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CHAPTER 39 

Drug-Induced Acute Kidney Injury
Renato Antunes Caires, Verônica Torres da Costa e Silva, Emmanuel A. Burdmann,  
Fernanda Oliveira Coelho, and Elerson Carlos Costalonga

OBJECTIVES
This chapter will:
1. Explain why the kidneys are especially vulnerable to drugs, 

delineate the possible mechanisms of drug injury, and 
describe the renal syndromes caused by drugs.

2. Review the mechanisms of renal injury for the most important 
drugs and describe the associated clinical presentation 
of nephrotoxicity in severely ill patients.

3. Identify the risk factors for nephrotoxicity, along with 
possible preventive measures, for the most important drugs 
causing renal injury in severely ill patients.

The epidemiology of acute kidney injury (AKI) has changed 
remarkably over the last few decades. Currently a majority 
of affected patients are critically ill older individuals 
hospitalized in an intensive care unit (ICU) with comorbidi-
ties and multiple organ failure.1,2 The incidence, frequency, 
and outcomes of drug-induced AKI fluctuate widely, 
depending on the definition of AKI used, expertise of the 
medical team, availability of medical facilities, and char-
acteristics of patient populations. In the ICU, either 
nephrotoxicity alone or, most commonly, associated with 
ischemia, has been a relevant related factor in the patho-
genesis of AKI in almost half of the cases.3
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creatinine should be monitored for the early detection of 
renal dysfunction. Even small increments in creatinine 
are an independent risk factor for increased mortality in 
hospitalized patients.4 The use of estimated GFR should be 
considered to improve detection of renal injury in patients 
with low muscle mass. Electrolyte and acid-base disorders 
that may precede the decrease in GFR must be monitored. 
The use of a nonnephrotoxic drug or a procedure that does 
not use nephrotoxic drugs must be considered for patients at 
higher risk for renal injury (e.g., older patients; hypotensive, 
dehydrated, sodium-depleted, or septic patients; those who 
receive vasoactive drugs; those with abnormal renal function; 
those already taking potentially nephrotoxic drugs; those 
with myoglobinuria, hemoglobinuria, or bilirubinuria). 
Patients must be hydrated adequately and sodium-repleted 
before receiving a nephrotoxic drug. Discontinuation of 
diuretics should be considered in these patients. The 
concomitant use of two or more different nephrotoxic 
drugs must be avoided. Drugs that promote efferent arteriole 
vasodilation, such as angiotensin-converting enzyme inhibi-
tors (ACEIs), angiotensin receptor blockers (ARBs) and renin 
inhibitors, should be used with caution in patients who will 
receive drugs inducing afferent arteriole vasoconstriction 
(e.g., calcineurin inhibitors, contrast agents). Drug dosage 
should be adjusted in accordance with organ functional 
status, distribution volume, and drug pharmacokinetics.5 
It always should be checked if a nephrotoxic drug had 
specific measures to prevent or attenuate its potential for 
renal damage.

Currently, numerous drugs have been related to develop-
ment of AKI. With the increasing complexity of ICU pro-
tocols, the development of more efficient life support 
systems, and the rapid development of new therapeutic 
and diagnostic compounds, the number of persons exposed 
to toxic drugs is steadily increasing. A search in the PubMed 
database to investigate frequency of drug-specific nephro-
toxicity shows that contrast agents, NSAIDs, antibiotics, 
calcineurin inhibitors, and cisplatin account for the highest 
numbers of “hits.” Discussed in the following section are 
some of the most important drugs causing nephrotoxicity 
in patients who are severely ill or being cared for in an 
ICU, with regard to mechanism of injury, clinical features, 
risk factors, and prevention of renal injury. Of the vast 
array of drugs with potential for nephrotoxicity, those more 
frequently prescribed for patients in the ICU are discussed 
in this chapter: antiinfective agents (aminoglycosides, 
vancomycin, amphotericin B, polymyxins, highly active 
antiretroviral therapy [HAART]), contrast agents, NSAIDs, 
and drugs blocking the renin-angiotensin-aldosterone system 
(ACEIs, ARB, and renin inhibitors). Calcineurin inhibitors 
and iodinated contrast agents are reviewed in other chapters 
of this book.

ANTIINFECTIVE AGENTS

Aminoglycosides
Aminoglycosides, a class of antibiotics introduced into 
clinical practice in the mid-1940s (with the advent of 
streptomycin), are still prescribed widely because of their 
potent bactericidal activity against gram-negative rods, their 
positive synergism with antibiotics against gram-positive 
organisms, and the infrequent emergence of bacterial 
resistance with these agents. In the mid-1960s and then in 
the early 1980s, most of the aminoglycosides currently used 
were launched: gentamicin, tobramycin, amikacin, and 
netilmicin. In the last few years, the development of 

Many factors underlie renal vulnerability to toxins. The 
kidneys are responsible for excretion of a number of drugs. 
The renal concentration mechanisms expose the renal tubule 
cells to massive intratubular drug concentrations as they 
are transported and can be accumulated in the proximal 
tubule intracellular compartment. The kidneys metabolize 
and modify several drugs, inducing the formation of toxic 
compounds. Finally, high blood renal flow rates and the 
requirement for energy to keep tubule transport make 
the kidneys particularly vulnerable to changes in blood 
flow or oxygen deprivation, as caused by drug-induced 
hemodynamic disorders or impaired cellular respiration. 
Virtually all mechanisms or processes potentially leading to 
renal injury have been associated with drug nephrotoxicity: 
acute tubular cell injury, changes in renal hemodynamics, 
intratubular obstruction, acute interstitial nephritis, hyper-
sensitivity vasculitis, thrombotic microangiopathy, osmotic 
nephrosis, and rhabdomyolysis. The same drug may cause 
nephrotoxicity by more than one type of mechanism. As 
an example, nonsteroidal antiinflammatory drugs (NSAIDs) 
can induce acute tubular injury, intrarenal vasoconstric-
tion, or acute interstitial nephritis. Drugs also may cause 
changes in different aspects of renal function; such changes 
include decreased glomerular filtration rate, impairment of 
electrolyte tubular manipulation with consequent alteration 
in electrolyte blood concentrations, defects in acid-basic 
renal homeostasis, impaired dilution and concentration 
mechanisms, hypertension, and proteinuria, which may 
reach nephrotic levels. Aminoglycosides, for example, 
can decrease the glomerular filtration rate (GFR), impair 
electrolyte tubular manipulation, and blunt renal concentrat-
ing mechanisms.

