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Abstract
Background: Antibiotic	resistance	is	currently	the	most	serious	global	threat	to	the	
effective	treatment	of	bacterial	infections.	Antibiotic	resistance	has	been	established	
to adversely affect both clinical and therapeutic outcomes, with consequences rang-
ing from treatment failures and the need for expensive and safer alternative drugs to 
the	cost	of	higher	rates	of	morbidity	and	mortality,	longer	hospitalization,	and	high-	
healthcare costs. The search for new antibiotics and other antimicrobials continues to 
be	a	pressing	need	in	humanity's	battle	against	bacterial	infections.	Antibiotic	resist-
ance appears inevitable, and there is a continuous lack of interest in investing in new 
antibiotic	research	by	pharmaceutical	industries.	This	review	summarized	some	new	
strategies for tackling antibiotic resistance in bacteria.
Methods: To provide an overview of the recent research, we look at some new strate-
gies for preventing resistance and/or reviving bacteria's susceptibility to already exist-
ing antibiotics.
Results: Substantial pieces of evidence suggest that antimicrobials interact with host 
immunity, leading to potent indirect effects that improve antibacterial activities and 
may	result	in	more	swift	and	complete	bactericidal	effects.	A	new	class	of	antibiot-
ics	referred	to	as	 immuno-	antibiotics	and	the	targeting	of	some	biochemical	 resist-
ance pathway components including inhibition of SOS response and hydrogen sulfide 
as biochemical underlying networks of bacteria can be considered as new emerging 
strategies to combat antibiotic resistance in bacteria.
Conclusion: This	review	highlighted	and	discussed	immuno-	antibiotics	and	inhibition	
of SOS response and hydrogen sulfide as biochemical underlying networks of bacteria 
as new weapons against antibiotic resistance in bacteria.
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1  |  INTRODUC TION

Antibiotics	are	medications	that	are	used	to	prevent	and	treat	bac-
terial	infections.	Antibiotic	resistance,	on	the	contrary,	occurs	when	
bacteria	change	as	a	result	of	antibiotic	use.	A	scenario	in	which	bac-
teria evolve and cease to respond to drugs, making infections more 
difficult to cure and raising the risk of disease spread, serious sick-
ness, and death.1 Bacterial resistance refers to a bacterium's ability 
to withstand or tolerate the effects of antibiotics. The ability of a 
microorganism to withstand an antimicrobial's growth inhibitory or 
killing activity at clinically achievable concentrations.2	Antibiotic	re-
sistance is a growing global problem in which antibiotics are no lon-
ger effective in the treatment of infectious diseases for which they 
were	specifically	designed.	The	World	Health	Organization	(WHO)	
has now issued a warning that the world is “running out of antibiot-
ics,” escalating fears about global antibiotic resistance reaching new 
heights.	Lately,	the	emergence	of	drug-	resistant	bacteria	has	posed	
a critical challenge to the treatment of clinical infectious diseases, 
resulting in a gradual increase in the frequency of nosocomial in-
fections.3	Antibiotic	resistance	is	on	the	rise	in	all	parts	of	the	world	
as bacterial infections are one of the leading causes of illness and 
mortality.	New	resistance	mechanisms	emerge	regularly	and	spread	
internationally, putting the capacity to treat prevalent infectious dis-
eases in jeopardy. Because of its potential to spread internationally 
and the resulting restricted treatment options, antibiotic resistance 
is a major concern in healthcare.4	As	antibiotics	become	less	effec-
tive, infections such as pneumonia, tuberculosis, blood poisoning, 
gonorrhea,	 and	 food-	borne	 diseases	 become	more	 difficult,	 if	 not	
impossible, to treat.1 Decades after the first patients received antibi-
otic treatment, bacterial infections have become a threat once again. 
We	are	rapidly	approaching	a	post-	antibiotic	era	in	which	common	
infections and minor injuries can kill again unless immediate and pro-
active action is taken.1

In	1929,	Sir	Alexander	Fleming	discovered	Penicillin,	also	known	
as a “wonder drug” with incredible abilities to treat bacterial infec-
tions, particularly those caused by Staphylococcus and Streptococcus 
species.5	Shortly	after	penicillin	gained	extensive	usage	in	1940,	an-
tibiotic	resistance	became	a	challenge,	so	currently	more	than	95%	of	
Staphylococcus aureus	 isolates	worldwide	are	penicillin-	resistant.6,7 
In	 response	 to	 penicillin	 resistance,	 penicillinase-	resistant	 semi-
synthetic penicillin, methicillin, was developed.8,9 Unfortunately, 
2 years	after	the	introduction	of	methicillin	in	the	United	Kingdom,	
methicillin-	resistant	S. aureus	(MRSA)	was	discovered.10 The discov-
ery	and	introduction	of	broad-	spectrum	antibiotics	such	as	strepto-
mycin,	chloramphenicol,	and	tetracycline	in	the	late	1940s	and	early	
1950s	ushered	in	the	era	of	antibiotic	chemotherapy.5 These antibi-
otics were extremely effective against the bacterial pathogens that 
they were intended to combat.

