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Abstract:

Introduction: Vancomycin and piperacillin tazobactam (VAN+TZP) are two of the most
commonly utilized antibiotics in the hospital setting and are reported in clinical studies to
increase acute kidney injury (AKI). However, no clinical study has demonstrated that synergistic
toxicity occurs, only that serum creatinine (SCr) increases with VAN+TZP. The purpose of this
study was to assess biologic plausibility by quantifying kidney injury between VAN, TZP, and
VAN+TZP treatments using a translational rat model of AKI and rat kidney epithelial cell studies.
Methods: (i) Male Sprague-Dawley rats (n=32) received either saline, VAN 150 mg/kg/day
intravenously, TZP 1400 mg/kg/day via intraperitoneal injection, or VAN+TZP. Animals were
placed in metabolic cages pre-study and on drug dosing days 1-3. Urinary biomarkers and
histopathology were analyzed. (ii) Cellular injury of VAN+TZP was assessed in serum-deprived
rat kidney cells (NRK-52E) using an alamarBlue® viability assay. Cells were incubated with
antibiotics VAN, TZP, cefepime, and gentamicin alone or combined with the same drugs plus
VAN 1 mg/mL.

Results: In the VAN-treated rats, urinary KIM-1 and clusterin were increased on days 1, 2, and 3
compared to controls (P<0.001). Elevations were seen only after 3 days of treatment with
VAN+TZP (P<0.001 KIM-1, P<0.05 clusterin). Histopathology was only elevated in the VAN
group when compared to TZP as a control (P=0.04). Results were consistent across biomarkers
and histopathology suggesting that adding TZP did not worsen VAN induced AKI and may even
be protective. In NRK-52E cells, VAN alone caused moderate cell death with high doses (ICso
48.76 mg/mL). TZP alone did not cause cellular death under the same conditions. VAN+TZP
was not different from VAN alone in NRK-52E cells (P>0.2).

Conclusions: VAN+TZP does not cause more kidney injury than VAN alone in a rat model of

VIKI or in rat kidney epithelial cells.
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Introduction

Vancomycin (VAN) and piperacillin-tazobactam (TZP) are two of the most commonly
utilized antibiotics in hospitalized patients (after the class of fluoroquinolones) (1-6). Meta-
analyses (7-11) compiling over 25,000 patients suggest that VAN+TZP increases AKI by an
absolute of 9% when considered against VAN + relevant comparators with mean odds ratios
ranging from 1.6-3.6 fold higher risk (2-6). This suggested synergistic toxicity is very
concerning as experts now recommend avoiding VAN+TZP (12, 13) even though VAN+TZP is a
cornerstone of antibiotic therapy in numerous national guidelines. As concerning, relatively few
safe alternatives for TZP exist for septic patients. For example, cefepime is associated with
dose-dependent neurotoxicity (14-16), fluoroquinolones have numerous black box warnings
(17), carbapenems promote broad antibiotic resistance (18), and aminoglycosides are
associated with worse AKI (19, 20). Thus, defining the AKI profile for VAN+TZP is imperative
as even moderate AKI increases mortality (21-23) and prolongs hospitalization (21, 22, 24).

Despite recommendations to avoid VAN +TZP, biologic plausibility of the increased renal
damage has not been established. All studies that have documented an increased risk of AKI
with VAN + TZP have solely relied on SCr as a surrogate of renal injury. SCr is neither highly
sensitive nor specific for AKI, and a false positive is potential explanation (25). While SCr is
easily measured, it is non-specific for kidney injury because transit is defined by secretion and
re-absorption (in addition to free filtration) (25). Thus, SCr can be falsely elevated even when
the kidney is not injured because of drug competition for renal tubular secretion (26). Unlike
VAN, which causes AKI by inducing oxidative stress at the renal proximal tubule, resulting in
uromodulin interaction/cast formation (27) and ATN (28), TZP very rarely causes AKI (28, 29).
To date, only AIN has been cited with TZP in a few case reports. Given that an absolute
increase of AKI with VAN+TZP is very high (i.e. 9% absolute increase based on SCr) (10), it is

extremely unlikely that the rare AIN is the driver of toxicity. Furthermore, no clinical study has
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demonstrated synergistic toxicity occurs because of these mechanisms, only that SCr increases
with VAN+TZP.

While serum creatinine (SCr) increases do not always indicate kidney injury, novel
urinary biomarkers may be more sensitive and specific for AKI. Additionally, the rat is an
excellent model since novel biomarkers and SCr transit properties are conserved between rats
and humans (30, 31) in ATN. Further validating the rat-human translational link, urinary
biomarkers (e.g. KIM-1 and Clusterin) are qualified for rat (32) and human drug trials (33) by the
FDA (i.e. for drug induced AKI). We have previously demonstrated that urinary kidney injury
molecule-1 (KIM-1) and osteopontin predict histopathologic damage in a rat model for VIKI (34,
35). The purpose of this study was to assess bhiologic plausibility by quantifying kidney injury
between VAN, TZP and VAN+TZP treatments using cell studies and a translational rat model of

AKI.
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100 Results

101 Rat model.

102 In all, 32 rats completed the protocol (Figure 1a, 1b). The constant variance assumption
103  was not upheld for repeated measures ANOVA for KIM-1, clusterin, or osteopontin (P<0.001 for
104  all). Therefore, the mixed model was utilized. Urinary KIM-1 and clusterin differed between the
105 treatment groups as a function of time, whereas osteopontin did not (Table 1a,1b). Changes in
106  these biomarkers over time for each treatment group are graphically displayed in Figure 1c — 1f.
107  In the VAN group, urinary KIM-1 and clusterin were increased on days 1, 2, and 3 when

108 compared to saline (P<0.001 for all Table 1). For VAN+TZP vs. saline, KIM-1 and clusterin

109 elevations were seen only after 3 days of treatment (P<0.001 and p=0.04, respectively);

110  however, both were elevated at day 3 compared to baseline values (P<0.001). Similar findings
111  were obtained with the LOESS model and non-overlapping confidence intervals (Figure 1f).

112  Osteopontin did not increase between treatment groups or treatment days (Figure 1e, P>0.05
113 for all).

114 Ordinal histopathological scores were increased after treatment with VAN, TZP, and

115  VAN+TZP compared to the controls (Figure 2a). Control animals that received normal saline
116  displayed normal kidney tissue histology (Figure 2b). When TZP was used as the referent

117  group, histopathological scores were significantly elevated in the VAN-treated group (score

118  2.16, P=0.044), significantly lower in the saline group (score -2.8, P=0.02), and not different in
119 the VAN+TZP group (score 0.29, P=0.76). In the model to predict histopathologic score =2, the
120  saline group accurately classified the absence of injury (Table 2). Treatment with VAN was

121  associated with a borderline increased risk of injury (odds ratio 11.67, p=0.058). On the other
122 hand, VAN+TZP treatment was not associated with injury (odds ratio 1.11, P=0.91). The

123 presence of casts was observed in all groups, but the incidence of casts was most prevalent in
124 VAN, either alone or in combination with TZP. A representative cast is visualized in a stained

125  kidney section from a TZP treated rat (Figure 2c). More casts were observed among VAN (8
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126  casts) and VAN+TZP (9 casts) treated groups compared to either saline (2 casts) or TZP (4
127  casts) treated groups. Tubular dilatation and tubular basophilia were observed in all treatment
128  groups but absent in controls. Notably, tubular basophilia and tubular dilatation were evident in
129  every single kidney section in the VAN group (n=8/8, Figure 2d). However, these findings were
130 less common among the TZP and VAN+TZP treated groups (n=2 and 4/8 and n=2 and 4/10,
131  respectively), suggesting possible nephron-protection. Tubular degeneration was observed only
132 among VAN and VAN+TZP treated groups but not in control and TZP groups. Tubular

133  degeneration was more pronounced in rats treated with VAN alone (Figure 2c) compared to the
134  VAN+TZP-treated group (Figure 2e).

