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Abstract

Purpose: Carboplatin dose is calculated based on kidney function, commonly estimated with
imperfect creatinine-based formulae. lohexol is used to measure glomerular filtration rate (GFR)
and allows calculation of a more appropriate carboplatin dose. To address potential concerns that
iohexol administered during a course of chemotherapy impacts that therapy, we performed in vitro
and in vivo pharmacokinetic drug-drug interaction evaluations of iohexol.

Methods: Carboplatin was administered 1V to female mice at 60 mg/kg with or without iohexol
at 300 mg/kg. Plasma ultrafiltrate, kidney and bone marrow platinum was quantitated by atomic
absorption spectrophotometry. Paclitaxel microsomal and gemcitabine cytosolic metabolism as
well as metabolism of CYP and UGT probes was assessed with and without iohexol at 300 pg/mL
by LC-MS/MS.

Results: /n vivo carboplatin exposure was not significantly affected by iohexol co-administration
(platinum AUC combination vs alone: plasma ultrafiltrate 1,791 vs 1,920 pg/mLemin; Kidney
8,367 vs 9,757 pg/gemin; bone marrow 12.7 vs 12.7 pg/mg-proteinemin). Paclitaxel microsomal
metabolism was not impacted (combination vs alone: 6-a-OH-paclitaxel 38.3 versus 39.4 ng/mL/
60min; 3-p-OH-paclitaxel 26.2 versus 27.7 ng/mL/60min). Gemcitabine human cytosolic
elimination was not impacted (AUC combination vs gemcitabine alone: dFdU 24.1 versus 23.7
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ug/mL/30min). lohexol displayed no relevant inhibition of the CYP and UGT enzymes in human
liver microsomes.

Conclusions: lohexol is unlikely to affect the clinical pharmacokinetics of carboplatin,
paclitaxel, gemcitabine, or other agents used in combination with carboplatin treatment.
Measuring GFR with iohexol to better dose carboplatin is unlikely to alter the safety or efficacy of
chemotherapy through pharmacokinetic drug-drug interactions.
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INTRODUCTION

Carboplatin is a chemotherapeutic agent that is widely used across many disease types for
both primary and recurrent disease. The current dosing approach for carboplatin targets an
plasma ultrafiltrate area under the concentration time curve (AUC). Carboplatin has a clear
exposure- response relationship with increasing AUC resulting in increased antitumor
activity, which plateaus, and with further AUC increase merely leading to more toxicity
[1,2].

Carboplatin clearance depends largely on kidney function, and because of this, the milligram
dose of carboplatin needed to achieve a target carboplatin AUC has historically been
calculated using the Calvert equation, which requires imputing a value for glomerular
filtration rate (GFR) [3]. The gold standard reference method to obtain measured GFR
(mGFR) is to determine constant infusion inulin urinary clearance at steady-state, a
prohibitively difficult approach. Alternative mGFR approaches, such as measuring urinary
or plasma clearance of exogenous markers, including DTPA, EDTA, iohexol, or iothalamate,
have also not been widely adopted in clinical practice. mGFR determination by [°1Cr]-
EDTA, which requires dosing and handling of radioactive substances, is only used in
Europe, and is not practical. Consequently, as a surrogate for GFR, creatinine clearance
(CrCl) is estimated with the Cockcroft-Gault (CG) formula, which then is assumed to be
equal to GFR and imputed into the Calvert equation. Creatinine clearance is not only
important in the calculation of carboplatin dose, but is also used in treatment decisions of
many other anticancer drugs [4].

CrCl is often different from GFR, because the serum concentration of endogenous filtration
markers is influenced by non-GFR determinants as well as by GFR. For creatinine, these
non-GFR determinants include diet, muscle mass, tubular secretion, and non-renal
elimination in the gut [5]. The creatinine-based GFR estimation formulas incorporate easily
measured covariates (age, sex, race and body size) in an attempt to account for the effect of
the non-GFR determinants. The current approach to dosing carboplatin based on CG uses
serum creatinine and muscle mass [6] (ignoring body type[7], impact of diet[8], creatinine
assay bias[9,10], and assay recalibration in 2010[11]) to estimate creatinine clearance [6].
Furthermore, the CG formula was derived in a biased sample of all white, mostly male
patients with an RZ of only 0.69. The value for creatinine clearance is then imputed into the
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Calvert equation, which is also biased, having been derived in only 31 mostly female
patients with an RZ of 0.76 [3]. The calculated dose may be capped by the truncation of GFR
at 125 mL/min [12] (incorrectly assumed to be the physiological maximum [13]), or setting
a lower limit value for SCr. It is therefore not a surprise that we do not accurately and
precisely achieve the target AUC. A recently published study targeting an AUC=6 reported
an average observed AUC of 7.9 (SD 2.9, N=45) corresponding to a +31% bias and a 37%
coefficient of variation [14] despite all the patient specific calculations.

