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Abstract

Acute kidney injury (AKI) occurs commonly in hospitalized patients, especially patients
in intensive care units (ICUs). Medications are among the major causative factors of AKI.
This narrative review addressed and updated different aspects of anti-infective-associated
AKI, including amphotericin B, cidofovir, foscarnet, polymyxins, vancomycin, and amino-
glycosides. There is no standard definition or operational criteria to describe anti-infective-
associated AKI. Characteristically, it usually occurs during the first two weeks of treatment
and is typically dose dependent. Functional resolution occurs, but kidney injury can affect
renal functional reserve and increase susceptibility to future AKI events. A variety of
pathophysiological mechanisms impacting glomerular, tubular, and interstitial compo-
nents of the kidney are usually responsible for the development of AKI from anti-infective
medications. Oxidative stress and inflammation play a pivotal role in the pathogenesis of
antibiotic-related AKI. Numerous patient-related, medication-related, and co-administered-
related scenarios have been demonstrated as risk factors for anti-infective-induced AKI.
Apart from traditional indexes of kidney function (serum creatinine and urine output),
novel biomarkers of kidney function (e.g., serum cystatin C) and damage (e.g., urinary
kidney-injury molecule-1 and neutrophil gelatinase-associated lipocalin) have been noticed
in recent clinical studies with promising findings. The efficiency of preventive strategies
against anti-infective-associated AKI in most cases appears to be variable, relative, and
modest. Close and regular monitoring of kidney function parameters is crucial during treat-
ment with nephrotoxic antibiotics. Currently, there is no definitive treatment modalities for
the management of AKI with anti-infectives. Therefore, supportive care is the mainstay
of treatment.

Keywords: nephrotoxicity; acute kidney injury; anti-infective agents; drug induced;
physiopathology; prevention; treatment
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1. Introduction
Acute kidney injury (AKI) transpires commonly in hospitalized patients, especially

those in intensive care units (ICUs). It occurs in about 3–7% of hospitalized and 25–60% of
ICU patients [1]. Patients with AKI may exhibit a 4- to 10-fold increase in mortality and
prolonged hospital stays than those without AKI. In terms of economic burden, the average
patient costs of AKI in the ICU are generally double than those of non-AKI patients [2].
About one-fourth of all medications given in hospitals are potentially nephrotoxic [3].
Therefore, drug-induced kidney disease (DIKD) accounts for about 19 to 26% of cases of
AKI in hospitalized patients [4]. In ICU patients, following sepsis, hypotension, trauma,
and surgery, medications are the third- to fifth-leading cause of AKI [5]. Hospital admission
costs of patients who developed DIKD ranged from USD 47,696 to 173,569 [6].

A standardized list of nephrotoxins can enable a healthcare professional to better
categorize and prioritize nephrotoxic stewardship in different clinical settings, especially
for critically ill patients. Recently, Grey et al. demonstrated that by using an appraised
nephrotoxic potential rating system, 20 medications were considered to have probable to
probably/definite nephrotoxicity for critically ill patients by both physicians and phar-
macists. They included amikacin, carboplatin, cisplatin, diclofenac sodium, ketorolac,
tobramycin, amphotericin B, cidofovir, colistin, gentamicin, methotrexate, vancomycin,
cyclosporine, indomethacin, naproxen, foscarnet, ibuprofen, ketoprofen, rofecoxib, and
tacrolimus [7]. A similar pattern of high-risk nephrotoxic medications in pediatric and
non-ICU inpatients has been also reported [8,9].

Although there are several dedicated reviews that consider the nephrotoxicity of
prominent medications mentioned above, to our knowledge, there is no published review
that has comprehensively discussed different aspects of all these nephrotoxic medications
together. The aim of this narrative review is to provide in-depth and updated data about
the epidemiology, definition, pathophysiological mechanism(s), risk factors, biomarkers,
clinical/paraclinical manifestations, clinical outcome, and preventive as well as therapeu-
tic strategies of AKI caused by well-known nephrotoxic anti-infectives. These include
amphotericin B, cidofovir, foscarnet, polymyxins, vancomycin, and aminoglycosides. We
selected these anti-infectives as the focus of this review because of their concern for a highly
probable association with nephrotoxicity [7–9].

A literature review was performed by related search terms from MeSH like “liposomal
amphotericin B”, “amphotericin B deoxycholate”, “cidofovir”, “foscarnet”, “polymyx-
ins”, “vancomycin”, “aminoglycosides”, “acute kidney injury”, “physiopathology”, “risk
factors”, “epidemiology”, “prevention”, “drug monitoring”, and “therapy”. The major
databases used for searching were PubMed, MEDLINE, and the Web of Science. Only
English-language articles and clinical investigations were recruited. Besides original re-
search studies, case reports, case series, and review articles were also considered eligible.
Despite there being no specific time limitation, we mostly focused on studies published
during the recent 10 years.

2. Amphotericin B
2.1. Introduction

Amphotericin B (AmB) is a polyene macrolide antibiotic that has a broad spectrum of
activity against pathogens, causing disseminated, serious, and life-threatening mycotic and
parasitic infections [10]. These infections include disseminated candidiasis, blastomycosis,
disseminated histoplasmosis, extra cutaneous sporotrichosis, mucormycosis, invasive
aspergillosis, leishmaniasis, and naegleriasis [10,11]. According to its high efficiency, low
rate of resistance, and also low cost, AmB generally has remained as the first-line antifungal
agent for the empiric treatment of invasive candidiasis in critically ill patients [12].
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2.2. Epidemiology

Despite its clinical effectiveness, AmB is associated with a wide variety of acute
and chronic adverse reactions. Among them, nephrotoxicity is generally considered as
the most clinically significant one that limits its utility. AmB deoxycholate, also known
as conventional AmB, may induce some degree of kidney impairment in up to 80% of
cases [13]. Wide variation in the frequency of AmB AKI results from the presence of risk
for damage development, especially its cumulative dose [14]. The frequency of urinary
potassium wasting/hypokalemia and urinary magnesium wasting /hypomagnesemia with
conventional AmB is reported to be 75–90% and 15.3–48.9%, respectively [15]. The incidence
of kidney tubular acidosis and nephrogenic diabetes insipidus caused by AmB is unknown.
Lipid formulations of AmB, especially liposomal AmB, is substantially less nephrotoxic
than conventional AmB [14]. In this regard, a systematic review and meta-analysis of
randomized clinical trials (five trials comprising 1233 patients) reported that the incidence
of AKI with conventional and liposomal AmB is 32.5% and 14.5%, respectively [16]. The
reported rates of hypokalemia and hypomagnesemia with lipid formulations of AmB are
5–26% and 6–20%, respectively [17].

2.3. Definition

Different definitions of AmB-associated AKI have been applied in both observational
and interventional clinical studies. For example, a serum creatinine level >2.5 mg/dL
was previously considered as an arbitrary threshold for AmB-induced AKI [18]; while, a
≥50% decrease in estimated creatinine clearance or ≥100% increase in serum creatinine
(doubling of the baseline value) is the more popular definition of AmB-related AKI in the
literature [19]. Noting that more recent studies adhere to the 2012 KDIGO definition of
AKI for identifying DIKD [20]. According to this definition, an increase in serum creatinine
by≥0.3 mg/dL within 48 h; an increase in serum creatinine to ≥1.5 times baseline within
the previous seven days; or urine output less than 0.5 mL/kg/h for at least 6 h is considered
as AmB-associated AKI [21].

2.4. Pathophysiological Mechanisms

The precise pathophysiology of AmB nephrotoxicity is incompletely understood [22].
Nevertheless, several probable mechanisms have been suggested (Figure 1). In the case of
conventional formulation, AmB and its deoxycholate moiety (which is present in the for-
mulation as a detergent) can acutely diminish kidney blood flow and glomerular filtration
rate (GFR) via the constriction of systemic blood vessels as well as afferent arterioles [13].
The tubule-glomerular feedback (TGF) system is the other hemodynamic component of
AmB nephrotoxicity. Increasing the permeability of the macula densa cells to monovalent
ions (such as sodium and chloride) by AmB can inappropriately activate the TGF system,
leading to afferent arteriolar vasoconstriction and a fall in the GFR [13].

AmB has also direct detrimental effects on tubules, leading to acute tubular injury
(ATI) [14]. Tubular injury of AmB is attributed to the creation of pores secondary to its
interaction with ergosterol in the cell membrane that increase cell membrane permeability
to cations including sodium and calcium. This causes a cascade of events, culminating
in the programmed cell death of tubules [23]. An increase in the permeability of the
thick ascending limb of the loop of Henle and the distal tubule by AmB can promote
passive distal potassium and magnesium secretion, consequently causing hypokalemia
and hypomagnesemia, respectively. However, the serum calcium concentration is usually
preserved within the course of AmB nephrotoxicity [13,24]. Acid–base disorders and
nephrogenic diabetes insipidus are the other tubular features of AmB nephrotoxicity. In
terms of acid–base disorders, AmB can enhance the back-diffusion of secreted hydrogen
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ions. This is secondary to an increase in passive permeability of the cell membrane, leading
to bicarbonate wasting and the impairment of urine acidification. Therefore, AmB can
develop classical distal (type 1) renal tubular acidosis [25]. Nephrogenic diabetes insipidus
is mostly related to hypokalemia along with the inhibition of adenylyl cyclase and/or G
proteins. These events decrease in the abundance of aquaporin 2 water channels and water
permeability in the collecting duct [13,23].

Besides hemodynamic and tubular components, allergic interstitial nephritis is the
other reported mechanism of AmB nephrotoxicity [14].

Figure 1. Summary of pathophysiologic mechanisms of amphotericin b nephrotoxicity [13,14,22].

2.5. Risk Factors

Several variables have been identified and suggested as risk factors of AmB AKI
(Table 1) [13,14,21,26–29]. Concerning the cumulative dose, AKI may be seen in nearly 30%
and more than 80% of patients who received 240 mg and 5 g of AmB, respectively [14].
Although AmB serum levels above 1.0 mg/L have been considered as a potential risk
for kidney impairment [18], a clear correlation between serum concentrations of AmB
and its kidney safety has not been established so far [26]. A large retrospective study
of 507 patients in Japan has identified prior treatment with ACE inhibitors/ARBs or car-
bapenem, concomitant administration of catecholamines or immunosuppressants (not
defined), and daily dosing of AmB ≥ 3.52 mg/kg as factors significantly associated with
AKI due to liposomal AmB [27]. Another retrospective study in tertiary care centers in
Palestine has demonstrated that hypertension, COVID-19 infection, ICU admission, and
mechanical ventilation are significantly associated with conventional AmB AKI [21]. Finally,
concurrent treatment with piperacillin and ticarcillin has been reported as a predisposing
factor of hypokalemia caused by AmB [28].
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Table 1. Suggested risk factors of amphotericin B AKI [13,14,21,26–29] *.

Patient Related Medication Related Co-Administered Medications

Male gender High average daily dose
(e.g., more than 60 mg) Cyclosporine

Older age High cumulative dose
(e.g., more than 600 mg or 2–5 g) Foscarnet

Weight equal or more than 90 kg High serum levels
(e.g., more than 1.0 mg/L) Cidofovir

Baseline kidney dysfunction

Rapid infusion

Pentamidine

Ganciclovir/Valganciclovir

Dehydration
Furosemide

Mechanical ventilation

ICU admission

Angiotensin-converting enzyme
inhibitors/Angiotensin receptor blockers

Vasopressors

Vancomycin

Aminoglycosides

Carbapenems

Cisplatin

Ifosfamide
* Some selected references. For complete references, please refer to the relevant subsection.

2.6. Clinical/Paraclinical Manifestations and Outcomes

Most cases of AmB nephrotoxicity include a rise in serum creatinine as well as BUN
concentrations and electrolyte disorders occurring during the first 2 weeks of treatment
(Figure 2). Nevertheless, it may take several weeks to develop full-blown AmB AKI [14].
The serum creatinine level usually does not increase by more than 2.5 mg/dL from baseline
values [22]. AmB AKI is usually dose dependent and shows clinical resolution upon
discontinuing the treatment. Albeit, up to 15% of patients with AmB-associated AKI may
require dialysis, at least temporarily [13]. A retrospective cohort study between January
2008 and March 2015 at Mayo Clinic in Rochester demonstrated that among 98 patients
experienced AKI during liposomal AmB; 32 subjects exhibited complete resolution after a
mean 9.8 ± 7.8 days. The median (interquartile range) time to partial resolution was 6 days
(3–15 days) [30]. From the pharmacoeconomic point of view, AmB-associated AKI leads to
a mean increased length of hospital stay by 8.2 days and adjusted additional costs by USD
29,823 per patient [31].
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Figure 2. Time onset (depicted by red arrow) and time to recovery (depicted by green arrows) of
AKI caused by amphotericin B, cidofovir, foscarnet, polymyxins, vancomycin, and aminoglycosides.
These values are just approximations and ranges that have been reported from some relevant clinical
studies. Delayed onset and prolonged recovery of AKI with these medications are possible. In the
case of cidofovir, since the time to recovery from AKI has not been clearly described, it has been
depicted by a question mark [14,32–37].

Although urinary potassium wasting, hypokalemia, urinary magnesium wasting,
and hypomagnesemia are common with AmB, serious related complications such as rhab-
domyolysis and life-threatening arrhythmias appear to be infrequent, especially in the
absence of predisposing factors such as cirrhosis, congestive heart failure, and myocardial
infarction [38]. Distal renal tubular acidosis due to AmB is characterized by a normal anion
gap [25]. Nephrogenic diabetes insipidus caused by AmB is clinically characterized by
reduced urine osmolality, polyuria, and polydipsia [22,23]. However, the risk of dehydra-
tion is low because affected patients are usually able to increase their urinary osmolality
above plasma osmolality. Fortunately, nephrogenic diabetes insipidus due to AmB usually
resolves clinically after discontinuation of the offending agent [39].

AmB-associated AKI includes various characteristics, such as an increased serum
creatinine and/or BUN, impaired renal concentrating ability, renal tubular acidosis, and
electrolyte abnormalities; so, it may either overlap with or contribute to other underlying
disorders like dehydration, sepsis, or hereditary renal tubular acidosis. Therefore, the
diagnosis of AmB-associated AKI should be carried out with a multifactorial approach
considering the temporal/causal relationship, taking a complete history from the patient,
conducting a physical examination, and performing different laboratory tests (e.g., kidney
function test, urine analysis, serum/urine electrolytes, and urine output), even renal biopsy.

2.7. Biomarkers

Besides serum creatinine as a classic index of kidney function, other biomarkers of
kidney function have been considered in a few experimental and clinical studies for the
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assessment of AmB-associated AKI. Some of these studied biomarkers are as follows:
urinary osteopontin, N-acetyl-b-D glucosaminidase (NAG), α-glutathione S-transferase (a-
GST), p-GST, clusterin, interleukin-18 (IL-18), beta-2-microglobulin, kidney-injury molecule-
1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), and serum as well as urinary
cystatin C [40–43]. AmB mostly causes damage to the distal tubule, where NGAL is one
of its site-specific biomarkers. NGAL is a glycoprotein that expresses in various tissues,
including the kidney. Its expression is markedly upregulated after kidney ischemia [3].
Accordingly, the ability of NGAL to predict AKI on the first day of AmB administration
was significantly higher than serum creatinine in hematologic–oncologic patients with an
area under the curve (AUC) = 0.765 and 95% confidence interval (CI) = 0.59 to 0.96 [44].
Another prospective cohort study of hemodynamically stable patients with leishmaniasis
demonstrated that urinary NGAL detected AmB-associated AKI 3.2 days earlier than serum
creatinine. The AUC for urinary NGAL on day 5 of AmB treatment was 0.89 (95% CI,
0.67 to 1.00) [45].

2.8. Prevention

During the recent five decades, numerous experimental and clinical studies have been
performed to either prevent or minimize AmB AKI (Table 2). Among them, salt load and
lipid-based formulations have more clinical evidence.

2.8.1. Salt Loading

Salt loading during AmB therapy is one of the most evidenced-based interventions
to prevent its AKI. The rationale behind this approach is that volume expansion via
salt loading can block TGF induced by AmB. This may protect against or ameliorate
the hemodynamic component of AmB AKI, mostly characterized by a decline in the
GFR. Nevertheless, salt loading generally has no beneficial effects on tubular aspects of
AmB nephrotoxicity including electrolyte disorders, distal renal tubular acidosis, and
nephrogenic diabetes insipidus. For salt loading, intravenous sodium chloride at a dose of
150 mEq (1 L or 10–15 mL/kg of 0.9% sodium chloride solution) per day is given as either a
bolus or continuous infusion along with the usual dietary sodium intake. Alternatively,
ORS (1 L [90 mEq] 60 min before starting the infusion of AmB and 2 L throughout the rest
of the day) may also be effective in preventing AmB-associated AKI. Suggested indicators
of optimal salt loading are urinary sodium excretion of 250–300 mEq/day and urinary
output of >2 L/day [13].

2.8.2. Lipid-Based Formulations

Apart from salt loading, administering lipid-based formulations instead of conven-
tional AmB is another well-documented approach to minimize its AKI. There are three
commercially available lipid formulations of AmB, including AmB lipid complex (Abelcet®),
AmB colloidal dispersion (Amphotec® or Amphocil®), and liposomal AmB (AmBisome®).
Presently, AmB colloidal dispersion is not commercially available in the United States.
These products have different pharmacokinetics and rates of AmB release, resulting in less
AKI and allowing for using higher doses [46]. Several mechanisms have been proposed
to explain the reduced AKI of lipid formulations of AmB compared to conventional AmB.
They include (1) a lack of deoxycholate, which has direct tubular toxicity (up to 40% of
tubular toxicity of conventional AmB may be due to deoxycholate); (2) preferential distribu-
tion to the reticuloendothelial system that results in selective and slower transfer of AmB to
targeted fungal rather than mammalian cell membrane (e.g., kidney); and (3) preferential
binding to high-density lipoproteins. Regarding the last mechanism, there are low number
of high-density lipoprotein receptors in kidney tubular cells that minimize the access of
lipid formulations of AmB, especially liposomal AmB, to the kidney. This contrasts with
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conventional AmB that mostly binds to low-density lipoproteins [15,22]. Most head-to-
head clinical trials along with meta-analyses have generally suggested that liposomal AmB
causes less AKI and less severe hypokalemia than conventional AmB [10,15,22]. Inter-
estingly, at least one case series has described the successful use of liposomal AmB for
the treatment of invasive fungal infections in three critically ill patients with documented
AKI [47]. Despite these benefits, it is noteworthy that the drug acquisition cost of a lipid-
based formulations of AmB, particularly liposomal AmB, is significantly higher than that
of conventional AmB. This is a dire issue in resource-limited settings [10,15].

2.8.3. Preparing an Intravenous Lipid Emulsion

Preparing conventional AmB in intravenous lipid emulsions such as Intralipid® 20%
has been shown to reduce its nephrotoxicity in several clinical studies in different settings
including febrile neutropenia, HIV, hematologic malignancies, and critical care [15]. Ac-
cordingly, a systematic review and network meta-analysis of 25 randomized controlled
trials enrolling a total of 2996 patients identified AmB-intravenous lipid combination as the
safest and most cost-saving treatment option in comparison with other formulations [48].
Besides positive findings, this approach has several advantages over using lipid-based
formulations of AmB such as the convenience of preparing the admixture, availability of
its components, and low cost of the combination. Nevertheless, preparing conventional
AmB in intravenous lipid emulsions is currently discouraged in routine clinical practice
and has not received FDA approval because of its potential pitfalls and concerns. These
include the possible instability of AmB in lipid emulsions, disparity in the preparation
method of AmB in fat emulsions, the lack of a standard storage, administration conditions,
the optimal concentration of AmB, and, finally, the potential risk of pulmonary embolisms
secondary to the formation of an AmB particle or precipitate during the preparation [15].

2.8.4. Prolonging the Duration of Infusion

Traditionally, AmB is administered as a 2–6 h intravenous infusion [13]. Prolonging
the duration of AmB infusion has been tested in several clinical studies to simulate a
slow transfer of AmB, observed in lipid-based formulations, to achieve less nephrotoxicity.
The findings of some studies with limited sample sizes in hematological malignancies,
solid organ, and bone marrow transplant recipients are promising [13]. In addition, the
only randomized controlled trial comparing continuous with non-continuous treatment of
AmB in neutropenic patients showed significantly less nephrotoxic effects with the former
technique of administration [49]. In line with these findings, a meta-analysis of five non-
randomized clinical studies suggested that there is a trend for lower nephrotoxicity of AmB
in continuous infusion (24 h) compared to conventional infusion (2–6 h) group [50]. Finally,
a recently published retrospective, multicenter cohort study at two mixed medical–surgical
ICUs demonstrated that continuous intravenous infusion of AmB in combination with
therapeutic drug monitoring (TDM) of its serum levels (two times per week) was not
associated with kidney impairment in critically ill patients with abdominal sepsis [51].

Despite positive findings, prolonging the duration of AmB infusion has several draw-
backs and questions that should be considered and resolved before offering any recom-
mendation in favor of or against its routine use. For example, continuous infusion of
AmB is usually associated with an increase in nursing workload and a decrease in the
feasibility of AmB administration to outpatients. More importantly, clinical efficacy of
AmB may be adversely affected. In this regard, several animal studies have suggested
that AmB has concentration-dependent fungicidal activity, at least against Candida albicans
and Cryptococcus neoformans [13]; albeit, other studies have concluded that AmB has both
time- and concentration-dependent antimicrobial behaviors, characterized by Cmax/MIC,
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AUC0–24/MIC and %T/MIC parameters [51]. Finally, possible physicochemical stability
and compatibility issues of AmB with other medications during continuous infusion cannot
be ignored [13].

2.8.5. Co-Administering Diuretics

Diuretics has been investigated in few clinical studies to determine whether they
can prevent or mitigate different aspects of AmB-associated AKI. As an osmotic diuretic,
mannitol (12.5 g intravenously before and after each course of AmB infusion) has promising
preliminary findings in four kidney transplant recipients in preventing AmB-induced
azotemia [52]. In contrast, the only prospective, double-blind, controlled clinical trial failed
to demonstrate that the co-administration of mannitol (1.0 g/kg added to AmB solution in
5% dextrose in water and infused over 4 h) is effective in protecting against a decrease in
creatinine clearance and urinary concentrating ability [53]. Concomitant administration
of potassium-sparing diuretics including amiloride (5.0 mg orally twice a day) [54] and
spironolactone (100 mg orally twice a day) [55] has been reported to be both effective and
safe in preventing hypokalemia and hypomagnesemia caused by AmB in patients with
various hematological disorders.

2.8.6. Co-Administering Nephroprotective Agents

Several agents with potential nephroprotective properties have been studied in a few
clinical trials so far. These include low-dose dopamine (3 µg/kg/min) [56], the combi-
nation of intravenous isotonic sodium bicarbonate (500 mL) and sodium chloride 0.9%
(500 mL) [57], oral pentoxifylline (400 mg twice a day) [58], and oral n-acetyl cysteine
(600 mg twice a day) [59]. These agents were started at the day of AmB initiation and contin-
ued until either the completion of the treatment or the occurrence of AKI that needed AmB
discontinuation. Except for n-acetylcysteine [59], co-administering the other above agents
resulted in no significant changes in the studied indexes of kidney function. Although
n-acetylcysteine demonstrated a significant reduction in the frequency of AmB-associated
AKI (defined by an alteration in serum creatinine and estimated creatinine clearance), this
agent failed in preventing or ameliorating AmB-induced electrolytes imbalances including
hypokalemia, hypomagnesemia, and urinary magnesium and potassium wasting [59].

2.8.7. Other Measures

In the hope of diminishing nephrotoxicity, some clinicians give AmB formulations
with breakfast (a high cholesterol meal) to simulate lipid co-administration condition [60].
Based on results of a 9-year retrospective study [18], it has been suggested that patients
with more than two risk factors for AmB nephrotoxicity can be assumed to be potential
candidates for receiving alternative antifungal therapy with less nephrotoxicity such as
itraconazole, voriconazole, and caspofungin [14]. Noting that the clinical relevance of
these measures and considerations in preventing AmB AKI is currently unknown. If
possible, concomitant administration of other nephrotoxins during AmB treatment should
be avoided. Finally, if baseline creatinine clearance is less than 25 mL/min or initial serum
creatinine is ≥2.5 mg/dL, it has been suggested not to initiate conventional AmB at all [61].

Table 2. Summary of studied strategies for preventing amphotericin b nephrotoxicity [13,15,56–59] *.

Strategy Description

Salt loading
Administering intravenous sodium chloride at a dose of 150 mEq (1 L or 10–15 mL/kg of
0.9% sodium chloride solution) per day as a bolus or continuous infusion during the course
of treatment is recommended.
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Table 2. Cont.

Strategy Description

Using lipid-based
formulations

Using lipid-based formulations, including a lipid complex, colloidal dispersion, or
liposomal (preferably), instead of conventional formulation is recommended.

Preparing in intravenous
lipid emulsion

Preparing a conventional formulation in intravenous lipid emulsions such as
Intralipid® 20% may be effective.

Prolonging the duration
of infusion

Administering a conventional formulation as a continuous 24 h infusion may
be effective.

Co-administering diuretics
Potassium-sparing diuretics including amiloride (5.0 mg orally twice a day) or
spironolactone (100 mg orally twice a day) may be effective in the management of
electrolyte disorders including hypokalemia and hypomagnesemia.

Co-administering
nephroprotective agents

• Intravenous sodium bicarbonate + sodium chloride combination was ineffective in
preserving GFR and reducing AKI.

• Low-dose dopamine (3 µg/kg/min) was ineffective in reducing the rate or severity
of AKI.

• Oral pentoxifylline (400 mg twice a day) was ineffective in reducing AKI and
electrolyte disorders.

• Oral n-acetyl cysteine (600 mg twice a day) was significantly effective in mitigating
GFR drop and rate of AKI, but not tubular adverse effects (electrolyte disorders).

