Journal Pre-proof

Molecular pathways driving omeprazole nephrotoxicity

Miguel Fontecha-Barriuso, Diego Martin-Sanchez, Julio M. Martinez-Moreno, Daniela
Cardenas-Villacres, Susana Carrasco, Maria D. Sanchez-Nifo, Marta Ruiz-Ortega,
Alberto Ortiz, Ana B. Sanz

Pl S$2213-2317(19)31607-6
DOI: https://doi.org/10.1016/j.redox.2020.101464
Reference: REDOX 101464

B

To appearin:  Redox Biology

Received Date: 29 December 2019
Revised Date: 6 February 2020
Accepted Date: 11 February 2020

Please cite this article as: M. Fontecha-Barriuso, D. Martin-Sanchez, J.M. Martinez-Moreno, D.
Cardenas-Villacres, S. Carrasco, M.D. Sanchez-Nifio, M. Ruiz-Ortega, A. Ortiz, A.B. Sanz, Molecular
pathways driving omeprazole nephrotoxicity, Redox Biology (2020), doi: https://doi.org/10.1016/
j-redox.2020.101464.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.


https://doi.org/10.1016/j.redox.2020.101464
https://doi.org/10.1016/j.redox.2020.101464
https://doi.org/10.1016/j.redox.2020.101464

Molecular pathways driving omeprazole nephrotoxicity

Miguel Fontecha-Barriuso B8t Diego Martin-Sanchez B8t Julio M. Martinez-Moreno
PhD', Daniela Cardenas-Villacres B4cSusana CarrastoMaria D. Sanchez-Nifio PHB
Marta Ruiz-Ortega Phi3? Alberto Ortiz PhD, MD, PhB**% Ana B. Sanz PhiZ.

1. Research Institute-Fundacion Jimenez Diaz, AartenUniversity, Madrid, Spain

2. REDINREN; Madrid, Spain

3. School of Medicine, UAM, Madrid, 28040, Spain

4. IRSIN, Madrid, 28040, Spain

# Current address is Indian River Research and &idumal Center, Department of Plant and

Pathology, University of Florida, Fort Pierce, 339WSA

Running tittle: Omeprazole and nephrotoxicity

Correspondence to:

Ana Belen Sanz, PhD

[IS-Fundacion Jimenez Diaz, Av Reyes Catolicos894D Madrid, Spain
Phone: +34 91.550.48.00, e-mail: asanz@fjd.es

or

Alberto Ortiz

[IS-Fundacion Jimenez Diaz, Av Reyes Cat0licos894D, Madrid, Spain
Phone: +34 91.550.48.00, e-mail: aortiz@fjd.es

Word count

Abstract: 237

Text: 4408



ABSTRACT

Omeprazole, a proton pump inhibitor used to tresgitip ulcer and gastroesophageal
reflux disease, has been associated to chronie¥kidiisease and acute interstitial nephritis.
However, whether omeprazole is toxic to renal aslisnknown. Omeprazole has a lethal effect
over some cancer cells, and cell death is a keggssoin kidney disease. Thus, we evaluated the
potential lethal effect of omeprazole over tubuelts.

Omeprazole induced dose-dependent cell death irainand murine proximal tubular
cell lines and in human primary proximal tubuladl ceultures. Increased cell death was
observed at the high concentrations used in caredestudies and also at lower concentrations
similar to those in peptic ulcer patient serum.l @ehth induced by omeprazole had features of
necrosis such as annexin V/7-AAD staining, LDH asks, vacuolization and irregular
chromatin condensation. Weak activation of cas@as@&s observed but inhibitors of caspases
(zVAD), necroptosis (Necrostatin-1) or ferroptofierrostatin-1) did not prevent omeprazole-
induced death. However, omeprazole promoted a gtoxidative stress response affecting
mitochondria and lysosomes and the antioxidant &y&kcysteine reduced oxidative stress and
cell death. By contrast, iron overload increasetl death. An adaptive increase in the
antiapoptotic protein BcIxL failed to protect cells mice, parenteral omeprazole increased
tubular cell death and the expression of NGAL af@tH markers of renal injury and oxidative
stress, respectively.

