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Abstract Disease-mediated alterations to drug disposition constitute a significant source of adverse

drug reactions. Cisplatin (CDDP) elicits nephrotoxicity due to exposure in proximal tubule cells during

renal secretion. Alterations to renal drug transporter expression have been discovered during nonalcoholic

steatohepatitis (NASH), however, associated changes to substrate toxicity is unknown. To test this, a

methionine- and choline-deficient diet-induced rat model was used to evaluate NASH-associated changes

to CDDP pharmacokinetics, transporter expression, and toxicity. NASH rats administered CDDP

(6 mg/kg, i.p.) displayed 20% less nephrotoxicity than healthy rats. Likewise, CDDP renal clearance

decreased in NASH rats from 7.39 to 3.83 mL/min, renal secretion decreased from 6.23 to 2.80 mL/

min, and renal CDDP accumulation decreased by 15%, relative to healthy rats. Renal copper

transporter-1 expression decreased, and organic cation transporter-2 and ATPase copper transporting

protein-7b increased slightly, reducing CDDP secretion. Hepatic CDDP accumulation increased 250%

in NASH rats relative to healthy rats. Hepatic organic cation transporter-1 induction and multidrug

and toxin extrusion protein-1 and multidrug resistance-associated protein-4 reduction may contribute

to hepatic CDDP sequestration in NASH rats, although no drug-related toxicity was observed. These data
ansporting protein; CDDP, cisplatin; CTR, copper transporter; DDTC, diethyldithiocarbamate; DT, drug trans-

eMS/MS, liquid chromatographyetandem mass spectrometry; MATE, multidrug and toxin extrusion protein;

iet; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; OCT, organic cation trans-

okinetics.
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provide a link between NASH-induced hepatic and renal transporter expression changes and CDDP renal

clearance, which may alter nephrotoxicity.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cis-Diaminedichloridoplatinum (II) (cisplatin, CDDP) is a first-
generation platinum-based antineoplastic indicated for many solid
tumors1. Proliferating cells are primarily killed by CDDP as a result
of DNA crosslinking leading to stalled replication. As a cytotoxic
antineoplastic agent, healthy tissues are also susceptible to CDDP
toxicity, leading to dose limiting toxicity1. Under physiological pH,
CDDP is uncharged, although its pharmacokinetics (PK) is heavily
dependent on organic cation transporters, as well as clearance by
enzymatic conjugation. As such, tissues expressing organic cation
transporters (OCT1-3), as well as copper transporter 1 (CTR1)
accumulate CDDP at rates higher than other tissues and are sub-
sequently more sensitive to toxicity2e4. This leads to selective
CDDP-mediated nephrotoxicity and ototoxicity. Additionally,
glutathione conjugation of CDDP to a toxic metabolite may explain
regiospecific CDDP toxicity within region III of the proximal
convoluted tubule5e8. Efflux of CDDP from renal proximal tubule
cells is highly dependent on multidrug and toxin extrusion protein
(MATE) isoforms, of which MATE1 is predominantly expressed in
the rat kidney9. Likewise, reduced MATE1/2 and/or increased
OCT2 expression, the predominant isoform in the kidney, is a key
indicator of CDDP toxicity10. Finally, renal cell efflux and reab-
sorption of CDDP and its metabolites by multidrug resistance-
associated proteins (MRP) may also contribute to selective CDDP
toxicity in the proximal convoluted tubules11.

Growing evidence suggests that metabolic diseases elicit sys-
temic changes to physiological processes, including drug trans-
porters12. Indeed, non-genetic alterations in protein expression and
function during disease progression (known as phenoconversion)
is a significant contributor to pharmacogenomic variability,
especially in the liver13. This is an emerging issue specifically for
nonalcoholic fatty liver disease (NAFLD) and nonalcoholic stea-
tohepatitis (NASH), the progressive and irreversible form of
NAFLD14e16. Given the rising prevalence of NASH, understand-
ing this source of population variation in drug clearance and
toxicity is timely. Evidence of hepatic phenoconversion of drug
transporters during NASH is well documented and causes subse-
quent changes to drug disposition and response17,18. Recently,
extrahepatic changes to expression of specific drug transporters in
rodent models of NASH have been identified; this includes
increased P-glycoprotein (P-gp) and MRP2 expression, although
considerable variability exists between models14. Additionally,
glomerular filtration rate (GFR) in both human NASH patients and
rodent models of NASH is significantly reduced, further altering
renal clearance of many drugs12.