Using alternative
antifungal therapy

Administering itraconazole, voriconazole, or caspofungin in patients with more than
two risk factors of AKI or those with baseline creatinine clearance less than 25 mL/min.

* Some selected references. For complete references, please refer to the relevant subsection.

2.9. Monitoring

Regardless the type of preventive approach that has been implemented in clinical prac-
tice, close and regular monitoring of kidney function indexes and electrolytes is required
during the treatment course of all intravenous formulations of AmB (Table 3) [14].

Table 3. Monitoring parameters of kidney function and possible nephrotoxicity during treatment
with amphotericin B, cidofovir, foscarnet, polymyxins, vancomycin, and aminoglycosides.

Medication Monitoring Parameters/Suggestions

Amphotericin B
• Serum creatinine and BUN concentrations should be checked daily [14].
• Serum magnesium, potassium, and calcium concentrations should also be monitored every

other day [14].

Cidofovir Urine protein levels along with serum creatinine should be measured within 24 to 48 h prior to the
administration of each dose in induction and maintenance phases [62].

Foscarnet

• If possible, 24 h creatinine clearance should be measured at baseline.
• During the induction and maintenance phases of foscarnet treatment, serum creatinine and

electrolytes (Ca2+, Mg2+, K+, and phosphate) should be determined twice weekly and once
weekly, respectively [63,64].

• Some references have advised that serum creatinine should be monitored daily within the
initial phase of treatment during hospitalization. Sustained changes in the serum creatinine
level (e.g., at least 0.4 mg/dL or more on 2 subsequent occasions) generally require foscarnet
dose adjustment [65].

• Creatinine clearance (mL/min/kg) should also be calculated by using the Cockcroft–Gault
equation, even if serum creatinine is within the normal range [66].

• Checking hydration status before and after each course of foscarnet infusion is also
recommended [64].

• Note that normal total calcium measurements may not reflect ionized hypocalcemia [39].
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Table 3. Cont.

Medication Monitoring Parameters/Suggestions

Polymyxins

• International consensus guidelines are in favor of performing TDM for both colistin and
polymyxin B, wherever possible, especially in the early treatment period [67].

• In the steady state, average target trough levels of about 2 mg/L and 2–4 mg/L have been
proposed for colistin and polymyxin B, respectively [68]. These target trough levels
correspond to AUCss24 h values of about 50 mg h/L and 50–100 mg h/L, respectively [67].

• The lack of a standard analytical method of measurement and difficulties in sample collection,
handling, and analysis of sodium colistimethate (as a prodrug of colistin) have currently
challenged routine TDM of polymyxins in real clinical practice [68,69].

Vancomycin

• In the case of vancomycin combination therapy with piperacillin–tazobactam, monitoring
novel functional/damage kidney biomarkers (e.g., serum cystatin C and urine NGAL), urine
output, and calculated GFR has been also suggested by some researchers to rule out possible
pseudo-AKI [70,71].

• Performing urinalysis including microscopic sediment examination is also advised to assess
the likelihood of ATIN [71].

• In patients with uncomplicated skin and soft tissue infections who do not have obesity and
have normal kidney function, monitoring vancomycin serum trough is generally not
needed [72].

• Performing TDM is recommended in all critically ill patients or those with obesity, burns,
impaired kidney function, individuals who receive concomitant nephrotoxic agents, and those
with impaired kidney function.

• If TDM is required, it should be conducted 48 h and 72 h after the initiation of therapy in
patients with normal and those with impaired kidney function, respectively.

• Time intervals of repeating TDM are mostly dependent to the method of vancomycin
administration (intermittent versus continuous infusion), hemodynamic status of the patient,
and also duration of treatment. The vancomycin trough level should be monitored more
frequently if serum creatinine increases during the course of treatment [73].

• Considering the possibility of significant interpatient variability in the vancomycin level, the
most current 2020 guidelines are in favor of using Bayesian-derived AUC monitoring rather
than trough concentrations. Findings of recent studies have also supported the role of
AUC-based TDM in reducing AKI incidence and the total daily dosage of vancomycin in
clinical practice [74,75].

• Due to several practical issues such as requiring a higher number of patient samples as well as
an application/software to calculate the AUC, more trained personnel, and also potential
errors in accurate sampling times, many centers still use therapeutic trough levels [76].

Aminoglycosides

• In the case of prophylactic therapy for less than 24 h, the measurement of aminoglycoside
concentrations is not necessary [77].

• If the duration of aminoglycoside empiric treatment is less than 72 h, performing TDM is
generally deemed unnecessary [78].

• In patients received aminoglycosides with traditional multiple-daily dosing for therapeutic
purposes, serum concentrations should be measured after giving two to three maintenance
doses or after adjustment of the dose.

• Trough concentrations are measured within 30 min or immediately (preferably) before the next
dose and peak concentrations 30 to 45 min after the end of an intravenous infusion or
approximately 60 min after an intramuscular injection [77,79].

• In patients received extended-interval dosing, the serum drug concentration is usually
measured after the first dose.

• By achieving the desired peak and trough serum concentrations, serum aminoglycoside
concentrations should be re-evaluated only in the case of any changes in kidney function or
treatment duration beyond 7 to 10 days in either once-daily or multiple-daily dosing
regimens [77].
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2.10. Treatment

In adult patients with no underlying kidney disease that develop an average serum cre-
atinine level of 2 to 3 mg/dL at therapeutic doses of AmB, therapy generally should not be
withheld [46]. Some experts recommend that if the serum creatinine concentration exceeds
2.5 mg/dL (in adults) or 1.5 mg/dL (in children) or reaches 2 mg/dL on 2 consecutive days
during treatment, conventional AmB administration should be withheld and substituted
with either lipid-based formulations or, preferably, other antifungal agents [14,61]. Within
the course of kidney impairment, conventional AmB can be continued on alternate days
by doubling the daily dose to a maximum 1.5 mg/kg/day [17]. During the period of
AmB nephrotoxicity, serum magnesium, potassium, and calcium concentrations should be
monitored daily and corrected as needed [14].

There is no definite and specific pharmacologic option for the management of AmB-
associated AKI. Besides the role of salt loading in preventing or minimizing AmB AKI
discussed above, this approach may also have beneficial impact on the management of AKI
caused by this agent. In this regard, at least, a retrospective, multicenter observational study
implicated that daily, consecutive liberal fluid infusion (such as isotonic saline) started
from AKI onset was associated with a significant rate of resolution from stage 1 AKI in
patients given liposomal AmB. This rate was 91% and 50% in liberal and conservative fluid
management groups, respectively. Liberal fluid management was defined as administering
daily fluid volume per weight being more than or equal to a specified threshold and for a
determined period [80].

3. Cidofovir
3.1. Introduction

Cidofovir is the first monophosphate nucleotide analogue agent approved for use
in humans [81]. It demonstrates in vitro activity against several DNA viruses, includ-
ing the herpesviruses, adenovirus, polyomavirus, papillomavirus, and poxvirus [32]. In
current clinical practice, cidofovir is mostly used and approved for the treatment of cy-
tomegalovirus (CMV) retinitis in patients with acquired immunodeficiency syndrome
(AIDS) who have failed to respond to ganciclovir [81]. Other possible clinical applications
of systemic cidofovir are acyclovir-resistant varicella zoster virus (VZV) or herpes sim-
plex virus (HSV) infections in either immunocompetent or immunocompromised patients,
ganciclovir-resistant CMV, refractory BK virus-associated nephropathy in kidney transplant
recipients, and BK virus- or adenovirus-associated hemorrhagic cystitis in hematopoietic
stem cell transplant recipients [32].

3.2. Epidemiology

The most clinically important and dose-limiting side effect of cidofovir is nephrotoxic-
ity [82]. During cidofovir treatment with a maintenance dose (5 mg/kg every other week),
about 12% to 39% of patients may develop proteinuria, and 15% to 24% may experience
elevated serum creatinine [32]. According to the package insert of the medication, protein-
uria (2+ or greater), increased serum creatinine (rise of at least 0.4 mg/dL), or decreased
creatinine clearance (55 mL/min or less) have been identified in about 50% of patients
receiving cidofovir in clinical trials [81]. Fanconi syndrome has been observed in 1% of
cidofovir recipients. Rare cases of chronic interstitial nephritis and nephrogenic diabetes
insipidus caused by cidofovir have been also reported [33]. The rate of cidofovir-induced
AKI in pediatric patients may be higher due to having longer medication half-life [83].
According to a retrospective study of pediatric patients with adenovirus infection, 9 out of
29 cidofovir treatment courses were associated with AKI [84].
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3.3. Definition

Presently, there is no specific and conclusive definition for cidofovir-associated AKI
in the literature. A retrospective study of cidofovir in pediatric patients defined AKI as
an increase in the serum creatinine level of ≥0.3 mg/dL from baseline or requirement
for continuous kidney replacement therapy or hemodialysis at any time during cidofovir
therapy [84]. A more recent retrospective study of hematopoietic cell transplant recipients in
adults has used the RIFLE criteria (specifically an increase in serum creatinine of ≥ 1.5 times
baseline and/or a decrease in ClCr by >25%) for assessing kidney function in cidofovir
recipients [85].

3.4. Pathophysiological Mechanisms

The major mechanism of cidofovir nephrotoxicity is ATI [33]. This is secondary to the
inhibition of mitochondrial DNA polymerase, leading to ATP depletion [86]. In addition,
cidofovir can directly stimulate the caspase-3 pathway, a pro-apoptotic regulator [82]. The
net consequence of these events is the apoptosis of proximal tubule epithelial cells [86].
Besides ATI, cidofovir can also cause tubular lumen obstruction that has an independent
role in both the initiation and extension of tubular injury (Figure 3) [87]. The pathophysio-
logic pathways of cidofovir-induced chronic interstitial nephritis, diabetes insipidus, and
Fanconi syndrome have not been described individually.

Figure 3. Summary of different aspects and pathophysiologic mechanisms of cidofovir nephrotoxic-
ity [33,86,87].

3.5. Risk Factors

The kidney safety of cidofovir has not been evaluated extensively in patients receiv-
ing other known potentially nephrotoxic agents (e.g., tenofovir, aminoglycosides, AmB,
foscarnet, intravenous pentamidine, adefovir, and vancomycin) [34]. However, a recently
published retrospective, large, multicenter cohort study of adult hematopoietic cell trans-
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plant recipients implicated liposomal amphotericin B and IV voriconazole/posaconazole
as predictors of cidofovir nephrotoxicity [85]. As mentioned previously, since cidofovir
has a longer half-life in children than adults, pediatric patients may be more prone to
nephrotoxicity with this agent [83]. Cidofovir nephrotoxicity commonly occurs in a dose-
dependent manner [34]. In neonates and older children, it has been clearly demonstrated
that higher weekly doses of cidofovir were associated with greater increases in creatinine
levels. Finally, previous history of kidney disease can be the other potential risk factor of
cidofovir nephrotoxicity [84].

3.6. Clinical/Paraclinical Manifestations and Outcomes

Kidney dysfunction depicted by increased serum creatinine (at least 0.4 mg/dL) usu-
ally occurs one week after starting cidofovir [33,34] (Figure 2). According to a retrospective
review of pediatric patients with adenovirus infection treated with cidofovir, the median
time to kidney insufficiency was much shorter in the neonates than in the older children
(2 vs. 20 days, respectively) [84].

Since ATI is the major mechanism of cidofovir nephrotoxicity, fractional excretion of
sodium and urine osmolality are expected to more than 2% and less than 350 mOsmol/kg,
respectively. Granular casts and kidney epithelial cells can be detected in urine analysis [86].
Cidofovir-associated AKI at least partially resolves in some patients. However, irreversible
AKI leading to end-stage kidney disease has been also described in few case reports [81].
Fanconi-type syndrome due to cidofovir is generally characterized by proteinuria (2+
or greater), glucosuria, phosphoturia, bicarbonate wasting, and metabolic acidosis [80].
In the case of Fanconi-type syndrome caused by cidofovir, along with these laboratory
abnormalities, clinical symptoms like bone pain and decreased muscle strength can be also
helpful in the diagnosis [88]. Heavy metal exposure (e.g., cadmium and lead), aristolochic
acid (as an herbal remedy) or paraquat poisoning, glue sniffing, Sjogren’s syndrome, and
multiple myeloma are other possible causes of acquired Fanconi syndrome [89].

3.7. Biomarkers

Conventional biomarkers of kidney function including serum creatinine and serum
urea are routinely used in the setting of cidofovir nephrotoxicity. Novel biomarkers of
kidney function have not been specifically studied in relevant investigations so far.

3.8. Prevention

Hydration with one liter of normal saline is required 1 hour before infusing each
dose of cidofovir; if patients can tolerate the fluid load, a second one liter will be given
over a 1–3 h period either simultaneously during or immediately after completing the
infusion [34].

Since cidofovir excretion in the proximal tubule of kidney is mostly mediated via
the human organic anion transporter-1 (hOAT-1), probenecid as a hOAT-1 inhibitor can
reduce drug uptake into the proximal tubule epithelium and prevent or minimize AKI [86].
Therefore, high-dose probenecid (2 g two hours before and 1 g two hours and eight hours
after each infusion for a total of 4 g) can be given. To reduce the potential nausea/vomiting
associated with the administration of probenecid, it has been suggested to administer each
dose of probenecid with food or considering pretreatment with antiemetic agents [34].
Despite its potential efficacy, since the doses of cidofovir currently used are about 5% to 10%
of the standard dose used for the treatment of CMV (0.25–1.0 mg/kg/dose), administering
probenecid to prevent high-dose cidofovir-induced AKI may deem unnecessary in routine
clinical practice [90].

Using alternative formulations of cidofovir with less nephrotoxicity, such as brincid-
ofovir (CMX-001), is another potential preventive approach. This agent is not generally
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accumulated in the kidney tubular epithelial cells because it is not a substrate for hOAT1,
located in the basolateral membrane. Several retrospective case studies have demonstrated
the clinical effectiveness as well as kidney safety profile of brincidofovir in solid organ
and hematopoietic stem cell transplantation [32,62]. In addition, findings of at least one
randomized placebo-controlled phase II trial on pre-emptive treatment with brincidofovir
for the prevention of adenovirus disease in pediatric and adult allogeneic HCT recipients
also supports that this agent lacks nephrotoxicity [91]. However, much more robust clinical
evidence is needed to determine the real role of brincidofovir as an alternative agent of
cidofovir with less nephrotoxicity in clinical practice.

The co-administration of cidofovir with other nephrotoxic agents, especially teno-
fovir disoproxil fumarate, is contraindicated because of increasing the risk of Fanconi syn-
drome [34]. In addition, some of the literature has suggested that all potentially nephrotoxic
agents, such as nonsteroidal anti-inflammatory drugs, contrast media, aminoglycosides,
AmB, foscarnet, and pentamidine should also be discontinued at least seven days before
starting cidofovir [86]. Finally, the initiation of cidofovir is relatively contraindicated in
patients with baseline serum creatinine more than 1.5 mg/dL, calculated creatinine clear-
ance less than 55 mL/min, or with underlying significant proteinuria (≥100 mg/dL in 24 h
urine or ≥2+ in spot urine) [34,92]. These preventive measures are listed and summarized
in Table 4.

Table 4. Summary of suggested strategies for preventing cidofovir nephrotoxicity [34,62,86] *.

Strategy Description

Hydration
One liter of normal saline 1 h before infusing each dose of
cidofovir; if the patient tolerates this, a second liter will
also be given.

Co-administration of probenecid 2 g two hours before and 1 g two hours and also eight
hours after each infusion for a total of 4 g.

Alternative formulations of cidofovir Using brincidofovir with less nephrotoxicity potential
instead of cidofovir may be effective.

Avoiding the co-administration of nephrotoxic agents
Discontinuing NSAIDs, contrast media, aminoglycosides,
AmB, foscarnet, and pentamidine at least 7 days before
starting cidofovir.

Avoiding cidofovir administration in patients with
underlying kidney disease

Not starting cidofovir in patients with:
• Baseline serum creatinine more than 1.5 mg/dL
• Calculated creatinine clearance less than 55 mL/min
• Underlying significant proteinuria (≥100 mg/dL

or 2+)
* Some selected references. For complete references, please refer to the relevant subsection.

3.9. Monitoring

Kidney function should be determined and monitored before and during each course
of cidofovir treatment. Proteinuria appears to be an early and sensitive indicator of cidofovir
nephrotoxicity (Table 3) [62].

3.10. Treatment

It has been advised that cidofovir treatment should be withheld temporary and in-
travenous hydration should be initiated if serum creatinine increases by ≥0.5 mg/dL or
persistent ≥2+ proteinuria develops. If these increments are still observed despite hydra-
tion, cidofovir therapy should be discontinued permanently. The benefit–risk balance of
reintroducing cidofovir is currently unknown [34]. No pharmacologic agent or procedure to
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attenuate cidofovir-associated AKI has been studied so far. Severe AKI caused by cidofovir
may require dialysis [32]. The serum levels of cidofovir can be reduced by about 75% with
high-flux hemodialysis [34].

4. Foscarnet
4.1. Introduction

Foscarnet is a pyrophosphate analog with polymerase and reverse-transcriptase in-
hibitor activities [32]. It has in vitro antiviral effects against herpes family viruses, hepatitis
B virus, and even the human immunodeficiency virus (HIV). In clinical practice, it is al-
most exclusively employed for the prevention/treatment of ganciclovir-resistant CMV or
patients intolerant to ganciclovir, acyclovir-resistant HSV, and acyclovir-resistant VZV [35].
Although it acts synergistically with zidovudine in inhibiting HIV replication [32], foscarnet
currently has no clinical indication for the treatment of HIV [35].

4.2. Epidemiology

Foscarnet has a narrow therapeutic index, and its administration is associated with a
myriad of adverse effects. Nephrotoxicity is usually considered as a major dose-limiting
adverse effect [32]. The first cases of foscarnet-induced AKI were described in 5 out
of 37 kidney biopsies or necropsies in HIV patients in the 1990s [93]. According to the
findings of clinical trials in AIDS, about one-third of patients may develop significant kidney
impairment, defined as serum creatinine ≥2 mg/dL, during foscarnet treatment [32,35].
Similarly, in the setting of hematopoietic stem cell transplantation, deterioration in kidney
function indexes (e.g., serum creatinine clearance) was reported in 27% to 50% of foscarnet
recipients [94]. A retrospective survey on records of both solid organ and hematopoietic
cell transplant over a 10-year period demonstrated that kidney dysfunction occurred in 51%
and 28% by the end of foscarnet treatment and after 6 months, respectively [95]. The rate
of foscarnet-associated AKI in lung transplantation has even reached up to 71% [96]. The
frequency of other possible kidney involvements of foscarnet, including Fanconi syndrome,
urinary magnesium wasting, nephrogenic diabetes insipidus, renal tubular acidosis, and
interstitial nephritis, has not been stated clearly in the literature.

4.3. Definition

There is lack of operational criteria for determining foscarnet-associated AKI, and
various criteria have been used in clinical studies. For example, a >20% decrease in
estimated GFR by the MDRD method is considered kidney dysfunction in foscarnet re-
cipients [95]. Another study used criteria of kidney dysfunction as serum creatinine
increase ≥100% or creatinine clearance decrease ≥50% from baseline values [97]. Finally,
two recently published studies in hematopoietic cell transplantation settings have pro-
vided a criterion of doubling baseline serum creatinine [94] or KDIGO criteria [98] for
foscarnet-associated AKI.

4.4. Pathophysiological Mechanisms

It appears that foscarnet has direct toxic effects on the renal tubular cells, causing
ATI [14]. Additionally, this agent can form complexes with divalent cations including Ca2+,
Mg2+, Fe2+, and Zn2+ [99]. In the case of ionized calcium, it may result in the precipitation of
calcium–foscarnet salt crystals. This precipitate in the tubular cells or tubular lumens, also
called crystal nephropathy, partially contributes to ATI [14]. Apart from tubules, calcium–
foscarnet salt crystals can also precipitate in kidney glomeruli and the interstitium, causing
crystalline glomerulonephritis and interstitial nephritis, respectively. The formation of
other types of crystals such as phosphonoformate has been also reported to be associated
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with the development of foscarnet nephrotoxicity. Crystallization of foscarnet in urine does
not seem to be pH dependent [100].

Foscarnet-induced nephrogenic diabetes insipidus mostly mediates by interfering with
the action of antidiuretic hormone on water channel aquaporin-2 located in the collecting
duct of the kidney [33]. This can be independent of elevation in the serum creatinine
concentration [32]. The precise mechanisms of distal tubular acidosis and magnesium
kidney losses caused by foscarnet have remained mostly undetermined. The inhibition
of membrane-associated carbonic anhydrase type IV by foscarnet may play a role in the
pathogenesis of these kidney involvements [86]. Figure 4 depicts different aspects of
foscarnet nephrotoxicity.

Figure 4. Summary of different aspects and pathophysiologic mechanisms of foscarnet nephrotoxic-
ity [14,33,86].

4.5. Risk Factors

High dosages (6–12 g per day), rapid infusion (less than 1 h and 2 h for induc-
tion and maintenance phases, respectively), dehydration, and concomitant administra-
tion of nephrotoxic medications appear to increase the risk of foscarnet nephrotoxic-
ity [32]. These nephrotoxic medications include aminoglycosides, AmB, pentamidine,
trimethoprim–sulfamethoxazole, cyclosporine, tacrolimus, furosemide, cidofovir, acyclovir,
ritonavir, and saquinavir [14,63,92,101,102].

4.6. Clinical/Paraclinical Manifestations and Outcomes

The serum creatinine value usually begins to rise 6 to 15 days after starting fos-
carnet [35]. In most cases, it resolves within 2 to 4 weeks after cessation of foscarnet
(Figure 2) [32]. However, the adverse impacts of foscarnet on kidney function can be
irreversible [33]. For example, in allogeneic hematopoietic cell transplant, foscarnet recip-
ients have been reported to experience a continued decline in kidney function between
months 6 and 12 after its administration [103].

During the period of foscarnet-associated AKI, urinalysis may demonstrate glomerular-
or non-glomerular hematuria, leukocyturia, proteinuria, and tubular epithelial
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cells [32,99,100]. Foscarnet crystals in urinary sediment exhibit rectangular and square
shapes. However, the presence of crystalline casts in urine sediment (crystalluria) are not
necessarily indicative of or diagnostic for AKI. Even with AKI development, it may be
a lag time of about two weeks between the appearance of crystalluria and AKI develop-
ment [100]. In the presence of hematuria and even modest proteinuria, glomerulonephritis
should be considered as possible differential diagnosis. A clear temporal relationship,
excluding alternative causes of AKI, and detecting crystal-containing casts in the urine
sediment are major diagnostic criteria for foscarnet crystal-induced nephrotoxicity. Notably,
definitive diagnosis can be achieved by the kidney biopsy [104].

Foscarnet-induced nephrogenic diabetes insipidus clinically manifests by polyuria and
polydipsia with or without elevation in the serum creatinine concentration [35]. Diabetes
mellitus and primary polydipsia can also cause polydipsia and polyuria, and they should
be ruled out [105].

4.7. Biomarkers

In the context of foscarnet-associated AKI, apart from serum creatinine as a traditional
index, novel biomarkers of kidney function appear to be addressed in only one prospec-
tive, case-control clinical study so far. In this regard, hospitalized patients treated with
potentially nephrotoxic medications for at least one week such as foscarnet were recruited.
Absolute, normalized to urine creatinine TIMP2 as well as IGFBP7, and their composite uri-
nary levels (TIMP2-IGFBP7) were significantly elevated in AKI cases compared to non-AKI
subjects, as early as 2 to 3 days prior to AKI onset. Interestingly, the normalized urinary
TIMP2 level had the best average AUROC of 0.81 to predict AKI and outperformed urinary
IGFBP7 alone or TIMP2-IGFBP7. In contrast, serum creatinine levels between AKI and
non-AKI groups did not show statistical significance at 2 to 3 days prior to the event, with
a corresponding average AUROC for subsequent AKI prediction of 0.50 [106].

4.8. Prevention

Adequate hydration is a documented strategy to prevent or minimize foscarnet-
associated AKI [63]. Intravenous hydration has dramatically reduced the incidence of
foscarnet-associated AKI from 60% to 10–20% [107]. The major rational for hydration is
decreasing the urinary concentration of the drug, mitigating the chance of crystal formation
in urine [100]. To establish adequate diuresis, 750 to 1000 mL of normal saline (preferably)
or 5% dextrose should be administered intravenously immediately before the first course of
infusion. With subsequent infusions, 500 to 1000 mL of intravenous fluids should be given,
which depends on the foscarnet dose [63]. Some references have suggested higher volumes
for intravenous hydration (1.5 to 2.5 L per day) [100]. In patients with fluid overload, less,
rather than not none, hydration may be given [65].

Oral hydration (at least 16 ounces [450 mL] of fluid until achieving the urine output of
200 mL) has been also implicated to be a convenient alternative approach to intravenous
hydration for preventing foscarnet AKI. The type of oral fluid was liberal as well as optional.
However, patients were advised against drinking alcohol or caffeine-containing beverages.
Nevertheless, the rate of foscarnet-induced AKI has been reported to be higher with oral
hydration compared to intravenous hydration (20% and 11%, respectively) [108].

There is a greater ease of administering foscarnet as a continuous infusion (24 h)
compared to conventional intermittent infusion (at least 1 to 2 h), especially in outpa-
tients [98]. There is a possibility that continuous infusion of foscarnet allows for the safe
administration of outpatient treatment in patients at high risk for nephrotoxicity with CMV
reactivation and/or disease [109]. However, a retrospective, single-center observational
study reported that the rate of adverse reactions, most notably AKI, was comparable be-
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tween intermittent infusion and continuous infusion groups. In other words, continuous
infusion of foscarnet has no superiority and advantage over intermittent infusion in the
terms of nephrotoxicity [98].

