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Abstract: Vancomycin is the most frequently used antibiotic, accounting for up to 35% of hospitalized
patients with infection, because of its optimal bactericidal effectiveness and relatively low price.
Vancomycin-associated AKI (VA-AKI) is a clinically relevant but not yet clearly understood entity
in critically ill patients. The current review comprehensively summarizes the pathophysiological
mechanisms of, biomarkers for, preventive strategies for, and some crucial issues with VA-AKI.
The pathological manifestations of VA-AKI include acute tubular necrosis, acute tubulointerstitial
nephritis (ATIN), and intratubular crystal obstruction. The proposed pathological mechanisms of
VA-AKI include oxidative stress and allergic reactions induced by vancomycin and vancomycin-
associated tubular casts. Concomitant administration with other nephrotoxic antibiotics, such as
piperacillin–tazobactam, high vancomycin doses, and intermittent infusion strategies compared to
the continuous infusion are associated with a higher risk of VA-AKI. Several biomarkers could be
applied to predict and diagnose VA-AKI. To date, no promising therapy is available. Oral steroids
could be considered for patients with ATIN, whereas hemodialysis might be applied to remove
vancomycin from the patient. In the future, disclosing more promising biomarkers that could
precisely identify populations susceptible to VA-AKI and detect VA-AKI occurrence early on, and
developing pharmacological agents that could prevent or treat VA-AKI, are the keys to improve the
prognoses of patients with severe infection who probably need vancomycin therapy.

Keywords: acute kidney injury; acute tubular necrosis; acute tubulointerstitial nephritis; allergic
reaction; antibiotics; oxidative stress; vancomycin

1. Introduction

Acute kidney injury (AKI) is a common complicated disorder affecting about 2–7% of
hospitalized patients and 13–78% of critically ill patients [1,2]. AKI can lead to increased
morbidity and mortality [3]. The prognoses in AKI patients remain unsatisfactory despite
advances in therapy for critically ill patients over the decades [4]. An essential strategy for
resolving this disappointing situation is identifying the agents or factors that potentially
cause or precipitate AKI in clinical practice to prevent subsequent AKI. The use of drugs
is a modifiable risk factor for AKI and is responsible for around 18%–40% of AKI among
critically ill patients [5], while antibiotics are crucial triggers of AKI among all drugs [6].

Vancomycin is a highly hydrophilic glycopeptide antibiotic with a molecular weight of
1450 Da. Vancomycin is the gold standard for treating methicillin-resistant Staphylococcus
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aureus (MRSA) and methicillin-resistant Staphylococcus epidermis infections. It also plays
a bactericidal role against Streptococcus sp., Enterococcus sp., Actinomyces sp., Clostridium sp.,
and Eubacterium sp. [5]. Vancomycin binds to the acyl-D-Ala-D-Ala terminus and blocks
the cross-linking of the peptidoglycan wall of the bacteria [7]. This action induces a series
of processes and activates degradative enzymes that contribute to cell wall destruction and
subsequent cell damage. Vancomycin’s optimal bactericidal effectiveness and relatively
low price make it the most frequently prescribed antibiotic, and it accounts for up to
35% of hospitalized patients with infections [8,9]. The adverse effects of intravenous van-
comycin administration include hypotension, dizziness, muscle pain or spasms, wheezing
or shortness of breath, allergic reaction, phlebitis, and nephrotoxicity.

Vancomycin-associated AKI (VA-AKI) was first identified in 1958 [10]. Several ran-
domized clinical trials subsequently found that vancomycin is associated with a higher
AKI risk than most other antibiotics [11]. A systemic review and meta-analysis by Ray et al.
that included 4033 patients found that vancomycin administration has leads to a 2.5-fold
increased AKI risk [11]. VA-AKI often develops after 4–17 days of vancomycin therapy
and improves after prompt discontinuation of vancomycin [6,12]. However, some patients,
especially those with critical illness, do not experience full renal function recovery [6,12].
VA-AKI is associated with a prolonged hospital stay, hospital readmission rate, and patient
mortality [13].

Clinically, laboratory findings and clinical judgment are essential for diagnosing
VA-AKI [14]. However, a kidney biopsy may be necessary if the clinical diagnosis is equiv-
ocal [15] because only 59% of AKI patients treated with vancomycin are categorized as
VA-AKI patients [11]. The reported incidence of VA-AKI ranges from 5% to 43% according
to various clinical settings and AKI definitions. More recently, many investigators recom-
mend diagnosing VA-AKI using existing AKI criteria, such as RIFLE, AKIN, and KDIGO
criteria [11,13,16]. Nevertheless, the coexistence of infections and other risk factors for AKI
in most reported cases makes it hard to evaluate the true incidence rate of VA-AKI.

