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Abstract
Bacterial infectious diseases have been treated with antibiotics for several 
decades. However, the adaptive response observed throughout this period can 
be summarised as the emergence of a diverse range of resistance mechanisms. 
Consequently, the inevitability of this bacteria’s adaptive response can be mitigated 
by the application of drugs or compounds that are not related to the physiological 
mechanisms associated with the antibiotics’ effects. However, if it is possible to use 
adjuvant strategies, this may prove more effective. In this context, it is possible to 
cite the drugs and compounds that affect efflux cells or efflux pump inhibitors, as 
well as those that influence the mechanisms associated with biofilm production. 
Both types of compounds are related to non-specific resistance mechanisms, and 
thus represent two of the principal processes through which bacteria can develop 
resistance mechanisms. This paper presents a framework for understanding the 
relevance of prioritising mechanisms associated with non-specific resistance as 
a pharmacological target as a strategy to attenuate the intensity and frequency of 
antibiotic resistance mechanisms.
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1 INTRODUCTION
A nonspecific microbial mechanism was identified in 

the physiology of bacteria, and it was found to be present 
in all bacterial diversity, being found to be present in all 
ecosystem niches of the biosphere[1]. Currently, non-
specific adaptation processes (mainly those associated 
with transport, internalisation or selective regulation 
and cellular efflux, bacterial aggregation, modification of 
metabolic intensity and/or cellular latency, among others) 
represent a significant challenge for bacterial species 
with pathogenic potential, with a particular impact in 
clinical environments. It is therefore pertinent to refer 
to the genera Klebsiella, Mycobacterium, Salmonella, 

Acitenobacter, Vibrio, or Pseudomonas, among others, 
which have developed highly effective and diverse 
resistance mechanisms to drugs with antimicrobial 
activity as a consequence of scenarios whose selection 
pressure It is characterised by the constant presence of 
antibiotics where, eventually, their concentration may 
be in sub-lethal conditions. In these circumstances, 
non-specific resistance mechanisms enable bacteria to 
evade cell lysis in a bacteriostatic scenario. Over time, if 
these conditions persist, they facilitate the emergence 
of resistance phenotypes. This article reviews the two 
main categories of non-specific resistance mechanisms 
that have the potential to be pharmacological targets 
to prevent the emergence of resistance phenotypes 
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under conditions of sub-lethality in a context of antibiotic 
therapy. These are cell efflux pump inhibitors (EPIs) and 
inhibitors of the development of bacterial biofilms.

2 INHIBITORS OF CELLULAR 
EFFLUX AS AN ADJUVANT ELEMENT 
IN THERAPY WITH ANTIBIOTICS

Cellular efflux mechanisms are systems that play a 
central role in homeostatic regulation present not only 
in bacteria but have also been identified and studied 
in eukaryotic organisms. In conclusion, the functioning 
dynamics of these systems can be divided into two 
main categories. The first category encompasses the 
mechanisms associated with the regulation of expression, 
which modify the amount of these transporters present 
and active in bacterial physiology. These mechanisms 
have been repeatedly reported to be of special relevance 
under stress conditions due to different factors[2]. In this 
context, the diverse types and intensities of stressful 
conditions determine the upregulation or downregulation 
of these transporters, which in turn adjusts their function 
from a quantitative perspective. In contrast, the second 
category , pertains to the specific efflux function of this 
type of protein. It is therefore pertinent to indicate that the 
transporters associated with cellular efflux are very diverse, 
with some examples shown in Figure 1. Furthermore, 
one of the defining characteristics of these proteins is 
that they have been the subject of numerous studies 
which have indicated that they are not particularly specific 
or promiscuous[3]. This phenomenon is evolutionarily 
plausible, given that they are systems used by bacteria 
in a non-specific manner to eliminate a vast array of 
organic molecules from the cytoplasm, originating from the 
metabolism of soil microorganisms. These microorganisms 
employ an extensive range of metabolic pathways, 
resulting in the production of a vast array of secondary 
metabolites with potential bacteriostatic and/or bactericidal 
properties[4]. 