Variability in CDDP nephrotoxicity is a significant concern, as
this often limits treatment options and can be acutely life threat-
ening. Although second and third generation platinating agents with
reduced nephrotoxicity have been developed, their therapeutic ef-
ficacy may be reduced or compromised in resistant tumors, pro-
moting the continued clinical utility of CDDP. Interestingly,
circadian regulation of OCT2 and MATE1 in rodent, which can
uptake and efflux CDDP, respectively, influences renal CDDP
clearance and subsequent toxicity, further demonstrating that renal
CDDP flux alters nephrotoxicity19. While OCT and MATE trans-
porter expression changes are characterized in terms of differential
disposition and toxicity, collective changes to the expression of all
CDDP transporters is less understood. As such, the current study
aims to characterize CDDP nephrotoxicity, considering NASH-
induced changes to drug transporters of the entire kidney using a
surrogate peptide LCeMS/MS (liquid chromatographyetandem
mass spectrometry) method. Herein, we utilized rats fed a methi-
onine- and choline-deficient (MCD) diet to induce NASH to eval-
uate the impact of the disease on CDDP PK, renal disposition, and
nephrotoxicity. The data presented in this study suggest that, in
NASH rats, a reduction in renal clearance and disposition of CDDP
contributes to a reduction in associated nephrotoxicity.

2. Materials and methods

2.1. Chemicals and reagents

CDDP, diethyldithiocarbamate (DDTC), 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX), dithiothreitol, and sodium deoxy-
cholate were purchased from SigmaeAldrich (St. Louis, MO,
USA). LCeMS/MS grade water, methanol, and acetonitrile were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Iohexol
was purchased from TCI, Inc. (Portland, OR, USA). Protease in-
hibitor cocktail was purchased from Thermo Scientific (Rockford,
IL, USA). Phenylmethylsulfonyl fluoride (PMSF) was purchased
from MP Biomedicals (Solon, OH, USA). Ammonium bicarbon-
ate was purchased from Oakwood Chemical (Estill, SC, USA).
Iodoacetamide was purchased from Biorad (Hercules, CA, USA).

2.2. Animal use and NASH induction

All procedures involving live rats were approved by the University
of Arizona Institutional Animal Care and Use Committee; hus-
bandry and veterinary care were provided by trained animal care
staff. Eight-week old male SpragueeDawley rats were purchased
from Charles River Laboratories (Hollister, CA, USA) and housed
two per cage in 12 h on/off light cycles. Control and MCD rodent
diets were purchased from Dyets, Inc. (Bethlehem, PA, USA).
Rats were given water and either control or MCD diet (to induce
NASH) ad libitum for 8 weeks. Following experimental proced-
ures, rats were euthanized by carbon dioxide overdose and
exsanguination. To allow for sufficient sample collection timing,
CDDP dosing was administered in all animals at Zeitgeber time
2 � 30 min.

2.3. In vivo CDDP toxicity and disposition

To evaluate CDDP toxicity in healthy and NASH rats, six rats
from each diet were administered a bolus 6 mg/kg CDDP i.p.
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(1 mg/mL in sterile saline); this dose has been shown to elicit
nephrotoxicity without gross systemic toxicity in rats20. Another
six rats from each diet were administered vehicle (saline) i.p. as a
drug-naı̈ve cohort. After 72 h at Zeitgeber time 2 � 30 min, an-
imals were euthanized by carbon dioxide overdose and liver and
kidney were harvested. A portion of each tissue was fixed in
neutral-buffered formalin, dehydrated, and embedded into paraffin
blocks for hematoxylin and eosin (H&E)-staining. Hepatic and
renal toxicity was scored by a board-certified veterinary pathol-
ogist as previously described15. To evaluate CDDP disposition in
healthy and NASH rats, a separate cohort of six rats from each diet
were administered 6 mg/kg CDDP i.p. (t Z 0). Approximately
100 mL of blood was collected following dosing (Zeitgeber time
2 � 30 min) at 5, 10, 30, 45, 90, 120, 180, 240, 300, and 360 min
post-dose from the lateral tail vein. Urine was collected at the
same intervals in a metabolic cage. Simultaneously, to determine
glomerular filtration rate (GFR), 25 mg/kg iohexol in sterile saline
was administered by tail vein injection at t Z 0. At t Z 360 min,
rats were euthanized by carbon dioxide overdose and liver and
kidneys were harvested and snap-frozen to determine tissue
disposition and transporter expression.
2.4. LCeMS/MS quantification of CDDP

Following collection, blood was transferred to heparinized tubes
and centrifuged at 2000�g for 10 min at 4 �C. The plasma and
urine were frozen and stored at �80 �C prior to use. Approxi-
mately 150 mg of snap-frozen liver and kidney tissue were ho-
mogenized with a rotary tissue grinder in 80:20 methanol/water
containing internal standard (DPCPX) at a constant ratio of 1 ng
DPCPX to 100 mg tissue. Calibrators were prepared in a similar
manner with CDDP spiked in to homogenized tissue and serially
diluted (Table 1).