135

136 NRK-52E cell experiments

137 The results of the cellular studies using serum-deprived normal rat kidney NRK-52E

138  epithelial cells are displayed in Figure 3. Treatment with VAN alone produced cell death with an
139  ICspvalue of 48.76 mg/mL (Figure 3a and 3b). When cells were treated with TZP and cefepime
140 in the absence of VAN, cellular death was not observed (Figure 3a). When VAN was combined
141  with fixed concentrations of TZP or cefepime, the degree of cellular death was not different

142  compared to treatment with VAN alone (Figure 3b, P>0.2). As opposed to VAN treatment,

143  gentamicin produced significant cellular death, producing an ICsgvalue of 11.29 mg/mL.

144  However, when gentamicin was combined with VAN, the ICs of 6.98 mg/mL did not differ

145  compared to gentamicin alone (P>0.2).

146

147
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148  Discussion

149 While a growing number of clinical studies have reported that VAN+TZP is associated
150  with increased rates of AKI as measured by SCr, we demonstrated that VIKI from VAN+TZP is
151  not worse than VAN alone utilizing a translational rat model and a cellular model. In fact, our rat
152  data suggest that TZP may be initially protective against VIKI. The rat data were consistent
153  among relevant urinary biomarkers (i.e. KIM-1 and clusterin) and histopathology. VAN resulted
154  in earlier damage at day 1 compared to VAN+TZP, TZP, or saline. By day 3 for urinary KIM-1
155  and clusterin, VAN+TZP was similar to VAN alone and elevated compared to TZP alone and
156  saline. On day 3 for histopathology, we observed casts in all rat drug groups, but more casts
157  were seen in the VAN and VAN+TZP groups. Categorical histopathology scores indicated VAN
158  was worse than VAN+TZP and other comparators. The NRK-52E cell line (Figure 3b) findings
159 also demonstrated that VAN+TZP is not worse than VAN alone. Together, these data question
160  the biologic plausibility of VAN+TZP resulting in increased kidney toxicity. To the best of our
161  knowledge, this is the first study investigating the effect of VAN+TZP on kidney injury using

162 translational models focused on histopathology and biomarkers capable of discerning direct
163  toxicity (as opposed to SCr as a surrogate).

164 Our experimental animal data are consistent with a previous study that demonstrated
165  VIKI in mice but did not identify an increased signal with TZP when using plasma urea as a

166  surrogate for AKI (36). Notably, authors used a VAN 25 mg/day IP for 2 days [which equates to
167  roughly 1000 mg/kg/day or a human allometric scaled dose of ~80 mg/kg/day (37)] and

168  observed ATN with granular material in the tubular lumen and cast formation. Human VAN

169 doses are ~60 mg/kg/day even at the upper end of the dosing range (38). This investigation
170  also employed a very low dose of TZP at 100 mg/kg/day IP for 2 days [which is equivalent to 8.2
171  mg/kg/day human dose (37)]. A standard human dose for a 70 kg patient is ~ 190 mg/kg/day
172 (39). Thus, it was possible that the very high VAN dose and the very low dose of TZP was the

173  reason for not observing increased toxicity with VAN+TZP. In the present study, we
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174  allometrically scaled VAN and TZP to the human dose and did not observe an increase in

175  nephrotoxicity with VAN+TZP (when compared to VAN alone). The results were consistent

176  across the biomarkers and histopathology demonstrating that adding TZP did not worsen VIKI
177  and many even be protective.

178 We demonstrated that VAN resulted in cell death that fell between positive (i.e.

179  gentamicin) and negative (i.e. cefepime) controls in NRK-52E cells (i.e. rat renal proximal tubule
180 cells). The addition of TZP to VAN did not affect cell death. Similar results were obtained using
181  other cell lines (i.e. HEK-293 and MDCK.2) under different culture conditions (data not shown).
182  Notably, the ICso of VAN from our study is higher than that reported by other groups in kidney
183  cell lines (40-42), but we used clinical grade VAN in our cell studies. The pH of the final solution
184  from clinical grade VAN should be less toxic to cells (43). This removes a variable that could
185 cause cellular death by means other than drug toxicity. Regardless, we did obtain a dose-

186  response-toxicity curve with VAN alone.

187 Mechanistically, it is well established that VIKI is caused by 1) oxidative stress (28) and
188  uromodulin interaction/cast formation (27) leading to acute tubular necrosis (ATN) (44, 45) and
189  2) rarely acute interstitial nephritis (AIN) (28). Piperacillin can rarely cause AIN (29). However,
190 no clinical study has studied or demonstrated that synergistic toxicity occurs because of these
191  mechanisms, only that SCr increases. It is notable that TZP on its own is not generally a

192  nephrotoxin (outside of rare cases on AIN). Prospective randomized controlled trial data further
193  support that TZP alone is not overtly damaging to the kidney. For instance, when TZP was

194  compared to meropenem-vaborbactam in 545 patients with urinary tract infections, TZP was
195 reported in adverse events to increase SCr a rate of 0.4% vs. 0% in meropenem-vaborbactam
196  (46). In a separate large trial of 391 patients comparing TZP vs. meropenem for resistant

197  Gram-negative bloodstream infections, TZP only resulted in n=1 non-fatal serious adverse

198  event with increased creatinine vs. n=0 for meropenem (47). At least some large retrospective

199  studies have also failed to find differences in AKI rates (with SCr as a surrogate) (48, 49).
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200  Given our findings and those others, the most likely explanation for the reported increase in AKI
201  with VAN+TZP is a false-positive from an imperfect surrogate of kidney injury, i.e. serum

202  creatinine.

203 Clinical studies generally utilize either the RIFLE or the AKIN definitions to classify acute
204  kidney injury according to SCr (50). SCr is easily measured; though, it is non-specific for kidney
205 injury because transit is defined by secretion and re-absorption (in addition to free filtration) (25).
206  However, in retrospective studies, SCr is often the only reliable variable available to assess a
207  patient’s kidney function. It is possible that competition for secretion or re-absorption can affect
208  SCrin VAN+TZP while kidney function (as measured by glomerular filtration rate) remains

209 unaffected (51) as has been previously suggested (52). A common example is with

210 sulfamethoxazole-trimethoprim, where SCr can be falsely elevated because of xenaobiotic

211  competition for renal tubular secretion (26).

212 We hypothesize that VAN and TZP may be synergistically competing for creatinine. Both
213 piperacillin and tazobactam are substrates for multiple anion transporters (e.g. OAT1 and 3) (53,
214  54), and anion transporters have been shown to mediate creatinine transit (55, 56) in addition to
215  the more commonly cited pathways such as cation and multidrug and toxin extrusion

216  transporters (e.g. OCT and MATE). Thus, it is possible that basolateral membrane OAT pumps
217  are inhibiting the secretion of creatinine and falsely increasing serum creatinine clinically,

218  though more work is needed to confirm this hypothesis. Further support of this hypothesis is
219  found among patients where antibiotic therapy is discontinued and renal function is re-

220 evaluated. Some serially obtained clinical data support that a false positive SCr elevation may
221  occur with TZP. Jensen et al. found that among critically ill patients who experienced AKI and
222 had antibiotics stopped, those who had received TZP recovered their GFR as calculated by SCr
223 (2.7mL/min/1.73m? per day, P<0.0001) more quickly (57). On the other hand, no GFR recovery
224  was observed among those who had received meropenem (p=0.63) or cefuroxime (p=0.96)

225  (57).
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226 Novel biomarkers (e.g. KIM-1 and clusterin) are qualified for use in preclinical animal
227  (32) and clinical human (33) studies by the FDA to assess for drug induced AKI. These

228  biomarkers are also qualified by the European Medicines Agency (EMA) and the Japanese

229  Pharmaceuticals and Medical Devices Agency (PMDA) for pre-clinical rodent studies (58). The
230 urinary biomarker data from this study are especially interesting since: 1) KIM-1 and clusterin
231  were recently demonstrated as the most sensitive biomarkers for predicting VIKI defined by
232 histopathology (Antimicrob Agents Chemo manuscript invited revision), and 2) multiple samples
233 over time facilitate temporal investigation of toxicity after renal insult. Both of these urinary

234 biomarkers are reasonably specific for tubular toxicity, the location of VIKI (34). KIM-1 is highly
235  sensitive and specific for proximal tubule damage, the locale of VIKI (34). KIM-1 is highly

236  conserved between rats and humans, thus the predictive capacity of rat KIM-1 for VIKI is highly
237  compelling as a pre-clinical model. A human homolog, KIM-1b, is structurally similar except for
238  the cytoplasmic domain (59). Clusterin is present in kidney tubules, is anti-apoptotic, and

239  confers cell protection (60). Since it is not filtered through the glomeruli, elevation should

240  indicate tubular damage (60).