In patients with pre-existing moderate-to-severe kidney insufficiency, defined by
baseline serum creatinine levels greater than 2.8 mg/dL or measured 24 h creatinine
clearances < 50 mL/min, it has been advised not to start foscarnet [63,66]. Table 5 has
summarized the suggested strategies for preventing foscarnet nephrotoxicity.

Table 5. Summary of suggested strategies for preventing foscarnet nephrotoxicity [63,66,100,109] *.

Strategy Description

Intravenous hydration

• First infusion: 750 to 1000 mL of normal saline (preferably) or 5% dextrose
given intravenously immediately before the infusion.

• Subsequent infusions: 500 to 1000 mL of normal saline (preferably) or 5%
dextrose given intravenously immediately before the infusion.

Oral hydration Sixteen ounces (450 mL) of any type of oral fluids (preferably non-alcohol and
non-caffeine) to achieve a urine output of 200 mL.

Continuous infusion Administering foscarnet as a continuous infusion (24 h) appears to have no
superiority over intermittent infusion (at least 1 to 2 h).

Avoiding in patients with
moderate-to-severe underlying

kidney disease

Not starting foscarnet in patients with:
• Baseline serum creatinine levels greater than 2.8 mg/dL
• Measured 24 h creatinine clearances < 50 mL/min

* Some selected references. For complete references, please refer to the relevant subsection.

4.9. Monitoring

Serum creatinine, creatinine clearance, and serum electrolytes should be measured and
monitored during the induction and maintenance phases of foscarnet treatment (Table 3).

4.10. Treatment

Treatment is completely supportive. If the calculated creatinine clearance drops below
0.4 mL/min/kg during the treatment, foscarnet should be discontinued [66]. Currently,
there is no pharmacologic agent for the treatment of foscarnet-induced AKI. Since foscarnet
crystal formation is independent of urine pH, alkalization of urine probably has no role for
crystal solubilization [100]. In the case of severe AKI, performing temporary dialysis may
be inevitable. Serum concentrations of foscarnet are reduced to 50% by hemodialysis [86].

5. Polymyxins
5.1. Introduction

Colistin, also known as polymyxin E, and polymyxin B belong to the polymyxin drug
class. This class of polypeptide, amphipathic antibiotics exert their bactericidal effects
against Gram-negative bacteria through binding to lipopolysaccharides and phospho-
lipids [110]. Currently, polymyxins are mostly used for the treatment of infections caused
by multidrug-resistant organisms in critically ill patients. These include carbapenem-
resistant Enterobacteriaceae (Escherichia coli, Klebsiella pneumoniae, and some Enterobacter
spp.), Pseudomonas aeruginosa, and Acinetobacter baumannii [110,111].

5.2. Epidemiology

Polymyxins have a narrow therapeutic window [112]. The most common side ef-
fect of polymyxins that limits their clinical use is nephrotoxicity [113]. The frequency of
colistin-associated AKI varies greatly in the literature ranging, from 0% to 76% [69]. The
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2019 polymyxin use guidelines have estimated AKI events to between 20% and 50% after
exposure for both polymyxins [67]. A meta-analysis of 95 observational studies including
7911 patients found that the colistin- and polymyxin B-associated AKI cases were 26.7%
(95% CI, 22.8–30.9%) and 29.8% (95% CI, 23.8–36.7%), respectively [114]. A more recent
meta-analysis of five randomized clinical trials with a total of 377 patients, mainly criti-
cally ill patients, reported that the incidence of colistin-associated AKI was 36.2% (95% CI,
23.3–51.3%) [115]. A systematic review and meta-analysis of eight studies involving 6199
adult patients reported the pooled incidence of colistin- and polymyxin B-induced AKI
using the RIFLE criteria to be 48% (95% CI: 42–54%) and 38% (95% CI: 32–44%), respec-
tively [116]. In neonates and infants, colistin-associated AKI was reported in 5.8% of
patients [117]. Finally, in a systematic review and meta-analysis of seven studies including
405 critically ill pediatric patients who received intravenous colistin, AKI was detected in
6.1% of its recipients [118].

This wide variation in the occurrence of polymyxin-associated AKI is mostly due to
disparity as well as heterogeneity in the operational criteria for determining AKI, the study
population, study methods, medication dose, severity of illness, and presence of other
potential confounders such as co-administered nephrotoxic agents [67,115]. Interestingly,
there is a growing body of data from observational studies suggesting that the AKI occur-
rence with colistin is higher than that with polymyxin B [119]. Recently published data from
a retrospective cohort study in a university hospital in Turkey suggested that the incidence
of AKI during treatment was higher in the colistin compared to polymyxin B group (52.6%
and 34.7%, respectively, p = 0.013) [120]. Pairwise meta-analysis showed higher rates of AKI
with colistin compared with polymyxin B (42.7% and 21.3%, respectively), although not
reaching the level of statistical significance (OR = 2.37; 95% CI, 0.62–9.07; p = 0.206) [121].
Similar findings were reported from another meta-analysis [122]. In contrast, besides sev-
eral clinical studies [69], at least a meta-analysis suggested that there was no significant
difference in AKI prevalence between polymyxin B and colistin [114]. Therefore, the real
clinical relevance of this possible difference between colistin and polymyxin B AKI remains
to be elucidated.

5.3. Definition

Numerous operational criteria of polymyxin-associated AKI have been used in clinical
studies. According to traditional criteria, a rising serum creatinine level of more than
2 mg/dL (only in patients without pre-existing kidney dysfunction), a 50% reduction
in calculated creatinine clearance in comparison with the baseline value, or a decline in
kidney function that requires kidney replacement therapy is determined as polymyxin
AKI. The calculated creatinine clearance in these criteria is based on the Cockroft–Gault
formula [123].

By the introduction of more novel and standardized criteria for AKI in clinical practice
during the recent two decades including RIFLE and KDIGO, most new studies have utilized
these two criteria to describe polymyxin-associated AKI and categorize its severity. For
example, a retrospective cohort study that compared AKI events between two different
formulations of colistin in 195 critically ill patients between January 2016 and October 2018
in Taiwan defined AKI based on the KDIGO guidelines [124]. Another retrospective study
assessing population pharmacokinetics of colistin sulfate in 42 critically ill patients from
January 2020 to December 2021 at a university hospital in China assessed AKI by using the
RIFLE criteria [125]. This definition has been also utilized in a prospective, observational
study at the medical and surgical ICU of a university hospital in Turkey [126].
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5.4. Pathophysiological Mechanisms

Although polymyxins were introduced in the 1950s and temporary withdrawn from
the market mostly because of their nephrotoxicity since the 1970s, knowledge about their
mechanisms of nephrotoxicity has significantly increased only within the last decade [127].

The major mechanism of polymyxin nephrotoxicity is tubular damage, mostly in
the proximal tubules and, to a lesser extent, in distal tubules, leading to ATI. This occurs
because of substantial intracellular accumulation of the drug mediated by the membrane
endocytic receptors including megalin and peptide transporter 2 [113]. The accumulation of
polymyxins increases membrane permeability, since they are cations with high lipid affinity
that can bind to the phospholipids of the kidney tissue. Besides membrane permeability,
stress oxidative and apoptosis have also a crucial role in the pathogenesis of polymyxin
nephrotoxicity [128]. An increase in oxidative damage is characterized by the rise in reactive
oxygen species (ROS) and the reduction in superoxide dismutase 2 (SOD2), endothelial
nitric oxide synthase (eNOS), and glutathione (GSH) levels. Peroxidation of membrane
lipids, proteins, and, especially, DNA can stimulate apoptosis by triggering apoptotic factors
such as p53, cytochrome c, and Bcl-2 [113]. In addition, mitochondrial and endoplasmic
reticulum damage due to oxidative stress can also activate proapoptotic genes and related
proteins including caspase-9 and caspase-12. Interestingly, polymyxins can directly bind
to Fas as a death receptor, leading to caspase-8 and caspase-3 activation, culminating in
DNA fragmentation and cellular apoptosis [127,128]. Finally, the matrix metalloproteinase
3 level, an enzyme that contributes to tissue repair, could be decreased by polymyxins [112].

Apart from ATI, few case reports of acute interstitial nephritis secondary to hypersen-
sitivity reactions of polymyxins have been also described in the literature [129,130]. One
case of acute interstitial nephritis was documented by kidney biopsy [128]. A summary
of the different aspects and pathophysiologic mechanisms of polymyxin nephrotoxicity is
depicted in Figure 5.

Figure 5. Summary of different aspects and pathophysiologic mechanisms of polymyxin nephrotoxic-
ity [113,127,128].

The relative difference in potential nephrotoxicity of colistin (polymyxin E) and
polymyxin B has been mostly attributed to the different pharmacokinetics properties
of these two agents, especially at the distribution and excretion stages. In this regard, the
extent of uptake and accumulation in the tubular cells of polymyxin B are lower than that
of colistin. This is at least partially secondary to the shape of the plasma concentration-
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versus-time profiles. The larger “peak-to-trough” fluctuation observed with polymyxin
B compared to colistin, which has relatively “flat” profile, can result in different degrees
of tubular reabsorption saturability. However, there is insufficient evidence to support
this hypothesis. Inefficiency of colistimethate sodium, as a prodrug of colistin, and inade-
quate processing of colistin as well as colistimethate sodium by the kidneys compared to
polymyxin B is another possible explanation for this difference [131]. Besides the type of
polymyxin, various formulations of a certain polymyxin may also have different potential
for developing AKI. In this regard, a retrospective cohort study of critically ill patients
implicated that the rate of stage 2 and stage 3 AKI with Colimycin® was significantly lower
than that with Locolin®. Not having the same compositions of colistimethate sodium A
and colistimethate sodium B, which differ in the fatty acid chain attached to the cyclic
decapeptide moiety of the drug, can partially account for the variable risk of nephrotoxicity
with different formulations of colistimethate sodium [124].

5.5. Risk Factors

Despite polymyxin AKI being deemed to be a common adverse effect, its incidence,
severity, and both short- and long-term clinical impacts are largely dependent on the
presence of different risk factors (Table 6). These risk factors can be classified into patient
related, medication related, and co-administered medications [36,69,116,123,127].

Table 6. Suggested risk factors of polymyxin nephrotoxicity [36,69,116,123,127] *.

Patient Related Medication Related Co-Administered Medications

Higher age

High daily dose
(e.g., more than 5.0 mg/kg/day for

colistin and equal or more than 200 mg for
polymyxin B)

Loop diuretics

Higher weight High trough level
(e.g., more than 4 µg/mL for colistin) Calcineurin inhibitors

Chronic comorbid conditions
(e.g., diabetes and pre-existing

kidney disease)

High area under the concentration–time
curve 24 h at the steady state

(e.g., more than 100 mg h/L for
polymyxin B)

Nonsteroidal
anti-inflammatory drugs

Severity of illness (e.g., higher
APACHE-II scores) Intravenous contrast media

Septic shock Glycopeptides

Hypoalbuminemia Aminoglycosides

Hyperbilirubinemia
Vasopressors

Proton pump inhibitor

Rifampin (possibly)
* Some selected references. For complete references, please refer to the relevant subsection.

Concomitant use of one or more nephrotoxic medication has been implicated to in-
crease the risk of polymyxin AKI in most relevant studies. More realistically in clinical
practice, some studies have suggested the co-administration of at least two or three poten-
tially nephrotoxic agents as a cut-off for significant association with polymyxin nephrotoxi-
city [132–134]. Surprisingly, at least one clinical trial has demonstrated that the incidence
of AKI, determined by RIFLE, was significantly higher in the monotherapy group (colistin
alone) compared with the combination group (colistin + meropenem) [135]. In line with
this finding, a multicenter, retrospective cohort study of 4910 patients has implicated that
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the frequency of AKI was significantly lower in patients receiving colistin + minocycline
than colistin alone [136]. Similarly, glucocorticoid co-treatment was independently as-
sociated with a reduced risk of AKI following colistin treatment in critically ill patients
(OR = 0.23, 95% CI = 0.10–0.53; p = 0.001) [137]. These results are supported by a systematic
review and meta-analysis of 4 clinical trials and 14 observational studies in adults with
A. baumannii infection. Despite using the same doses, the incidence of AKI was higher
in colistin monotherapy (OR = 1.66, 95% CI= 0.99–2.78, p = 0.05) [138]. One possible jus-
tification for these observations is that combination therapy is associated with increased
microbiological/inflammatory responses to treatment and earlier recovery from sepsis,
leading to a decreased risk of multi-organ failure, including the kidneys [127]. In the case
of glucocorticoid exposure, inducing P-glycoprotein by these agents may cause the efflux
of colistin from the renal proximal tubular cell epithelium [137]. Notably, the findings of at
least three other meta-analyses do not support the nephroprotective effect of combination
therapy compared to monotherapy in polymyxins recipients [122,139,140].

Daily dose, cumulative dose, and also dose calculation based on actual body weight
(ABW) instead of ideal body weight (IBW) in patients with obesity have been suggested
to be other possible risk factors of polymyxin nephrotoxicity [36]. For example, a retro-
spective study of 126 ICU patients demonstrated a daily dose of ≥5.0 mg/kg/day colistin
based on IBW as an independent risk factor for AKI [132]. In the case of polymyxin B,
daily doses equal or more than 200 mg polymyxin B were significantly associated with an
increased risk of severe kidney insufficiency (OR = 4.5, 95% CI: 1.6–12.9) in 276 patients,
of whom 218 (79.0%) were in the ICUs of 14 Chinese teaching hospitals [141]. In terms
of cumulative dose, the median total dose of 41.6 mg/kg colistimethate sodium was sig-
nificantly associated with AKI in a retrospective cohort study [142]. In contrast, several
RIFLE-based studies in predominantly ICU-based patient populations have failed to dis-
cover any significant association between either daily or cumulative intake of polymyxins
and AKI [36]. Finally, two recently published systematic reviews and meta-analyses re-
ported that a higher daily dose was associated with an increased risk of polymyxin AKI
(OR = 1.89, 95% CI = 1.40–2.55, p < 0.001; OR= 1.46, 95% CI 1.09–1.96, p = 0.012) [116,122].
Like the daily and cumulative total dose, the conclusive link between the loading dose of
polymyxins and its nephrotoxicity is presently unclear [127]. In patients with obesity, using
ABW as opposed to IBW for calculating the daily dose of colistin was linked to 13.2 times
greater possibility of developing AKI [143].

Regarding laboratory abnormalities, hypoalbuminemia and hyperbilirubinemia may
have an association with polymyxin AKI [127,144]. In terms of hyperbilirubinemia, patients
with total bilirubin >5 mg/dL have experienced significantly higher rates of AKI with
polymyxins [142]. Although the exact mechanism of hyperbilirubinemia in the develop-
ment or exacerbation of polymyxin AKI is undetermined so far, similar pathways that
have been suggested and described in the context of aminoglycoside nephrotoxicity may
also be involved here [36]. Concerning hypoalbuminemia, different criteria have been
used in clinical studies (e.g., serum albumin level less than 2.5 g/dL or 3.2 g/dL) [145,146].
Interestingly, a study of critically ill patients has determined the optimal cut-off value of
2.65 g/dL for serum albumin as a predictor of polymyxin AKI [147]. Finally, a systematic
review and meta-analysis about polymyxin-induced AKI and its predictors implicated that
patients with a high baseline serum albumin level were 0.69 times less likely to experience
AKI compared to those with low serum albumin (p = 0.001) [116]. Concerning the mecha-
nism of hypoalbuminemia, it is hypothesized that patients with low albumin levels may
have higher serum levels of free colistin because the medication is 50% protein bound and
preferentially binds to albumin [145]. This might result in the accumulation of more drug
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in kidney tubular cells, enhancing the risk of AKI. Moreover, hypoalbuminemia per se may
also reflect the severity of the underlying illness [148].

There are scare clinical data about the possible association between polymyxin phar-
macokinetics parameters such as the serum level and its AKI. This is mostly due to the
lack of a precise and accurate analytical technique of measurement [127]. In a prospective,
observational cohort study in Spain, a trough level of colistin more than 3.3 µg/mL on day
7 of therapy was identified to be an independent risk factor of AKI both on day 7 and also
at end of treatment with colistimethate sodium [133]. A pharmacokinetic/toxicodynamic
analysis of 153 critically ill patients implicated that the rates of AKI were substantially
higher in patients with an average steady-state plasma colistin concentration greater than
2 µg/mL [149]. In line with these results, a prospective, observational study of 57 adult
critically ill patients in Colombia demonstrated that the incidence of AKI in patients with
low (<2 µg/mL), normal (2–4 µg/mL), and high (>4 µg/mL) colistin trough levels was
20.7%, 50%, and 50%, respectively [150]. Besides the trough level, a prospective cohort
study of 25 patients (of which 64% were admitted to ICU) in a teaching hospital in South
Korea implicated that the maximum plasma colistin concentration at day 7 and the end of
treatment was significantly higher in patients who developed AKI [151]. Finally, Yang et al.,
by using a validated Bayesian approach in a retrospective observational study of 393 ICU
patients, determined that area under the concentration–time curve across 24 h at steady
state (AUCss, 24 h) of polymyxin B > 99.4 mg h/L and 100 mg h/L is a significant pre-
dictor of AKI based on classification/regression trees and cox/logical regression analyses,
respectively [152].

5.6. Clinical/Paraclinical Manifestations and Outcomes

Polymyxin-induced AKI is characterized by a rise in serum creatinine that usually
occurs within the first 5–7 days of treatment [36]. The median time of onset of AKI caused by
polymyxins has been reported to be 7.5 days (Figure 2) [142]. Interestingly, in a retrospective
study of 119 patients in four hospitals in Korea, of which more than three-fourths (78.2%)
of them were hospitalized in the ICU, AKI occurred in 46 and 19 patients within 7 days and
after 7 days of colistin treatment, respectively [152]. According to more recent observational,
cross-sectional study in ICU and non-ICU wards of two hospitals in Iran, the mean ± SD
onset of colistin-associated AKI was 5.73 ± 2.53 days (minimum–maximum of 4 and
13 days) [153].

In the setting of polymyxin-induced ATI, an increase in serum creatinine and a decrease
in the clearance of creatinine can be accompanied with hematuria, proteinuria, cylindruria
(presence of casts in the urine), and even oliguria [123,154]. In an observational study
of 17 patients with a history of ICU admission who received intravenous colistin for
more than 4 weeks, the median serum creatinine value increased by 0.25 mg/dL during
the treatment compared to the baseline. The median maximum value of blood urea in
these patients was 60 mg/dL [155]. A cross-sectional, observational study of 33 adult
ICU patients demonstrated that the mean (95% CI) difference in serum creatinine values
between patients with and without colistin-associated AKI was 1.026 mg/dL (0.704 to
1.349) [156]. In one of the interstitial nephritis cases caused by polymyxins, fever, oliguria,
rapid weight gain, and eosinophilia were reported [129]. The other case report described
fever along with rapid worsening of kidney function indexes including serum creatinine
and BUN. However, rash, eosinophiluria, proteinuria, glucosuria, hematuria, pyuria, and
hemodynamic disturbance were absent [130]. To differentiate ATI and interstitial nephritis,
as aspects of polymyxin nephrotoxicity, from other possible causes like prerenal disease
or glomerulonephritis, history taking as well as physical examination along with kidney
function tests are all helpful but not enough. Therefore, urinalysis/urine microscopy,
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calculating the fractional excretion of sodium, evaluating the response to fluid repletion,
and even performing renal biopsy may be necessary to confirm the diagnosis of polymyxin
AKI in clinical practice [157,158].

Most cases of polymyxin-associated AKI are mild to moderate and expected to have
clinical resolution [123]. This occurs by either discontinuing treatment or decreasing the
established dose [144]. However, up to 28% of patients affected by polymyxin AKI may
require kidney replacement therapy, at least temporarily [69]. Regarding clinical outcomes,
according to a prospective, observational study in an adult ICU tertiary care hospital,
among patients who developed kidney failure with colistin and polymyxin B, 75% and
83.3% recovered from AKI within 1 week, respectively [159]. Another study of both critical
and non-critical patients reported a median (range) complete clinical resolution period of
10 days (7–15 days) after discontinuing colistin [119]. A retrospective study of 91 critically ill
patients in Turkey has demonstrated that ICU mortality was significantly higher in patients
with colistin-associated AKI (64.1%) compared to those without AKI (37%) [160]. Similarly,
the ICU mortality rate differs significantly in patients with and without colistin-associated
AKI (29 out of 39 [74.36%] and 8 out of 17 [47.06%] cases, respectively) [147].

5.7. Biomarkers

Apart from experimental studies, novel biomarkers of kidney function in the setting
of polymyxin AKI have been also the subjects of several clinical investigations. These
biomarkers include but are not limited to urinary KIM-1, urinary liver-type fatty-acid-
binding protein (L-FABP), and urinary/plasma NGAL [3,161]. KIM-1 is a cell membrane
glycoprotein, which is upregulated in the presence of nephrotoxic/ischemic damage to
proximal tubule epithelial cells. L-FABP is expressed in the proximal tubule, and its
expression is augmented by hypoxic stress [161]. Regarding KIM-1, a preliminary study
of three patients demonstrated that in the setting of colistin-associated AKI, a more than
10-fold elevation in the normalized KIM-1/urine creatinine ratio from the baseline value
was observed 6 days prior to the clinically significant increase in serum creatinine [162].
In 23 adult colistimethate sodium recipients, of which 11 were hospitalized in the ICU, a
plasma NGAL level more than 285 ng/mL at 56 h after treatment was a powerful predictor
of AKI, with an area under the receiver operating characteristics curve (AUC) of 0.796 (95%
CI, 0.609 to 0.983) [163]. A prospective, observational study of 42 multidrug-resistant septic
patients treated with colistimethate sodium demonstrated that subclinical AKI defined as
urinary L-FABP more than 10.5 ng/mL was detected in 45.2% and 54.8% on days 5 and 7 of
treatment, respectively. Interestingly, when compared with urinary NGAL, baseline L-FABP
was significantly superior for the prediction of clinical AKI on day 5 of treatment [164].

5.8. Prevention

Preventive strategies of polymyxin AKI mostly rely on the following approaches and
concepts (Table 7):

5.8.1. Selecting the Type of Polymyxin

As discussed above, there is currently no clear advantage regarding kidney safety of
polymyxin B over colistin. Nevertheless, some physicians may consider polymyxin B as a
polymyxin of choice for the treatment of invasive infections. However, there is inadequate
clinical data about the administration of polymyxin B via the intraventricular or intrathecal
routes. In addition, colistimethate (the inactive prodrug of colistin) is usually preferred for
urinary tract infections [127].
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5.8.2. Modifying Loading/Daily Dose, Administration Interval, and Infusion Duration

Inappropriate daily dosing of polymyxins in clinical practice is usually the result of
confusion and possible controversies about doses prescribed according to colistimethate
sodium versus colistin base, ignoring baseline kidney function indexes for possibly re-
quired dose adjustments and considering ABW instead of IBW for dose calculation of
colistin in individuals with obesity [36,110]. Colistimethate sodium to colistin base dose
conversions and dose adjustment based on kidney function (e.g., calculated creatinine
clearance or serum creatinine) charts have been provided and are freely available in the
literature [67,110]. Regarding loading dose, since it has not been conclusively shown to be
a risk factor for AKI, its administration is recommended, especially in the case of severe
infections caused by bacteria with a high MIC [127].

To optimize and individualize dosage regimens of polymyxins with the aim of mini-
mizing the likelihood of AKI, data of population pharmacokinetics model (5000 simulated
patients) have been exploited to develop an adaptive feedback control algorithm. The
superiority of this model compared to a “one dose fits all” approach in achieving the target
range of polymyxin B (2–4 mg/L) has been demonstrated in an in silico setting. Accord-
ingly, the percent of simulated patients with supratherapeutic plasma levels of polymyxin
B was significantly lower with the feedback control algorithm compared to those with “one
dose fits all” (5% versus 19.8%, respectively) [165]. The role and utility of this model in real
clinical practice is unknown.

According to well-documented data about the once-daily dosing of aminoglycoside
antibiotics in decreasing the nephrotoxicity potential in certain clinical conditions, this
approach has been also proposed and tested for polymyxin administration [127]. Despite
achieving promising findings in some experimental studies [166], clinical investigations
have failed to replicate this pattern. Paradoxically, a multicenter retrospective study has
reported higher rates of AKI with once-daily over twice-daily dosing of polymyxin B [167].
Regarding possible nephroprotective effects of prolonging polymyxin durations of infusion,
at least a retrospective record review conducted at a single center in Puerto Rico implicated
that the risk of polymyxin B-associated AKI was comparable between intermittent and
continuous infusion administration groups (41% vs. 31%, respectively, p = 0.4) [168].

5.8.3. Avoiding or Reducing Modifiable Risk Factors

Whenever possible, the co-administration of other known nephrotoxic agents with
polymyxins should be avoided. The potential benefit of combination therapy of polymyxins
with other antibiotics only to achieve less nephrotoxicity is a matter of debate and is not
currently suggested [127]. According to the results of a few retrospective and prospective
studies in favor of comparable clinical and microbiological response rates between colistin
and ampicillin–sulbactam in the treatment of carbapenem-resistant Acinetobacter baumannii
infections [169,170], using alternative regimens or agents (e.g., ceftazidime/avibactam,
ceftolozane/tazobactam, meropenem/vaborbactam, cefiderocol, imipenem/relebactam,
and tigecycline) with much less nephrotoxicity potential can also be kept in mind by
physicians in clinical practice [127,171]. Finally, although hypoalbuminemia has been
demonstrated to be a risk factor of polymyxin AKI, hypoalbuminemia correction by admin-
istering exogenous albumin with the hope of preventing or mitigating nephrotoxicity has
no clinical data so far and it is not advisable. In addition, currently, it is not also prudent to
modify the daily dose of polymyxins in patients with hypoalbuminemia [127].

