	one	until	the	β-carbon	of	β-lactam	is	reached,	at	which	point	numbering	continues	counterclockwise	around	the	lactam	ring	to	number	the	remaining	to	carbons.	For	example,	the	nitrogen	atom	of	all	bicyclic	β-lactams	fused	to	five-membered	rings	is	labelled	position	4,	as	it	is	in	penams,	while	in	cephems,	the	nitrogen	is
position	5.[citation	needed]	The	numbering	of	monobactams	follows	that	of	the	IUPAC;	the	nitrogen	atom	is	position	1,	the	carbonyl	carbon	is	2,	the	α-carbon	is	3,	and	the	β-carbon	4.[citation	needed]	To	date,	two	distinct	methods	of	biosynthesizing	the	β-lactam	core	of	this	family	of	antibiotics	have	been	discovered.	The	first	pathway	discovered	was
that	of	the	penams	and	cephems.	This	path	begins	with	a	nonribosomal	peptide	synthetase	(NRPS),	ACV	synthetase	(ACVS),	which	generates	the	linear	tripeptide	δ-(L-α-aminoadipyl)-L-cysteine-D-valine	(ACV).	ACV	is	oxidatively	cyclized	(two	cyclizations	by	a	single	enzyme)	to	bicyclic	intermediate	isopenicillin	N	by	isopenicillin	N	synthase	(IPNS)	to
form	the	penam	core	structure.[34]	Various	transamidations	lead	to	the	different	natural	penicillins.	This	figure	outlines	the	different	methods	of	β-lactam	closure	among	the	various	classes	of	β-lactam	compounds.	Penams	and	cephems	are	cyclized	oxidatively	(first	row);	clavams	and	carbapenems	are	closed	by	ATP-utilizing	amidation	(second	and
third	row);	and	some	monobactams	may	be	closed	by	a	third	method	(fourth	row).	The	biosynthesis	of	cephems	branch	off	at	isopenicillin	N	by	an	oxidative	ring	expansion	to	the	cephem	core.	As	with	the	penams,	the	variety	of	cephalosporins	and	cephamycins	come	from	different	transamidations,	as	is	the	case	for	the	penicillins.[citation	needed]
While	the	ring	closure	in	penams	and	cephems	is	between	positions	1	and	4	of	the	β-lactam	and	is	oxidative,	the	clavams	and	carbapenems	have	their	rings	closed	between	positions	1	and	2	of	the	ring.	β-lactam	synthetases	are	responsible	for	these	cyclizations,	and	the	carboxylate	of	the	open-ring	substrates	is	activated	by	ATP.[35]	In	clavams,	the	β-
lactam	is	formed	prior	to	the	second	ring;	in	carbapenems,	the	β-lactam	ring	is	closed	second	in	sequence.[citation	needed]	The	biosynthesis	of	the	β-lactam	ring	of	tabtoxin	mirrors	that	of	the	clavams	and	carbapenems.	The	closure	of	the	lactam	ring	in	the	other	monobactams,	such	as	sulfazecin	and	the	nocardicins,	may	involve	a	third	mechanism
involving	inversion	of	configuration	at	the	β-carbon.[36]	List	of	β-lactam	antibiotics	ATC	code	J01C	Beta-lactam	antibacterials,	penicillins	ATC	code	J01D	Other	beta-lactam	antibacterials	Bacteria	Cell	wall	Discovery	and	development	of	cephalosporins	History	of	penicillin	Nitrocefin	^	Holten	KB,	Onusko	EM	(August	2000).	"Appropriate	prescribing	of
oral	beta-lactam	antibiotics".	American	Family	Physician.	62	(3):	611–20.	PMID	10950216.	Archived	from	the	original	on	June	6,	2011.	Retrieved	November	8,	2008.	^	Yao,	JDC,	Moellering,	RC	Jr.	(2007).	"Antibacterial	agents".	In	Murray,	PR,	et	al.	(eds.).	Manual	of	Clinical	Microbiology	(9th	ed.).	Washington	D.C.:	ASM	Press.	Cited	in	Non-Penicillin
Beta	Lactam	Drugs:	A	CGMP	Framework	for	Preventing	Cross-Contamination	(Report).	U.S.	Department	of	Health	and	Human	Services;	Food	and	Drug	Administration;	Center	for	Drug	Evaluation	and	Research	(CDER).	April	2013.	Archived	from	the	original	on	December	13,	2019.	Retrieved	May	27,	2019	–	via	US	FDA	website.	^	Elander	RP	(2003).
"Industrial	production	of	β-lactam	antibiotics".	Applied	Microbiology	and	Biotechnology.	61	(5–6):	385–392.	doi:10.1007/s00253-003-1274-y.	PMID	12679848.	S2CID	43996071.	^	Houbraken	J,	Frisvad	JC,	Samson	RA	(2011).	"Fleming's	penicillin	producing	strain	is	not	Penicillium	chrysogenum	but	P.	rubens".	IMA	Fungus.	2	(1):	87–95.
doi:10.5598/imafungus.2011.02.01.12.	PMC	3317369.	PMID	22679592.	^	Pathak	A,	Nowell	RW,	Wilson	CG,	Ryan	MJ,	Barraclough	TG	(September	2020).	"Comparative	genomics	of	Alexander	Fleming's	original	Penicillium	isolate	(IMI	15378)	reveals	sequence	divergence	of	penicillin	synthesis	genes".	Scientific	Reports.	10	(1):	Article	15705.
Bibcode:2020NatSR..1015705P.	doi:10.1038/s41598-020-72584-5.	PMC	7515868.	PMID	32973216.	^	a	b	Pandey	N,	Cascella	M	(2020).	"Beta	lactam	antibiotics".	StatPearls.	PMID	31424895.	Archived	from	the	original	on	December	15,	2020.	Retrieved	May	5,	2020.	^	Nau	R,	Sörgel	F,	Eiffert	H	(October	2010).	"Penetration	of	drugs	through	the	blood-
cerebrospinal	fluid/blood-brain	barrier	for	treatment	of	central	nervous	system	infections".	Clinical	Microbiology	Reviews.	23	(4):	858–83.	doi:10.1128/CMR.00007-10.	PMC	2952976.	PMID	20930076.	^	a	b	c	Rossi	S	(ed.)	(2004).	Australian	Medicines	Handbook	2004.	Adelaide:	Australian	Medicines	Handbook.	ISBN	0-9578521-4-2.	^	Pichichero	ME
(April	2005).	"A	review	of	evidence	supporting	the	American	Academy	of	Pediatrics	recommendation	for	prescribing	cephalosporin	antibiotics	for	penicillin-allergic	patients".	Pediatrics.	115	(4):	1048–57.	doi:10.1542/peds.2004-1276.	PMID	15805383.	S2CID	21246804.	^	Liccardi	G,	Caminati	M,	Senna	G,	Calzetta	L,	Rogliani	P	(October	2017).
"Anaphylaxis	and	intimate	behaviour".	Current	Opinion	in	Allergy	and	Clinical	Immunology.	17	(5):	350–355.	doi:10.1097/ACI.0000000000000386.	ISSN	1473-6322.	PMID	28742538.	S2CID	13925217.	Archived	from	the	original	on	April	25,	2023.	Retrieved	February	27,	2021.	^	a	b	Miyachiro	MM,	Contreras-Martel	C,	Dessen	A	(2019).	"Penicillin-
Binding	Proteins	(PBPS)	and	Bacterial	Cell	Wall	Elongation	Complexes".	Macromolecular	Protein	Complexes	II:	Structure	and	Function.	Subcellular	Biochemistry.	Vol.	93.	pp.	273–289.	doi:10.1007/978-3-030-28151-9_8.	ISBN	978-3-030-28150-2.	PMID	31939154.	S2CID	210814189.	^	Cushnie	TP,	O'Driscoll	NH,	Lamb	AJ	(2016).	"Morphological	and
ultrastructural	changes	in	bacterial	cells	as	an	indicator	of	antibacterial	mechanism	of	action".	Cellular	and	Molecular	Life	Sciences.	73	(23):	4471–4492.	doi:10.1007/s00018-016-2302-2.	hdl:10059/2129.	PMC	11108400.	PMID	27392605.	S2CID	2065821.	Archived	from	the	original	on	October	7,	2017.	Retrieved	May	5,	2020.	^	Fisher	JF,	Meroueh	SO,
Mobashery	S	(2005).	"Bacterial	resistance	to	β-lactam	antibiotics:	compelling	opportunism,	compelling	opportunity".	Chemical	Reviews.	105	(2):	395–424.	doi:10.1021/cr030102i.	PMID	15700950.	^	Kasten	B,	Reski	R	(January	1,	1997).	"β-Lactam	antibiotics	inhibit	chloroplast	division	in	a	moss	(Physcomitrella	patens)	but	not	in	tomato	(Lycopersicon
esculentum)".	Journal	of	Plant	Physiology.	150	(1):	137–140.	Bibcode:1997JPPhy.150..137K.	doi:10.1016/S0176-1617(97)80193-9.	^	a	b	Foti	JJ,	Devadoss	B,	Winkler	JA,	Collins	JJ,	Walker	GC	(April	20,	2012).	"Oxidation	of	the	guanine	nucleotide	pool	underlies	cell	death	by	bactericidal	antibiotics".	Science.	336	(6079):	315–319.