241 Several limitations exist in these data. These data are from a translational rat model, but
242  urinary biomarker and histopathological data from the rat is a well-accepted surrogate for

243 human pathobiology. By employing multiple biomarkers and histopathology, we assessed for
244 the multiple possible manifestations of VIKI. This study was able to circumvent many of the
245  limitations of current clinical data by nature of being prospective and experimental. Obtaining
246  serial urine over time further strengthens the understanding of the time course of toxicology.
247  Histopathology was elevated for all 3 groups when compared to saline; however, when

248  compared to PT, only vancomycin was elevated. This may reflect the inherent subjectivity of
249  histopathologic assessment as the control group was identified to the pathologist (per standard
250  practice (61)); however, the pathologist was blinded to treatments received. Thus, urinary

251  biomarkers may be a more unbiased assessment of AKI. We are currently limited in that that
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252 creatinine values have not yet been analyzed. Creatinine will be assayed from plasma and urine
253  in future studies. Additionally, we have not yet conducted drug assays for VAN or TZP, though
254  these experiments are planned. Finally, while we saw signal for KIM-1 and clusterin in our

255  study, osteopontin did not differ, but it is also not the best biomarker for VIKI (Antimicrob Agents
256  Chemo, manuscript invited revision) and it is not specific for proximal tubule necrosis (62).

257  Finally, we constructed multiple models for our kidney biomarker data. While the constant

258  variance was violated in our repeated measures ANOVA, our mixed model analyses and our
259  LOESS regressions resulted in similar interpretations. VAN resulted in higher KIM-1 and

260  clusterin on days 1 and 2, and VAN+PTZP was not different from VAN by day 3. All models

261  agreed that VAN+PT was not worse and TZP may be protective in initial days.

262

263  Conclusion

264 VAN+TZP does not cause more kidney injury than VAN alone as evidenced by a

265 translational rat model measuring urinary biomarkers and histopathology. Cellular studies

266  similarly supported that toxicity was not increased by TZP. Novel urinary biomarkers may aid in

267  determining whether higher rates of kidney injury with VAN+TZP are realized in clinical studies.
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268  Materials and Methods

269  Chemicals and reagents

270 Treatments were clinical grade VAN (Lot#: AO00005425, Hospira, Lake Forrest, IL), TZP
271 (Lot#: 7P21TQ, WG Critical Care, LLC, Paramus, NJ and Apotex Corporation, Weston, FL),

272 cefepime (Apotex Corporation, Weston, FL), and gentamicin sulfate USP (Medisca, Plattsburgh,
273 NY) or normal saline (Veterinary 0.9% Sodium Chloride Injection USP, Abbott Laboratories,

274  North Chicago, IL). Other materials were similar to our previous reports (34, 35).

275

276  Experimental design and animals

277 The animal toxicology study was conducted at Midwestern University in Downers Grove,
278 IL. The study protocol was approved by the Institutional Animal Care and Use Committee

279  (IACUC; Protocol #2295) and conducted in compliance with the National Research Council’s
280  publication, the Guide for the Care and Use of Laboratory Animals, 8" edition (63).

281 Male Sprague-Dawley rats (290 - 320 g, Envigo, Indianapolis, IN) were randomized to
282  receive VAN 150 mg/kg/day (n=8), TZP 1400 mg/kg/day (n=8), and VAN + TZP at the same
283  doses (n=10) or normal saline (n=6). Surgeries and surgical care were carried out as previously
284  described (35). The VAN 150mg/kg/day dose was chosen based on previous studies (34, 64,
285  65) and to approximate the human dose (30 mg/kg/day) allometrically scaled for the rat (i.e. 30
286  mg/kg * 6.2 (rat factor) = 186 mg/kg) (66). The TZP 1400 mg/kg/day was chosen to approximate
287  the human dose (225 mg/kg/day) allometrically scaled for the rat (i.e. 225 mg/kg * 6.2 (rat

288  factor) = 1395 mg/kg). VAN was given IV via the left jugular catheter as this has been shown to
289  result in VIKI in our model, and TZP was given IP to extend residence time. Animals were

290 placed in metabolic cages on day -1 and from day 1 through day 3 (Figure 2a). Rats received
291 the first dose of study drug on day 1. In addition to saline as a control, animals served as their
292  own controls, comparing each study day to pre-therapy (i.e. day -1). Rats were housed in a

293  light and temperature-controlled room for the duration of the study and allowed free access to
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294  water and food, including the time in which they resided in metabolic cages (Lab Products Inc.,
295 catalogue # 40618-R, Seaford, Delaware).

296

297  Blood and urine collection

298 Blood samples (0.125 mL) were drawn from a single right-sided internal jugular vein

299  catheter in a sedation-free manner when possible and were prepared as plasma (34, 35).

300 Blood samples were collected over days 1 through 3 with a maximum of 15 samples per animal
301 and plasma stored at -80°C for later analysis (Figure 2a). Urine was collected continuously and
302 aliquoted every 24 hours while the animals resided in the metabolic cages (i.e. 24-hour

303 residence). Urine was centrifuged at 400 x g for 5 minutes, and supernatant was stored at -80°C
304  until batch analysis.

305

306  Determination of urinary biomarkers of AKI

307 Urine samples were analyzed in batch to determine 24-hour concentrations of KIM-1,
308 clusterin, OPN based on standards of known concentrations. Microsphere-based Luminex X-
309 MAP technology was used for the determination of all biomarker concentrations, as previously
310 described (67, 68). Urine samples were aliquoted into 96-well plates supplied with MILLIPLEX®
311  MAP Rat Kidney Toxicity Magnetic Bead Panel 1 (EMD Millipore Corporation, Charles, MO),
312  and analyzed according to the manufacturer’s protocol. MILLIPLEX® Analyst v5.1 Flex

313  software (EMD Millipore Corporation, Charles, MO) was used to calculate standard curves and
314  analyte concentrations.

315

316  Histopathological evaluation

317 Animals were euthanized via exsanguination through the right atrium while under

318 anesthesia with ketamine/xylazine (100/10 mg/kg, by intraperitoneal injection). Kidneys were

319 then harvested, washed in cold isotonic saline. The left kidney was preserved in 10% formalin
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320  solution, and the right kidney was flash frozen in liquid nitrogen for later analysis.

321  Histopathological scoring was performed by IDEXX BioAnalytics (West Sacramento, CA) on
322  paraffin-embedded hematoxylin and eosin-stained kidney sections as previously described (35).
323  In brief the PSTC Standardized Kidney Histopathology Lexicon was utilized with categorical

324  scoring according to grades from 0 to 5 (where the grades for pathological lesions were 0 for no
325  observable pathology, 1 for minimal pathology, 2 for mild pathology, 3 for moderate pathology, 4
326 for marked pathology, and 5 for severe pathology) (65, 69-73). The composite score for an

327 individual animal was calculated as the highest ordinal score from any kidney site (73).

