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Abstract: Prevention, assessment, and identification of drug–drug interactions (DDIs) represent
a challenge for healthcare professionals, especially in nosocomial settings. This narrative review
aims to provide a thorough assessment of the most clinically significant DDIs for antibiotics used
in healthcare-associated infections. Complex poly-pharmaceutical regimens, targeting multiple
pathogens or targeting one pathogen in the presence of another comorbidity, have an increased
predisposition to result in life-threatening DDIs. Recognising, assessing, and limiting DDIs in
nosocomial infections offers promising opportunities for improving health outcomes. The objective
of this review is to provide clinicians with practical advice to prevent or mitigate DDIs, with the aim
of increasing the safety and effectiveness of therapy. DDI management is of significant importance
for individualising therapy according to the patient, disease status, and associated comorbidities.

Keywords: drug–drug interactions; nosocomial infections; drug–drug interaction management;
personalised therapy; antibiotic therapy; pharmacotherapeutic considerations; therapeutic drug
monitoring; antibiotic pharmacokinetics; antibiotic pharmacodynamics

1. Introduction

Nosocomial infections are those infections acquired during the healthcare process
that are not present at the time of hospital admission and occur in all healthcare settings,
including hospitals, outpatient departments, chronic care hospitals, and after discharge [1].
Annually, 24% of patients suffer from nosocomial sepsis, while 52.3% of them die in
intensive care wards. The mortality rate doubles to triples when the patient acquires a
multidrug-resistant strain [2]. Approximately 3.5 million nosocomial infections exist in the
European Union and the European Economic Area. All these result in over 90,000 fatalities
and over 2.5 million lifetime disabilities. In this region, it is estimated that nosocomial
infections have a higher mortality rate than the sum of cases of influenza or tuberculosis [3].

Drug–drug interactions (DDIs) occur when the effects of one drug are altered due to
the simultaneous administration of other medications. In addition to potential DDIs, which
may occur prior to administration, DDIs may be pharmacokinetic or pharmacodynamic [4].
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Current approaches to drug treatment of multiple comorbidities are based on the
use of multiple drugs from different classes and have led to the development of two
associated challenges: multimorbidity and polypharmacy [5]. Moreover, a recent meta-
analysis showed that patients with multiple comorbidities are more likely to develop
nosocomial infections [6]. Thus, in addition to the polypharmacy already present in this
category of patients, a new therapeutic plan is being added, consisting of one or more
pharmacologically active substances to treat the infection caused by the pathogenic germ.
As the number of therapeutic agents administered to a patient increases, so does the risk of
DDIs [7].

Pharmacokinetic DDIs occur when one drug alters the way in which the other drug
administered is absorbed, distributed, metabolised, or eliminated. These might result in
either increased or decreased levels of the drug in the bloodstream [8]. Pharmacodynamic
DDIs emerge when another co-administered drug alters the pharmacological impact of
one drug [9]. Combining two medications can be synergistic when the combined effect is
greater than the sum of the two effects; convergently, the interaction is antagonistic when
the combined effect is less than the sum of the two effects. Suppression also refers to a
high intensity of antagonism where the impact of one drug counteracts the effects of the
second drug [9,10]. Figure 1 represents a visual overview of the pharmacokinetics and
pharmacodynamics of drugs in the body.
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Due to the manageable nature, adverse reactions resulting from DDIs can be prevented
by continuous monitoring of the patient or by substituting the drug involved with another
prescription when possible; however, to mitigate the risks associated with DDIs and increase
the safety of the drug regimen, it is imperative that clinicians evaluate prescribed regimens
and identify those combinations [11,12]. Juurlink et al. calculated that at least 3.3%, 2.3%,
and 7.8% of hospitalisations of elderly patients could be avoided if drug interactions were
evaluated in cases of hypoglycaemia, digoxin toxicity, and hyperkalaemia, respectively [13].

Biorender.com
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It is important to mention that not all DDIs are detrimental and that certain drugs may
have increased absorption in the presence of food [14], or may have increased bioavailability
when co-administered with other drugs that modulate specific enzymatic pathways [15].

Polypharmacy refers to the use of multiple drug regimens and is a significant pub-
lic health issue. Polypharmacy is determined by the number of drugs used in a given
time frame [16]. In a multicentre study, Kuscu et al. found that patients with potential
antimicrobial-containing DDIs had a more extensive pharmacotherapeutic regimen of many
antimicrobial and chronic disease medications than others. It has also been shown that
the incidence of DDIs with antimicrobials increases closely with the number of antibiotics
administered. Thus, the authors concluded that the need to simplify antibiotic therapy is
justified [17].

In a retrospective study conducted by Wang et al., 42.5% of nosocomial infections
acquired by the 15,588 patients included in the study were multidrug-resistant strains [18].
In another analysis conducted by Yang et al., 25.7% out of 1392 nosocomial infection cases
were identified as multidrug-resistant bacteria [19]. A recent meta-analysis reported that
32.8% of hospital-acquired Klebsiella pneumoniae was multidrug resistant [20]. To avoid
infections caused by multidrug-resistant Gram-negative bacteria, a combination treatment
is recommended. As a potential treatment option, novel combinations are being advanced
more and more. These combinations consist of antibiotics in conjunction with medications
that lack antibiotic activity or antibiotics in conjunction with other antibiotics [21]. Nev-
ertheless, this raises another concern—are DDIs going to gain a higher prevalence in the
effort to treat multidrug-resistant strains?

In this narrative review, we aim to provide an in-depth analysis of the DDIs that can
occur in nosocomial settings. Considering the need for precise guidelines with robust
application directions, this research aims to add mechanistic explanations and potential
directions for the efficient management of DDIs in healthcare-associated infections.

2. Clinically Relevant DDIs in Nosocomial Settings

Clinicians’ sustained efforts to optimise drug regimens should be based on minimising
DDIs. In general, pharmacodynamic DDIs can be appreciated by avoiding drug combi-
nations that show comparable adverse effects. In contrast, pharmacokinetic DDIs can be
avoided by substituting other options when drug combinations are metabolised by the
same P450 isoenzyme or when a drug is a known inhibitor or inducer of these enzymes.
Similarly, substrate combinations for the P-glycoprotein efflux pump require additional
caution [15]. There are a wide variety of factors that predispose patients to acquiring
multidrug-resistant nosocomial germs, including inadequate use of broad-spectrum an-
tibiotics, use of pharmacotherapeutic regimens that have increased potential for drug
interactions, sepsis, and a recent hospitalisation for more than five days [6,22,23].

However, in order to understand how DDIs emerge, the mechanisms of action of
antibiotics commonly used in the therapy of nosocomial infections are of particular im-
portance. Figure 2 illustrates the mechanisms of action for the most frequently prescribed
antimicrobials.

2.1. β-Lactam Antibiotics

β-lactam antibiotics are the most prevalent class prescribed in hospitals and are pivotal
for both empirical and targeted therapy. Due to their safety profile at the recommended
doses, the use of drug therapy monitoring has not been widely implemented [24]. Therefore,
the need to revise the common DDIs for this class is justified.

Penicillins have a chemical structure that consists of a β-lactam ring bonded to a
thiazolidine ring. All penicillins have a carboxyl group at position three of their bicyclic
structure and a dimethyl group at position four. The 6-aminopenicillanic acid (6-APA) core
is formed by attaching an amino group with the β-lactam ring at the C-6 position. Except
for penicillin G and penicillin V, all penicillins currently used in clinical practice are derived
from 6-APA by attaching different substituents to the 6-amino group [25]. Penicillins
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exhibit varying degrees of protein binding, with cloxacillin and dicloxacillin having protein
binding values over 90%; however, piperacillin and clavulanic acid are exceptions as they
are not absorbed orally. For most of the other medications in this category, gastrointestinal
absorption exceeds 50% [26]. Penicillins exhibit a short half-life, ranging from around 0.5
to 1.5 h, which may vary depending on the specific molecule. Due to their solubility in
water, these drugs are efficiently eliminated through the urinary system [27]. Benzathine
penicillin G exhibits a prolonged apparent half-life of over 336 h, during which the antibiotic
continues to enter the bloodstream for almost 30 days after one intramuscular injection [28].
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Cephalosporins have favourable distribution throughout several bodily fluids, and
the main route of elimination is through the kidneys. Notable exceptions are cefpiramide
and cefoperazone, mainly eliminated through the bile. On the other hand, ceftriaxone is
eliminated through a combination of renal and non-renal pathways [29]. Cephalosporins
with a molecular weight below 450 are only excreted in the bile at a rate of less than 15% of
the administered dose; however, cephalosporins with a molecular weight above 450 show
a recovery rate in the bile ranging from 15% to 100%. Furthermore, the primary route for
their removal is by elimination into bile and/or urine, with limited metabolic processes
occurring within the body [26]. Cephalosporins are generally excreted quickly, with plasma
half-lives ranging from 1 to 2 h. The exceptions include cefonicid, which has a half-life of
4.4 h; cefpiramide, which has a half-life of 5.0 h; cefotetan, which has a half-life of 3.5 h;
and ceftriaxone, which exhibits the longest half-life, measuring 8.5 h [30].

Renal dihydro peptidase-1 metabolises carbapenems. Thus, in order to ensure the ef-
fectiveness of imipenem, it is necessary to administer it together with a dihydro peptidase-1
inhibitor. Meropenem, ertapenem, and doripenem have greater stability to this enzyme than
other carbapenems. Carbapenems are primarily excreted through the kidneys; therefore, it
is important to adjust the dosage for patients with impaired renal function. The half-life of
most carbapenems is approximately 1 h, except for ertapenem, which has a half-life of 3.8 h.
This longer half-life enables ertapenem to be administered once daily. Carbapenems exhibit

Biorender.com
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individual variability in their pharmacokinetic characteristics, particularly in critically sick
patients and those undergoing renal replacement treatment [31].