All biological matrices (plasma, urine, and tissues) were
derivatized with DDTC, adapted from the work of Shaik et al21.
Briefly, an aliquot of sample or calibrator (45 mL urine, 10 mL
plasma, or 500 mL tissue homogenate) was added to 15 mL (urine),
5 mL (blood), or 125 mL (tissue homogenate) of DDTC (1%, w/v)
in 0.1 mol/L NaOH and incubated for 30 min at 40 �C. To quench
the reaction, 1 mL acetonitrile was added with DPCPX at 10 ng/mL
(urine) or 0.5 ng/mL (blood) and centrifuged at 3000�g for 10 min.
Table 1 Surrogate peptides used to quantify protein expression and

Protein Peptide sequence IS RT

ATP7A LGAIDVER MRP2-H 12

ATP7B AIATQVGINK MRP2-H 11

CTR1 SQVSIR MRP2-H 7.9

MRP2 GINLSGGQK MRP2-H 10

MRP4 APVLFFDR MRP4-H 20

MATE1 HVGVILQR MRP4-H 11

OCT1 VPPADLK MRP2-H 9.0

OCT2 FLQGLVSK OCT2-H 16

OCT3 TTVATLGR MRP2-H 10

P-gp IATEAIENFR OCT2-H 15

MRP2-H GINL*SGGQK e 10

MRP4-H APVL*FFDR e 20

OCT2-H FLQGL*VSK e 16

Membrane protein fractions were digested with trypsin per Materials and M

transitions used for detection are listed as doubly-charged parent ion (Q1) a

heavy isotope labeled amino acid internal standards (IS). RT, retention tim
The supernatant was collected, evaporated over air, and reconstituted
in 40:60 acetonitrile/water with 0.1% formic acid (200 mL for urine
and blood, 100 mL for tissue homogenate). Derivatized CDDP and IS
were separated on a Luna� Omega Polar C18 column
(50 mm � 2.1 mm, 1.6 mm particle diameter) using a Shimadzu LC-
20AD liquid chromatography system. Both analytes were separated
using a binary flow (0.2 mL/min) gradient consisting of water/0.1%
formic acid (mobile phase A) and acetonitrile/0.1% formic acid
(mobile phase B) as follows: 40% B (0e0.5 min), 40%e75% B
(0.5e0.75 min), 75%e90% B (0.75e1.25 min), 90%e95% B
(1.25e2.25 min), 95% B (2.25e3.75 min), 95%e40% B
(3.75e4.5 min), and re-equilibration at 40% B for 1.5 min. Both
analytes were detected using a Sciex QTrap� 4500þ triple quad-
rupole tandem mass spectrometer operated in positive electrospray
ionization with the following source parameters: 4.5 kV ionspray
voltage, 450 �C source temperature, 20 psi curtain gas, 9 psi colli-
sion gas, 20 psi nebulizer gas, and 40 psi turbo gas. Derivatized
CDDP (492.0 / 425.5) and IS (305.0 / 178.0) were detected by
multiple reaction monitoring with the following parameters: 90 V
declustering potential, 10 V entrance potential, 30 eV collision en-
ergy, 10 V collision cell exit potential; collision energy values for
derivatized CDDP and IS were 25 and 33 eV, respectively.
2.5. Glomerular filtration rate determined by iohexol clearance

Iohexol plasma clearance was determined to calculate GFR as
adapted from the work of Ref. 22. Briefly, 5 mL of plasma already
collected at t Z 30, 90, and 360 min was spiked with 1 mL of
5 ng/mL d5-iohexol (internal standard), vortexed briefly, and
centrifuged at 2000�g for 30 min at 4 �C. Eight-hundred micro-
liters of supernatant were transferred to clean tubes and dried over
air. The residue containing all analytes was reconstituted in
100 mL of 95:5 water/acetonitrile with 0.1% formic acid and
two mL was injected onto a Luna� Omega Polar C18 column
(50 mm � 2.1 mm, 1.6 mm particle diameter) using a Shumadzu
LC-20AD liquid chromatography system. Iohexol and d6-iohexol
were separated using a binary flow gradient (0.25 mL/min) with
water/0.1% formic acid (mobile phase A) and acetonitrile/0.1%
formic acid (mobile phase B) as follows: 5% B (0e3.5 min), 5%e
80% B (1e3.5 min), 80% B (3.5e4.5 min), 80%e5% B
(4.5e5 min), and re-equilibration at 5% B for 1.5 min. Both
MRM transitions used for LCeMS/MS detection in this study.