328

329  Cell culture

330 Normal rat kidney epithelial cells (NRK-52E, ATCC® CRL1571™) (74) were cultured in

331 Dulbecco’s Modified Eagle’s Medium (DMEM, GenClone, Genesee Scientific) with 5% bovine
332 calf serum in 5% CO2 at 37°C. Penicillin and streptomycin were not included the medium. Cells
333  were either sub-cultured or received fresh growth medium 2-3 times per week. For the cell

334  viability experiment, cells were used between passages 14 to 30.

335

336  Cell viability

337 NRK-52E cells were plated in 96-well half-volume black plates in DMEM. The next day
338 the media was changed to 10 mM Hepes buffered Hank’s Balanced Salt Solution (HHBS) in the
339  absence of serum. Drugs were dissolved in normal saline and added to the cells. Cefepime was
340 anegative control and gentamicin, a known nephrotoxin (75), a positive control. After 24 h

341  incubation with antibiotics at 37°C, 5% CO,, cell viability was assessed using alamarBlue® (5
342 pl/well, Invitrogen). Cells remained in the same drug-HHBS solution until the end of the

343  experiment. Plates were read at 48 h (24 h after the addition of alamarBlue®) using an Enspire
344  Multimode Plate reader (Perkin Elmer) with ExX530/Em590 filters. Results were analyzed by

345 normalizing the cell metabolism of antibiotic-treated cells to saline controls and expressed as
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346 relative fluorescence units (RFU). Drug concentrations were transformed to log base 10.

347  Sigmoidal three-parameter dose response curves were generated after 48 h incubation with
348  antibiotics alone or combined with VAN at a concentration below its ICsq (i.e. with VAN 1

349 mg/mL). The relative toxicity was compared using ICso values i.e., the drug concentration

350 resulting in 50% of maximal reduction in cell viability, obtained using GraphPad Prism version
351  7.02 (GraphPad Software Inc., La Jolla, CA).

352

353  Statistical analysis

354 For the rat studies, most statistical analyses were performed using Stata IC 15.1 (except
355  where specifically noted). Decisions to perform analyses with repeated measured ANOVA or
356  mixed models were based on the Breusch-Pagan / Cook-Weisberg test for heteroscedasticity
357 onthe ANOVA model. Departure from constant variance at a P<0.05 served as a trigger to use
358 amixed model. Urinary biomarker elevations were compared across treatment groups using a
359 mixed-effects, restricted maximal likelihood estimation regression, with repeated measures

360  occurring over days as a function of individual rat identification number. Additionally, LOESS
361  models with 95% confidence intervals were created using R version 3.5.1 (76) and the package
362  ggplot2 (77) to circumvent fit assumptions. Mild horizontal perturbation/jitter was applied to the
363  points to enhance visualization. From the mixed model, contrasts of the marginal linear

364  predictions (78) facilitated comparisons of treatment groups vs. controls of saline and pre-

365 treatment values (i.e. day -1). Ordinal logistic regression was used to classify the ordered log-
366  odds of being in a higher histopathologic scoring group according to treatment group. Logistic
367  regression was utilized to determine the odds of having a histopathologic score 22 when

368 treatment groups were compared to saline or TZP. All tests were two-tailed, with an a priori
369 level of statistical significance set at an alpha of 0.05.

370 For the in vivo studies, graphics were generated and inferential statistics were performed

371  in GraphPad Prism version 7.02 (GraphPad Software Inc., La Jolla, CA) and R 3.4.4. Mean and
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372  SD were calculated for triplicate wells. Comparison of ICso values across treatment groups was
373  facilitated by constraining a shared bottom value between 0 and 0.3 and a top of 1 for all
374  groups. The extra sum of squares F-test was utilized to compare independent fits with a global

375  fit whereby a conservative alpha level > 0.2 defined 1Cso values that did not differ.
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376  Figure Legend

377  Figure 1. (a) Flow chart of animal dosing. (b) Timeline of the experiments. (c) Urinary KIM-1, and (d) urinary clusterin (e) urinary
378  Osteopontin levels in saline (n=6), TZP (n=8), VAN (n=8) and VAN +TZP (n=10) - treated animals. Values are expressed as mean +
379  SD; *p<0.001 vs saline#p<0.05 vs saline, (f) Predictive margins with 95% CI of KIM-1 over 3 experimental days according to

380 treatment group KIM-1 = kidney injury molecule-1, Cl = confidence interval.
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Figure 1 c-e
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387 FigurelF

KIM-1 over 3 experimental days according to treatment group
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389
390
391
392
393
394

Figure 2. (a) Quantitative analysis of histopathology score in kidney tissues of rats. Values are expressed as mean + SD; *p<0.044
vs saline. Representative photomicrographs of H&E stained rat kidney sections. (b) Normal histology of kidney tissue in control rats
administered normal saline, (c) tubular casts (arrow head, x100) in cortex of rats treated with TZP1400 mg/kg i.p. once daily for 3
days, (d) tubular dilatation, tubular degeneration (arrow heads) and tubular basophilia (asterisk, x100) in cortex of rats treated with
VAN 150 mg/kg i.v. once daily for 3 days, and (e) tubular dilatation, tubular degeneration (arrow heads, x100) in cortex of rats treated
with VAN+TZP once daily for 3 days.
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1.5

396  Figure 3. Serum-deprived normal rat kidney NRK-52E epithelial cell viability after treatment with vancomycin (VAN), piperacillin-
397 tazobactam (TZP), cefepime (FEP) and gentamicin (GEN) alone (a) or in combination with 1 mg/mL VAN (b) for 48 h using
398 alamarBlue® assay. The results presented have been obtained from a single experiment in triplicate but are representative of
399  experiments conducted under different conditions. Values are expressed as mean = SD; RFU = relative fluorescence units
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404
405
406
407

408

409
410

411

Tables

Table 1. Contrasts of Marginal Linear Predictions from a Mixed-Effects, Restricted Maximal Likelihood Estimation Regression of
Vancomycin (VAN), Piperacillin-tazobactam (TZP), and VAN+TZP on Urinary Biomarkers. Results presented are interactions of drug

and day compared to baseline of saline control (Table 1a) and pre-therapy values at day= -1 (Table 1b)

Table 1a
KIM-1 Clusterin Osteopontin

Drug comparison, Day |Contrast |P-value [Lower 95% Cl |Upper 95% Cl [Contrast |P-value |Lower 95% Cl |[Upper 95% Cl |Contrast |P-value |[Lower 95% CI [Upper 95% ClI
TZP vs Saline, -1 0.020 | 0.987 -2.301 2.341 27.012 | 0.897 -381.849 435.873 0.051 | 0.172 -0.022 0.125
TZP vs Saline, 1 -0.294 | 0.804 -2.615 2.027 -201.102 | 0.335 -609.963 207.759 0.005 | 0.903 -0.069 0.078
TZP vs Saline, 2 0.028 | 0.981 -2.293 2.349 -128.696 | 0.537 -537.557 280.165 0.003 | 0.938 -0.071 0.076
TZP vs Saline, 3 -0.013 | 0.991 -2.334 2.308 -183.387( 0.379 -592.248 225.474 0.038 | 0.318 -0.036 0.111
VAN vs Saline, -1 -0.103 | 0.931 -2.424 2.219 -24.470 | 0.907 -433.331 384.391 0.019 | 0.617 -0.055 0.092
VAN vs Saline, 1 7.100 | <0.001 4.779 9.421 1054.483| <0.001 645.622 1463.344 0.037 | 0.323 -0.036 0.111
VAN vs Saline, 2 9.260 | <0.001 6.939 11.581 1300.684| <0.001 891.823 1709.545 -0.018 | 0.625 -0.092 0.055
VAN vs Saline, 3 8.855 | <0.001 6.534 11.176 1218.917| <0.001 810.056 1627.778 -0.001 | 0.973 -0.075 0.072
VAN+TZP vs Saline, -1 | 0.040 | 0.972 -2.179 2.259 -18.003 | 0.928 -408.949 372.943 0.028 | 0.435 -0.042 0.098
VAN+TZP vs Saline, 1 | 0.393 | 0.729 -1.826 2.612 -158.052 0.428 -548.998 232.894 0.012 | 0.731 -0.058 0.083
VAN+TZP vs Saline, 2 1.266 | 0.264 -0.954 3.485 -62.476 | 0.754 -453.422 328.470 -0.042 | 0.238 -0.113 0.028
VAN+TZP vs Saline, 3 | 6.160 | <0.001 3.940 8.379 402.822 | 0.043 11.876 793.768 -0.050 | 0.163 -0.120 0.020
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412