The typical serum elimination half-life of aztreonam is 2 h in individuals with normal
kidney function. The protein binding rate is 56%. Approximately 66% of the drug is
excreted in the urine without undergoing any changes, while 3.1% to 6.9% is removed
through the kidneys as SQ26992, which is the primary metabolic byproduct of the drug.
Based on urinary excretion data, the apparent half-life of SQ26992 is ten times longer than
that of aztreonam. Although the site of synthesis of SQ26992 is unknown, it is produced by
the process of β-lactam ring hydrolysis. The penicilloate metabolites of penicillins undergo
a slower process of metabolism compared to their original molecules [32].

Table 1 illustrates clinically relevant DDIs for β-lactam antibiotics.

Table 1. Clinically relevant DDIs in β-lactam class.

β-Lactams Drug Type Mechanism Ref.

Cef Anticoagulants Pd
Warfarin interacts with Cef that contain an NMTT side chain by
inhibiting the production of blood coagulation factors. These
effects are also exacerbated by Cef that lack the NMTT side chain.

[33]

Cef Antiretroviral drugs Pk

Antiretrovirals disrupt the functioning of P-glycoprotein (which
actively moves drugs over cellular barriers). Co-administration
impacts antiretrovirals’ absorption, distribution, and excretion,
resulting in changes to their effectiveness and safety.

[34]

Cef Calcium i.v. solutions in vitro Precipitation events that could harm vital organs. [35]

Cef Antidiabetic drugs Pd
Cefditoren includes pivalic acid, which reduces the carnitine
content in the bloodstream. This results in the inability to
synthesise glucose, causing hypoglycaemia.

[36]

Cef Phenytoin Pd Stevens–Johnson syndrome, caused by phenytoin, worsened due
to cefepime. [37]

Cef Proton-pump
Inhibitors Pd A higher likelihood of developing acute renal damage. [38]

Pen Antiepileptics Pk Impact on the plasma concentration of valproic acid, causing a
considerable reduction and insufficient management of seizures. [39]

Pen Warfarin Pd
An increase in INR levels and a risk of bleeding. This can occur
anywhere between seven days after starting amoxicillin treatment
and nine days after stopping it.

[40]

Pen + Cef Allopurinol Pd Typical drug-induced widespread rashes. [41]

Pen + Cef Aminoglycosides Pd
The β-lactam ring gradually reacts towards the amino group,
forming a penicillin–aminoglycoside complex with decreased
antibacterial activity.

[42]

Pen + Cef Anti-acids Pk

Out of the 13 β-lactams that were studied, 4 of them showed a
significant decrease in bioavailability when taken with antacids or
mineral supplements. The β-lactam with the most critical negative
impact was cefdinir, whereas cefpodoxime proxetil showed a mild
decrease in bioavailability when taken with antacids.

[43]

Pen + Cef Diuretics Pk

Furosemide inhibits organic ion transporters 1 and 3 (which play
an important role in the active secretion of antibiotics such as
β-lactams). The channel’s disturbance of the usual electrochemical
gradient-expelled cations like Ca2+ and Mg2+, results in a
significantly positive charge in the lumen. This might result in the
paracellular reabsorption of antibiotics with a positive charge.

[44]

Pen + Cef Methotrexate Pk
Most β-lactams are low-pH organic acids that interfere with the
renal tubular discharge of methotrexate and its byproducts,
resulting in a decreased clearance.

[45]
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Table 1. Cont.

β-Lactams Drug Type Mechanism Ref.

Pen + Cef Probenecid Pk

Probenecid hinders the elimination of β-lactams via the renal
tubules. This slows down their clearance and leads to higher
levels of antibiotics in the bloodstream. Organic anion
transporters are competitively inhibited by probenecid.

[46]

Carb Valproic acid Pk

Co-administration leads to a notable decrease in the plasma levels
of valproic acid. The mean plasma concentration of valproic acid
was 68.7 µg/mL; however, due to the interaction, it reduced to a
mean value of 15.8 µg/mL, suggesting a reduction of 77%. This
decline results in inadequate seizure management and other
unfavourable consequences.

[39]

Azt Oral anticoagulants Pd Increased risk of bleeding. [40]

Azt Furosemide Pk A moderate increase in the amount of aztreonam in the body. [15]

Azt Probenecid Pk A moderate increase in the amount of aztreonam in the body. [15]

Azt Entecavir, crizotinib Pk
Both are transported by organic cation transporter 2.
Co-administration leads to higher levels of the drugs in the
bloodstream as they compete for transporters in the renal tubules.

[47]

Legend: Pk—pharmacokinetic; Pd—pharmacodynamic; Cef—cephalosporin; Pen—penicillin; INR—international
normalised ratio; NMTT—N-methyl-thio-tetrazole; Carb—carbapenem; Azt—aztreonam.

The inoculum effect is significant when patients acquire severe infections. It is fre-
quently described as a decrease in antimicrobial activity (shown by a substantially higher
minimum inhibitory concentration value) when the number of microorganisms used for
testing exceeds the standard inoculum size. An analysis found that cephalosporins and
β-lactam/β-lactamase inhibitor combinations consistently exhibited inoculum effects in
laboratory tests, while carbapenems were less affected by inoculum size [48]. However, it
is worth mentioning that among the various β-lactams, only carbapenems have demon-
strated a post-antibiotic effect on Gram-negative bacteria. This may account for a shorter
duration during which the drug concentration remains above the minimum inhibitory
concentration needed for effective bactericidal activity compared to other β-lactam antibi-
otics. The post-antibiotic effect may be caused by the extended or irreversible acylation
of penicillin-binding proteins when combined with β-lactam antibiotics. Conversely, the
penicillin-binding proteins can undergo a significantly delayed deacylation reaction, which
may occur gradually and lead to the reactivation of their enzymatic activity [49].

Furthermore, antibiotic treatment with β-lactams combined with probenecid is associ-
ated with improved results against gonococcal infections. Pk investigations have shown
that the use of probenecid may have broad clinical applications [50].

It is also important to mention that imipenem is the drug most often involved in the
occurrence of epileptic seizures in the carbapenem class. Administration of imipenem
without cilastatin increases nephrotoxicity and neurotoxicity [51]. Imipenem/cilastatin—
if administered in the correct dose for the treatment of severe nosocomial infections in
critically ill patients with central nervous system disorders—can provide a safe therapeutic
option; however, data on the use of this combination in meningitis are still limited, so this
pharmacotherapeutic indication should be approached with caution [52].

2.2. Macrolides

Although antibiotics are used as a first-line therapy in infectious diseases caused
by bacteria, the macrolide class presents additional therapeutic benefits, such as im-
munomodulatory effects. Moreover, recent data have highlighted the potential application
of macrolides in the treatment of inflammatory airway diseases [53].

Macrolides possess lipophilic properties and display extensive distribution throughout
the bloodstream and many tissues. After entering the bloodstream, macrolides have a
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strong affinity for binding to alpha-1-acid glycoprotein (AGP). Erythromycin exhibits a
plasma protein binding affinity of around 70–80% to alpha-1-acid glycoprotein (AGP) [53].
Nevertheless, while azithromycin is 93% free in the plasma, it is only 16% unbound in
the liver [54]. Macrolides have the ability to accumulate in phagocytes, which in turn
carry the medication to the location of the infection. The concentrations of clarithromycin
and azithromycin in phagocytes are 400-fold and 800-fold higher than those seen in the
serum, respectively. The concentration of macrolides in tissues is 50 times higher than
in the plasma, and macrolides have a particular affinity for the spleen, liver, lungs, and
kidneys [54,55]. Erythromycin has a half-life of 1 to 2 h. Spiramycin, erythromycin stearate,
the mercaptosuccinate salt of propionyl erythromycin, and rosaramicin have intermediate
half-lives of approximately 7, 6.5, 5, and 4.5 h, respectively. Azithromycin has a high half-life
value of 41 h. The liver is the primary pathway by which substances are removed from the
body. Renal elimination occurs, although it only contributes minimally to overall clearance,
as indicated by the low values of renal clearance. The impact of renal insufficiency or
hepatic illness on macrolide pharmacokinetics is typically not clinically significant, so no
dose adjustment is required for these patients [56,57].

Table 2 illustrates the most relevant DDIs of macrolides.

Table 2. Clinically relevant DDIs for macrolides.

Drug Type Mechanism Refs.

Anti-arrhythmics Pk After five days of macrolide treatment, there was a 50% reduction in the overall
elimination of quinidine. [58]

Anticoagulants Pd Increased likelihood of bleeding, with an odds ratio of 1.86. The average INR level
rises from 2.7 to 3.6 when juvenile cardiac patients are given this combination. [40]

Antiepileptics Pk

An increased plasma concentration of carbamazepine (129%), which causes
carbamazepine toxicity (including drowsiness, dizziness, ataxia, heart block, and
liver failure). Also, a notable reduction in the plasma levels of pregabalin (a
reduction of 17% in the AUC and a decrease of 13% in the Cmax).

[39]

Antimalarials Pd Prolongation of QT and cardiac adverse effects. [59]

Antipsychotics Pd
Macrolides strongly impede the effects of quetiapine and can cause severe adverse
drug reactions. Macrolides increase the QTc interval by blocking the potassium
channels in the heart.

[60]

Antiretrovirals Pk
Clarithromycin interacts with NNRTIs and PIs, reducing their AUC and increasing
the risk of toxicity, necessitating dose adjustments or monitoring. Azithromycin is
preferred when available.

[61,62]

Benzodiazepines Pk

Elimination of triazolam was decreased by 52%, leading to impaired psychomotor
function and memory loss. The concurrent use of midazolam and erythromycin
leads to a more than four-fold increase in the AUC and a 54% decrease in clearance
for midazolam.

[63]

Calcium channel blockers Pd A decrease in blood pressure due to the widening of blood vessels, a higher
likelihood of hospitalisation due to low blood pressure or sudden kidney damage. [64]

Corticosteroids Pk

Clarithromycin decreases the activity of CYP3A by 75%, potentially elevating the
amount of prednisone in the bloodstream. Caution should be applied to
prednisone-induced mania, even at extremely low doses of prednisone, in older
individuals who have taken a CYP3A inhibitor.