In conclusion, omeprazole nephrotoxicity may beatesl to induction of oxidative stress

and renal tubular cell death.
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INTRODUCTION

The incidence of acute kidney injury (AKI) is appimately 2,000-3,000 per million
population per year (1). AKI patients have a highsk of developing chronic kidney disease
(CKD) and end-stage renal disease (ESRD) (2). CKprésent in 10% of the adult population
and is associated with an increased risk of AKI preimature mortality (3). AKI implies an
abrupt decline in renal excretory function charazésl by a reversible increase in the blood
concentration of creatinine and other moleculetgnofssociated with a decreased urine output
(4, 5). Despite frequent recovery of renal functiorortality remains high, and even a short-
timed injury contributes to a higher mortality (@ubular cell death is a common features of
both AKI and CKD, eventually leading to tubuloirggtial fibrosis and progressive nephron
loss (6). Both apoptosis and different pathwaysegjulated necrosis, such as necroptosis or
ferroptosis, may contribute to tubular cell deatfi.0).

Omeprazole is a proton pump inhibitor (PPI) prdsmti to patients with
gastroesophageal reflux disease and peptic ulcels Rre among the most commonly
prescribed drugs, although in a significant per@gatof patients the prescription is not justified
and self-medication is common (11). PPIs inhibg th+/Na+ ATPase in gastric cells, thus
decreasing proton secretion into the gastric lunfiditionally, they also inhibit vacuolar
ATPase (V-ATPase), and may have antiproliferaticgoas in tumor cells (12, 13). Thus,
omeprazole inhibits pancreatic cancer cell grovith, (L3), and promotes apoptosis in human
melanoma cells and in B-cell malignancies (12, Oineprazole is a cause AKI due to acute
tubulointerstitial nephritis (AIN), especially ime elderly (15-19). Additionally, two recent
independent studies associated PPI consumptioméaaess risk for CKD (20-23), and a recent
prospective, double-blinded cohort study disclosed omeprazole prophylaxis was associated
to increased serum creatinine among patients astinitt hospital (24). However, the cellular
and molecular mechanisms of PPI nephrotoxicity émegal and specifically of omeprazole,

have not been characterized, thus hampering plienesaid therapy efforts.



METHODS
Cell and reagents

Three types of cells were studied, human (HK-2))(2Bd murine (MCT) (26)
immortalized proximal tubular epithelial cell lineand primary human proximal tubular cell
cultures (RPTEC, Cambrex, East Rutherford, NJ, USIK-2 cells were grown in RPMI 1640
(GIBCO), 10% decomplemented fetal bovine serum (FB% glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin, Gug/mL Insulin Transferrin Selenium (ITS) and 36 nb/m
hydrocortisone in 5% CQat 37 °C. MCTs were grown in RPMI 1640, 10% FBS) fkg/mL
streptomycin, 2 mM glutamine and 100 U/mL penigil RPTEC were grown in REGM (renal
epithelial cell growth medium; GIBCO). At 60-70% @dnfluence, cells were growth-arrested
in serum-free medium for 24 hours before the expents.

Omeprazole (Selleckchem, Munich, Germany) was btiedon DMSO and stored at -
80° C. Cells were stimulated with high omeprazaecentrations (30QM) for 3h, 18h, 24h
and/or 48h, and with low concentrations (15, 20 80duM) for 7 days. Ferrostatin (Fer-1,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) wsad at 40M, Necrostatin-1 (Nec-1,
Sigma-Aldrich, St. Louis, MO) at 3M, z-VAD-fmk (Bachem, Bubendorf, Switzerland) at
100uM, and N-acetyl-cysteine (NAC, Sigma-Aldrich) atmiM concentrations, based on prior
dose response-studies and experience inhibitingdulsell death triggered by different stimuli
(7). 3-methyladenine (3-MA, Sigma-Aldrich) was regended at 100 mM in distilled.€.
Staurosporine at 500 nM (Sigma-Aldrich) was usegasstive control for apoptosis and®
(0.4mM) as positive control for reactive oxygendape (ROS) production. Peptide BclxL-BH4
(Merck, Darmstadt, Germany) was used at conceotrsitbased on previous experience with the
drug in cultured tubular cells (27).