Recently, the concerns around using historic formulae such as CG to estimate kidney
function, and the potential for new approaches have received increasing attention [4,15]. An
ongoing clinical trial utilizes iohexol to measure GFR to enable more accurate carboplatin
dose calculations (Clinical Trials.gov Identifier: NCT03997370). lohexol is a non-ionic
contrast medium, mainly used for computed tomography (CT), catheter-based angiography
and interventions. Importantly for a GFR marker, iohexol had no effect on the GFR as
measured by [°1Cr]-EDTA [16-18]. Protein binding was reported to be only 1.5%, allowing
this marker to be freely filtrated through the glomerulus. Extra-renal clearance of iohexol is
low, based on studies of plasma clearance in anephric patients (2-3 mL/min/1.73m?2), and
studies of the difference between plasma and urinary clearances in healthy subjects (extra
renal clearance of 0-6 mL/min/1.73m?). To address the potential concern that iohexol
administered during a course of chemotherapy might impact that therapy by
pharmacokinetic drug-drug interactions, we evaluated iohexol as a perpetrator on carboplatin
disposition. Because carboplatin clearance is predominantly kidney function dependent, we
evaluated this potential interaction /n vivo in mice. Carboplatin is used as a single agent as
well as in combination regiments, such as with gemcitabine and paclitaxel. We therefore also
assessed the ability of iohexol to affect the disposition of these agents. Because the clearance
of gemcitabine and paclitaxel is predominantly liver enzyme dependent, we evaluated these
interactions in subcellular fractions. For gemcitabine, we investigated the cytosolic
metabolism by cytidine deaminase of gemcitabine to dFdU, and for paclitaxel we
investigated the microsomal metabolism of paclitaxel by CYP2C8 to 6-alpha-hydroxy
paclitaxel (6-a-OH-paclitaxel), and by CYP3A4 to 3-para-hydroxy paclitaxel (3-p-OH-
paclitaxel) [19-22]. Lastly, we generalized our assessment by examining the potential of
iohexol to affect various microsomal enzymes by using a panel of CYP450 and UGT
substrates in microsomal incubations in the presence of iohexol.

EXPERIMENTAL

Chemicals and reagents

Sterile sodium chloride (0.9% NaCl) and phosphate-buffered saline (PBS) were purchased
from Baxter Healthcare Corporation (Deerfield, IL). lohexol powder, paclitaxel, and
gemcitabine were purchased from Toronto Research Chemicals Inc (Toronto, ON, Canada).
lohexol dosing solution was manufactured by GE Healthcare, (Shanghai, China) and
obtained from the Hillman Cancer Research Pharmacy. All jn vitro drug elimination
incubations with iohexol were performed at 300 ug/mL which is at the upper range of the
reported plasma concentrations [23]. [Dg]-iohexol (IS) was purchased from ALSACHIM
(Graffenstaden, France). Carboplatin for dosing was manufactured by Ben Venue Labs Inc
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(Bedford, OH) and obtained from the Hillman Cancer Research Pharmacy. NADPH
tetrasodium salt was purchased from Enzo Life Sciences (Farmingdale, NY). Carboplatin
powder, MgCl,, alamethicin, UDPGA sodium salt, phenacetin, dextromethorphan and
midazolam methanolic solution was obtained from Sigma (St Louis, MO). [D3]-dextrorphan
and [Dg4]-1-hydroxy midazolam were purchased from Sigma (St. Louis MO). 1-hydroxy
midazolam, 4-hydroxy diclofenac, 4-hydroxy mephenytoin, dextrorphan tartrate, s-
mephenytoin, SN-38, trifluoperazine, mycophenolic acid and naloxone were purchased from
Cayman chemicals (Ann Arbor, MI).