The fundamental principles of management of drug-
induced nephrotoxicity are depicted in Box 39.1. Mea-
surement of serum creatinine always should be performed 
before administration of potentially nephrotoxic drugs, and 

BOX 39.1 

Important Considerations With Use of Potentially 
Nephrotoxic Drugs

•	 Always	establish	baseline	glomerular	function	before	
starting the drug (by determination of serum creatinine 
level or estimated glomerular filtration rate).

•	 Measure	serum	creatinine	in	a	timely	manner	to	detect	
early changes in renal function.

•	 Measure	serum	electrolytes	and	assess	acid-base	status	
periodically, because abnormalities can develop before 
glomerular dysfunction becomes detectable.

•	 Consider	the	use	of	a	nonnephrotoxic	drug	or	a	
diagnostic test that does not require the use of 
nephrotoxic agents in patients at higher risk for renal 
injury.

•	 Ensure	adequate	hydration	and	sodium	repletion	before	
institution of the nephrotoxic drug.

•	 Consider	the	discontinuation	of	diuretics	before	
institution of the nephrotoxic drug.

•	 Avoid	the	simultaneous	use	of	two	or	more	different	
nephrotoxic drugs.

•	 Be	careful	with	the	use	of	angiotensin-converting	enzyme	
inhibitors, angiotensin receptor blockers, and renin 
inhibitors in patients who are using drugs that cause 
afferent arteriole vasoconstriction (e.g., contrast agents, 
calcineurin inhibitors).

•	 Adapt	drug	dosage	according	to	the	existence	of	organ	
dysfunction, extracellular volume status, and specific 
aspects on pharmacokinetics of drug.

•	 Always	check	for	the	existence	of	specific	measures	to	
prevent or attenuate nephrotoxicity from a specific drug.
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studies assessed several factors simultaneously. Logistic 
regression analysis was performed to identify independent 
risk factors for aminoglycoside nephrotoxicity in a cohort 
of 209 patients with aminoglycoside-induced AKI. The 
initial model (with reference values) included age (younger 
than 60 years), gender, baseline GFR (greater than 60 mL/
minute per 1.73 m2 of body surface area), days of amino-
glycoside use (more than 9.9 days), use of amikacin or 
gentamicin, previous cardiovascular disease, diabetes; use 
of other nephrotoxic antibiotics, furosemide, and iodinated 
contrast; and presence of acidosis, hypovolemia, hypoten-
sion, and jaundice. In the final multivariate model, diabetes 
(odds ratio [OR], 2.13), use of other nephrotoxic antibiotic 
(OR, 1.61), or iodinated contrast (OR, 2.13), and hypotension 
(OR, 1.83) were identified as risk factors for aminoglycoside 
nephrotoxicity.8

The main strategies to avoid or minimize aminoglycoside 
nephrotoxicity are use of the lowest dose and shortest course 
for clinical effectiveness, adequate intravascular volume 
and sodium repletion, correction of electrolyte abnormalities 
and acidosis, and avoidance of simultaneous use of other 
nephrotoxins). Some additional specific maneuvers also 
must be considered. The use of once-daily (OD) regimens 
versus multiple dosage (MD) for the administration of 
aminoglycosides is based on the unique characteristics of 
these drugs, including concentration-dependent bactericidal 
activity and the fact that tubular mechanism for cortical 
uptake of these antibiotics is saturable. Therefore the 
administration of a single large dose of the antibiotic would 
allow higher serum peak levels and less exposure of the 
tubular cells to the drug. An additional positive feature of 
OD dosing regimens is an improvement in the postantibiotic 
effect: antibiotic efficacy persists even after the blood level 
of the drug falls below minimal inhibitory concentration. 
The extent of cortical uptake mechanism saturation is 
different among the classes of aminoglycosides: higher for 
gentamicin, less saturable for amikacin and netilmicin, and 
almost not saturable for tobramycin.

Several randomized studies and meta-analyses have 
compared the efficacy and safety of OD versus MD regimens 
in adults and children. The results show better or comparable 
efficacy and decreased or similar nephrotoxicity for the OD 
schedules, with an overall trend for lower nephrotoxicity 
and better efficacy in this group.13–15 The OD approach 
also is more cost effective and convenient for hospital 
administration of the antibiotic. Another potential strategy 
to minimize aminoglycoside nephrotoxicity is related to its 
circadian variation. Gentamicin and tobramycin nephrotoxic 
effects were more intense when the drugs were administered 
in the resting period (midnight to 7:30 a.m.) than when 
they were given during the period ranging from 8 a.m. to 
11:30 p.m.13,16 Finally, pharmacokinetic dosing based on 
therapeutic drug monitoring also has been advocated as a 
possible approach to decrease aminoglycoside nephrotoxic-
ity. However, the efficacy of this maneuver has not been 
consistently established, with different studies generating 
conflicting results.13,17 A summary of recommendations for 
the prevention of aminoglycoside-induced AKI is presented 
in Box 39.2.