VA-AKI is a clinically relevant entity. VA-AKI’s pathophysiological mechanisms
and diagnostic and therapeutic strategies are not yet well clarified [12], although an in-
creasing body of evidence regarding these issues has been continuously published until
now. The current review comprehensively summarizes the pathophysiological mechanism,
biomarkers, therapeutic strategies, and some crucial issues of VA-AKI.

2. Pharmacokinetics and Pharmacodynamics of Vancomycin

Vancomycin’s pharmacokinetics are recognized as a two-compartment (central and pe-
ripheral compartments) model with a biphasic (alfa and beta phases) fashion of drug concen-
tration elimination [17]. The antibacterial effect of vancomycin is time- and concentration-
dependent. Vancomycin has a volume of distribution of 0.4–1.0 L/kg in healthy subjects,
which might increase up to two- to three-fold in critically ill patients [17]. In patients with
normal creatinine clearance, vancomycin’s distribution phase lasts 30 min to 1 h, and the
half-life elimination takes 6–12 h [18]. Vancomycin’s protein binding rate ranges from 10%
to 64%, depending on the total serum proteins levels [19]. Vancomycin penetrates most
tissues and has a high concentration in the kidneys, which is higher than in plasma [20].

Glomerular filtration excretes vancomycin with 80–90% non-metabolized form into
the lumen of the proximal tubule, followed by minimal reabsorption and metabolism by
proximal tubular cells [21,22]. On the other hand, vancomycin is also actively transported
from the peritubular circulation into proximal tubule cells by the organic cation transporter
(OCT)-2, which is located at the basolateral membrane of the tubular cell, and then secreted
into the tubular lumen from the apical membrane of the proximal tubule by an efflux trans-
porter, P-glycoprotein [23,24]. Subsequently, vancomycin is transported from the tubular
lumen into the tubular cells across the apical membrane by apical endocytosis through
dehydropeptidase (DHP)-1 and megalin. In addition, the vancomycin-mediated inhibition
of the expression and function of P-glycoprotein also promotes vancomycin accumulation
in the tubular cells. The high vancomycin concentration at the brush border is supporting
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evidence for the ongoing secretion to the lumen, or the reabsorption from the lumen of
vancomycin at the apical membrane. In brief, vancomycin enters the tubular epithelial cells
via receptor-mediated endocytosis from the urine, and via transporter-mediated secretion
from the peritubular circulation [25]. Both pathways cause the drug to accumulate in
the tubular epithelial cells’ cytoplasm and expose the tubular cells and the surrounding
interstitium to potentially nephrotoxic substances [26]. Hongjing et al. [20] demonstrated
that a high dose of vancomycin administration resulted in the induction of many drug
transporters of proximal tubular cells in an animal model. These drug transporters include
those located in the basolateral membrane (e.g., organic anion transporter (OAT)-1, OAT-3,
OCT-2) and those located at the apical membrane (breast cancer resistance protein (BCRP),
multidrug and toxin extrusion protein (MATE)-1, MATE-2k, multidrug resistance protein
(MRP)-2, and MRP-4) [20]. The association between the alternation of kidney transporters
and the kinetic process of VA-AKI has not been fully clarified, but it has crucial clinical
implications necessitating further evaluation [20].

3. Pathological Manifestations of VA-AKI

VA-AKI has several pathological manifestations that include acute tubular necrosis
(ATN), acute tubulointerstitial nephritis (ATIN), and intratubular crystal obstruction [6].
The exact prevalence of these pathological manifestations in VA-AKI patients is unknown
because of the low percentage of kidney biopsies among patients who receive vancomycin
therapy and have AKI.

Recently, Tantranont et al. [14] systematically reviewed kidney biopsy specimens of
AKI patients who received vancomycin treatment between 2010 and 2019 in the Houston
Methodist Hospital System. Among the total thirty-seven enrolled patients, twenty-five
patients (67.6%) had both ATN and ATIN, five patients (13.5%) had ATN alone, three
patients (8.1%) had acute or chronic tubulointerstitial nephritis (TIN) alone, and four
patients (10.8%) had interstitial fibrosis and tubular atrophy. In addition, Bellos et al. [27]
systematically summarized and analyzed 21 patients from 18 case reports or case series
reporting on individual patients with biopsy-proven VA-AKI published from 1989 to
September 2020. The authors reported that three patients (14.3%) had both ATN and ATIN,
ten patients (47.6%) had ATN alone, and nine patients (42.9%) had ATIN alone. In summary,
both studies reported that the first two predominant histological patterns of VA-AKI were
ATN (accounting for 61.9% to 81.1%) and ATIN (57.1% to 75.7%) [14,27].