In Vitro Stability of Carboplatin and lohexol

To assure we could co-administer carboplatin and iohexol without these components
interacting in the dosing solution, we assessed the stability of carboplatin in the presence of
iohexol. Carboplatin (6 mg/mL), iohexol (30 mg/mL) and the combination were prepared in
normal saline. Over the course of a 4 h incubation at room temperature (the projected time
the dosing solutions would be used in the animal study), samples were taken for the
determination of iohexol to assess any loss in iohexol. Because possible reaction products of
iohexol and carboplatin would still be small molecular and filter through a 30 kD filter used
to obtain ultrafiltrate, we needed to evaluate loss of active carboplatin in another manner. We
therefore diluted 30 pL of the 4 h combination saline incubation sample 60-fold in plasma
and further incubated at room temperature for 168 h and did the same with a fresh
carboplatin saline sample. After this incubation, ultrafiltrate was generated by centrifuging
at 12,000 x g for 5 min at 4 °C through an Amicon Ultra 30k centrifugal filter unit (Merk
Millipore Ltd. Tullagreen, Carrigtwohill Co. CORK IRL) and analyzed by atomic absorption
spectrophotometry. Any loss in active carboplatin through reaction with iohexol would result
in a permanently ultrafilterable component and an increase in ultrafilterable fraction after
incubation in plasma.

lohexol and Carboplatin In Vivo DDI Studies

Specific pathogen-free female CFW mice (Swiss-Webster, 9-11 weeks of age) were
purchased from Charles River (Wilmington, MA) associated with an approved University of
Pittsburgh IACUC protocol (Protocol#: 17111628). Mice were allowed to acclimate to the
University of Pittsburgh Animal Facility for at least 1 week before studies were initiated as
described previously [24]. Mice were stratified based on body weights into treatment arm
and time point groups to eliminate statistical differences in body weight. Mice (N=3/time
point) were dosed with 60 mg/kg carboplatin, 300 mg/kg iohexol, or the combination
formulated in normal saline, or with vehicle only and euthanized by CO, inhalation at the
following time points after a 30 s IV bolus administration (0.01 mL/g exact body weight):
(1) Carboplatin arm: 5, 10, 15, 30 min, 1, 2, 4, and 6 h; (2) lohexol arm: 2.5, 5, 10, 15, 30
min, 1, and 2 h; and (3) Combination arm: 2.5, 5, 10, 15, 30 min, 1, 2, 4, and 6 h. Each arm
included vehicle dosed animals euthanized at 5 min. Blood was collected by cardiac
puncture with EDTA flushed syringes and plasma was isolated by centrifugation at 12,000 x
g for 4 min. Plasm ultrafiltrate was generated with Amicon Ultra 30k centrifugal filter units
(Merk Millipore Ltd. Tullagreen, Carrigtwohill Co. CORK IRL) and centrifuged at 12,000 x
g for 10 min at 4 °C. Kidneys were collected, weighed, snap frozen in liquid N5, and stored
at —80 °C until analysis. Bone marrow was obtained by flushing both femurs from each

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al.

Page 5

mouse with PBS. The bone marrow from each mouse was isolated by centrifugation at
12,000 x g followed by removal of the supernatant except for approximately 50 pL. Prior to
analysis of the bone marrow, samples were resuspended, sonicated, and a 20 pl aliquot taken
for determination of protein concentration using the Bio-Rad Protein assay using the
manufacturer’s instructions, with bovine serum albumin as standards.

In Vitro Metabolism of Paclitaxel and Gemcitabine

Human microsome incubation with paclitaxel: Microsomal metabolism of paclitaxel
was studied as previously reported [25] in the absence and presence of 300 pg/mL iohexol.
Paclitaxel stock at 10 mg/ml in methanol was diluted with 0.1 M NayKPO4 buffer to 20 uM
as working concentration. Paclitaxel (10 pM final concentration) was incubated with
NADPH (3 mM final concentration) and pooled human liver microsomes (0.1 mg/ml, Cat#
MO0317 ,Sigma, St. Louis, MO) for periods ranging from 0 to 60 min at 37 ° C, alone or in
the presence of iohexol (300 pg/mL final concentration) and 0.1 M Nay,KPO,4 (pH 7.4) in a
total volume of 100 pl. Metabolism of paclitaxel was also evaluated in the presence of 10
UM ketoconazole (CYP3A) or 3 uM Montelukast (CYP2C8). At 0, 5, 15, 30 and 60 min
incubation, aliquots of 10 pL were diluted with 90 pl human plasma on ice, and stored at
—80 °C until analysis.

Human cytosol incubation with gemcitabine: Gemcitabine (50 pg/ml final
concentration) was incubated with pooled, mixed gender human liver cytosol: (0.1 mg/ml,
Xenotech, Lot# 1610027, Kansas City, KS) for periods rangingfrom 0 to 60 minat 37 ° C
alone or in the presence of iohexol (300 pug/mL final concentration) and 50 mM tris-acetate
(pH 7.4) in a total volume of 100 pl. At 0, 5, 10, 15, 30, 45 and 60 min incubation, aliquots
of 10 pL were diluted with 90 ul plasma containing 100 pg/mL THU before analysis for
dFdU concentrations.