5.8.4. Co-Administration of Nephroprotective Agents

Considering the pivotal role of oxidative stress and inflammation in the pathogen-
esis of polymyxin AKI, many agents with anti-oxidative stress, anti-inflammatory, and
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anti-apoptotic properties have been tested so far. This has also been the subject of some
systematic reviews published recently [113,172], noting that most of the relevant studies
have been performed in animal models. More noticeable evidence of efficacy in animal
studies is reported with NAC, vitamin C, vitamin E, silymarin, and curcumin [112]. Related
clinical investigations have been focused only on NAC, vitamin C, vitamin E, and mela-
tonin. In this regard, two retrospective cohort studies showed that either IV NAC (300 mg
two to three times a day) [173] or oral NAC (400–1200 mg/day) [174] did not prevent
polymyxin-induced AKI based on changes in serum creatinine and GFR. Similarly, results
of a randomized controlled clinical trial suggested that simultaneous administration of oral
NAC with a dose of 1200 mg daily for 10 days has no significant effect in the prevention of
colistin-induced AKI [175]. Intravenous administration of 2 g of ascorbic acid every 12 h
also failed to show any significant benefits on kidney function or a reduction of urinary
biomarkers of AKI (NGAL and NAG) caused by colistin [176]. In contrast, a prospective,
observational cohort study of patients with septic shock or severe sepsis showed that the
co-administration of IV vitamin C (2 g twice daily) may be effective in the prevention of
colistin-induced AKI [177]. A randomized clinical trial showed no significant difference
in the frequency as well as duration of AKI in patients receiving colistin or colistin plus
vitamin E (400 units per day orally or by a nasogastric tube) [178]. Finally, the findings of a
double-blind, randomized clinical trial in critically ill adults infected by multidrug-resistant
bacteria suggested that the co-administration of 3 mg of oral melatonin per day until the
end of colistin treatment had no significant impact on the rate of AKI, serum creatinine,
BUN, and daily urine volume [179].

Collectively, considering the lack of conclusive clinical evidence along with possible
pharmacokinetic/pharmacodynamic interactions, international consensus guidelines do
not recommend the routine use of antioxidants for the prevention of polymyxin AKI [67].

Table 7. Summary of preventive strategies for polymyxin AKI based on clinical studies [127,170,180] *.

Strategy Description

Using polymyxin B instead of colistin There are inconclusive or controversial data, and it is generally
not recommended.

Appropriate dose selection and modification

Consider dose adjustments based on:
• Kidney function (in patients with kidney impairment);
• Ideal body weight (in patients with obesity);
• Correct formulation of polymyxin (colistimethate sodium

versus colistin base).

Avoid using loading dose It is not recommended.

Once-daily dosing There are inconclusive or controversial data, and it is
not recommended.

Performing therapeutic drug monitoring
Although there is no standard analytical method and consensus
about the procedure, performing TDM, wherever possible, is
recommended, especially in the early treatment period.

Prolonging the duration of infusion There are no clinical data, and it is not recommended.

Avoiding co-administered nephrotoxic agents Whenever possible, all agents with nephrotoxic potential should
be discontinued.

Using alternative regimens or medications
If the risk of AKI is estimated to be high, consider using less
nephrotoxic agents (e.g., ampicillin–sulbactam, tigecycline, and
eravacycline ± meropenem) instead of polymyxins.



Antibiotics 2025, 14, 1138 28 of 60

Table 7. Cont.

Strategy Description

Correcting hypoalbuminemia There are no clinical data, and it is not recommended.

Co-administration of nephroprotective agents

• N-acetylcysteine, oral (400–1200 mg/day) or intravenous
(300 mg two to three times a day), was ineffective in
preserving GFR.

• Intravenous vitamin C (2 g every 12 h) was ineffective in
reducing the rate of AKI based on conventional and novel
biomarkers of kidney function.

• Intravenous vitamin C (2 g [3–4 g] twice daily) was
significantly effective in reducing the rate of AKI.

• Vitamin E (400 units oral per day) was ineffective in reducing
the frequency and duration of AKI.

• Melatonin (3 mg of oral per day) had no significant impact
on the rate of AKI, serum creatinine, BUN, and daily
urine volume.

* Some selected references. For complete references, please refer to the relevant subsection.

5.9. Monitoring

Serum creatinine, BUN, and urine output should be measured at baseline and regularly
during polymyxin treatment (Table 3) [144,181].

5.10. Treatment

Currently, there is no definitive treatment for polymyxin-induced AKI [36]. Supportive
care is the mainstay of treatment. Adequate hydration, close monitoring of fluid intake and
urine output, serum electrolytes, and the correction of fluid as well as electrolyte disorders,
if necessary, are suggested. Although relevant data are inconclusive, discontinuing co-
administered nephrotoxic agents, whenever possible, is advisable [36,69]. Intravenous
administration of mannitol, exchange transfusions, and kidney replacement therapy may
reduce the serum drug level. Hemofiltration and more specifically, hemoadsorption, can
also rapidly remove colistin from systemic circulation; however, the definite role of these
modalities and their standard procedures for the management of polymyxin-induced
AKI in clinical practice is unclear. It is noteworthy that kidney replacement therapy such
as hemodialysis is mostly indicated to alleviate complications of AKI associated with
polymyxins [69]. There are no clinical data in favor of administering corticosteroids for the
management of possible or documented interstitial nephritis caused by polymyxins.

Discontinuation of polymyxins and substituting them with other antibacterial
agents/regimens with less nephrotoxicity potential (e.g., tigecycline, ampicillin–sulbactam,
ceftolozane–tazobactam, ceftazidime–avibactam, meropenem–vaborbactam, and erava-
cycline ± meropenem) is a challenging strategy, but it appears to be inevitable in some
conditions [36,180,182]. This clinical decision must be made cautiously, case by case, and
after weighing the overall risks and benefits of continuation versus discontinuation of
polymyxins. In the case of planning to continue treatment with polymyxins, appropri-
ate dose reduction based on the estimated GFR of patients according to reliable charts is
mandatory [36]. Currently, there is no standard protocol and consensus for performing
any required dose adjustment, if necessary, based on polymyxins serum level in the setting
of AKI.
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6. Vancomycin
6.1. Introduction

Vancomycin is a glycopeptide antibiotic. It inhibits bacterial cell wall synthesis through
binding to the D-alanyl-D-alanine portion of a cell wall precursor called peptidoglycan. Van-
comycin has a broad activity against aerobic and anaerobic Gram-positive microorganisms
including Streptococcus, Staphylococcus, Enterococcus (especially Enterococcus faecalis), Lis-
teria, Peptostreptococcus, Actinomyces, Propionibacterium, and Clostridium [37]. Because
of its long-time use, low cost, and optimal bactericidal effectiveness, vancomycin remains
to be the antibiotic of choice for the treatment of suspected or known infections caused
by methicillin-resistant Staphylococcus aureus (MRSA) or coagulase-negative staphylococci
(CONS) in critically ill patients [37,183,184]. In this regard, up to 38% of patients during
their ICU stay have been reported to receive vancomycin [185].

6.2. Epidemiology

Vancomycin-associated AKI was first identified and reported in 1958, at the same year
of its approval for clinical use. The high frequency of AKI with traditional formulations of
vancomycin has been attributed to its impurities. By the introduction of modern prepara-
tions of vancomycin with much higher purity levels, the incidence of AKI presently ranges
from as low as 0% to more than 40% [186]. For example, a large study of 26,865 critically ill
adult patients demonstrated that patients receiving vancomycin had higher rates of any
stage AKI (hazard risk = 1.57, 95% CI = 1.41–1.76) and also AKI severity (hazard risk = 1.57,
95% CI = 1.36–1.82) [187]. The overall risk for vancomycin AKI appears to be lower in the pe-
diatric population than that in adults, in particular premature infants [37]. In 15,724 young
adults (age 16–25 years) hospitalized and treated in an ICU, the administration of certain
medications such as vancomycin was independently associated with AKI in the overall
cohort as well as each individual age group [188]. This is also the case in a retrospective
cohort study of 226 critically ill children with an age between 1 month and 14 years [189].
According to a retrospective review on 50 critically ill adolescent and young adult patients
aged between 15 to 25 years, 20 (40%) subjects developed vancomycin-associated AKI [190].
Finally, a systemic review and meta-analysis of 13 articles (6 observational cohort studies
and 7 randomized clinical trials enrolling 4033 patients) found that vancomycin administra-
tion was associated with a 2.5-fold increase in the risk of AKI [191]. This wide variation in
the frequency of vancomycin AKI is mostly related to the retrospective method and lack of
control group in the majority of studies, different study settings (critically ill patients versus
non-critically ill patients), the presence of risk factors (especially vancomycin trough levels,
duration of treatment, and co-administered nephrotoxic medications), and disparity in the
definition of AKI [184,186,192]. Therefore, vancomycin use alone has been associated with
a relatively low rate of AKI in clinical studies in the absence of confounding factors [193].

6.3. Definition

Vancomycin-associated AKI is classically defined as an increase in serum creatinine
concentration of 0.5 mg/dL or a ≥50% increase from the baseline, whichever is greater,
occurring at least two different time points [186]. Another commonly used criterion for
vancomycin-associated AKI is either a 0.5 mg/dL elevation in serum creatinine if the initial
serum creatinine was ≤3 mg/dL or a rise of >1 mg/dL if the initial serum creatinine
was >3 mg/dL [192]. Obviously, by the introduction of newer diagnostic criteria for AKI,
most recent studies have exploited RIFLE, AKIN, and KDIGO for both diagnosis and
assessment of vancomycin-associated AKI [184]. For example, a multicenter, retrospective,
propensity score-matched cohort study of 1044 adult ICU patients compared the incidence
of AKI associated with the combination of vancomycin plus piperacillin/tazobactam to the
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combination of vancomycin plus cefepime or vancomycin plus meropenem. Both serum
creatinine only and serum creatinine with urine output-based KDIGO criteria were used in
this investigation [193].

6.4. Pathophysiological Mechanisms

Vancomycin nephrotoxicity has three identified pathological aspects including ATI,
acute tubulointerstitial nephritis (ATIN), and intratubular crystal obstruction (Figure 6) [184].
Since limited kidney biopsies have been carried out in patients with vancomycin nephro-
toxicity, the precise prevalence of these pathological manifestations is currently unknown.
According to a review between 2010 and 2019 of 37 kidney biopsy specimens from pa-
tients treated with vancomycin who developed AKI in a hospital in the United States, the
following findings were reported: 25 (67.6%) patients had both ATI and ATIN, 5 (13.5%)
patients had ATI alone, 4 (10.8%) patients had interstitial fibrosis and tubular atrophy,
and 3 (8.1%) patients had acute or chronic tubulointerstitial nephritis (TIN) alone [194]. A
systematic review of case reports/case series published from 1989 to September 2020 about
biopsy-proven vancomycin-induced AKI indicated that 10 (47.6%), 9 (42.9%), and 3 (14.3%)
patients had ATI alone, ATIN alone, and both ATI and ATIN, respectively [195]. These find-
ings have been confirmed by the other recently published comprehensive clinicopathologic
studies [196].

The main mechanism of ATI is vancomycin accumulation in the proximal tubule epithe-
lium (from the apical and basolateral surfaces) that induces an intracellular cascade through
several pathways including oxidative stress, complement activation, inflammatory injury,
and mitochondrial dysfunction, finally culminating in cellular apoptosis [184,186,197].
In more detail, the ROS induce lipid peroxidation of mitochondrial phospholipid cardi-
olipin [37]. This along with the permeabilization of lysosomes near the mitochondria
and lysosomal membrane damage lead to mitochondrial membrane depolarization, mito-
chondrial membrane damage, cytochrome C release, caspase activation (caspases 9 and
3), and cell apoptosis [198,199]. In addition, vancomycin suppresses mammalian target of
rapamycin activation. This subsequently can mediate massive autophagy in the proximal
tubular epithelium [184].

The first biopsy-proven ATIN due to vancomycin was described in 1988 [200]. Al-
though not completely understood yet, vancomycin-induced ATIN is attributed to T-cell-
mediated type-4 delayed hypersensitivity reaction and, probably, complement system
activation. Albeit ATIN is also classified as part of a type II antibody-mediated hypersensi-
tivity reaction. In other words, both cell-mediated and humoral immunity can be involved
in the process [199]. The altered expression of several components from the complement
system, including complement component 3 (C3), complement component 4b (C4b), and
C-X-C motif chemokine ligand 1 (Cxcl1), supports the involvement of complement system
in the pathogenesis of ATIN by vancomycin [184]. A case of recurrent ATIN after secondary
exposure to vancomycin can also be interpreted as an immunologic reaction [184].

In 2017, kidney tubular casts composed of vancomycin were first described to have an
independent association with vancomycin nephrotoxicity. These tubular casts were con-
firmed by immunohistochemistry, immunoelectron microscopy, and infrared spectroscopy
tests [201]. Surprisingly, reviewing pathologic findings of patients with vancomycin AKI
revealed that in most of kidney specimens (89.3%), tubular casts were present [196]. Re-
garding possible pathogenesis, vancomycin aggregates and Tamm–Horsfall glycoproteins
form the casts in the presence of a high urine vancomycin concentration and a low urine
pH (<5.5) [198]. Crystallization ensues because of the vicious cycle of tubular obstruction
and increased local vancomycin concentration. Cast formation mainly occurs in the distal
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tubules, which blocks urine flow there. This triggers inflammation and oxidative stress of
the surrounding interstitium and, consequently, AKI [194,202].

Figure 6. Summary of different aspects and pathophysiologic mechanisms of vancomycin nephrotox-
icity [184,194,202].

6.5. Risk Factors

Potential risk factors that predispose patients to vancomycin nephrotoxicity can be clas-
sified as patient related, treatment related, and concurrent nephrotoxins
(Table 8) [37,184,186,197]. Among patient-related factors, altered pharmacogenetics is a
relatively new topic in the field of vancomycin nephrotoxicity. Polymorphisms of genes
encoding kidney drug transporters and cytochrome P450 enzymes have been the subject of
at least one clinical study [203].

Concomitant administration of nephrotoxic agents, especially aminoglycosides, can
increase the risk of vancomycin AKI [37]. In addition, several recent studies have reported
that the combination of vancomycin and piperacillin–tazobactam is associated with a
significant increase serum creatinine. Accordingly, several systematic review and meta-
analyses have also implied that the incidence of AKI with vancomycin plus piperacillin–
tazobactam combination is much higher than that with vancomycin plus other antibiotic
combinations [204,205]. Specifically, in critically ill adult patients, a systematic review
and meta-analysis of 14 articles including 30,399 patients demonstrated that vancomycin
and piperacillin–tazobactam combination is associated with a greater risk of AKI com-
pared with vancomycin plus alternative agents for Gram-negative coverage (risk ratio:
1.79; 95% CI: 1.46–2.19; p < 0.001) [206]. In line with this, a recently published systematic
review and network meta-analysis of 70 studies (comprising 76,638 patients) suggested
that vancomycin and piperacillin/tazobactam significantly increased the risk of AKI and
stages 2–3 AKI compared with vancomycin plus other anti-pseudomonal beta-lactams
such as cefepime and meropenem [207]. Suggested mechanisms for this phenomenon
are increased risk of ATI and more possibly, allergic acute interstitial nephritis. Besides
proposed mechanisms, pseudo-AKI, mediated through the impairment of kidney prox-
imal tubular creatinine secretion via inhibiting organic anion transporters 1 and 3 by
piperacillin–tazobactam may also play a role in increased serum creatinine in recipients
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of vancomycin plus piperacillin–tazobactam combination [70,208]. This hypothesis has
been supported by the findings of a prospective cohort study of 739 critically ill patients.
Accordingly, vancomycin plus piperacillin–tazobactam recipients had significantly higher
rates of AKI compared to those received vancomycin plus cefepime combination based on
the creatinine definition. In contrast, alternative biomarkers including serum cystatin C
and BUN were comparable between two groups. In addition, renal replacement therapy or
mortality at 30 days did not differ significantly [209].

Table 8. Suggested risk factors of vancomycin nephrotoxicity [37,184,186,197] *.

Patient Related Medication Related Co-Administered Medications

Older age Serum trough level greater
than 20 mg/L Aminoglycosides

Female gender Serum peak level Piperacillin–tazobactam

Obesity (e.g., total body weight > 91 kg
or 101.4 kg)

AUC equal or more than
650 mg·h/L Loop diuretics

Pre-existing comorbidities:
• Diabetes
• Heart failure
• Underlying kidney disease

(creatinine
clearance < 60 mL/min/m2,
nephrotic syndrome)

• Underlying liver disease (advanced
liver cirrhosis and
obstructive jaundice)

• Immunosuppression

Daily doses more than 4 g Amphotericin b

Severity of current illness:
• Higher APACHE II score
• Higher Charlson Comorbidity

Index scores
• Septic shock
• Hypotension requiring treatment

with vasopressors

Treatment duration more than
1 week Acyclovir

Race

Intermittent intravenous infusion
(versus continuous infusion)

Calcineurin inhibitors

Pharmacogenetics

Intravenous contrast media

Vasopressors

Renin–angiotensin
system blockers

* Some selected references. For complete references, please refer to the relevant subsection.

In the context of drug-related factors, the results of several studies on critically ill
patients are in favor of a significant association between vancomycin serum trough level
(greater than 15 or 20 mg/L) and the risk of AKI [37,186]. For example, a large study
of 26,865 critically ill adult patients has reported that a serum trough level greater than
20 mg/L was associated with AKI (HR = 1.90, 95% CI = 1.52–2.30) and stage 2/3 based
on the KDIGO criteria (HR = 1.69, 95% CI = 1.31–2.19) [187]. Apart from the risk of AKI,
vancomycin trough concentrations 15–20 and >20 mg/L have a significant association with
both increased ICU and in-hospital mortality in critically ill patients [210]. In addition to
trough level, an interventional clinical study of 53 critically ill adult patients demonstrated
that vancomycin peak levels, measured after the end of 1 h infusion of the fifth dose,
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were significantly associated with AKI [211]. The area under the concentration–time curve
(AUC) of vancomycin also contributes to AKI in critically ill patients [76]. Accordingly, a
meta-analysis of eight observational studies with a total of 2491 patients suggested that a
vancomycin AUC24 less than 650 mg·h/L was associated with a decreased risk of AKI [212].
This cut-off value has been also reported in at least two more recent studies [213,214].

Regarding total daily dose, some available data have suggested that vancomycin
doses of >4 g/day can increase the incidence of AKI [186]. Treatment with vancomycin
for more than one week can increase the frequency of AKI from 6% to 21%. If the du-
ration of vancomycin treatment exceeds 2 weeks, the incidence of AKI may reach up to
30% [197]. Intermittent intravenous infusion of vancomycin, as the main administration
route of vancomycin, has been associated with a higher risk of AKI compared to continuous
intravenous infusion [186]. In contrast to the total daily dose and duration of treatment,
administering a vancomycin loading dose (25–30 mg/kg) in critically ill patients was asso-
ciated with achieving optimal therapeutic and AUC/MIC targets without increasing the
risk of AKI [186,215]. Interestingly, at least a systematic review and meta-analysis have
demonstrated that the risk of AKI in patients who received a loading dose of vancomycin
was even lower than the control group [216].

6.6. Clinical/Paraclinical Manifestations and Outcomes

AKI often develops 4.3–17 days after initiating vancomycin therapy [37]. In this regard,
a recently published cross-sectional study of both ICU and non-ICU patients reported
the mean ± SD and minimum–maximum time interval between vancomycin initiation
and AKI was 5.44 ± 2.04 days and 3–13 days, respectively (Figure 2) [153]. However,
vancomycin-associated AKI with time onsets as early as 2 to 3 days of therapy has also
been reported [186].

Preliminary clinical studies have reported an increase in baseline serum creatinine of
about 1–1.5 mg/dL within the course of vancomycin-associated AKI [186]. Accordingly,
the mean increase in peak serum creatinine values from baseline ranged from 0.85 mg/dL
to 1.4 mg/dL; this corresponds to a 35–45% decrease in creatinine clearance from baseline
values [217]. Based on a more recent case-control study of 22 patients received vancomycin,
the mean ± SD peak serum creatinine in those who developed vancomycin AKI was
3.7 ± 1.4 mg/dL [218]. In terms of ATIN due to vancomycin, urinalysis can show hema-
turia, pyuria, eosinophiluria, proteinuria, and white blood cell casts on dipstick testing. The
classic triad of fever, rash, and eosinophilia suggestive of drug-induced interstitial nephritis
is present only in a minority of patients in real clinical condition (>5–10%). Vancomycin-
induced ATIN is not an exception from this rule [199]. In the setting of crystal nephropathy,
vancomycin casts have variable appearances such as periodic acid–Schiff red, granular ag-
gregates to spherules mixed with Tamm–Horsfall protein, and necrotic epithelial cells [202].
Having a meticulous approach toward clinical manifestations, laboratory findings, and
temporal relationship can assist in differentiating vancomycin-associated AKI from other
causative factors such as sepsis. For example, vancomycin casts in the urine confirmed by
immunohistochemistry have almost a pathognomonic appearance [196].

A vancomycin-associated increase in serum creatinine usually resolves after prompt
discontinuation, especially in the case of cast nephropathy [185]. In contrast, the risk
of permanent kidney dysfunction in cases of ATIN alone is five-fold higher than ATI
alone [195]. In general, vancomycin-associated AKI will either improve or resolve in
up to three-quarters of patients by the time of discharge, often within a week or less
(Figure 2) [197,217]. According to a retrospective observational study of patients aged
80 years and older, the median time to clinical resolution from vancomycin nephrotoxicity
was 5 days (range, 4 to 11 days) [219]. However, some patients, especially those with



Antibiotics 2025, 14, 1138 34 of 60

critical illness, may not experience full kidney function resolution [184]. In this regard, a
retrospective, observational cohort study of 415 patients with acute bacterial skin/skin
structure infections demonstrated that those with vancomycin nephrotoxicity compared
to those without nephrotoxicity had a significantly longer hospital length of stay (9 vs.
6 days, p = 0.001), higher 30-day readmission rates (30.8% vs. 9.0%, p < 0.001), and in-
creased all-cause 30-day mortality (5.1% vs. 0.3%, p = 0.024) [220]. In the setting of ICUs, at
least a retrospective, multicenter observational study of 188 adults with hospital-acquired
pneumonia, ventilator-associated pneumonia, or healthcare-associated pneumonia demon-
strated that patients who developed vancomycin AKI had significantly longer median ICU
and hospital stays (17 and 20 days, respectively) compared to those without AKI (12 and
15 days, respectively) [221].

6.7. Biomarkers

Assessing novel biomarkers of kidney function in plasma and blood in the setting
of vancomycin nephrotoxicity have been the subject of many both animal and human
studies. Some of these biomarkers in human studies include urine KIM-1, urine NGAL,
urine TIMP2-IGFBP7, serum cystatin C, serum osteopontin, serum trefoil factor-3, serum
5-hydroxy indole acetic acid/serotonin ratio, and serum tumor necrosis factor receptor
1 [3,42,162,184,186,197]. For example, secondary analysis of a prospective, multicenter,
Sapphire study enrolling 333 critically ill adult patients receiving vancomycin alone,
piperacillin–tazobactam alone, or vancomycin plus piperacillin–tazobactam combination
demonstrated that in patients with stages 2–3 AKI, urinary TIMP2-IGFBP7 was significantly
elevated at the day of vancomycin initiation, peaking at the following day; while, serum
creatinine was significantly elevated and peaked one day after starting the therapy [222].
The results of another prospective study of 87 patients who received vancomycin, of whom
32 (36.8%) were in the ICU, implicated that urinary KIM-1 and NGAL levels were signifi-
cantly higher on days 0, 1, 2, and 3 in the vancomycin-associated AKI group compared to
the non-AKI group. In addition, these two biomarkers could discriminate patients with
or without vancomycin AKI better than serum creatinine. Of note, the efficiency of com-
bining these two biomarkers was not substantially improved compared to each biomarker
alone [223]. Besides these biomarkers, the up-regulation of inflammatory proteins in urine,
including complement C3, complement C4, galectin-3-binding protein, fibrinogen, alpha-2
macroglobulin, immunoglobulin heavy constant mu, and serotransferrin, after vancomycin
AKI has been also described in 10 patients [218].

6.8. Prevention

In clinical practice, several strategies can be considered to prevent or minimize van-
comycin AKI (Table 9).

6.8.1. Risk Stratification

Several risk prediction models for vancomycin-induced AKI have been designed and
used in the Japanese population [224,225]. The most recent one is a user-friendly flowchart
(a decision-tree type), which comprises three splitting variables including co-administered
vasopressors, co-administered piperacillin–tazobactam, and body mass index ≥ 30 kg/m2.
It categorized vancomycin-induced AKI into low-risk (<10%), intermediate-risk (10–25%),
and high-risk groups (>25%). The accuracy of the flowchart was determined to be appropri-
ate (86.4%) [226]. Besides a flowchart, a nomogram has been also constructed and validated
to detect the risk of vancomycin-associated AKI in critical care patients [227].

Overall, if the risk of AKI is estimated to be high, it seems prudent to substitute
vancomycin with other less nephrotoxic alternative agents, used for the treatment of MRSA
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infection, including teicoplanin (not available in the United States), linezolid, daptomycin,
tigecycline, telavancin, and ceftaroline [37,184].

6.8.2. Optimizing Modifiable Risk Factors

Patients with volume depletion should receive adequate hydration both before and
during vancomycin treatment [37]. Whenever possible, concomitant use of other potentially
nephrotoxic agents, especially aminoglycosides and piperacillin–tazobactam, with van-
comycin should be avoided. A possible alternative agent to piperacillin–tazobactam that
can be used in clinical practice is cefepime. If using these combinations is inevitable, the
minimum required duration of treatment along with meticulous, regular kidney function
assessment and TDM should be considered [71]. According to the relationship between
indexes of vancomycin exposure (trough concentration and duration of therapy) and its
AKI, the duration of vancomycin therapy must be limited as much as possible, preferably
less than 7 days [184]. Notably, the type as well as severity of infection and patient response
to treatment are factors that should be considered in determining the duration of treatment
with vancomycin.