Assessment of cell death
Cell viabilty was estimated wusing the 3-[4,5-dimgthiazol-2-yl]-2,5

diphenyltetrazolium bromide (MTT, Sigma-Aldrich)lodmetric assay. Following stimulation,



culture medium was removed, and cells were incubatth 0.5 mg/mL MTT in PBS for 1h at
37 °C. The resulting formazan crystals were dried dissolved in DMSO. Absorbance
(indicative of cell viability) was measured at 5fth using a plate reader (TECAN infinite
F200).

For assessment of cell death by annexin V/7-amatim@mycin D (7-AAD) staining, 5
x 10 cells were washed with ice-cold PBS, resuspendekD@pl binding buffer, and stained
with 2.5 ul PE-Annexin V and 2.5ul 7-AAD for 15 min at 37 °C in the dark. Then, 4QD
binding buffer was added just before flow cytometells were analyzed using FACS Canto
cytometer and FACS Diva Software (BD Biosciencesits, Switzerland). Early and late cell
death was evaluated on PE fluorescence (Annexinvéryus PerCP (7-AAD) plots. Cells
stained only with annexin V were considered eagly death; cells stained with both annexin V
and 7-AAD were considered late cell death or nesros

Cytotoxicity was assessed by the release of lactatgydrogenase (LDH) using the
Cytotoxicity Detection Kit PLUS (LDH) according the manufacturer’s instructions (Roche).
Fluorescence was recorded using a plate readerANEGfinite F200).

Nuclear morphology was assessed in formalin-fixels cstained with DAPI (Sigma)
and observed with fluorescence microscopy (NikorO@6 Cell morphology was further
examined by transmission electron microscopy (TEM) Jeol Jem1010 (100Kv) microscope.
Cells were fixed in 4% formaldehyde/2% glutaraldgdyn PBS, dehydrated and embedded in
Epon resin.

Western Blot
Cells were homogenized in lysis buffer (50 mM TiI&H150 mM NacCl, 2 mM EDTA,
2 mM EGTA, 0.2% Triton X-100, 0.3% NP-40, 1 mM PM8Rkd 1ug/ml pepstatin A). Protein
concentration was measured with the BCA (bicinchigniacid) assay (Thermo Fisher,
Waltham, MA). Equal amounts of protein were loadaed15% SDS gel, separated by
electrophoresis and transferred to PVDF membrapes/inylidene difluoride, Millipore,
Darmstadt, Germany). The membranes were blocked 50t TBS/0.5% v/v Tween-20 skim

milk and incubated with anti-caspase3 (1:1000, Siglhaling Technology, Danvers, MA), anti-



BcLxL (1:250, Santa Cruz), anti-Bax (1:100, BD Rheagen, San Jose, CA), anti-LC3 (1:1000,
Novus Bio, Centennial, CO) or anti-heme oxygena#®-(, 1:1000, Enzo Life Technologies,
Farmigdale, NY) antibodies dissolved in 5% milk S¥Bween for 1h at room temperature.
They were then washed with TBS/Tween and incubaiéd the secondary antibodies against
rabbit 1gG (1:5000) or mouse IgG (1:5000). After silng with PBS/Tween, blots were
developed with the chemiluminescence method (ECleriho Fisher) and probed with mouse
monoclonal anti—alpha-tubulin antibody (1:10000gr&a-Aldrich). Levels of expression were
corrected for minor differences in loading.
RNA extraction and real-time polymer ase chain reaction