In Vitro Production of CYP and UGT Specific Metabolic Products of Probe Substrates

CYP cocktail probes and lohexol interaction: CYP probe cocktail consisting of
phenacetin (5 uM) for CYP1A2, diclofenac (2.5 uM) for CYP2C9, S-mephenytoin (30 uM)
for CYP2C19, dextromethorphan (5 pM) for CYP2D6 and midazolam (2.5 uM) for
CYP3A4, were incubated with human liver microsomes (pool of 50, mixed gender, Lot #
1610016, Sekisui Xenotech, Kansas City, KS) at a concentration of 0.25 mg/mL, based on
earlier published protocols [26]. The concentrations of all the probes used were below their
Km values to increase sensitivity of the iohexol inhibition under linear metabolite formation
conditions. The incubation mixture also contained 3.3 mM MgCl, and the reactions were
carried out in phosphate buffer (pH 7.4). The reactions were initiated by addition of 1 mM
NADPH. The reactions were carried out at 37 °C in open Eppendorf tubes for 15 min. The
total reaction volume was 500 pL and the reactions were stopped by addition of 300 uL
MeOH containing [D4]-acetaminophen (1 pM), [D4]-4-hydroxy mephenytoin (1 uM), [D3]-
dextrorphan ~80 nM) and [D4]-1-hydroxy midazolam (~60 nM). The reactions were carried
out with and without iohexol (300 pg/mL). Metabolism of midazolam was also evaluated in
the absence and presence of 1 uM of the known CYP3A inhibitor ketoconazole.
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UGT cocktail probes and lohexol interactions: UGT cocktail probes consisting of
SN-38 (0.5 puM) for UGT1AL, trifluperazine (0.5 uM) for UGT1A4, mycophenolic acid (0.2
uM) for UGT1A9 and naloxone for UGT2B7 (1 uM) were incubated with human liver
microsomes (pool of 50, mixed gender, Lot # 1610016, Sekisui Xenotech, Kansas City, KS)
at a concentration of 0.25 mg/mL, based on earlier published protocols [26]. The
concentrations of all the probes used were below their Km values to increase sensitivity of
the iohexol inhibition under linear metabolite formation conditions. The incubation mixture
also contained 10 mM MgCl, and the reactions were carried out in Tris-HCI buffer (pH 7.4).
The incubation mixture was preactivated for 15 min on ice by alamethicin (25 pg/mL)
followed by initiation by addition of 5 mM UDPGA. The reactions were carried out at 37 °C
in open Eppendorf tubes for 60 min. The total reaction volume was 500 pL and the reactions
were stopped by addition of 250 pL of acetonitrile containing terfenadine (IS, 5 ng/mL).
Metabolism of trifluoperazine and naloxone was also evaluated in the absence and presence
of 100 uM the known UGT1A4 and UGT2B7 inhibitor diclofenac.

Platinum: Platinum was quantitated by Atomic Absorbance Spectroscopy (AAS) with
Zeeman background correction using a Perkin-Elmer AAS 600 atomic absorption
spectrophotometry equipped with an AS-800 autosampler (Perkin-Elmer, Perkin Life and
Analytical Science, Shelton, CT 06484). The AAs was operated per user manual with the Pt
cathode lamp operated at 25 mA with a 0.7 nm slit, and wavelength set at 265.9 nm. Plasma
samples (10 pL) were diluted 10-fold with 50/50 plasma/plasma ultrafiltrate (/). Kidneys
were homogenized in 3 parts PBS (1/g), and 200 pL incubated overnight with 1 part volume
of concentrated nitric acid in a glass tub at 60 °C. Digested sample (50 ul) was diluted with
50 pl of 50/50 plasma/ultrafiltrate. Bone marrow was lysed with 100 pl of 0.25% Triton-100,
10 pl of sample was analyzed for protein using a Bio-Rad kit, while 50 pl of sample was
diluted with 50 ul of 50/50 plasma/plasma ultrafiltrate. Platinum standard at 50, 100, 200,
500, 1,000, 2,000, 5,000 ng/ml were diluted with 50/50 plasma/ultrafiltrate. 100 pl of diluent
buffer (0.5% ammonium dihydrogen phosphate and 0.03% magnesium nitrate 6-hydrate)
were added to each sample and standard before AAS. The sample volume was 10 pl. Based
on QC samples at 75, 750, and 4000 ng/mL, accuracy (102.5-106.4%) and precision
(6.4-11.0%CV) was acceptable.

lohexol: lohexol was quantitated with an assay previously validated in plasma to FDA
guidance [27], which was both accurate (101.3-102.1 %) and precise (<3.4 %CV) over a
range of 1-500 ug/mL. The assay was cross validated for use with kidney homogenate by
quantitating control kidney homogenate spiked at QC levels (accuracy (89.7-109.2%) and
precision (0.9-2.1%CV) was acceptable), and thereafter the plasma assay was used to
quantitate iohexol in kidney homogenate.