Recently, the WHO named antimicrobial resistance among the 
top 10 global public health threats facing humanity.11	 Antibiotic-	
resistant infections are estimated to claim up to 10 million lives per 
year by 2050, costing the global economy about $100 trillion.12 
The number of resistant bacteria and new ones that are becoming 

resistant to treatment with all known antibiotics is rising, and few 
new agents are in the pipeline, necessitating the urgent development 
of new classes of antibiotics to avoid major global health tragedies.13 
Most	 importantly,	 antibiotic	 resistance	 jeopardizes	 contemporary	
medicine's efforts, development, and successes. Without effective 
antibiotics for the prevention and treatment of infections that may 
arise at surgical sites, organ transplantation, chemotherapy, and 
surgeries such as cesarean sections become much more dangerous. 
More	than	70%	of	all	pathogenic	bacteria	are	thought	to	be	resistant	
to at least one commercially available antibiotic.14,15	Antibiotic	resis-
tance	develops	at	both	the	hospital	and	community	levels.	Although	
the acquisition and dissemination of resistance genes take time, the 
evolution of bacterial resistance is significantly accelerated by the 
unnecessary use and misuse of antibiotics.1 Furthermore, the in-
crease	of	multidrug-	resistant	(MDR)	bacteria	has	been	attributed	to	
the spread of resistance genes between and among bacterial spe-
cies.16 The abuse of antibiotics has been severally reported as an 
important factor leading to the emergence of bacterial resistance, 
which seriously threatens clinical treatment and calls for more at-
tention.9,16 The higher the frequency of antibiotics used, the greater 
the possibility of the emergence of resistant bacteria. The emer-
gence	of	 coronavirus	disease	2019	 (COVID-	19)	has	not	helped,	 as	
COVID-	19	is	reported	to	exacerbate	antibiotic	resistance.	According	
to	statistics	from	five	nations,	6.9%	of	COVID-	19	diagnoses	are	asso-
ciated with bacterial infections, with a higher prevalence in patients 
requiring severe critical care.17 Furthermore, a multicenter study in 
the	United	States	found	that	72%	of	COVID-	19	patients	were	given	
antibiotics even when they were not clinically indicated,17 which can 
further	enhance	antibiotic	resistance.	Antibiotic	resistance	may	have	
worsened	under	COVID-	19	as	a	 result	of	overuse	of	antibiotics	 in	
humans, continued misuse in agriculture, and a lack of antimicrobials 
in the development pipeline.12

It is pertinent to state that the problem of antimicrobial re-
sistance is aggravated by the lack of interest by pharmaceutical 
industries in new antimicrobial investment, as they view research 
for new antimicrobials as “low profit” and believe that resistance 
will	 develop	 for	 new	 antimicrobials	 sooner	 or	 later.	 As	 a	 result,	
they prefer to invest in the development of other drugs for 
chronic diseases in addition to those used to improve lifestyles.18 
As	antimicrobial	resistance	increases	in	many	parts	of	the	world,	
it becomes increasingly important to not just search for new an-
timicrobial agents but to come up with strategies to further re-
duce the emergence and rate of resistance or possibly counter 
the speedy development of antibiotic resistance by pathogenic 
microorganisms. It is mentioned that unsuccessful treatment of 
bacterial infections associated with antibiotic resistance claims at 
least 700,000 every year globally, and is projected to be associ-
ated with 10 million deaths per year by 2050.12 Given this very 
serious projection, it becomes indisputably critical for innovations 
in antibiotic drug technology and the valuation of new treatments 
to curb the antibiotic resistance menace. This is critical because 
failure	 to	 address	 antibiotic	 resistance	 jeopardizes	 the	 achieve-
ment	of	 several	 Sustainable	Development	Goals	 (SDGs)	 (such	as	
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poverty reduction, inequality reduction, clean water, and sanita-
tion)	and	undermines	previous	progress.19	In	this	review,	immune-	
antibiotics, the inhibition of SOS response, and hydrogen sulfide 
as biochemical underlying networks leading to universal antibiotic 
resistance were explored and discussed as positive strategies.

2  |  ANTIBIOTIC RESISTANCE AND THE 
INCRE A SE OF MULTIDRUG RESISTANCE

In	his	Nobel	Prize	acceptance	speech	in	1945,	Sir	Alexander	Fleming	
foresaw the dangers of inappropriate penicillin use and the emer-
gence of resistance.20 Many microorganisms have inherent resist-
ance mechanisms that existed before antimicrobial agents were 
discovered. The extensive usage of antibiotics in humans and ani-
mals has created selective pressure that has encouraged the emer-
gence of resistant isolates.16 The use of antibiotics places a selective 
pressure on the microbial population; the more antibiotics used, 
the	greater	 this	pressure.	For	over	70 years,	 antibiotics	have	been	
used successfully for the treatment of bacterial infections. Many 
infectious organisms, on the contrary, have evolved resistance to 
the drugs designed to kill them over time, rendering the agents less 
effective.	A	 growing	number	 of	 pathogens	 have	developed	 resist-
ance to one or more of the antimicrobial agents used to treat them. 
Bacterial antibiotic resistance has been steadily increasing at an 
alarming rate over the last few years in healthcare settings and live-
stock systems.2,3,21