Vancomycin trough levels should be closely monitored, and the dose should be
adjusted, if necessary, in all critically ill patients [73,184]. The aim of this practice is
maintaining vancomycin target trough levels between 10 and 20 mcg/mL for adults or
5 and 15 mcg/mL for pediatric patients/neonates and an AUC/MIC ratio between 400 and
650 (by assuming a vancomycin MIC of 1 mg/L) for serious MRSA infections [73]. At least
a systematic review and meta-analysis implicated that pharmacokinetics-informed dosing
of vancomycin reduces the risk of AKI without compromising efficacy [228]. In patients
with obesity, the vancomycin dose should be calculated based on ABW [73]. In addition, the
total daily dose of vancomycin usually should not exceed 3600 mg/day and 4500 mg/day
for most pediatric and adult patients with obesity, respectively, unless justified by its serum
concentration. Finally, regarding the vancomycin loading dose in adults, it should be no
more than 3000 mg [229].

6.8.3. Method of Administration as Continuous Infusion

The rationale behind this approach originates from the idea and relevant clinical
findings that high peak vancomycin concentrations are linked with AKI. Continuous in-
fusion allows for minimizing the peak concentration of vancomycin. This technique of
vancomycin administration deems to be beneficial from both safety and clinical efficacy
point of view. It may allow for achieving target concentrations faster with less variability
and requiring less TDM [37,184]. A systematic review and meta-analysis of 11 studies,
involving 2123 critically ill adult patients, found that continuous infusion was associated
with a 53% lower risk of AKI compared to the intermittent infusion strategy [230]. Never-
theless, this meta-analysis has limitations like low number of patients in the two enrolled
randomized control trials and variations in the empiric dosing protocol and adjustment
strategies [230]. On the other hand, there are technical considerations of continuous in-
fusion (e.g., availability of intravenous access). Therefore, this method of vancomycin
administration should be selected only after assessing all clinical and paraclinical aspects
of the patients [37].

6.8.4. Co-Administration of Nephroprotective Agents

Up to now, the beneficial effects of various chemical or herbal medications on the
prevention of vancomycin AKI have been demonstrated in preclinical studies. These agents
include erdosteine, vitamin E, vitamin C, N-acetylcysteine, caffeic acid, phenethyl ester,
erythropoietin, cilastatin, fosfomycin, melatonin, zingerone, rutin, naringenin, saffron,
silymarin, and dexmedetomidine [198,231,232]. The justification of using nephroprotec-
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tive antioxidants mostly relies on oxidative stress being one of the major mechanisms
of vancomycin nephrotoxicity [233]. The nephroprotective effects of cilastatin and fos-
fomycin in these studies were generally attributed to modulating tubular reabsorption
and the secretion of vancomycin, leading to decreased cellular accumulation in proximal
tubules [231].

Regarding clinical data, an observational and retrospective case-control study impli-
cated the lower, but not statistically significant, incidence of AKI with vancomycin + vitamin
C (500 mg twice daily for two doses) compared to vancomycin alone [234]. In line with this
study, continuous intravenous infusion of high-dose vitamin C (50–200 mg/kg/d based on
disease severity) in a retrospective study significantly improved kidney function indexes
(serum creatinine and BUN) and shortened the length of ICU stay compared to the control
group [235]. Similarly, the results of a randomized controlled clinical trial suggested that
concurrent oral NAC (600 mg every 12 h for 10 days) significantly decreased serum creati-
nine and increased creatinine clearance in vancomycin recipients. Nevertheless, the rate of
vancomycin-induced AKI was comparable between NAC and control groups (4.76% and
12.63%, respectively; p = 0.066) [236]. Nephroprotective effects against vancomycin AKI
have been also reported with the concomitant administration of oral vitamin E (400 units
per day for 10 days) in a matched-groups interventional study characterized by creatinine
clearance and AKI [237]. According to a retrospective cohort study, the concurrent use
of oral melatonin (3 mg or 5 mg per day) during vancomycin treatment was associated
with a 63% reduction in AKI [238]. Finally, a double-blinded, placebo-controlled, pilot
clinical trial demonstrated that the co-administration of 140 mg silymarin tablet orally
three times daily significantly prevented vancomycin AKI (both incidence and severity).
These nephroprotective effects were achieved partially by enhancing the antioxidant system
including serum total antioxidant capacity as well as glutathione and decreasing serum
malondialdehyde [239].

Despite these promising experimental and clinical findings along with appropriate
safety, cost, and availability, routine use of these agents in clinical practice appears to be
premature and does not stand to reason [232].

Table 9. Summary of suggested strategies for preventing vancomycin AKI [184,226,230,232] *.

Strategy Description

Calculating appropriate dose
The vancomycin dose should be calculated based on actual body weight (even in
patients with obesity), preferably not exceeding 3600 mg/day in pediatric patients
and 4500 mg/day in adults with obesity.

Monitoring serum level

• The trough level and AUC/MIC ratio (preferably) of vancomycin should be
closely monitored in all critically ill patients.

• The vancomycin dose should be adjusted to achieve trough levels of
10–20 mcg/mL for adults or 5–15 mcg/mL for pediatric patients/neonates
and an AUC/MIC ratio between 400 and 650 mg·h/L.

Limiting the duration
of treatment The duration of vancomycin therapy must be limited, preferably less than 7 days.

Prolonging the duration
of infusion

Administering vancomycin as a continuous infusion (24 h) may be beneficial in
selected cases.

Avoiding the co-administration
of nephrotoxic agents

• Whenever possible, concomitant use of potentially nephrotoxic agents,
especially aminoglycosides and piperacillin–tazobactam, should be avoided.

• If these combinations are inevitable, the minimum required duration of
treatment along with regular kidney function assessment and TDM should
be considered.
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Table 9. Cont.

Strategy Description

Using less nephrotoxic
alternative agents

If the risk of AKI is estimated to be high, consider using other less nephrotoxic
agents instead of vancomycin such as teicoplanin (not available in the United
States), linezolid, daptomycin, tigecycline, telavancin, or ceftaroline.

Co-administration of
nephroprotective agents

• Vitamin C (500 mg twice daily for two doses) may be partially effective.
• Continuous infusion of high-dose vitamin C (50–200 mg/kg/d) was

significantly effective in improving kidney function indexes and shortening
the length of ICU stay.

• Oral n-acetyl cysteine (600 mg every 12 h for 10 days) was significantly
effective in preserving creatinine clearance.

• Oral vitamin E (400 units per day for 10 days) was significantly effective in
decreasing the rate of AKI and also preserving creatinine clearance.

• Oral melatonin (3 mg or 5 mg per day) was significantly effective in reducing
the rate of AKI.

• Oral silymarin (140 mg three times a day) was significantly effective in
reducing both the incidence and severity of AKI.

* Some selected references. For complete references, please refer to the relevant subsection.

6.9. Monitoring

In all settings, classical indexes of kidney function including serum creatinine and
BUN should be monitored daily. Table 3 has listed the monitoring indexes/suggestions
about vancomycin AKI.

6.10. Treatment

Like most cases of DIKD, there is currently no specific and conclusive therapy for most
aspects of vancomycin AKI including ATI and crystal nephropathy [37]. The only exception
may be biopsy-proven ATIN. In this regard, several case series have attempted oral steroids
(prednisone, 1 mg/kg/day for about four weeks) to accelerate the rate of resolution from
vancomycin-induced ATIN with inconclusive findings [240,241]. Therefore, steroid therapy
has not an established role for this purpose. Collectively, the management of vancomycin
AKI mostly relies on either dose de-escalation or discontinuing the causative agent along
with supportive therapy [37,242].

Besides these modalities, hemodialysis might also be useful in removing vancomycin
and improving kidney outcome of affected patients, especially pediatric patients. Since
vancomycin is a large glycopeptide compound, conventional (low-flux) hemodialysis
membranes cannot adequately remove this agent from plasma. In this regard, about
7% of vancomycin can be removed during a typical 4 h conventional dialysis run. On
the other hand, high-flux hemodialysis filters such as polysulphone, polynitrile, and
polymethylmethacrylate can remove vancomycin from plasma more effectively (about
20–40%). According to the fact that plasma vancomycin concentration can rebound 3–6 h
after a hemodialysis session, frequent hemodialysis may be necessary to achieve optimal
therapeutic results [37,229]. The vancomycin serum concentration should also be checked
before each dialysis session [229].

7. Aminoglycosides
7.1. Introduction

Aminoglycosides are among the oldest antibiotics that have been used to treat serious
infections caused by Gram-negative and some Gram-positive bacteria [243]. They exert their
antibacterial actions by interacting with the 30S subunit of ribosome and inhibiting protein
synthesis [244]. Aminoglycosides have concentration-dependent bactericidal activity along
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with prolonged post-antibiotic effects [245]. Currently, the main use of these drugs in
critically ill patients is the treatment of infections caused by nosocomial Gram-negative
bacilli (e.g., Pseudomonas aeruginosa, Acinetobacter pneumoniae, Klebsiella pneumoniae, and
Carbapenemase [KPC]-producing Klebsiella pneumoniae) [243,246].

Despite their benefits including fast bactericidal effect, synergy with β-lactam antibi-
otics (for the treatment of staphylococcal or enterococcal bacteremia and endocarditis),
low incidence of resistance, and relatively low cost, the utility of aminoglycosides has
a sharp downward trend in the late 1970s [245]. Their use in US academic centers has
continued to decline by 41% from 2002 to 2009 [244]. This event is mostly due to the
introduction of broad-spectrum and better-tolerated antibiotics including fluoroquinolones,
carbapenems, third- as well as fourth-generation cephalosporins, and broad-spectrum
β-lactam/β-lactamase inhibitor combinations [245]. In other words, the major Achilles’
heel of aminoglycosides in current clinical practice is their adverse effects, most notably
ototoxicity and nephrotoxicity [78].

7.2. Epidemiology

Aminoglycoside-associated AKI occurs in 10% to 25% of aminoglycoside recipi-
ents [14]. Most reports have been in the range of 5% to 15% [244]. AKI ranges between
29% and 58% in critically ill patients [247]. In contrast, according to several prospective,
randomized studies in seriously ill patients, only 5% to 10% of aminoglycoside recipients
experienced substantive decrement in GFR [244]. This wide variability in the incidence of
aminoglycoside-associated AKI has been attributed to disparities in the operational criteria,
the type as well as frequency of testing to measure kidney function, nephrotoxicity poten-
tials of different agents in the class, and the clinical setting of the study population [14,244].

7.3. Definition

Generally, aminoglycoside-associated AKI is defined as either a rise in the plasma
creatinine concentration of more than 0.5 to 1 mg/dL or a 50 percent increase in the plasma
creatinine concentration from the baseline value [248]. Apart from this, newer definitions
have been applied for aminoglycoside AKI. For example, a multicenter, prospective, de-
scriptive cohort study recruiting 1001 adult patients in ten ICUs in France exploited the
KDIGO criteria for determining AKI caused by prescribed nephrotoxic medications such as
aminoglycosides [249]. A pharmacoepidemiologic evaluation in 3865 critically ill children
identified gentamicin to be significantly associated with AKI as defined by the RIFLE
criteria [250].

7.4. Pathophysiological Mechanisms

It appears that aminoglycosides exert their nephrotoxic effects on both tubules and
glomerulus. In addition, they can also reduce kidney blood flow. In other words,
aminoglycoside nephrotoxicity has hemodynamic, tubular, and glomerular components
(Figure 7) [251].

Traditionally, tubular toxicity and ATI are considered as primary mechanisms of
aminoglycoside-associated AKI [14]. Aminoglycosides can accumulate, mainly in the prox-
imal tubule and partly in the distal tubule, as well as collecting ducts, by endocytosis [251].
This process is mediated via giant endocytic complex encompassing megalin and cubilin.
Following endocytosis, aminoglycosides concentrate in lysosomes, the Golgi body, and
endoplasmic reticulum [198]. When the aminoglycoside concentration in these intracellular
organelles exceeds an undetermined threshold, the drug is poured into the cytosol [245].
After that, aminoglycosides inhibit phospholipases A1, A2, and C1, leading to phospholipi-
dosis [198]. Aminoglycosides can damage mitochondria both directly and indirectly, thus
impairing ATP production, culminating in cell death [251]. Oxidative stress via increasing
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superoxide anions and hydroxyl radicals also have a role in tubular injury. Apoptosis of
tubular cells is mediated through several intracellular pathways such as cathepsins and
calcium-sensing receptors (CaSRs) [251]. Aminoglycoside-induced electrolyte disorders
have been mostly attributed to inhibiting Na-Pi cotransporter, Na-H exchanger, and Na-K
ATPase activity both in the apical and basolateral membranes of tubular cells [198].

 

Figure 7. Summary of different aspects and pathophysiologic mechanisms of aminoglycoside nephro-
toxicity [14,251].

Regarding glomerular aspects, aminoglycosides can induce mesangial contraction.
Apart from mesangial contraction, they can also stimulate both the apoptosis and prolif-
eration of mesangial cells. Several pathways and related mediators as well as enzymes
have been identified or suggested to describe these events in the glomerulus. They include
platelet-activating factor, endothelin-1, thromboxane A2, reactive oxygen species, CaSR, cal-
cium, inducible nitric oxide synthase, and the renal renin–angiotensin–aldosterone system.
The size, shape, and density of the filtration barrier of glomeruli can be altered by amino-
glycosides through neutrophil infiltration. Finally, aminoglycosides can selectively block
glomerular filtration barrier selectivity through cationic charge groups in their chemical
structure. This can neutralize the negative charge of the glomerulus [251].

A decrease in the GFR during aminoglycoside exposure is partially because of the
effects of these medications on the kidney vasculature. The decrease in kidney blood flow
is mostly induced by the activation of TGF. In turn, TGF is mostly the consequence of
damage to the proximal tubule by aminoglycosides. Endothelin-1, PAF, and arachidonic
acid metabolites, mainly prostaglandins and thromboxane A2, are major mediators of
vasoconstriction in this setting. Apart from TGF, aminoglycosides can impair vascular
smooth muscle-relaxing capacity through the inhibition of phospholipase C, protein kinase
C, and calcium movements. Eventually, it has been speculated that aminoglycosides can
plug the kidney vascular system by inducing leukocyte margination [251].
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7.5. Risk Factors

Several factors increased the risk of aminoglycoside AKI. They can be classified
and viewed as (1) the aminoglycoside type, dosing, and method of administration,
(2) concomitant drugs, and (3) patient demographic, clinical/paraclinical characteristics,
and concomitant diseases (Table 10) [14,78,244,248,251].

Table 10. Suggested risk factors of aminoglycoside AKI [14,78,244,248,251] *.

Patient Related Medication Related Co-Administered Medications

Older age Type of aminoglycoside:
Neomycin > gentamicin > tobramycin > amikacin

> netilmicin > streptomycin
Vancomycin

Pregnancy

Pre-existing kidney disease
Serum concentrations more than 2 mg/mL
(gentamicin and tobramycin) or more than

10 mg/mL (amikacin)

Amphotericin B

Foscarnet

Pre-existing liver disease Multiple-daily dosing Cephalotin

Obstructive jaundice Prolonged duration of treatment (e.g., >10 days) Piperacillin

Hypoalbuminemia Clindamycin

Diabetes Cyclosporine and tacrolimus

Leukemia Loop diuretics

Hypothyroidism Iodinated radiographic
contrast agents

Volume depletion and hypotension Cisplatin

Shock NSAIDs

Sepsis Loop diuretics

Metabolic acidosis

Potassium or magnesium deficiencies

ICU hospitalization

* Some selected references. For complete references, please refer to the relevant subsection.

The number of cationic groups on the aminoglycoside molecule appears to corre-
late with the degree of injury. In this regard, some prospective comparative trials have
demonstrated that neomycin has the greatest nephrotoxic potential, followed by gentam-
icin, tobramycin, amikacin, and netilmicin in decreasing order [14]. Since streptomycin
has the least affinity for the proximal tubule cells’ binding sites, it is deemed to have the
least nephrotoxicity [252]. In line with these findings, a meta-analysis of 43 randomized
trials in both adults and children demonstrated less AKI with tobramycin compared to
gentamicin [253].

Although aminoglycoside AKI occurs in a dose-dependent manner, there is no con-
clusive relationship between its trough levels and risk of AKI. Nevertheless, gentamicin
and tobramycin trough serum concentrations more than 2 mg/mL and amikacin trough
level more than 10 mg/mL have been reported to increase the risk of AKI [78]. For exam-
ple, in critically ill patients with severe sepsis or septic shock, it has been implicated that
serum trough values (range) of amikacin were significantly higher in patients with AKI
(10.8 [5.1 to 15.5] mg/L) compared to those without AKI (1.8 [0.6 to 4.7] mg/L) [254].

Considering the saturable feature of kidney tubular accumulation of aminoglycosides,
conventional multiple dosing has a higher AKI potential relative to once-daily dosing [248].
Prolonged duration of treatment can increase the risk of toxic aminoglycoside concentra-
tions, leading to enhanced AKI. It is defined as ≥3 days [244], more than 10 days [255], or
14 days [256].



Antibiotics 2025, 14, 1138 41 of 60

Like other DIKDs, the co-administration of potentially nephrotoxic medications is
expected to increase the risk of aminoglycoside-associated AKI. Furosemide, vancomycin,
and amphotericin B are only some examples [244]. Although initial studies suggested that
cephalothin can increase the AKI risk of aminoglycosides, this phenomenon has not been
observed with other cephalosporins [248]. An increased risk of AKI with concomitant
piperacillin has also been reported. In contrast, carbenicillin or ticarcillin co-administration
may be protective against aminoglycoside AKI [244]. The possible mechanism and definite
clinical relevance for these findings have not been elucidated yet.

In terms of patient characteristics, older age, pre-existing kidney or liver disease,
shock, and hospitalization in an ICU are some major relevant examples [14,244]. Although
the female sex was identified as a risk factor of aminoglycoside in one study, this finding
has not been confirmed in others [244]. Volume depletion and hypotension, especially in
patients with septic shock or sepsis syndrome, are associated with the increased risk of
aminoglycoside-induced AKI. This is partially attributed to the release of endotoxins that
may have role in enhanced drug accumulation in the tubules. Similarly, reduced effective
arterial volume, which occurs in the setting of heart failure and advanced liver disease, is
another relevant risk factor. Apart from increasing the risk of aminoglycoside AKI, kidney
ischemia in the above conditions can, in turn, accelerate the time of onset of developing
this event [248].

In the setting of critically ill patients, few clinical studies have focused on risk factors
of aminoglycoside AKI. For example, in a surgical ICU in Brazil, diabetes, hypotension, the
use of iodinated contrast, and the simultaneous use of other nephrotoxic drugs (NSAIDs,
vancomycin, cephalothin, amphotericin B, cisplatin, cyclosporine, and tacrolimus) were
identified as independent risk factors of aminoglycoside AKI (amikacin or gentamicin). In
contrast, a calculated GFR < 60 mL/min/1.73 m2 was determined to be an independent
protective factor against aminoglycoside-induced AKI (OR = 0.42; 95% CI = 0.24–0.72;
p = 0.02). The authors justified this latter finding that in case of underlying moderate kidney
disease, the ICU team may usually prefer to prescribe lower doses of aminoglycoside. This
may protect the tubular cells against high systemic exposure and, consequently, a high
luminal concentration of antibiotic [247]. Another study of 61 patients in a surgical ICU
in the United States was reported concurrent use of vasopressors and vancomycin as
independent predictors of aminoglycoside-associated AKI [257].

7.6. Clinical/Paraclinical Manifestations and Outcomes

Aminoglycoside-associated AKI usually occurs 5 to 7 days after initiating the treatment
(Figure 2) [14], albeit later onset of aminoglycoside-induced AKI (e.g., 10 days) has also
been reported [87]. It is typically characterized by a gradual but progressive rise in serum
creatinine as well as BUN along with a decrease in creatinine clearance [14]. The increase
in the plasma creatinine is generally mild (0.5 to 2.0 mg/dL) [248]. Affected patients
are usually non-oliguric, in whom the urine volumes are expected to be greater than
500 mL/day [14]. Nevertheless, in the case of distal tubular dysfunction, polyuria is
likely [248]. Regarding urine analysis findings, microscopic hematuria, mild proteinuria,
pyuria, hyaline as well as granular casts, and low specific gravity can be detected. Urine
sodium concentration is generally more than 40 mEq/L, and the fractional excretion of
sodium is estimated to be above 1 percent [14,79,244,248].

Electrolyte abnormalities and Bartter-like syndrome including hypomagnesemia, hy-
pokalemia, hypocalcemia, and hypophosphatemia are infrequently observed. Although
magnesium wasting can occur (defined by daily excretion of more than 10–30 mg), the
risk of symptomatic hypomagnesemia is generally low [14,79]. Fanconi-like syndrome,
which manifests with glycosuria, aminoaciduria, phosphaturia and uricosuria, can also
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occur [248]. Despite these paraclinical findings, the diagnosis of aminoglycoside-induced
AKI in critically ill patients is often challenging. This is due to the presence of multiple
comorbidities and possible confounders such as dehydration, hypotension, sepsis, ischemia,
and the use of other nephrotoxic drugs [14]. In this regard, paying attention to potentially
reversible etiologies (e.g., transient hypovolemia and urinary tract obstruction) and review-
ing all possible imaging procedures as well as medications for any nephrotoxic agent (like
iodinated contrast media, furosemide, vancomycin, and amphotericin B) seem crucial [14].

Most cases of aminoglycoside-associated AKI resolve [244]. Accordingly, after cessa-
tion of aminoglycoside treatment, the serum creatinine level usually returns to its baseline
value within 21 days (Figure 2). Kidney function resolution can be delayed if the patient
remains hypovolemic, septic, or catabolic [248]. Severe AKI may also develop, which
requires kidney replacement therapy. For example, a study of ICU patients with sepsis
receiving amikacin demonstrated that 6 out of 15 patients (40%) who developed AKI even-
tually underwent kidney replacement therapy [254]. In another retrospective review in
surgical ICU patients, 12.9% of patients required dialysis following aminoglycoside associ-
ated AKI [257]. Regarding mortality, a retrospective cohort analysis of 360 patients under
aminoglycoside treatment in a clinical-surgical ICU implicated that in-hospital mortality
rate was significantly higher in the AKI (44.5%) compared to non-AKI group (29.1%) [247].

7.7. Biomarkers

Among novel biomarkers of kidney function, most clinical studies about aminogly-
coside AKI have been focused on urinary KIM-1, urinary beta-2 microglobulin, serum
as well as urinary cystatin C, urinary monocyte chemoattractant protein-1, urinary IL-18,
urinary NGAL, urinary NAG, and urinary TIMP2-IGFBP7 [3,42,78,161,162]. These studies
have been done predominantly in pediatric and non-critically ill patients. There are only
few relevant investigations in the ICU setting. For example, a proof-of-concept study of
premature neonates hospitalized in a neonatal ICU receiving gentamicin demonstrated that
urinary KIM-1, NGAL, and NAG levels normalized to urinary creatinine concentration had
significant associations with AKI. However, by using multivariate analysis, only urinary
KIM-1 elevation remained significantly associated with gentamicin-associated AKI [258].

Besides these biomarkers, microRNAs also appear to have an association with amino-
glycoside AKI. In this regard, at least four animal studies were published about gentamicin
AKI by February 2020 [259]. For example, miR-155, which participates in the regulation
of inflammation, has been demonstrated to increase significantly in the kidney tissue in
the setting of gentamicin AKI in a rat model [259]. Other experimental studies have also
reported significant associations between the urinary expression of miR-138, miR-1971,
miR-218, miR-489, miR-26, miR-192, and miR-378 and gentamicin-induced AKI [260,261].

7.8. Prevention

In clinical practice, several strategies have been suggested to prevent or minimize
aminoglycoside AKI. Furthermore, there are also some novel approaches currently under
investigation (Table 11).

7.8.1. Choice of Aminoglycoside

If possible, the least toxic aminoglycoside should be selected [252]. Notably, the type
of infection and causative pathogens should also be considered in selecting the most appro-
priate aminoglycoside. For example, in the case empirical or definite treatment of infections
caused by P. aeruginosa, amikacin or tobramycin appear to be relatively more appropriate
aminoglycosides [262]. Notably, the difference in nephrotoxic potential between different
agents within this class in real clinical practice is overall small and not profound [248].
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7.8.2. Alternative Antibiotics

Fluoroquinolones (e.g., ciprofloxacin or levofloxacin) and third- or fourth-generation
cephalosporins (e.g., ceftazidime or cefepime) are some examples of antibiotics with much
more appropriate kidney safety profiles that can be considered in clinical practice instead
of aminoglycosides [14]. These alternatives are mostly preferred in patients with volume
depletion, hypotension, or reduced effective arterial volume [252].

7.8.3. Modifiable Risk Factors

If pre-existing hypokalemia, hypomagnesemia, or hypovolemia is present, it should be
corrected or optimized before starting an aminoglycoside [252]. If possible both clinically
and bacteriologically, the duration of treatment with aminoglycosides should be limited
to less than 7–10 days. If the estimated duration of treatment is expected to be more than
14 days, some experts recommend against starting aminoglycosides [78]. It is also advisable
to minimize concomitant nephrotoxic medications (e.g., vancomycin and amphotericin B)
whenever possible [14].

Administering aminoglycosides as high-dose intermittent dosing, also known as once-
daily dosing, has been intensively investigated with different aminoglycosides (mostly
tobramycin) in various clinical conditions (mostly cystic fibrosis) [263]. Although at least
comparable clinical efficacy and reduced AKI have been documented with once-daily com-
pared with multiple dosing, this approach of aminoglycoside administration appears not to
be a suitable option for most critically ill patients, especially those with pre-existing kidney
disease or severe ascites [14]. This is because of altered aminoglycoside pharmacokinetics
in this population [77].