Paclitaxel metabolites: 6-a-OH-paclitaxel, and 3-p-OH-paclitaxel were quantitated with
an assay validated in plasma to FDA guidance, as described previously [28], , which was
both accurate (94.3-110.4%) and precise (<11.3%CV) from 10-10,000 ng/mL for paclitaxel
and 1-1000 ng/mL for both metabolites. Samples were analyzed after dilution with 4 parts
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control human plasma and analyzed using a calibration curve prepared in a matrix of 20%
media and 80% plasma.

Gemcitabine metabolite: dFdU was analyzed with a previously described assay for
plasma samples containing THU to halt ex vivo conversion of gemcitabine to dFdU by
cytidine deaminase [29]. Samples were analyzed after dilution with 9 parts control human
plasma containing THU. The assay was accurate (103.9-104.8%) and precise (3.0-6.0%CV).

CYP probes: The bioanalysis of the metabolites of the CYP probes from the human liver
microsomal incubations was performed by LC-MS/MS. The analysis was performed using
previously validated method with minor modifications [30]. The validated method was
developed for hepatocytes and utilized solid phase extraction for sample processing and
because the present study involved a cleaner matrix of human liver microsomes, protein
precipitation extraction method was employed. Detection and quantification of probes
utilized a Xevo TQS Waters triple quadrupole mass spectrometer using mass transitions that
produced the best response. In addition, increased sensitivity of the mass spectrometer
allowed a wider linear dynamic range of the calibration curves for most analytes in the
present study compared to the previously developed assay. The calibration ranges and
transitions are detailed as follows: 1-hydroxy midazolam (/m/z341.9>203.0; Dy:
345.8>140.0) ranged from 10-2,500 nM, 4-hydroxy diclofenac (/m/z311.9>230.0; using
Dg4-1-hydroxy midazolam as 1S) and dextrorphan (/m/z257.9>157.1; D3: 260.9>133.5) from
10-1,000 nM, 4-hydroxy mephenytoin (/m/z234.9>150.3; D3: 238.0>150.1) from 50-5,000
nM, and acetaminophen (//2152.1>110.2; D4: 156.3>114.2) from 10-5,000 nM. The LC
method consisted of Solvent A (95% water, 5% acetonitrile, 0.1% formic acid, 2 mM
ammonium acetate) and Solvent B (5% water, 95% acetonitrile, 0.1% formic acid, 2 mM
ammonium acetate), pumped through an Acquity UPLC BEH C18 column (1.7 pm, 2.1 x
150 mm) at a constant flow rate of 0.2 mL/min and a column temperature of 40 °C. The
gradient changed solvent B from 5% to 95% over 5 min, followed by a return to initial
conditions to allow for re-equilibration for 2 min, with a total run time of 8 min. Calibration
curves for 4-hydroxy diclofenac (accuracy 95.6-97.7%, precision <4.2%CV), dextrorphan
(accuracy 85.2-105%, precision <1.5%CV), 4-hydroxy mephenytoin (accuracy 83.2-103%,
precision <14%CV), and acetaminophen (accuracy 91.6-107%, precision <6.1%CV) were
fitted to straight line with a weighting of 1/x2 except 1-hydroxy midazolam (accuracy
93.3-102%, precision <5.7%CV) that was fitted to a second order equation with the same
weighting. All the calibration curves displayed r? values above 0.99.

UGT probes: Microsomal samples from UGT probe studies were analyzed for metabolites
based on the assay described previously [26]. The UGT assay was implemented on an
Agilent (Palo Alto, CA, USA) 1200 SL autosampler, with binary pump and thermostatted
column compartment and an ABI SCIEX (Concord, ON, Canada) 4000Q hybrid linear ion
trap tandem mass spectrometer with electrospray ionization in positive multiple reaction
monitoring (MRM) mode. Standard curves were fit by linear regression with weighting by
1/y2, followed by back-calculation of concentrations. The assay proved linear from 1 to 300
ng/mL for SN-38 glucuronide (accuracy 89.2-99.3%, precision <4.5%CV) and naloxone
glucuronide (accuracy 90.8-110%, precision <14.4%CV) and was linear from 10 to 3,000
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ng/mL for mycophenolic acid glucuronide (accuracy 93.9-120%, precision <17.9%CV) and
trifluoperazine glucuronide (accuracy 96.7-106.5%, precision <6.6%CV).