Globally, there is a high rate of resistance to antibiotics com-
monly	used	to	treat	common	bacterial	infections	such	as	hospital-	
acquired infections, urinary tract infections, sepsis, sexually 
transmitted infections, and diarrhea, indicating that effective an-
tibiotics are running out.2	According	to	the	WHO	facts	sheet	on	
antimicrobial resistance, resistance to ciprofloxacin, an antibiotic 
often	used	to	treat	urinary	tract	 infections,	ranged	from	8.4%	to	
92.9%	and	4.1%	to	79.4%	for	Escherichia coli and Klebsiella pneu-
moniae, respectively.1 K. pneumoniae	 can	 cause	 life-	threatening	
infections	and	resistance	to	last-	resort	treatment	of	carbapenem	
antibiotics is encountered globally. Similarly, bacteria resistance 
to	 colistin,	 the	 only	 sole	 resort	 agent	 for	 life-	threatening	 dis-
eases	 caused	 by	 carbapenem-	resistant	 Enterobacteriaceae, has 
been found in several countries and regions.1,22 This has resulted 
in infections for which there is currently no effective antibiotic 
treatment. The bacterium S. aureus can be found as normal flora of 
the skin and is also responsible for infections both in the commu-
nity and in healthcare facilities.9,23	About	64%	of	people	infected	
with	MRSA	infections	are	more	likely	to	die	than	people	infected	
with	drug-	sensitive	species.1 On the contrary, mortality because 
of	 drug-	resistant	 strains	 of	 Pseudomonas	 aeruginosa	 infections	
is	ever-	increasing,	accounting	for	about	11%	of	hospital-	acquired	
bacterial infections.24

The management and control of gonorrhea have been hampered 
by widespread resistance in extremely diverse strains of Neisseria 
gonorrhoeae. Resistance to sulphonamides, penicillin, tetracyclines, 

macrolides,	 fluoroquinolones,	and	early-	generation	cephalosporins	
has emerged rapidly.25 Currently, ceftriaxone is considered the only 
empiric monotherapy for gonorrhea in most countries.1

Antimicrobial	resistance	is	a	complicated	and	multifaceted	issue	
that is influenced by a variety of variables as follows14,26:

	(i)	 Increasing	density	of	the	bacterial	population	in	health	care	cen-
ters, which allows the transfer of bacteria into the community 
and the emergence of resistance.

	(ii)	 Poor	adherence	to	hygiene	measures	and	protocols	in	hospitals	
to help keep the spaces clean, which lead to an increase in anti-
microbial	resistance	(AMR)	in	bacteria

	(iii)	Antibiotic	overuse	in	agriculture
	(iv)	International	travel	and	trade,	which	can	result	in	the	spread	of	

resistant bacteria and resistance genes.
	(v)	 In	some	areas,	there	is	a	lack	of	sanitation,	which	can	contami-

nate water systems and spread resistant bacteria in sewage.
	(vi)	Excessive	 use	 of	 antibiotics	 in	 human	 medicine	 (e.g.,	 for	 viral	

infections).	 Overuse	 of	 broad-	spectrum	 antibiotics	 can	 cause	
selective pressure on commensal bacteria and expose them to 
secondary infections.

	(vii)	Among	other	things,	there	is	a	lack	of	quick	diagnostics	to	aid	in	
the proper use of antibiotics.

MDR organisms are of particular concern. MDR bacteria have 
developed resistance to one or more of the antibiotics used to treat 
them.	Multi-	drug	resistance	in	an	organism	may	develop	when	an-
tibiotics are not used properly.1 Taking antibiotics for the incor-
rect duration or using antibiotics when they are not needed, such 
as for viral infections, can both contribute to the development of 
multidrug-	resistance	in	an	organism.	MDR	strains	can	also	arise	as	
a result of a biological mechanism conferring resistance to multiple 
drugs, due to multiple genes conferring resistance to multiple antibi-
otics being genetically linked together on a chromosome or plasmid, 
or as a result of multiple mutations conferring resistance to multiple 
antibiotics evolving in a host.27

3  |  BAC TERIAL RESISTANCE STR ATEGIES 
AGAINST ANTIBIOTIC S

To survive in the presence of an antibiotic, bacterial strains must be 
able to disrupt one or more of the critical stages required for the 
antimicrobial agent's effective action.28 Bacterial species follow one 
of four basic survival strategies:

	(i)	 Preventing	the	antibiotic	from	reaching	its	target	in	the	bacteria	
by decreasing its ability to penetrate the microbial cell.

	(ii)	 Antibacterial	agents	are	expelled	from	the	cell	through	the	efflux	
pump mechanism.

	(iii)	Antibiotic	inactivation	via	modification	or	degradation.
	(iv)	Modification	or	 changes	 to	 the	 antimicrobial	 target	within	 the	

bacteria.
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4  |  CONSEQUENCES OF ANTIBIOTIC 
RESISTANCE

Antibiotic	resistance	is	a	major	cause	of	death	and	economic	burden	
around the world. Since 2013, the US Centers for Disease Control and 
Prevention	have	reported	an	18%	decrease	in	AMR-	related	deaths,	
but an increase in several severe MDR bacterial infections, including 
a	315%	increase	in	erythromycin-	resistant	group	A	Streptococcus, a 
124%	increase	in	drug-	resistant	N. gonorrhoeae,	and	a	50%	increase	
in	extended-	spectrum	β-	lactamase-	producing	Enterobacteriaceae.12 
Similarly,	 the	 prevalence	 of	 vancomycin-	resistant	 S. aureus has 
shown	a	3.5%	increase	between	the	years	2006	and	2020,	with	the	
highest	 (16%)	 recorded	 in	Africa.7	Multidrug	 resistant-	tuberculosis	
(MDR–	TB)	 infected	 an	 estimated	 3.4%	 of	 new	 tuberculosis	 (TB)	
cases	 in	2018	and	18%	of	previously	treated	cases,	according	to	a	
WHO report.1 The emergence of resistance to new ‘last resort’ TB 
drugs	used	to	treat	drug-	resistant	TB	is	a	major	threat.