413
414

Table 1b

KIM-1 Clusterin Osteopontin
Day Comparison, Drug | Contrast | P-value | Lower 95% Cl | Upper 95% Cl | Contrast|P-value | Lower 95% CI | Upper 95% Cl | Contrast | P-value | Lower 95% Cl | Upper 95% CI
(1vs. -1) Saline 0.005 | 0.997 -2.232 2.242 272.385 | 0.206 -150.103 694.873 -0.013 | 0.698 -0.081 0.054
(1vs.-1) PT -0.309 | 0.755 -2.246 1.629 44.271 | 0.813 -321.614 410.157 -0.060 | 0.044 -0.118 -0.002
(1vs.-1)V 7.208 | <0.001 5.270 9.145 1351.339| <0.001 985.453 1717.224 0.005 | 0.866 -0.053 0.063
(1vs.-1) V+PT 0.358 | 0.686 -1.375 2.091 132.336 | 0.428 -194.922 459.594 -0.029 | 0.275 -0.081 0.023
(2 vs. -1) Saline -0.182 | 0.874 -2.419 2.056 219.802 | 0.308 -202.687 642.290 0.053 | 0.120 -0.014 0.121
(2vs.-1) PT -0.174 | 0.860 -2.111 1.764 64.094 | 0.731 -301.792 429.979 0.005 | 0.866 -0.053 0.063
(2vs.-1) V 9.181 | <0.001 7.244 11.119 1544.956| <0.001 1179.071 1910.842 0.016 | 0.585 -0.042 0.075
(2vs. -1) V+PT 1.044 | 0.238 -0.689 2.777 175.328 | 0.294 -151.930 502.586 -0.017 | 0.523 -0.069 0.035
(3 vs. -1) Saline -0.102 | 0.929 -2.339 2.136 237.247 | 0.271 -185.242 659.735 0.065 | 0.058 -0.002 0.132
(3vs.-1) PT -0.135 | 0.891 -2.073 1.803 26.847 | 0.886 -339.038 392.733 0.051 | 0.085 -0.007 0.110
(3vs.-1) V 8.856 | <0.001 6.919 10.794 1480.634| <0.001 1114.748 1846.519 0.045 | 0.130 -0.013 0.103
(3vs.-1) V+PT 6.018 | <0.001 4.285 7.751 658.071 | <0.001 330.813 985.329 -0.013 | 0.625 -0.065 0.039
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415 Table 2. Ordered Logistic regression on Day 3 Histopathology score when comparing to either Saline or TZP

416
Coefficient | P-Value | Lower 95% CI | Upper 95% CI
Groups compared to Saline
TZP 2.834 0.020 0.438 5.230
VAN 4.993 <0.001 2.287 7.699
VAN+TZP 3.123 0.010 0.753 5.494
Groups compared to TZP
Saline -2.834 0.020 -5.230 -0.438
VAN 2.159 0.044 0.061 4.257
VAN+TZP 0.290 0.755 -1.526 2.105
417
418

25|Page


https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

419 References

420

421 1. Kelesidis T, Braykov N, Uslan DZ, Morgan DJ, Gandra S, Johannsson B, Schweizer ML,
422 Weisenberg SA, Young H, Cantey J, Perencevich E, Septimus E, Srinivasan A,

423 Laxminarayan R. 2016. Indications and Types of Antibiotic Agents Used in 6 Acute Care
424 Hospitals, 2009-2010: A Pragmatic Retrospective Observational Study. Infect Control
425 Hosp Epidemiol 37:70-9.

426 2. Freifeld AG, Bow EJ, Sepkowitz KA, Boeckh MJ, Ito JI, Mullen CA, Raad I, Rolston KV,
427 Young J-AH, Wingard JR. 2011. Clinical Practice Guideline for the Use of Antimicrobial
428 Agents in Neutropenic Patients with Cancer: 2010 Update by the Infectious Diseases
429 Society of America. Clin Infect Dis 52:e56-e93.

430 3. Solomkin JS, Dellinger EP, Eachempati SR, Gorbach S, May AK, Sawyer RG, Bartlett
431 JG, Chow AW, Nathens AB, Mazuski JE, Bradley JS, Hilfiker M, Goldstein EJC, Baron
432 EJ, Rodvold KA, O'Neill PJ. 2010. Diagnosis and Management of Complicated Intra-
433 abdominal Infection in Adults and Children: Guidelines by the Surgical Infection Society
434 and the Infectious Diseases Society of America. Clin Infect Dis 50:133-164.

435 4. Kalil AC, Bartlett JG, Carratala J, El Solh AA, Ewig S, Fey PD, File TM, Jr, Restrepo MI,
436 Roberts JA, Waterer GW, Metersky ML, Cruse P, Knight SL, Brozek JL, Klompas M,
437 Muscedere J, Sweeney DA, Palmer LB, Napolitano LM, O'Grady NP. 2016.

438 Management of Adults With Hospital-acquired and Ventilator-associated Pneumonia:
439 2016 Clinical Practice Guidelines by the Infectious Diseases Society of America and the
440 American Thoracic Society. Clin Infect Dis 63:e61-e111.

441 5. Liu C, Chambers HF, Kaplan SL, Karchmer AW, Levine DP, Rybak MJ, Murray BE,

442 Bayer A, Talan DA, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ. 2011. Clinical

443 Practice Guidelines by the Infectious Diseases Society of America for the Treatment of
444 Methicillin-Resistant Staphylococcus aureus Infections in Adults and Children. Clin Infect
445 Dis 52:e18-e55.

446 6. Taplitz RA, Kennedy EB, Bow EJ, Crews J, Gleason C, Hawley DK, Langston AA,

447 Nastoupil LJ, Rajotte M, Rolston K, Strasfeld L, Flowers CR. 2018. Outpatient

448 Management of Fever and Neutropenia in Adults Treated for Malignancy: American

449 Society of Clinical Oncology and Infectious Diseases Society of America Clinical

450 Practice Guideline Update. J Clin Oncol 36:1443-1453.

451 7. Chen XY, Xu RX, Zhou X, Liu Y, Hu CY, Xie XF. 2018. Acute kidney injury associated
452 with concomitant vancomycin and piperacillin/ftazobactam administration: a systematic
453 review and meta-analysis. Int Urol Nephrol doi:10.1007/s11255-018-1870-5.

454 8. Giuliano CA, Patel CR, Kale-Pradhan PB. 2016. Is the Combination of Piperacillin-

455 Tazobactam and Vancomycin Associated with Development of Acute Kidney Injury? A
456 Meta-analysis. Pharmacotherapy 36:1217-1228.

