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ABSTRACT Vancomycin has been associated with acute kidney injury in preclinical
and clinical settings; however, the precise exposure profiles associated with vancomycin-
induced acute kidney injury have not been defined. We sought to determine phar-
macokinetic/pharmacodynamics indices associated with the development of acute
kidney injury using sensitive urinary biomarkers. Male Sprague-Dawley rats received
clinical-grade vancomycin or normal saline as an intraperitoneal injection. Total daily
doses between 0 and 400 mg/kg of body weight were administered as a single dose
or 2 divided doses over a 24-h period. At least five rats were utilized for each dosing
protocol. A maximum of 8 plasma samples per rat were obtained, and urine was col-
lected over the 24-h period. Kidney injury molecule-1 (KIM-1), clusterin, osteopontin,
cystatin C, and neutrophil gelatinase-associated lipocalin levels were determined us-
ing Milliplex multianalyte profiling rat kidney panels. Vancomycin plasma concentra-
tions were determined via a validated high-performance liquid chromatography
methodology. Pharmacokinetic analyses were conducted using the Pmetrics package
for R. Bayesian maximal a posteriori concentrations were generated and utilized to
calculate the 24-h area under the concentration-time curve (AUC), the maximum
concentration (Cmax), and the minimum concentration. Spearman’s rank correlation
coefficient (rs) was used to assess the correlations between exposure parameters,
biomarkers, and histopathological damage. Forty-seven rats contributed pharmacoki-
netic and toxicodynamic data. KIM-1 was the only urinary biomarker that correlated
with both composite histopathological damage (rs � 0.348, P � 0.017) and proximal
tubule damage (rs � 0.342, P � 0.019). The vancomycin AUC and Cmax were most
predictive of increases in KIM-1 levels (rs � 0.438 and P � 0.002 for AUC and rs �

0.451 and P � 0.002 for Cmax). Novel urinary biomarkers demonstrate that kidney in-
jury can occur within 24 h of vancomycin exposure as a function of either AUC
or Cmax.

KEYWORDS vancomycin, acute kidney injury, pharmacokinetics, biological markers,
pharmacodynamics

Receipt of intravenous vancomycin is a risk factor for the development of acute
kidney injury (AKI) among hospitalized patients. Even mild cases of AKI are asso-

ciated with higher rates of morbidity and mortality (1–3). The clinical attribution of AKI
causality is difficult, as multiple factors, such as the severity of illness, the presence
of comorbid conditions, and the receipt of concomitant nephrotoxic medications,
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compound the damage. Notably, vancomycin-induced kidney injury (VIKI) is a poten-
tially preventable cause of clinical AKI. We previously demonstrated that VIKI can be
detected as preclinical injury with novel urinary biomarkers in a rat model (4). As
vancomycin is one of the most frequently prescribed antibiotics in U.S. hospitals (5, 6),
elucidation of the vancomycin exposures that cause AKI is key to designing strategies
to reduce the frequency of VIKI while maintaining vancomycin efficacy.

Rates of VIKI ranging widely from 5 to 43% have been reported in the clinical
literature (7–9). A single prospective randomized trial identified that 18.8% of
vancomycin-treated patients with good baseline renal function experienced renal
toxicity, whereas 5.6% of linezolid-treated patients with good baseline renal function
experienced renal toxicity (10). Additionally, a vancomycin exposure-toxicity gradient
was observed, in that day 3 vancomycin trough levels (minimum concentrations [Cmin])
of �20 �g/ml resulted in renal toxicity in 37% of patients, whereas trough concentra-
tions of 15 to 20 �g/ml resulted in renal toxicity in 22% of patients and trough
concentrations of �15 �g/ml resulted in renal toxicity in 18% of patients. It is unclear,
however, whether trough concentrations became elevated in those that were already
in renal failure by day 3. That is, the causality of the elevated trough concentrations
causing VIKI was not discernible from the prospective study. Retrospective studies and
meta-analyses have identified several risk factors for VIKI. From these studies, other
exposure proxies, such as higher-dose vancomycin regimens, elevated trough concen-
trations, and an increasing number of vancomycin doses, have been associated with
VIKI (9, 11–13). However, vancomycin exposures have been highly variable in those with
kidney injury diagnosed as acute tubular necrosis (14).