Bibcode:2012Sci...336..315F.	doi:10.1126/science.1219192.	PMC	3357493.	PMID	22517853.	^	a	b	Nangia	A,	Biradha	K,	Desiraju	GR	(1996).	"Correlation	of	biological	activity	in	β-lactam	antibiotics	with	Woodward	and	Cohen	structural	parameters—a	Cambridge	database	study".	Journal	of	the	Chemical	Society,	Perkin	Transactions	2	(5):	943–953.
doi:10.1039/p29960000943.	ISSN	1364-5471.	^	Woodward	RB	(May	16,	1980).	"Penems	and	related	substances".	Philosophical	Transactions	of	the	Royal	Society	of	London	B:	Biological	Sciences.	289	(1036):	239–250.	Bibcode:1980RSPTB.289..239W.	doi:10.1098/rstb.1980.0042.	ISSN	0962-8436.	PMID	6109320.	^	Cohen	NC	(February	1,	1983).
".beta.-Lactam	antibiotics:	geometrical	requirements	for	antibacterial	activities".	Journal	of	Medicinal	Chemistry.	26	(2):	259–264.	doi:10.1021/jm00356a027.	ISSN	0022-2623.	PMID	6827544.	^	Drawz	SM,	Bonomo	RA	(2010).	"Three	decades	of	β-lactamase	inhibitors".	Clinical	Microbiology	Reviews.	23	(1):	160–201.	doi:10.1128/CMR.00037-09.
PMC	2806661.	PMID	20065329.	^	Gin	A,	Dilay	L,	Karlowsky	JA,	Walkty	A,	Rubinstein	E,	Zhanel	GG	(June	2007).	"Piperacillin–tazobactam:	a	β-lactam/β-lactamase	inhibitor	combination".	Expert	Review	of	Anti-infective	Therapy.	5	(3):	365–383.	doi:10.1586/14787210.5.3.365.	ISSN	1478-7210.	PMID	17547502.	S2CID	68837323.	^	Leonard	DA,	Bonomo
RA,	Powers	RA	(November	19,	2013).	"Class	D	β-Lactamases:	a	reappraisal	after	five	decades".	Accounts	of	Chemical	Research.	46	(11):	2407–2415.	doi:10.1021/ar300327a.	ISSN	0001-4842.	PMC	4018812.	PMID	23902256.	^	Macdougall	C	(2011).	"Beyond	susceptible	and	resistant	Part	I:	treatment	of	infections	due	to	Gram-negative	organisms	with
inducible	B-lactamases".	Journal	of	Pediatric	Pharmacology	and	Therapeutics.	16	(1):	23–30.	doi:10.5863/1551-6776-16.1.23.	PMC	3136230.	PMID	22477821.	^	Kim	D,	Kim	S,	Kwon	Y,	Kim	Y,	Park	H,	Kwak	K,	Lee	H,	Lee	JH,	Jang	KM,	Kim	D,	Lee	SH,	Kang	LW	(March	2023).	"Structural	Insights	for	β-Lactam	Antibiotics".	Biomol	Ther	(Seoul).	31	(2):
141–147.	doi:10.4062/biomolther.2023.008.	PMC	9970833.	PMID	36788654.	^	Ahmadvand	P,	Avillan	JJ,	Lewis	JA,	Call	DR,	Kang	C	(May	2022).	"Characterization	of	Interactions	between	CTX-M-15	and	Clavulanic	Acid,	Desfuroylceftiofur,	Ceftiofur,	Ampicillin,	and	Nitrocefin".	Int	J	Mol	Sci.	23	(9):	5229.	doi:10.3390/ijms23095229.	PMC	9100253.
PMID	35563620.	^	"Archived	copy"	(PDF).	Archived	from	the	original	(PDF)	on	February	16,	2022.	Retrieved	February	22,	2024.{{cite	web}}:	CS1	maint:	archived	copy	as	title	(link)	^	Christenson	JC,	Korgenski	EK	(2008).	"Laboratory	Diagnosis	of	Infection	Due	to	Bacteria,	Fungi,	Parasites,	and	Rickettsiae".	Principles	and	Practice	of	Pediatric
Infectious	Disease.	W.B.	Saunders.	pp.	1341–1352.	doi:10.1016/B978-0-7020-3468-8.50292-3.	ISBN	978-0-7020-3468-8.	^	a	b	"Archived	copy".	Archived	from	the	original	on	February	22,	2024.	Retrieved	February	22,	2024.{{cite	web}}:	CS1	maint:	archived	copy	as	title	(link)	^	a	b	Palzkill	T	(January	2013).	"Metallo-β-lactamase	structure	and
function".	Ann	N	Y	Acad	Sci.	1277	(1):	91–104.	Bibcode:2013NYASA1277...91P.	doi:10.1111/j.1749-6632.2012.06796.x.	PMC	3970115.	PMID	23163348.	^	a	b	Fawaz	S,	Barton	S,	Whitney	L,	Swinden	J,	Nabhani-Gebara	S	(2019).	"Stability	of	Meropenem	After	Reconstitution	for	Administration	by	Prolonged	Infusion".	Hospital	Pharmacy.	54	(3):	190–
196.	doi:10.1177/0018578718779009.	PMC	6535930.	PMID	31205331.	Archived	from	the	original	on	February	27,	2024.	Retrieved	February	22,	2024.	^	"Ceftriaxone:	Package	Insert".	Archived	from	the	original	on	April	2,	2023.	^	"ROCEPHIN	for	Injection	Package	Insert"	(PDF).	accessdata.fda.gov.	Roche	Pharmaceuticals.	Archived	(PDF)	from	the
original	on	February	22,	2024.	^	Ubukata	K,	Nonoguchi	R,	Matsuhashi	M,	Konno	M	(1989).	"Expression	and	inducibility	in	Staphylococcus	aureus	of	the	mecA	gene,	which	encodes	a	methicillin-resistant	S.	aureus-specific	penicillin-binding	protein".	Journal	of	Bacteriology.	171	(5):	2882–5.	doi:10.1128/jb.171.5.2882-2885.1989.	PMC	209980.