Pharmacokinetics

Statistics

RESULTS

Non-compartmental pharmacokinetic parameters were derived from the average
concentrations per time point (N=3 per time point) by non-compartmental methods using PK
Solutions 2.0 (Summit Research Services, Montrose, CO; www.summitPK.com). Data used
for carboplatin and iohexol PK parameters were limited to those time-points as described for
the respective single agent sample time points (see above) so that each single agent-
combination comparison was based on the same time points.

CYP and UGT specific probe metabolite production, as well as paclitaxel and gemcitabine
metabolite production were compared non-parametrically by a 2-sided Wilcoxon exact
signed rank test. Carboplatin and iohexol PK were analyzed statistically using AUC_; values
comparing single agent PK versus the combination. After log-transformation, these ratios
were subjected to a two-sided z-test, under the null hypothesis of log (AUC-ratio)=0, as
described previously [31,32]. A value of p<0.05 was considered statistically significant.

In Vitro Stability of Carboplatin and lohexol

As can be seen in Suppl.Figure 1A, there was no change in iohexol concentration with and
without carboplatin in the dosing formulation over the time period required to dose mice.
Variability in sample preparation was likely responsible for the small and relatively constant
difference observed across the entire time course. Overall, there was a mean (SD) of 97.0%
(2.5%) remaining for iohexol alone and 92.7% (2.0%) with carboplatin. Conversely, the
impact of iohexol on carboplatin stability was also assessed. Carboplatin was able to
platinate plasma proteins, and this was undiminished by the presence of iohexol for 4 h, as
can be seen in Suppl.Figure 1B.

Pharmacokinetics of Carboplatin in Female Mice

Ultrafilterable plasma, total plasma, kidney, and bone marrow platinum concentration versus
time profiles with and without co-administration of iohexol are depicted in Fig. 1A-D and
pharmacokinetic parameters are listed in Table 1.

Analysis of dosing solutions showed platinum concentrations of 3.15 and 2.99 pg/mL of
platinum for the carboplatin without, and with iohexol, respectively, corresponding to a
carboplatin dose of 6.00 and 5.69 mg/kg, respectively. As can be seen in Table 1, platinum
PK parameters were similar after carboplatin alone or in combination with iohexol, with
ultrafilterable plasma carboplatin clearance, being nearly identical with values of 16.4 and
16.7 mL/min/kg, respectively. Ultrafilterable platinum AUC (corrected for exact dose per
quantitative analysis of dosing solutions) was not significantly different as assessed
according to Bailer (P=0.94)[31].
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Pharmacokinetics of lohexol in Female Mice

Plasma and kidney iohexol concentration versustime profiles with and without co-
administration of carboplatin are depicted in Fig. 2A-B and pharmacokinetic parameters are
listed in Table 2. lohexol PK parameters were similar after iohexol alone or in combination
with carboplatin, with iohexol clearance, the most important parameter, being nearly
identical with values of 18.7 and 18.6 mL/min/kg, respectively. Plasma AUC (corrected for
exact dose per quantitative analysis of dosing solutions) was not significantly different as
assessed according to Bailer‘s method of comparing AUC (P=0.67)[31].

Microsomal Metabolism of Paclitaxel

Paclitaxel metabolism by human liver microsomes in the absence and presence of iohexol is
depicted in Fig. 3A. lohexol did not impact the production of CYP2C8 metabolite 6-a.-OH-
paclitaxel (39.4 versus 38.3 ng/mL/60min; P=0.69), or CYP3A4 metabolite 3-p-OH-
paclitaxel (27.7 versus 26.2 ng/mL/60min; P=0.69). Ketoconazole successfully inhibited 3-
p-OH-paclitaxel production to below the limit of quantitation at less than 30% of controls,
while montelukast successfully inhibited 6-a-OH-paclitaxel production to less than 26%
compared to controls.

Cytosolic Metabolism of Gemcitabine

Gemcitabine metabolism by human liver cytosolic cytidine deaminase (CDA) in the absence
and presence of iohexol is depicted in Fig. 3B. lohexol did not impact the conversion of
gemcitabine by CDA to dFdU (dFdU 23.7 versus 24.1 ug/mL/30min; P=0.83 at 30 min).
THU successfully inhibited dFdU production to below the limit of quantitation at less than
1% of controls.