While these proxies for vancomycin exposure have been associated with VIKI, the
vancomycin exposure profile that drives VIKI has not been elucidated. Nonmodifiable
patient factors, such as severity of illness, obesity, and concomitant nephrotoxic
medications, compound VIKI and are notoriously difficult to adjust/control in retro-
spective studies (15). As such, animal models provide a means to understand the
exposure-response relationship in VIKI. Novel urinary biomarkers provide an interroga-
tion window into early damage in the kidney and are more sensitive and specific than
traditional biomarkers, such as serum creatinine (SCr) and blood urea nitrogen (BUN)
concentrations (16–18). Our group recently demonstrated that sensitive urinary bio-
markers for kidney injury, such as kidney injury molecule-1 (KIM-1), osteopontin (OPN),
and clusterin, were more highly correlated with vancomycin exposures, as defined by
the area under the concentration-time curve (AUC) from 0 to 24 h postdosing (AUC0 –24)
and the maximum concentration (Cmax) from 0 to 24 h postdosing (Cmax 0 –24), than
the traditionally measured trough concentration (Cmin from 0 to 24 h postdosing
[Cmin 0 –24]) in rats receiving vancomycin at doses of between 0 and 200 mg/kg of body
weight/day for 24 or 72 h of therapy (4). This study was limited by the use of low doses
of vancomycin. No correlation between biomarkers and histopathology was observed,
presumably as a function of the low doses given. In that study, we further observed that
the kidney injury occurred early. Assessment of the first 24-h exposure window was
required to explore pharmacokinetic (PK) variables before they became part of the
causal pathway (e.g., Cmin rises with kidney injury but does not drive the event). This
study expands the previous work by increasing the range of doses studied and focuses
on a 24-h exposure window.

RESULTS
Characteristics of animal cohort. A total of 49 animals were analyzed, with the

animal dosing group disposition being shown in Fig. 1. One animal was euthanized
early according to IACUC protocols, and one animal provided only a terminal sample
due to an occluded catheter. These two animals contributed only to the PK model; all
47 other animals contributed complete model data (except for 5 control animals that
did not contribute vancomycin PK data). Mean weight loss was not different between
the control and the vancomycin-treated animals (25.6 g versus 20.1 g; P � 0.143) (Table
1), nor were median composite histopathological scores statistically significantly
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different (1 versus 1; P � 0.63). Changes in urine output were not associated with
changes in total daily dose (P � 0.10).

Vancomycin PK models and exposure measure determination. The best and
most parsimonious model was a 3-compartment model standardizing the volume
of distribution (V) in the central compartment to the animal weight (Akaike information
criterion value � 2,132). Nineteen support points were identified for the 44
vancomycin-treated animals (i.e., 42 animals with complete protocol data and 2 animals
with partial PK data). For the predictive performance of the model, the observed versus
Bayesian predicted concentrations’ bias, imprecision, and coefficient of determination
were �0.173, 0.898, and 84.6%, respectively (see Fig. S1 in the supplemental material).
Interparameter covariance is shown in Table S1.

Median Bayesian predicted concentrations for each treatment group are shown in
Table S2. Because of intraperitoneal (i.p.) dosing, exposure heterogeneity within treat-
ment groups was noted (Fig. S2). The estimated population mean absorption rate
constant (Ka) was 1.63 h�1. Pharmacokinetic measures (i.e., AUC0 –24, Cmax 0 –24,
Cmin 0 –24) displayed a substantial intercorrelation by Spearman’s rank correlation coef-

FIG 1 Animal dosing group disposition. Abbreviations: i.p., intraperitoneally; TDD, total daily dose; BID, twice daily.