PMID	2708325.	^	Dalhoff	A,	Janjic	N,	Echols	R	(2006).	"Redefining	penems".	Biochemical	Pharmacology.	71	(7):	1085–1095.	doi:10.1016/j.bcp.2005.12.003.	PMID	16413506.	^	Lundberg	M,	Siegbahn	PE,	Morokuma	K	(2008).	"The	mechanism	for	isopenicillin	N	synthase	from	density-functional	modeling	highlights	the	similarities	with	other	enzymes	in
the	2-His-1-carboxylate	family".	Biochemistry.	47	(3):	1031–1042.	doi:10.1021/bi701577q.	PMID	18163649.	Archived	from	the	original	on	September	22,	2017.	Retrieved	October	28,	2017.	^	Bachmann	BO,	Li	R,	Townsend	CA	(1998).	"β-lactam	synthetase:	a	new	biosynthetic	enzyme".	Proceedings	of	the	National	Academy	of	Sciences	of	the	United
States	of	America.	95	(16):	9082–9086.	Bibcode:1998PNAS...95.9082B.	doi:10.1073/pnas.95.16.9082.	PMC	21295.	PMID	9689037.	^	Townsend	CA,	Brown	AM,	Nguyen	LT	(1983).	"Nocardicin	A:	stereochemical	and	biomimetic	studies	of	monocyclic	β-lactam	formation".	Journal	of	the	American	Chemical	Society.	105	(4):	919–927.
doi:10.1021/ja00342a047.	Retrieved	from	"	Beta-lactam	antibiotics	are	used	in	the	management	and	treatment	of	bacterial	infections.	This	activity	will	highlight	the	mechanism	of	action,	adverse	event	profile,	and	other	key	factors	(e.g.,	off-label	uses,	dosing,	pharmacodynamics,	pharmacokinetics,	monitoring,	relevant	interactions)	pertinent	for
members	of	an	interprofessional	healthcare	team	in	the	treatment	of	patients.	Objectives:	Identify	the	mechanism	of	action	of	beta-lactam	antibiotics.Describe	the	possible	adverse	effects	of	beta-lactam	antibiotics.Outline	the	appropriate	monitoring	of	patients	taking	beta-lactam	antibiotics.Summarize	interprofessional	team	strategies	for	improving
care	coordination	and	communication	to	advance	beta-lactam	antibiotics	and	improve	outcomes.	Access	free	multiple	choice	questions	on	this	topic.	Beta-lactam	antibiotics	are	one	of	the	most	commonly	prescribed	drug	classes	with	numerous	clinical	indications.	Their	advent	starting	from	the	30s	of	the	twentieth	century	drastically	changed	the	fight
against	bacterial	infectious	diseases.	Nowadays,	it	has	been	calculated	that	the	annual	expenditure	for	these	antibiotics	amounts	to	approximately	$15	billion	USD,	and	it	makes	up	65%	of	the	total	antibiotics	market.[1]	Their	use,	however,	clashes	with	the	worrying	phenomenon	of	antimicrobial	resistance	remains,	which	represents	a	global	health
issue.From	a	biochemical	point	of	view,	these	drugs	have	a	common	feature,	which	is	the	3-carbon	and	1-nitrogen	ring	(beta-lactam	ring)	that	is	highly	reactive.	This	class	includes:Penicillins.	These	antibiotics	(most	of	which	end	in	the	suffix	-cillin)	contain	a	nucleus	of	6-animopenicillanic	acid	(lactam	plus	thiazolidine)	ring	and	other	ringside	chains.
The	group	includes	natural	penicillins,	beta-lactamase-resistant	agents,	aminopenicillins,	carboxypenicillins,	and	ureidopenicillins.Cephalosporins.	They	contain	a	7-aminocephalosporanic	acid	nucleus	and	side-chain	containing	3,6-dihydro-2	H-1,3-	thiazane	rings.	Cephalosporins	are	traditionally	divided	into	five	classes	or	generations,	although
acceptance	of	this	terminology	is	not	universal.	Carbapenems.	Their	defining	structure	is	a	carbapenem	coupled	to	a	beta-lactam	ring	that	confers	protection	against	most	beta-lactamases,	although	resistance	to	these	compounds	is	a	significant	issue	and	occurs	mainly	among	gram-negative	pathogens	(e.g.,	Klebsiella	pneumoniae,	Pseudomonas
aeruginosa,	and	Acinetobacter	baumannii),	which	produce	different	classes	of	beta-lactamases	termed	as	carbapenemase.	Monobactams.	The	beta-lactam	ring	stands	alone	and	not	fused	to	another	ring.Beta-lactamase	inhibitors.	They	work	primarily	by	inactivating	serine	beta-lactamases,	which	are	enzymes	that	hydrolyze	and	inactivate	the	beta-
lactam	ring	(especially	in	gram-negative	bacteria).	These	agents	include	the	first-generation	beta-lactamase	inhibitors	(clavulanic	acid,	sulbactam,	and	tazobactam)	and	the	newer	avibactam	and	vaborbactam	that	are	active	against	carbapenemase	such	as	Klebsiella	pneumoniae	carbapenemase	(KPC).	Mechanism	of	Resistance	Resistance	to	beta-
lactams	is	an	alarming	and	growing	phenomenon	and,	in	turn,	a	public	health	challenge.	It	concerns,	above	all,	Streptococcus	pneumoniae	and	individual	gram-negative	bacilli	such	as	Pseudomonas	aeruginosa.	With	emerging	resistance	for	antibiotics,	it	makes	sense	to	look	into	mechanisms	of	resistance	as	it	can	help	decide	which	drugs	to	prescribe
in	different	scenarios	and	ways	to	overcome	the	same.	Although	bacterial	resistance	to	beta-lactams	mostly	expresses	through	the	production	of	beta-lactamases,	other	mechanisms	are	involved.	Following	are	the	mechanisms	of	resistance[2]:Inactivation	by	the	production	of	beta-lactamases	Decreased	penetration	to	the	target	site	(e.g.,	the
resistance	of	Pseudomonas	aeruginosa	Alteration	of	target	site	PBPs	(e.g.,	penicillin	resistance	in	pneumococci)Efflux	from	the	periplasmic	space	through	specific	pumping	mechanisms	Indications	For	Beta-Lactam	Antibiotics	The	indications	for	using	the	beta-lactam	antibiotics	are	many	and	vary	according	to	the	subclass	considered[3]	Penicillins
Natural	penicillins	[penicillin	G	(IV),	penicillin	V	(PO)]	are	used	to	treat	selected	gram-positive	and	gram-negative	infections:Penicillin	susceptible	Streptococcus	pneumonia	and	meningitisStreptococcal	pharyngitisEndocarditisSkin	and	soft	tissue	infectionsNeisseria	meningitides	infectionsSyphilis	Beta-lactamase-resistant	Agents	These	agents
[oxacillin	(IV),	nafcillin	(IV),	dicloxacillin	(PO)]	are	active	against	gram-positive	organisms.	Despite	the	occurrence	of	widespread	resistance	among	staphylococci,	they	remain	antibiotics	of	choice	in	managing	methicillin-susceptible	staphylococci	(MSSA):Skin	and	soft	tissue	infections	(MSSA)Serious	infections	due	to	MSSA	Aminopenicillins	These
antibiotics	have	activity	against	gram-positive	and	gram-negative	bacteria	(e.g.,	many	Enterobacteriaceae)	anaerobic	organisms.	They	are	commonly	used	together	with	beta-lactamase	inhibitors.Amoxicillin	(PO),	ampicillin	(PO/IV):Upper	respiratory	tract	infections	(sinusitis,	pharyngitis,	otitis	media)Enterococcus	faecalis	infectionsListeria
infectionsAminopenicillins/beta-lactamase	inhibitors:	amoxicillin/clavulanate	(PO),	ampicillin-sulbactam	(IV)Upper	respiratory	tract	infections	(sinusitis,	otitis	media)Intra-abdominal	infections	Ureidopenicillins	Piperacillin	(ureidopenicillin)	has	activity	against	aminopenicillin-resistant	gram-negative	bacilli	(Pseudomonas	aeruginosa).	They	are
commonly	combined	with	beta-lactamase	inhibitors.	Cephalosporins	First-generation	cephalosporins	Cefazolin(IV),	cephalexin	(PO),	cefadroxil	(PO)Skin	and	soft	tissue	infections	serious	infections	due	to	MSSA	Perioperative	surgical	prophylaxis	Second-generation	cephalosporins	Cefuroxime	(IV/PO),	cefoxitin	(IV),	cefotetan	(IV),	cefaclor	(PO)	cefprozil
(PO)Upper	respiratory	tract	infections	(sinusitis,	otitis	media)Cefoxitin,	cefotetan-gynecologic	infections,perioperative	surgical	prophylaxis	Third-generation	cephalosporins	Cefotaxime	(IV),	ceftriaxone	(IV),	cefpodoxime	(PO),	cefixime	(PO),	cefdinir	(PO),	cefditoren	(PO),	ceftibuten	(PO)Community-acquired	pneumonia,	meningitisUrinary	tract
infectionsStreptococcal	endocarditisGonorrheaSevere	Lyme	disease.	Anti-pseudomonal	Cephalosporins	Ceftazidime	(IV),	ceftazidime/avibactam	(IV),	cefepime	(IV)	[Fourth-generation],	ceftolozone/tazobactam	(IV)	[also	been	described	as	"fifth-generation"]Nosocomial	infections-pneumoniaMeningitisComplicated	Intra-abdominal	Infections	(cIAI)
[ceftazolone	plus	beta-lactamase	inhibitor]Complicated	Urinary	Tract	Infections	(cUTI)	[ceftazolone	plus	beta-lactamase	inhibitor]	Anti-Methicillin-resistant	Staphylococcus	aureus	(MRSA)	cephalosporins	Ceftaroline	(IV),	ceftobiprole	(IV)	[Also	been	described	as	"fifth-generation"]	Community-acquired	pneumoniaHospital-acquired	pneumonia
(excluding	ventilator-acquired	pneumonia)Skin	and	soft	tissue	infection	Carbapenems	Imipenem/cilastatin	(IV),	meropenem	(IV),	doripenem	(IV)Nosocomial	infections-pneumonia,	intra-abdominal	infections,	urinary	tract	infectionsMeningitis	(especially	meropenem)						Ertapenem	(IV)Community-acquired	infectionsNosocomial	infections.