(min) Q1 [Mþ2H]2þ (Da) Q3 [MþH]þ (Da)

.8 436.7 759.4

.4 507.8 759.4

345.2 474.3

.0 437.2 703.4

.2 482.8 697.4

.4 461.3 685.4

370.2 640.4

.1 446.3 503.3

.3 409.7 616.4

.8 582.3 979.5

.0 440.7 710.4

.2 486.3 704.4

.1 449.8 751.5

ethods to quantify transporter expression. Multiple reaction monitoring

nd singly charged fragment ion (Q3) used for quantification. *
13

C/16N

e for liquid chromatography method. eNot applicable.
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analytes were detected using a Sciex QTrap� 4500þ mass
spectrometer in positive electrospray ionization as detailed above.
Iohexol (821.7 / 803.6) and d6-iohexol (826.7 / 808.7) were
detected by multiple reaction monitoring with the following pa-
rameters: 100 V declustering potential, 10 V entrance potential,
30 eV collision energy, 15 V collision cell exit potential.

Both analytes were integrated and iohexol was normalized and
quantified against d6-iohexol using Analyst MultiQuant™ soft-
ware. Plasma iohexol clearance was measured by non-
compartmental analysis using the AUC method (CL Z AUC0eN/
Dose) and used as a surrogate for GFR.

2.6. Transporter expression analysis by surrogate peptide
LCeMS/MS

To evaluate membrane transporter expression in liver and kidney
tissue, approximately 100 mg of snap-frozen tissue were homog-
enized in a Potter-Elvehjem homogenizer over ice (approximately
20 strokes) in 100 mmol/L Tris-HCl (pH 7.4), 100 mmol/L NaCl,
1.5 mmol/L MgCl2, 1 mmol/L PMSF, and 1 � protease inhibitor
cocktail (Pierce). The homogenate was centrifuged at 8000�g for
10 min at 4 �C to remove debris and the S9 fraction (supernatant)
was further centrifuged at 100,000�g for 1 h at 4 �C to pellet the
membrane fraction which was reconstituted with 10 mmol/L
TriseHCl (pH 8.0). A 300 mg aliquot was diluted into 100 mmol/L
ammonium bicarbonate with 3.7% sodium deoxycholate (w/v).
Proteins were denatured at 95 �C for 5 min with 6 mmol/L
dithiothreitol and then alkylated with 15 mmol/L iodoacetamide
for 20 min at room temperature in the dark. The alkylation reac-
tion was quenched by the addition of 20 mmol/L dithiothreitol and
proteins were digested at 37 �C overnight with sequencing-grade
trypsin (Promega) at an enzyme/substrate ratio of 1:100. The
digestion reaction was quenched by acidifying the solution with
formic acid to 0.4% with a cocktail of heavy-labeled internal
standard peptides (0.2 ng/sample) per Table 1. Peptide samples
were then centrifuged at 20,000�g for 15 min at 4 �C and the
supernatants containing peptides were cleaned up by
strongeanion exchange solid phase extraction cartridges (Waters,
Inc.) as follows: 1 mL methanol (conditioning), two mL water
with 2% formic acid (equilibrating), sample application in 1 mL
water with 2% formic acid, 1 mL water with 2% formic acid
(washing), 0.2 mL water:acetonitrile 60:40 with 2% ammonium
hydroxide (elution). Eluted peptides were dried with a speed-vac
and reconstituted with 50 mL 95:5 water:acetonitrile with 0.1%
formic acid. Ten microliters were injected onto a
2.1 mm � 100 mm Acquity UPLC� HSS C18 column (Waters)
with 1.8 mm particles. The binary liquid chromatography gradient
(mobile phase A: waterþ0.1% formic acid, mobile phase B: 90:10
acetonitrile/waterþ0.1% formic acid) was applied by an Agilent
UPLC system as follows: 5.5% B (0e5 min), 5.5%e90% B
(5e25 min), 90% B (25e26 min), 5.5% B (26e28 min). Surrogate
peptides were detected with a Sciex QTrap 6500þ mass spec-
trometer operated in positive electrospray ionization set to the
following parameters for all multiple reaction monitoring transi-
tions: 500 �C source temperature, 20 psi curtain gas, 50 psi
nebulizer gas, 25 psi turbo gas, 10 eV entrance potential, 50 V
declustering potential, 25 V collision energy, and 15 V collision
cell exit potential. MRM mass transitions for each surrogate
peptide are listed in Table 1. Analyte peaks were quantified using
MultiQuant (version 3, Sciex), quantified against the ratio of neat
peptide standards divided by heavy-labeled internal standard
peptides as indicated in Table 1; calibrators covered a range of
2e200 pmol pure surrogate peptide, based on on-column quantity.
Absolute protein abundance was calculated by the following
equation where “Surrogate Peptide” represents the on-column
concentration quantified by LCeMS/MS and “Peptide Input”
represents the total amount of peptide following digestion and
solid phase extraction:

Protein abundance ðpmol=mg proteinÞ
Z

½Surrogate Peptide�ðpgÞ
MW ðg=molÞ � 1

½Peptide Input�ðmgÞ ð1Þ

2.7. Data analysis

Pharmacokinetic parameters were derived by non-compartmental
analysis (NCA) using the AUC0eN method to compute plasma
volume of distribution (V) and clearance (CL). Renal clearance (CLr)
was determined over a 6 h interval as the fraction of cumulative
CDDP in the urine divided by plasma AUClast; renal secretion of
CDDP was defined as the difference of GFR and CLr. Protein
abundance was quantified by total protein input and molecular
weight of surrogate peptides detected by LCeMS/MS. Means were
compared by either two-tailed Student’s t-test or ANOVA where
appropriate using Prism GraphPad (La Jolla, CA, USA).

3. Results

3.1. CDDP nephrotoxicity is reduced in NASH rats

To evaluate the effect of NASH on CDDP toxicity, NASH-induced
and healthy rats were given either a bolus dose of 6 mg/kg CDDP
(i.p.) or saline vehicle and were evaluated for gross and organ-
specific pathology 72 h later. At sacrifice, healthy and NASH rats
displayed no significant change in bodyweight relative to naı̈ve
rats. Furthermore, NASH-induced rats did not lose significantly
more bodyweight over 72 h than healthy CDDP-treated rats
(Fig. 1). CDDP induced significant increases in kidney weight of
31% and 22% in healthy and NASH rats, respectively; this dif-
ference in mean relative kidney mass gain was not significant
when comparing CDDP-treated healthy and NASH rats (Fig. 1).
Regardless, overall kidney pathological scoring was slightly but
significantly reduced from 13.33 � 1.51 to 10.60 � 3.29 in NASH
rats, relative to control rats (Table 2). Specifically, necrosis and
inflammation decreased by approximately half in NASH rats
(Table 2 and Fig. 2). Generally, CDDP caused mild to moderate
degeneration of distal regions of the proximal convoluted tubule
(Fig. 2, black arrows) and this was more prevalent in control than
NASH rats.

As expected, liver mass increased by approximately 5 g/kg BW
due to the MCD diet inducing NASH; confirmation of the NASH
disease state was also verified by pathology in NASH rats (Table
3). Interestingly, a slight 10% reduction in liver mass approached
significance (P Z 0.06) in CDDP-treated healthy (Fig. 1), but not
NASH rats, relative to naı̈ve rats. However, CDDP-related histo-
logical alterations were found in liver tissue when comparing
within disease groups of rats (Table 3).

3.2. Renal and plasma clearance of CDDP is attenuated during
NASH

In a separate group of rats given a bolus dose of 6 mg/kg CDDP
i.p., plasma concentrations and total recovered urine CDDP were



Figure 1 CDDP-treated rats display selective nephrotoxicity and is slightly reduced during NASH. Bolus-dosed healthy and NASH rats

(6 mg/kg CDDP, i.p.) were sacrificed 3 days following treatment when body and organ weights were measured. Increased kidney mass (relative to

drug naı̈ve rats) and decreased body weight (relative to pre-dose) in CDDP-treated rats were consistent regardless of diet. Following CDDP

treatment, a reduction in liver mass (relative to drug naı̈ve rats) approached significance in healthy rats, but not in NASH rats. Scatter plots

represent individual animals with mean values (horizontal lines) � standard deviation of n Z 6 animals/group. Mean values were compared by

two-way ANOVA with Sidak’s post-hoc tests where P < 0.05 (*).

Table 2 Kidney histopathological scoring of healthy and NASH rats receiving either CDDP or vehicle.

Disease Drug Total Degeneration Necrosis Apoptosis Inflammation Hyalin casts

Control Naı̈ve 0.50 � 1.22 0.33 � 0.82 0 0 0.17 � 0.41 0

CDDP 13.33 � 1.51 3.17 � 0.75 4.00 � 0.89 1.17 � 0.41 2.17 � 0.41 2.83 � 0.75

NASH Naı̈ve 0 0 0 0 0 0

CDDP 10.60 � 3.29 3.80 � 1.64 2.40 � 0.55 1.40 � 0.55 0.80 � 0.84 2.20 � 0.84

Two-way ANOVA Diet * ns ** ns ** ns

Drug **** **** **** **** **** ****

Mean scores represent n Z 6 rats/group with the total being the average of the sum of all scores.