Furthermore, Bellos et al. [27] applied time-to-event analysis to demonstrate that ATIN
carried a five-fold higher risk of permanent renal dysfunction than ATN, and interstitial
fibrosis was associated with a considerably worse renal prognosis.

4. Pathophysiological Mechanisms of VA-AKI

The exact pathophysiological mechanisms of VA-AKI are not yet fully understood.
However, the existing consensus states that vancomycin-induced proximal tubular epithe-
lium is directly caused by intracellular accumulation of the drug when it is endocytosed
into the tubular cells [21,28,29]. The main mechanisms of VA-AKI include high intracellular
drug concentration in the renal tubules of individuals with risk factors for nephrotoxicity,
subsequently inducing oxidative stress, complement activation, inflammatory injury, mi-
tochondrial dysfunction, and cellular apoptosis in proximal renal tubules [14]. Figure 1
summarizes the pathophysiological mechanisms of VA-AKI.

4.1. Oxidative Stress

Oxygen consumption in cells generates reactive oxygen species (ROS) [30]. Oxidative
stress is an imbalance between ROS and antioxidants within cells. Oxidative stress leads to
mitochondrial dysfunction and cellular apoptosis and is the primary mechanism of VA-
AKI [31]. When vancomycin enters proximal tubular cells, it stimulates oxidative phospho-
rylation, increasing oxygen consumption and adenosine triphosphate (ATP) concentration,
generating iron complex and subsequent ROS. A recent human study demonstrated that
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lower serum serotonin (5-HT), higher serum 5-hydroxy indole acetic acid (5-HIAA), and a
higher ratio of 5-HIAA to 5-HT was associated with the occurrence of VA-AKI. The finding
suggests that the high 5-HIAA/5-HT ratio could be a potential surrogate biomarker for
VA-AKI, and indicates that acute oxidative stress and inflammation are involved in in the
mechanism of VA-AKI [32].
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Figure 1. Pathophysiological mechanisms of VA-AKI associating with (A) oxidative stress, (B) al-
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gene; ATP, adenosine triphosphate; Cat, catalase; DHP-1, dehydropeptidase-1; DNA, deoxyribonu-
cleic acid; Gpx6, glutathione peroxidase 6; Gstk1, glutathione S-transferase kappa 1; Hmox1, heme 
oxygenase 1; MAPK, mitogen-activated protein kinase; MBD2, methyl-CpG-binding domain pro-
tein 2; miR, microRNA; mTOR, mammalian target of rapamycin; NAD, nicotinamide adenine dinu-
cleotide; OCT-2, organic cation transporter 2; PARP-1, poly (adenosine diphosphate ribose) poly-
merase 1; Pgp, P-glycoprotein; PKCδ, protein kinase C delta; ROS, reactive oxygen species; SOD, 
superoxide dismutase; THP, Tamm–Horsfall glycoprotein. 
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Gpx6, glutathione peroxidase 6; Gstk1, glutathione S-transferase kappa 1; Hmox1, heme oxygenase 1;
MAPK, mitogen-activated protein kinase; MBD2, methyl-CpG-binding domain protein 2; miR,
microRNA; mTOR, mammalian target of rapamycin; NAD, nicotinamide adenine dinucleotide;
OCT-2, organic cation transporter 2; PARP-1, poly (adenosine diphosphate ribose) polymerase 1;
Pgp, P-glycoprotein; PKCδ, protein kinase C delta; ROS, reactive oxygen species; SOD, superoxide
dismutase; THP, Tamm–Horsfall glycoprotein.

Figure 1A summarizes the mechanisms associated with oxidative stress for VA-AKI.
The ROS upregulates the transcriptional expression of the Hmox1 gene and methyl-CpG-
binding domain protein 2 (MBD2). The Hmox1 gene is an indicator of cellular oxidative
stress that downregulates the expression of catalase (Cat), glutathione peroxidase 6 (Gpx6),
glutathione S-transferase kappa 1 (Gstk1), superoxide dismutase (SOD)-2, and SOD-3,
which encode some primary cellular antioxidants [28].