Monobactams	Aztreonam	(IV).	It	is	effective	only	against	aerobic	gram-negative	organisms	but	shows	no	activity	against	gram-positive	bacteria	or	anaerobes.Nosocomial	infections,	e.g.,	pneumoniaUrinary	tract	infections				Because	the	emergence	of	antimicrobial	resistance	has	become	a	progressively	great	concern,	new	beta-lactam	and	beta-
lactamase	inhibitor	combinations	(ceftolozane/tazobactam,	ceftazidime/avibactam,	meropenem/vaborbactam,	imipenem/cilastatin/relebactam,	aztreonam/avibactam),	siderophore-conjugated	cephalosporins	(cefiderocol),	and	siderophore-conjugated	monobactams	have	been	developed	and	represent	options	for	the	management	of	complicated
infections,	especially	in	the	intensive	care	unit.[4][5]Peptidoglycan	or	murein	is	a	vital	constituent	of	the	bacterial	cell	wall	that	provides	mechanical	stability	to	it.	It	is	an	extremely	conserved	constituent	of	both	the	gram-positive	and	gram-negative	envelopes.	Nevertheless,	peptidoglycan	is	a	thick	structure	in	gram-positive	bacteria	(≥10	layers),
while	it	is	thin	(one	or	two	layers)	in	gram-negative	ones.	Concerning	its	structure,	peptidoglycan	is	composed	of	glycan	chains	made	of	N-acetylglucosamine	and	N-acetylmuramic	acid	di​saccharide	subunits;	the	N-acetylmuramic	part	is	linked	to	highly	conserved	pentapeptide	or	tetrapeptide	stems	(l-alanine–d-isoglutamine–l-lysine–d-alanine–[d-
alanine].The	beta-lactam	antibiotics	inhibit	the	last	step	in	peptidoglycan	synthesis	by	acylating	the	transpeptidase	involved	in	cross-linking	peptides	to	form	peptidoglycan.	The	targets	for	the	actions	of	beta-lactam	antibiotics	are	known	as	penicillin-binding	proteins	(PBPs).	This	binding,	in	turn,	interrupts	the	terminal	transpeptidation	process	and
induces	loss	of	viability	and	lysis,	also	through	autolytic	processes	within	the	bacterial	cell.[6]	When	administered	orally,	one	must	consider	that	food	can	affect	oral	absorption.	Moreover,	the	absorption	of	some	molecules	such	as	cefuroxime	and	cefpodoxime	becomes	decreased	by	H2	blockers	or	nonabsorbable	antacids.	The	administration	of	these
agents	can	be	through	different	routes.Penicillin	V	is	preferable	for	oral	administration,	given	30	min	before	the	meal	or	2	hours	after.Penicillin	G	is	available	in	2	parenteral	preparations:	benzathine	and	procaine.Penicillin	G	benzathine	dosing	is	once	monthly	as	it	has	a	longer	half-life.Penicillin	G	procaine	is	given	once	daily	due	to	a	shorter	half-
life.Neither	should	be	administered	intravenously	to	avoid	serious	toxicity.Penicillinase-resistant	penicillins	(oxacillin,	cloxacillin,	and	dicloxacillin)	are	available	in	oral	and	parenteral	preparations.Aminopenicillins:	ampicillin	and	amoxicillin	are	available	in	both	oral	and	parenteral	preparations,	though	amoxicillin	is	preferred	orally.Antipseudomonal
penicillins:	piperacillin	is	only	available	for	parenteral	administration.Most	cephalosporins	are	absorbed	readily	after	oral	administration;	the	administration	of	others	can	be	intramuscularly	or	intravenously.	Because	beta-lactam	antibiotics	demonstrate	a	time-dependent	effect	on	bacterial	eradication	(the	duration	that	the	pathogen	is	exposed	to	the
antibiotic	is	crucial	for	bacterial	eradication),	their	continuous	infusions	may	have	advantages	over	standard	intermittent	bolus	dosing.	This	therapeutic	approach	is	particularly	effective,	especially	when	pathogens	present	higher	minimum	inhibitory	concentrations	(MIC).[7]	Thus,	the	time	free	drug	concentrations	remain	above	the	MIC	(fT>MIC)
becomes	a	better	predictor	of	killing.Compared	to	other	classes,	beta-lactam	agents	are	usually	safe	and	well-tolerated.[8]	The	most	frequent	side	effects	are	allergic	reactions	that	vary	from	0.7%	to	10%.	These	reactions	may	occur	with	any	dosage	form	of	penicillin	and	are	mostly	maculopapular	rashes,	whereas	reports	of	anaphylaxis	appear	in
0.004	to	0.015%	of	patients.[9]	Apart	from	allergic	reactions,	beta-lactams	can	induce	other	side	effects.	In	particular,	these	are:Penicillin	G	and	piperacillin	are	also	associated	with	impaired	hemostasis	due	to	defective	platelet	aggregation.An	IV	injection	of	benzathine	penicillin	G	has	correlations	with	cardiorespiratory	arrest	and
death.Cephalosporins	carry	associations	with	rare	instances	of	bone	marrow	depression,	including	granulocytopenia.Some	cephalosporins	are	potentially	nephrotoxic	and	correlate	with	renal	tubular	necrosis.	Ceftriaxone	can	cause	jaundice	in	neonates	by	displacing	bilirubin	from	albumin.It	can	also	lead	to	biliary	pseudolithiasis	due	to	its	high
affinity	for	biliary	calcium.Cefepime	correlates	with	encephalopathy	and	nonconvulsive	status	epilepticus	at	high	doses	or	in	patients	with	renal	dysfunction.Imipenem	is	associated	with	seizures	when	given	in	high	doses	to	patients	with	CNS	lesions	or	renal	insufficiency.[10]Penicillins	are	contraindicated	in	patients	with	previous	anaphylactic
reactions	or	serious	skin	reactions,	for	example,	Stevens-Johnson	syndrome	and	toxic	epidermal	necrosis.[8]Most	of	the	available	penicillins	have	a	short	half-life,	less	than	an	hour	mostly.	Administration	of	the	parenteral	agents	is	every	four	hours,	usually	when	treating	serious	systemic	infections	with	normal	renal	function.	Piperacillin	and	ampicillin
require	dose	adjustment	when	given	in	patients	with	renal	insufficiency	(GFR	less	than	10	ml/min).	Other	agents	like	nafcillin,	oxacillin,	cloxacillin,	and	dicloxacillin	have	the	hepato-biliary	mode	of	excretion	and	therefore	require	no	modification	in	renal	impairment.All	penicillins	achieve	therapeutic	levels	in	pleural,	pericardial,	peritoneal,	synovial
fluids,	and	urine.	Of	note,	cerebrospinal	fluid	(CSF)	penetration	is	poor	in	the	absence	of	inflammation	but	achieves	therapeutic	levels	in	meningitis.[11]Penicillins	are	the	most	commonly	used	broad-spectrum	antibiotics	by	many	clinicians,	including	primary	care	providers,	internists,	infectious	disease	experts,	and	nurse	practitioners.	Within	the
subgroups	of	penicillins,	there	are	differences	between	the	antibiotics	in	pharmacokinetics,	coverage,	safety,	and	cost,	which	gives	a	fair	amount	of	choice	to	make	in	selecting	which	drug	to	use.[12]Their	use	still	requires	the	coordination	of	an	interprofessional	team.	The	clinicians	above	will	be	ordering/prescribing,	but	nursing	will	often	administer
(inpatient)	or	counsel	on	administration	(outpatient).		Pharmacists	need	to	involve	themselves	via	medication	reconciliation,	looking	for	interactions,	and	reinforcing	administration	instructions.	Nurses	will	often	be	the	first	line	of	contact	in	the	event	of	adverse	events	and	are	also	well-positioned	to	evaluate	therapeutic	effectiveness.	Pharmacists	shall
verify	dosing	and	duration	of	therapy	and	contact	the	prescriber	on	encountering	any	discrepancy.	All	healthcare	team	members	need	to	be	mindful	of	anaphylactic	reactions	to	beta-lactam	agents	and	the	potential	for	crossover	allergies	and	communicate	these	to	the	team	when	present.Although	beta-lactams	use	is	very	common,	their	effective