Because of widespread antibiotic misuse, agricultural antibiotic 
use,	 poor-	drug	 quality,	 insufficient	 surveillance,	 and	 other	 factors	
associated	 with	 poor-	healthcare	 standards,	 malnutrition,	 chronic	
and recurring infection, and the inability to afford more effective 
and	 costly	 drugs,	 low-		 and	 middle-	income	 countries	 are	 affected	
more.29 There are several consequences associated with antibiotic 
resistance by microbes. When infectious microbial agents develop 
resistance to a variety of antibiotics, the following outcomes may 
occur1:

	(i)	 Failure	 to	 respond	 to	 treatment	 leads	 to	 a	 long	 illness	 and	 a	
higher chance of death.

	(ii)	 Longer	hospital	stays	and	illnesses	increase	the	chance	for	more	
people to be affected in the community.

	(iii)	When	a	first-	line	antibiotic	is	no	longer	effective,	therapy	must	
be	transferred	to	second-		or	third-	line	antibiotics,	which	are	al-
ways	more	expensive	and	occasionally	more	hazardous.

	(iv)	In	low-	income	countries,	many	second-		and	third-	line	medicines	
for	drug-	resistant	illnesses	are	unavailable,	increasing	the	risk	of	
resistance	to	first-	line	antibiotics.

	(v)	 Medications	are	becoming	insufficient	in	these	nations	to	treat	
microbial infections, and important antibiotics to treat infections 
caused by resistant microorganisms are missing from the essen-
tial drug list.

	(vi)	Antibiotic	 resistance	 is	 jeopardizing	 contemporary	 medicine's	
gains. Without appropriate antibiotics, organ transplants, che-
motherapy, and operations become riskier.

5  |  PROBLEMS MILITATING NE W 
ANTIBIOTIC S DE VELOPMENT

The continuous and rapid decrease in the effectiveness of available 
antibiotics in the treatment of common bacterial diseases as well as a 
simultaneous decline in the rate of new drug development is a global 

healthcare concern.29 To sustain the use of antibiotics in the treat-
ment of infectious diseases, there is a need for constant replenish-
ment of new drugs and drug classes as existing ones become less 
effective. There is a worldwide consensus that the need for novel 
anti-	infective	drugs	in	healthcare	is	enormous	and	we	are	fast	run-
ning	out	 of	 time.	 In	2021,	 only	 six	 of	 the	 thirty-	two	 antibiotics	 in	
clinical development met the WHO list for priority infections and 
were	categorized	as	being	novel.15 Many modern medical advances, 
particularly in the treatment of infectious diseases, are dependent 
on the availability of effective antibiotics. However, the antibacterial 
development pipeline is drying up, and the number of new antibiot-
ics reaching the market is frighteningly low. This is further worsened 
by the unhurried pace of clinical testing and regulatory approval.

Despite the ongoing need for new antimicrobial drugs, major 
pharmaceutical companies have abandoned this field. Companies 
have been driven out of antibacterial research and development 
due to the increased cost of clinical trials, new regulatory uncertain-
ties	 over	 approval	 requirements,	 and	 a	 low-	economic	 return.30,31 
The	ever-	widening	gap	between	 the	 critical	 public	 health	demand	
for new antibiotics and the declining potential for new antibacterial 
medication development has created a worrisome situation. The di-
minishing number of antibiotics approved for usage by the Food and 
Drug	Administration	(FDA)	reflects	the	reluctance	of	pharmaceuti-
cal companies to engage in antibiotic development.30	Antibacterial	
drugs' low return on investment when compared with other thera-
peutics, the difficulty of identifying new compounds through tradi-
tional discovery methods, speculation that resistance will certainly 
develop for new antimicrobials, and regulatory requirements that 
necessitate large and complex clinical trials for antibiotic approval 
are all contributing to this decline.30,32 This indicates that, rather 
than relying solely on the discovery of new antibacterial agents, ef-
forts should be directed toward strategies or treatment alternatives 
to avoid the emergence or spread of resistance in microbes.

The vast majority of research in the field of antibiotics is cen-
tered in academia. The development of new and emerging technol-
ogies has aided in the search for new agents and potent strategies. 
For	 example,	 opportunities	 to	 investigate	 biological	 systems	 (i.e.,	
metabolic	 pathways,	 signaling,	 immunologic,	 regulatory	 pathways)	
beyond their components are now available. These comprehensive 
techniques provide novel research strategies for understanding the 
functional	 molecular	 networks	 created	 by	 host-	pathogen	 interac-
tions in response to treatments. To combat drug resistance, these 
strategies and technologies must be considered.