ROS induce lipid peroxidation that affects cardiolipin in cell membranes, resulting
in mitochondrial membrane depolarization [26]. The mitochondrial membrane damage
subsequently induces cytochrome C release, caspases activation, and cell apoptosis [33].
Vancomycin causes a dose-dependent increase in ATP concentrations in cultured renal
cells [34], which indicates that vancomycin can stimulate mitochondrial oxidative phos-
phorylation [23]. Additionally, the increased oxygen consumption and ROS production
cause injury to the mitochondrial deoxyribonucleic acid (DNA) [6]. Mitochondrial ROS is
an endogenous inducer of DNA single-strand breaks that promote DNA damage and cause
the activation of poly-adenosine diphosphate ribose polymerase 1 (PARP-1), an enzyme
involved in DNA repair [35]. The PARP-1 utilizes nicotinamide adenine dinucleotide
(NAD+) as a substrate during the DNA repair, and cells consume ATP to refill NAD+
stores. As a result, PARP-1 activity overactivation following high amounts of DNA damage
subsequently causes a depletion of NAD+/ATP and cell necrosis. Several findings support
the roles of PARP-1 in VA-AKI. This evidence includes the overactive PARP-1 activity in
rats administered with vancomycin, the attenuated kidney injury after treatment with
a PARP inhibitor, and the reversed kidney histopathological damage after the adminis-
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tration of antioxidants [23]. A high ROS concentration also activates MBD2, a protein
reader of methylation. MBD2 activates the microRNA (miR)-301a-5p that subsequently
upregulates p53 and activates miR-192–5p, which induces caspase activation, resulting in
apoptosis [5,36].

Vancomycin accumulates in lysosomes because endosomes entrap vancomycin and
then fuse with lysosomes [24]. The accumulation of vancomycin in lysosomes activates the
mitogen-activated protein kinase (MAPK) pathway, resulting in programmed cell death
or the apoptosis of the proximal tubular cells [6,22,28]. A study demonstrated a reduction
of vancomycin’s nephrotoxic effect when patients were prescribed a β-glucuronidase
inhibitor [29]. This finding suggested that lysosomal enzymes may activate vancomycin’s
nephrotoxic effect. In addition, vancomycin suppresses ERK1/2/mammalian target of
rapamycin (mTOR) activation to enhance the interaction of autophagy-related gene (Atg) 7
and protein kinase C delta (PKCδ), and then subsequently mediates increased autophagy
in kidney cells and tissues [37]. Although autophagy performs a self-degradation process
of the cellular components that play a protective role against AKI [38], massive autophagy
induced by vancomycin may cause cell death, resulting in VA-AKI. This mechanism is
supported by the finding that VA-AKI was attenuated in the proximal tubule-specific
Atg7-knockout mouse model in which autophagy was inhibited [37].

The production of ROS may also induce the permeabilization of lysosomes that are near
the mitochondria. Lysosomal membrane damage releases proteases, such as cathepsins,
into the cytosol that activate apoptotic effectors, such as the mitochondria and caspases.
The complete disruption of lysosomes may induce cytosolic acidification, which in turn
provokes uncontrolled cell death by necrosis [39]. In addition, genetic polymorphisms in
the OCTs predispose the kidney to injury after drugs exposure. All the above mechanisms
contribute to ATN in VA-AKI (Figure 1A). ATN is processed in a dose-dependent manner
and is the primary clinical manifestation of VA-AKI. It mainly occurs in patients with risk
factors for renal injury [40]. During the cell damage process, the renal proximal tubular
epithelium undergoes a loss of cytoskeletal integrity, necrosis, and apoptosis [41]. Necrotic
cells release molecules that upregulate the innate immune system, inducing inflammation
and accelerating tubular injury [41]. In addition, the urinary inflammatory proteins are
upregulated in patients with VA-AKI [12].

4.2. Allergic Reaction

Allergic reaction is another possible mechanism involved in VA-AKI [42]. The sup-
porting evidence includes the ATIN with significant eosinophil infiltration found in some
kidney biopsy specimens of patients with VA-AKI [15], and a reported case with recur-
rent ATIN after a secondary challenge of vancomycin [43]. ATIN is a dose-independent
acute idiosyncratic inflammatory condition involving renal tubules and interstitium [40,44].
Drug-induced ATIN accounts for 3–15% of all drug-induced AKI [40] and 60–70% of all
ATIN cases [44]. However, drug-induced ATIN is difficult to diagnose since it occurs
after a widely varied period, usually 7–14 days, following drug exposure, and the typi-
cal triad of symptoms, including fever, rashes, and eosinophilia, is only revealed in 10%
of the patients. The manifestations of ATIN include sterile pyuria, eosinophiluria, and
characteristic presentations on kidney biopsy specimens, including interstitial edema with
infiltrations of eosinophils, mast cells, plasma cells, lymphocytes, and macrophages in
the renal interstitium [45]. In most cases, ATIN is self-limited, and kidney function might
recover after a period of weeks to months.