TABLE 1 Summary of weight loss, urinary output, histopathology score, and urinary
biomarkersa

Characteristic

Value(s)

P valueControl Vancomycin

No. of animals 5 42
Mean � SD wt loss (g) 25.6 � 0.40 20.1 � 0.81 0.14
Mean � SD urine output (ml) NR 11.5 � 4.69
Median (IQR) worst composite score 1 (1–1) 1 (0–1) 0.61

Median (IQR) concn (ng/ml)
KIM-1 0.927 (0.551–1.18) 1.83 (1.01–3.92) 0.027
Clusterin (ng/ml) 449.24 (409.08–486.24) 515.61 (381.75–853.61) 0.41
Osteopontin 0.062 (0.062–0.065) 0.123 (0.094–0.277) 0.001
Cystatin C 443.9 (271.1–765.5) 516.6 (434.8–560.9) 0.95
NGAL 1423.8 (762.4–2618.5) 634.3 (399.6–1113.6) 0.07

aData are for 47 animals. IQR, interquartile range; KIM-1, kidney injury molecule-1; NGAL, neutrophil
gelatinase-associated lipocalin; NR, not reported.
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ficient (rs) (for AUC and Cmax, rs � 0.86; for AUC and Cmin, rs � 0.71; for Cmax and Cmin,
rs � 0.37; all P values were �0.01), and these data are graphically displayed in Fig. S3.

Correlation between urinary biomarkers of AKI and renal histopathology. All 47
animals that contributed toxicodynamic (TD) data were used for analyses of the
correlation between novel urinary biomarkers of AKI and the composite histopathology
score (Table 2). Spearman’s rank correlation coefficients for composite histopatholog-
ical damage were the highest for KIM-1 (rs � 0.348, P � 0.017) and clusterin (rs � 0.405,
P � 0.005); a negative correlation between neutrophil gelatinase-associated lipocalin
(NGAL) and composite histopathological damage was observed (rs � �0.2880, P �

0.050). Similar results were observed for correlations between urinary biomarkers and
proximal tubule damage (for KIM-1, rs � 0.342 and P � 0.019; for clusterin, rs � 0.223
and P � 0.132; for OPN, rs � 0.365 and P � 0.012); a negative correlation between
cystatin C and proximal tubular damage was observed (rs � �0.3034, P � 0.038). SCr
and BUN concentrations were available for 14 animals each. No correlation between SCr
and BUN concentrations and renal histopathology was observed.

PK/TD correlations. Urinary biomarkers of AKI were correlated with vancomycin
exposure metrics (i.e., AUC0 –24, Cmax 0 –24, Cmin 0 –24), as shown in Table 2. KIM-1 levels
showed the highest correlation to AUC0 –24 (rs � 0.438, P � 0.002) and Cmax 0 –24 (rs �

0.451, P � 0.002) when the correlations were compared to those for the other
biomarkers measured. A statistically significant relationship between KIM-1 levels and
Cmin 0 –24 was not observed (rs � 0.227, P � 0.126). The OPN level was also significantly
correlated with AUC0 –24 (rs � 0.397, P � 0.006), Cmax 0 –24 (rs � 0.447, P � 0.002), and
Cmin 0 –24 (rs � 0.305, P � 0.037), and the clusterin level was significantly associated with
Cmax 0 –24 (rs � 0.358, P � 0.013). Only the OPN level was significantly correlated with
an increase in Cmin 0 –24 (rs � 0.305, P � 0.037). Both increased SCr levels (rs � 0.549,
P � 0.042) and increased BUN levels (rs � 0.533, P � 0.050) were correlated with an
increase in Cmax 0 –24, but they were not correlated with other measures. The KIM-1
levels, in categorical fashion, rose with an increase in AUC and Cmax values (Fig. 2; Table
S3 and S4). Additionally, borderline significant correlations between AUC0 –24 and a
worsening composite histopathological score (rs � 0.249 and P � 0.084) and between
Cmax 0 –24 and a worsening composite histopathological score (rs � 0.252 and P � 0.081)
were identified. Only AUC0 –24 showed a significant correlation with the proximal
tubular damage score (rs � 0.319; P � 0.026). Cmin 0 –24 was not correlated with the
composite histopathological score (rs � 0.055, P � 0.707) or the proximal tubule
damage score (rs � 0.231, P � 0.110).