Total RNA was extracted by the TRI Reagent methodttogen, Thermo Fisher) and
1 png RNA was reverse transcribed with High CapadiNA Archive Kit (Applied Biosystem,
Thermo Fisher) (28). Quantitative PCR was perforimed 7500 Real Time PCR System with
the Prism 7000 System SDS Software using predeedlgpimers (Thermo Fisher). RNA
expression of different genes was corrected for GIAP
ROS production

To assess total ROS production, 2',7'-dichloroditofiliorescein diacetate CM-
H2DCFDA (Molecular Probes, Thermo Fisher) was ad8dwurs before flow cytometry. To
assess lipid peroxidation, cells were washed an®IB® 581=591 C11 (Invitrogen, Thermo
Fisher) was added for 1h before flow cytometry.eAftaining, cells were trypsinized, washed
and transferred to FACS tubes in RPMI containingol6BS. Mitochondrial ROS was
measured with MitoSOX red mitochondrial superoxidéicator (Invitrogen, Thermo Fisher).
After different treatments cells were incubatedwt5 uM MitoSOX for 10 minutes at 37 °C
and then fluorescence was measured at 510/580 rfgx(Epire Multilabel Reader, Perkin
Elmer, Waltham, MA).
NADPH activity

NADPH activity was measured by the lucigenin cheamihescence assay as described
(29). Renal cell homogenates in 50 mmol/L phosphatiéer containing 0.01 mmol/L EDTA,

0.32 mol/L sucrose and 0.1% protease inhibitor @ilckvere transferred to R6hren tubes and then



5 umol/L lucigenin and 10@mol/L NADPH (Sigma-Aldrich) were added. Chemilunsioénce
was measured with a luminometer (Berthold Technetodad Wildbad, Germany) by counting
the photon emission at 10-s intervals over 5-10 amd values were normalized over non-
omeprazole stimulated tubular cells.
Clonogenic assays

Cells were pre-treated with NAC for 1 hour, andntlsémulated with omeprazole. After
48 hours, cells were detached with trypsin-EDTA&desl in Petri dishes and cultured in 10% FBS
RPMI 1640 for 7 days. Then, they were fixed anéheth with crystal violet. Petri dishes were
photographed and cells were resuspended in ethsodiim citrate 1:1 (0.1 M, pH 4.2), and
absorbance (indicative of colony formation) was soeed at 570 nm (TECAN infinite F200).
Assessment of lysosomal acidity

The lysosomal function of cells was assessed wsiggosomotropic tracking dye called
LysoTracker® Red DND-99 (Life Technologies, Thernkisher), which accumulates in
lysosomes due to proton trapping (30). Cells weraped into culture medium, collected into
sterile polypropylene tubes and centrifuged at 5@dfor 5 min at room temperature to remove
cell debris. Then LysoTracker Red (500 nM) was dddeRPMI-1640 for 30 min at 37 °C and
cells were washed twice with PBS resuspended inF-Adffer and analyzed using FACS Canto
cytometer and FACS Diva Software (BD Biosciences).
M easurement of intracellular ATP concentration

ATP levels were measured by the Luminiscente ATRe@mn Assay Kit (Abcam,
Cambridge, UK) following the manufacturer’s instrogs.
Animal model

All procedures were conducted in accordance wighNiH Guide for the Care and Use
of Laboratory Animals and were approved by the ahiethics committee of [IS-FID (PROEX
17/070). Wild-type 12-week-old female C57BL/6 mipeceived 40 mg/kg/day omeprazole
(Normon, Madrid, Spain) or vehicle intraperitongdtir 10 or 28 days (4-5 animals per group).
Dosing was based on human therapeutic dosing ancbitversion to mice dosing following

FDA guidelines, based on body surface area (31,U8%)g the FDA dose range for omeprazole