Vancomycin
Vancomycin is a tricyclic glycopeptide antibiotic extremely 
effective against gram-positive bacteria, which was intro-
duced into the clinical practice in the 1950s. It is the drug 
of choice for treatment of methicillin-resistant Staphylococ-
cus aureus and coagulase-negative staphylococcal infections 

multi-drug–resistant bacteria has increased the use of 
aminoglycosides in the treatment of serious infections.6

Aminoglycosides are highly water-soluble polycations, 
with molecular weights ranging from 445 to 600 g/mmol. 
These characteristics limit distribution of the drug to the 
extracellular space because these agents do not cross biologic 
membranes. They have very poor oral absorption (less than 
1% of a given dose) and must be given by the parenteral 
route. Their binding to plasma albumin is negligible (10% 
or less); they are not metabolized and are excreted freely 
by means of glomerular filtration. They reach peak plasma 
concentrations 30 to 90 minutes after intramuscular and 
30 minutes after intravenous administration and have a 
serum half-life of approximately 2 to 3 hours in individuals 
with normal renal function. After glomerular filtration, part 
of the aminoglycoside load (approximately 5%–10%) binds 
to anion phospholipids in the proximal tubular cell brush 
border and is transported into the intracellular compartment 
by a saturable mechanism, accumulating in subcellular 
organelles and causing protein synthesis and impairing 
mitochondrial function.7 In fact, aminoglycoside cortical 
concentration may be up to 100 times the plasma concentra-
tion. Their half-life in the renal cortex may be up to 700 
hours, and urinary excretion of the antibiotic may persist 
up to 20 to 30 days after the last dose.8,9 Aminoglycosides 
also cause glomerular toxicity and a decrease in GFR. They 
affect intraglomerular hemodynamics, with a striking action 
on mesangial cells, promoting their contraction, with 
consequent reduction of ultrafiltration coefficient.7,10

The reported frequency of aminoglycoside-induced AKI 
ranges from 0 to 50%, depending on the AKI definition 
used, type of renal tests, and characteristics of the population 
receiving the drug. In a study from a university tertiary 
care hospital ICU, aminoglycoside therapy was initiated 
in 360 consecutive patients with baseline GFR greater than 
30 mL/min per 1.73 m2 of body surface area. AKI, defined 
as GFR decrease over 20% the baseline value, developed 
in 58% (209) of the patients. Mortality rate was strikingly 
higher in the AKI group (44.5% vs. 29.1% for the patients 
without AKI; p = .0031).8 Although in the vast majority of 
instances, aminoglycoside-induced renal injury is related 
to parenteral administration of the drug, AKI also has been 
described after the use of inhaled tobramycin11 or exposure 
to tobramycin-laden cement in arthroplasty.12 It is prudent 
to assume that this class of drugs will always cause some 
renal toxicity, with minor or major clinical relevance.

Typically, aminoglycoside-induced AKI is nonoliguric 
and dose and time dependent, becoming clinically evident 
after 5 to 7 days of drug therapy. Besides serum creatinine 
increase, the drug frequently induces urinary potassium 
and magnesium wasting, causing hypokalemia, hypomag-
nesemia, and hypocalcemia. A Fanconi-like syndrome with 
aminoaciduria, bicarbonaturia, phosphaturia, and glycosuria 
rarely may occur. Recovery of renal function is the rule for 
surviving patients with previously normal renal function.8,9

Although several risk factors have been related to 
aminoglycoside renal injury, few studies have been specifi-
cally designed to assess this important aspect of their 
nephrotoxicity. Older age, intravascular volume depletion, 
shock or hypotension, preexisting renal disease, potassium 
or magnesium depletion, acidosis, and simultaneous liver 
disease have been described as patient-related risk factors. 
Larger aminoglycoside doses, duration of therapy (more 
than 3 days), shorter dose interval, recent aminoglycoside 
use, simultaneous or concomitant exposure to nephrotoxins, 
and timing of aminoglycoside administration (between 
midnight and 7 a.m.) have been suggested as aminoglycoside- 
or physician-related risk factors.8,9 None of these previous 
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BOX 39.2 

Maneuvers to Avoid or Minimize Aminoglycoside-
Induced Nephrotoxicity

•	 Use	the	lowest	dose	and	the	shortest	course	of	
aminoglycoside treatment that will be clinically effective.

•	 Ensure	adequate	hydration	and	sodium	repletion	before	
initiation of drug administration.

•	 Correct	possible	electrolyte	and	acid-base	abnormalities.
•	 Assiduously	avoid	the	simultaneous	use	of	other	

nephrotoxic drugs.
•	 Use	a	once-a-day	dosing	regimen.
•	 Avoid	drug	administration	in	the	resting	period	

(midnight to 7:30 a.m.).
•	 Adjust	drug	interval	administration	in	accordance	with	

renal function.

have found that CoI is associated with less nephrotoxicity,25 
whereas others have shown inconclusive results.26 Current 
guidelines for vancomycin therapy do not recommend the 
use of a CoI regimen, considering the insufficient evidence 
supporting a definitive conclusion.27

Teicoplanin is a glycopeptide antibiotic with an antibacte-
rial profile similar to that of vancomycin. Available studies 
show that nephrotoxicity is less likely with teicoplanin, 
even when used in association with an aminoglycoside.18,20 
This drug should be considered as a therapeutic option in 
patients at risk for the development of vancomycin-induced 
nephrotoxicity.

Two newer antibiotics have been developed for treatment 
of resistant gram-positive cocci: linezolid and quinupristin-
dalfopristin. Both were not considered nephrotoxic in 
controlled studies, but they are costly and have other 
significant side effects. Recently, a multivariate analysis 
suggested that the introduction of linezolid in a surgical 
ICU was an independent factor for decreasing the risk of 
severe kidney failure.28

Amphotericin B
Since its introduction into clinical practice in 1956, 
amphotericin B (AmB), a polyene antibiotic, remains the 
most efficient antifungal agent ever known and continues 
to have important clinical relevance. In fact, an impressive 
increase in the number of nosocomial fungal infections 
was observed after the 1980s, probably reflecting the 
emergence of acquired immunodeficiency syndrome (AIDS) 
and the increment of immunosuppressed transplant recipi-
ents and patients with cancer. Nevertheless, AmB use is 
limited by toxicity, including AKI.