6  |  WAY FORWARD: EMERGING 
STR ATEGIES FOR TACKLING ANTIBIOTIC 
RESISTANCE

The world urgently needs solutions to the global recalcitrant antibi-
otic resistance menace, together with the mortality, morbidity, dan-
gers,	and	economic	losses	associated	with	it.	According	to	a	report	
published by WHO, while several new antibiotics are presently being 
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developed, none of them are projected to be effective against the 
most	severe	forms	of	antibiotic-	resistant	bacteria.1 This implies that 
tackling antibiotic resistance does not only require the discovery and 
development of new antibiotics nor the establishment of local and 
international interventions, which could be relatively easily imple-
mented. Rather, it would also require the development of strategies 
that would limit or completely circumvent the development and rise 
of resistance to available antibiotics.

6.1  |  Immuno- antibiotics as an alternative

Historically, the biological activities of antibiotics have been viewed 
solely in terms of their direct inhibitory and killing properties in isola-
tion.	Antimicrobials,	on	the	contrary,	are	increasingly	being	found	to	
network with the host's innate immunity to offer significant indirect 
effects that improve bacterial clearance,33 which may lead to more 
swift and ample effects, thereby decreasing the chance of resist-
ance emergence among residual bacteria. There are reports that in-
nate endogenous host defense peptides have antimicrobial modes of 
action comparable to peptide antimicrobials given to patients such 
as daptomycin and colistin, and have evolved to protect the host 
by preventing pathogenic organisms from establishing infection.34 
Agreeably,	there	is	scientific	research	on	the	interactions	of	antibiot-
ics such as synergy, additivity, indifference, and antagonism, but not 
much is known about the interactions of antibiotics with the innate 
immune components.35,36

Although	the	direct	in	vitro	mechanism	of	action	of	an	antibiotic	
is thought to be the driving force behind its antimicrobial efficacy, 
additional antibiotic effects on bacteria have been linked to better 
host	 immunological	 activities	 and	 immune	 optimization.37 This in-
cludes the ability of antibiotics to affect virulence factors and other 
immune mechanisms that can modulate host response.33 In a study 
by	Volk	et	al.,38 it was discovered that the influence of antibiotic re-
sponses	on	the	host	immune	system	resulted	in	increased	IL-	1	and	
lower	 IL-	10	production	 in	 patients	with	MRSA	bacteremia	 treated	
with β-	lactam	adjunctive	therapy	combined	with	standard	antibiot-
ics. Despite the failure of prior attempts to develop the S. aureus vac-
cine,	emerging	immunologic-	based	therapies	that	combine	virulence	
factor antibodies with standard therapeutics appear promising.39 
The exclusion of host immunology from antimicrobial pharmacology 
has	undoubtedly	resulted	in	an	out-	of-	date	understanding	of	antimi-
crobial therapy. Henceforward, the cooperation of antibiotics and 
the immune system should be objectively considered in the future, 
as this will hopefully evolve this field of science through the appli-
cation of alternative media, host cytokine responses, and computer 
modeling.33 Furthermore, there is a need to reconnect the under-
standing	 of	 innate	 immunity-	antibiotic	 relationships	 to	 improve	
treatments with antibiotics, slow bacterial resistance development, 
and uncover novel therapeutic approaches.

Antibiotics	 have	 been	 shown	 to	 target	 vital	 bacterial	 activities	
such as nucleic acid and protein production, cell membrane, cell wall 
construction, and essential metabolic pathways.28,40 Bacteria, on the 

contrary, can develop drug resistance by mutating the bacterial targets 
that these antibiotics are aimed at, inactivating or pumping out the 
drugs, or even acquiring resistant genes. In recent years, new classes of 
antimicrobials	known	as	dual-	acting	immuno-	antibiotics	(DAIAs)	were	
introduced	 that	 target	 the	 non-	mevalonate	 or	 methyl-	D-	erythritol	
phosphate	 (MEP)	 pathway	 of	 isoprenoid	 biosynthesis	 and	 riboflavin	
biosynthesis	pathway	in	bacteria	(Figure 1).41,42	They	showed	a	two-	
pronged approach to developing new molecules that can kill MDR mi-
croorganisms while also boosting the natural immune response of the 
host.	These	new	DAIAs,	which	combine	the	direct	killing	capabilities	
of antibiotics with the inherent capability of the immune system to 
generate synergy, is regarded to be a potential watershed point in the 
global	fight	against	AMR.	This	was	based	on	the	theory	that	uniting	the	
immune system to fight bacteria on two fronts at the same time makes 
resistance development more difficult. The researchers focused on the 
MEP metabolic pathway, which is required by almost all bacteria but 
not found in humans, thereby making it an attractive target for design-
ing antibiotics.41–	43 Singh et al. concentrated on the MEP, also known 
as	the	non-	mevalonate	pathway,	which	is	involved	in	the	synthesis	of	
isoprenoids, an essential molecule required by most pathogenic bacte-
ria for survival.41 The true target was the killing of bacteria by the inhi-
bition	of	the	IspH	enzyme	required	for	isoprenoid	biosynthesis.	Given	
the widespread occurrence of IspH in bacteria, this approach has the 
potential to target a wide spectrum of bacteria.41–	43

When	tested	in	vitro	on	the	clinical	isolates	of	antibiotic-	resistant	
bacteria, the IspH inhibitors were observed to stimulate the immune 
system with better bacterial clearance and specificity than currently 
best-	used	 antibiotics.	 The	 bactericidal	 effects	 of	 IspH	 inhibitors	
exceeded those of standard pan antibiotics in preclinical models 
of	Gram-	negative	bacterial	 infection,	and	all	compounds	examined	
were found to be safe for humans.41