Although the mechanism of vancomycin-induced AIN is not yet completely under-
stood, it is proposed to be associated with the T-cell-mediated type-4 delayed hypersensitiv-
ity reaction [40,45] or probable complement system activation [12]. (Figure 1B) In an animal
study, the altered expression of several transcripts from the complement system in kidney
tissue was demonstrated in mice receiving high-dose vancomycin. This complement in-
cluded complement component 3 (C3), complement component 4b (C4b), and C-X-C motif
chemokine ligand 1 (Cxcl1), which is a biomarker of ischemic kidney injury produced in a
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complement-dependent fashion [46]. Nevertheless, the role of the complement pathway in
VA-AKI needs further elucidation.

4.3. Vancomycin-Associated Tubular Cast

In the recent study by Tantranont et al. [14] that evaluated the pathological manifesta-
tions of VA-AKI, 28 of the 37 patients who received vancomycin and developed AKI (75.7%)
were diagnosed with VA-AKI by definition, including the characteristic light microscopic
findings and with a renal function recovery after vancomycin discontinuation. VTC was
disclosed in 25 of the 28 (89.3%) VA-AKI patients, but only one of the nine patients (11.1%)
was without VA-AKI. The existence of VTCs is associated with a background of more
diffuse renal injury [14].

The VTCs are casts composed of vancomycin aggregates and Tamm–Horsfall glyco-
proteins (THP) that are predisposed with a high urine vancomycin concentration and a
low urine pH (<5.5) [28]. The VTCs mainly localize in the distal tubules [14,27], block the
urine flow in distal tubules, trigger inflammation of the surrounding interstitium, and
consequently cause AKI [26].

A hypothesis underscores the importance of an initial insult that creates de novo or
accentuates pre-existing kidney injury. This insult subsequently causes THP casts, the
increased local concentration and precipitation of vancomycin, and the localized necrosis
of tubular epithelial cells [14]. An increasing body of evidence indicates that VTCs have
a nephrotoxic effect superimposing on and independent from the ATN or AIN in the
pathogenesis of VA-AKI. Thus, VTC is considered to be a new mechanism of VA-AKI and
a characteristic morphologic profile facilitating the biopsy diagnosis of VA-AKI [14,27].
(Figure 1C).

5. Some Crucial Issues Regarding VA-AKI
5.1. Concomitant Administration with Piperacillin–Tazobactam

In animal studies, it is known that additional nephrotoxic agents additively or syner-
gistically increase vancomycin-mediated nephrotoxicity [28]. Clinically, the combination
therapy of vancomycin and other antibiotics is often prescribed in critically ill patients
infected with multiple drug-resistant pathogens. The combination of vancomycin and
piperacillin–tazobactam is among the most often prescribed antibiotic therapies in the
hospital setting [47]. Previous clinical studies found that piperacillin–tazobactam carries
a significantly higher risk of AKI than other comparator antibiotics when concurrently
prescribed with vancomycin [16]. Although conflicting results exist [48,49], similar findings
were reported in some review work, a meta-analysis [50], and a network meta-analysis [51].

The mechanism of increasing AKI risk with the combination of vancomycin and
piperacillin–tazobactam is still unclear [50], but several potential supporting pieces of
evidence have been proposed. First, piperacillin–tazobactam itself is possibly a nephro-
toxic agent. Several investigations disclosed that piperacillin–tazobactam monotherapy
is associated with an increased AKI risk even higher than vancomycin monotherapy [52],
and piperacillin–tazobactam has shown the lowest renal recovery rate among beta-lactams
antibiotics [53]. Second, piperacillin–tazobactam is associated with interstitial nephritis [54].
Third, piperacillin–tazobactam decreases vancomycin clearance and elevates plasma van-
comycin concentration [55]. Fourth, the sodium content may increase the AKI risk of the
combination of piperacillin–tazobactam and vancomycin. Fifth, since OAT-1 and OAT-3
mediate creatinine transit from peritubular circulation to tubular cells, the combined use of
vancomycin and piperacillin–tazobactam synergistically competes with the creatinine on
OATs and MATEs, causing the accumulation of serum creatinine. Moreover, vancomycin
suppresses the miRNA and protein expressions of OAT-1 and OAT-3, thus enhancing the
degree of creatinine accumulation [56]. This hypothesis might be supported by the more
prompt recovery of AKI associated with piperacillin–tazobactam than other antibiotics [53].
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5.2. Administration Dosage and VA-AKI