AmB is an extremely nephrotoxic antibiotic that affects 
the membrane permeability of proximal tubule cells and 
induces vasoconstriction of intrarenal arteries and afferent 
arterioles. These effects lead to impaired handling of 
electrolytes, compromised renal concentrating and acidifica-
tion mechanisms, and structural tubular epithelial cell 
injury. AmB also promotes increases in intrarenal vascular 
resistance and decreases in renal plasma flow and GFR. 
Clinically, the tubular lesion manifests as polyuria, hypo-
kalemia, hypomagnesemia, and tubular acidosis occurring 
7 to 14 days after the initiation of drug therapy. These 
changes usually are followed by a decrease in GFR. Histologi-
cally, the lesion is characterized by acute tubular injury, 
with tubular dilatation, proximal tubule cell necrosis, 
calcification and unspecific vacuolization of medium-sized 
and small arteries and arterioles. AmB-induced AKI is 
dose- and time-dependent, and nephrotoxicity rates of 33% 
up to 80% have been reported. Renal function usually 
recovers with drug discontinuation, but improvement may 
take months, especially if AmB dosages greater than 4 g 
were used. Numerous risk factors for AmB nephrotoxicity 
have been described: larger drug dose, older age, male 
gender, obesity, previous renal dysfunction, diabetes, heart 
failure, simultaneous use of other nephrotoxic drugs, 
simultaneous use of diuretics, sodium depletion, dehydra-
tion, sepsis, hypokalemia, and hypomagnesemia (Table 
39.1). However, there was a wide heterogeneity in the 
definition of nephrotoxicity across trials. Recently, Rocha 
et al. reported that the incidence of AmB-induced AKI by 
Kidney Disease: Improving Global Outcomes (KDIGO) 
definition was 58.6% (stage I, 30.9%; stage II, 18.5%; stage 
III, 9.3%). Predictors of AKI were older age and use of 
furosemide and angiotensin-converting enzyme inhibitors 
(ACEIs).29–31,76

and has been used widely for therapy of endocarditis 
resulting from gram-positive organisms and for the empiric 
treatment of intravascular catheter–induced infections. The 
increasing prevalence of nosocomial and community gram-
positive bacteria has been an important additional indication 
for its use.

Vancomycin is not absorbed orally and should be given 
slowly by the intravenous route. It has complex pharma-
cokinetics, with a large intraindividual variation in clearance 
and distribution volume. Approximately 30% of the drug 
binds to serum protein; its main excretion route is through 
glomerular filtration as unchanged drug, and 20% to 30% 
undergoes nonrenal excretion. Although vancomycin 
administration must be adjusted in accordance with renal 
function, failure to account for nonrenal excretion of the 
drug may lead to underestimation of the dose needed to 
achieve blood therapeutic levels.18 Currently, the recom-
mended vancomycin trough level is between 15 and 20 µg/
mL.19 Monitoring of vancomycin serum concentration is 
recommended in patients with renal impairment, in children, 
and in the elderly.

The true frequency of vancomycin nephrotoxicity (VN) 
is in dispute, with reported rates ranging from 5% to 
approximately 15% when the drug is used alone.18–20 There 
is no universally accepted definition of acute VN; instead, 
the most frequently used definition is a 50% increase in 
serum creatinine or absolute increases greater than 0.5 mg/
dL.21 The heterogeneity of the AKI definitions reported to 
assess VN has been a drawback to the comparison of different 
studies.

The mechanisms leading to renal injury have been poorly 
studied. The drug probably enters the tubular epithelial 
cells across the basolateral membranes, and acute tubular 
necrosis in patients receiving this drug has been described.22 
The frequency of nephrotoxicity increases when vancomycin 
is administered simultaneously with aminoglycosides, often 
reaching rates over 20%.18 However, patients receiving this 
kind of therapy frequently are severely ill, with many 
concomitant confounding factors that may precipitate AKI. 
Serum peak levels greater than 40 µg/mL, trough levels 
greater than 10 µg/mL, prolonged vancomycin therapy  
(for longer than 21 days), preexisting renal disease, dehydra-
tion, and older age also have been related to increased 
vancomycin-induced nephrotoxicity.18,19,23 Although the 
results reported in the literature are not consistent, vanco-
mycin drug monitoring has been shown to decrease van-
comycin nephrotoxicity.24

It has been reported that continuous vancomycin infusion 
(CoI) achieves faster and more consistent therapeutic serum 
concentrations, reducing the development of antibiotic 
resistance. Some observational and retrospective studies 
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in ICUs. This development, coupled with the lack of other 
efficient options for treatment of these infections, has 
renewed interest in the polymyxins. They are commercially 
available for parenteral use in systemic infections as 
colistimethate sodium (colistin) and polymyxin B sulfate. 
Most of the available clinical data on polymyxins come 
from studies with colistin.37

Nephrotoxicity, characterized by decreased creatinine 
clearance or increased serum creatinine or blood urea 
nitrogen (BUN), has been reported from experimental and 
clinical studies of polymyxins. Oliguria, hematuria, pro-
teinuria, and cylindruria also have been observed. Putatively, 
the nephrotoxicity has been attributed to changes in cell 
membrane permeability that ultimately led to cell swelling 
and lysis. Kidney injury is reversible in majority of patients 
after discontinuation of drug.38

The incidence of nephrotoxicity ranges widely from 20% 
to 60%,39 and discrepancy in these incidences persists even 
among more recent studies with standardized criteria for 
AKI.39,40 Polymyxin B was reported previously to be more 
nephrotoxic than colistin,41 but in more recent studies the 
allegedly greater nephrotoxicity of polymyxin B was not 
confirmed.42 Older age, diabetes, chronic kidney disease 
(CKD), duration and frequency of intravenous therapy, higher 
dosage regimens, and simultaneous exposure to other 
nephrotoxins were associated with higher risk of kidney 
injury.43

Patients treated with polymyxins should undergo baseline 
and frequent serial measurements of renal function, simul-
taneous use of other nephrotoxic drugs should be carefully 
avoided, and they must be adequately hydrated. Specific 
measures to minimize or prevent polymyxin-induced renal 
injury are unknown.44