These two broad categories of mechanisms act in 
an adjuvant and cooperative manner within a bacterial 
microcolony, enabling the adaptation phenomena of a vast 
array of ecosystem niches. This bacterial characteristic is 
currently the subject of research into the development 
of antimicrobial treatments, with a focus on efflux 
mechanisms present in bacteria with relevance in clinical 
microbiology. Several studies have been conducted 
on this topic, including work by Askoura et al.[5] on 
the genus Pseudomonas, which involved the use of 
peptidomimetic compounds such as phenylalanine arginyl 
β-naphthylamide. In addition, inhibitors of the AcrAB-TolC 
transporters of Escherichia coli have also recently been 
studied[6]. Other studies have examined the cellular efflux 
systems of Acinetobacter baumannii concerning antibiotic 
resistance processes, to develop EPIs for this pathogen[7].

Other pertinent studies in this field have employed the 

use of cell efflux inhibitors in the presence of antibiotics 
to examine the effects on Klebsiella pneumoniae[8]. 
Regarding the methodologies employed in the 
development of EPIs, these may be broadly categorised 
into two main groups. The first of these encompasses 
studies that analyse the pharmacopoeia, particularly in 
natural environments with a high diversity of secondary 
metabolites. The compounds in question have the 
potential to exhibit antimicrobial activity, inhibiting the 
intensity of non-specific adaptation mechanisms. In this 
context, it has recently been published that a significant 
number of compounds with these characteristics are 
found in plants, as has already been reported[9]. In the 
other major category of development of cellular efflux 
inhibitors, it is possible to speak of the bioinformatics 
approach. This involves the analysis of the isolated 
genetic sequences of the organisms of interest and their 
subsequent bioinformatics analysis. This focuses mainly 
on the development of the three-dimensional model of 
the protein and the subsequent analysis of its functioning 
kinetics (Figure 2). 

This allows the necessary information to be collected 
that allows the inhibition of the cellular efflux process 
to be theorised. In this context, it is necessary to cite 
several relevant works. For instance, there are works 
that have explored this methodology[10], while other 
works have employed substrate-protein docking analysis 
(docking)[11]. Additionally, there are reference works that 
are based on in silico analysis[12].

3 BIOFILM INHIBITION AS AN 
ADJUVANT STRATEGY TO REDUCE 
BACTERIAL NON-SPECIFIC 
RESISTANCE TO ANTIBIOTICS

Throughout evolutionary history, bacteria have 
developed the ability to form biofilms with two 
fundamental adaptive goals, with broad physiological and 
genetic consequences. It is important to note that the 
bacterial ecosystem niche is characterised by significant 
fluctuations in its parameters over short periods of time. 
This has clear consequences, including the implementation 
of mechanisms that promote adaptation to new 
physical-chemical conditions, which entails a significant 
consumption of energy. Therefore, the processes that 
resulted in the anchoring to the substrate enabled 
the bacteria to utilise the resources of an ecosystem 
niche without having a potential exposure to a drastic 
environmental variation. This strategy was so successful 
that it was extended throughout the bacterial tree of life. 
Conversely, the formation of biofilms conferred another 
significant adaptive advantage. This can be summarised 
as follows: the micro-colonies formation anchored to the 
substrate, through the production of biofilms, allowed 
bacteria of different species to agglutinate, thereby 
creating an optimal scenario for the horizontal transfer 
of genetic information. These two advantages permit an 
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Figure 1. Main Mechanisms of Cell Efflux Described in Bacterial Physiology.
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Figure 2. Representation a Generic Example of an Interaction Between an Efflux Inhibitor and an Helix in an 
Amino Acid Residue of a Transporter Protein.

explanation of why the formation of biofilms represents 
a non-specific adequacy mechanism. The repression 
of biofilm formation would limit the bacterial adaptive 
capacity. This represents a novel approach that has 
recently been explored as an adjuvant strategy to limit the 
emergence of resistance to antibiotics. 