It is well known that VA-AKI is directly caused by a higher intracellular accumulation
of the drug when vancomycin enters into the tubular cells [21,28,29]. In addition, a high
dose of vancomycin administration induces the activity of many drug transporters at
proximal tubular cells, increasing the vancomycin concentration in tubular cells [20]. Thus,
it is evident that dosage matters in causing nephrotoxicity. Animal studies disclosed that
a higher vancomycin dose and longer treatment duration in rats were associated with
increased histopathological damage and elevations in the urinary biomarkers of AKI [57].
Studies in humans also found an association between a higher vancomycin dosage and a
higher AKI risk [58]. A meta-analysis of eight observational studies including 2491 patients
demonstrated that an area under the curve (AUC) of less than 650 mg × h/L was associated
with a decreased risk of VA-AKI. The odds ratios (ORs) (95% confidence interval (CI)) were
0.36 (0.23–0.56) and 0.45 (0.27–0.75) when measuring the vancomycin exposure in the first
24 h (AUC0–24) or second 24 h (AUC24–48), respectively [58].

5.3. Administration Patterns and VA-AKI

Flannery et al. [59] conducted a systematic review and meta-analysis, enrolling
11 studies involving 2123 patients, to investigate the impact of vancomycin infusion strat-
egy on AKI in critically ill adults. The study found that continuous infusion was associated
with a 53% lower AKI risk than the intermittent infusion strategy in critically ill adults [59].
This is potentially because the continuous infusion method causes less risk of high peak
vancomycin concentrations than intermittent infusion, and the maximum level and AUC
of vancomycin during the therapeutic interval are most linked to AKI [60].

Besides the safety issue, the continuous infusion of vancomycin might be more ben-
eficial than intermittent infusion administration in several ways. These reasons include
a lower requirement and cost for drug concentration monitoring, a more straightforward
dosing adjustment method, and a better AUC/minimum inhibitory concentration (MIC)
and pharmacokinetic target attainment over the dosing interval with less variability [59].

Nevertheless, some crucial issues potentially prohibit the broad adoption of the con-
tinuous infusion of vancomycin in critical care settings. First, the continuous infusion of
vancomycin was associated with more endothelial cell toxicity than intermittent infusion
administration [61]. Second, continuous drug administration has a higher requirement for
the availability of intravenous access than intermittent infusion. Thus, the continuous infu-
sion of vancomycin is suggested to be given via a central line or, if necessary, by peripheral
administration at a lower concentration. The meta-analysis had some limitations regarding
the enrolled studies, such as the biases of observational research and the limited patient
number of the two enrolled randomized control trials. Nevertheless, continuous infusion
should be considered to be a potential benefit for lowering the VA-AKI risk after assessing
patients’ clinical situations.

6. Biomarkers for Detecting VA-AKI

Experimental studies have demonstrated that vancomycin has a strong exposure–
response correlation with increased kidney histopathological damage [57] and elevations
in the urinary AKI biomarkers of AKI [57]. Moreover, the histopathological damage is
correlated with the changes in urinary biomarkers [57].

Table 1 lists the proposed biomarkers for predicting VA-AKI. An experimental study
enrolling 125 rats demonstrated that urinary kidney injury molecule-1 (KIM-1) and urinary
clusterin were the most sensitive biomarkers for predicting the earliest injury after 24 hrs
of vancomycin treatment, including low-level histopathological damages and moderate-
level histopathological damages. Urinary KIM-1 and urinary clusterin were also the best
biomarkers for predicting moderate-level histopathological damage at day 3 (AUC 0.82
(95% CI 0.70–0.95), p = 0.037 and 0.801 (0.67–0.93), p = 0.060, respectively) and day 6 (AUC
0.91 (0.79–1.00) and 0.86 (0.74–1.00), respectively), while urinary osteopontin was also a
good biomarker for predicting VA-AKI [62].
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Table 1. Proposed biomarkers of VA-AKI.

Biomarkers
(Specimen Source) Subjects AUC (95%CI)

Cut-off Value/
Sensitivity (%)/
Specificity (%)

References

Animal Studies

KIM-1
(urine) 125 rats 0.82 (0.70–0.95)

p = 0.037 *
6.11 ng/mL

83.8%/89.8%
Pais, 2019

[62]

Clusterin
(urine) 125 rats 0.80 (0.67–0.93)

p = 0.060 * —- Pais, 2019
[62]

Osteopontin
(urine) 125 rats 0.70 (0.53–0.86) * —- Pais, 2019

[62]

Human studies

KIM-1
(urine) 87 patients 0.85 (0.75–0.95)

p < 0.001 **
1.72 ng/mL

81.8%/85.5%

Pang,
2017
[63]