The dosage of colistin must be modified in patients with 
decreased GFR, because this formulation is a prodrug cleared 
predominantly through renal excretion.38 The dosage cor-
rection for polymyxin B, although indicated, is more 
controversial. Some data suggest that renal adjustment may 
be avoidable because the amount of polymyxin urinary 
recovery is low and renal function cannot influence drug 
clearance.45 Moreover, higher polymyxin B regimens have 
benefit for overall mortality, even for patients who developed 
renal impairment during therapy.46

The role of dialysis in polymyxin excretion must be 
determined. The polymyxin B is probably not dialyzable, 
and supplemental doses would be unnecessary in patients 
submitted to dialysis.47 Instead, colistin is cleared by dialysis 

Albeit generally reversible, AmB-induced kidney injury 
is not a benign complication. In fact, it consistently was 
associated with higher mortality and trends to increased 
hospital length of stay and higher costs. Also, chronic renal 
dysfunction has been described in patients submitted to 
recurrent exposures to amphotericin.29,30,32 Several preventive 
maneuvers to minimize or avoid AmB nephrotoxicity  
have been proposed. Extracellular volume expansion with 
intravenous saline administration or generous use of oral 
rehydration solution was consistently effective but did not 
prevent drug-induced tubular toxicity. Potassium-sparing 
diuretics, such as amiloride and spironolactone, have been 
shown to have beneficial effects as an alternative or adjunct 
to oral/parenteral potassium supplements in preventing 
hypokalemia resulting from AmB.13,31,33,34

AmB is an extremely hydrophobic molecule, and 
deoxycholate, the vehicle used for its solubilization, has 
nephrotoxic properties. Accordingly, liposomal formulations 
of amphotericin, which do not include deoxycholate, were 
developed (amphotericin B lipid complex [ABLC], ampho-
tericin B colloid dispersion, and liposomal amphotericin 
B [L-AmB]). Several studies thereafter have always shown 
significantly less nephrotoxicity (hemodynamic and tubular) 
and at least the same efficacy with the liposomal preparations 
as compared with the conventional formulation.13,14,35 
Recently, a study including 10 randomized controlled trials 
(2172 participants) showed that L-AmB was significantly 
safer than conventional AmB, causing less serum creatinine 
increase.36 To conclude, new antifungal compounds similar 
in efficacy to amphotericin but with less nephrotoxicity 
were developed. Caspofungin and voriconazole have showed 
prevalence of nephrotoxicity three to six times lower than 
AmB in controlled studies, and the introduction of these 
compounds in an ICU was an independent factor for a 
reduced need for renal replacement therapy.28 Box 39.3 
lists some potentially useful strategies for the prevention 
of AmB–induced nephrotoxicity.

Polymyxins
Polymyxins constitute a class of antibiotics discovered in 
the late 1940s, characterized by their extreme efficiency 
against gram-negative bacteria. Of the five polymyxins (A, 
B, C, D, and E), only polymyxin B and polymixin E (colistin) 
have been introduced into clinical practice. In the 1970s 
and 1980s, their use was virtually neglected owing to the 
introduction of new and allegedly safer broad-spectrum 
antibacterial antibiotics. In the 1990s, however, there was 
a striking emergence of hospital multi-drug–resistant gram-
negative bacteria (especially Pseudomonas aeruginosa and 
Acinetobacter baumannii), which was even more notable 

BOX 39.3 

Potentially Useful Strategies to Prevent Amphotericin 
B–Induced Nephrotoxicity

•	 Correct	avoidable	risk	factors,	if	present.
•	 Administer	up	to	1	L	of	saline	intravenously	daily,	or	

provide vigorous administration of rehydration solution, 
in accordance with the clinical limitations of the patient. 
Always begin this expansion protocol before initiation of 
amphotericin treatment, and maintain hydration 
throughout the treatment course.

•	 In	patients	with	preexisting	renal	dysfunction	or	those	at	
high risk for renal injury, use liposomal amphotericin 
preparations.

•	 Likewise,	consider	the	use	of	caspofungin	or	
voriconazole in patients with preexisting renal 
dysfunction or those at high risk for nephrotoxicity.

•	 Remember	that	with	amphotericin-induced	
nephrotoxicity, electrolyte changes frequently precede 
the rise in serum creatinine level.

TABLE 39.1 

Risk Factors for Amphotericin B Nephrotoxicity

MODIFIABLE NONMODIFIABLE

Elevated daily dose Older age
Elevated cumulative dose Male gender
Sodium depletion Obesity
Dehydration Previous renal dysfunction
Simultaneous use of diuretics Sepsis
Simultaneous use of other 
nephrotoxins

Diabetes mellitus

Hypokalemia Heart failure
Hypomagnesemia
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nephrotoxicity for most of them, long-term effects on renal 
function have not been studied.49

NONSTEROIDAL ANTIINFLAMMATORY DRUGS

NSAIDs are widely used for their antiinflammatory and pain 
relief properties in different settings, including the ICU. 
Approximately 1% to 5% of patients exposed to NSAIDs 
develop nephrotoxic syndromes warranting potential 
physician intervention. NSAIDs agents account for 7% of 
reported cases of AKI and 35% of drug-induced AKI in the 
general population.54 This class of drugs can induce many 
different kinds of renal injury: hemodynamically mediated 
AKI, acute interstitial nephritis plus nephrotic syndrome, 
nephrotic syndrome without AKI, papillary necrosis, cortical 
necrosis, CKD, sodium retention, hyperkalemia, impaired 
tubular diluting mechanisms, and hypertension.54,55

