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Abstract

Background—While vancomycin’s exposure-dependent efficacy thresholds have been probed,
less is known regarding acute kidney injury (AKI) thresholds for vancomycin. Sensitive urinary
biomarkers such as Kidney injury molecule 1 (KIM-1) have shown high sensitivity and specificity
for vancomycin-associated AKI. We sought to determine if dose-response curves existed with
urinary KIM-1. Secondarily, we sought to evaluate the impact of therapy duration and gender
status on observed relationships.

Methods—A systematic review was conducted via PubMed/MEDLINE. Data were compiled
from pre-clinical studies that reported individual subject data for urinary KIM-1 concentrations,
vancomycin dose (mg/kg), duration of treatment, and gender status. Sigmoidal Hill-type models
were fit to the individual dose-response data.

Results—In total, 15 studies were identified and six reported vancomycin dose and KIM-1 data.
Of these, three included individual animal-level data suitable for analysis. For all pooled rats,
increasing total daily vancomycin doses displayed a dose-response curve with urinary KIM-1
concentrations (50% maximal toxic response=130.4 mg/kg/day). Dose-response curves were
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shifted left for females vs. males (p=0.05) and for long (i.e. 27 days) vs. short (i.e. <4 days) of
vancomycin therapy (p=0.02).

Conclusions—The collective findings demonstrate a clear dose response relationship between
vancomycin dose and AKI. As these analyses focused exclusively on dose-response relationships,
additional pre-clinical data are needed to more clearly define vancomycin exposures that predict
the onset of AKI.
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1. Introduction

Vancomycin is one of the most commonly used antibiotics within acute care hospitals in the
United States [1]. Current consensus guidelines recommend maintaining trough
concentrations between 15 and 20 mg/L for deep seated infections such as pneumonia,
meningitis, endocarditis and osteomyelitis [2]. While area under the curve (AUC) to
minimum inhibitory concentration (MIC) has been linked to bactericidal activity of
vancomycin, trough concentrations are used as a surrogate [2]. Despite trough monitoring
recommendations, limited clinical data demonstrate improvements in efficacy by targeting
these higher troughs for more severe infections [3]. However, widespread targeting of higher
average vancomycin concentrations has been linked with an increased incidence of
vancomycin-associated acute kidney injury (AKI) [4]. Though often reversible, vancomycin-
associated AKI may impact up to 40% of vancomycin-treated patients, with higher rates of
AKI reported among patients receiving more intense dosing [4]. Understanding and
preventing vancomycin-associated AKI is important because even moderate degrees of AKI
have been linked with increased mortality in critically ill patients [5].

While vancomycin’s pharmacokinetic/pharmacodynamic (PK/PD) efficacy relationship
profile has been intensively studied, much less is known regarding vancomycin exposures
that provoke vancomycin-associated AKI. Currently, vancomycin exposures that define the
toxicity ceiling remain unclear. One barrier to identifying the pharmacokinetic/
toxicodynamic (PK/TD) relationship for vancomycin lies in the relative insensitivity of
standard clinical methods for identifying AKI. Older methods of defining AKI relied on
markers such as serum creatinine (SCr), blood urea nitrogen (BUN), and urine output.
Biomarkers such as SCr and BUN do not reach diagnostic levels until GFR has been
substantially reduced [6]. Complicating matters further, percent changes in SCr in acute
kidney injury are dependent on the baseline status of renal function in the patient [7]. Kidney
Injury Molecule-1 (KIM-1) is a urinary biomarker that is highly sensitive and specific for
proximal tubular injury in human and animal studies [8]. KIM-1 expression is induced when
renal proximal tubular cell injury occurs [9], the exact location where vancomycin-induced
cellular damage is thought to occur [10]. Additionally, KIM-1 urinary concentrations are
sensitive for cellular injury [11] and peak within hours after an acute injury [8, 11]. Since
KIM-1 has shown high sensitivity and specificity for vancomycin induced kidney injury, we
sought to determine if vancomycin dose-response curves existed with urinary KIM-1.
Secondarily, we sought to evaluate the impact of therapy duration and gender status on
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observed relationships. To complete our study objectives, a systematic review via PubMed/
MEDLINE was performed and data from pre-clinical studies that reported individual
associations between urinary KIM-1 concentrations and vancomycin dose (mg/kg), duration
of treatment, and gender status were compiled for individual dose-response analysis.
2. Methods