The	riboflavin	biosynthesis	pathway	is	another	target	for	immune-	
antibiotics.42 The riboflavin biosynthesis pathway is present in almost 
all bacteria and fungi, but it is absent in humans and other animals, 
which makes it an attractive drug target.42	Immuno-	antibiotics	target	
the	final	two	steps	of	the	riboflavin	synthesis	catalyzed	by	lumazine	
synthase	(RibE	or	RibH)	and	riboflavin	synthase	(RibC).42

F I G U R E  1 Immuno-	antibiotics	inhibit	the	non-	mevalonate	
or	methyl-	D-	erythritol	phosphate	(MEP)	pathway	of	isoprenoid	
biosynthesis and riboflavin biosynthesis pathway in bacteria. This 
image	was	created	with	BioRender	(https://biore nder.com/)

https://biorender.com/
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6.2  |  Biochemical approaches to reducing 
resistance and increasing susceptibility to available 
antibiotics

In recent times, scientists have begun to focus research on pos-
sible	ways	 to	 kill	 antibiotic-	resistant	 bacteria	without	 the	 need	 to	
necessarily develop new antibiotics. This is an exciting approach 
considering the cost and challenges linked with the discovery and 
development of new antibiotics. The main idea of this approach is 
to	neutralize	 the	natural	 resistance	defense	mechanisms	of	micro-
organisms, thereby making already available antibiotics more effec-
tive and lethal. This appears very interesting as we want to achieve 
a situation where previously existing antibiotics with solid safety 
profiles become more potent, leading to easy access to more effec-
tive antibiotics for the treatment of infectious diseases at a possible 
cheaper cost. To develop effective alternative therapies, the proper 
understanding of the mode of action of antibiotics and the mecha-
nisms of resistance in bacteria is very crucial.

Every class of bactericidal antibiotic has a unique mechanism of 
action that targets a different part of the bacterial cell, leading to the 
death of the microorganism. It is also widely assumed that these var-
ious classes of antibiotics work and kill bacteria in different ways de-
pending on the antibiotics' physiological impacts, such as membrane 
permeability loss, altered cell morphology, or molecular events, such 
as essential cellular pathway inhibition.28,40 Still, the impacts of mi-
crobial molecular networks generated by exposure to antibiotics di-
rectly leading to bacterial cell death remain unclear.

Antibiotic-	mediated	 bacterial	 killing	 is	 a	 complex	 process	 that	
starts with physical contact between the drug and its specific target 
in the bacteria, leading to biochemical, molecular, and ultrastruc-
tural changes in the affected bacterium.44	Drug-	resistant	 bacteria	
are constantly evolving and spreading, necessitating a better un-
derstanding of the complex mechanisms by which currently existing 
antibiotics kill bacteria to find new antibacterial therapies. Calhoun 
et al.45 and Hong et al.46 reported that all the antibiotic drugs have 
a common secondary effect after they have hit their primary tar-
gets.	 According	 to	 the	 report,	 they	 force	 the	 target	 bacterium	 to	
produce	“reactive	oxygen	species	(ROS)”	also	known	as	free	radicals,	
which	can	severely	damage	the	bacteria's	DNA	and	proteins	 if	not	
quickly defused. This implies that, regardless of their mechanisms 
of action, all bactericidal antibiotics have the same secondary ef-
fect on the bacterial cell, resulting in the organism's death. Research 
and findings by Kohanski et al.47 had earlier bolstered this theory by 
demonstrating that bactericidal antibiotics with distinct cellular tar-
gets induced the formation of reactive oxygen species when tested 
against	 Gram-	negative	 and	 Gram-	positive	 bacteria.	 However,	 this	
was not the case with bacteriostatic antibiotics, which did not cause 
hydroxyl radical production.47

Further investigations have demonstrated that hydroxyl radicals 
are	formed	by	a	Fenton-	like	reaction	in	which	ferrous	iron	is	oxidized	
to ferric iron by peroxide, resulting in hydroxyl radicals. The primary 
mechanism	of	peroxide-	induced	bacterial	death	is	the	establishment	
of	double-	strand	DNA	breaks	(DSBs)46,48 that occur as a result of the 

Fenton reaction, which can also be induced by antibiotics.49,50 There 
is also a shred of evidence that when bacteria are exposed to antibi-
otics,	an	inducible	DNA	repair	pathway	known	as	the	SOS	response,	
which	 reacts	 to	oxidative	 stress	and	DNA	 impairment,	 is	 activated,	
and	that	bacterial	species	unable	to	form	iron–	sulfur	clusters	(a	source	
of	 iron)	 are	 less	 susceptible	 to	bactericidal	 drugs.47 Treatment with 
high dosages of bactericidal antibiotics produces damaging hydroxyl 
radicals through a common cellular death pathway involving alter-
ations	 in	 the	 central	 tricarboxylic	 acid	 (TCA)	 cycle	 and	 iron	metab-
olisms.47,49 Furthermore, after exposure to bactericidal antibiotics, 
there was an observable reduction of nicotinamide adenine dinucle-
otide	(NAD) + hydrogen	(H)	(NADH)	to	generate	ferrous	iron.	On	the	
other	hand,	an	impairment	of	the	TCA	cycle	lowers	the	concentration	
of	NADH,	making	 bacteria	 less	 susceptible	 to	 bactericidal	 drugs.50 
This	 increase	 in	 the	 production	 of	 hydroxyl	 radicals	 damages	DNA	
and proteins. This was observed as a common side effect of all tested 
antibiotics in the study, as well as a common thread in bacterial death. 
To effectively tackle the increasing threat of antibiotic resistance, 
we must apply our upward understanding of antibiotic mechanisms 
to	new	clinical	 treatments	and	approaches.	As	additional	 targets	 in	
the development of alternative antibiotic therapy, two major uniting 
targets will be considered: the SOS response and the role of hydrogen 
sulfide	in	generalized	antibiotic	resistance	in	bacteria.