Means were compared by two-way analysis of variance where P < 0.05 (*), <0.01 (**), <0.001 (***), <0.0001 (****).
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evaluated over 6 h. Relative to healthy rats, NASH rats displayed a
77% increase from 0.97 to 1.67 mg/mL$min per gram bodyweight
in plasma CDDP exposure as measured by AUC0eN (Table 4).
This was consistent with a significantly different CDDP PK
profile in NASH rats, relative to healthy rats, where the plasma
concentrationetime curve shifted upwards (P Z 0.0101, two-
way ANOVA, Fig. 3). Bodyweight normalized peak plasma
CDDP concentrations over this time period also increased in
NASH-induced rats from 22.9 � 8.0 to 55.2 � 17.2 mg/mL/g
bodyweight. These changes to plasma PK were accompanied by
a reduction in plasma clearance of approximately 40% from
6.78 to 4.04 mL/min in NASH rats. Additionally, mean renal
clearance and secretion rates were reduced in NASH by
approximately half from 7.39 to 3.83 mL/min, relative to
healthy rats (Table 2). NASH induced a slight, but non-
significant reduction in GFR measured by plasma iohexol
clearance when compared to healthy rats (Table 4). Over the 6 h
collection interval, the total fraction of the CDDP dose excreted
into urine did not differ significantly between healthy and
NASH rats (P Z 0.8624, two-way ANOVA, Fig. 3). However,
total tissue bound CDDP as a percentage of dose was reduced
by approximately 15% in NASH rats, relative to healthy rats
(Fig. 4). Conversely, NASH rats accumulated approximately
250% more total CDDP as a percentage of dose in liver tissue,
relative to healthy rats (Fig. 4).

3.3. Expression of drug transporters is altered during NASH

To probe molecular mechanisms of altered CDDP PK and
disposition, hepatic and renal drug transporter expression was
evaluated in healthy and NASH rats used for these studies. Ab-
solute drug transporter abundance was quantified by surrogate
peptide LCeMS/MS. In renal plasma membrane protein fractions
CTR1, a basolateral CDDP uptake transporter, decreased from
0.49 to 0.35 pmol/mg protein in NASH rats whereas OCT2
increased by a similar amount from 0.92 to 1.21 pmol/mg protein,
relative to healthy rats (Fig. 5A). CDDP uptake transporters,
OCT1 and OCT3, and vesicular transporter, ATP7A, did not
change in kidney tissue. Expression of ATP7B, a vesicular
transporting protein that removes the CDDP from the cytosol,



Figure 2 Histological kidney lesions were reduced in the proximal tubule of NASH rats. Representative images of H&E-stained kidney slices

at 40 � and 200 � (insert) magnification. (A) Mid-cortex with glomeruli and more superficial cortex of naı̈ve healthy rats at right and proximal

convoluted tubules of deep cortex at left (40 �). (B) There was mild to moderate degeneration and necrosis of convoluted tubules in more distal

regions of tubules (arrows) mildly distended by cellular debris and proteinaceous material in CDDP control rats. There were mild increases in

perivascular and extracellular matrix inflammation including lymphocytes and lesser numbers of macrophages (scattered blue foci between and

rimming tubules). (C) Mid-to deep image of cortex with glomeruli and more superficial cortex at right and proximal convoluted tubules of deep

cortex at left in NASH naı̈ve rats. (D) Minimal degeneration and necrosis of tubular epithelial cells was present in the more distal regions of the

proximal convoluted tubules in CDDP NASH rats. This image depicts minimal distension of tubules and minimal increases in extracellular matrix

inflammation including few lymphocytes.
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increased from 0.12 to 0.17 pmol/mg protein. Renal basolateral
CDDP efflux proteins, MRP2, MRP4, MATE1, and P-gp, did
not change significantly in animals induced with NASH, relative
to healthy rats (Fig. 5A). Concurrent with elevated CDDP
accumulation in NASH rats (Fig. 4), expression of sinusoidal
CDDP uptake transporter OCT1 increased from 0.66 to
1.99 pmol/mg protein (Fig. 5B), although CTR1, OCT2, nor
ATP7A or 7B did not change. This finding coincided with a
reduction of MATE1, a canalicular membrane CDDP efflux
transporter, in NASH rats from 0.25 to 0.13 pmol/mg protein,
relative to healthy rats (Fig. 5B), whereas hepatic MRP4
expression increased slightly.
Table 3 Liver histopathological scoring of healthy and NASH rats

Disease Drug Total Lipid

accumulation

Necrosi

Control Naı̈ve 0 0 0

CDDP 0 0.17 � 0.41 0

NASH Naı̈ve 2.33 � 0.52 3.50 � 0.55 0.83 �
CDDP 1.80 � 0.45 2.80 � 0.45 0.40 �

Two-way ANOVA Diet **** **** ***

Drug ns ns ns

Mean scores represent n Z 6 rats/group with the total being the average o

Means were compared by two-way analysis of variance where P < 0.05 (*
4. Discussion