[65]

Cyclosporine Pk Increased blood concentrations for cyclosporine. [66]

Digoxin Pk Increased digoxin toxicity via inhibiting P-glycoprotein. [67]

Hypoglycemiants Pk

Hypoglycemia can be worsened by the presence of hepatic cytochrome P450
inhibitors. Approximately 12.3% of hypoglycemia incidents in patients who are
taking sulfonylureas are believed to be linked to the use of antimicrobial
medications, particularly fluoroquinolones, macrolides,
sulfamethoxazole–trimethoprim, and azoles.

[68]
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Table 2. Cont.

Drug Type Mechanism Refs.

Immunosuppressants Pk
Co-administration of clarithromycin and erythromycin with calcineurin inhibitors or
mTOR inhibitors leads to a substantial rise in the immunosuppressant’s AUC and
Cmax, increasing it by 3 to 10 times.

[69]

Sildenafil Pk The administration of clarithromycin resulted in a 1.86-fold rise in sildenafil’s Cmax and
a 2.29-fold increase in the area under the AUC. [70]

Statins Pk
Co-administration results in higher levels of statins in the bloodstream, which increases
the likelihood of experiencing statin-related side effects, such as myopathy and
rhabdomyolysis.

[71]

Legend: Pk—pharmacokinetic; Pd—pharmacodynamic; INR—international normalised ratio; AUC—area un-
der the curve; Cmax—maximum concentration; NNRTIs—non-nucleoside reverse-transcriptase inhibitors;
PIs—protease inhibitors; mTOR—mammalian target of rapamycin.

Macrolides are bacteriostatic antibiotics as they mainly inhibit the bacterial protein
synthesis process. However, at higher concentrations, they show bactericidal effects
(Figure 2) [72]. In murine models of acute infections, macrolides reduced apoptosis of
circulant lymphocytes and the production of proinflammatory cytokines by circulating
alveolar macrophages and monocytes. They also inhibit quorum-sensing proteins of the
microorganism Pseudomonas aeruginosa from being expressed in the genome [73]. This is of
increased clinical relevance as P. aeruginosa, one of the most common aetiological agents
involved in nosocomial infections, uses chemical signals for intercellular communication.
This phenomenon is called “quorum sensing” and provides the bacteria with the ability to
estimate population density and synchronise their behaviour in response to fluctuations
in cell densities [74]. A very recent meta-analysis evaluated how macrolides affect thera-
peutic outcomes in community-acquired pneumonia; in summary, when macrolides were
included in the therapeutic plan, they reduced 30-day mortality by 35% and increased
infection resolution by 23% compared to the control group [75].

2.3. Fluoroquinolones

Over the years, the fluoroquinolone class has presented multiple compounds, the
first generation being already out of clinical use. At present, some drugs are constrained
by inadequate pharmacokinetic characteristics or unmanageable adverse effects, such as
grepafloxacin, clinafloxacin, and temafloxacin [76]. Table 3 illustrates clinically relevant
DDIs for the fluoroquinolone class.

Table 3. Clinically relevant DDIs for the fluoroquinolone class.

Drug Type Mechanism Refs.

Anti-acids/Sucralfate Pk-Pd Formation of insoluble complexes, with decreased absorption and
antimicrobial activity. [77,78]

Anti-arrhythmics Pd QTc prolongation and cardiotoxicity. [79]

Antidepressants Pd Increased risk of delirium, hallucinations, psychomotor agitation, paranoid
delusions, and suicidal thoughts/attempts. [80]

Antiepileptics Pd

In vulnerable patients, the presence of GABA-like structures at seven sites
in norfloxacin and ciprofloxacin can antagonise GABA receptors, further
increasing the likelihood of having seizures. Fluoroquinolones also
stimulate the NMDA receptor, lowering susceptibility to seizures.

[81]

Antipsychotics Pd Suppression of the heart’s potassium channels through additive inhibition. [60]

β-lactams Pd Increased risk of thrombocytosis. [82]

Clozapine Pd Increased concentration of clozapine, sedation, rhabdomyolysis, and
increased risk of QT prolongation. [78]
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Table 3. Cont.

Drug Type Mechanism Refs.

Corticosteroids Pd

Co-administration can lead to a heightened risk of tendinopathy or tendon
rupture, particularly in females, individuals over the age of 60, and those
who have been taking fluoroquinolones for an extended period. Exercise
caution when administering corticosteroid therapy to individuals with
multidrug-resistant tuberculosis who are also taking fluoroquinolones.

[83,84]

Cyclosporine Pk
Ciprofloxacin can enhance the toxicity of cyclosporine. Patients taking
cyclosporine for an extended period should not use ciprofloxacin and
should instead choose another antibiotic.

[85]

Digoxin Pk Increased risk of digoxin toxicity via increasing digoxin serum levels. [86]

Immunosuppressants Pk

Ciprofloxacin reduces mycophenolate mofetil levels by disrupting
enterohepatic circulation and absorption. Drug level monitoring is
recommended even though levofloxacin does not elevate the level of
cyclosporine.

[69]

Hypoglicaemiants Pd

Levofloxacin’s risk for hypoglycaemia was 5.13 times higher than that of
cephalosporins; however, it was 9.40 times higher than that of penicillin
antibiotics. Furthermore, the findings indicated that levofloxacin posed the
most significant risk for hypoglycaemia, followed by moxifloxacin and
ciprofloxacin. In addition, patients who were taking levofloxacin at the
same time as insulin or sulfonylurea were more likely to develop
hypoglycaemia.

[87]

Levothyroxine Pk

The decrease in T4 AUC following the simultaneous use of ciprofloxacin
and L-T4 is in line with suppressing a T4 uptake transporter in the
intestines, maybe belonging to the OATP family. The idea suggests that the
thyroid hormone transporters MCT8, MCT10, or LAT1/2, found in the
intestine, could potentially be where the interaction between L-T4 and
ciprofloxacin occurs.

[88]

Methadone Pd Increased methadone toxicity and a life-threatening interaction. [89]

Methotrexate Pk
Co-administration leads to higher blood levels of methotrexate, which
raises the likelihood of developing anaemia and bone marrow suppression
and increases the susceptibility to infections.

[78]

NSAIDs Pd Co-administration reduces the antibacterial effect. [90]

Probenecid Pk

Probenecid hinders the removal of fluoroquinolones from the kidneys by
blocking their release through competitive inhibition of renal organic ion
transporters. It is an inhibitor of the renal tubular anion secretion pathway,
specifically targeting OATP 1 and 3. Probenecid caused a 16% rise in the
AUC of ofloxacin and a 75% increase in ciprofloxacin in healthy volunteers.

[78,91]

Theophylline Pk

The daily administration of 1000 mg of ciprofloxacin decreases the
clearance of theophylline by 19–32%. Co-administration to elderly
individuals was linked to a roughly two-fold rise in the likelihood of being
hospitalised due to theophylline toxicity.

[78]

Warfarin Pd Increased risk of bleeding. [78]

Legend: Pk—pharmacokinetic; Pd—pharmacodynamic; GABA—gamma-aminobutyric acid; AUC—area under
the curve; Cmax—maximum concentration; NMDA—N-methyl-D-aspartate; T4—thyroxine; OATP—organic
anion transporting polypeptide; MCT—monocarboxylate transporter; LAT—L-type amino acid transporter.

After oral administration, fluoroquinolones are quickly absorbed and extensively
disseminated throughout the body. Their metabolic routes involve glucuronidation, N-
oxidation, and demethylation. The primary pathway for elimination is through the kidneys,
with a small amount excreted through the bile. The elimination half-lives of the quinolones
range from 1.5 to 16 h [92].

As the treatments of nosocomial infections advance, the pharmacotoxicologic profile
of fluoroquinolones in children is a factor that continues to contribute to their clinical
limitations for children, and as ongoing changes in microbial resistance constantly pose
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barriers, correct and appropriate prescribing and utilisation practices of fluoroquinolones
are essential for effective therapy. Clinicians should pay particular attention to adverse
reactions and DDIs in the fluoroquinolone class [93]. Since 2024, the Medicines and
Healthcare products Regulatory Agency (UK) has mandated that systemic fluoroquinolones
should only be indicated when there are no other therapeutic alternatives [94].

2.4. Aminoglycosides

Aminoglycosides are well-characterised compounds that are effective against Gram-
negative bacteria. Although their use has declined markedly since their discovery, they are
still characterised as molecules of paramount importance as they have remained effective
against many resistant germs [95]. However, this class represents a therapeutic option with
multiple interactions and requires particular attention when administered in nosocomial
settings (Table 4).

Aminoglycosides are typically administered via parenteral routes, except for cases
involving intestinal infections or the need for decontamination. The protein binding is
low, ranging from 0 to 30%. Additionally, the apparent elimination half-life is roughly 2 h.
The primary method by which aminoglycosides are removed from the body is through
the kidneys, with just a small portion excreted through the bile (0.5–2% of the amount
administered). The biotransformation is minimal, accounting for less than 10%. These
substances are predominantly present in their original, physiologically active state in the
urine. The pharmacokinetics of elimination are not influenced by the dosage or method of
administration [96].

Table 4. Clinically relevant DDIs for aminoglycosides.

Drug Type Mechanism Refs.

ACEi, ARB Pd Increased risk of nephrotoxicity. [97]

Antineoplastics Pd

Both cisplatin and aminoglycosides induce sensorineural hearing loss. This
is primarily caused by damage to the outer hair cells, specifically in the
basal turn of the cochlea. Both classes of ototoxic medications induce
oxidative stress within the inner ear, which serves as the primary catalyst
for cellular damage. Additionally, there is an elevated risk of
nephrotoxicity.