2.1 Literature search and data extraction

PubMed/MEDLINE was searched for pre-clinical studies of vancomycin and KIM-1 using
medical subject heading (MeSH) terms from inception to March 1, 2017. MeSH terms
included: ("Vancomycin"[All fields] OR “Vancomycin/toxicity"[Mesh] OR “Drug-Related
Side Effects and Adverse Reactions"[Mesh]) AND (“kidney injury molecule 1”[all fields]
OR “KIM 1” [all fields]). Only studies written in English were considered for inclusion.
Additionally, to be considered for inclusion, studies had to report animal gender,
vancomycin doses used, route of administration, and raw unstandardized KIM-1 urinary
concentrations. Studies reporting only gene based measurements of KIM-1 were excluded
because of difficulty in standardization between studies. When raw KIM-1 urinary
concentrations were reported only in graphical form, GraphGrabber 1.5.5 (Quintessa,
Oxforshire, UK) was used to extract the data from the image.

2.2 Statistical analysis

3. Results

Individual animal-level data was pooled to determine the dose-response relationships.
Sigmoidal Emax curves (e.g., four-parameter logistic curves) were fit using GraphPad Prism
(version 7.01, La Jolla, CA) with fits described with RZ and compared using the extra sum of
squares F-test. For sigmoidal curve fitting, KIM-1 concentrations were transformed to
natural logarithms to satisfy parametric assumptions. Doses that produced half-maximal
KIM-1 responses [i.e. 50% toxic dose (TDsg)] were calculated from the equation. Data
points from each study were pooled to create a toxicodynamic dose: KIM-1 response
analysis. Stratifications were created for naturally occurring categorical splits in: 1)
treatment duration [short (e.g. < 4 days of therapy) vs. long (e.g. 7-14 days)] and 2) animal
gender (e.g. male vs. female). Comparison of TDsg values across treatment durations and
gender groups was facilitated by estimating the shared bottom, top, and Hill slope
parameters between the categorical groups (i.e. estimated parameters were required to be
shared between the groups when TDsg comparisons were desired). An alpha level of < 0.05
was used to determine the presence of non-overlapping TDsg values between categorical
groups.

3.1 Systematic review results

The systematic literature search identified a total of fifteen articles. Of the initial fifteen
studies identified, six were pre-clinical studies that reported urinary KIM-1 expression
following vancomycin exposure [8, 12—-16]. Two of the six studies that reported KIM-1
expression after vancomycin exposure only reported gene expression (i.e. RNA) and were
therefore not included in the analysis [14, 16]. One study reported urinary KIM-1
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concentrations after vancomycin treatment but did not report the doses utilized and urinary
KIM-1 concentrations were not reported at the individual animal level [15]. A total of three
trials met inclusion criteria [8, 12, 13], comprising 182 rats for individual data extraction
(Table 1).

3.2 Individual study data abstracted

Vaidya and colleagues conducted a comprehensive analysis of male Wistar Han rats, treated
with 0 (saline), 70, 140, and 210 mg/kg/day of vancomycin via intraperitoneal (IP) injection
for 1, 3, 7, or 14 days [8]. The authors demonstrated that baseline urinary KIM-1 protein
concentrations were very low (from control animals), and only detectable among rats
experiencing injury. The authors found that increasing doses of vancomycin were associated
with increases in urinary KIM-1. The authors reported individual-level toxicodynamic data
for vancomycin dose and KIM-1 concentrations which were extracted from the supplement.