The administration of aminoglycosides via nebulization (especially tobramycin) has
been investigated widely in children with cystic fibrosis. It has been expected that nebulized
tobramycin may be associated with less AKI compared to the intravenous route due to
its less systemic bioavailability [264]. Moreover, a systematic review and meta-analysis
of randomized controlled trials on amikacin nebulization for the adjunctive therapy of
Gram-negative pneumonia in mechanically ventilated patients (13 randomized clinical
trials comprising 1733 adults) exhibited that amikacin nebulization did not add significant
nephrotoxicity compared to the control group [265].

7.8.4. Therapeutic Drug Monitoring and Dose Calculation

Although the clear link between aminoglycoside levels and its AKI has not been
demonstrated yet, performing TDM appears to be helpful. There is no standard guideline
for the optimal TDM of aminoglycosides in either a multiple-daily or once-daily dosing
regimen. Nevertheless, several relevant tables and nomograms have been published. Tar-
get peak and trough levels depend on the site as well as severity of infection, type of
causative bacteria, type of aminoglycoside, and the method of aminoglycoside administra-
tion (multiple-daily dosing versus once-daily dosing) [77].

Regarding the dosing weight of aminoglycosides, TBW and IBW are suggested for cal-
culating required both loading and maintenance (in particular) doses for underweight and
normal weight/overweight, respectively. In the case of patients with obesity, considering
the adjusted body weight (calculated as IBW + [0.4 × (TBW − IBW)]), rather than TBW,
seems necessary to avoid possible supratherapeutic levels of aminoglycoside and minimize
AKI [77,266].

According to the recommendation of the Acute Dialysis Quality Initiative (ADQI),
the early prediction of moderate to severe AKI using artificial intelligence may have a
favorable impact on clinical outcomes [267]. There are over 300 models published with
reasonable performance at predicting AKI onset, AKI severity, and post-AKI complications
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in hospitalized adult and pediatric populations [267]. Interestingly, in patients receiving
aminoglycoside treatment and having a 90% risk of developing stages 2/3 (moderate
to severe) AKI within the next 48 h, reviewing the dose and indication of medications
along with checking the serum level were displayed and noted to their caregivers in this
model. The model successfully predicted 70% of subsequent RRT episodes, 58% of stage
2/3 episodes, and 41% of any AKI episodes [268]. The satisfactory application of machine
learning algorithm for predicting nephrotoxic AKI in the context of high-nephrotoxin
exposure (e.g., receiving intravenous aminoglycoside for ≥3 days) in hospitalized adults
has been also reported [269].

7.8.5. Co-Administering Nephroprotective Agents

At both preclinical and clinical levels, many synthetic chemical drugs and natural
products have been investigated to determine their possible functions in preventing amino-
glycoside AKI. These studies have been the subject of at least one systematic review
and one meta-analysis published so far [270,271]. Among studied nephroprotectants in
experimental studies, herbs and natural agents have shown protection against aminoglyco-
side AKI. Nephroprotection of these agents is mostly attributed to their antioxidant, anti-
inflammatory, and anti-apoptotic activities [271]. Alpha-lipoic acid, vitamin E, vitamin C,
desferrioxamine, methimazole, selenium, melatonin, N-acetylcysteine, dimethyl-sulfoxide,
and pioglitazone are some relevant examples [14,252].

In contrast to preclinical level, related clinical data are quite limited. Results from a
small randomized clinical trial in 32 patients receiving gentamicin for the treatment of an
upper urinary tract infection demonstrated an improvement in creatinine clearance in the
nifedipine group (10 mg three times a day) compared to the placebo group. These findings
can be interpreted as either the interference of the calcium channel blocker with the specific
pathophysiological mechanisms of aminoglycoside AKI or exerting direct vasodilatory
effects of this agent on afferent arteriole. The latter mechanism is independent to nephro-
protective activities of nifedipine [272]. In the case of statins, as the potential inhibitor of
megalin in proximal tubules, two randomized, controlled clinical trials failed to show any
significant reduction of aminoglycoside AKI including amikacin and tobramycin by the
co-administration of either atorvastatin (40 mg once daily) in critically ill adults [273,274]
or rosuvastatin (10 mg once daily) in children with cystic fibrosis [275]. The studied param-
eters and endpoints in these clinical trials were AKI, GFR, conventional as well as novel
biomarkers of kidney function (e.g., urine NGAL/urine Cr and KIM-1), and electrolytes
imbalances. In contrast, the findings of two other double-blinded, randomized clinical
trials in non-critically ill patients with infectious diseases have demonstrated that sily-
marin (140 mg three times a day) [276] and pentoxifylline (400 mg three times a day) [277]
co-administration for 7 days were significantly associated with a lesser overall rate of
gentamicin AKI compared to the placebo group. In the latter study, a significant decrease
in serum levels of MDA and TNF-α in pentoxifylline recipients compared to the placebo
group suggests that the antioxidant and anti-inflammatory properties of this agent exert
nephroprotective effects against gentamicin [277].

7.8.6. Aminoglycoside Congeners, New Derivatives, and Novel Formulations

Designing, synthesizing, isolating, and preparing aminoglycoside congeners, deriva-
tives, and novel formulations with less cellular toxicity is a relatively novel and ongoing
field of research in aminoglycoside AKI.

Commercially available gentamicin in the pharmaceutical market is not a homoge-
neous compound; rather, it is a mixture of C1, C1a, C2, and C2a congeners. Interestingly,
the C2 compound, as the specific congener of gentamicin, has been shown to be bactericidal
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with less risk of AKI. A potential mechanism for explaining this observation is that C2 is a
poor substrate of megalin in proximal tubule cells, and it accumulates to a lesser extent in
the Golgi apparatus and lysosomes [252]. The major challenge of using these congeners in
clinical practice is the possibility of decreased bactericidal activity and, consequently, an
increased risk of treatment failure [278].

In the case of aminoglycosides derivatives, plazomicin is one of the newest semisyn-
thetic agents of this class [244]. It has two additions to the parental sisomicin skeleton
at its N-1 (hydroxyl-aminobutyric acid) and N-6′ (hydroxyethyl) positions. Preliminary
studies in humans have revealed modest AKI (7% of patients), but no ototoxicity with
this agent [279]. In addition, an integrated analysis of three randomized, controlled tri-
als showed that the rates of plazomicin- and comparator-associated AKI were 4.8% and
4.1%, respectively. This difference did not reach the level of statistical significance. The
discontinuation of plazomicin because of AKI occurred only in three patients [280].

Novel formulations such as nanostructured aminoglycosides can be prepared by in-
corporating these agents into different nanoparticle carriers including liposomes, lipids,
carbohydrates, gold, silver, and silicon. The potential advantages of these novel formu-
lations are their improved pharmacodynamics and pharmacokinetic properties [281]. In
this regard, for example, gentamicin loaded on nanostructured lipid carriers containing
tocopheryl polyethylene glycol 1000 succinate surfactant has demonstrated significantly
less AKI compared to controls in rabbits [282]. Similarly, amikacin and gamma amino
butyric acid combination loaded on chitosan nanoparticles had renoprotective activities in
rats [283].

7.8.7. Time of Dosing

Aminoglycosides, especially tobramycin and gentamicin, have an established diurnal
rhythm about their pharmacokinetic and pharmacodynamic behaviors [264]. For exam-
ple, in children with cystic fibrosis under tobramycin treatment, the urinary KIM-1 level
was significantly higher in patients who received tobramycin in the evening (8:00 p.m.)
compared to those who received this agent in the morning (8:00 a.m.) [284]. Similarly, in
179 patients with severe infections treated with gentamicin or tobramycin, the rate of AKI
from midnight to 7:30 a.m., 8:00 a.m. to 3:30 p.m., and 00 p.m. to 11:30 p.m. was 34.6%,
12.5%, and 9.3%, respectively [285]. Lower urinary pH during rest and low food intake in
the evening may account for these findings. Accordingly, it has been demonstrated that the
likelihood of interaction between aminoglycosides and anionic phospholipids, as one of
the major mechanisms of aminoglycoside nephrotoxicity, is higher when the urine pH is
low [79].

Table 11. Summary of studied strategies for preventing aminoglycoside nephrotoxicity [14,241,248,271] *.

Strategy Description

Calculating appropriate dose
Considering total, ideal, and adjusted body weights for calculating required
doses for patients underweight, with normal weight/overweight, and with
obesity, respectively.

Monitoring serum level

• Trough level of aminoglycosides should be closely monitored in
most cases.

• Gentamicin/tobramycin and amikacin doses should be adjusted to avoid
serum trough concentrations more than 2 mg/mL and
10 mg/mL, respectively.

Using the aminoglycoside with less
nephrotoxicity potential

In the case of empirical or definite treatment of infections caused by
P. aeruginosa, amikacin or tobramycin appear to be relatively more
appropriate aminoglycosides.
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Table 11. Cont.

Strategy Description

Using alternative antibiotics with
less nephrotoxicity

If the risk of AKI is estimated to be high, fluoroquinolones and third- or
fourth-generation cephalosporins can be used instead of aminoglycosides.

Limiting the duration of treatment

• If possible, the duration of treatment with aminoglycosides should be
limited to less than 7–10 days.

• If the expected duration of treatment is more than 10 days, some experts
recommend not starting aminoglycosides.

Avoiding the co-administration of
nephrotoxic agents

Whenever possible, the co-administration of nephrotoxic agents (e.g.,
vancomycin and amphotericin B) should be avoided.

Administering as once-daily dosing In certain and selected clinical conditions, aminoglycosides can be given as
once-daily dosing (versus multiple-daily dosing).

Co-administration of
nephroprotective agents

• Oral nifedipine (10 mg three times a day) was effective in improving
creatinine clearance.

• Oral atorvastatin (40 mg once daily) was ineffective in reducing AKI and
changes in conventional as well as novel biomarkers of kidney function.

• Oral rosuvastatin (10 mg once daily) was ineffective in preventing
changes in GFR and conventional as well as novel biomarkers of
kidney function.

• Oral silymarin (140 mg three times a day) was significantly effective in
reducing AKI and preserving creatinine clearance.

• Oral pentoxifylline (400 mg three times a day) was significantly effective
in reducing AKI and preserving creatinine clearance.

Using aminoglycoside congeners,
new derivatives, and
novel formulations

• Plazomicin appears to be less nephrotoxic and better tolerated compared
to other aminoglycosides.

• The C2 congener of gentamicin has less potential nephrotoxicity and also
bactericidal activity.

• There are no clinical data about the kidney safety of novel formulations
such as nanostructured aminoglycosides.

Administering aminoglycosides in
the morning

Administering aminoglycosides in the morning may be associated with less
nephrotoxicity compared to that given in the evening.

* Some selected references. For complete references, please refer to the relevant subsection.

7.9. Monitoring

The serum creatinine and BUN concentrations should be measured at baseline
and also every one to three days, depending upon the individual clinical/paraclinical
conditions [77,78]. If serum creatinine increases more than 50 percent over baseline values,
urinalysis and urine output should also be determined [77]. Table 3 provides more details
about the monitoring of aminoglycosides.

7.10. Treatment

The management of aminoglycoside AKI is basically supportive [79]. It mostly relies
on discontinuing the culprit drug and substituting it by another non- or less nephrotoxic
antibiotic (e.g., third/fourth-generation cephalosporins or fluoroquinolones) [14]. If this
measure is not clinically feasible, the dose of aminoglycoside should be corrected to achieve
targeted levels. According to the fact that aminoglycosides have a concentration-dependent
antibacterial activity, increasing the time interval between doses, rather than decreasing
each dose, seems more appropriate from a pharmacodynamics point of view [79]. Pa-
tients with aminoglycoside AKI should be kept adequately hydrated, and any possible
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electrolyte disorders should be corrected. Short-term kidney replacement therapy may also
be necessary [14].

8. Conclusions
Nephrotoxicity is a common and dose-limiting adverse effect of AmB, cidofovir,

foscarnet, polymyxins, vancomycin, and aminoglycosides. Anti-infective-associated AKI
is generally more frequent in critically ill patients compared to non-critically ill. There
is no standard definition or operational criteria for AKI with anti-infectives; although,
AKIN, RIFLE, and KDIGO are more commonly used definitions in recent clinical studies.
Overall, different criteria for DIKD should not be applied for different drugs. Anti-infective-
induced AKI usually occurs during the first two weeks of treatment. It is mostly dose
dependent, with an anticipated clinical resolution based on serum creatinine returning to
baseline. However, kidney injury can affect a patient’s renal functional reserve and provide
susceptibility to future AKI events. DIKD, especially in the ICU population, can adversely
affect clinical outcome indexes such as mortality and length of stay.

Different pathophysiological mechanisms impacting glomerular, tubular, and intersti-
tial components of the kidney are usually responsible for the development of nephrotoxicity
with anti-infective medications. Among them, ATI is generally more prominent and pre-
dominant. Oxidative stress and inflammation play a pivotal role in the pathogenesis of
DIKD including anti-infectives. Numerous patient-related, medication-related, and co-
administered-medication variables have been demonstrated as risk factors of anti-infective-
induced AKI. Some of these risk factors (like co-administered nephrotoxic medications [e.g.,
loop diuretics and NSAIDs] and the duration of treatment [e.g., more than 1 week]) are usu-
ally modifiable and can be optimized to prevent or minimize AKI. Apart from traditional
indexes of kidney function (serum creatinine and urine output), novel biomarkers of kidney
function (especially serum cystatin C) and damage (mostly urinary KIM-1 and NGAL) have
been noticed in recent clinical studies with promising findings. Nevertheless, the diagnosis
of AKI caused by anti-infectives in critically ill patients is often challenging due to the
presence of multiple comorbidities and possible confounders. Having a multidisciplinary
approach including considering casual/temporal relationships, complete history taking as
well as physical examination, and performing all required laboratory tests and even renal
biopsy are imperative to rule out possible differential diagnoses and confirming DIKD.

The efficiency of preventive strategies against anti-infective-induced AKI in most cases
appears to variable, relative, and modest. Hydration is the major preventive modality
for AmB, cidofovir, and foscarnet AKI. Despite having some promising clinical findings,
nephroprotective agents like antioxidants are not currently recommended for the pre-
vention of anti-infective-induced AKI. Close and regular monitoring of kidney function
parameters is crucial during treatment with nephrotoxic anti-infectives. Moreover, in all
recipients of vancomycin or aminoglycosides in the critically ill setting, performing TDM is
necessary. Currently, there are no definitive treatment modalities for the management of
AKI with anti-infectives. Therefore, supportive care is the mainstay of treatment.

9. Future Directions
Future studies should address the current knowledge gaps in the field of antibiotic-

induced AKI. Accordingly, evaluating the kidney safety of antibiotic formulations based on
novel delivery systems in the clinical setting is suggested. For instance, lipid conjugates,
micelles, nanoemulsions, cubosomes, liposomes, ethosomes, niosomes, and lipid-polymer
hybrid nanoparticles are only some relevant examples of nanotechnology-based formula-
tions of AmB with almost no documented data about their AKI in humans. The definite and
direct role of TDM and modifying the administration method (like prolonging the duration
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of infusion or once-daily dosing) in prevention/attenuating AKI caused by medications
such as vancomycin, aminoglycosides, and polymyxins should be determined. The real
status and impact of using artificial intelligence techniques and novel kidney biomarkers
as part of a multidisciplinary approach related to nephrotoxin stewardship of antibiotics
also deserve further attention.

Author Contributions: I.K.: Data collection and Original draft writing; S.L.K.-G.: Conceptualization,
Data validation, Reviewing, and Editing; B.M.: Funding acquisition, Supervision, Reviewing, and
Editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the 2023 Guangzhou Basic and Applied Basic Research Project
[2023A04J2132].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: S.K.G. receives grant funding from the National Institute of Diabetes and Diges-
tive and Kidney Diseases (R01DK121730 and U01DK130010), the National Center for Complementary
and Integrative Health (U54AT008909), and the Jewish Healthcare Foundation. The other two authors
declare no conflict of interest.

References
1. Weisbord, S.D.; Palevsky, P.M. Prevention and management of acute kidney injury. In Brenner and Rector’s the Kidney, 11th ed.;

Chertow, G., Luyckx, V., Marsden, P., Skorecki, K., Taal, M., Alan, Y., Eds.; Elsevier: Amsterdam, The Netherlands, 2020.
2. Dasta, J.F.; Kane-Gill, S. Review of the Literature on the Costs Associated With Acute Kidney Injury. J. Pharm. Pract. 2019, 32,

292–302. [CrossRef] [PubMed]
3. Kane-Gill, S.L.; Smithburger, P.L.; Kashani, K.; Kellum, J.A.; Frazee, E. Clinical Relevance and Predictive Value of Damage

Biomarkers of Drug-Induced Kidney Injury. Drug Saf. 2017, 40, 1049–1074. [CrossRef] [PubMed]
4. Mehta, R.L.; Awdishu, L.; Davenport, A.; Murray, P.T.; Macedo, E.; Cerda, J.; Chakaravarthi, R.; Holden, A.L.; Goldstein, S.L.

Phenotype standardization for drug-induced kidney disease. Kidney Int. 2015, 88, 226–234. [CrossRef] [PubMed]
5. Dennen, P.; Douglas, I.S.; Anderson, R. Acute kidney injury in the intensive care unit: An update and primer for the intensivist.

Crit. Care Med. 2010, 38, 261–275. [CrossRef] [PubMed]
6. Stottlemyer, B.A.; Tran, T.; Suh, K.; Kane-Gill, S.L. A Systematic Review of the Costs of Drug-Associated Acute Kidney Injury

and Potential Cost Savings With Nephrotoxin Stewardship Prevention Strategies. Clin. Pharmacol. Ther. 2025, 117, 989–1004.
[CrossRef] [PubMed]

7. Gray, M.P.; Barreto, E.F.; Schreier, D.J.; Kellum, J.A.; Suh, K.; Kashani, K.B.; Rule, A.D.; Kane-Gill, S.L. Consensus Obtained for the
Nephrotoxic Potential of 167 Drugs in Adult Critically Ill Patients Using a Modified Delphi Method. Drug Saf. 2022, 45, 389–398.
[CrossRef] [PubMed]

8. Goswami, E.; Ogden, R.K.; Bennett, W.E.; Goldstein, S.L.; Hackbarth, R.; Somers, M.J.G.; Yonekawa, K.; Misurac, J. Evidence-based
development of a nephrotoxic medication list to screen for acute kidney injury risk in hospitalized children. Am. J. Health Syst.
Pharm. 2019, 76, 1869–1874. [CrossRef] [PubMed] [PubMed Central]

9. Fernández-Llaneza, D.; Vos, R.M.P.; Lieverse, J.E.; Gosselt, H.R.; Kane-Gill, S.L.; van Gelder, T.; Klopotowska, J.E.; LEAPfROG
Consortium. An Integrated Approach for Representing Knowledge on the Potential of Drugs to Cause Acute Kidney Injury. Drug
Saf. 2025, 48, 43–58. [CrossRef] [PubMed]

10. Faustino, C.; Pinheiro, L. Lipid Systems for the Delivery of Amphotericin B in Antifungal Therapy. Pharmaceutics 2020, 12, 29.
[CrossRef] [PubMed] [PubMed Central]

11. Drew, R.H. Pharmacology of Amphotericin B. UpToDate 2025. Available online: https://www.uptodate.com/contents/
pharmacology-of-amphotericin-b (accessed on 5 March 2025).

12. Cavassin, F.B.; Baú-Carneiro, J.L.; Vilas-Boas, R.R.; Queiroz-Telles, F. Sixty years of Amphotericin B: An Overview of the Main
Antifungal Agent Used to Treat Invasive Fungal Infections. Infect. Dis. Ther. 2021, 10, 115–147. [CrossRef] [PubMed]

13. Karimzadeh, I.; Farsaei, S.; Khalili, H.; Dashti-Khavidaki, S. Are salt loading and prolonging infusion period effective in prevention
of amphotericin B-induced nephrotoxicity? Expert Opin. Drug Saf. 2012, 11, 969–983. [CrossRef] [PubMed]

14. Nolin, T.D.; Perazella, M.A. Drug-induced kidney disease. In Pharmacotherapy: A Pathophysiologic Approach, 12th ed.; DiPiro, J.T.,
Yee, G.C., Posey, L.M., Haines, S.T., Nolin, T.D., Ellingrod, V., Eds.; McGraw Hill: New York, NY, USA, 2023.

https://doi.org/10.1177/0897190019852556
https://www.ncbi.nlm.nih.gov/pubmed/31291842
https://doi.org/10.1007/s40264-017-0565-7
https://www.ncbi.nlm.nih.gov/pubmed/28674842
https://doi.org/10.1038/ki.2015.115
https://www.ncbi.nlm.nih.gov/pubmed/25853333
https://doi.org/10.1097/CCM.0b013e3181bfb0b5
https://www.ncbi.nlm.nih.gov/pubmed/19829099
https://doi.org/10.1002/cpt.3493
https://www.ncbi.nlm.nih.gov/pubmed/39535321
https://doi.org/10.1007/s40264-022-01173-4
https://www.ncbi.nlm.nih.gov/pubmed/35389144
https://doi.org/10.1093/ajhp/zxz203
https://www.ncbi.nlm.nih.gov/pubmed/31665764
https://pmc.ncbi.nlm.nih.gov/articles/PMC7170726
https://doi.org/10.1007/s40264-024-01474-w
https://www.ncbi.nlm.nih.gov/pubmed/39327387
https://doi.org/10.3390/pharmaceutics12010029
https://www.ncbi.nlm.nih.gov/pubmed/31906268
https://pmc.ncbi.nlm.nih.gov/articles/PMC7023008
https://www.uptodate.com/contents/pharmacology-of-amphotericin-b
https://www.uptodate.com/contents/pharmacology-of-amphotericin-b
https://doi.org/10.1007/s40121-020-00382-7
https://www.ncbi.nlm.nih.gov/pubmed/33523419
https://doi.org/10.1517/14740338.2012.721775
https://www.ncbi.nlm.nih.gov/pubmed/22950480


Antibiotics 2025, 14, 1138 49 of 60

15. Karimzadeh, I.; Khalili, H.; Farsaei, S.; Dashti-Khavidaki, S.; Sagheb, M.M. Role of diuretics and lipid formulations in the
prevention of amphotericin B-induced nephrotoxicity. Eur. J. Clin. Pharmacol. 2013, 69, 1351–1368. [CrossRef] [PubMed]

16. Mistro, S.; Maciel, I.M.; de Menezes, R.G.; Maia, Z.P.; Schooley, R.T.; Badaró, R. Does lipid emulsion reduce amphotericin B
nephrotoxicity? A systematic review and meta-analysis. Clin. Infect. Dis. 2012, 54, 1774–1777. [CrossRef] [PubMed]

17. Smith, C.L. Infectious Diseases II. In Updates in Therapeutics®: Pharmacotherapy Preparatory Review and Recertification Course, 2021
ed.; Bondi, D.S., Bridgeman, M.M., Burke, J.M., Eds.; American College of Clinical Pharmacy: Lenexa, KS, USA, 2021.

18. Harbarth, S.; Pestotnik, S.L.; Lloyd, J.F.; Burke, J.P.; Samore, M.H. The epidemiology of nephrotoxicity associated with conventional
amphotericin B therapy. Am. J. Med. 2001, 111, 528–534. [CrossRef] [PubMed]

19. Goldman, R.D.; Koren, G. Amphotericin B nephrotoxicity in children. J. Pediatr. Hematol. Oncol. 2004, 26, 421–426. [CrossRef]
[PubMed]

20. Awdishu, L.; Mehta, R.L. The 6R’s of drug induced nephrotoxicity. BMC Nephrol. 2017, 18, 124. [CrossRef] [PubMed]
21. Abdel-Hafez, Y.; Siaj, H.; Janajri, M.; Abu-Baker, Y.; Nazzal, Z.; Hamdan, Z.; Adwan, R.; Aiesh, B.M.; Anaya, A.I. Tolerability

and epidemiology of nephrotoxicity associated with conventional amphotericin B therapy: A retrospective study in tertiary care
centers in Palestine. BMC Nephrol. 2022, 23, 132. [CrossRef] [PubMed]

22. Perazella, M.A. Amphotericin B Nephrotoxicity. UpToDate. 2025. Available online: https://www.uptodate.com/contents/
amphotericin-b-nephrotoxicity (accessed on 6 April 2025).

23. Downes, K.J.; Hayes, M.; Fitzgerald, J.C.; Pais, G.M.; Liu, J.; Zane, N.R.; Goldstein, S.L.; Scheetz, M.H.; Zuppa, A.F. Mechanisms
of antimicrobial-induced nephrotoxicity in children. J. Antimicrob. Chemother. 2020, 75, 1–13. [CrossRef] [PubMed]

24. Smogorzewski, M.J.; Rude, R.K.; Yu, A.S.L. Disorders of calcium, magnesium, and phosphate balance. In Brenner and Rector’s the
Kidney, 11th ed.; Chertow, G., Luyckx, V., Marsden, P., Skorecki, K., Taal, M., Alan, Y., Eds.; Elsevier: Amsterdam, The Netherlands,
2020.

25. DuBose, T.D., Jr. Disorders of acid-base balance. In Brenner and Rector’s the Kidney, 11th ed.; Chertow, G., Luyckx, V., Marsden, P.,
Skorecki, K., Taal, M., Alan, Y., Eds.; Elsevier: Amsterdam, The Netherlands, 2020.