CYP and UGT probe metabolite production

lohexol did not display significant inhibition of the various selected CYP isoforms in the
human liver microsomes. The rates of the metabolite formation for all the CYP probe drugs
were comparable in the presence and absence of iohexol (Fig. 4A). Ketoconazole
successfully inhibited midazolam metabolism to less than 10% of control. In the case of
UGT isoforms, iohexol displayed a small statistically significant inhibition (6.3% decrease
in activity compared to control; P=0.029) of UGT1A9, while no effect was detected for the
remaining UGT isoforms (Fig. 4B). Diclofenac successfully inhibited trifluoperazine and
naloxone glucuronidation to less than 30% compared to controls.

DISCUSSION

lohexol may be used to measure GFR in order to determine a carboplatin dose that is more
appropriate than the dose calculated through imperfect creatinine-based formulae. We
addressed the potential concern that ichexol is a perpetrator in pharmacokinetic drug-drug
interactions with chemotherapeutics. lohexol has no relevant impact on carboplatin
clearance, paclitaxel and gemcitabine metabolism, or common CYP450 and UGT activity.

In humans, iohexol has a reported low volume of distribution (0.16 L/kg) indicating that it is
primarily distributed in extracellular water, confirmed by cellular partitioning studies in
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hepatocytes that suggest it has minimal cellular penetration (data not shown)[33]. To
maximize the sensitivity of our systems to detect any potential drug-drug interaction, we
therefore chose to carry out our studies in subcellular fractions, as opposed to hepatocytes.
Because iohexol does not undergo significant metabolism [33], it is not expected that
production of reactive intermediates would be likely to produce time dependent inhibition
[34], allowing us to use a simple microsomal system without extensive pre-incubations. The
iohexol concentrations used in our studies were close to maximal plasma concentrations
observed in clinical studies [23].

Our data suggest that carboplatin and iohexol exposure are unaffected by each other’s
presence. Because carboplatin clearance occurs predominantly through renal filtration, this
interaction was best studied /n vivo. When carboplatin was administered with iohexol,
platinum exposure in bone marrow and kidney, target organ of carboplatin toxicity and
clearance respectively, was comparable to the exposure after carboplatin alone. lohexol
exposure in kidney, organ of iohexol clearance, appeared unimpacted by carboplatin. Mouse
iohexol volume of distribution at 259 mL/kg was very close to the reported mouse
extracellular water volume of 232 mL/kg[35]. Mouse iohexol clearance, and therefore the
GFR, was 18.7 mL/min/kg or 529 uL/min for our average 28.3 g mouse. This value is close
to the ®1Cr-EDTA-determined GFR of 388 uL/min previously reported for female Swiss
Webster mice [36]. Our data also suggest that in mice, the carboplatin clearance is almost
identical to iohexol-measured GFR, while in humans it is higher than GFR as also reflected
by the constant in the Calvert equation: carboplatin clearance (mL/min) = GFR+25 [3]. The
fast kinetics in mice result in rapid carboplatin clearance by the kidneys, leaving no time for
the slow reaction of carboplatin and macromolecules (see Suppl.Figure 1) to meaningfully
contribute to carboplatin clearance.

Paclitaxel and gemcitabine are two of the more common partners of carboplatin in
combination regimens. lohexol did not affect paclitaxel metabolism by either CYP3A4 or
CYP2C8 and it did not affect gemcitabine metabolism by CDA.

To broaden our evaluation of iohexol as a perpetrator of pharmacokinetic drug-drug
interactions beyond specific victim drugs, we investigated the impact of iohexol on the
activity of those CYP and UGT isoforms predominantly involved in the metabolism of most
commercially available drugs. lohexol displayed a lack of relevant inhibitory activity for the
investigated CYP and the UGT enzymes. Although a small statistically significant inhibition
of UGT1A9 was observed /n vitro, the poor membrane permeability of iohexol will limit
iohexol distribution into hepatocytes, further minimizing the relevance of the observed
inhibition.