In the scientific literature, several strategies have 
been described whose purpose is to affect the biofilm 
formation physiology of the bacteria in different parts. In 
this context, we may consider the following strategies: 
a) The destruction of extracellular polymeric substances. 

In this approach, enzymes have been employed as the 
primary agent of destruction[13,14]; b) Induces biofilm 
dispersion by affecting quorum sensing. In this second 
approach, the works have focused on affecting the 
processes associated with the receptors of secondary 
cellular messengers related to the detection of cell density. 
or affect the processes of information transfer in signal 
transduction mechanisms. In this context, despite the 
profusion of the bibliography, it is pertinent to mention 
some works, such as those focused on gram-negative 
pathways, which used N-acyl homoserine lactones and the 
quinolone signal[15,16]. Finally, the other strategy present 
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in the bibliography refers to c) the killing of persister cells 
within biofilms. It is important to clarify that one of the 
non-specific mechanisms that enables resistance to drugs 
with antimicrobial activity refers to cells that remain in a 
latent state, maintaining low rates of energy demand by 
a very low metabolic rate. This also affects the transport 
process, which is severely limited. In turn, this affects 
the penetration of antibiotics. Furthermore, the molecular 
targets of antibiotics have much less activity, which 
dramatically decreases the effect on cell physiology. The 
third strategy entails the identification of compounds that 
can eradicate these cells, thus preventing the reactivation 
of the culture with an additional resistance phenotype if the 
selection pressure for antibiotics ceases. In this context, 
it is possible to cite several works that have been carried 
out in this field. For example, some studies have focused 
on the use of synthetic antibiotics[17], as well as studies 
that have employed host defence mechanisms[18-20]. This 
strategy encompasses other noteworthy works focused on 
the design of adjuvant treatments with metabolites[21].

4 NANOTECHNOLOGICAL APPRO- 
ACHES FOR REPRESSION OF BIOFILM

To address the development of new strategies to 
confront antimicrobial resistance, it is necessary to refer 
to nanotechnology. In this sense, there are review works 
that have previously brought together the most interesting 
studies published to date[22]. For the development of 
treatments that contribute to the presence of antibiotics, 
several approaches have been taken, such as the use of 
metal nanoparticles, for example, zinc oxide NPs, used in 
Candida Albicans[23], silver NPs in combination with biofilm-
lysing enzyme (α-amylase) and dopamine, in S. aureus 
biofilms[24]. Functionalized metal nanoparticles have also 
been used. In this case, some of the most relevant works 
used Pseudomonas auroginosa, where they used poly-
L-lysine (HBPL)-modified manganese dioxide (MnO2)[25] 

or quercetin[26]. Another relevant approach refers to the 
use of dendrimers, particularly PEGylated carbosilane 
dendrimers used in P. aeruginosa[27]. Additionally, an 
additional perspective includes the use of polymeric 
nanoparticles. Some examples with this approach 
were carried out through the analysis of yeast cultures 
of the genus Candida[28], or for example, the use of 
doxycycline-functionalized polymeric, analyzed in cultures 
of Enterococcus faecalis[29]. Finally, one of the most 
interesting approaches refers to the use of solid lipid 
nanoparticles. Regarding this last application, it is pertinent 
to refer to work carried out with S. aureus[30]. In another 
notable work, Liposomes-in-chitosan was used[31].