26. John, J.; Loo, A.; Mazur, S.; Walsh, T.J. Therapeutic drug monitoring of systemic antifungal agents: A pragmatic approach for
adult and pediatric patients. Expert Opin. Drug Metab. Toxicol. 2019, 15, 881–895. [CrossRef] [PubMed]

27. Takazono, T.; Tashiro, M.; Ota, Y.; Obata, Y.; Wakamura, T.; Miyazaki, T.; Nishino, T.; Izumikawa, K. Factor analysis of acute
kidney injury in patients administered liposomal amphotericin B in a real-world clinical setting in Japan. Sci. Rep. 2020, 10, 15033.
[CrossRef] [PubMed]

28. Garcia, J.A.; Guglielmo, B.J. Principles of Infectious Diseases. In Applied Therapeutics: The Clinical Use of Drugs, 12th ed.; Zeind,
C.S., Carvalho, M.G., Eds.; Wolters Kluwer: Alphen aan den Rijn, The Netherlands, 2023.

29. Gursoy, V.; Ozkalemkas, F.; Ozkocaman, V.; Serenli Yegen, Z.; Ethem Pinar, I.; Ener, B.; Akalın, H.; Kazak, E.; Ali, R.; Ersoy, A.
Conventional Amphotericin B Associated Nephrotoxicity in Patients With Hematologic Malignancies. Cureus 2021, 13, e16445.
[CrossRef] [PubMed]

30. Personett, H.A.; Kayhart, B.M.; Barreto, E.F.; Tosh, P.; Dierkhising, R.; Mara, K.; Leung, N. Renal Recovery following Liposomal
Amphotericin B-Induced Nephrotoxicity. Int. J. Nephrol. 2019, 2019, 8629891. [CrossRef] [PubMed]

31. Ullmann, A.J. Nephrotoxicity in the setting of invasive fungal diseases. Mycoses 2008, 51, 25–30. [CrossRef] [PubMed]
32. Aoki, F.Y. Antivirals against herpesviruses. In Mandell, Douglas, and Bennett’s Principles and Practice of Infectious Diseases, 9th ed.;

Bennett, J.E., Dolin, R., Blaser, M.J., Eds.; Elsevier: Philadelphia, PA, USA, 2020.
33. Izzedine, H.; Launay-Vacher, V.; Deray, G. Antiviral drug-induced nephrotoxicity. Am. J. Kidney Dis. 2005, 45, 804–817. [CrossRef]

[PubMed]
34. Vistide (Cidofovir) Package Insert; Gilead Sciences: Forest City, CA, USA, 2000.
35. Rodriguez, M.; Zachary, K.C. Foscarnet: An Overview. UpToDate. 2025. Available online: https://www.uptodate.com/contents/

foscarnet-an-overview (accessed on 16 April 2025).
36. Pike, M.; Saltiel, E. Colistin- and polymyxin-induced nephrotoxicity: Focus on literature utilizing the RIFLE classification scheme

of acute kidney injury. J. Pharm. Pract. 2014, 27, 554–561. [CrossRef] [PubMed]
37. Murray, B.E.; Arias, C.A.; Nannini, E.C. Glycopeptides (Vancomycin and Teicoplanin) and Lipoglycopeptides (Telavancin,

Oritavancin, and Dalbavancin). In Mandell, Douglas, and Bennett’s Principles and Practice of Infectious Diseases, 9th ed.; Bennett, J.E.,
Dolin, R., Blaser, M.J., Eds.; Elsevier: Philadelphia, PA, USA, 2020.

38. Wazny, L.D.; Brophy, D.F. Amiloride for the prevention of amphotericin B-induced hypokalemia and hypomagnesemia. Ann.
Pharmacother. 2000, 34, 94–97. [CrossRef] [PubMed]

39. Chan, J.C.; Santos, F.; Hand, M. Fluid, electrolyte, and acid-base disorders in children. In Brenner and Rector’s the Kidney, 11th ed.;
Chertow, G., Luyckx, V., Marsden, P., Skorecki, K., Taal, M., Alan, Y., Eds.; Elsevier: Amsterdam, The Netherlands, 2020.

40. Ferguson, M.A.; Vaidya, V.S.; Bonventre, J.V. Biomarkers of nephrotoxic acute kidney injury. Toxicology 2008, 245, 182–193.
[CrossRef] [PubMed]

https://doi.org/10.1007/s00228-013-1472-1
https://www.ncbi.nlm.nih.gov/pubmed/23361383
https://doi.org/10.1093/cid/cis290
https://www.ncbi.nlm.nih.gov/pubmed/22491505
https://doi.org/10.1016/S0002-9343(01)00928-7
https://www.ncbi.nlm.nih.gov/pubmed/11705428
https://doi.org/10.1097/00043426-200407000-00004
https://www.ncbi.nlm.nih.gov/pubmed/15218415
https://doi.org/10.1186/s12882-017-0536-3
https://www.ncbi.nlm.nih.gov/pubmed/28372552
https://doi.org/10.1186/s12882-022-02770-2
https://www.ncbi.nlm.nih.gov/pubmed/35382766
https://www.uptodate.com/contents/amphotericin-b-nephrotoxicity
https://www.uptodate.com/contents/amphotericin-b-nephrotoxicity
https://doi.org/10.1093/jac/dkz325
https://www.ncbi.nlm.nih.gov/pubmed/31369087
https://doi.org/10.1080/17425255.2019.1671971
https://www.ncbi.nlm.nih.gov/pubmed/31550939
https://doi.org/10.1038/s41598-020-72135-y
https://www.ncbi.nlm.nih.gov/pubmed/32929112
https://doi.org/10.7759/cureus.16445
https://www.ncbi.nlm.nih.gov/pubmed/34422476
https://doi.org/10.1155/2019/8629891
https://www.ncbi.nlm.nih.gov/pubmed/30809394
https://doi.org/10.1111/j.1439-0507.2008.01525.x
https://www.ncbi.nlm.nih.gov/pubmed/18471158
https://doi.org/10.1053/j.ajkd.2005.02.010
https://www.ncbi.nlm.nih.gov/pubmed/15861345
https://www.uptodate.com/contents/foscarnet-an-overview
https://www.uptodate.com/contents/foscarnet-an-overview
https://doi.org/10.1177/0897190014546116
https://www.ncbi.nlm.nih.gov/pubmed/25237156
https://doi.org/10.1345/aph.19127
https://www.ncbi.nlm.nih.gov/pubmed/10669191
https://doi.org/10.1016/j.tox.2007.12.024
https://www.ncbi.nlm.nih.gov/pubmed/18294749


Antibiotics 2025, 14, 1138 50 of 60

41. McDuffie, J.E.; Lee, S.; Ma, J.Y.; Chen, Y.; Snook, S. Acute biomarker panel changes associated with amphotericin B nephrotoxicity
in female Sprague-Dawley rats. J. Toxicol. Sci. 2016, 41, 459–468. [CrossRef] [PubMed]

42. Griffin, B.R.; Faubel, S.; Edelstein, C.L. Biomarkers of Drug-Induced Kidney Toxicity. Ther. Drug Monit. 2019, 41, 213–226.
[CrossRef] [PubMed]

43. Da, Y.; Akalya, K.; Murali, T.; Vathsala, A.; Tan, C.S.; Low, S.; Lim, H.N.; Teo, B.W.; Lau, T.; Ong, L.; et al. Serial Quantification
of Urinary Protein Biomarkers to Predict Drug-induced Acute Kidney Injury. Curr. Drug Metab. 2019, 20, 656–664. [CrossRef]
[PubMed]

44. Karimzadeh, I.; Heydari, M.; Ramzi, M.; Sagheb, M.M.; Zomorodian, K. Urinary Neutrophil Gelatinase-associated Lipocalin as a
Biomarker of Kidney Injury in Hematologic-Oncologic Patients Receiving Amphotericin B. Iran. J. Kidney Dis. 2017, 11, 201–208.
[PubMed]

45. Rocha, P.N.; Macedo, M.N.; Kobayashi, C.D.; Moreno, L.; Guimarães, L.H.; Machado, P.R.; Badaró, R.; Carvalho, E.M.; Glesby,
M.J. Role of urine neutrophil gelatinase-associated lipocalin in the early diagnosis of amphotericin B-induced acute kidney injury.
Antimicrob. Agents. Chemother. 2015, 59, 6913–6921. [CrossRef] [PubMed]

46. Stevens, D.A. Antifungal agents: Amphotericin B. In Mandell, Douglas, and Bennett’s Principles and Practice of Infectious Diseases, 9th
ed.; Bennett, J.E., Dolin, R., Blaser, M.J., Eds.; Elsevier: Philadelphia, PA, USA, 2020.

47. Armstrong-James, D.; Koh, M.; Ostermann, M.; Cockwell, P. Optimal management of acute kidney injury in critically ill patients
with invasive fungal infections being treated with liposomal amphotericin B. BMJ Case Rep. 2020, 13, e233072. [CrossRef]
[PubMed]

48. Tonin, F.S.; Steimbach, L.M.; Borba, H.H.; Sanches, A.C.; Wiens, A.; Pontarolo, R.; Fernandez-Llimos, F. Efficacy and safety of
amphotericin B formulations: A network meta-analysis and a multicriteria decision analysis. J. Pharm. Pharmacol. 2017, 69,
1672–1683. [CrossRef] [PubMed]

49. Eriksson, U.; Seifert, B.; Schaffner, A. Comparison of effects of amphotericin B deoxycholate infused over 4 or 24 hours:
Randomized controlled trial. BMJ 2001, 322, 579. [CrossRef] [PubMed]

50. Falagas, M.E.; Karageorgopoulos, D.E.; Tansarli, G.S. Continuous versus conventional infusion of amphotericin B deoxycholate:
A meta-analysis. PLoS ONE 2013, 8, e77075. [CrossRef] [PubMed]

51. Geersing, T.H.; Franssen, E.J.F.; Spronk, P.E.; van Kan, H.J.M.; den Reijer, M.; van der Voort, P.H.J. Nephrotoxicity of continu-
ous amphotericin B in critically ill patients with abdominal sepsis: A retrospective analysis with propensity score matching.
J. Antimicrob. Chemother. 2021, 77, 246–252. [CrossRef] [PubMed]

52. Olivero, J.J.; Lozano-Mendez, J.; Ghafary, E.M.; Eknoyan, G.; Suki, W.N. Mitigation of amphotericin B nephrotoxicity by mannitol.
Br. Med. J. 1975, 1, 550–551. [CrossRef] [PubMed]

53. Bullock, W.E.; Luke, R.G.; Nuttall, C.E.; Bhathena, D. Can mannitol reduce amphotericin B nephrotoxicity? Double-blind study
and description of a new vascular lesion in kidneys. Antimicrob. Agents. Chemother. 1976, 10, 555–563. [CrossRef] [PubMed]

54. Smith, S.R.; Galloway, M.J.; Reilly, J.T.; Davies, J.M. Amiloride prevents amphotericin B related hypokalaemia in neutropenic
patients. J. Clin. Pathol. 1988, 41, 494–497. [CrossRef] [PubMed]

55. Ural, A.U.; Avcu, F.; Cetin, T.; Beyan, C.; Kaptan, K.; Nazaroglu, N.K.; Yalcin, A. Spironolactone: Is it a novel drug for the
prevention of amphotericin B-related hypokalemia in cancer patients? Eur. J. Clin. Pharmacol. 2002, 57, 771–773. [CrossRef]
[PubMed]

56. Camp, M.J.; Wingard, J.R.; Gilmore, C.E.; Lin, L.S.; Dix, S.P.; Davidson, T.G.; Geller, R.B. Efficacy of low-dose dopamine in
preventing amphotericin B nephrotoxicity in bone marrow transplant patients and leukemia patients. Antimicrob. Agents
Chemother. 1998, 42, 3103–3106. [CrossRef] [PubMed]

57. Karimzadeh, I.; Sepehr-Sobhani, A.; Khoshnoud, M.J.; Sagheb, M.M.; Vejdani, R.; Jalali, A.; Mahi-Birjand, M. Comparison of
intravenous sodium bicarbonate and sodium chloride combination versus intravenous sodium chloride hydration alone in
reducing amphotericin B nephrotoxicity: A randomized clinical trial. Res. Pharm. Sci. 2020, 15, 583–591. [CrossRef] [PubMed]

58. Panahi-Shokouh, M.; Moghaddas, A.; Badri, S.; Jabalameli, S.; Momenzadeh, M.; Mehrzad, V.; Ashrafi, F. Pentoxifylline in
Prevention of Amphotericin B-induced Nephrotoxicity and Electrolyte Abnormalities. J. Res. Pharm. Pract. 2020, 9, 135–139.
[CrossRef] [PubMed]

59. Karimzadeh, I.; Khalili, H.; Sagheb, M.M.; Farsaei, S. A double-blinded, placebo-controlled, multicenter clinical trial of N-
acetylcysteine for preventing amphotericin B-induced nephrotoxicity. Expert Opin. Drug. Metab. Toxicol. 2015, 11, 1345–1355.
[CrossRef] [PubMed]

60. Cleary, J.D.; Lewis, R.E. Fungal Infections. In Applied Therapeutics: The Clinical Use of Drugs, 12th ed.; Zeind, C.S., Carvalho, M.G.,
Eds.; Wolters Kluwer: Alphen aan den Rijn, The Netherlands, 2023.

61. Carver, P.L.; Eschenauer, G.A. Invasive Fungal Infections. In Pharmacotherapy: A Pathophysiologic Approach, 12th ed.; DiPiro, J.T.,
Yee, G.C., Posey, L.M., Haines, S.T., Nolin, T.D., Ellingrod, V., Eds.; McGraw Hill: New York, NY, USA, 2023.

https://doi.org/10.2131/jts.41.459
https://www.ncbi.nlm.nih.gov/pubmed/27432232
https://doi.org/10.1097/FTD.0000000000000589
https://www.ncbi.nlm.nih.gov/pubmed/30883514
https://doi.org/10.2174/1389200220666190711114504
https://www.ncbi.nlm.nih.gov/pubmed/31296157
https://www.ncbi.nlm.nih.gov/pubmed/28575880
https://doi.org/10.1128/AAC.01079-15
https://www.ncbi.nlm.nih.gov/pubmed/26303800
https://doi.org/10.1136/bcr-2019-233072
https://www.ncbi.nlm.nih.gov/pubmed/32404321
https://doi.org/10.1111/jphp.12802
https://www.ncbi.nlm.nih.gov/pubmed/28815602
https://doi.org/10.1136/bmj.322.7286.579
https://www.ncbi.nlm.nih.gov/pubmed/11238151
https://doi.org/10.1371/journal.pone.0077075
https://www.ncbi.nlm.nih.gov/pubmed/24204739
https://doi.org/10.1093/jac/dkab372
https://www.ncbi.nlm.nih.gov/pubmed/34613383
https://doi.org/10.1136/bmj.1.5957.550
https://www.ncbi.nlm.nih.gov/pubmed/1095113
https://doi.org/10.1128/AAC.10.3.555
https://www.ncbi.nlm.nih.gov/pubmed/791105
https://doi.org/10.1136/jcp.41.5.494
https://www.ncbi.nlm.nih.gov/pubmed/3290263
https://doi.org/10.1007/s00228-001-0390-9
https://www.ncbi.nlm.nih.gov/pubmed/11868798
https://doi.org/10.1128/AAC.42.12.3103
https://www.ncbi.nlm.nih.gov/pubmed/9835498
https://doi.org/10.4103/1735-5362.301343
https://www.ncbi.nlm.nih.gov/pubmed/33828601
https://doi.org/10.4103/jrpp.JRPP_20_98
https://www.ncbi.nlm.nih.gov/pubmed/33489981
https://doi.org/10.1517/17425255.2015.1042363
https://www.ncbi.nlm.nih.gov/pubmed/26050706


Antibiotics 2025, 14, 1138 51 of 60

62. Londeree, J.; Winterberg, P.D.; Garro, R.; George, R.P.; Shin, S.; Liverman, R.; Serluco, A.; Romero, R.; Yildirim, I. Brincidofovir for
the treatment of human adenovirus infection in pediatric solid organ transplant recipients: A case series. Pediatr. Transplant. 2020,
24, e13769. [CrossRef] [PubMed]

63. Heil, E.L.; Corbett, A.H. Opportunistic Infections in patients living with HIV. In Applied Therapeutics: The Clinical Use of Drugs,
12th ed.; Zeind, C.S., Carvalho, M.G., Eds.; Wolters Kluwer: Alphen aan den Rijn, The Netherlands, 2023.

64. Foscarnet: Drug Information. UpToDate 2025. Available online: https://www.uptodateonline.ir/contents/mobipreview.htm?28
/56/29575?source=see_link (accessed on 21 April 2025).

65. UCSF Medical Center: Foscarnet Dosing and Monitoring. Available online: https://idmp.ucsf.edu/sites/g/files/tkssra4251/f/
wysiwyg/UCSF%20Medical%20Center_%20Foscarnet%20Dosing%20and%20Monitoring.pdf (accessed on 20 April 2025).

66. Foscarnet (Foscavir®). Available online: https://globalrph.com/dilution/foscarnet-foscavir/ (accessed on 21 April 2025).
67. Tsuji, B.T.; Pogue, J.M.; Zavascki, A.P.; Paul, M.; Daikos, G.L.; Forrest, A.; Giacobbe, D.R.; Viscoli, C.; Giamarellou, H.; Karaiskos,

I.; et al. International Consensus Guidelines for the Optimal Use of the Polymyxins: Endorsed by the American College of Clinical
Pharmacy (ACCP), European Society of Clinical Microbiology and Infectious Diseases (ESCMID), Infectious Diseases Society of
America (IDSA), International Society for Anti-infective Pharmacology (ISAP), Society of Critical Care Medicine (SCCM), and
Society of Infectious Diseases Pharmacists (SIDP). Pharmacotherapy 2019, 39, 10–39. [PubMed]

68. Giacobbe, D.R.; Karaiskos, I.; Bassetti, M. How do we optimize the prescribing of intravenous polymyxins to increase their
longevity and efficacy in critically ill patients? Expert Opin. Pharmacother. 2022, 23, 5–8. [CrossRef] [PubMed]

69. Kelesidis, T.; Falagas, M.E. The safety of polymyxin antibiotics. Expert Opin. Drug Saf. 2015, 14, 1687–1701. [CrossRef] [PubMed]
70. Côté, J.M.; Kane-Gill, S.L.; Murray, P.T. A ray of hope in the discord: Is adding piperacillin-tazobactam to vancomycin truly more

nephrotoxic? Intensive Care Med. 2022, 48, 1208–1210. [CrossRef] [PubMed]
71. Blair, M.; Côté, J.M.; Cotter, A.; Lynch, B.; Redahan, L.; Murray, P.T. Nephrotoxicity from Vancomycin Combined with Piperacillin-

Tazobactam: A Comprehensive Review. Am. J. Nephrol. 2021, 52, 85–97. [CrossRef] [PubMed]
72. Drew, R.H.; Sakoulas, G. Vancomycin: Parenteral Dosing, Monitoring, and Adverse Effects in Adults. Uptodate. 2025. Avail-

able online: https://www.uptodate.com/contents/vancomycin-parenteral-dosing-monitoring-and-adverse-effects-in-adults
(accessed on 30 April 2025).

73. He, N.; Su, S.; Ye, Z.; Du, G.; He, B.; Li, D.; Liu, Y.; Yang, K.; Zhang, X.; Zhang, Y.; et al. Evidence-based Guideline for Therapeutic
Drug Monitoring of Vancomycin: 2020 Update by the Division of Therapeutic Drug Monitoring, Chinese Pharmacological Society.
Clin. Infect. Dis. 2020, 71, S363–S371. [CrossRef] [PubMed]

74. Park, H.Y.; Kim, B.Y.; Song, J.Y.; Seo, K.H.; Lee, S.H.; Choi, S.; Rhew, K. Effects of AUC-Based Vancomycin Therapeutic Drug
Monitoring on AKI Incidence and Drug Utilization: A Propensity Score-Weighted Analysis. J. Clin. Med. 2025, 14, 1863. [CrossRef]
[PubMed]

75. Ruiz-Gaviria, R.; Norman, S.J.; Elgendi, S.H.; Chou, J.; Ramdeen, S. Incidence of Acute Kidney Injury in Trough and AUC/MIC
Vancomycin Dosing Strategies in a Large Tertiary Care Center: A Retrospective Cohort. J. Clin. Pharmacol. 2025, 65, 190–196.
[CrossRef] [PubMed]

76. Zamoner, W.; Eid, K.Z.C.; de Almeida, L.M.B.; Pierri, I.G.; Santos, A.D.; Balbi, A.L.; Ponce, D. The Serum Concentration of
Vancomycin as a Diagnostic Predictor of Nephrotoxic Acute Kidney Injury in Critically Ill Patients. Antibiotics 2022, 11, 112.
[CrossRef] [PubMed]

77. Drew, R.H. Dosing and Administration of Parenteral Aminoglycosides. Uptodate. 2025. Available online: https://www.uptodate.
com/contents/dosing-and-administration-of-parenteral-aminoglycosides (accessed on 1 May 2025).

78. Destache, C.J. Aminoglycoside-induced nephrotoxicity--a focus on monitoring: A review of literature. J. Pharm. Pract. 2014, 27,
562–566. [CrossRef] [PubMed]

79. Oliveira, J.F.P.; Cipullo, J.P.; Burdmann, E.A. Aminoglycoside nephrotoxicity. Braz. J. Cardiovasc. Surg. 2006, 21, 444–452.
[CrossRef]

80. Tashiro, M.; Obata, Y.; Takazono, T.; Ota, Y.; Wakamura, T.; Shiozawa, Y.; Tsuyuki, A.; Miyazaki, T.; Nishino, T.; Izumikawa, K.
Association between fluid infusions and the recovery from acute kidney injury in patients administered liposomal amphotericin
B: A nationwide observational study. Ren. Fail. 2022, 44, 282–292. [CrossRef] [PubMed]

81. Rodriguez, M.; Zachary, K.C. Cidofovir: An Overview. UpToDate. 2025. Available online: https://www.uptodate.com/contents/
cidofovir-an-overview (accessed on 11 April 2025).

82. Ortiz, A.; Justo, P.; Sanz, A.; Melero, R.; Caramelo, C.; Guerrero, M.F.; Strutz, F.; Müller, G.; Barat, A.; Egido, J. Tubular cell
apoptosis and cidofovir-induced acute renal failure. Antivir. Ther. 2005, 10, 185–190. [CrossRef] [PubMed]

83. Caruso Brown, A.E.; Cohen, M.N.; Tong, S.; Braverman, R.S.; Rooney, J.F.; Giller, R.; Levin, M.J. Pharmacokinetics and safety of
intravenous cidofovir for life-threatening viral infections in pediatric hematopoietic stem cell transplant recipients. Antimicrob.
Agents. Chemother. 2015, 59, 3718–3725. [CrossRef] [PubMed]

84. Vora, S.B.; Brothers, A.W.; Englund, J.A. Renal Toxicity in Pediatric Patients Receiving Cidofovir for the Treatment of Adenovirus
Infection. J. Pediatric. Infect. Dis. Soc. 2017, 6, 399–402. [CrossRef] [PubMed]

https://doi.org/10.1111/petr.13769
https://www.ncbi.nlm.nih.gov/pubmed/32558134
https://www.uptodateonline.ir/contents/mobipreview.htm?28/56/29575?source=see_link
https://www.uptodateonline.ir/contents/mobipreview.htm?28/56/29575?source=see_link
https://idmp.ucsf.edu/sites/g/files/tkssra4251/f/wysiwyg/UCSF%20Medical%20Center_%20Foscarnet%20Dosing%20and%20Monitoring.pdf
https://idmp.ucsf.edu/sites/g/files/tkssra4251/f/wysiwyg/UCSF%20Medical%20Center_%20Foscarnet%20Dosing%20and%20Monitoring.pdf
https://globalrph.com/dilution/foscarnet-foscavir/
https://www.ncbi.nlm.nih.gov/pubmed/30710469
https://doi.org/10.1080/14656566.2021.1961743
https://www.ncbi.nlm.nih.gov/pubmed/34399631
https://doi.org/10.1517/14740338.2015.1088520
https://www.ncbi.nlm.nih.gov/pubmed/26365594
https://doi.org/10.1007/s00134-022-06861-4
https://www.ncbi.nlm.nih.gov/pubmed/36044050
https://doi.org/10.1159/000513742
https://www.ncbi.nlm.nih.gov/pubmed/33735856
https://www.uptodate.com/contents/vancomycin-parenteral-dosing-monitoring-and-adverse-effects-in-adults
https://doi.org/10.1093/cid/ciaa1536
https://www.ncbi.nlm.nih.gov/pubmed/33367582
https://doi.org/10.3390/jcm14061863
https://www.ncbi.nlm.nih.gov/pubmed/40142671
https://doi.org/10.1002/jcph.6130
https://www.ncbi.nlm.nih.gov/pubmed/39235097
https://doi.org/10.3390/antibiotics11010112
https://www.ncbi.nlm.nih.gov/pubmed/35052989
https://www.uptodate.com/contents/dosing-and-administration-of-parenteral-aminoglycosides
https://www.uptodate.com/contents/dosing-and-administration-of-parenteral-aminoglycosides
https://doi.org/10.1177/0897190014546102
https://www.ncbi.nlm.nih.gov/pubmed/25124375
https://doi.org/10.1590/S0102-76382006000400015
https://doi.org/10.1080/0886022X.2022.2036618
https://www.ncbi.nlm.nih.gov/pubmed/35172680
https://www.uptodate.com/contents/cidofovir-an-overview
https://www.uptodate.com/contents/cidofovir-an-overview
https://doi.org/10.1177/135965350501000110
https://www.ncbi.nlm.nih.gov/pubmed/15751777
https://doi.org/10.1128/AAC.04348-14
https://www.ncbi.nlm.nih.gov/pubmed/25733509
https://doi.org/10.1093/jpids/pix011
https://www.ncbi.nlm.nih.gov/pubmed/28419263


Antibiotics 2025, 14, 1138 52 of 60

85. Stern, A.; Alonso, C.D.; Garcia-Vidal, C.; Cardozo, C.; Slavin, M.; Yong, M.K.; Ho, S.A.; Mehta Steinke, S.; Avery, R.K.; Koehler, P.;
et al. Safety and efficacy of intravenously administered cidofovir in adult haematopoietic cell transplant recipients: A retrospective
multicentre cohort study. J. Antimicrob. Chemother. 2021, 76, 3020–3028. [CrossRef] [PubMed]

86. Leowattana, W. Antiviral Drugs and Acute Kidney Injury (AKI). Infect. Disord. Drug Targets. 2019, 19, 375–382. [CrossRef]
[PubMed]

87. Sharfuddin, A.A.; Weisbord, S.D.; Palevsky, P.M.; Molitoris, B.A. Acute Kidney Injury. In Brenner and Rector’s the Kidney, 11th ed.;
Chertow, G., Luyckx, V., Marsden, P., Skorecki, K., Taal, M., Alan, Y., Eds.; Elsevier: Amsterdam, The Netherlands, 2020.