(33) (Fig. S1). Thus, the murine dose was within the range efntlurine equivalent dose. Blood
was drawn to assess serum creatinine and blood nitemyen (BUN), and kidneys were
perfused in situ with cold saline before removale&idney was snap-frozen in liquid nitrogen
for RNA and protein studies and the other was fired paraffin embedded for histological
studies.
TUNEL

Terminal deoxynucleotidyl transferase-mediated dUTi€k end labeling (TUNEL)
assay was performed in 3 um thick sections of fiarambedded tissue with tHa Stu Cell
Death Detection Kit, Fluorescein (Roche Appliedefce, Penzberg, Germany), according to
the manufacturer’s instructions.
Statistics

Results are expressed as mean + SEM. Differente®gée groups were evaluated using
Q2 one-way ANOVA with Tukey's post-hoc tests usihg Prism software (Graphpad 7.04). For
pairs of samples, data were analyzed using nonvedrie Mann—Whitney test. A p-value < 0.05
was considered statistically significant.
RESULTS
Omeprazoleinducestubular cell death

First, the effect of omeprazole on proximal tubwal viability was tested. Omeprazole
decreased cell viability in murine tubular cells @assessed by MTTF(g. 1.A). Moreover,
omeprazole also decreases cell viability in botmartalized (HK-2) and primary cultures
(RPTEC) of human proximal tubular cellig. 1.A). The effect of omeprazole was dose-
dependent and more evident at 48h than at 24h. Id&H2 were studied in more detail. Phase
contrast imaging showed cell detachment and moogfdl changes, such as vacuole
formation, in response to omeprazdteg 1.B, C).

The concentration (150-350M) of omeprazole in figures 1.A-C is similar to the
concentration reported to induce tumor cell de8#).(However, the omeprazole concentration

in serum of patients on omeprazole is lower, ara2ddM (35). Thus, we tested the effect of

lower concentrations of omeprazole for longer timeexposure. Omeprazole at 20 anduB0



for 7 days also decreased cell viability as assebgeMTT and induced cell detachment and
vacuole formationKig. 1.D, E).
Characterization of omeprazole-induced tubular cell death

Next, we characterized the lethal effect of omeplenn tubular cells. Cell death was
assessed by annexin V/7-AAD stainingid. 2.A). Omeprazole increased the number of
annexin V/7-AAD" cells in a dose- and time-dependent manner, whdenumber of annexin
V*/7-AAD  cells did not change, suggesting that cell deatiidcee mediated by necrosis, rather
than by apoptosig-{g. 2.A). The necrotic effect of omeprazole was confirrbgccytotoxicity
assay measuring the release of LDH (3B)g( 2.B). Furthermore nuclear morphology,
analyzed by DAPI staining, showed irregular chromatilumping typical of necrosis and
ultrastructural analysis by TEM showed striking wale formation and plasma membrane
rupture Fig. 2.C, D). Previous reports have suggested that apoptaosikl @lay a role in
omeprazole-induced cell death (12), although the ob caspases has not been clarified (34).
Therefore, to evaluate the role of apoptosis inmamole-induced tubular cell death, we tested
caspase activation. A weak cleaved caspase 3 bandietected by western blot in tubular cells
stimulated with omeprazole, but levels were lowamtin cells stimulated with staurosporine, a
positive control of apoptosis (37FFig. S2.A). Moreover, the pan-caspase inhibitor zZVAD did
not prevent omeprazole-induced cell dedtrg(S2.B, C). In recent years, new pathways of
regulated necrosis, such as necroptosis or fesptbave been shown to contribute to kidney
disease (9, 38), thus we tested their contributioomeprazole-induced tubular cell death. Pre-
treatment with Necrostatin-1 (Nec-1) or FerrostdtifFer-1), at concentrations previously
shown to prevent necroptosis and ferroptosis reéisjedein tubular cells, was unable to prevent
omeprazole-inducedcell death/loss of cell viabi{fijg. S2.B, C).
Omeprazole-induced cell death isassociated to increased ROS production