The findings in this study suggest that functional alterations to
elimination pathways induced by NASH elicit changes to CDDP
PK, yielding a modest protective effect at the major target tissue
of toxicity, the renal proximal tubule cell (Fig. 2, Table 2). This
study also suggests that the observed reduction in CDDP renal
clearance is likely a result of the sum of multiple elimination
pathways: reduced renal filtration, reduced renal secretion, and
increased hepatic uptake of CDDP. Furthermore, while the
observed decrease in renal accumulation of CDDP (Fig. 4) co-
incides with a modest reduction in nephrotoxicity (Table 2), the
receiving either CDDP or vehicle.

s Apoptosis Inflammation Fibrosis Biliary

hyperplasia

0 0 0 0

0 0 0 0

0.41 0.33 � 0.52 1.67 � 0.52 0.33 � 0.52 1.50 � 1.05

0.55 0.80 � 0.45 1.60 � 0.55 0 1.40 � 0.55

*** **** ns ****

ns ns ns ns

f the sum of all scores.

), <0.01 (**), <0.001 (***), <0.0001 (****).



Table 4 CDDP pharmacokinetic parameters in healthy and

NASH rats.

Index Unit Healthy NASH

AUC0eN mg$min/

(mL$g BW)

0.94 � 0.26 1.67 � 0.67*

AUCextrap % 10.23 � 4.32 7.13 � 2.62

Plasma CL mL/min 6.78 � 1.84 4.04 � 1.53*

Cmax mg/(mL$g

BW)

23.9 � 8.0 55.2 � 17.2*

Total urinary

excretion

% of dose 94.35 � 28.49 91.76 � 17.86

CLR mL/min 7.39 � 3.97 3.83 � 1.01*

GFR mL/min 1.64 � 0.86 1.03 � 0.44

Renal secretion mL/min 6.23 � 3.78 2.80 � 0.93*

Non-compartmental PK parameters were calculated for each indi-

vidual animal and means (nZ 6 animals/group) were compared by

Student’s t-test where P < 0.05 (*).
Figure 4 NASH reduces renal and enhances hepatic accumulation

of CDDP. Rats in the PK cohort were sacrificed at 6 h and kidney and

liver CDDP was quantified by LCeMS/MS with derivatization and

normalized to dose. Scatter plots represent individual animals with

mean values (horizontal lines) � standard deviation of n Z 6 animals/

group. Differences in mean values were determined by unpaired, two-

tailed Student’s t-test where P < 0.05 (*).
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opposite, but more robust increase in hepatic accumulation of
CDDP during NASH (Fig. 4) is not correlated to any drug-related
changes in hepatotoxicity (Table 3, Fig. 2).

Previous studies have demonstrated that free CDDP is quickly
cleared and is highly plasma protein bound23,24. Nephrotoxicity
following acute CDDP exposure is proportional to peak plasma
platinum concentration; as such, higher acute systemic exposure is
predicted to manifest in enhanced toxicity25. Indeed, this delayed
toxic response in the kidney after acute CDDP exposure has been
demonstrated in rodent models26, yet, in the present study we
observed a larger Cmax (55.2 versus 23.9 mg/mL/kg BW) and
plasma AUC in NASH rats, relative to healthy rats (Fig. 3, Table
4). Despite high peak and overall plasma CDDP concentrations in
NASH rats, specific molecular mechanisms may attenuate neph-
rotoxicitydnamely, reduced CDDP exposure at the proximal
convoluted tubule.

Expression of OCT2, which is involved in CDDP uptake from
the blood into cells, increases slightly in kidney tissue of NASH
rats, which would increase CDDP uptake into the proximal
convoluted tubule cells thereby increasing CDDP renal secretion
and tissue accumulation (Fig. 5A). However, this effect may be
negated by a similar decrease in CTR1 expression in NASH rats,
as this transporter also transports CDDP into the proximal con-
voluted tubule cell. CDDP uptake by CTR1 is equilibrative
Figure 3 CDDP plasma and renal clearance is reduced in NASH-induce

(6 mg/kg, i.p.), bodyweight-normalized plasma CDDP concentrations (lef

measured over 6 h. NASH rats did not display any significant increases

dependent upward trend was observed. Conversely, bodyweight normalize

groups. PK curves were compared by two-way ANOVA with Sidak’s post
whereas OCT2 is concentrative10, suggesting that increased
OCT2 expression may predominate CDDP transport in favor of
uptake. However, both transporters show relatively similar af-
finities for CDDP with Km values of approximately 17 and
11 mmol/L for human OCT2 and CTR1, respectively27,28. Re-
ported maximal uptake capacity, measured by Vmax for human
OCT2 and CTR1 are 13.7 and 117 pmol/mg protein/min,
respectively, suggesting that CTR1 may serve as a higher-
capacity CDDP uptake transporter28,29. Although comparative
kinetics of these rat isoforms has not been evaluated, both human
and rat CTR1 and OCT2 share 90% and 82% sequence homol-
ogy, respectively, suggesting that these orthologs may function
similarly. Taken together with the current study, these observa-
tions suggest that the reduction in renal CTR1 may functionally
outweigh the increases in OCT2, thereby reducing CDDP
secretion into the nephron and subsequent toxicity (Table 2,
Fig. 4). Finally, ATP7B, which sequesters and removes copper
and other substrates including CDDP from cells30, was induced
d rats. In a separate cohort of healthy or NASH rats dosed with CDDP

t panel) and cumulative CDDP excreted into urine (right panel) was

in CDDP at any distinct timepoint, although a significant disease-

d total CDDP excreted into the urine did not differ between the two

-hoc test.