88. Tang, Z.; Li, T.; Dai, H.; Feng, C.; Xie, X.; Peng, F.; Lan, G.; Yu, S.; Wang, Y.; Fang, C.; et al. Drug-induced Fanconi syndrome in
patients with kidney allograft transplantation. Front. Immunol. 2022, 13, 979983. [CrossRef] [PubMed]

89. Hall, A.M.; Bass, P.; Unwin, R.J. Drug-induced renal Fanconi syndrome. QJM 2014, 107, 261–269. [CrossRef] [PubMed]
90. Taber, D.J.; Dupuis, R.E.; Pilch, N.A.; Szempruch, K. Kidney and liver transplantation. In Applied Therapeutics: The Clinical Use of

Drugs, 12th ed.; Zeind, C.S., Carvalho, M.G., Eds.; Wolters Kluwer: Alphen aan den Rijn, The Netherlands, 2023.
91. Grimley, M.S.; Chemaly, R.F.; Englund, J.A.; Kurtzberg, J.; Chittick, G.; Brundage, T.M.; Bae, A.; Morrison, M.E.; Prasad, V.K.

Brincidofovir for Asymptomatic Adenovirus Viremia in Pediatric and Adult Allogeneic Hematopoietic Cell Transplant Recipients:
A Randomized Placebo-Controlled Phase II Trial. Biol. Blood Marrow Transplant. 2017, 23, 512–521. [CrossRef] [PubMed]

92. Jacobsen, T.; Sifontis, N. Drug interactions and toxicities associated with the antiviral management of cytomegalovirus infection.
Am. J. Health Syst. Pharm. 2010, 67, 1417–1425. [CrossRef] [PubMed]

93. Beaufils, H.; Deray, G.; Katlama, C.; Dohin, E.; Henin, D.; Sazdovitch, V.; Jouanneau, C. Foscarnet and crystals in glomerular
capillary lumens. Lancet 1990, 336, 755. [CrossRef] [PubMed]

94. Zavras, P.; Su, Y.; Fang, J.; Stern, A.; Gupta, N.; Tang, Y.; Raval, A.; Giralt, S.; Perales, M.A.; Jakubowski, A.A.; et al. Impact of
Preemptive Therapy for Cytomegalovirus on Toxicities after Allogeneic Hematopoietic Cell Transplantation in Clinical Practice:
A Retrospective Single-Center Cohort Study. Biol. Blood Marrow Transplant. 2020, 26, 1482–1491. [CrossRef] [PubMed]

95. Avery, R.K.; Arav-Boger, R.; Marr, K.A.; Kraus, E.; Shoham, S.; Lees, L.; Trollinger, B.; Shah, P.; Ambinder, R.; Neofytos, D.; et al.
Outcomes in Transplant Recipients Treated With Foscarnet for Ganciclovir-Resistant or Refractory Cytomegalovirus Infection.
Transplantation 2016, 100, e74–e80. [CrossRef] [PubMed]

96. Minces, L.R.; Nguyen, M.H.; Mitsani, D.; Shields, R.K.; Kwak, E.J.; Silveira, F.P.; Abdel-Massih, R.; Pilewski, J.M.; Crespo, M.M.;
Bermudez, C.; et al. Ganciclovir-resistant cytomegalovirus infections among lung transplant recipients are associated with poor
outcomes despite treatment with foscarnet-containing regimens. Antimicrob. Agents Chemother. 2014, 58, 128–135. [CrossRef]
[PubMed]

97. Reusser, P.; Einsele, H.; Lee, J.; Volin, L.; Rovira, M.; Engelhard, D.; Finke, J.; Cordonnier, C.; Link, H.; Ljungman, P.; et al.
Randomized multicenter trial of foscarnet versus ganciclovir for preemptive therapy of cytomegalovirus infection after allogeneic
stem cell transplantation. Blood 2002, 99, 1159–1164. [CrossRef] [PubMed]

98. Domingo, W.; Nguyen, I.T.; Johnsrud, J.J.; Brown, J.W. Continuous-Infusion Foscarnet Facilitates Administration in Hematopoietic
Stem Cell Transplantation Patients. Transplant. Cell. Ther. 2021, 27, 622.e1–622.e5. [CrossRef] [PubMed]

99. Frochot, V.; Bazin, D.; Letavernier, E.; Jouanneau, C.; Haymann, J.P.; Daudon, M. Nephrotoxicity induced by drugs: The case of
foscarnet and atazanavir—A SEM and µFTIR investigation. Comptes Rendus Chim. 2016, 19, 1565–1572. [CrossRef]

100. Deffert, C.; Stoermann, C.; Ernandez, T.; Nabergoj, M.; Chalandon, Y.; Jaeger, P. Phosphonoformate Crystalluria, A Warning
Signal of Foscarnet-Induced Kidney Injury. Kidney Int. Rep. 2020, 5, 2102–2108. [CrossRef] [PubMed]

101. Lee, G.C.; Burgess, D.S. Antimicrobial regimen selection. In Pharmacotherapy: A Pathophysiologic Approach, 12th ed.; DiPiro, J.T.,
Yee, G.C., Posey, L.M., Haines, S.T., Nolin, T.D., Ellingrod, V., Eds.; McGraw Hill: New York, NY, USA, 2023.

102. Bacigalupo, A.; Boyd, A.; Slipper, J.; Curtis, J.; Clissold, S. Foscarnet in the management of cytomegalovirus infections in
hematopoietic stem cell transplant patients. Expert Rev. Anti. Infect. Ther. 2012, 10, 1249–1264. [CrossRef] [PubMed]

103. Foster, G.G.; Grant, M.J.; Thomas, S.M.; Cameron, B.; Raiff, D.; Corbet, K.; Loitsch, G.; Ferreri, C.; Horwitz, M. Treatment with
Foscarnet after Allogeneic Hematopoietic Cell Transplant (Allo-HCT) Is Associated with Long-Term Loss of Renal Function. Biol.
Blood Marrow Transplant. 2020, 26, 1597–1606. [CrossRef] [PubMed]

104. Perazella, M.A. Crystalline-Induced Acute Kidney Injury. UpToDate. 2025. Available online: https://www.uptodate.com/
contents/crystalline-induced-acute-kidney-injury (accessed on 20 April 2025).

105. Refardt, J. Diagnosis and differential diagnosis of diabetes insipidus: Update. Best Pract. Res. Clin. Endocrinol. Metab. 2020, 34,
101398. [CrossRef] [PubMed]

106. Akalya, K.; Murali, T.M.; Vathsala, A.; Teo, B.W.; Low, S.; Dharmasegaran, D.; Koh, L.P.; Bonney, G.K.; Hong, W.Z.; Da, Y.; et al.
Elevated Urinary Tissue Inhibitor of Metalloproteinase-2 and Insulin-Like Growth Factor Binding Protein-7 Predict Drug-Induced
Acute Kidney Injury. Curr. Drug Metab. 2022, 23, 223–232. [CrossRef] [PubMed]

107. Deray, G.; Martinez, F.; Katlama, C.; Levaltier, B.; Beaufils, H.; Danis, M.; Rozenheim, M.; Baumelou, A.; Dohin, E.; Gentilini, M.;
et al. Foscarnet nephrotoxicity: Mechanism, incidence and prevention. Am. J. Nephrol. 1989, 9, 316–321. [CrossRef] [PubMed]

https://doi.org/10.1093/jac/dkab259
https://www.ncbi.nlm.nih.gov/pubmed/34324678
https://doi.org/10.2174/1871526519666190617154137
https://www.ncbi.nlm.nih.gov/pubmed/31288730
https://doi.org/10.3389/fimmu.2022.979983
https://www.ncbi.nlm.nih.gov/pubmed/36059468
https://doi.org/10.1093/qjmed/hct258
https://www.ncbi.nlm.nih.gov/pubmed/24368854
https://doi.org/10.1016/j.bbmt.2016.12.621
https://www.ncbi.nlm.nih.gov/pubmed/28063938
https://doi.org/10.2146/ajhp090424
https://www.ncbi.nlm.nih.gov/pubmed/20720240
https://doi.org/10.1016/0140-6736(90)92253-E
https://www.ncbi.nlm.nih.gov/pubmed/1975929
https://doi.org/10.1016/j.bbmt.2020.03.019
https://www.ncbi.nlm.nih.gov/pubmed/32315708
https://doi.org/10.1097/TP.0000000000001418
https://www.ncbi.nlm.nih.gov/pubmed/27495775
https://doi.org/10.1128/AAC.00561-13
https://www.ncbi.nlm.nih.gov/pubmed/24145525
https://doi.org/10.1182/blood.V99.4.1159
https://www.ncbi.nlm.nih.gov/pubmed/11830461
https://doi.org/10.1016/j.jtct.2021.03.018
https://www.ncbi.nlm.nih.gov/pubmed/33891883
https://doi.org/10.1016/j.crci.2016.08.007
https://doi.org/10.1016/j.ekir.2020.08.019
https://www.ncbi.nlm.nih.gov/pubmed/33163731
https://doi.org/10.1586/eri.12.115
https://www.ncbi.nlm.nih.gov/pubmed/23167560
https://doi.org/10.1016/j.bbmt.2020.05.007
https://www.ncbi.nlm.nih.gov/pubmed/32450288
https://www.uptodate.com/contents/crystalline-induced-acute-kidney-injury
https://www.uptodate.com/contents/crystalline-induced-acute-kidney-injury
https://doi.org/10.1016/j.beem.2020.101398
https://www.ncbi.nlm.nih.gov/pubmed/32387127
https://doi.org/10.2174/1389200223666220425111931
https://www.ncbi.nlm.nih.gov/pubmed/35469565
https://doi.org/10.1159/000167987
https://www.ncbi.nlm.nih.gov/pubmed/2554731


Antibiotics 2025, 14, 1138 53 of 60

108. Cheung, T.W.; Jayaweera, D.T.; Pearce, D.; Benson, P.; Nahass, R.; Olson, C.; Wool, G.M. Safety of oral versus intravenous
hydration during induction therapy with intravenous foscarnet in AIDS patients with cytomegalovirus infections. Int. J. STD
AIDS 2000, 11, 640–647. [CrossRef] [PubMed]

109. Brown, J.M.; Chang, A.; Lee-Lam, F.; Tan, S.K.; Shashidhar, S. Tolerability of foscarnet as a continuous infusion for treatment of
herpesvirus infections. Biol. Blood Marrow Transplant. 2014, 20, S184–S210. [CrossRef]

110. Kaye, K.S.; Pogue, J.M.; Kaye, D. Polymyxins (Polymyxin Band Colistin). In Mandell, Douglas, and Bennett’s Principles and Practice
of Infectious Diseases, 9th ed.; Bennett, J.E., Dolin, R., Blaser, M.J., Eds.; Elsevier: Philadelphia, PA, USA, 2020.

111. Bassetti, M.; Peghin, M.; Vena, A.; Giacobbe, D.R. Treatment of Infections Due to MDR Gram-Negative Bacteria. Front. Med. 2019,
6, 74. [CrossRef] [PubMed]

112. Avedissian, S.N.; Liu, J.; Rhodes, N.J.; Lee, A.; Pais, G.M.; Hauser, A.R.; Scheetz, M.H. A Review of the Clinical Pharmacokinetics
of Polymyxin B. Antibiotics 2019, 8, 31. [CrossRef] [PubMed]

113. Jafari, F.; Elyasi, S. Prevention of colistin induced nephrotoxicity: A review of preclinical and clinical data. Expert Rev. Clin.
Pharmacol. 2021, 14, 1113–1131. [CrossRef] [PubMed]

114. Oliota, A.F.; Penteado, S.T.; Tonin, F.S.; Fernandez-Llimos, F.; Sanches, A.C. Nephrotoxicity prevalence in patients treated with
polymyxins: A systematic review with meta-analysis of observational studies. Diagn. Microbiol. Infect. Dis. 2019, 94, 41–49.
[CrossRef] [PubMed]

115. Eljaaly, K.; Bidell, M.R.; Gandhi, R.G.; Alshehri, S.; Enani, M.A.; Al-Jedai, A.; Lee, T.C. Colistin Nephrotoxicity: Meta-Analysis of
Randomized Controlled Trials. Open Forum Infect. Dis. 2021, 8, ofab026. [CrossRef] [PubMed]

116. Sisay, M.; Hagos, B.; Edessa, D.; Tadiwos, Y.; Mekuria, A.N. Polymyxin-induced nephrotoxicity and its predictors: A systematic
review and meta-analysis of studies conducted using RIFLE criteria of acute kidney injury. Pharmacol. Res. 2021, 163, 105328.
[CrossRef] [PubMed]

117. Nakwan, N.; Chokephaibulkit, K.; Imberti, R. The Use of Colistin for the Treatment of Multidrug-resistant Gram-negative
Infections in Neonates and Infants: A Review of the Literature. Pediatr. Infect. Dis. J. 2019, 38, 1107–1112. [CrossRef] [PubMed]

118. Karageorgos, S.A.; Bassiri, H.; Siakallis, G.; Miligkos, M.; Tsioutis, C. Intravenous colistin use for infections due to MDR Gram-
negative bacilli in critically ill paediatric patients: A systematic review and meta-analysis. J. Antimicrob. Chemother. 2019, 74,
2497–2506. [CrossRef] [PubMed]

119. Aggarwal, R.; Dewan, A. Comparison of nephrotoxicity of Colistin with Polymyxin B administered in currently recommended
doses: A prospective study. Ann. Clin. Microbiol. Antimicrob. 2018, 17, 15. [CrossRef] [PubMed]

120. Ballı, F.N.; Ekinci, P.B.; Kurtaran, M.; Kara, E.; Dizman, G.T.; Sönmezer, M.Ç.; Hayran, M.; Demirkan, K.; Metan, G. Battle of
polymyxin induced nephrotoxicity: Polymyxin B versus colistin. Int. J. Antimicrob. Agents 2024, 63, 107035. [CrossRef] [PubMed]

121. Wang, J.L.; Xiang, B.X.; Song, X.L.; Que, R.M.; Zuo, X.C.; Xie, Y.L. Prevalence of polymyxin-induced nephrotoxicity and its
predictors in critically ill adult patients: A meta-analysis. World J. Clin. Cases 2022, 10, 11466–11485. [CrossRef] [PubMed]

122. Wagenlehner, F.; Lucenteforte, E.; Pea, F.; Soriano, A.; Tavoschi, L.; Steele, V.R.; Henriksen, A.S.; Longshaw, C.; Manissero, D.;
Pecini, R.; et al. Systematic review on estimated rates of nephrotoxicity and neurotoxicity in patients treated with polymyxins.
Clin. Microbiol. Infect. 2021, 27, 671–686. [CrossRef] [PubMed]

123. Ordooei Javan, A.; Shokouhi, S.; Sahraei, Z. A review on colistin nephrotoxicity. Eur. J. Clin. Pharmacol. 2015, 71, 801–810.
[CrossRef] [PubMed]

124. Feng, J.Y.; Lee, Y.T.; Pan, S.W.; Yang, K.Y.; Chen, Y.M.; Yen, D.H.; Li, S.Y.; Wang, F.D. Comparison of colistin-induced nephrotoxicity
between two different formulations of colistin in critically ill patients: A retrospective cohort study. Antimicrob. Resist. Infect.
Control 2021, 10, 111. [CrossRef] [PubMed]

125. Yu, X.B.; Zhang, X.S.; Wang, Y.X.; Wang, Y.Z.; Zhou, H.M.; Xu, F.M.; Yu, J.H.; Zhang, L.W.; Dai, Y.; Zhou, Z.Y.; et al. Population
Pharmacokinetics of Colistin Sulfate in Critically Ill Patients: Exposure and Clinical Efficacy. Front. Pharmacol. 2022, 13, 915958.
[CrossRef] [PubMed]

126. Ozel, A.S.; Ergönül, Ö.; Korten, V. Colistin nephrotoxicity in critically ill patients after implementation of a new dosing strategy.
J. Infect. Dev. Ctries. 2019, 13, 877–885. [CrossRef] [PubMed]

127. Nation, R.L.; Rigatto, M.H.P.; Falci, D.R.; Zavascki, A.P. Polymyxin Acute Kidney Injury: Dosing and Other Strategies to Reduce
Toxicity. Antibiotics 2019, 8, 24. [CrossRef] [PubMed]

128. Gai, Z.; Samodelov, S.L.; Kullak-Ublick, G.A.; Visentin, M. Molecular Mechanisms of Colistin-Induced Nephrotoxicity. Molecules
2019, 24, 653. [CrossRef] [PubMed]

129. Beirne, G.J.; Hansing, C.E.; Octaviano, G.N.; Burns, R.O. Acute renal failure caused by hypersensitivity to polymyxin B sulfate.
JAMA 1967, 202, 156–158. [CrossRef] [PubMed]

130. Kallel, H.; Hamida, C.B.; Ksibi, H.; Bahloul, M.; Hergafi, L.; Chaari, A.; Chelly, H.; Bouaziz, M. Suspected acute interstitial
nephritis induced by colistin. J. Nephrol. 2005, 18, 323–326. [PubMed]

131. Zavascki, A.P.; Nation, R.L. Nephrotoxicity of Polymyxins: Is There Any Difference between Colistimethate and Polymyxin B?
Antimicrob. Agents Chemother. 2017, 61, e02319-16. [CrossRef] [PubMed]

https://doi.org/10.1258/0956462001914995
https://www.ncbi.nlm.nih.gov/pubmed/11057934
https://doi.org/10.1016/j.bbmt.2013.12.315
https://doi.org/10.3389/fmed.2019.00074
https://www.ncbi.nlm.nih.gov/pubmed/31041313
https://doi.org/10.3390/antibiotics8010031
https://www.ncbi.nlm.nih.gov/pubmed/30909507
https://doi.org/10.1080/17512433.2021.1933436
https://www.ncbi.nlm.nih.gov/pubmed/34015235
https://doi.org/10.1016/j.diagmicrobio.2018.11.008
https://www.ncbi.nlm.nih.gov/pubmed/30635223
https://doi.org/10.1093/ofid/ofab026
https://www.ncbi.nlm.nih.gov/pubmed/33623807
https://doi.org/10.1016/j.phrs.2020.105328
https://www.ncbi.nlm.nih.gov/pubmed/33276108
https://doi.org/10.1097/INF.0000000000002448
https://www.ncbi.nlm.nih.gov/pubmed/31469781
https://doi.org/10.1093/jac/dkz165
https://www.ncbi.nlm.nih.gov/pubmed/31049586
https://doi.org/10.1186/s12941-018-0262-0
https://www.ncbi.nlm.nih.gov/pubmed/29571295
https://doi.org/10.1016/j.ijantimicag.2023.107035
https://www.ncbi.nlm.nih.gov/pubmed/37979889
https://doi.org/10.12998/wjcc.v10.i31.11466
https://www.ncbi.nlm.nih.gov/pubmed/36387815
https://doi.org/10.1016/j.cmi.2020.12.009
https://www.ncbi.nlm.nih.gov/pubmed/33359542
https://doi.org/10.1007/s00228-015-1865-4
https://www.ncbi.nlm.nih.gov/pubmed/26008213
https://doi.org/10.1186/s13756-021-00977-w
https://www.ncbi.nlm.nih.gov/pubmed/34330333
https://doi.org/10.3389/fphar.2022.915958
https://www.ncbi.nlm.nih.gov/pubmed/35784679
https://doi.org/10.3855/jidc.11413
https://www.ncbi.nlm.nih.gov/pubmed/32084017
https://doi.org/10.3390/antibiotics8010024
https://www.ncbi.nlm.nih.gov/pubmed/30875778
https://doi.org/10.3390/molecules24030653
https://www.ncbi.nlm.nih.gov/pubmed/30759858
https://doi.org/10.1001/jama.1967.03130140120028
https://www.ncbi.nlm.nih.gov/pubmed/4292201
https://www.ncbi.nlm.nih.gov/pubmed/16013023
https://doi.org/10.1128/AAC.02319-16
https://www.ncbi.nlm.nih.gov/pubmed/27993859


Antibiotics 2025, 14, 1138 54 of 60

132. Pogue, J.M.; Lee, J.; Marchaim, D.; Yee, V.; Zhao, J.J.; Chopra, T.; Lephart, P.; Kaye, K.S. Incidence of and risk factors for
colistin-associated nephrotoxicity in a large academic health system. Clin. Infect. Dis. 2011, 53, 879–884. [CrossRef] [PubMed]

133. Sorlí, L.; Luque, S.; Grau, S.; Berenguer, N.; Segura, C.; Montero, M.M.; Álvarez-Lerma, F.; Knobel, H.; Benito, N.; Horcajada, J.P.
Trough colistin plasma level is an independent risk factor for nephrotoxicity: A prospective observational cohort study. BMC
Infect. Dis. 2013, 13, 380. [CrossRef] [PubMed]

134. Doshi, N.; Mount, K.; Murphy, C. Nephrotoxicity associated with intravenous colistin in critically ill patients. Pharmacotherapy
2011, 31, 1257–1264. [CrossRef] [PubMed]

135. Paul, M.; Daikos, G.L.; Durante-Mangoni, E.; Yahav, D.; Carmeli, Y.; Benattar, Y.D.; Skiada, A.; Andini, R.; Eliakim-Raz, N.;
Nutman, A.; et al. Colistin alone versus colistin plus meropenem for treatment of severe infections caused by carbapenem-resistant
Gram-negative bacteria: An open-label, randomised controlled trial. Lancet Infect. Dis. 2018, 18, 391–400. [CrossRef] [PubMed]

136. Lodise, T.P.; Fan, W.; Griffith, D.C.; Dudley, M.N.; Sulham, K.A. A Retrospective Cohort Analysis Shows that Coadministration of
Minocycline with Colistin in Critically Ill Patients Is Associated with Reduced Frequency of Acute Renal Failure. Antimicrob.
Agents Chemother. 2017, 62, e01165-17. [CrossRef] [PubMed]

137. Heybeli, C.; Canaslan, K.; Oktan, M.A.; Yıldız, S.; Arda, H.Ü.; Çavdar, C.; Çelik, A.; Gökmen, N.; Cömert, B. Acute kidney
injury following colistin treatment in critically-ill patients: May glucocorticoids protect? J. Chemother. 2021, 33, 85–94. [CrossRef]
[PubMed]

138. Wang, J.; Niu, H.; Wang, R.; Cai, Y. Safety and efficacy of colistin alone or in combination in adults with Acinetobacter baumannii
infection: A systematic review and meta-analysis. Int. J. Antimicrob. Agents 2019, 53, 383–400. [CrossRef] [PubMed]

139. Gu, W.J.; Wang, F.; Tang, L.; Bakker, J.; Liu, J.C. Colistin for the treatment of ventilator-associated pneumonia caused by multidrug-
resistant Gram-negative bacteria: A systematic review and meta-analysis. Int. J. Antimicrob. Agents 2014, 44, 477–485. [CrossRef]
[PubMed]

140. Chen, Z.; Chen, Y.; Fang, Y.; Wang, X.; Chen, Y.; Qi, Q.; Huang, F.; Xiao, X. Meta-analysis of colistin for the treatment of
Acinetobacter baumannii infection. Sci. Rep. 2015, 5, 17091. [CrossRef] [PubMed]

141. Chang, K.; Wang, H.; Zhao, J.; Yang, X.; Wu, B.; Sun, W.; Huang, M.; Cheng, Z.; Chen, H.; Song, Y.; et al. Risk factors for polymyxin
B-associated acute kidney injury. Int. J. Infect. Dis. 2022, 117, 37–44. [CrossRef] [PubMed]

142. Kwon, J.A.; Lee, J.E.; Huh, W.; Peck, K.R.; Kim, Y.G.; Kim, D.J.; Oh, H.Y. Predictors of acute kidney injury associated with
intravenous colistin treatment. Int. J. Antimicrob. Agents 2010, 35, 473–477. [CrossRef] [PubMed]

143. Deryke, C.A.; Crawford, A.J.; Uddin, N.; Wallace, M.R. Colistin dosing and nephrotoxicity in a large community teaching hospital.
Antimicrob. Agents Chemother. 2010, 54, 4503–4505. [CrossRef] [PubMed]

144. Justo, J.A.; Bosso, J.A. Adverse reactions associated with systemic polymyxin therapy. Pharmacotherapy 2015, 35, 28–33. [CrossRef]
[PubMed]

145. Kim, J.; Lee, K.H.; Yoo, S.; Pai, H. Clinical characteristics and risk factors of colistin-induced nephrotoxicity. Int. J. Antimicrob.
Agents 2009, 34, 434–443. [CrossRef] [PubMed]

146. Giacobbe, D.R.; di Masi, A.; Leboffe, L.; Del Bono, V.; Rossi, M.; Cappiello, D.; Coppo, E.; Marchese, A.; Casulli, A.; Signori, A.;
et al. Hypoalbuminemia as a predictor of acute kidney injury during colistin treatment. Sci. Rep. 2018, 8, 11968. [CrossRef]
[PubMed]
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