[98–100]

Biphosphonates Pd Additive effect that could lower calcium levels in the blood for a long time. [101]

Diuretics Pd Increased risk of ototoxicity. [99,100,102]

Immunosuppressants Pd Increased risk of nephrotoxicity. [103]

Lincosamides Pd Increase in the neuromuscular blockade effect produced by
aminoglycosides. [104]

Muscle relaxants Pd Enhanced neuromuscular blockade, increasing the risk of respiratory
depression and prolonged muscle paralysis. [99]

NSAIDs Pd Increased aminoglycosides plasma concentrations, enhancing side effects. [84,99]

Opioids Pd Increased risk of neuromuscular blockade. [99]

Radiographic contrast
agents Pd Increased nephrotoxicity. [105]

Vancomycin Pd Increased risk of ototoxicity and nephrotoxicity. [106]

Legend: Pk—pharmacokinetic; Pd—pharmacodynamic; ACEi—angiotensin-converting enzyme inhibitors;
ARB—angiotensin receptor blockers; NSAIDs—non-steroidal anti-inflammatory drugs.

Aminoglycosides are frequently indicated for patients with severe sepsis as a complex
anti-infective antibiotic regimen component [107]. This variant becomes an option when
acquired infections are life-threatening, especially those caused by Acinetobacter baumanii
(the emerging cause of nosocomial infections), Pseudomonas aeruginosa, and Staphylococcus
aureus. In this category of drugs, service concentration determination is a pertinent sur-
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rogate for tissue concentration determination to assess antimicrobial dose and exposure
adequately [108,109].

2.5. Tetracyclines

A large variety of bacteria, including Gram-positive and Gram-negative strains, spiro-
chetes, intracellular bacteria, and protozoan parasites are susceptible to tetracycline antibi-
otics. The original tetracyclines were actinomycete fermentation byproducts [110].

With the exception of tetracycline, which is excreted as the metabolite ∆-epitetracycline,
first-generation tetracyclines undergo metabolism, with just 5% being excreted in this
form. These agents are eliminated unaltered through the renal and biliary pathways.
The quantity of medication eliminated by urine is less than 50%. More than 40% of
medications are excreted in the faeces through biliary clearance, and most tetracyclines
undergo enterohepatic circulation. Biliary concentrations can surpass blood values by a
factor of 5. Doxycycline undergoes minimal metabolism. Doxycycline is excreted without
undergoing any changes in both the renal and biliary pathways [111]. The serum half-lives
of the different substances are as follows: oxytetracycline, tetracycline, and demeclocycline
have half-lives of 12 to 16 h; methacycline has a half-life of 14 to 16 h; minocycline has a
half-life of 11 to 18 h; and doxycycline has a half-life of 15 to 25 h [112].

Eravacycline is a newly approved tetracycline derivative that might gain popularity
in clinical practice due to its efficacy. It is an entirely synthetic compound that includes
one fluorine atom as well as a pyrrolidineacetamide group on the side chain at the C9
position on its D-ring. This distinctive structure offers a defence against tetracycline-
specific mechanisms of resistance employed by both Gram-positive and Gram-negative
bacteria [113]. Table 5 illustrates the clinically relevant DDIs for tetracyclines class.

Table 5. Clinically relevant DDIs for tetracyclines.

Drug Type Mechanism Refs.

Antacids Pk-Pd Chelating DDI that reduces the oral bioavailability by 80%. [99,114]

Antifungals Pk

When eravacycline is administered with a potent inducer of CYP3A, like
rifampin, the dosage should be increased. Concomitant administering of
rifampin resulted in a decrease of roughly 33% in total eravacycline
exposure and an increase of approximately 50% in clearance. However, it
is uncertain whether a dose adjustment with an inhibitor like itraconazole
is necessary.

[99]

Antipsychotics Pk Increased plasma concentration for clozapine. [60]

Antithyroid drugs Pd Non-immune-mediated thyroid dysfunction. [115]

Cyclosporine Pk

Administration of cyclosporine enhances the levels of orally ingested
tetracyclines in the bloodstream. The findings strongly indicate that efflux
pumps in the intestinal epithelium regulate the absorption of tetracycline
from the gastrointestinal tract, even though cyclosporine further hinders
renal and hepatic clearance.

[116]

Iron supplements Pk Reduced bioavailability of tetracyclines. [117]

Oral contraceptives Pk Tetracyclines can decrease the effectiveness of oral contraceptives. [99]

PPIs Pk PPIs may decrease the absorption of tetracyclines. [114]

Legend: Pk—pharmacokinetic; Pd—pharmacodynamic; DDI—drug–drug interactions; PPIs—proton-pump
inhibitors.

Eravacycline may be a suitable option for individuals who are at risk of developing
Clostridium difficile infection. Additionally, eravacycline is effective in treating various
types of infections caused by resistant Gram-negative bacteria and mixed infections. It is
considered more tolerable and has a better safety profile compared to tigecycline, based
on current research [118]. The simultaneous administration of eravacycline with both a
CYP3A4 inducer and inhibitor shows a minimal likelihood of clinically relevant drug-drug
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interactions, especially when strong CYP3A inducers are involved. In such cases, a dosage
adjustment is necessary to guarantee adequate exposure [119].

2.6. Other Classes

Vancomycin is used extensively in clinical practice to treat Gram-positive germs, in-
cluding methicillin-resistant Staphylococcus aureus [120]. The protein binding of vancomycin
is relatively low, typically reported to be around 50–55%. Vancomycin is excreted without
undergoing any changes in the kidneys, and the dosage should be decreased in patients
with impaired kidney function. Vancomycin exhibits a biphasic elimination half-life, char-
acterised by a rapid initial half-life and a terminal half-life of 4 to 6 h in healthy people with
normal kidney function. Patients with impaired kidney function have a notable increase in
the time it takes for the drug to be eliminated from their body [121].

Vancomycin possesses bactericidal activity due to the ratio of the area under the curve
to the minimum inhibitory concentration. Also, the starting dose is calculated based on
special medical conditions, such as the presence or absence of renal insufficiency or based
on the patient’s body mass [122,123]. Because of the pharmacotoxicologic profile with
multiple implications of adverse reactions, the efficacy evaluation of vancomycin-initiated
antibiotic therapy should be performed cautiously and with carefully evaluated drug–drug
interactions (Table 6) [124,125]. Mainly, the most common complications of vancomycin
monotherapy are attributed to renal impairment and those associated with vancomycin
infusion; therapeutic monitoring is of significant importance in this case [126].

Table 6. Most frequent DDIs for vancomycin.

Drug Type Mechanism Refs.

Aminoglycosides Pd Nephrotoxicity, ototoxicity. [127]

Amphotericin B Pd Nephrotoxicity, ototoxicity. [128]

Anticancer drugs Pd Nephrotoxicity, ototoxicity. [129]

Antivirals for H.
simplex Pd Neurotoxicity, nephrotoxicity. [130,131]

Calcineurin inhibitors Pd Synergistic or additive renal impairment
potential. [132]

Cephalosporins Pd Neurotoxicity, nephrotoxicity. [129,133]

Diuretics Pd Nephrotoxicity, ototoxicity. [129]

Neuromuscular
blocking agent Pd Increased risk of neuromuscular

blockade. [134]

NSAIDs Pd Nephrotoxicity. [129,135]

Opioids Pd
The combination of morphine with
vancomycin significantly increases the
amount of histamine released.

[136]

Polymyxins Pd Nephrotoxicity, ototoxicity. [129]
Legend: Pk—pharmacokinetic; Pd—pharmacodynamic; NSAIDs—non-steroidal anti-inflammatory drug.

Linezolid undergoes largely hepatic metabolism, forming two metabolites: an amino
ethoxy acetic acid metabolite and a hydroxyethyl glycine metabolite. These metabolites are
produced as a result of oxidation of the morpholine ring. The more prevalent of the two
metabolites, the hydroxyethyl glycine metabolite, is believed to be produced through non-
enzymatic mechanisms. Although the exact enzymes involved in linezolid metabolising are
unknown, it does not seem to undergo transformation through the CYP450 enzyme system.
Additionally, it does not significantly inhibit or stimulate the activity of these enzymes. The
predicted elimination half-life ranges from 5 to 7 h [137].

Linezolid is frequently contraindicated and associated with multiple significant DDIs [138].
Its use in combination with serotonergic drugs has been intensively studied because of
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the occurrence of severe serotonergic syndrome, a life-threatening complication. Among
the medications incriminated to interact significantly with linezolid are antidepressants,
vasopressors, opioids, and agents with dopaminergic mechanisms [17,139]. The mecha-
nism postulated to be involved in this DDI is based on the connection between excessive
serotonin accumulation in the central nervous system. Linezolid inhibits the enzyme
monoamine oxidase in a non-selective manner and thus inhibits the metabolic processes of
the monoamine neurotransmitter, which results in an abundance of serotonin in the central
nervous system [140].

Dai et al. found that linezolid is responsible for more than three out of ten of the
most common contraindicated DDIs [141]. In a multicentre study, linezolid was found to
be the most frequently contraindicated drug in all instances of DDI. However, clinicians
are unaware of the potential risks associated with this drug and often prescribe it as a
therapeutic anti-infective agent to treat nosocomial infections [142].

Nevertheless, a recent meta-analysis showed that vancomycin and linezolid have a
robust therapeutic efficacy against multiple nosocomial infections. The effectiveness of
linezolid therapy was between 84.4% and 94%, and for vancomycin, between 76.9% and
90% [143]. For this reason, the prescription of these drugs is a valuable tool in global efforts
to control nosocomial infections. Still, it requires particular caution because of the potential
life-threatening DDIs in critically ill patients.

Polymyxins, types B and E, are used extensively in clinical practice [144]. The ever-
increasing prevalence of pneumonia caused by multidrug-resistant Gram-negative bacteria,
together with the decreasing availability of therapeutic options, is a worrying factor for
health systems. Consequently, polymyxins, although a very old antibiotic, have started to be
commonly used in the treatment of nosocomial infections with multidrug-resistant germs,
as they show bactericidal activity against most aerobic Gram-negative bacilli [145–147].

Colistin does not undergo absorption when administered orally. After administering
colistin sulfate through an intravenous bolus, just 0.18 ± 0.14% of the entire colistin dose is
found in the urine after a 24-hour period; hence, colistin experiences significant reabsorption
in the renal tubules by a mechanism facilitated by carriers, and its elimination primarily
occurs through non-renal routes. The primary route of elimination for colistin is through
the kidneys. Following parenteral injection, almost 60% of colistin methanesulfonate is
eliminated in the urine within the initial 24 h [148].