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structure.	This	ring	mimics	the	shape	of	the	terminal	D-Ala-D-Ala	peptide	sequence	that	serves	as	the	substrate	for	cell	wall	transpeptidases.	At	present,	there	are	four	major	beta-lactam	subgroups.Molecular	structure	of	common	beta-lactam	antibioticsBeta-lactam	subgroupsExamplesPenicillinsPenicillin,	Ampicillin,
PiperacillinCephalosporinsCefazolin,	Cefotaxime,	Ceftriaxone,	Ceftazidime,	CefepimeMonobactamsAztreonamCarbapenemsImipenem,	MeropenemThe	beta-lactam	ring	is	key	to	the	mode	of	action	of	these	drugs	that	target	and	inhibit	cell	wall	synthesis	by	binding	the	enzymes	involved	in	the	synthesis.	These	enzymes	are	anchored	in	the	cell
membrane	and	as	a	group	is	referred	to	as	penicillin-binding	proteins	(PBPs).	Bacterial	species	may	contain	between	4-6	different	types	of	PBPs.	The	PBPs	involved	in	cell	wall	cross-linking	(i.e.,transpeptidases)	are	often	the	most	critical	for	survival.The	4-member	ring	of	beta-lactam	antibiotics	gives	these	compounds	a	three-dimensional	shape	that
mimics	the	D-Ala-D-Ala	peptide	terminus	that	serves	as	the	natural	substrate	for	transpeptidase	activity	during	cell	wall	peptidoglycan	synthesis.	Tight	binding	of	these	beta-lactam	drugs	to	the	transpeptidase	active	site	inhibits	cell	wall	synthesis.	Death	results	from	osmotic	instability	caused	by	faulty	cell	wall	synthesis,	or	the	binding	of	the	beta-
lactam	to	PBP	may	trigger	a	series	of	events	that	lead	to	autolysis	and	death	of	the	cell.Mechanism	of	action	of	beta-lactam	antibioticsBeta-lactam	agents	are	active	against	both	gram-positive	and	gram-negative	bacteria	but	effectiveness	varies	owing	to	structural	differences	in	cell-wall	structure	(e.g.,	the	outer	membrane	present	in	gram-negative
but	not	gram-positive	bacteria)	and	PBP	content.Three	pathways	play	an	important	role	to	confer	resistance	to	beta-lactams.	They	are;	enzymatic	destruction	of	the	antibiotics,	altered	antibiotic	targets,	or	decreased	uptake	of	the	drug.Resistance	pathwaySpecific	mechanismExamplesEnzymatic	destruction	of	antibioticsβ-lactamase	enzymes	destroy	β-
lactam	ring	so	the	antibiotic	cannot	bind	to	penicillin-binding	protein	(PBP)	and	interfere	with	cell	wall	synthesisStaphylococcal	resistance	to	penicillin.	Resistance	of	Enterobacteriaceae	and	Pseudomonas	aeruginosa	to	several	penicillins,	cephalosporins,	and	aztreonam.Altered	targetMutational	changes	in	original	PBPs	or	acquisition	of	different	PBPs
that	do	not	bind	β-lactams	sufficiently	to	inhibit	cell	wall	synthesisStaphylococcal	resistance	to	methicillin	and	other	available	β-lactams.	Penicillin	and	cephalosporin	resistance	in	Streptococcus	pneumoniae	and	viridans	streptococci.Decreased	uptakePorin	channels	(through	which	β-lactams	cross	the	outer	membrane	to	reach	PBP	of	gram-negative
bacteria)	change	in	number	or	character	so	that	β-lactam	uptake	is	substantially	diminished.Pseudomonas	aeruginosa	resistance	to	imipenem.Hydrolysis	of	penicillins	&	cephalosporin	antibiotics	by	β-lactamaseDestruction	of	beta-lactams	by	beta-lactamase	enzyme-producing	bacteria	is	by	far	the	most	important	method	of	resistance.	Beta-lactamases
open	the	beta-lactam	ring	and	the	altered	structure	of	the	drug	can	no	longer	bind	to	PBPs	and	is	no	longer	to	inhibit	cell	wall	synthesis.	But	not	all	β-lactams	are	susceptible	to	hydrolysis	by	every	β-lactamase.	For	example,	staphylococcal	beta-lactamase	can	readily	hydrolyze	penicillin	and	penicillin	derivative	but	fails	to	hydrolyze	many
cephalosporins	and	imipenem.Do	you	know?Both	gram-positive	and	gram-negative	bacteria	produce	β-lactamase.	β-lactamases	produced	by	gram-positive	bacteria	are	secreted	into	the	surrounding	environment	but	that	of	gram-negative	bacteria	remains	in	the	periplasmic	space.The	organisms	change	or	acquire	a	gene	that	code	for	altered	PBPs.	β-
lactams	lack	sufficient	affinity	for	the	altered	PBP,	thus	can	not	prevent	their	function	(i.e.	cell	wall	synthesis	continues	even	in	the	presence	of	antibiotics.	For	example,	methicillin-resistant	Staphylococcus	aureus	(MRSA)	developed	resistance	to	methicillin	and	all	other	β-lactams	using	this	mechanism.β-lactam	resistance	mechanisms	of	gram-positive
and	gram-negative	bacteria.Image	source	(Bailey	&	Scott’s	Diagnostic	Microbiology)Decreased	uptake	of	the	drug	contributes	significantly	to	β-lactam	resistance	in	gram-negative	bacteria.	This	happens	because	of	the	changes	in	the	number,	or	characteristics	of	the	outer	membrane	porins	(through	which	β-lactams	reach	to	inner	peptidoglycan	layer
of	gram-negative	bacteria).	E.g.	Pseudomonas	aeruginosa	resistance	to	imipenem.Protecting	beta-lactam	ring	from	beta-lactamases	by	molecular	alterations	of	beta-lactam	rig.	For	example,	methicillin	and	oxacillin	which	are	close	molecular	derivatives	of	penicillin	are	resistant	to	staphylococcal	β-lactamase.Combining	beta-lactamase	inhibitors	and
beta-lactam	with	antimicrobial	activity.	Beta-lactam	combination	compromised	of	a	β-lactam	with	antimicrobial	activity	(e.g.,	ampicillin,	amoxicillin,	piperacillin)	and	a	β-lactam	without	antimicrobial	activity	but	is	capable	of	binding	and	inhibiting	β-lactamases	(e.g.,	sulbactam,	clavulanate,	tazobactam).	The	β-lactamase	inhibitor	avidly	and	irreversibly
binds	to	the	β-lactamase	and	renders	the	enzyme	incapable	of	hydrolysis,	thus	allowing	another	β-lactam	(β-lactamase	susceptible	beta-lactam)	to	exert	its	antimicrobial	effect.	Examples	of	these	beta-lactam	combinations	includeampicillin/sulbactamamoxicillin/clavulanate	and,piperacillin/tazobactam.Such	combinations	are	only	effective	against
organisms	that	produce	β-lactamases	that	are	bound	by	the	inhibitor;	they	have	little	effect	on	the	resistance	that	is	mediated	by	altered	PBPs.Challenging	the	bacteria	with	antimicrobial	having	a	different	mechanism	of	action.	For	example	use	of	vancomycin	(non-beta-lactam	agent)	for	MRSA.link	to	Martin	Lewis	Agar:	Principle,	Composition,	and
Useslink	to	Hematopoiesis:	Stages,	Sites,	and	Its	Regulation		You	are	here:	Urology	Textbook	>	Drugs	in	Urology	>	Beta-lactam	antibiotics	β-lactam	antibiotics	contain	a	four-membered	lactam	ring	(three	C	and	1	N)	and	a	variable	chemical	residue.	Mechanism	of	Action	β-lactam	antibiotics	inhibit	the	peptidoglycan	synthesis	of	the	bacterial	wall:	they
bind	to	so-called	penicillin-binding	proteins	(peptidoglycan	synthetases)	and	thereby	inhibit	the	polymerization	of	the	peptidoglycan	and	covalent	cross-linking	of	the	bacterial	wall.	The	bacteria-specific	mechanism	of	action	leads	to	a	good	tolerance.	Classification	of	Urologically	Significant	β-Lactam	Antibiotics:	Penicillins:	Cephalosporins:
Cephalosporins	are	β-lactam	antibiotics,	which	are	grouped	into	four	generations	according	to	their	antibiotic	spectrum	of	activity.	The	first	generation	has	mainly	gram-positive	activity.	The	second	and	third	generations	have	more	gram-negative	activity	with	decreased	activity	against	gram-positive	bacteria.	The	fourth	generation	of	cephalosporins
has	a	broad	spectrum	of	activity.	The	following	list	provides	an	overview	of	the	generations	of	cephalosporins	with	significant	substances	for	urologists:	First	generation:	cefazolin	Second	generation:	cefaclor,	cefuroxime	Third	generation:	cefotaxime,	ceftriaxone,	ceftazidime	for	parenteral	application.	Cefpodoxime	and	ceftibuten	for	oral	formulations.