Sigmoidal models were fit to each pharmacokinetic parameter and the level of
urinary KIM-1 expression (Fig. S4). The coefficients of determination for the sigmoidal
models revealed reasonable fits for AUC0 –24 (R2 � 0.29), Cmax 0 –24 (R2 � 0.21), and
Cmin 0 –24 (R2 � 0.33). A single outlier appeared to account for the constrained fits. With
the outlier removed, the fits for AUC0 –24 (R2 � 0.49), Cmax 0 –24 (R2 � 0.36), and Cmin 0 –24

(R2 � 0.47) were improved.

TABLE 2 Spearman rank correlation coefficients for exposure metrics, histopathological damage, and urinary biomarkersa

Biomarker

AUC0–24 Cmax 0–24 Cmin 0–24

Composite
histopathologic
score

Proximal tubule
damage score

rs P value rs P value rs P value rs P value rs P value

KIM-1 0.438 0.002 0.451 0.002 0.227 0.126 0.348 0.017 0.342 0.019
Clusterin 0.282 0.055 0.358 0.013 0.079 0.599 0.405 0.005 0.223 0.132
Osteopontin 0.397 0.006 0.447 0.002 0.305 0.037 0.224 0.131 0.365 0.012
Cystatin C �0.229 0.122 �0.094 0.531 �0.153 0.305 �0.087 0.562 �0.303 0.038
NGAL 0.063 0.672 0.025 0.868 0.240 0.105 �0.288 0.050 �0.177 0.233
Composite histopathologic score 0.249 0.084 0.252 0.081 0.055 0.707
Proximal tubule damage score 0.319 0.026 0.270 0.061 0.231 0.110
ars, Spearman’s rank correlation coefficient; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin.

O’Donnell et al. Antimicrobial Agents and Chemotherapy

November 2017 Volume 61 Issue 11 e00416-17 aac.asm.org 4

http://aac.asm.org


DISCUSSION

This study expands upon previous knowledge regarding vancomycin exposures and
AKI. Previously, we utilized lower study doses (i.e., 150 to 200 mg/kg given as either a
single or a twice-daily injection). Our previous study similarly utilized rats and vanco-
mycin treatment doses roughly equivalent to 30 mg/kg/day in humans for 1 to 3 days.
There, we identified a correlation between the vancomycin AUC0 –24 and increases in
novel urinary biomarkers as well as Cmax 0 –24 and these biomarkers; however, the
correlations between histopathological damage and biomarkers were not identified (4).
The present study included only animals treated for 24 h and increased the magnitude
of the dose administered to mimic the higher end of the range of concentrations of
drug given clinically. By doing so, we were further able to discern between the
exposure parameters that correlated with elevated urinary biomarker concentrations
indicative of kidney injury.

Overall, we found that AUC0 –24 and Cmax 0 –24 are more highly correlated with
increased urinary concentrations of KIM-1, clusterin, and OPN than Cmin 0 –24. Impor-
tantly, these results further substantiate that the vancomycin Cmin is not likely the
parameter that mediates VIKI. Such an understanding is critical, as current vancomycin
treatment guidelines (19) focus on the measurement of trough concentrations only and
identical Cmin values can be associated with highly variable AUCs (20). Only the OPN
concentration was correlated with an increase in Cmin 0 –24, and this correlation was less
pronounced than what was seen with the other two exposure metrics. The relation-
ships of our PK exposure metric with novel urinary biomarkers are also supported by
correlations between composite histopathological scores and exposure metrics. Both
AUC0 –24 and Cmax 0 –24 showed borderline significant correlations with a worsening
composite histopathological score, though only AUC0 –24 showed a significant correla-
tion with the proximal tubular damage score. It is notable that the biomarkers were
able to detect any histopathologically confirmed damage and proximal tubular damage
within 24 h (P � 0.017 and P � 0.019, respectively, for KIM-1). Clinically, this may
translate into a highly useful tool, as early detection of vancomycin injury is possible
using urine and does not require an invasive biopsy.