In general, in the presence of renal impairment or concomitant administration of
nephrotoxic drugs, the administration of polymyxins is contraindicated [149]. Additionally,
if polymyxins are the only therapeutic option, monitoring fluid intake and determining
electrolyte levels is necessary [150]. Moreover, polymyxins possess a transient pharma-
cotoxicologic profile, meaning that dizziness and tremor disappear with treatment dis-
continuation. However, at the onset of neurotoxicity symptoms, polymyxins and other
co-administered neurotoxic drugs should be discontinued as soon as possible [151].

3. ADME Considerations for DDIs
3.1. Absorbtion

Changes in gastric pH might affect the solubility or chemical stability of many oral
antimicrobials, particularly certain β-lactams. Proton-pump inhibitors or H2-receptor
antagonist medications can alter the oral bioavailability of these agents. Cationic anti-acids,
such as magnesium or aluminium, calcium and iron to a lesser extent, along with sucralfate
and kaolin–pectin may generate insoluble compounds with tetracyclines, fluoroquinolones,
and lincosamides. This type of interaction reduces the absorption [78].

A notable example is the pharmacokinetic profile of macrolides, which vary depending
on their chemical composition. Erythromycin undergoes degradation in acidic environ-
ments. The 8,9-anhydro-6,9-hemiketal intermediate lacks antibiotic activity but can lead
to gastrointestinal side effects similar to those observed with erythromycin. Subsequently,
this intermediate undergoes additional metabolic processes to become the inert compound
anhydroerythromycin, also known as erythromycin-6,9;9,12-spiroketal. Clarithromycin
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exhibits improved acid stability compared to erythromycin and undergoes less degrada-
tion in the stomach. Azithromycin exhibits a stronger stability at low pH levels, leading
to a prolonged serum half-life and higher tissue concentrations in comparison to ery-
thromycin. Azithromycin exhibits an oral bioavailability of 37%, whereas clarithromycin
has an oral bioavailability of 55%; in contrast, erythromycin has a lower oral bioavailability
of 25% [56,152]. Any pH modification can alter the absorption of these antimicrobials.

3.2. Distribution

Drug interactions are hypothesised to rapidly alter the binding of proteins, leading to
changes in the concentration of free drugs. This is often mentioned as a potential cause of
adverse drug responses. However, the rise in the concentration of unbound drugs is only
temporary, as the processes of drug distribution and drug removal adjust to counterbalance
it [153]. Drugs with a high level of binding to plasma proteins are more susceptible to
displacement by drugs with a stronger attraction to the same attachment site. From a
clinical perspective, removing a drug can potentially lead to side effects or toxicities if the
replaced drug has a high affinity for plasma proteins (>90%), a smaller distribution volume,
a narrow therapeutic range, and a rapid onset of action [154].

Around 35–40% of patients in the intensive care unit have a severe albumin deficiency,
with serum albumin concentrations below 2 g/dL. This factor should be considered when
treating patients with highly bound antibacterial agents (those with protein binding >80%),
particularly since these antibiotics are eliminated through the kidneys to some extent. The
decreased albumin concentration is anticipated to enhance the proportion of unbound
drugs available for renal clearance, leading to suboptimal drug levels [99].

DDIs are often caused by the activation or inhibition of drug transporters, which are
responsible for the movement of substances into and out of cells. The drug transporters
found in the small intestine, liver, and kidney play an important role in determining the
pharmacokinetic characteristics of pharmaceuticals. DDIs mediated by transporters can
significantly impact the pharmacokinetics and therapeutic outcomes of the administered
drugs [155]. Drug membrane transporters facilitate the entry of substances into phase I re-
actions and the subsequent removal following phase II reactions. Drug uptake transporters
transfer the substance to an intracellular biochemical detoxification system, while drug
efflux transporters reduce the amount of drug inside the detoxification system. Blocking
transmembrane transporters can result in reduced absorption of the substance, leading
to limited entry of the drug into the cells and decreased interaction with the enzymatic
systems [156].

P-glycoprotein (P-gp), also known as multidrug resistance protein (MDR1), is a type
of adenosine triphosphate (ATP)-coupling cassette transporter (ABCB1) that is extensively
studied due to its role in limiting effective cancer pharmacotherapy. P-gp inhibits the
cellular absorption of a wide range of both functional and structurally varied substances,
including the majority of cancer treatments, hence leading to multidrug resistance [157].
P-gp has been extensively investigated primarily because of its ubiquitous expression.
The induction of intestinal P-gp can enhance the presystemic evacuation of its substrates,
leading to a decrease in their oral bioavailability. Conversely, inhibition can enhance the
extent to which medications that are substrates of P-gp are absorbed into the bloodstream
through oral administration [155].

P-gp appears to affect the distribution of many antibiotics. P-gp plays a role in the
transportation of tobramycin, azithromycin, and clarithromycin in the gastrointestinal tract,
and it has the ability to limit their absorption in the intestines. The absorption of macrolides
in the intestine is believed to be restricted by efflux transporters P-glycoprotein [158].
Erythromycin and clarithromycin contribute to DDIs due to their involvement in the
distribution of many other pharmacologic agents. For example, erythromycin and clar-
ithromycin enhance the absorption and levels of pravastatin and simvastatin by delaying
their elimination through P-gp [159]. P-gp was identified as an efflux transporter for
minocycline and sparfloxacin at the blood–brain barrier. P-gp is also implicated in the ex-
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cretion of fluoroquinolones in various compartments, including the gastrointestinal, renal,
hepatic, and transepithelial compartments. This efflux transporter is especially significant
in pharmacogenomics due to its role as a P-gp inhibitor for drugs like minocycline. Minocy-
cline, for instance, has been discovered to raise the levels of riluzole in the blood plasma.
Due to this effect, it is regarded as an antibiotic that possesses anti-neurodegenerative
characteristics [26].

Organic anion-transporting polypeptides (OATPs), which are encoded by the SCLO
genes, belong to the SLC family 21 and are responsible for facilitating the movement
of a wide range of substances across cell membranes. OATPs are sodium-independent
transporters located in the plasma membrane. They transport several substances derived
from the body’s own metabolic processes [160]. Considering that OATPs play a role in
the cellular uptake of multiple xenobiotics, their induction increases the concentration
of OATP substrate drugs at the intracellular level, which may potentiate the effect and
increase the risk of toxicity and adverse reactions. Conversely, OATP inhibition may lead to
subtherapeutic concentrations of the administered drugs. Due to the vast range of substrate
recognition of OATPs, multiple therapeutic agents, when taken together, may mutually
affect each other’s pharmacokinetic profiles by interacting with the same transporters,
either in a competitive or non-competitive manner, which causes DDIs [161]. β-lactams
are substrates of OATP, which facilitate their absorption in the kidneys and intestines.
Probenecid, a substance that inhibits the OAT system, prevents the kidneys’ elimination of
penicillin, hence enhancing its effectiveness. Moreover, several cephalosporins have been
found to strongly block human OATP1, OATP2, OATP3, and OATP4 [162]. Erythromycin
and clarithromycin are transported up into hepatocytes by OATP1 and OATP3, acting as
substrates for these transporters. Azithromycin, unlike erythromycin and clarithromycin,
does not appear to have any interaction with OATP1 or OATP3. The SLCO1B1 gene
is responsible for transporting erythromycin into the liver. The SLCO1B1*5 (rs4149056)
variant is known to cause a 50% decrease in erythromycin transport. This variant accounts
for approximately 10% of the differences observed in erythromycin demethylation, as
measured by the erythromycin breath test. In addition, genetic variation in the SLCO1B3
gene has been linked to changes in the buildup of erythromycin in the liver. Specifically,
a variant at the 334 locus (rs4149117) has been found to enhance transporter activity and
increase the absorption of erythromycin [56,163].

Multidrug resistance proteins (MRPs) belong to the ATP binding cassette (ABC) efflux
transporter family. They play an important role in controlling the effectiveness of a wide
variety of antiretroviral and antituberculosis medications. MRPs also play a key role
in removing drugs bound to glutathione and can control the level of oxidative stress in
cells [164]. MRP2 and MRP4 appear to serve as pathways for removing some β-lactam
antibiotics, such as cefazolin (only MRP4), from the human renal proximal tubule. The
transport of ceftizoxime and cefazolin by MRP4 has been found to have affinities in the
micromolar range. In addition, most cephalosporins that were examined showed a dose-
dependent inhibition of MRP4-mediated transport; however, it is important to note that
cephaloridine did not exhibit this inhibition [162]. Approximately 6% of azithromycin is
found in the urine, whereas the majority is eliminated intact in the bile by MRP2 (encoded
by the gene ABCC2) and P-gp (ABCB1). It is believed that MRP2 has a lesser impact on the
elimination of azithromycin via the gall bladder than P-gp [165]. ABCB1 and ABCC2 genetic
variations have been shown to influence the transportation and elimination of erythromycin.
Patients who had the 2677GG (rs2032582) and 3435CC (rs1045642) diplotypes in the ABCB1
gene exhibited higher maximal concentrations of azithromycin in comparison to patients
with the 2677TT/3435TT diplotypes [56].

3.3. Metabolisation

The central mechanisms of clinically relevant DDIs involve the inhibition or induction
of cytochrome P450 (CYP) enzymes. If a substance induces a CYP enzyme, it can enhance
the biotransformation of a different medication or the compound itself (autoinduction), re-
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sulting in decreased levels in the bloodstream and an eventual reduction in the effectiveness
of the drug. Conversely, evaluating the capacity of a substance to inhibit a particular CYP
enzyme is extremely important as, when various pharmacologic agents are co-administered,
they may impede each other’s metabolism, causing elevated toxicity [166,167]. Table 7
summarises the most important CYP enzymes related to antimicrobials.

Table 7. Antimicrobials commonly used in nosocomial infections and CYP enzymes (adapted
from [78,166]).