Fourth	generation:	cefepime,	ceftolozan	(combined	with	tazobactam)	Carbapenems:	Carbapenems	are	reserve	antibiotics	with	a	broad	spectrum	of	activity.	Imipenem,	meropenem,	ertapenem,	doripenem	Monobactams:	Monobactams	are	effective	in	the	gram-negative	range	and	are	an	option	in	patients	with	an	allergy	to	β	lactams.	β-Lactamase
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Lactams	are	the	most	widely	used	class	of	antibiotics.	Since	the	discovery	of	benzylpenicillin	in	the	1920s,	thousands	of	new	penicillin	derivatives	and	related	β-lactam	classes	of	cephalosporins,	cephamycins,	monobactams,	and	carbapenems	have	been	discovered.	Each	new	class	of	β-lactam	has	been	developed	either	to	increase	the	spectrum	of
activity	to	include	additional	bacterial	species	or	to	address	specific	resistance	mechanisms	that	have	arisen	in	the	targeted	bacterial	population.	Resistance	to	β-lactams	is	primarily	because	of	bacterially	produced	β-lactamase	enzymes	that	hydrolyze	the	β-lactam	ring,	thereby	inactivating	the	drug.	The	newest	effort	to	circumvent	resistance	is	the
development	of	novel	broad-spectrum	β-lactamase	inhibitors	that	work	against	many	problematic	β-lactamases,	including	cephalosporinases	and	serine-based	carbapenemases,	which	severely	limit	therapeutic	options.	This	work	provides	a	comprehensive	overview	of	β-lactam	antibiotics	that	are	currently	in	use,	as	well	as	a	look	ahead	to	several	new
compounds	that	are	in	the	development	pipeline.	The	most	widely	used	antibiotics	are	the	β-lactams	(e.g.,	penicillin).	Efforts	to	develop	broad-spectrum	inhibitors	of	bacterially	produced	β-lactamase	enzymes	may	curb	resistance	to	this	important	class	of	antibiotics.	When	Alexander	Fleming	was	searching	for	an	antistaphylococcal	bacteriophage	in
his	laboratory	in	the	1920s,	he	deliberately	left	plates	out	on	the	bench	to	capture	airborne	agents	that	might	also	serve	to	kill	staphylococci	(Fleming	1929).	His	success	was	greater	than	he	must	have	hoped	for.	His	initial	publication	on	benzylpenicillin	described	a	substance	that	was	unstable	in	aqueous	solution	but	that	might	serve	as	an	antiseptic
or	as	a	selective	agent	for	isolation	of	Gram-negative	bacteria	that	were	present	in	mixed	cultures	of	staphylococci	and	streptococci.	As	the	potential	utility	of	penicillin	G	as	a	parenteral	therapeutic	agent	became	more	obvious,	Fleming,	Abraham,	Florey,	and	a	consortium	of	scientists	from	England	and	the	United	States	were	able	to	optimize	the
isolation	and	identification	of	benzylpenicillin	to	assist	in	the	treatment	of	Allied	soldiers	in	World	War	II	(Macfarlane	1979).	These	activities	set	the	stage	for	the	launch	of	the	most	successful	class	of	antibiotics	in	history.	β-Lactam	antibiotics	are	currently	the	most	used	class	of	antibacterial	agents	in	the	infectious	disease	armamentarium.	As	shown
in	Figure	1,	β-lactams	account	for	65%	of	all	prescriptions	for	injectable	antibiotics	in	the	United	States.	Of	the	β-lactams,	cephalosporins	comprise	nearly	half	of	the	prescriptions	(Table	1).	The	β-lactams	are	well	tolerated,	efficacious,	and	widely	prescribed.	Their	major	toxicity	is	related	to	an	allergic	response	in	a	small	percentage	of	patients	who
react	to	related	side	chain	determinants;	notably,	these	reactions	are	most	common	with	penicillins	and	cephalosporins	with	minimal	reactivity	caused	by	monobactams	(Saxon	et	al.	1984;	Moss	et	al.	1991).	The	bactericidal	mechanism	of	killing	by	β-lactams	is	perceived	to	be	a	major	advantage	in	the	treatment	of	serious	infections.	When	these
agents	were	threatened	by	the	rapid	emergence	of	β-lactamases,	β-lactamase-stable	agents	were	developed,	as	well	as	potent	β-lactamase	inhibitors	(BLIs).	In	this	introductory	description	of	the	β-lactams,	the	most	commonly	available	β-lactams	and	BLIs	will	be	presented,	with	a	brief	summary	of	their	general	characteristics.	Occasional	agents	have
been	included	for	their	historical	or	scientific	importance.	Note	that	resistance	mechanisms	will	be	discussed	in	detail	in	other	articles	in	this	collection.	Proportion	of	prescriptions	in	the	United	States	for	injectable	antibiotics	by	class	for	years	2004–2014.	The	percentage	of	standard	units	for	each	injectable	antibiotic	prescribed	in	the	United	States
from	2004	to	2014	is	shown	as	follows:	β-lactams,	65.24%;	glycopeptides,	9%;	fluoroquinolones,	8%;	macrolides/ketolides,	6%;	aminoglycosides,	5%;	polymyxins,	1%;	trimethoprim/sulfamethoxazole,	0.5%;	tetracyclines	(excluding	tigecycline),	0.4%;	all	other	antibiotics	(including	daptomycin,	linezolid,	and	tigecycline),	4.21%.	(Data	from	the	IMS
MDART	Quarterly	Database	on	file	at	AstraZeneca.)	Usage	of	parenteral	β-lactams	by	class	from	2004–2104	in	the	United	States	Class	of	β-lactam	Percentage	of	prescriptionsa	Narrow	spectrum	penicillins	3.12	Broad	spectrum	penicillinsb	36.54	Cephalosporins	47.49	Monobactams	1.66	Carbapenems	11.20	β-Lactam	antibiotics	are	bactericidal	agents
that	interrupt	bacterial	cell-wall	formation	as	a	result	of	covalent	binding	to	essential	penicillin-binding	proteins	(PBPs),	enzymes	that	are	involved	in	the	terminal	steps	of	peptidoglycan	cross-linking	in	both	Gram-negative	and	Gram-positive	bacteria.	Every	bacterial	species	has	its	own	distinctive	set	of	PBPs	that	can	range	from	three	to	eight	enzymes



per	species	(Georgopapadakou	and	Liu	1980).	The	inhibition	of	bacterial	peptidoglycan	transpeptidation	by	penicillin	was	described	mechanistically	in	a	classical	paper	by	Tipper	and	Strominger	(1965),	who	noted	a	structural	similarity	of	penicillin	G	to	the	terminal	d-Ala-d-Ala	dipeptide	of	the	nascent	peptidoglycan	in	the	dividing	bacterial	cell.	This