Based on a previous report of the association afpparole cytotoxicity with oxidative
stress (12), we analyzed ROS production in HK-2Iscatimulated with omeprazole.
Omeprazole 30M induced a strong and early increase in ROS prtimtuas assessed by CM-

H2DCFDA staining and flow cytometryFig. 3.A). Moreover, lower concentrations of



omeprazole, similar to those found in the circolatbf patients on omeprazole, also promoted a
strong ROS productiorf(g. 3.B). The mitochondria and NADPH oxidase are the msgarces
of intracellular ROS, so we analyzed their possibl@lvement in driving omeprazole-induced
ROS accumulation. We measured mitochondrial ROSdymtion by MitoSOX staining,
observing that omeprazole promotes mitochondriaSRElg. 3.C). In addition, we observed
that omeprazole increased NADPH oxidase activity this followed the increase in ROS
production, suggesting that NADPH oxidase actiigtypot the initial or main driver of oxidative
stress induced by omeprazokd 3. D). Moreover, we observed by BODIPY staining andavflo
cytometry that increased ROS production was follbe lipid peroxidation at later time points
(Fig. 3.E).
NAC prevents omeprazole-induced cell-death

Next, we tested the effect of the common ROS sagareN-acetyl-cysteine (NAC) over
oxidative stress and cell death induced by omepgdandubular cells. NAC prevented total and
mitochondrial ROS production and lipid peroxidatiomuced by omeprazoleFig. 4.A-C).
Moreover, NAC prevented cell death induced by omeple as assessed by LDH release and
by Annexin V/7-AAD staining, and also prevented celtachment and vacuole formatidfid.
4.D-F). In addition, clonogenic assays showed that @{[sosed to omeprazole are unable to
form colonies, but NAC reversed the decreased genig survival, an observation consistent
with increased cell survivaF{g. S3). Altogether, these results suggest that omepeanoluced
tubular cell death is initiated by a strong oxidatstress that leads to lipid peroxidation. Since
lipid peroxidation and mitochondrial stress mayder to other types of cell death such as
ferroptosis or apoptosis, we explored the involvetnod these forms of cell death in response to
the initial wave of ROS production. To test thisphthesis, we pre-treated the cells with a
combination of NAC and zVAD or Nec-1 or Fer-1, and observed that protection from cell
death was increased when NAC was combined with z\6ABer-1 Fig. 4.G).
Omeprazole induces lysosomal alkalization and reduces ATP levels

Omeprazole alters intracellular pH in tumor cellfius, we analyzed the effect of

omeprazole on lysosomal pH by detecting the flumrase intensity of LysoTracker® Red
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DND-99. We observed that omeprazole decreasedubeescence intensity in HK-2 cellgi.
5.A), indicating an increase in lysosomal pH. MorepWsosomal alkalization was prevented
with NAC (Fig. 5.B), suggesting that ROS production is an early eupstream of the altered
intracellular pH gradients.

Next, we assessed intracellular ATP levels. In amttbreast cancer cells, where PPIs
increased ATP levels and this was ascribed to bib of V-ATPase activity (39), we
observed that omeprazole dramatically decreasexcallular ATP levels in tubular cell&ig.
5.C). Intracellular ATP decreased at early times goanid, as the increased ROS levels, it was
already observed at 1 hou¥ig. 5.C), suggesting that together with oxidative stresmaly a
driver of cell death. In this regard, the decreéas&TP production was little responsive to NAC
(Fig. 5.D).