CYP3A4

Substrates Inducers Inhibitors

opioid analgesics, alpha-1 adrenergic blockers,
benzodiazepines, anti-arrhythmics, calcium

channel blockers, anticoagulants, antimalarials,
statins, antituberculars, tyrosine kinase inhibitors,

corticosteroids, anxiolytics, anticonvulsants,
macrolide antibiotics, lincosamide antibiotics,
atypical antipsychotics, immunosuppressants

(calcineurin inhibitors), antileprosy agents,
antiretrovirals, antineoplastics, antifungals,

antiparasitics, antianginals, rifamycin antibiotics,
antiplatelets, selective estrogen receptor

modulators, antidepressants, vinca alkaloids

rifampicin, efavirenz, nafcillin,
rifabutin, rifapentine,

flucloxacillin

clarithromycin, fosamprenamvir,
etritonavir, ketoconazole, itraconazole,
ritonavir, voriconazole, erythromycin,
fluconazole, ciprofloxacin, norfloxacin

CYP1A2

Substrates Inducers Inhibitors

agomelatine, duloxetine, clozapine, olanzapine,
melatonin, propranolol, theophylline rifampicin ciprofloxacin, acyclovir, valacyclovir

CYP2C9

Substrates Inducers Inhibitors

acenocumarol, celecoxib, meloxicam, fluvastatin,
phenytoin rifampicin

fluconazole,
sulfametoxazole–trimethoprim,

favipiravir

CYP2C19

Substrates Inducers Inhibitors

omeprazole, pantoprazole, diazepam,
voriconazole, clopidogrel, phenytoin rifampicin fluconazole, voriconazole

Erythromycin is extensively metabolised by CYP3A4. Approximately 80% of the drug
is inactivated through demethylation. Of the total amount, over 60% is eliminated from the
body through the bile, and approximately 40% is expelled in the urine. The primary metabo-
lite is N-desmethyl erythromycin. Clarithromycin is believed to undergo metabolism by
CYP3A4, resulting in the production of two metabolites: N-desmethylclarithromycin,
which is inert, and 14-(R)-hydroxyclarithromycin, which is active. Clarithromycin and
erythromycin are believed to inhibit CYP3A4 by creating inactive compounds with CYP3A4
via their nitrosoalkane byproducts [168]. Additionally, erythromycin has been found to
inhibit CYP3A4 and, also, P-gp. As a result, it causes a six-fold rise in the area under the
curve of simvastatin via CYP3A4 inhibition. In addition, rhabdomyolysis is linked to the
simultaneous administration of erythromycin and lovastatin, possibly because lovastatin
concentrations rise due to decreased metabolism and limited efflux [169]. Nevertheless,
studies have demonstrated that azithromycin has limited interaction with CYP3A4, as it is
a modest substrate for the enzyme, undergoes minimal metabolism, and does not affect the
activity of CYP3A4. In addition, ciprofloxacin is mainly metabolised down by CYP1A2,
and is recognised as a known inhibitor of this enzyme [170].
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3.4. Elimination

The elimination of pharmacologically active substances from the body can be influ-
enced by several interactions, including excretion by an additional medication in the same
organ. The kidney is the main organ responsible for the excretion of pharmaceuticals and
their metabolites. DDIs at this level may arise due to competitive mechanisms in active
tubular secretion when two or more drugs utilise the same transport route [171]. For ex-
ample, it was shown that amoxicillin reduced the rate at which methotrexate is eliminated
from the kidneys. Probenecid, a strong inhibitor of the renal tubular secretion anionic
route, significantly enhances the area under the concentration–time curve of oseltamivir
by 2.5 times [172]. Nevertheless, this competition among pharmacologic agents can be
regulated for therapeutic intentions. Probenecid can enhance the levels of penicillins and
cephalosporins in the blood, delaying their removal by the kidneys. This can result in a re-
duction in the required dosage [173]. Probenecid functions by competitively blocking OATP
in the renal tubules. This action leads to an increase in the plasma concentrations of other
substances that interact with the same transporter while decreasing their excretion [174].

Additionally, when urine pH is alkaline, the absorption of acidic medications declines,
and in an environment with an acidic pH, the absorption of basic drugs decreases. However,
the significance of variations in urine pH is only relevant if the pKa of the pharmacologic
agent—which is the pH in which 50% of the molecules that exist in solution are in ionised
form—falls within the range of 7.5 to 10.5 for bases and 3.0 to 7.5 for acids [172]. Antibi-
otics compatible with alkaline conditions include fluoroquinolones, aminoglycosides, and
trimethoprim. Antibiotics compatible with acidic conditions include fosfomycin, tetracy-
cline, nitrofurantoin, and some β-lactams. Based on their meta-analysis findings, Ordaz
et al. proposed that conducting urine cultures with an antibiogram in both acidic and
alkaline environments can be used to determine bacterial susceptibility characteristics.
There is a lack of conclusive data from experiments conducted on living organisms to
determine if selecting an antibiotic based on a patient’s urine pH or using substances to
modify urinary pH will result in a better therapeutic outcome [175].

Comprehending the concepts of half-life is valuable for calculating the rate at which a
particular drug is eliminated from the body and the stable concentration it reaches over
time. The half-life of a substance is particularly relevant in cases when drug toxicity is
a concern. These incidents can occur when patients are prescribed an incorrect dosage.
It can also happen when patients have significant kidney or liver failure or when DDI
can cause blood levels to exceed a toxic threshold [176]. The duration of a pharmacologic
agent’s effectiveness and the probability of DDIs can be affected by its half-life. When two
medications with disparate half-lives are co-administered, the medication with the shorter
half-life undergoes more rapid elimination from the body compared to the medication with
the longer half-life. Approximately 94 to 97% of the substance will be removed from the
body after undergoing four to five half-lives. Therefore, it can be deduced that after four to
five half-lives, the levels of a specific drug in the bloodstream will drop below a medically
significant concentration, indicating that the drug has been removed [177]. It is important
to consider that antibiotics with a short half-life have a narrow DDI onset window. Thus,
analysing the information regarding the half-life is necessary to adjust the dosage of other
co-administered drugs. However, in the case of drugs with long and very long half-times,
where the DDI onset window extends over a long period, additional caution is required,
and clinicians need to carefully assess the risk in order to make a decision that avoids DDIs.

4. Clinical Implications of DDIs in Nosocomial Infections

Nosocomial infections pose an imminent risk to patient safety and can occur in all
sectors associated with health care. They can worsen chronic pathologies, cause death,
and increase total hospitalisation costs. In practice, the incidence of these infections is
influenced by a multitude of factors, such as the increasing proportion of the ageing
population, the continuing emergence of antibiotic-resistant bacteria, and the complexity
of medical treatments [178–180]. From a pharmacological point of view, DDIs occur when
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multiple drugs are administered simultaneously to treat one or more conditions and
lead to unanticipated adverse reactions, life-threatening effects, or decreased therapeutic
efficacy [96]. Figure 3 schematically illustrates the most important clinical implications of
DDIs in nosocomial infections.
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One of the main reasons for prescribing poly-drug regimens is to hinder the progres-
sion of antibiotic resistance [181]; thus, many separate mutations can occur that confer
resistance to a mixture of drugs targeting different biological components. Drug combina-
tions with antagonistic effects result in a slower onset of resistance compared to synergistic
combinations [182]. For example, recent research on S. aureus has indicated that this pattern
may not be universally applicable when bacteria develop increased levels of resistance, as
the drug interactions themselves could be altered by resistance mutations [10,183].

The reduction in antimicrobial activity caused by DDIs is an important factor to con-
sider. When providing concomitant administration of a drug with a CYP P450-inducing
effect with another antibiotic necessary for the destruction of a microorganism, a marked
decrease in the plasma concentration of the antibiotic occurs, hence, a reduction in antimi-
crobial activity [184,185]. This type of interaction is particularly dangerous, especially for
critically ill patients who require the concomitant administration of various drugs [186].

For these reasons, antimicrobial stewardship programs are being optimised in current
clinical practice. These are coordinated efforts for the rational use of antibiotics and involve
administering the correct drug in the correct dose and with the most effective posology [187].

Biorender.com
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Essentially, these stewardship programs aim to improve patients’ health outcomes, reduce
antimicrobial resistance, and lower healthcare costs [188].

DDIs mainly affect patients by reducing the efficacy of treatment and increasing the
length of hospitalisation, thus increasing the costs associated with hospitalisation [189,190].
In a recent study by Schmitt et al., the authors concluded that the incidence of DDIs is
increased in patients with community-acquired pneumonia. This was hypothesised to
occur both because of the increased number of DDIs occurring during hospitalisations and
the severity of these interactions. Furthermore, the presence of DDIs is a separate factor
affecting the duration of hospitalisation [191]. In a prospective cohort study, Laurent et al.
found that patients with multiple comorbidities are at higher risk of becoming infected with
a nosocomial microbe. The most frequent diseases predisposing to nosocomial infections
were respiratory pathologies and renal impairment [192]. Additionally, an important
thing to mention is that patients with chronic conditions present a substantial challenge
in evaluating the pharmacokinetic and pharmacodynamic profile of drugs [193]. The
treatment may have either increased or decreased efficacy in this patient population,
resulting in therapeutic failure and reduced treatment efficacy. This may be explained
by the fact that most information on drug pharmacokinetics is obtained from healthy
individuals and does not consider the complex interrelationships at different stages of
organ failure or with the worsening of pathologies [194]. Moreover, studies performed
on critically ill patients cannot provide conclusive information because of the unique
characteristics of this population, the small number of studies, and the wide variety of
drugs and interventions that can be applied in these cases [195].