Histopathology scores are the old “gold standard” for toxicodynamic studies (21). A
reliance on histopathology scores alone may be problematic, as the results are more
variable and difficult to quantify well statistically. Histopathology scores provide less of
a quantitative spread to analyze, and analysis of biomarker concentrations is likely able
to detect damage that occurs prior to observation of gross histopathological changes.
For instance, the KIM-1 concentration is known to rise within hours of anoxic injury
mediated by renal pedicle clamping and remains elevated for 5 days (17). Similar to the

FIG 2 Box plot of urinary KIM-1 values in each exposure bin for AUC (A) and Cmax (B).
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findings of Vaidya et al. (17), control subjects in our study also exhibited concentrations
that were approximately at the lower limit of quantitation of urinary KIM-1 concentra-
tions, and the median concentrations in controls were significantly lower than the
median concentration for all subjects treated with vancomycin (0.927 versus 1.83
ng/ml, P � 0.027). Thus, KIM-1 is highly specific. In summation, these data support a
stronger association between increases in the exposure metrics Cmax 0 –24 and AUC0 –24

and worsening kidney damage than the association for Cmin 0 –24, which has tradition-
ally been used as a marker for efficacy and toxicity.

Our findings are consistent with those of the dose-toxicity works of others. While the
findings are consistent, the KIM-1 concentrations that were seen in the 24 h of the study
were lower than those that have been seen with longer durations of therapy (e.g., 3, 7,
14, or 28 days) (17, 22). However, these data indicate that vancomycin-induced kidney
damage is detectable within the first 24 h of therapy. In the clinical setting, the median
time of onset of vancomycin-induced AKI has been reported to be 6 to 7 days into
therapy (10, 12, 23), but these studies have relied on traditional and insensitive markers
of AKI, such as SCr and BUN levels. In our study, increases in the levels of both markers
were associated with increases in Cmax 0 –24; however, no correlation between SCr or
BUN levels and the levels of the urinary biomarkers or histopathological changes was
identified (data not shown), limiting the interpretation of this finding. Thirty to 50%
parenchymal damage is required before an elevated SCr concentration is detectable
(24). Thus, since kidney injury can be severe with even small changes in the SCr
concentration, it is not surprising that small changes in the SCr concentration have
been associated with increases in mortality (1–3). The use of sensitive biomarkers for
the detection of early damage can provide an early indication of renal injury and allow
clinicians to change therapy before more substantial damage occurs. Taken together,
these results may also indicate merit in using prolonged-infusion vancomycin, the
microbiological efficacy of which is similar to that of intermittent infusion vancomycin
(25). Further study is needed.

Several limitations of our study should be noted. First, by nature of the fact that 24-h
doses were studied and i.p. dosing was utilized, exposures were relatively constrained.
Only six rats achieved an AUC0 –24 of greater than 400 mg · h/liter, and only 10 rats
achieved a Cmax 0 –24 of greater than 40 mg/liter. i.p. dosing of vancomycin is thought
to be limited by incomplete and variable absorption (26). The variability in the values
of the PK parameters observed by dosing group in our study further supports that
notion. In our study, the dosing groups displayed coefficients of variation (CV) exceed-
ing 100% across exposure measurements. We did not investigate the effects of pH on
the solubility of the vancomycin concentration used (100 mg/ml). Precipitation of drug
within the peritoneal cavity is possible and may have contributed to the variability (i.e.,
there is not a linear dose-exposure relationship with i.p. dosing) (26). It is also possible
that the absorption of vancomycin from the peritoneum is a saturable process, though
nonlinear Ka models were not significantly better than the final model used (data not
shown). This heterogeneous absorption allowed variable exposures and facilitated the
assessments between AUC0 –24 and Cmax 0 –24 and increases in the concentrations of
biomarkers, such as KIM-1. The depot effect provided by i.p. dosing also allowed a more
humanized exposure due to the differences in clearance between rats and humans;
unfortunately, many of the rats had exposures less than those seen with contemporary
dosing in humans. Second, we studied only 24-h dosing, and the worst histopatholog-
ical score in this cohort was mild damage. However, more comprehensive pathological
studies have clearly shown strong quantitative relationships (i.e., high sensitivity and
specificity) between the KIM-1 level and the histopathological grading (17). Our study
is confirmatory, and the Hill-type curves fit to the exposure data and the levels of KIM-1
expression showed a clear relationship between an increase in the level of exposure
(i.e., AUC and Cmax) and an increase in KIM-1 levels. Minor differences in R2 values
existed on the basis of calculations by the use of the Spearman correlation or sigmoidal
nonlinear regression. One potential interpretive difference is that Cmin is less predictive
of biomarker concentrations by use of the Spearman correlation, but Cmin and KIM-1
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had reasonable R2 values by nonlinear regression. Notably, several rats with low Cmin