457 9. Hammond DA, Smith MN, Li C, Hayes SM, Lusardi K, Bookstaver PB. 2017. Systematic
458 Review and Meta-Analysis of Acute Kidney Injury Associated with Concomitant

459 Vancomycin and Piperacillin/tazobactam. Clin Infect Dis 64:666-674.

460 10. Luther MK, Timbrook TT, Caffrey AR, Dosa D, Lodise TP, LaPlante KL. 2018.

461 Vancomycin Plus Piperacillin-Tazobactam and Acute Kidney Injury in Adults: A

462 Systematic Review and Meta-Analysis. Crit Care Med 46:12-20.

26|Page


https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

463 11. Mellen CK, Ryba JE, Rindone JP. 2017. Does Piperacillin-Tazobactam Increase the

464 Risk of Nephrotoxicity when Used with Vancomycin: A Meta-Analysis of Observational
465 Trials. Curr Drug Saf 12:62-66.

466  12. Beckman EJ. 2017. Piperacillin-Tazobactam Plus Vancomycin Equals Acute Kidney
467 Injury: Does It Add Up? Pediatr Crit Care Med 18:1183-1184.

468  13. Watkins RR, Deresinski S. 2017. Increasing Evidence of the Nephrotoxicity of

469 Piperacillin/Tazobactam and Vancomycin Combination Therapy-What Is the Clinician to
470 Do? Clin Infect Dis 65:2137-2143.

471  14. Huwyler T, Lenggenhager L, Abbas M, Ing Lorenzini K, Hughes S, Huttner B, Karmime
472 A, Uckay I, von Dach E, Lescuyer P, Harbarth S, Huttner A. 2017. Cefepime plasma
473 concentrations and clinical toxicity: a retrospective cohort study. Clin Microbiol Infect
474 23:454-459.

475  15. Rhodes NJ, Kuti JL, Nicolau DP, Neely MN, Nicasio AM, Scheetz MH. 2016. An

476 exploratory analysis of the ability of a cefepime trough concentration greater than 22
477 mg/L to predict neurotoxicity. J Infect Chemother 22:78-83.

478 16. Fugate JE, Kalimullah EA, Hocker SE, Clark SL, Wijdicks EF, Rabinstein AA. 2013.
479 Cefepime neurotoxicity in the intensive care unit: a cause of severe, underappreciated
480 encephalopathy. Crit Care 17:R264.

481  17. Anonymous. FDA warns about increased risk of ruptures or tears in the aorta blood
482 vessel with fluoroquinolone antibiotics in certain patients. US Food and Drug

483 Administration. Safety Warning. 12-20-2018.

484 https://www.fda.gov/Drugs/DrugSafety/ucm628753.htm. accessed 03/01/19.

485  18. McLaughlin M, Advincula MR, Malczynski M, Qi C, Bolon M, Scheetz MH. 2013.

486 Correlations of antibiotic use and carbapenem resistance in enterobacteriaceae.

487 Antimicrob Agents Chemother 57:5131-3.

488  19. Mingeot-Leclercqg MP, Tulkens PM. 1999. Aminoglycosides: nephrotoxicity. Antimicrob
489 Agents Chemother 43:1003-1012.

490 20. Humes HD. 1988. Aminoglycoside nephrotoxicity. Kidney Int 33:900-11.
491  21. Ostermann M, Chang RW. 2007. Acute kidney injury in the intensive care unit according

492 to RIFLE. Crit Care Med 35:1837-43; quiz 1852.

493 22. Bagshaw SM, Lapinsky S, Dial S, Arabi Y, Dodek P, Wood G, Ellis P, Guzman J,

494 Marshall J, Parrillo JE, Skrobik Y, Kumar A, Cooperative Antimicrobial Therapy of Septic
495 Shock Database Research G. 2009. Acute kidney injury in septic shock: clinical

496 outcomes and impact of duration of hypotension prior to initiation of antimicrobial

497 therapy. Intensive Care Med 35:871-81.

498  23. Bagshaw SM, George C, Dinu |, Bellomo R. 2008. A multi-centre evaluation of the

499 RIFLE criteria for early acute kidney injury in critically ill patients. Nephrol Dial Transplant
500 23:1203-10.

501 24, Bagshaw SM, George C, Bellomo R, Committee ADM. 2008. Early acute kidney injury
502 and sepsis: a multicentre evaluation. Crit Care 12:R47.

503  25. Waikar SS, Betensky RA, Emerson SC, Bonventre JV. 2012. Imperfect gold standards
504 for kidney injury biomarker evaluation. Journal of the American Society of Nephrology :
505 JASN 23:13-21.

27|Page


https://www.fda.gov/Drugs/DrugSafety/ucm628753.htm
https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

506  26. Berglund F, Killander J, Pompeius R. 1975. Effect of trimethoprim-sulfamethoxazole on

507 the renal excretion of creatinine in man. J Urol 114:802-8.

508 27. Luque Y, Louis K, Jouanneau C, Placier S, Esteve E, Bazin D, Rondeau E, Letavernier
509 E, Wolfromm A, Gosset C, Boueilh A, Burbach M, Frére P, Verpont M-C,

510 Vandermeersch S, Langui D, Daudon M, Frochot V, Mesnard L. 2017. Vancomycin-

511 Associated Cast Nephropathy. J Am Soc Nephrol 28:1723-1728.

512  28. Bamgbola O. 2016. Review of vancomycin-induced renal toxicity: an update. Ther Adv
513 Endocrinol Metab 7:136-47.

514  29. Soto J, Bosch JM, Alsar Ortiz MJ, Moreno MJ, Gonzalez JD, Diaz JM. 1993. Piperacillin-
515 induced acute interstitial nephritis. Nephron 65:154-5.

516  30. Zager RA. 1987. Exogenous creatinine clearance accurately assesses filtration failure in
517 rat experimental nephropathies. Am J Kidney Dis 10:427-30.

518  31. Darling IM, Morris ME. 1991. Evaluation of "true" creatinine clearance in rats reveals
519 extensive renal secretion. Pharm Res 8:1318-22.

520 32. Peyko V, Smalley S, Cohen H. 2017. Prospective Comparison of Acute Kidney Injury
521 During Treatment With the Combination of Piperacillin-Tazobactam and Vancomycin
522 Versus the Combination of Cefepime or Meropenem and Vancomycin. J Pharm Pract
523 30:209-213.

524  33. Anonymous. US Food and Drug Administration. Critical Path Institute's Predictive Safety
525 Testing Consortium Nephrotoxicity Working Group (CPATH PSTC-NWG), and

526 Foundation for the National Institutes of Health’s Biomarker Consortium Kidney Safety
527 Biomarker Project Team (FNIH BC-KSP). Safety biomarker panel to aid in the detection
528 of kidney tubular injury in phase 1 trials in healthy volunteers. 07/25/18.

529  34. O'Donnell JN, Rhodes NJ, Lodise TP, Prozialeck WC, Miglis CM, Joshi MD, Venkatesan
530 N, Pais G, Cluff C, Lamar PC, Briyal S, Day JZ, Gulati A, Scheetz MH. 2017. 24-Hour
531 Pharmacokinetic Relationships for Vancomycin and Novel Urinary Biomarkers of Acute
532 Kidney Injury. Antimicrob Agents Chemother 61.

533  35. Rhodes NJ, Prozialeck WC, Lodise TP, Venkatesan N, O'Donnell JN, Pais G, Cluff C,
534 Lamar PC, Neely MN, Gulati A, Scheetz MH. 2016. Evaluation of Vancomycin

535 Exposures Associated with Elevations in Novel Urinary Biomarkers of Acute Kidney

536 Injury in Vancomycin-Treated Rats. Antimicrob Agents Chemother 60:5742-51.

537  36. Luque Y, Louis K, Jouanneau C, Placier S, Esteve E, Bazin D, Rondeau E, Letavernier
538 E, Wolfromm A, Gosset C, Boueilh A, Burbach M, Frere P, Verpont MC, Vandermeersch
539 S, Langui D, Daudon M, Frochot V, Mesnard L. 2017. Vancomycin-Associated Cast

540 Nephropathy. J Am Soc Nephrol 28:1723-1728.

541  37. Anonymous. 2005. Guidance for Industry. Estimating the Maximum Safe Starting Dose
542 in Initial Clinical Trials for Therapeutics in Adult Healthy Volunteers. U.S. Department of
543 Health and Human Services. Food and Drug Administration. Center for Drug Evaluation
544 and Research (CDER). .