5. Clinical Management of DDIs in Nosocomial Infections

Identifying the most significant and medically relevant DDIs in primary care is of
utmost importance to patient safety. Methods for mitigating the likelihood of DDIs involve
reducing the number of prescribed medications, regularly reassessing therapy, exploring
nonpharmacologic alternatives, vigilantly monitoring for indications of toxicity or efficacy,
modifying medication dosages as necessary, and adapting administration schedules [196].
A general rule for the management of DDIs in nosocomial infections is the use of alter-
native therapies whenever possible [197]. The patient’s associated comorbidities should
be assessed before initiating antibiotic therapy. This involves creating an individualised
antibiotic regimen based on evaluating the risk of DDIs between antibiotics and the other
drugs used by the patient [198]. An example would be situations of serious drug–drug
interactions, such as those triggered by linezolid, vancomycin, imipenem, etc., in which
the patient’s life is jeopardised. In these situations, antibiotics that may cause problems
associated with high-severity adverse events should be avoided, and safer therapeutic al-
ternatives should be found. Figure 4 illustrates the most important strategies for managing
DDIs in nosocomial settings.

Another critical factor to consider is the accurate assessment of time-dependent antibi-
otics, i.e., concentration-dependent antibiotics. Under the first category are the β-lactam
or vancomycin antibiotics, which have a time-dependent bactericidal effect and are only
marginally influenced by the concentration of the drug above the minimum inhibitory con-
centration (MIC). The bactericidal effect of these drugs is generally gradual, and increasing
the concentration above a threshold of peak killing activity—usually four times the MIC—
does not significantly increase the bactericidal activity [49,199]. Generally, when administer-
ing time-dependent antibiotics, it is necessary to minimise the time the drug concentration
remains above the MIC. On the other hand, when administering concentration-dependent
antibiotics, the ratio of the peak drug concentration to the MIC is the essential pharma-
codynamic aspect required for optimising therapy [200]. This category comprises drugs
demonstrating concentration-dependent bactericidal activity and marked post-antibiotic
effects. In this category are antibiotics such as aminoglycosides, azithromycin, colistin,
metronidazole, and fluoroquinolone. The efficacy of concentration-dependent antibiotics is
determined by the time-dependent killing rate and the retention time of the post-antibiotic
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effect. This means that the amount of drug, based on the maximum concentration and the
area under the concentration–time curve relative to the minimum inhibitory concentration,
is more important than the frequency of dosage in determining their efficacy [199,201].
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Therefore, understanding the pharmacokinetic characteristics of antibiotics can as-
sist clinicians in determining whether to reduce the dose and maintain the frequency of
administration (typically recommended for time-dependent antibiotics) or keep the dose un-
changed and extend the interval between doses (typically recommended for concentration-
dependent antibiotics) when adjusting the dosage for patients with kidney disease [200].

5.1. Therapeutic Drug Monitoring and Dose Adjustment

Therapeutic drug monitoring (TDM) represents the assessment of drug concentrations
in plasma, blood, or other biological samples; the ultimate goal is to determine the most
effective dosage for the patient. TDM is of significant importance because a patient may
receive multiple drugs to treat different conditions, and these drugs may interact and cause
adverse effects [202].

Pharmacokinetic DDIs for different antibiotic classes can be efficiently assessed by
determining antibiotic concentrations [99,199]; however, these types of DDIs are complex
and require analytical techniques capable of evaluating a wide variety of active molecules.
These methods would need to be introduced into clinical practice rapidly and with high
specificity in order to accurately assess the effect of antibiotics on drugs with very narrow
therapeutic indexes, such as antifungals, antiretrovirals, immunosuppressants, antiepilep-
tics, or antipsychotics [99,203].

An important example in clinical practice is the interaction between macrolides and
antipsychotics. In general, when a patient chronically treated with antipsychotics acquires
a macrolide-sensitive strain, it is necessary to re-evaluate the case and find other antibi-
otic therapy options. If this is not possible, then TDM should be performed. If TDM
assessment methods are not available, a correction factor equal to 0.50 can be applied
to the antipsychotic dose. This is calculated based on the effects that CYP3A4 inhibitors
have on antipsychotics [60,204]. The same reasoning applies to the combination of fluoro-
quinolones and antipsychotics, but in this case, the correction factor is equal to 0.33. Also,
QTc monitoring is mandatory [60].

Erythromycin and clarithromycin increase the absorption of cyclosporine by inhibiting
its metabolisation in the intestinal wall [71]. If their combination is necessary and no other
option is available, a decrease in the cyclosporine dose by 35–50% is required. Additionally,
frequent daily monitoring of calcineurin inhibitors and up to 72-hour monitoring of mTOR
inhibitors is necessary [69].

Biorender.com
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Oral coumarins are the most commonly prescribed anticoagulants, as they are cost-
effective and widely available [205]. Active substances in this class have a very narrow
therapeutic index that requires frequent monitoring and dose adjustment. Patients on
long-term treatment experience a higher international normalised ratio (INR) when given
antibiotics that inhibit cytochrome-P450. As a result, these patients need a lower dosage of
warfarin in order to reduce the likelihood of severe bleeding. Combining warfarin with
antibiotics that stimulate cytochrome-P450 has been demonstrated to reduce INR levels,
necessitating higher doses to obtain the desired anticoagulant effect. Additional variables
that can impact the dosage of warfarin in people taking antibiotics encompass age and
infection conditions [40].

5.2. Management of DDIs in Kidney and Liver Impairment

DDIs may cause increased toxicity due to combined pharmacokinetic or pharmacody-
namic effects. The introduction into the therapy of new active substances or repurposing
already existing molecules in the treatment of critically ill patients may result in an increase
in renal toxicities, which are typically difficult to anticipate or identify [206].

Important considerations include interventions performed to improve the selection
and administration of anti-infective agents in renal failure. Dose adjustment according to
renal clearance is frequently overlooked [207]. Non-adherence to guidelines in hospitalised
patients occurs between 19% and 67%. Available studies indicate that, in practice, recording
glomerular filtration rate values has no impact on prescribing practices for nephrotoxic
drugs, such as certain classes of antibiotics [208,209]. Existing creatinine-based equations
for assessing renal function are based on understanding steady-state conditions. Conse-
quently, these equations are inadequate for accurately estimating the glomerular filtration
rate in acute kidney injury. The equations developed for managing severe renal failure
are based on multiple serum creatinine measurements and utilise the principles of mass
creatinine balance; however, these equations are based on the assumption of constant crea-
tinine production rates and volume of distribution, which may not be accurate, especially
in hemodynamically unstable patients [210]. The most commonly prescribed antimicro-
bials that require dose modification in renal failure are vancomycin, colistin, meropenem,
piperacillin/tazobactam, ciprofloxacin, and fluconazole [211].

At the hepatic level, the most common and dangerous DDIs are the inhibition or
activation of enzymes that metabolise drugs. These interactions lead to premature discon-
tinuation or withdrawal of certain medications from clinical practice. The management of
inhibitory or inducible DDIs is challenging to achieve as there is a large inter-individual
variability in terms of intensity [186,212]. In patients with severe liver failure, reversible
liver enzyme inhibition is extremely low or almost completely disappears. This reduction
is caused by decreased hepatic absorption of inhibitory drugs or decreased enzyme ex-
pression. However, irreversible interactions may be only partially reduced, as they are
exclusively affected by the reduced expression of the enzyme that has been inhibited [213].

A particular category of patients is represented by those with viral hepatitis, who
are given multidrug regimens and who are at increased risk of DDIs [214]. Additionally,
they may acquire a nosocomial infection once hospitalised due to low immunity [215].
Noor et al. have demonstrated that patients with viral hepatitis have a large number of
significant DDIs, and their evaluation is particularly important for the success of therapy
and increased life expectancy in this category of patients [216]. In patients with cirrhosis,
the assessment and management of DDIs is particularly difficult to quantify. In a recent
meta-analysis, Dafonte et al. highlighted that the assessment of the correct dose for patients
with liver cirrhosis is conditioned by various patient-related factors, including increased
body fluid levels, disturbed electrolyte balance, reduced serum albumin and other protein
levels, decreased muscle mass, presence of portosystemic shunts, and impaired hepatic
metabolism with a diminished first-pass effect. In addition, drug-related factors such as
hepatic extraction or bioavailability, metabolic pathways, protein binding, and route of
administration also play a role in dose calculation [217].
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In general, antibiotics are widely recognised as drugs that can induce liver damage.
While the occurrence of severe antibiotic-induced liver damage is relatively rare compared
to the large number of prescriptions given each year, population-based estimates indicate
that it happens in less than 5 out of every 100,000 people. However, it remains a significant
cause for discontinuing antibiotics once they are released to the market. Antibiotic-induced
hepatotoxicity typically does not show any symptoms, is temporary, and is linked to only
minor liver damage. Occasionally, there are instances where there is a notable level of
illness, the requirement for a liver transplant, and even death resulting from sudden liver
failure [218,219]. Amoxicillin–clavulanate is the combination most frequently associated
with drug-induced liver injury. Antibiotics directly impact the composition and variety of
microorganisms in the gastrointestinal tract, as well as the alterations in metabolites. The
reduction of probiotics following antibiotic intervention can diminish the effectiveness of
hepatoprotective drugs, resulting in the manifestation of liver injury [220]. Multiple studies
have shown that the decreased presence of genetically modified species and genes is the
leading cause of individual vulnerability to drug-induced liver injury [221–223].

5.3. Assessing Disease Stage for Proper DDI Management in Nosocomial Infections

In general, to acquire a nosocomial infection, two specific conditions are necessary.
These are represented by the lowering of the defence mechanisms of the respective host by
the presence of pathogenic and non-pathogenic microorganisms [224].

In clinical practice, polytherapy is frequently used for the management of chronic
pathologies [225]. For example, patients with HIV/AIDS—characterised by severe im-
munodeficiency and often requiring long-term hospitalisations—often require the use of
combination pharmacotherapy in order to decrease the risk of resistance to antiretrovi-
ral therapy [226]. The same approach is required for patients with tuberculosis, malaria,
and other infectious diseases that lower the body’s defence mechanisms. In such situa-
tions, monitoring DDIs is crucial, and unrecognised adverse reactions and therapy failure
are almost inevitable in the absence of proper monitoring adapted to the severity of the
pathology [227].