Figure 5 Expression patterns of CDDP renal and hepatic transporters are altered in NASH-induced rats. Secretory pathways in the proximal

convoluted tubule and hepatocytes by substrate-specific transporters were quantified by surrogate peptide LCeMS/MS. (A) NASH rats exhibited

reduceduptake (CTR1) and increased efflux (OCT2) transporter expression at thebasolateral (blood) side of theproximal convoluted tubule, relative to

healthy rats. Vesicular CDDP-transporter, ATP7B, increased significantly in NASH rats, relative to control. (B) Expression of hepatic CDDP uptake

transporter, OCT1, on the sinusoidalmembrane increased significantly inNASH rats, whereas expression of CDDP efflux transporter,MATE1, on the

canalicular membrane decreased, relative to healthy rats. Scatter plots represent individual animals with mean values (horizontal lines) � standard

deviation of nZ 6 animals/group. Differences in mean values were determined by unpaired, two-tailed Student’s t-test where P< 0.05 (*).
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slightly in NASH kidney tissue, but not liver tissue (Fig. 5A).
Increased ATP7B is associated with cancer cell resistance to
CDDP and induction during NASH may offer an insight into a
protective mechanism against toxicity in the proximal convoluted
tubule cells31,32. However, the directionality of ATP7-mediated
CDDP removal into either the proximal convoluted tubule
lumen or blood is not known, suggesting that this may not pro-
vide a mechanistic explanation for reduced CDDP systemic and
renal clearance33.

Notably, renal clearance is the sum of multiple processes,
including filtration, reabsorption, and secretion at distinct loca-
tions along the nephron. Recently, disruptions to this physiological
process have been documented in patients with NASH, despite the
disease primarily manifesting in the liver12. This includes re-
ductions to GFR in both humans and animal models of NASH16,
which was partially recapitulated by this study, although at a non-
significant level (Table 4). Over 6 h, the total amount of CDDP
eliminated into the urine does not vary between healthy and
NASH animals, suggesting that changes to total renal elimination
of CDDP are minimal. However, the amount of CDDP and rate at
which CDDP that is presented to the proximal convoluted tubule
cells is reduced in NASH rats (Fig. 4, Table 4). This may be
partially explained by reduced GFR, and subsequent blood flow to
the kidney, thereby reducing renal CDDP disposition. Further-
more, temporal CDDP sequestration in the liver may also reduce
renal clearance (Fig. 4).

While alterations to drug transporters within the proximal
convoluted tubule may contribute to reduced renal clearance and
renal secretion of CDDP, this study suggests that hepatic drug
transport may also contribute to changes in renal CDDP PK.
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CDDP is known to be mainly eliminated into the urine, with a
very small amount being secreted into bile23, although CDDP
accumulates to comparable levels in both kidney and liver34.
Unexpectedly, we observed a robust increase of accumulated he-
patic CDDP from approximately 5%e15% of the dose in NASH
rats, relative to healthy rats (Fig. 4). These data suggest that a
significant amount may be taken up into the liver, relative to
healthy animals, which may contribute to the observed reduction
in total body clearance. Indeed, hepatic OCT1 is highly induced in
NASH rats and MATE1 expression decreases significantly
(Fig. 5B). Although this study did not evaluate CDDP concen-
trations in bile or feces, these data do suggest that enhanced
retention of CDDP in the liver may contribute to a reduction in
renal clearance. Furthermore, no hepatic drug-induced histopath-
ological lesions were found in CDDP-treated rats, relative to naı̈ve
rats (Table 3); CDDP-induced hepatotoxicity is rare and generally
only presents following very high exposure, supporting this
finding35. While these data do not suggest an exhaustive mecha-
nism of reduced renal exposure to CDDP, the data presented in
this study provides a strong correlation between the NASH
phenotype and decreased nephrotoxicity in NASH rats.

5. Conclusions

The data presented in this manuscript provide evidence for extra-
hepatic alterations to ADME and associate toxicity during NASH.
Additionally, this study adds evidence demonstrating tissue spe-
cific toxicity caused by cisplatin.
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