545 38. Rybak M, Lomaestro B, Rotschafer JC, Moellering R, Jr., Craig W, Billeter M, Dalovisio
546 JR, Levine DP. 2009. Therapeutic monitoring of vancomycin in adult patients: a

547 consensus review of the American Society of Health-System Pharmacists, the Infectious
548 Diseases Society of America, and the Society of Infectious Diseases Pharmacists. Am J
549 Health Syst Pharm 66:82-98.

28|Page


https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

550
551
552

553
554
555

556
557
558

559
560

561

562
563

564
565
566

567
568
569
570
571
572
573

574
575
576
577
578
579
580
581
582
583
584

585
586

587
588
589
590

591
592

593
594

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

aCC-BY-NC-ND 4.0 International license.

Anonymous. Zosyn Package insert.
https://www.accessdata.fda.gov/drugsatfda docs/label/2017/050684s88s89s90 050750
s37s38s39Ibl.pdf. Pfizer. 05/2017. Accessed 03/01/19.

Arimura Y, Yano T, Hirano M, Sakamoto Y, Egashira N, Oishi R. 2012. Mitochondrial
superoxide production contributes to vancomycin-induced renal tubular cell apoptosis.
Free Radic Biol Med 52:1865-73.

Humanes B, Jado JC, Camano S, Lopez-Parra V, Torres AM, Alvarez-Sala LA,
Cercenado E, Tejedor A, Lazaro A. 2015. Protective Effects of Cilastatin against
Vancomycin-Induced Nephrotoxicity. Biomed Res Int 2015:704382.

Im DS, Shin HJ, Yang KJ, Jung SY, Song HY, Hwang HS, Gil HW. 2017. Cilastatin
attenuates vancomycin-induced nephrotoxicity via P-glycoprotein. Toxicol Lett 277:9-17.

Hospira. 2014. Vancomycin Hydrochloride for Injection, USP Prescribing Information.

Shah-Khan F, Scheetz MH, Ghossein C. 2011. Biopsy-Proven Acute Tubular Necrosis
due to Vancomycin Toxicity. Int J Nephrol 2011:436856.

O'Donnell JN, Ghossein C, Rhodes NJ, Peng J, Lertharakul T, Pham CK, Scheetz MH.
2017. Eight unexpected cases of vancomycin associated acute kidney injury with
contemporary dosing. J Infect Chemother 23:326-332.

Kaye KS, Bhowmick T, Metallidis S, Bleasdale SC, Sagan OS, Stus V, Vazquez J,
Zaitsev V, Bidair M, Chorvat E, Dragoescu PO, Fedosiuk E, Horcajada JP, Murta C,
Sarychev Y, Stoev V, Morgan E, Fusaro K, Griffith D, Lomovskaya O, Alexander EL,
Loutit J, Dudley MN, Giamarellos-Bourboulis EJ. 2018. Effect of Meropenem-
Vaborbactam vs Piperacillin-Tazobactam on Clinical Cure or Improvement and Microbial
Eradication in Complicated Urinary Tract Infection: The TANGO | Randomized Clinical
Trial. JAMA 319:788-799.

Harris PNA, Tambyah PA, Lye DC, Mo Y, Lee TH, Yilmaz M, Alenazi TH, Arabi Y,
Falcone M, Bassetti M, Righi E, Rogers BA, Kanj S, Bhally H, Iredell J, Mendelson M,
Boyles TH, Looke D, Miyakis S, Walls G, Al Khamis M, Zikri A, Crowe A, Ingram P,
Daneman N, Griffin P, Athan E, Lorenc P, Baker P, Roberts L, Beatson SA, Peleg AY,
Harris-Brown T, Paterson DL, for the MTI, the Australasian Society for Infectious
Disease Clinical Research N. 2018. Effect of Piperacillin-Tazobactam vs Meropenem on
30-Day Mortality for Patients With E coli or Klebsiella pneumoniae Bloodstream Infection
and Ceftriaxone Resistance: A Randomized Clinical TrialEffect of Piperacillin-
Tazobactam vs Meropenem in Escherichia coli or Klebsiella pneumoniae InfectionEffect
of Piperacillin-Tazobactam vs Meropenem in Escherichia coli or Klebsiella pneumoniae
Infection. JAMA 320:984-994.

Davies SW, Efird JT, Guidry CA, Dietch ZC, Willis RN, Shah PM, Sawyer RG. 2016. Top
Guns: The "Maverick" and "Goose" of Empiric Therapy. Surg Infect (Larchmt) 17:38-47.

Schreier DJ, Kashani KB, Sakhuja A, Mara KC, Tootooni MS, Personett HA, Nelson S,
Rule AD, Steckelberg JM, Tande AJ, Barreto EF. 2018. Incidence of acute kidney injury
among critically ill patients with brief empiric use of anti-pseudomonal beta-lactams with
vancomycin. Clin Infect Dis doi:10.1093/cid/ciy724.

Lopes JA, Jorge S. 2013. The RIFLE and AKIN classifications for acute kidney injury: a
critical and comprehensive review. Clinical kidney journal 6:8-14.

Schaub JA, Parikh CR. 2016. Biomarkers of acute kidney injury and associations with
short- and long-term outcomes. F1000Research 5:F1000 Faculty Rev-986.

29|Page


https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/050684s88s89s90_050750s37s38s39lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/050684s88s89s90_050750s37s38s39lbl.pdf
https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

595 52 Anonymous. Farkas, J. PULMCrit Blog. https://emcrit.org/pulmcrit/piperacillin-

596 tazobactam-nephrotoxic/. accessed 030419.

597 53. Komuro M, Maeda T, Kakuo H, Matsushita H, Shimada J. 1994. Inhibition of the renal
598 excretion of tazobactam by piperacillin. J Antimicrob Chemother 34:555-64.

599 54, Wen S, Wang C, Duan Y, Huo X, Meng Q, Liu Z, Yang S, Zhu Y, Sun H, Ma X-D, Yang
600 S, Liu K. 2017. OAT1 and OAT3 also mediate the drug-drug interaction between

601 piperacillin and tazobactam, vol 537.

602 55. Lepist E-I, Zhang X, Hao J, Huang J, Kosaka A, Birkus G, Murray BP, Bannister R,

603 Cihlar T, Huang Y, Ray AS. 2014. Contribution of the organic anion transporter OAT2 to
604 the renal active tubular secretion of creatinine and mechanism for serum creatinine

605 elevations caused by cobicistat. Kidney Int 86:350-357.

606  56. Vallon V, Eraly SA, Rao SR, Gerasimova M, Rose M, Nagle M, Anzai N, Smith T,

607 Sharma K, Nigam SK, Rieg T. 2012. A role for the organic anion transporter OAT3 in
608 renal creatinine secretion in mice. American journal of physiology Renal physiology

609 302:F1293-F1299.

610 57. Jensen J-US, Hein L, Lundgren B, Bestle MH, Mohr T, Andersen MH, Thornberg KJ,
611 Lgken J, Steensen M, Fox Z, Tousi H, Sge-Jensen P, Lauritsen A@, Strange DG, Reiter
612 N, Thormar K, Fjeldborg PC, Larsen KM, Drenck N-E, Johansen ME, Nielsen LR,

613 @stergaard C, Kjeer J, Grarup J, Lundgren JD. 2012. Kidney failure related to broad-
614 spectrum antibiotics in critically ill patients: secondary end point results from a 1200

615 patient randomised trial. BMJ Open 2:e000635.