Moreover, the available medication must be carefully evaluated to avoid potentially
harmful effects in treating critically ill patients. These potentially life-threatening adverse re-
actions may be interactions between several drugs administered concomitantly, drug–drug
interactions with pathology, or incorrect dosing. All of these will result in a longer duration
of illness, a denied quality of life, increased hospitalisation costs, and even death [228]. Un-
derstanding the pharmacodynamic characteristics of antibiotics and the pharmacokinetic
changes in critically ill patients can help clinicians to tailor individualised dosing programs
for each patient. Hydrophilic antibiotics are influenced by the pathophysiologic changes
occurring in these groups of critically ill patients. These changes are represented by the
increased volume of distribution and alterations in drug clearance from the body [229]. This
class includes aminoglycosides, colistin, glycopeptides, and β-lactams [230]. Lipophilic
antibiotics, on the other hand, may undergo alterations in the clearance rates from the
body and the presence of minimal variations in the volume of distribution [229]. This class
includes fluoroquinolones, lincosamides, some tetracyclines, and macrolides [231].

In these cases, the antibiotic loading dose can be determined by dividing the volume
of distribution by the desired plasma concentration. Since renal function does not influence
this reasoning, it is not necessary to evaluate creatinine clearance [232].

Patients presenting with sepsis have an increased volume of distribution for hy-
drophilic antibiotics, which leads to the need to increase the loading dose [233]. Addition-
ally, the concentration of lipophilic antibiotics that can penetrate deep into adipose tissues
is much less evident in the extravascular tissues [234].

Most nosocomial infections originate from the patient’s own bacterial flora, but the
major problem is that critically ill patients become colonised with antibiotic-resistant strains.
Unfortunately, a nosocomial infection has a significant influence on disease and mortality
rates and an extremely high impact on increased hospitalisation and costs [224].
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The identification of different strategies for disease management is a cornerstone
for increasing the outcomes of therapies and improving the quality of life of all patient
populations. The significance of early detection is a topic gaining increasing attention in the
healthcare sector [235]. Microbiological techniques for expedited diagnosis enable prompt
identification of bacteria, which is crucial for the timely treatment of patients [236]. The
treatment of bacterial nosocomial infections should include isolating the bacteria in culture
and conducting tests to determine their susceptibility to antimicrobial agents [237].

6. Key Findings and General Considerations

The majority of patients who are admitted to the hospital are prescribed many medi-
cations to manage their underlying health conditions, prevent infections acquired during
their hospital stay, or treat nosocomial infections. This requires a comprehensive evaluation
of DDIs, not only to prevent potential harmful effects but also to achieve optimal efficacy in
pharmacological therapy [238]. However, despite the increasing number of interventions
implemented to reduce the risk of DDIs, the prevalence remains high. A recent systematic
review and meta-analysis found that the occurrence of clinically significant DDIs varied
between 1.2% and 64.0% [189]. A different meta-analysis, which examined the frequency
of DDIs in hospitalised patients, found that the combined prevalence of possible DDIs
was 64.9%, while the combined prevalence of clinically significant DDIs was 17.17% [239].
Moreover, Wannawichate et al. highlighted that the rising prevalence of negative outcomes
linked to DDIs is a frequent reason for hospitalisation, particularly among the elderly
population [240].

Reis et al. conducted a cross-sectional retrospective analysis, which revealed a 70%
prevalence of probable DDIs in the intensive care unit during specific periods of hospitali-
sation. The majority of the DDIs were classified into two categories: severe or moderate.
Pharmacodynamic interactions exhibited a slight prevalence compared to pharmacokinetic
interactions. The presence of possible drug interactions was linked to the quantity of
drugs given and the duration of hospitalisation. Pharmacotherapy factors related to DDIs
included inductors of cytochrome P450, medication that prolonged the QT interval, and
cardiovascular drugs. The study identified an elevated risk of potential drug interactions
in the intensive care unit as a result of the polypharmacy delivered. The interactions were
correlated with the quantity of drugs, the duration of hospitalisation, and the properties of
the prescribed medications [241].

In consequence, data suggest that DDIs remain a major health risk for hospitalised
patients. There is an urgent need to consider all the tools for improving the therapeutic
outcomes of hospitalised patients, especially for those who acquire a nosocomial infection.
Therefore, Figure 5 summarises the major DDIs in nosocomial settings, along with disease–
antibiotic interactions by the type of health issue they provoke.

Predicting DDIs accurately can be challenging due to various confounding factors:
patient characteristics (age and gender), physiological changes caused by drugs (changes
in liver blood flow and protein binding), pathological changes induced by the intensive
care unit treatment (low albumin levels and increased renal clearance), disease stage,
polypharmacy, multiple comorbidities, infections with drug-resistant hospital germs, and
complex dialytic procedures. All these factors can significantly impact the distribution,
metabolism, and elimination of antibiotics, ultimately affecting the clinical significance of
DDIs. An effective strategy for managing DDIs could involve implementing a “fast-track”
clinical pharmacology approach at the patient’s bedside. This approach would involve
using specialised software, checkers for drug interactions, and TDM of anti-infective and
non-anti-infective medications whenever possible. There is now preliminary yet consistent
evidence indicating that evaluating DDIs by clinical pharmacy specialists and continuously
monitoring patients is a viable technique for optimising pharmacotherapy [99].
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7. Conclusions

This narrative review evaluated clinically significant and relevant DDIs in nosoco-
mial settings, highlighting their impact on patient safety and treatment failure. The high
prevalence and the particularities of these DDIs require a robust method of prediction and
management, especially in the case of antibiotic-resistant nosocomial strains.

Personalised therapy is gaining increasing importance as this approach emphasises
the need for individualised treatment depending on the patient, the disease severity, and
comorbidities. It considers the drug’s pharmacokinetic and pharmacodynamic parameters
directly related to the patient’s characteristics. This strategy has the potential to maximise
the efficacy of the treatment and reduce the likelihood of adverse reactions, improving
overall patient outcomes. Clinicians need to engage in ongoing training to be able to
prevent or easily identify DDIs.

An urgent need is to develop more efficient management strategies for DDIs in noso-
comial infections. These should include high-frequency monitoring of therapeutic drug
levels, consistent assessment of treatment efficacy, and consideration of non-pharmacologic
alternatives where possible. Practice guidelines should emphasise the significance of in-
dividualised dosing regimens, especially in patients with kidney, liver, or critically ill
conditions.

All these measures require coordinated efforts and modern prognostic and diagnostic
technologies capable of providing real-time data. A future perspective may be implement-
ing electronic patient histories linked to a decision guidance system to help physicians and
pharmacists evaluate drug therapy and DDIs.
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31. Suchánková, H.; Rychlíčková, J.; Urbánek, K. Pharmacokinetics of carbapenems. Klin. Mikrobiol. A Infekcni Lek. 2012, 18, 68–74.
32. Ramsey, C.; MacGowan, A.P. A review of the pharmacokinetics and pharmacodynamics of aztreonam. J. Antimicrob. Chemother.

2016, 71, 2704–2712. [CrossRef]
33. Imai, S.; Kadomura, S.; Momo, K.; Kashiwagi, H.; Sato, Y.; Miyai, T.; Sugawara, M.; Takekuma, Y. Comparison of interactions

between warfarin and cephalosporins with and without the N-methyl-thio-tetrazole side chain. J. Infect. Chemother. 2020, 26,
1224–1228. [CrossRef]

34. Stolbach, A.; Paziana, K.; Heverling, H.; Pham, P. A Review of the Toxicity of HIV Medications II: Interactions with Drugs and
Complementary and Alternative Medicine Products. J. Med. Toxicol. 2015, 11, 326–341. [CrossRef]

35. Steadman, E.; Raisch, D.W.; Bennett, C.L.; Esterly, J.S.; Becker, T.; Postelnick, M.; McKoy, J.M.; Trifilio, S.; Yarnold, P.R.; Scheetz,
M.H. Evaluation of a Potential Clinical Interaction between Ceftriaxone and Calcium. Antimicrob. Agents Chemother. 2010, 54,
1534–1540. [CrossRef]

36. Kennedy, K.E.; Teng, C.; Patek, T.M.; Frei, C.R. Hypoglycemia Associated with Antibiotics Alone and in Combination with
Sulfonylureas and Meglitinides: An Epidemiologic Surveillance Study of the FDA Adverse Event Reporting System (FAERS).
Drug Saf. 2020, 43, 363–369. [CrossRef] [PubMed]

37. Río, J.M.-D.; Domingo-Chiva, E.; Cuesta-Montero, P.; Valladolid-Walsh, A.; García-Martínez, E.M. Cefepime Associated with
Phenytoin Induced Stevens-Johnson Syndrome. Am. J. Ther. 2017, 24, e481–e484. [CrossRef]

38. Ikuta, K.; Nakagawa, S.; Momo, K.; Yonezawa, A.; Itohara, K.; Sato, Y.; Imai, S.; Nakagawa, T.; Matsubara, K. Association of
proton pump inhibitors and concomitant drugs with risk of acute kidney injury: A nested case–control study. BMJ Open 2021, 11,
e041543. [CrossRef] [PubMed]

39. Carnovale, C.; Pozzi, M.; Mazhar, F.; Mosini, G.; Gentili, M.; Peeters, G.G.A.M.; Clementi, E.; Radice, S. Interactions Between
Antiepileptic and Antibiotic Drugs: A Systematic Review and Meta-Analysis with Dosing Implications. Clin. Pharmacokinet. 2019,
58, 875–886. [CrossRef] [PubMed]

40. Vega, A.J.; Smith, C.; Matejowsky, H.G.; Thornhill, K.J.; Borne, G.E.; Mosieri, C.N.; Shekoohi, S.; Cornett, E.M.; Kaye, A.D.
Warfarin and Antibiotics: Drug Interactions and Clinical Considerations. Life 2023, 13, 1661. [CrossRef]

41. Marzano, A.V.; Borghi, A.; Cugno, M. Adverse drug reactions and organ damage: The skin. Eur. J. Intern. Med. 2016, 28, 17–24.
[CrossRef]

42. Baran, A.; Kwiatkowska, A.; Potocki, L. Antibiotics and Bacterial Resistance—A Short Story of an Endless Arms Race. Int. J. Mol.
Sci. 2023, 24, 5777. [CrossRef]
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