The most usual nephrotoxic effect of NSAIDs is hemo-
dynamically mediated AKI. These drugs act through the 
blockade of cyclooxygenases. However, cyclooxygenase-
synthesized vasodilating prostaglandins are crucial for the 
preservation of renal blood flow and GFR during impaired 
systemic and renal hemodynamic conditions. Such adverse 
conditions and disorders include hypovolemia, salt deple-
tion, use of diuretics, hypotension, heart failure, liver injury, 
nephrotic syndrome, sepsis, postoperative period, CKD, 
hypertension, older age, diabetes, urinary obstruction, 
simultaneous use of other nephrotoxic agents causing 
afferent arteriole vasoconstriction (e.g., iodinated contrast 
agents, calcineurin inhibitors), and drugs that may alter 
renal hemodynamics, such as ACEIs, angiotension receptor 
blockers, and renin inhibitors. All of these conditions, and 
often their combination, may be present in critically ill 
patients. NSAID-induced blockade of prostaglandin synthesis 
in these conditions can cause abrupt and dramatic renal 
impairment, clinically manifested as AKI. This pattern of 
NSAID-induced nephrotoxicity is characterized by sudden 
increases in BUN and serum creatinine, oliguria, and low 
fractional excretion of sodium (less than 1%), with normal 
urinary sediment. Disproportional hyperkalemia in relation 
to the degree of renal injury may occur. NSAID discontinu-
ation usually is followed by rapid recovery of renal function, 
but progression to irreversible CKD has been described. 
NSAID-induced nephrotoxicity can occur after parenteral, 
oral, and even topical use of these agents.55,56 Moreover, 
newer specific COX-2 inhibitors, such as celecoxib and 
rofecoxib, promote renal dysfunction by mechanisms similar 
to those for nonspecific COX inhibitors.57 Selective COX 
inhibitors should be considered to have equivalent neph-
rotoxicity as nonselective COX inhibitors, and patients 
considered at high risk for adverse renal events should be 
treated cautiously with these drugs.58

Several effective drugs without the unfavorable renal 
profile of the NSAIDs are available to promote analgesia. 
The use of NSAIDs, therefore, should be avoided in critically 
ill patients at risk for or with already impaired kidney 
function.13

ANGIOTENSIN-CONVERTING ENZYME 
INHIBITORS, ANGIOTENSIN RECEPTOR 
BLOCKERS, AND RENIN INHIBITORS

ACEIs and ARBs are used extensively because of their 
efficacy in the treatment of hypertension and congestive 

and requires supplemental doses, as well as administration 
after the procedure.44 Methods for colistin measurement 
are still not widely available in clinical practice. In the 
future, a more extensive drug monitoring could establish 
the appropriate doses and broaden the therapeutic window.44

Highly Active Antiretroviral Therapy
The combination of drugs used in HAART has become 
extremely important over the past decade owing to its 
success in therapy for human immunodeficiency virus 
(HIV)–infected patients and promoted a greater life expec-
tancy in HIV patients successfully treated.48 As a result, 
CKD emerged as an important comorbidity for those 
patients.49 Many of these agents may induce clinically 
significant nephrotoxicity, manifested as AKI, nephrolithia-
sis, acute tubular toxicity, Fanconi syndrome, nephrogenic 
diabetes insipidus, and renal tubular acidosis.50,51

Renal stone formation has been associated with protease 
inhibitors indinavir, lopinavir, and atazanavir; tenofovir 
disoproxil fumarate (TDF) and atazanavir cause acute tubular 
injury and tubulointerstitial nephritis.49 Indinavir, first 
introduced in 1966, was the most widely used protease 
inhibitor for treatment of HIV infection. Indinavir has a 
very low solubility at physiologic urine pH, facilitating its 
intratubular precipitation and the possibility of intrarenal 
obstruction. The frequency of nephrologic or urologic signs 
and symptoms reported with indinavir is 10 times higher 
than for other protease inhibitors. Asymptomatic crystalluria, 
hematuria, nephrolithiasis, increases in serum creatinine, 
oliguric AKI (with or without obstructive renal calculi), 
CKD, and papillary necrosis have been reported. The renal 
dysfunction usually is mild and reversible on cessation of 
indinavir therapy. Patients developing renal injury usually 
received individual doses higher than recommended. The 
mechanism of renal injury probably is related to drug 
deposition in renal tissue. Risk factors suggested for indi-
navir nephrotoxicity include dehydration, low lean body 
mass, warm environmental temperature, daily indinavir 
dosages greater than 1 g, and minimal HIV-1 RNA at the 
beginning of therapy.

Tenofovir disoproxil fumarate (TDF) remains widely 
used as a high-efficacy first-line agent. This antiretroviral 
drug has been associated with tubular dysfunction and 
slow decline of renal function of unknown mechanism.52 
TDF is transported across the basolateral membrane via 
organic ion transporters and across the apical membrane via 
multi-drug–resistant protein 2 (MRP2) and MRP4; impaired 
TDF filtration increases plasma concentrations and promotes 
active tubular excretion, which causes mitochondrial toxic-
ity.53 TDF nephrotoxicity has been reported from up to 15% 
of patients in a long-term use. Baseline CKD is likely the 
main risk factor for nephrotoxicity, although the associa-
tion of other traditional CKD risk factors may contribute to 
the renal dysfunction frequency. Because TDF is excreted 
renally, patients with reduced GFR may have increased risk 
of toxicity.52 In the majority of patients, kidney function 
returns to baseline after drug discontinuation. However, 
up to 36% of the patients had an incomplete reversibility 
of glomerular filtration rate in a 6-month follow-up, with 
a higher risk associated with higher eGFR at baseline, a 
lower eGFR after discontinuation of TDF therapy, and more 
prolonged exposure to TDF.53 Recently, a novel prodrug of 
tenofovir—tenofovir alafenamide fumarate—has been tested, 
with apparently fewer renal side effects.49

In the last few years, many new antiretroviral medications 
have been licensed. Although there is no evidence of 
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when referring a patient for cardiac catheterization.65 Also, 
in a prospective cohort study of 1594 adults undergoing 
cardiac surgery at six hospitals, preoperative ACEI/ARB 
usage was associated with functional but not structural 
AKI.66 Because the amount of AKI from ACEI/ARB/renin 
inhibitors use in these settings is unclear, interventional 
studies testing different strategies of management use are 
warranted.