NGAL
(urine) 87 patients 0.82 (0.73–0.92)

p = 0.001 **
9.07 ng/mL

100.0%/63.2%

Pang,
2017
[63]

KIM-1
+NGAL
(urine)

87 patients 0.85 (0.75–0.95)
p < 0.001 **

1.72 ng/mL (KIM-1)
and 9.07 ng/mL

(NGAL);
90.9%/75.0%

Pang,
2017
[63]

NGAL
(urine)

at 96–144 hr
94 patients

0.82 (0.61–0.96),
p = 0.020

(for predicting VA-AKI
by day 5)

618.8 ng/mL
73.0%/68.0% Sampaio, 2021 [64]

[TIMP-2] × [IGFBP-7]
(urine) 333 patients —- —- Kane-Gill, 2019 [65]

[TIMP-2] × [IGFBP-7]/Cr
at 144–192 h

(urine)
94 patients

0.71 (0.62–0.98),
p = 0.009

(for predicting
non-recovery of

VA-AKI at discharge)

2.15 (ng/mL)2/1000
88.0%/64.0% Sampaio, 2021 [64]

5-HIAA/5-HT ratio (serum) 97 patients 0.88 (0.88–0.96) —- Lee, 2021 [32]

Cystatin C
(serum) 73 patients 0.92 —- Kim, 2021

[66]

Osteopontin
(serum) 73 patients 0.79 —- Kim, 2021

[66]

TFF3
(serum) 73 patients 0.93 —- Kim, 2021

[66]

TNF-R1 (serum) 73 patients 0.87 —- Kim, 2021
[66]

Note: * biomarkers obtained on day 3 for predicting moderate-level histopathological damage at day 3,
** biomarkers obtained on day 2—data not provided from the cited studies. Abbreviations: 5-HIAA, 5-hydroxy
indole acetic acid; 5-HT, serotonin; AUC, area under the curve; CI, confidence interval; Cr, creatinine; IGFBP-7,
insulin-like growth factor-binding protein 7; KIM-1, kidney injury molecule 1; NGAL, neutrophil gelatinase-
associated lipocalin; OR, odds ratio; TFF3, trefoil factor-3; TIMP-2, tissue inhibitor of metalloproteinases 2; TNF-R1,
tumor necrosis factor receptor 1.

In a human study, Pang et al. [63] conducted a prospective study enrolling 87 adult
patients who received vancomycin therapy. The study disclosed that urinary KIM-1 and
neutrophil gelatinase-associated lipocalin (NGAL) were promising biomarkers in discrim-
inating between patients with and without VA-AKI earlier than serum creatinine [63].
Another two urinary biomarkers, tissue inhibitor of metalloproteinases 2 (TIMP-2) and
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insulin-like growth factor-binding protein 7 (IGFBP-7), were also associated with VA-
AKI and adverse events within nine months in a prospective multicenter study enrolling
333 critically ill adult patients [65]. The [TIMP-2] × [IGFBP-7] value obtained on day 1 of
vancomycin administration was independently associated with VA-AKI (p < 0.001) [65].
A prospective cohort study of 94 patients receiving vancomycin found that the urinary
NGAL level between 96 and 144 hrs (OR 1.123, 95%CI 1.096–1.290, p = 0.03) was a pre-
dictor of AKI development, whereas a higher urinary [TIMP-2]x[IGFBP-7]/Cr between
144 and 192 hrs (OR 1.26, 95%CI 1.092–1.543, p = 0.03) was a predictor of non-recovery of
VA-AKI [64]. In addition, a recent study by Awdishu et al. [12] found that urinary concen-
trations of some inflammatory proteins (namely, complement C3, C4, galectin-3-binding
protein, fibrinogen, alpha-2 macroglobulin, immunoglobulin heavy constant mu, and sero-
transferrin) increased after nephrotoxic injury in patients with VA-AKI. These findings also
suggest that the pathophysiology of VA-AKI is tubular toxicity with the upregulation of
inflammation during the 24–72 h following injury [12].

As mentioned earlier, a high 5-HIAA/5-HT ratio in serum (AUC 0.88 (0.88–0.96)) was
proposed as a potential surrogate biomarker for VA-AKI in humans [32]. Furthermore,
Kim et al. retrospectively compared serum biomarkers among patients with and without
VA-AKI. They found that serum cystatin C (AUC 0.92), trefoil factor-3 (AUC 0.93), tumor
necrosis factor receptor 1 TNF-R1 (AUC 0.87), and osteopontin (AUC 0.79) exhibited
excellent to outstanding diagnostic abilities for VA-AKI [66].