Fuchs and colleagues evaluated protein concentrations in the urine after administration of
vancomycin at 50, 150 or 450 mg/kg/day for 7 days, then weekly until day 28 in male and
female Wistar rats [13]. Urinary KIM-1 was measured on day 4, 8, 15, and 29. The authors
found that doses of vancomycin =150 mg/kg/day resulted in dose-dependent increases in
urinary KIM-1 concentrations. Tubular degeneration was noted in rats receiving 150 mg/kg/
day, while tubular necrosis was seen at higher doses. As the weekly dosing scheme was
distinctly different from other included trials, KIM-1 concentrations following daily
administration were extracted from a white paper which reported data from the same
animals [17]. Only dose-response data from the initial week of daily dosing were included
for analysis, with KIM-1 data examined on day 8.

Rhodes and colleagues conducted a PK/TD analysis of vancomycin exposure and urinary
KIM-1 concentrations [12]. Male Sprague-Dawley rats (n=52) received vancomycin as an IP
injection dosed at 0, 150 or 200 mg/kg/day for 1 to 3 days. The authors observed significant
correlations between increasing vancomycin exposures and urinary KIM-1 concentrations.
Individual animal-level raw data including the vancomycin doses given and KIM-1
concentrations was available to the authors (data on file).

3.3 Dose response curves

We further analyzed the individual-level data that were extracted during the systematic
review from 3 separate manuscripts [8, 12, 17]. A total of 182 subjects were extracted from
these studies, with 176 providing paired vancomycin dose and urinary KIM-1 data (six
animals were administered vancomycin without KIM-1 reported). Paired dose-response data
from all studies were pooled for all analyses (n=176). A four parameter Hill curve was fit for
the full dataset (Figure 1), showing a correlation between increasing total daily vancomycin
doses and urinary KIM-1 concentrations (R2=0.589; TDs,=130.4 mg/kg/day).

3.4 Vancomycin duration stratifications

Treatment groups were dichotomized into short (< 4 day) and long (= 7 day) durations
(Figure 1) as a function of a naturally occurring split between the studies. Dose:KIM-1
response curves differed based on short vs. long vancomycin therapy (R2: 0.431 vs. RZ:
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0.766, respectively; p=0.02). Similarly, the TDsq value was higher for short (146.8 mg/kg/
day) vs. long (118.8 mg/kg/day) vancomycin therapy.

Gender stratifications—Curve fits for animal gender stratifications are shown in Figure

1. Dose:KIM-1 response curves differed based on female vs. male gender (R2: 0.744 vs. R2:
0.567, respectively; p=0.05). TD5q values in females were lower than those for males (65.3

vs. 130.7 mg/kg/day).

4. Discussion

The analyses presented herein suggest the existence of a dose-response relationship between
vancomycin and urinary KIM-1 in rats. The TDsgq values for KIM-1 urinary concentration
also appears to be modified by duration of treatment and animal gender. Longer durations of
vancomycin therapy produced lower TDgq values (118.8 vs. 146.8 mg/kg/day, respectively),
indicating that toxicity can still occur when lower daily doses are given for a longer period
of time. Interestingly, TDsq values were significantly decreased in female compared to male
rats, though more data are needed to evaluate the exact magnitude of this difference. While
the present study has helped to further clarify this dose-response curve, elucidation of the
underlying exposures (vis-a-vis PK exposure) that drives renal toxicity will ultimately lead
to improved dosing regimens that will benefit patients receiving vancomycin.

The exact mechanism by which vancomycin induces kidney damage remains unclear.
However, oxidative stress and mitochondrial dysfunction have been observed in vancomycin
treated animals and in cell culture studies. Dietrich and colleagues studied the impact of
vancomycin exposure on the transcriptomic response in BALB/c mice. They observed
significant downregulation of antioxidant gene expression and upregulation of markers of
oxidative stress and organelle dysfunction [10]. It remains unclear whether oxidative stress is
a cause or merely a consequence of vancomycin-associated AKI. Importantly, urinary
KIM-1 provides a physiological correlate for vancomycin-associated AKI irrespective of the
mechanism of damage.