values had high KIM-1 levels; thus, the Spearman correlation may better capture the full
relationship for Cmin. Third, our PK parameters remained highly correlated, and Cmax

and AUC could not be separated (Fig. S3). Additional dosing scheme designs will be
needed to further separate the metrics. Finally, we had only limited data on SCr and
BUN levels because of a technical malfunction and the loss of sample. However,
KIM-1, clusterin, and cystatin C have been qualified for use in preclinical toxicolog-
ical evaluations by the U.S. Food and Drug Administration (FDA), the European
Medicines Agency (EMEA), and the Pharmaceutical and Medical Devices Agency
(PMDA) of Japan (https://c-path.org/programs/pstc/pstc-tools/#tab-content).

In summary, these data demonstrate that VIKI correlates with and is caused by
elevated peak plasma concentrations (Cmax 0 –24) or total plasma exposures (AUC0 –24) of
vancomycin rather than with trough concentrations (Cmin 0 –24). Further clarification of
the most predictive exposure as well as the thresholds associated with an increased risk
of kidney damage is needed to improve dosing regimens that maximize efficacy while
minimizing toxicity.

MATERIALS AND METHODS
This pharmacokinetic (PK)/toxicodynamic (TD) study was conducted at Midwestern University in

Downers Grove, IL. All study methods were approved by the Midwestern University Institutional Animal
Care and Use Committee (IACUC; protocol number 2295).

Experimental design and animals. The experimental methods are similar to those previously
described, with the exception that the animals received only 24 h of therapy (with associated plasma
sampling) (4). Control animals and those receiving vancomycin at doses of 150 to 200 mg/kg were carried
forward from our previous study (4). In brief, animals were randomized into a treatment group and a
nontreatment group, i.e., a vancomycin-treated group and a control group receiving a normal saline (NS)
injection. All doses were administered via intraperitoneal (i.p.) injection. Vancomycin-treated rats re-
ceived total daily doses of 150, 200, 300, or 400 mg/kg either as a single dose or as a twice-daily divided
dose (e.g., 400 mg/kg was given as a single injection or as 200 mg/kg twice daily). Twice-daily doses were
given approximately 12 h apart. This range of doses was chosen on the basis of previous data suggesting
that kidney damage occurs with treatment with doses within this range (17, 22). Additionally, these doses
encompass the allometric equivalent of the previously identified dosing kidney injury threshold of �4
g/day in a 70-kg patient (i.e., 57 mg/kg/day in humans is roughly the allometric equivalent of 350 mg/kg
in rats) (11, 28).

Male Sprague-Dawley rats (n � 49; age, approximately 8 to 10 weeks; mean weight, 286 g) were
housed in a light- and temperature-controlled room for the duration of the study and allowed free access
to water and food, except that the latter was restricted during the metabolic cage period. Rats (n � 5
to 7 per dosing protocol) were administered i.p. injections of vancomycin in NS or of NS (control). All
animals were placed in metabolic cages for urine collection following the 2-h sampling time point. Data
for all animals that entered a protocol were analyzed. When animals contributed incomplete data (e.g.,
because of early protocol termination), urinary biomarkers and urine output were treated as missing
data.

Blood and urine sampling. All catheters were surgically implanted while the animals were under
ketamine (100 mg/ml) and xylazine (10 mg/ml) anesthesia. Blood samples were drawn from a single
right-sided internal jugular vein catheter in a sedation-free manner when possible. Isoflurane gas was
used for temporary sedation when needed (5% initially, followed by 1 to 3% isoflurane gas for
maintenance). Animals were allowed 24 h to recover following surgery before sampling began. A
maximum target of 8 samples per animal was obtained during the 24-h sampling period, with a
preference for sampling from the first dose exposure (i.e., usually 6 samples in the first 4 h). Each sample
(a 0.25-ml aliquot) was replaced with an equivalent volume of NS to maintain euvolemia. Blood
samples from vancomycin-treated animals were immediately transferred to a disodium EDTA-treated
microcentrifuge tube and centrifuged at 3,000 rpm for 10 min. Plasma supernatant was collected
and stored at �80°C for batch sample analysis.