7. Potential Risk Factors Associated with VA-AKI

Table 2 summarizes the potential patient-related and treatment-related risk factors
associated with VA-AKI [6,21,25,26,40,50,54,67–70]. The modifiable patient-related risk
factors include intravascular volume depletion and concurrent acute illness, such as AKI,
systemic infection/inflammatory, and electrolyte and acid–base disturbances. In addi-
tion, several non-modifiable patient-related risk factors include older age, female gender,
race, an allergic response to drugs, altered pharmacogenetics, and pre-existing systemic
comorbidities (Table 2).

Table 2. Potential risk factors associated with VA-AKI.

Potential Risk Factors

Modifiable

• Effective intravascular volume depletion
• Concurrent acute illness: acute kidney injury or acute kidney disease,

systemic infection/inflammation, hypotension, immunosuppression
state, increased disease severity, electrolyte, and
acid–base disturbances

Non-modifiable

• Older age
• Female gender
• Race
• Allergic response to drugs
• Altered pharmacogenetics (kidney drug transporters, cytochrome

P450 enzyme gene polymorphisms)
• Pre-existing systemic comorbidities: chronic kidney disease,

nephrotic syndrome, advanced liver cirrhosis, obstructive jaundice,
cardiovascular comorbidities (including heart failure), diabetes
mellitus, obesity, immunosuppression state

8. Treatment of VA-AKI

To date, no promising therapy is available to treat VA-AKI. The only exception is that
several case series suggest that the treatment of biopsy-proven ATIN with oral steroids
for four weeks (prednisone, 1 mg/kg/day) may accelerate the rate of recovery [71]. Since
some kidney injuries caused by vancomycin are generally idiosyncratic, management
involves the removal of the suspected causative agent and supportive therapy. The prompt
removal of vancomycin is the critical management solution for patients with suspected
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VA-AKI. Hemodialysis, particularly hemodialysis using a high-flux filter, is a helpful
method to remove vancomycin from the patients [72]. High-flux hemodialysis filters,
including polysulfone and polymethylmethacrylate, can remove vancomycin from patients
more effectively (35–46%) [73]. However, frequent hemodialysis might be necessary for
better therapeutic results because the plasma vancomycin concentration rebounds 3–6 h
after a hemodialysis session [73].

9. Preventive Strategies for VA-AKI

Since the conventional treatment for VA-AKI is still limited, prevention is currently
the most crucial strategy. The first step of the preventive strategy for VA-AKI is risk
stratification according to the known risk factors listed in Table 2. Physicians might consider
prescribing alternative antibiotics instead of vancomycin for the patients categorized as
high-risk patients for VA-AKI. The alternative antibiotics for treating MRSA infection
include teicoplanin, linezolid, daptomycin, tigecycline, and ceftaroline. Moreover, antibiotic
susceptibility testing-based de-escalation with cefazolin or oxacillin is an appealing strategy
to avoid the risk of VA-AKI.

For those who have to receive vancomycin therapy, the preventive management
includes: (1) adequate hydration before and during the vancomycin treatment course
for the patients with intravascular volume depletion; (2) treatment and correction of the
concurrent acute illness of the patients; (3) avoiding the concomitant use of other potentially
nephrotoxic agents if other choices of drugs exist; (4) using the continuous infusion method
rather than the intermittent infusion method; (5) avoiding treatment durations in excess of
seven days if possible; (6) avoiding excessive vancomycin exposure by therapeutic drug
monitoring and dosage adjustment (the updated guidelines recommend an AUC/MIC
ratio of 400–600 (assuming a vancomycin MIC of 1 mg/L) as the target for patients with
severe MRSA infections for considering both clinical efficacy and patient safety [70]);
(7) considering promptly de-escalating vancomycin dose or shifting to alternative drugs for
those who are excluded from having severe MRSA infection, who are recognized as having
had excessive vancomycin exposure, or who are found to have AKI [70,74].

10. Conclusions

In conclusion, VA-AKI is a clinically relevant but not yet clearly understood entity
among critically ill patients. An increasing body of evidence regarding its pathophysiologi-
cal mechanism, risk, and preventive strategies has been continuously published up to now.
The pathological mechanisms of VA-AKI include oxidative stress induced by vancomycin,
allergic reactions to vancomycin, and VTCs. All these mechanisms cause ATN, ATIN,
and VTCs.

In the future, disclosing more promising biomarkers that could precisely identify
susceptible populations for VA-AKI and detect VA-AKI occurrence early, and developing
pharmacological agents that could prevent or treat VA-AKI, are the keys to improve the
prognoses of patients with severe MRSA infection who probably need vancomycin therapy.
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