CHEMOTHERAPEUTIC AGENTS

In the last decades, the survival of cancer patients has 
improved notably because of early diagnosis, advances in 
antineoplastic drugs, and better management of complica-
tions. Up to 80% of this cancer population is likely to be 
exposed to chemotherapy as neoadjuvant or baseline 
treatment. Numerous chemotherapy agents have been 
associated with tubulointerstitial damage, glomerular 
disease, electrolyte abnormalities, hypertension, and pro-
teinuria (Box 39.5). Several factors can potentiate renal 
injury, such as intravascular volume depletion, simultaneous 
use of nephrotoxic drugs (aminoglycoside antibiotics, 
NSAIDs and radiographic ionized contrast media), or urinary 
tract obstruction by underlying tumor.

Cisplatin is an effective chemotherapy against a wide 
range of tumors. Nevertheless, nephrotoxicity is the principal 
dose-limiting effect for its use,67 with frequency of kidney 
injury reaching 20% to 30%. The typical clinical presenta-
tion is developing of impaired renal function with unremark-
able urine sediment and minimal proteinuria. Although 
renal function improves in most patients, some develop 
permanent renal impairment. Hypomagnesemia is frequent, 
occurring in 42% to 100% of the cases, and may persist 
for years. Risk factors to cisplatin-induced kidney injury 
are advanced age, previous CKD, simultaneous use of other 
nephrotoxic agents, dosage of cisplatin per cycle, frequency 
of cisplatin administration, and infusion time.68 Vigorous 
hydration with saline reduced significantly the incidence 

heart failure and in the prevention of diabetic nephropathy 
and antiproteinuric effects in glomerulopathies. Ironically, 
although considered renal-protective drugs, ACEIs and ARBs 
may cause AKI.59,60 The true extent of acute renal impairment 
induced by these drugs is difficult to determine, but many 
case reports and studies of patients with ACEI- and ARB-
induced nephrotoxicity can be found in the literature. 
Recently, Stirling et al. studied 2398 consecutive patients 
presenting to an acute medical unit.61 Eighty-nine (3.7%) 
patients were hospitalized with abnormal serum creatinine. 
Excluding nine patients on chronic dialysis, 37.5% of the 
remaining 80 patients were on ACEIs. Drug withdrawal 
and fluid replacement returned serum creatinine to baseline 
values.61

These agents cause renal dysfunction in clinical situations 
in which angiotensin II–dependent efferent arteriole vaso-
constriction is essential to maintain the intraglomerular 
capillary pressure61–63 (Box 39.4). Blockade of the renin-
angiotensin system in such instances may cause a sharp 
and abrupt decline in GFR. In patients at risk for the 
development of nephrotoxity induced by ACEIs, ARBs, 
and renin inhibitors, renal function should be evaluated 
carefully before initiation of the drug and periodically 
thereafter, as modifiable risk factors should be managed 
appropriately. Renal function usually recovers rapidly after 
drug withdrawal, confirming the functional pattern of the 
injury. In patients with previous CKD, however, renal 
function loss may be irreversible. Also, these drugs may 
cause severe hyperkalemia in patients using beta blockers, 
NSAIDs, or potassium-sparing diuretics.

Withholding ACEIs may prevent AKI in some clinical 
scenarios. Head and neck cancer patients undergoing 
chemoradiation experience substantial AKI development. 
AKI was associated with ACEI use (33.0% vs. 11.0%; p = 
.0004) but with no other medications or comorbidities. 
Therefore managing ACEI use during chemoradiation may 
avoid AKI and reduce the risk for long-term renal dysfunc-
tion.64 In the CAPTAIN study, a randomized trial was carried 
out to investigate the effect of holding ACEI/ARB therapy 
before coronary angiography on the incidence of AKI. In 
this study, withholding ACEI/ARB in patients with moderate 
renal insufficiency undergoing cardiac catheterization 
resulted in an insignificant reduction in contrast-induced 
AKI and a significant reduction in postprocedural rise of 
creatinine. This low-cost intervention could be considered 

•	 Acute	tubular	necrosis:	cisplatin	and	analogs,	
zolendronate, ifosfamide, imatinib, pentostatin, 
pemetrexed, mithramycin

•	 Fanconi	syndrome:	cisplatin,	ifosfamide,	imatinib,	
pemetrexed

•	 Salt	wasting:	cisplatin,	azacitidine
•	 Magnesium	wasting:	cisplatin,	cetuximab	and	

panitumumab
•	 Nephrogenic	diabetes	insipidus:	cisplatin,	ifosfamide,	

pemetrexed
•	 Syndrome	of	inappropriate	antidiuresis:	

cyclophsphamide and vincristine
•	 Thrombotic	microangiopathy:	tyrosine-kinase	and	

VEGF-receptor inhibitors, bevacizumab, gemcitabine, 
cisplatin, mitomycin C

•	 Glomerular	disease:	interferon,	pamidronate,	
zolendronate, sunitinib, sorafenib, pazopanib

•	 Acute	interstitial	nephritis:	sorafenib	and	sunitinib,	
pemetrexed, nivolumab, ipilimumab

•	 Chronic	interstitial	nephritis:	nitrosoureas,	cisplatin
•	 Crystal	nephropathy:	methotrexate

Modified from Perazella MA. Onco-nephrology: renal toxicities of 
chemotherapeutic agents. Clin J Am Soc Nephrol. 2012;7(10):1713–1721.