mechanism	is	now	known	to	involve	binding	of	penicillin,	or	another	β-lactam,	to	an	active	site	serine	found	in	all	functional	PBPs	(Georgopapadakou	et	al.	1977).	The	resulting	inactive	acyl	enzyme	may	then	slowly	hydrolyze	the	antibiotic	to	form	a	microbiologically	inactive	entity	(Frère	and	Joris	1985).	In	addition	to	these	functionalities,	recent	work
has	shown	the	binding	of	selected	β-lactams,	such	as	ceftaroline,	to	an	allosteric	site	in	PBP2a	from	Staphylococcus	aureus,	resulting	in	an	increased	sensitization	of	the	organism	to	the	antibiotic	(Otero	et	al.	2013;	Gonzales	et	al.	2015).	PBPs	may	be	divided	into	classes	according	to	molecular	mass	(Goffin	and	Ghuysen	1998;	Massova	and	Mobashery
1998),	with	low-molecular-mass	PBPs	serving	mainly	as	monofunctional	d-Ala-d-Ala	carboxypeptidases.	High-molecular-mass	PBPs	have	been	divided	into	two	subclasses,	one	of	which	(class	A)	includes	bifunctional	enzymes	with	both	a	transpeptidase	and	a	transglycosylase	domain,	and	the	second	of	which	(class	B)	encompasses	d-Ala-d-Ala-
dependent	transpeptidases.	At	least	one	PBP	is	deemed	to	be	essential	in	each	species,	with	a	unique	specificity	for	β-lactam	binding	that	varies	among	each	species	and	each	β-lactam	class	(Curtis	et	al.	1979;	Georgopapadakou	and	Liu	1980).	In	Gram-negative	bacteria,	essential	PBPs	include	the	high-molecular-weight	PBPs	1a	and	1b	that	are
involved	in	cell	lysis,	PBP2,	the	inhibition	of	which	results	in	a	cessation	of	cell	division	and	the	formation	of	spherical	cells,	and	PBP3	for	which	inhibition	arrests	cell	division,	resulting	in	filamentation.	Cell	death	may	occur	as	a	result	of	inhibiting	one	or	more	of	these	PBPs	(Spratt	1977,	1983).	The	roles	of	PBPs	in	Gram-positive	bacteria	and
Mycobacterium	tuberculosis	are	discussed	in	detail	in	Fisher	and	Mobashery	(2016).	Penicillin	G	(benzylpenicillin)	was	the	first	β-lactam	to	be	used	clinically,	most	frequently	to	treat	streptococcal	infections	for	which	it	had	high	potency	(Rammelkamp	and	Keefer	1943;	Hirsh	and	Dowling	1946).	Another	naturally	occurring	penicillin,	penicillin	V
(phenoxymethylpenicillin),	in	an	oral	formulation	is	still	used	therapeutically	and	prophylactically	for	mild	to	moderate	infections	caused	by	susceptible	Streptococcus	spp.,	including	use	in	pediatric	patients	(Pottegard	et	al.	2015).	However,	the	selection	of	penicillin-resistant	penicillinase-producing	staphylococci	in	patients	treated	with	penicillin	G
led	to	decreased	use	of	this	agent,	and	prompted	the	search	for	more	penicillins	with	greater	stability	to	the	staphylococcal	β-lactamases	(Kirby	1944,	1945;	Medeiros	1984).	A	list	of	historically	important	and	clinically	useful	penicillins	is	provided	in	Table	2.	Among	the	penicillinase-stable	penicillins	of	clinical	significance	are	methicillin,	oxacillin,
cloxacillin,	and	nafcillin,	with	the	latter	suggested	as	the	β-lactam	of	choice	for	skin	infections,	catheter	infections,	and	bacteremia	caused	by	methicillin-susceptible	S.	aureus	(Bamberger	and	Boyd	2005).	All	were	used	primarily	for	staphylococcal	infections	until	the	emergence	of	methicillin-resistant	S.	aureus	(MRSA)	in	1979–1980	(Hemmer	et	al.
1979;	Saroglou	et	al.	1980).	Penicillins	of	current	and	historical	utility	Penicillins	with	improved	activity	against	Gram-negative	pathogens	included	the	orally	bioavailable	ampicillin	and	amoxicillin,	both	of	which	were	introduced	in	the	1970s.	These	agents	were	initially	used	for	the	treatment	of	infections	caused	by	Enterobacteriaceae	and	did	not
effectively	inhibit	the	growth	of	Pseudomonas	aeruginosa,	which	became	more	of	a	concern	during	the	late	1970s.	Carbenicillin	was	the	first	antipseudomonal	penicillin	to	be	introduced,	but	lacked	stability	to	β-lactamase	hydrolysis	and	was	less	potent	than	piperacillin	or	ticarcillin,	later	antipseudomonal	penicillins.	These	latter	drugs	were
considered	to	be	potent	broad-spectrum	penicillins	that	included	penicillin-susceptible	staphylococci,	enteric	bacteria,	anaerobes,	and	P.	aeruginosa	in	their	spectrum	of	activity.	They	were	used	extensively	to	treat	serious	nosocomial	infections,	especially	when	combined	with	a	β-lactamase	inhibitor	(see	below).	Two	parenteral	penicillins	with	unusual
chemical	structures,	mecillinam	and	temocillin	(Table	2),	were	introduced	to	treat	infections	caused	by	enteric	bacteria	before	the	global	emergence	of	extended-spectrum	β-lactamases	(ESBLs)	in	the	late	1980s.	Mecillinam	(also	known	as	amdinocillin),	with	a	6-β-amidino	side	chain,	is	a	narrow-spectrum	β-lactam	that	binds	exclusively	to	PBP2	in
enteric	bacteria	(Curtis	et	al.	1979).	Because	of	this	specificity,	it	shows	synergy	in	vitro	in	combination	with	other	β-lactams	that	bind	to	PBPs	1a/1b	and/or	PBP3	in	Gram-negative	bacteria	(Hanberger	et	al.	1991),	thus	decreasing	the	possibility	that	a	point	mutation	in	a	single	PBP	would	lead	to	resistance	(Hickman	et	al.	2014).	Temocillin,	the	6-α-
methoxypenicillin	analog	of	ticarcillin,	had	greater	stability	than	ticarcillin	to	hydrolysis	by	serine	β-lactamases,	but	lost	antibacterial	activity	against	Gram-positive	bacteria,	anaerobic	Gram-negative	pathogens,	and	some	enteric	bacteria	that	included	the	important	pathogens	Enterobacter	spp.	and	Serratia	marcescens	(Martinez-Beltran	et	al.	1985).
Mecillinam	and	temocillin	are	currently	enjoying	a	resurgence	in	interest	owing	to	their	stability	to	many	ESBLs	(Livermore	et	al.	2006;	Rodriguez-Villalobos	et	al.	2006),	often	resulting	in	greater	than	90%	susceptibility	when	tested	against	many	contemporary	ESBL-producing	Enterobacteriaceae	(Giske	2015;	Zykov	et	al.	2016).	Because	increasing
numbers	of	β-lactamases	have	compromised	the	use	of	penicillins	as	single	agents	(Bush	2013),	there	is	currently	limited	therapeutic	use	of	the	penicillins	as	monotherapy.	Ampicillin,	amoxicillin,	piperacillin,	and	ticarcillin	have	continued	to	be	useful,	primarily	as	a	result	of	their	combination	with	an	appropriate	β-lactamase	inhibitor	(see	below).