The findings from this study have important clinical implications. Allometric scaling of the
relevant TDgq values identified in this analysis reveals that commonly utilized daily doses of
vancomycin in humans can potentially induce kidney injury. Consensus treatment guidelines
currently recommend empiric vancomycin daily doses of 30-40 mg/kg/day, equivalent to a
dose of 180-240 mg/kg/day in rats. The observed TDsgq value in the pooled analysis was
130.4 mg/kg/day (a humanized-equivalent dose of 21.7 mg/kg/day human dose) [18]. On
first glance, one would surmise that pre-clinical findings appear to overcall AKI in patients
since the doses needed to produce pre-clinical elevations in KIM-1 correlate with very
commonly used clinical doses of vancomycin. However, an apparent relationship between
higher vancomycin doses and increased rates of vancomycin-associated AKI has been seen
in prospective, randomized, human, clinical studies. Wunderink and colleagues observed an
18.2% incidence of vancomycin-associated AKI among subjects randomized to receive
vancomycin in a study of hospital-acquired or healthcare-associated MRSA pneumonia. The
absolute difference in AKI incidence was 10% higher among patients receiving vancomycin
(average dose 31 mg/kg/day; equivalent to 186 mg/kg/day in rats) versus those who were
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receiving a non-nephrotoxic comparator [19]. Concordance between animal and human data
support the existence of an exposure-related PK/TD threshold that can ultimately be
translated between rats and humans [20].

Limitations to the current analysis must be considered. First, the evaluated studies were
comprised of Wistar and Sprague Dawley rats where vancomycin was dosed between 1 and
14 days. However, only data that could be reasonably combined were analyzed as such. All
included studies evaluated IP dosing. It is well known that IP dosing results in more variable
exposure compared to intravenous dosing, which may lead to loss of parity according to
dosing group. Exposure related studies will be necessary to identify exact exposures
associated with AKI. Second, the authors of two of the studies included here [8, 17] did not
conduct pharmacokinetic sampling, and therefore the current data are insufficient to
determine the exposure profile that predicts toxicity. Third, the toxicodynamic analysis
identified a TDsgg threshold dose for vancomycin-associated AKI of 127.1 mg/kg/day in the
rat, which allometrically scaled to 21.2 mg/kg/day in the human. These doses are below the
total daily recommended empiric doses in humans and not often considered nephrotoxic;
thus, additional work is needed to clarify the true distribution of discrete damage induced by
vancomycin in humans. Additionally, only three studies were identified for use in these
analyses, limiting broad extrapolation of these findings. These results suggest signals
associated with increased risk and warrant further investigation. It is possible that the simple
allometric scaling approach between rats and humans does not fully capture the parameter
scaling necessary to understand the PK/TD relationship in vancomycin. More
comprehensive models may be needed.

5. Conclusion

Until mechanistic models of vancomycin-associated AKI are developed and their predictions
validated, empiric models that relate vancomycin exposure to expression of urinary
biomarkers (e.g. KIM-1) may allow investigation of alternative dosing regimens designed to
minimize renal injury. Overall, our analysis suggests that increases in urinary KIM-1
correspond to objective evidence of vancomycin-associated AKI in an animal model. More
data are needed to identify the most predictive PK/TD threshold as well as the effect of
gender and therapy duration on the defined threshold for vancomycin-associated AKI.
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Highlights
. We analyzed pre-clinical studies on vancomycin induced kidney injury (VIKI)
. Dose-response data were compiled at the individual animal level to assess
VIKI
. Daily dose of vancomycin and urinary Kim-1, a sensitive VIKI biomarker,
was analyzed
. Longer study durations and female gender were associated with greater

toxicity
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Figure 1.
Dose:Response curves of vancomycin daily dose vs. the natural log of urinary KIM-1 for

(A) the entire population, (B) stratified by duration of vancomycin therapy, and (C) stratified
by gender
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Number of Animals per study

Table 1

Number of Animals per Study
Vancomycin Days of
Dose | Therapy | Vaidyaetal. | Rhodesetal. | Fuchsetal.
0 1 5
0 3 6 5
0 4 10
0 7 6
0 8 10
0 14 6
50 4 10
50 8 10
70 3 6
70 7 6
70 14 6
140 3 6
140 7 6
140 14 6
150 1 10
150 3 10
200 1 12
200 3 10
210 3 6
210 7 6
210 14 4
300 10
300 8 10
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