In summary, iohexol is predicted to have no relevant impact on the clinical pharmacokinetics
of carboplatin, paclitaxel, gemcitabine and other chemotherapeutics. lohexol may be used to
accurately measure GFR and more accurately calculate carboplatin dose, without altering
the safety or efficacy of carboplatin containing chemotherapy regimens through
pharmacokinetic drug-drug interactions.
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Platinum concentration versustime curves in A) plasma ultrafiltrate (P=0.94); B) plasma; C)
kidney; and D) bone marrow after IV dosing of female Swiss Webster mice with 60 mg/kg
carboplatin alone (O) or co-administered with (@) 300 mg/kg iohexol.
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lohexol concentration versustime curves in A) plasma (P=0.67); and B) kidney after IV
dosing of female Swiss Webster mice with 300 mg/kg iohexol alone (O) or co-administered
with (@) 60 mg/kg carboplatin.
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A) Human liver microsomal production of 6-a-OH-paclitaxel in the absence () and
presence (H) of iohexol (P=0.69), and 3-p-OH-paclitaxel in the absence (A) and presence
(A) of iohexol (P=0.69) (mean of N=4 with SD error bars). B) Human liver cytosolic
production of dFdU in the absence (O) and presence (@) of iohexol (P=0.83) (mean of N=3
with SD error bars).
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A) Lack of relevant impact of iohexol on CYP1A2, 2C9, 2C19, 2D6, or 3A4 as measured by
production of CYP specific metabolite production of corresponding probe substrates
phenacetin, diclofenac, mephenytoin, dextromethorphan, and midazolam, respectively in the
absence (open bars) or presence of (solid bars) 300 ug/mL iohexol (mean, standard
deviation). No significant difference by Wilcoxon exact rank test. B) Lack of relevant impact
of iohexol on UGT1AL, 1A4, 1A9, or 2B7 as measured by production of UGT specific
glucuronide metabolite production of corresponding probe substrates SN38, trifluoperazine,
mycophenolic acid, and naloxone, respectively in the absence (open bars) or presence of
(solid bars) 300 pg/mL iohexol (mean, standard deviation). Only UGT1A4 showed a
statistically significant difference by Wilcoxon exact rank test (P=0.029; 6.3% decrease in
activity, N=4).
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Table 1.

Platinum non-compartmental plasma and tissue pharmacokinetic parameters after IV administration to female
Swiss Webster of 60 mg/kg carboplatin, or the combination with 300 mg/kg iohexol.

Carboplatin (mg/kg) 60 60
lohexol (mg/kg) - 300
Parameter
Exact dose (mg/kg) 59.97 56.86

Plasma (ultrafilterable)

Cnax (Hg/mL) 77.7(715) | 75.5(5.9)
Half-life (min) 31.3 30.9
AUC; (ug/mLemin) 1878 1749
AUCq.ipt (ng/mLemin) 1920 1791
Vs (ML/Kg) 346 368
CL (mL/min/kg) * 164 167

Plasma (total)

Crnax (Mg/mL) 81.5(2.9) | 79.2(7.4)
Half-life (min) 97.5 102
AUC ¢ (ug/mLemin) 2116 1794
AUC.ins (Lg/mLemin) 2179 1820
Vs (ML/KG) 642 554
CL (mL/min/kg) 145 16.4
Kidney
Cax (H9/9) 120 (12) 226 (25)
Trmax (min) 5 5
Half-life (min) 558 174
AUC; (Lg/gemin) 5421 7,277
AUCq.inf (g/gemin) 9,757 8,367

Bone marrow

Crax (ng/mg prot) 60.8 (10.1) | 43.5(4.9)
Tmax (Min) 5 15
Half-life (min) 134 243
AUC,; (ng/mgemin) 9,134 6,537
AUC.ins (ng/mgemin) 12,692 12,687

AUC(-t, area under the plasma concentration versus time curve till the last observed time point; AUCQ-inf, AUC extrapolated to infinity; CL, total
body clearance; Cmax, maximum plasma concentration (mean with standard deviation); Tmax, time of Cmax; Vss, volume of distribution at
steady-state.

*
P=0.94
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Table 2.

lohexol non-compartmental plasma and tissue pharmacokinetic parameters after IV administration to female
Swiss Webster of 300 mg/kg iohexol or the combination with 60 mg/kg carboplatin.

Carboplatin (mg/kg) - 60
lohexol (mg/kg) 300 300
Parameter
Exact dose (mg/kg) 304.3 295.4
Plasma
Crax (Mg/mL) 1.43(0.19) | 1.23(0.05)
Half-life (min) 30.6 329
AUC.¢ (mg/mLemin) 16.1 15.7
AUCq.in (mg/mLemin) 16.2 15.9
Vs (ML/kg) 259 316
CL (mL/min/kg) 18.7 18.6
Kidney
Crnax (Mg/g) 1.60 (0.45) | 1.83(1.14)
Tmax (Min) 5 5
Half-life (min) 100 76
AUC¢ (mg/mLemin) 29.4 325
AUCq.ins (Mg/mLemin) 41.9 422

Some of the iohexol PK parameters after administration of iohexol alone were published previously [27].

AUCQ-t, area under the plasma concentration versus time curve till the last observed time point; AUCQ-inf, AUC extrapolated to infinity; CL, total
body clearance; Cmax, maximum plasma concentration (mean with standard deviation); Tmax, time of Cmax; Vss, volume of distribution at
steady-state.

*
P=0.67
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