However,	even	ampicillin,	amoxicillin,	penicillin	G,	and	penicillin	V	are	still	active	as	monotherapy	against	Group	A	streptococci,	and	Treponema	pallidum,	two	of	the	few	bacterial	species	that	do	not	produce	β-lactamases	(Schaar	et	al.	2014).	During	the	1950s,	the	discovery	of	the	naturally	occurring	penicillinase-stable	cephalosporin	C	opened	a	new
pathway	to	the	development	of	hundreds	of	novel	cephalosporins	(Newton	and	Abraham	1956;	Abraham	1987)	to	treat	infections	caused	by	the	major	penicillinase-producing	pathogen	of	medical	interest	at	that	time,	S.	aureus.	Dozens	of	cephalosporins	were	introduced	into	clinical	practice	(Abraham	1987),	either	as	parenteral	or	oral	agents.	The
molecules	exhibited	antibacterial	activity	with	MICs	often	≤4	µg/mL	against	not	only	staphylococci,	but	also	Streptococcus	pneumoniae	and	non-β-lactamase-producing	enteric	bacteria.	The	parenteral	agents	were	generally	eightfold	more	potent	than	the	oral	agents	that	were	used	in	some	cases	to	replace	oral	penicillins	in	penicillin-allergic	patients.
The	early	cephalosporins,	for	example,	those	in	the	cephalosporin	I	subclass	(Bryskier	et	al.	1994)	introduced	before	1980,	were	labile	to	hydrolysis	by	many	β-lactamases	that	emerged	following	their	introduction	into	clinical	practice,	so	that	only	a	few	of	the	early	molecules	remain	in	use	(see	Table	3),	primarily	to	treat	mild	to	moderate	skin
infections	caused	by	methicillin-susceptible	S.	aureus	(MSSA)	(Giordano	et	al.	2006).	Cefazolin	with	high	biliary	concentrations	is	still	used	for	surgical	prophylaxis	and	for	treatment	of	abdominal	infections	(Sudo	et	al.	2014)	and	is	effective	as	empiric	therapy	in	80%	of	Japanese	children	with	their	first	upper	urinary	tract	infection	(Abe	et	al.	2016).
Cephalosporins	of	current	clinical	utility	or	of	historical	interest	When	the	TEM-1	penicillinase	began	to	appear	on	transmissible	plasmids	in	Neisseria	gonorrhoeae	(Ashford	et	al.	1976)	and	Haemophilus	influenzae	(Gunn	et	al.	1974;	Khan	et	al.	1974),	it	was	quickly	recognized	that	the	penicillins	and	cephalosporins	in	medical	use	were	becoming
ineffective,	not	only	in	treating	those	TEM-1-producing	organisms,	but	also	for	the	enteric	bacteria	and	P.	aeruginosa	that	could	all	acquire	this	enzyme.	Another	surge	of	synthetic	activity	in	the	pharmaceutical	industry	provided	both	oral	and	parenteral	cephalosporins	with	stability	to	this	common	enzyme.	These	agents	tended	to	have	decreased
potency	against	the	staphylococci,	but	gained	antibacterial	activity	against	Gram-negative	pathogens.	Cefuroxime,	dosed	parenterally	or	orally	as	the	axetil	ester,	was	the	only	member	of	the	cephalosporin	II	class	(Bryskier	et	al.	1994)	with	both	oral	and	systemic	dosage	forms,	but	its	stability	to	β-lactamase	hydrolysis	was	diminished	compared	to
later	oral	cephalosporins	(Jacoby	and	Carreras	1990).	As	seen	with	cefuroxime,	acceptable	oral	bioavailability	of	cefpodoxime	required	esterification	through	addition	of	a	proxetil	group	to	attain	sufficient	absorption	for	efficacy	(Bryskier	and	Belfiglio	1999).	Of	the	oral	agents	approved	after	1983	in	Table	3,	cefdinir	was	generally	more	stable	to
hydrolysis,	not	only	to	the	original	TEM	enzyme,	but	also	to	the	AmpC	cephalosporinases	that	are	produced	at	a	basal	level	in	many	enteric	bacteria	and	P.	aeruginosa	(Payne	and	Amyes	1993;	Labia	and	Morand	1994).	Among	the	parenteral	agents	introduced	in	the	1980s	were	the	cephamycin	cefoxitin,	and	cephalosporins	in	the	cephalosporin	III	and
cephalosporin	IV	subclasses	(Bryskier	et	al.	1994),	which	continue	to	serve	as	important	antibiotics	for	the	treatment	of	serious	infections	caused	by	Gram-negative	pathogens.	The	novel	oxacephem	moxalactam,	or	latamoxef,	which	had	similar	antimicrobial	activity	to	the	cephalosporin	III/IV	subclasses,	has	exquisite	stability	to	hydrolysis	by	β-
lactamases	(Sato	et	al.	2015),	but	was	not	a	highly	successful	antibiotic	owing,	in	part,	to	a	relatively	high	frequency	of	bleeding	in	patients	treated	with	this	drug	(Brown	et	al.	1986).	The	cephamycin	cefoxitin	is	notable	for	its	characteristic	7-methoxy	side	chain	that	confers	stability	to	the	TEM-type	β-lactamases,	including	ESBLs.	It	has	useful
antibacterial	activity	against	MSSA	and	enteric	bacteria	that	do	not	produce	high	levels	of	AmpC	cephalosporinases	(Jacoby	and	Han	1996).	Cefotaxime,	cefoperazone,	ceftriaxone,	and	ceftazidime,	designated	as	subclass	cephalosporin	III,	and	cefepime	in	the	cephalosporin	IV	subclass,	are	also	known	as	expanded-spectrum	cephalosporins	with
increased	hydrolytic	stability	to	the	common	penicillinases,	SHV-1	and	TEM-1	β-lactamase	(Martinez-Martinez	et	al.	1996).	These	agents	have	diminished	activity	against	staphylococci	and	enterococci	compared	to	earlier	cephalosporins,	but	have	more	potent	activity	against	Gram-negative	organisms.	Cefepime	tends	to	have	lower	MICs	against
enteric	bacteria	than	the	other	expanded-spectrum	cephalosporins,	attributed	to	greater	penetration	through	the	OmpF	outer-membrane	porin	protein	(Nikaido	et	al.	1990;	Bellido	et	al.	1991).	Cefotaxime	and	ceftriaxone	are	often	used	to	treat	susceptible	streptococcal	infections;	all	can	be	used	to	treat	serious	infections	caused	by	enteric	bacteria	if
the	organisms	test	susceptible.	Notably,	ceftazidime	and	cefepime	have	maintained	their	observed	activity	against	P.	aeruginosa,	with	recent	susceptibility	rates	exceeding	80%	(Sader	et	al.	2015).	A	liability	of	the	expanded-spectrum	cephalosporins,	however,	began	to	emerge	only	a	few	years	after	the	introduction	of	cefotaxime,	when	the	ESBLs
were	identified	with	the	ability	to	hydrolyze	all	of	the	β-lactams,	with	the	exception	of	the	carbapenems.	These	enzymes,	in	addition	to	both	serine	and	metallo-carbapenemases,	have	severely	compromised	the	activity	of	almost	all	penicillins	and	cephalosporins,	necessitating	the	development	of	combination	therapy	with	other	β-lactams,	β-lactamase
inhibitors,	or	antibiotics	from	other	classes.	Ceftolozane,	recently	approved	in	combination	with	tazobactam	for	the	treatment	of	complicated	urinary	tract	infections	and	complicated	intraabdominal	infections,	shows	potent	antipseudomonal	activity,	and	includes	activity	against	enteric	bacteria	that	produce	some	ESBLs	(Zhanel	et	al.	2014),
particularly	CTX-M-producing	isolates	(Estabrook	et	al.	2014).	Another	recent	addition	to	the	cephalosporin	family	is	the	siderophore-substituted	cephalosporin	S-649266	with	a	catechol	in	the	3-position,	thus	allowing	the	molecule	to	enter	the	cells	via	an	iron	transport	mechanism	(Kohira	et	al.	2015).	In	addition	to	increased	penetrability,	the
cephalosporin	is	stable	to	hydrolysis	by	many	carbapenemases,	resulting	in	activity	against	many	β-lactam-resistant	enteric	bacteria	(Kohira	et	al.	2015).	In	the	mid-1990s,	reports	began	to	emerge	describing	cephalosporins	with	MICs