616  58. Anonymous. Critical Path Institute. Predictive Safety Testing Consortium. https://c-
617 path.org/programs/pstc/.

618 59. Moresco RN, Bochi GV, Stein CS, De Carvalho JAM, Cembranel BM, Bollick YS. 2018.

619 Urinary kidney injury molecule-1 in renal disease. Clin Chim Acta 487:15-21.

620  60. Griffin BR, Faubel S, Edelstein CL. 2018. Biomarkers of drug-induced kidney toxicity.
621 Ther Drug Monit doi:10.1097/ftd.0000000000000589.

622  61. Burkhardt JE, Ennulat D, Pandher K, Solter PF, Troth SP, Boyce RW, Zabka TS. 2010.
623 Topic of histopathology blinding in nonclinical safety biomarker qualification studies.

624 Toxicol Pathol 38:666-7.

625 62. Bonventre JV, Vaidya VS, Schmouder R, Feig P, Dieterle F. 2010. Next-generation

626 biomarkers for detecting kidney toxicity. Nat Biotechnol 28:436-40.

627 63. Anonymous. 2011. In th (ed), Guide for the Care and Use of Laboratory Animals

628 doi:10.17226/12910, Washington (DC).

629 64. Fuchs TC, Frick K, Emde B, Czasch S, von Landenberg F, Hewitt P. 2012. Evaluation of
630 novel acute urinary rat kidney toxicity biomarker for subacute toxicity studies in

631 preclinical trials. Toxicol Pathol 40:1031-48.

632  65. Vaidya VS, Ozer JS, Dieterle F, Collings FB, Ramirez V, Troth S, Muniappa N, Thudium
633 D, Gerhold D, Holder DJ, Bobadilla NA, Marrer E, Perentes E, Cordier A, Vonderscher J,
634 Maurer G, Goering PL, Sistare FD, Bonventre JV. 2010. Kidney injury molecule-1

635 outperforms traditional biomarkers of kidney injury in preclinical biomarker qualification
636 studies. Nat Biotechnol 28:478-85.

30|Page


https://emcrit.org/pulmcrit/piperacillin-tazobactam-nephrotoxic/
https://emcrit.org/pulmcrit/piperacillin-tazobactam-nephrotoxic/
https://c-path.org/programs/pstc/
https://c-path.org/programs/pstc/
https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

637  66. Food and Drug Administration C. 2005. Guidance for Industry: Estimating the Maximum

638 Safe Starting Dose in Initial Clinical Trials for Therapeutics in Adult Healthy Volunteers.
639 https://www.fda.gov/downloads/drugs/guidances/ucm078932.pdf

640 67. Prozialeck WC, Edwards JR, Lamar PC, Liu J, Vaidya VS, Bonventre JV. 2009.

641 Expression of kidney injury molecule-1 (Kim-1) in relation to necrosis and apoptosis

642 during the early stages of Cd-induced proximal tubule injury. Toxicol Appl Pharmacol
643 238:306-14.

644  68. Prozialeck WC, Edwards JR, Vaidya VS, Bonventre JV. 2009. Preclinical evaluation of
645 novel urinary biomarkers of cadmium nephrotoxicity. Toxicol Appl Pharmacol 238:301-5.
646  69. Mattes WB, Walker EG. 2009. Translational toxicology and the work of the predictive
647 safety testing consortium. Clin Pharmacol Ther 85:327-30.

648  70. Dieterle F, Perentes E, Cordier A, Roth DR, Verdes P, Grenet O, Pantano S, Moulin P,
649 Wahl D, Mahl A, End P, Staedtler F, Legay F, Carl K, Laurie D, Chibout SD,

650 Vonderscher J, Maurer G. 2010. Urinary clusterin, cystatin C, beta2-microglobulin and
651 total protein as markers to detect drug-induced kidney injury. Nat Biotechnol 28:463-9.
652  71. Ozer JS, Dieterle F, Troth S, Perentes E, Cordier A, Verdes P, Staedtler F, Mahl A,

653 Grenet O, Roth DR, Wahl D, Legay F, Holder D, Erdos Z, Vlasakova K, Jin H, Yu Y,

654 Muniappa N, Forest T, Clouse HK, Reynolds S, Bailey WJ, Thudium DT, Topper MJ,
655 Skopek TR, Sina JF, Glaab WE, Vonderscher J, Maurer G, Chibout SD, Sistare FD,

656 Gerhold DL. 2010. A panel of urinary biomarkers to monitor reversibility of renal injury
657 and a serum marker with improved potential to assess renal function. Nature

658 Biotechnology 28:486-94.

659 72. Yu Y, Jin H, Holder D, Ozer JS, Villarreal S, Shughrue P, Shi S, Figueroa DJ, Clouse H,
660 Su M, Muniappa N, Troth SP, Bailey W, Seng J, Aslamkhan AG, Thudium D, Sistare FD,
661 Gerhold DL. 2010. Urinary biomarkers trefoil factor 3 and albumin enable early detection
662 of kidney tubular injury. Nat Biotechnol 28:470-7.

663 73. Sistare FD, Dieterle F, Troth S, Holder DJ, Gerhold D, Andrews-Cleavenger D, Baer W,
664 Betton G, Bounous D, Carl K, Collins N, Goering P, Goodsaid F, Gu YZ, Guilpin V,

665 Harpur E, Hassan A, Jacobson-Kram D, Kasper P, Laurie D, Lima BS, Maciulaitis R,
666 Mattes W, Maurer G, Obert LA, Ozer J, Papaluca-Amati M, Phillips JA, Pinches M,

667 Schipper MJ, Thompson KL, Vamvakas S, Vidal JM, Vonderscher J, Walker E, Webb C,
668 Yu Y. 2010. Towards consensus practices to qualify safety biomarkers for use in early
669 drug development. Nat Biotechnol 28:446-54.

670 74. de Larco JE, Todaro GJ. 1978. Epithelioid and fibroblastic rat kidney cell clones:

671 epidermal growth factor (EGF) receptors and the effect of mouse sarcoma virus

672 transformation. J Cell Physiol 94:335-42.

673  75. Rybak MJ, Abate BJ, Kang SL, Ruffing MJ, Lerner SA, Drusano GL. 1999. Prospective
674 evaluation of the effect of an aminoglycoside dosing regimen on rates of observed

675 nephrotoxicity and ototoxicity. Antimicrob Agents Chemother 43:1549-55.

676  76. Anonymous. R Core Team (2018). R: A language and environment for statistical

677 computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
678 project.org/.

679 77. Anonymous. H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag
680 New York, 2016.

3l1|Page


https://www.fda.gov/downloads/drugs/guidances/ucm078932.pdf
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

681
682
683
684

685

bioRxiv preprint doi: https://doi.org/10.1101/568907; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

78.

aCC-BY-NC-ND 4.0 International license.

Anonymous. UCLA Institute for Digital Research and Education. Repeated measures
analysis with STATA. https://stats.idre.ucla.edu/stata/seminars/repeated-measures-
analysis-with-stata/. Accessed 03/04/19.
https://stats.idre.ucla.edu/stata/seminars/repeated-measures-analysis-with-stata/.

32|Page


https://stats.idre.ucla.edu/stata/seminars/repeated-measures-analysis-with-stata/
https://stats.idre.ucla.edu/stata/seminars/repeated-measures-analysis-with-stata/
https://stats.idre.ucla.edu/stata/seminars/repeated-measures-analysis-with-stata/
https://doi.org/10.1101/568907
http://creativecommons.org/licenses/by-nc-nd/4.0/