BOX 39.5 

Kidney Injury Associated With Chemotherapeutic Agents

BOX 39.4 

Factors Potentially Associated With AKI From 
Angiotensin-Converting Enzyme Inhibitor/Angiotensin 
Receptor Blocker/Renin Inhibitors

•	 Significant	renal	artery	stenosis	(>70% occlusion), either 
bilateral or affecting a single functioning kidney

•	 Severe	congestive	heart	failure
•	 Severe	intrarenal	vasculopathy
•	 Older	age
•	 Chronic	kidney	disease	with	impaired	GFR
•	 Simultaneous	use	of	drugs	inducing	intrarenal	

vasoconstriction (e.g., cyclosporin, tacrolimus, NSAIDs, 
contrast agents)

•	 Hypotension
•	 Hypovolemia	(from	hemorrhage,	diarrhea,	vomiting,	

other)
•	 Simultaneous	use	of	diuretics
•	 Salt	depletion

GFR, Glomerular filtration rate; NSAIDs, nonsteroidal antiinflammatory 
drugs.
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influences blood pressure via upregulation of nitric oxide 
and prostacyclin-mediated vasodilatation. Anti-VEGF and 
TKIs were associated with hypertension and proteinuria 
in a dose-dependent fashion. Proteinuria generally is 
resolved after suspension of therapy. Complications such 
as nephrotic syndrome, renal failure, or evidence of TMA 
require prompt discontinuation of therapy.75

The inhibitors of epithelial growth factor receptors (EGFR) 
are used in treatment of non–small lung cancer. Monoclonal 
antibodies targeting the EGFR (cetuximab, panitumumab) 
blunt the placement of apical transient receptor potential 
M6 leading to magnesium wasting and hypomagnesemia.68 
More than half of patients develop hypomagnesemia with 
cetuximab, 5% below 0.9 mg/dL. Risk factors for hypo-
magnesemia include duration of therapy, older age, and 
baseline magnesium levels.68 Usually renal magnesium 
wasting improves approximately 6 weeks after suspension 
of EGFR inhibitor.

Key Points

1. The most effective way to prevent drug nephrotoxic-
ity is not to use a potentially kidney-offending 
drug. Always consider use of a nonnephrotoxic 
drug instead of one with a known adverse effect 
on kidney function, and select a diagnostic test 
that does not require use of a nephrotoxic agent 
in patients at higher risk for renal injury.

2. Assess renal function before and periodically after 
the administration of a potentially nephrotoxic 
drug.

3. Always ensure adequate hydration and sodium 
repletion before institution of a potentially neph-
rotoxic drug.

4. Correct drug dosage in accordance with preexisting 
organ dysfunction, extracellular volume status, and 
specific aspects on pharmacokinetics of drug.

5. Always check for the possibility of a specific 
maneuver to prevent or attenuate a particular drug 
nephrotoxicity.
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of kidney injury in patients receiving cisplatin. As a recom-
mendation, the dose of cisplatin must be reduced by 25% 
for a creatinine clearance (ClCr) of 46 to 60 mL/min and 
in 50% for a ClCr of 31 to 45 mL/min.69

Carboplatin is a cisplatin analogue with enhanced 
molecular stability. Carboplatin nephrotoxicity is similar 
but occurs less frequently (10%) and is usually less severe 
than cisplatin. The dose of carboplatin is calculated accord-
ing to area under the curve of concentration across the time 
(mg/mL × min) instead of the calculation upon body surface 
area. Dose adjustment is indicated in patients with ClCr 
below 40 mL/min. Oxaliplatin is a third-generation platinum 
analogue that has virtually no nephrotoxic potential.68

Ifosfamide is an alkylating agent used in the treatment 
of hematologic malignancies and sarcomas. Ifosfamide 
nephrotoxicity affects the proximal tubule and is character-
ized by hyperchloremic acidosis, hypophosphatemia, renal 
glycosuria and aminoaciduria, polyuria resulting from 
nephrogenic diabetes insipidus, and hypokalemia. Long-term 
deleterious effects on kidney function have been described, 
especially in older patients, with simultaneous exposure 
to platinum compounds and higher cumulative doses.70

Methotrexate (MTX) is an antifolate agent, which inhibits 
an important step of DNA synthesis. High-dose therapy 
may cause nephrotoxicity because of intratubular precipita-
tion of the drug and direct toxic effect in renal tubules. 
Clinical presentation includes oliguric AKI in severe cases, 
with minimally altered urinalysis. Because MTX is 10-fold 
more soluble in alkaline urine, urinary alkalinization and 
aggressive 24-hour hydration maintaining adequate urinary 
output and preventing drug precipitation are recommended 
as AKI preventative maneuvers for this drug.71

Gemcitabine is a pyrimidine analogue used in a variety 
of solid tumors. The most common form of gemcitabine-
induced nephropathy is microangiopathic hemolytic anemia 
(TMA, thrombotic microangiopathy). Although the frequency 
of TMA related to this drug is low (0.01% to 2%), the 
mortality rates associated with its development range from 
40% to 90%.72 Most patients develop the syndrome within 
1 to 2 months of the last gemcitabine infusion.72 After TMA 
was recognized, gemcitabine must be discontinued promptly. 
Overall, 28% of patients experience full recovery and 48% 
stabilize renal function after suspension of the drug.

Mitomycin C is an antitumor antibiotic used for treat-
ment of gastrointestinal tumors. It has been associated 
with life-threatening TMA with kidney failure. Unlike 
gemcitabine, mitomycin toxicity is clearly dose dependent, 
with risk as high as 30% at cumulative doses exceeding  
70 mg/m2.73

Angiogenesis is a fundamental step in tumor growth 
and development of metastases. Vascular endothelial growth 
factor (VEGF) is a proangiogenic factor that binds to its 
receptor (VEGFR), a group of tyrosine kinase receptors.74 
Two different approaches have been used to block VEGF 
pathway: VEGF ligand inhibitors, which inhibit binding 
to VEGFR thus preventing its activation (bevacizumab and 
aflibercept), or tyrosine kinase inhibitors (TKI), which block 
the intracellular domain of VEGFR (sunitinib, sorafenib, 
pazopanib, axitinib, and other drugs in development). In 
the kidneys, VEGF is expressed in podocytes and maintains 
selective podocyte barrier to macromolecules.74 VEGF also 
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