6.2.1  |  SOS	response:	A	key	step	in	the	
development of antibiotic resistance

The	SOS	response	is	referred	to	as	an	inducible	DNA	repair	process	
in	response	to	DNA	injury	and	oxidative	stress.51,52 The SOS path-
way is important in bacterial adaptation, pathogenesis, and diver-
sification, and thus, also important in the development of persister 
cells,	 extended	 tolerance,	 and	 stress	 resistance	 (including	 anti-
biotic	 resistance)	 (Figure 2).53	 According	 to	 a	 study	 conducted	 by	
Kohanski et al., it was reported that antibiotic exposure triggered the 
SOS	response,	and	bacterial	mutants	that	are	unable	to	form	iron–	
sulfur clusters became less susceptible to bactericidal antibiotics.47 
Furthermore, this study strengthens previous evidence that antibi-
otics such as ciprofloxacin can trigger the SOS response and that the 
SOS response could be a significant step in the development of drug 
resistance.53	Proteins	involved	in	DNA	damage	repair,	such	as	RecA,	
an	inducer;	LexA,	a	repressor;	and	chaperones,	are	produced	as	part	
of the SOS response.53	Repairing	damaged	DNA	typically	 involves	
tolerance for minor genetic mutations, which can contribute to the 
development of antibiotic resistance and persistence.

Antibiotics,	for	example,	can	cause	an	increase	in	ROS	levels	within	
the	cell,	causing	DNA,	protein,	and	lipid	damage	and	inducing	the	SOS	
response.	When	more	ROS	are	synthesized	than	are	removed	in	the	
cell, oxidative stress ensues.53 Based on considerable knowledge, 
bacterial killing, and antibiotic resistance may thus be connected to 
the	formation	of	hydroxyl	 radicals.	The	RecA	protein	has	also	been	
generally identified as the first actor in initiating the SOS response by 
binding	to	single-	stranded	DNA.51,53 This emerging evidence linking 
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antibiotic	action	and,	as	a	result,	cellular	response	to	hydroxyl	radical-	
induced macromolecular damage can now be leveraged to develop 
new antibacterial agents. Inhibitors of the SOS response can not only 
prevent the development of antibiotic resistance, particularly, when 
the	drug	is	present	in	sub-	lethal	concentrations,	but	they	can	also	en-
hance the activities of bactericidal antibiotics.47 There are reports on 
RecA	inhibitors	that	are	currently	being	developed	for	clinical	applica-
tions.54	The	SOS	response	was	initially	recognized	as	regulating	DNA	
damage repair. However, it has been observed to play a much broader 
role. The SOS response triggers a higher rate of mutation, resulting in 
genetic diversification and microbial adaptation, including antibiotic 
persistence and resistance.51,53 This method could be applied to any 
other critical proteins involved in the hydroxyl radical response. They 
may have been ignored in past efforts to uncover new antibiotic tar-
gets since they are not essential for cell growth.

6.2.2  |  The	role	of	hydrogen	sulfide	(H2S)	in	
generalized	antibiotic	resistance	in	bacteria

Several reports suggest that the production of endogenous hydro-
gen sulfide by bacteria confers widespread protection against di-
verse	antibiotics	 in	hydrogen	sulfide-	synthesizing	bacteria,	 leading	
to antibiotic tolerance or resistance in virtually all bacteria studied 
thus far.55,56 Shatalin et al. first reported a new resistance pattern 
mediated by H2S in several clinical isolates, including S. aureus, 
Bacillus anthracis, Pseudomonas aeruginosa, and Escherichia coli.57 
Endogenous synthesis of H2S is thought to inhibit the cellular gen-
eration of ROS by interfering with the Fenton reaction and boost-
ing	 ROS-	scavenging	 enzymes,	 thereby	 aiding	 the	 development	 of	

antibiotic tolerance. On the other hand, genetic and pharmacologi-
cal disruption of the H2S biosynthesis pathways was found to result 
in increased antibiotic sensitivity, suggesting that the H2S biosyn-
thetic pathway may be targeted to enhance antibiotic activities or 
regress resistance.56	According	to	several	other	reports,	H2S is often 
observed to be protective of microbial cells.55,56,58