5 GENE EDITING AS A TOOL FOR 
THEATTENUATION OF RESISTANCE 
MEDIATED BY BIOFILMS

The problem of bacterial sepsis measured by the 
presence of biofilm has also been addressed using gene 
editing techniques. Fundamentally based on CRISPR-

Cas techniques. Concerning this technique, it is pertinent 
to indicate that its use can be categorized with two 
approaches, one directed at pathogens specifically or it 
has also been used on specific genes independently of the 
genome of the organism where they are integrated[32]. In 
this sense, several works should be cited. For example, 
relevant works whose approach includes the use of 
plasmids that carry information to deactivate a resistance 
gene, so that the integration of these vectors results in 
a phenotypic change from resistant to susceptible[33]. 
Specific work with this approach was carried out by 
Bikard et al.[34], who deactivated a methicillin resistance 
gene in S. aureus. In another more recent work, 
the effect of using pCasCure plasmids to generate 
susceptibility of Enterobacteriaceae to antibiotics from 
the carbapenem group was evaluated[35]. Finally, some 
of the relevant works that should be incorporated into 
this analysis focus on genes associated with the quorum 
sensing mechanism, particularly affecting the sequence 
of the luxS gene, in E. coli[36], while in another work this 
same group focused on affecting the function of bacterial 
adhesion, using CRISPR to modify the effect of the fimH 
gene[37]. Finally, it is necessary to mention that there 
are already works that have developed techniques to 
combine the use of nanoparticles and genetic editing, 
using CRISPR, to confront antimicrobial resistance[38].

6 ARTIFICIAL INTELLIGENCE (AI) 
APPROACH FOCUS TO BIOFILMS 
GROWTH PREVENT

The use of AI as an adjuvant tool to include in future 
treatments to control bacterial sepsis may provide a 
hopeful horizon for facing a process as complicated as 
bacterial adaptation. In this sense, although there is little 
bibliography on the matter, there are some works that 
have specifically delved into this approach. However, 
some works have had results using AI to predict the 
formation of biofilms, as well as the identification of 
genes through the study of genomes, which could 
potentially have a role in the formation of biofilms[39]. 
On the other hand, there are works with a focus on inert 
surfaces (titanium), where the formation of biofilms has 
been evaluated through image analysis[40].

7 CONCLUSION
The microbial adaptation processes to treatments 

that involve the use of antibiotics are articulated with 
specific and non-specific mechanisms. Regarding the 
non-specific mechanisms, the selective permeability 
regulation phenomena of cell efflux are processes that 
directly affect homeostatic regulation, controlling the 
molar concentrations of metabolites and other compounds 
in the cytoplasm and thereby affecting cell physiology. 
These processes always act in an adjuvant manner on the 
bacterial phenotype, promoting adaptation phenomena 
under a wide range of stress conditions. In this context, 
the development of treatments that involve antibiotics 
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and cellular efflux inhibitors facilitates the targeting of two 
pharmacological targets. On the one hand, the antibiotic is 
specifically affected, while on the other hand, non-specific 
resistance processes are limited in their ability to enter the 
cytoplasm or to be expelled from it. Conversely, bacterial 
aggregation has been demonstrated to be an adaptive 
strategy that enables bacteria to adhere to a substrate, 
thereby avoiding the constant costs associated with 
adaptation. Furthermore, it contributes to the formation 
of micro-gradients that facilitate the avoidance of high 
concentrations of compounds with toxic activity by cells 
within the biofilm. 

Consequently, the combination of anti-biofilm compounds 
with the pharmacological action of antibiotics represents a 
strategy for combating bacterial sepsis, thereby avoiding 
the emergence of resistance mechanisms. In light of the 
aforementioned arguments, future treatments aimed at 
limiting or attenuating deaths caused by infectious-contagious 
diseases of bacterial origin in hospital environments or in 
patients with greater immunological susceptibility should 
consider the use of different types of antibiotics that ensure 
the presence of several pharmacological targets and the 
adjuvantness of compounds or metabolites that affect the 
mechanisms of non-specific adaptation, which promote the 
emergence of resistance. This will result in an increase in the 
effectiveness of treatments, a reduction in mortality and the 
attenuation of the phenomenon of resistance to antibiotics, 
which constitutes a public health problem today.
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