Following collection of the 2-h blood sample, animals were placed in metabolic cages for urine
collection (catalogue number 650-0350; Nalgene, Rochester, NY) for the remainder of the 24-h study
(with the exception that they were briefly removed for additional blood sampling during this time). Urine
was measured for volume at 24 h, centrifuged at 400 � g for 5 min, and then stored at �80°C until batch
analysis.

Chemicals and reagents. Animals were administered vancomycin hydrochloride for injection (lot
number 447358E02) obtained commercially (Hospira, Lake Forrest, IL). High-performance liquid chroma-
tography (HPLC) was utilized to quantify the vancomycin in plasma as described below. HPLC standard
curves were generated using commercially obtained vancomycin hydrochloride, USP (Enzo Life Science,
Farmingdale, NY), with a purity of 99.3%. Caffeine (Alfa Aesar, Ward Hill, MA) with a purity of 99.7%,
acetonitrile, and methanol were purchased from VWR International (Radnor, PA). Formic acid was
obtained from Fisher Scientific (Waltham, MA). All solvents were of HPLC or liquid chromatography-
tandem mass spectrometry grade. Frozen, nonmedicated, nonimmunized, pooled Sprague-Dawley rat

24-h PK/TD for Vancomycin and Urinary Biomarkers of AKI Antimicrobial Agents and Chemotherapy

November 2017 Volume 61 Issue 11 e00416-17 aac.asm.org 7

https://c-path.org/programs/pstc/pstc-tools/#tab-content
http://aac.asm.org


plasma (anticoagulated with disodium EDTA) was used for the calibration of standard curves (Biorecla-
mationIVT, Westbury, NY).

Determination of vancomycin concentrations in plasma. Plasma concentrations of vancomycin
were quantified using HPLC with UV detection (29). The assay was linear between concentrations of 3
and 75 �g/ml (R2 � 0.999). Precision was �6.1% for all measurements, including intra- and interassay
measurements. Greater than 96.3% of the analyte was recovered in all samples tested.

Determination of urinary biomarkers of AKI. Urine samples were analyzed in batch to determine
the concentrations of clusterin, cystatin C, KIM-1, neutrophil gelatinase-associated lipocalin-2 (NGAL), and
OPN. The microsphere-based Luminex X-MAP technology was used for the determination of all bio-
marker concentrations, as previously described (30–32). Urine samples were aliquoted into 96-well plates
supplied with Milliplex MAP rat kidney toxicity magnetic bead panels 1 and 2 (EMD Millipore Corporation,
Charles, MO), prepared, and analyzed according to the manufacturer’s recommendations. Serum creat-
inine (SCr) and blood urea nitrogen (BUN) concentrations were measured using a Stat Profile pHOx Ultra
analyzer (Nova Biomedical, Waltham, MA) per the manufacturer’s instructions.

Evaluation of histopathological evidence of renal cell damage. Following terminal blood sam-
pling, a bilateral nephrectomy was performed under anesthesia (i.e., ketamine [100 mg/ml] and xylazine
[10 mg/ml]) for macroscopic postmortem examination. The kidneys were briefly washed in cold isotonic
saline and preserved in 10% formalin solution for histologic examination. Histopathological analyses
were conducted using light microscopy on hematoxylin- and eosin-stained, paraffin-embedded speci-
mens by Charles Rivers Pathology Associates (Wilmington, MA). Pathologists received access only to a
nominal dosing group assignment and not the urinary biomarker concentrations or PK exposures (i.e.,
AUC0 –24, Cmax 0 –24, Cmin 0 –24). Scoring was conducted according to the Critical Path Institute’s Predictive
Safety Testing Consortium Nephrotoxicity Working Group’s histologic injury lexicon, which utilizes a 0-
to 5-point ordinal scale (33). This scoring system assigns higher scores to increasing levels of damage (0,
no evidence of damage; 1, minimal damage; 2, mild damage; 3, moderate damage; 4, marked damage;
5, severe damage) and has been validated previously (17, 33). The composite score for each animal was
calculated as the highest ordinal score for any histopathological process at any kidney site (33). Scores
for proximal tubular cell damage were also collected and analyzed, as proximal tubular cells are the
proposed site of the nephrotoxic action of vancomycin (34–36).