The	 antibiotic-	induced	 stress-	triggered	 Fenton	 reaction,	which	
results	 in	double-	strand	DNA	breaks,	 is	 recognized	as	the	primary	
cause of bacterial death due to peroxide formation.50,55 The po-
tential of endogenous H2S to enhance the activities of catalase and 
superoxide	dismutase	 (SOD)	may	also	contribute	to	 its	antioxidant	
impact.	By	suppressing	the	DNA-	damaging	Fenton	reaction	through	
Fe2+	 sequestration	 and	 stimulating	 the	 key	 antioxidant	 enzymes	
(catalase	 and	 SOD),	H2S improves bacterial resilience to oxidative 
stress and antibiotics.50 Shatalin et al.57 demonstrated that H2S is 
endogenously	 synthesized	 in	 S. aureus, B. anthracis, P. aeruginosa, 
and E. coli via orthologs of cystathionine γ-	lyase	(CSE),	cystathionine	
β-	synthase	 (CBS),	or	mercaptopyruvate	sulfurtransferase	 (MST).	 In	
these bacteria, the H2S-	mediated	protective	mechanism	was	dou-
bled, involving the suppression of oxidants produced by the Fenton 
reaction	 and	 the	 activation	 of	 antioxidant	 enzymes.57 However, 
Weikum et al.59 demonstrated that H2S protection in S. aureus was 
confined to aminoglycosides. Since it has been established that en-
dogenous H2S reduces the efficacy of several therapeutically used 
antibiotics by increasing pathogenic bacteria's tolerance, there is a 
need to consider the inhibition of this “cell protector” as an augmen-
tation therapy against a wide spectrum of pathogens.

There are other reports that exogenous H2S might not have the 
same protective effects on bacteria as endogenous H2S. This is ev-
idenced by reports that exogenous H2S is cytotoxic to various bac-
teria, including E. coli and Acinetobacter baumannii.58,60 Podlesek and 
Bertok53 made a similar observation while studying the effect of exog-
enous H2S on A. baumannii,	a	crucial	antimicrobial-	resistant	bacterium	
that lacks the genes coding for H2S biosynthesis. Exogenous H2S was 
found to be ineffective in protecting A. baumannii against antibiotics. 
H2S was observed to improve the killing effects of antibiotics such as 
gentamycin, colistin, rifampicin, and clarithromycin, which are unre-
lated.53	Nevertheless,	 it	was	 further	observed	 that	when	antibiotic-	
sensitive A. baumannii were treated with H2S-	releasing	 compounds	
(such	as	NaHS)	together	with	antibiotics,	the	drugs'	bactericidal	activ-
ity was substantially higher than when the antibiotics were used alone. 
In recent years, some H2S-	releasing	compounds	have	been	designed	
for a variety of clinical applications,61,62 and their safety profiles have 
been reported.63 It becomes very important to consider H2S-	releasing	
compounds as a means of improving antibiotic efficacies and reversing 
resistance in bacteria that do not produce H2S.

7  |  C AUSE FOR CONCERN

The beneficial and harmful impacts of H2S on animals and plants 
have been well documented.64,65 Surprisingly, both effects are 
linked with either protection from or worsening oxidative damage 

F I G U R E  2 Bacterial	SOS	response:	a	schematic	view.	This	image	
was	created	with	BioRender	(https://biore nder.com/).
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and energy metabolism.64	Along	with	nitric	oxide	and	carbon	mon-
oxide, hydrogen sulfide has been identified as the third gasotrans-
mitter in mammals and has been connected to a range of metabolic 
processes.66,67 H2S is produced by cysteine degradation in mammals 
and	bacteria	 via	 cystathionine-	lyase	 (CSE),	 cystathionine-	synthase	
(CBS),	 and	3-	mercaptopyruvate	 sulfurtransferase	 (3MST).68,69 This 
implies	that	mammalian	cells	also	synthesize	H2S, and human cells 
rely on it. H2S works as a signaling chemical in humans, interacting 
with a variety of organs ranging from the brain to the smooth mus-
cle.50,68	Nonetheless,	the	key	determinant	of	the	effect	of	H2S in an 
organism is noted as the concentration range of H2S.50 For the most 
part, lower concentrations of H2S are generally considered cytopro-
tective,	but	high	doses	(millimolar)	are	considered	cytotoxic.55

The CSE pathway is used by both human and bacterial cells to 
produce hydrogen sulfide. However, the flavors of human and bacte-
rial CSE differ slightly.70,71 Bacterial CBS, CSE, and 3MST have been 
found to differ significantly from their mammalian counterparts,70 
suggesting	that	specific	inhibitors	targeting	these	enzymes	could	be	
designed. The goal is to find compounds that have a significant affin-
ity for the bacterial CSE, ensuring that both of them are selectively 
efficient against bacteria and do not have any unexpected side ef-
fects on mammalian cells.

8  |  CONCLUSION

Antibiotic	resistance	remains	an	internationally	worrisome	problem	
that requires urgent intervention. The idea of antibiotic potentiation 
by molecules or approaches that block key metabolic pathways is 
a viable alternative to the “one compound, one target” model that 
has	 dominated	 antibiotic	 drug	 development.	 Although	 employing	
this combinatorial technique to build and improve antibiotics pre-
sents obstacles in terms of clinical trials and regulatory hurdles. The 
development of agents with the dual activity of inhibiting bacteria 
while also enhancing the immune system appears to be a promising 
strategy.	Furthermore,	antibiotic-	induced	suppression	of	bacteria's	
downstream repair processes could be the ultimate haymaker for 
tackling bacterial pathogens.
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