Vancomycin pharmacokinetic model and exposure determination. Our previously published
3-compartment model (4) was compared to other compartmental structural models. Models were
parameterized with the absorption rate constant (Ka) to describe drug absorption from the peritoneum,
the volume of distribution (V), and intercompartmental transfer constants (e.g., k12 and k21). Linear and
nonlinear absorption terms were tested to evaluate variable absorption from the peritoneum.

PK model fitting was completed utilizing the nonparametric adaptive grid algorithm within the
Pmetrics (version 1.5.0) package (Los Angeles, CA) for R (37) as previously described (4). The initial
estimate of parameter weighting was accomplished using the inverse of the assay variance. Final
parameter weighting utilized gamma, a multiplicative observation error model to account for process
noise [i.e., error � (SD · gamma)], where SD is the standard deviation, with an initial gamma value of 3
being used. Assay error (SD) was accounted for using an error polynomial as a function of the measured
concentration, Y, [i.e., SD � (C0 � C1 · Y)] (where C0 is the initial concentration and C1 is the measured
concentration) with inputs of 1.5 and 0.8, respectively. Bayesian posterior parameter value distributions
were calculated for the final population model using each animal’s measured vancomycin concentra-
tions, exact dosing schedule, and body weight. Compartmental model performance was evaluated and
compared with the observed data utilizing a regression of observed versus predicted concentrations,
visual plots of parameter estimates, Akaike’s information criterion, and the rule of parsimony.

Estimation of PK exposure profiles and statistical analysis. The best-fit model (as determined
above) was utilized to obtain median MAP Bayesian vancomycin plasma concentration estimates at
12-min intervals over the 24-h study period. These concentrations were used to determine exposures
over that time period (i.e., AUC0 –24, Cmax 0 –24, Cmin 0 –24). The highest estimated concentration was
determined to be each individual animal’s Cmax 0 –24, and the lowest concentration in hours 11 to 24
following the initial vancomycin dose was determined to be that subject’s Cmin 0 –24. Twenty-four-hour
exposure, as measured by AUC0 –24, was calculated using the trapezoidal rule. PK exposure measure
variability was calculated as the coefficient of variation (CV; in percent). All PK parameters were
additionally categorically binned in categories, with a minimum of 5 animals being needed per created
bin. For Cmax 0 –24, bins of 0 (i.e., control) and 15, 30, 60, and 120 mg/liter were established. For AUC0 –24,
bins of 0, 100, 200, 300, and 500 mg · h/liter were established. Relationships between PK exposure
parameters were evaluated using Spearman’s rank correlation coefficient (rs) in intercooled Stata (version
14.0) software (StataCorp, College Station, TX). Three-way relationships and mesh fits were completed
and visualized using the SigmaPlot (version 12.5) program (Systat Software, San Jose, CA).

Association of PK measures with urinary AKI biomarkers and renal histopathology. Exposure
parameters were assessed for relationships with urinary biomarkers as well as composite histopatholog-
ical damage using Stata (version 14.0) software. PK/TD exposure-response relationships were evaluated
using rs. In addition, each biomarker was assessed for relationships with the composite histopathological
score using Spearman’s rank correlation coefficient. Hill-type functions were fit to the most explanatory
biomarker and exposure metric data using the 4-parameter sigmoidal nonlinear regression function in
GraphPad Prism (version 7.02) software (GraphPad Software Inc., La Jolla, CA).

Statistical analysis for between-treatment-group comparisons. Urine output, renal histopathol-
ogy scores, body weight loss, and PK exposure measures were compared across the vancomycin total
daily dose and dosing frequency groups. Log transformations were employed as needed to create
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parametric distributions. Differences were evaluated using either Student’s t test or the Wilcoxon rank
sum test, as appropriate. Regressions on biomarkers were completed with categories treated as the
dependent variable and control animals set as the referent category. All tests were two-tailed, with an
a priori level of statistical significance set at an alpha value of 0.05.
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