Omeprazole promotes expression of BclxL and autophagy in HK-2 cells

BcIxL and Bax are members of Bcl-2 family proteimkich regulate cell death at the
mitochondrial level. Since omeprazole induced nhityarial oxidative stress, we measured the
BclxL/Bax ratio, observing that omeprazole upretgdathe antiapoptotic protein BclxL while
the levels of proapoptotic Bax were weakly downtatgd, leading to an increased BclxL/Bax
ratio (Fig. 6.A, B). This suggests that, similar to the responsethieranephrotoxic agents (8),
the increased BclxL expression may be an adapéspanse, which is unable to prevent cell
death. However, the BclxL mimetic BclxL-BH4 (27) svaot protectiveRig. 6.C).

Omeprazole also promotes autophagy as a survivethamésm in melanoma cells. Now,
we observed that omeprazole may induce autophaghlKif? cells since it increased the
LC3II/LC3Iratio at 48 hours as assessed by LC3 e&restlot Fig 6.D). However, the
autophagy inhibitor 3-methyladenine (3-MA) redud«2BII/LC3I ratio (Fig. 6.D), but did not
significantly modify the lethal effect of omepragplsuggesting that autophagy is not a key
pathway in omeprazole-induced cell dedlg(6.E).

Omeprazole-induced cell death may be modified by environmental factors
In routine clinical practice, omeprazole is freqgieprescribed in association with other

potentially nephrotoxic drugs, including oral angulants. These drugs have been associated
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with a specific form of kidney injury termed antagulant associated nephropathy characterized
by recurrent hematuria and proximal tubular celhioverload (40-42). Thus, we explored the
interaction between iron overload and omeprazoldlehal iron overloading resulted in a
higher lethal effect of omeprazole in tubular céfgy. $4).

Omeprazoleinducesrenal injury in vivo

To explore the in vivo relevance of the cell cudtwesults, we tested the effect of
omeprazole in vivo. Omeprazole was injected dahhealthy mice for 10 or 28 days. While
omeprazole did not increase serum creatinine a, which is consistent with its well-known
lack of severe nephrotoxic potential, as is evideom its widespread clinical use, kidney
expression of the tubular cell injury marker NGAlasvincreasedF{g. 7.A, B), and an
increased tubular cell deathwas observed by TUNEinisg Fig. 7.C). In addition,
omeprazole increased the expression of the oxelatress marker Heme-Oxygenase-1 (HO-1)
at the mRNA and protein levels=i§. 7.D, E). These results support the hypothesis that
omeprazole has nephrotoxic potential by promoteigdeath and are consistent with its clinical
association with CKD. However, the nephrotoxic ptitd is low and in mice was subclinical.
DISCUSSION

Recent clinical data point to a subtle nephroteffect of omeprazole, but the cellular
and molecular mechanisms are unknown. Now, we lugerved that omeprazole directly
induces cell death in cultured tubular renal cellvivo e in vitro through the generation of
oxidative stress-induced cell death. Overall thtadae consistent with omeprazole induced
mitochondrial injury resulting in decreased ATP ifalality and increased oxidative stress, the
latter driving cell death. Furthermore, these expents have identified NAC as a potential
nephroprotective drug in this context.

Omeprazole is one of the most widely used PPIs @mscription has increased
significantly in recent years. However, in up t&&0f cases, PPI prescription does not follow
the indications acknowledged by health authoriéied, in some cases treatment is continued
long term, regardless of clinical indication (43his is an economic burden to healthcare

systems as well as a risky practice, since lomgtase of PPIs has been associated with
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different adverse effects including AKI and CKD J4thdeed, PPIs are frequently included in

lists of drugs that are potential targets of degipson strategies. When PPIs are appropriately
prescribed, their benefits are likely to compenghtgr risks (45). However, a false sense of
safety may have contributed to PPI abuse.

The first case of omeprazole-induced AIN was phigisin 1999 (46), and by 2009
there were 114 reported cases of PPIs-induced 28\ PPls were a major cause of AIN in the
elderly (18). Morerecent studies have identifiedsP# a risk factor for CKD, and higher doses
of PPIs were associated with a higher risk of CKID-23). Moreover, a prospective study
concluded that prophylaxis with omeprazole may Gbute to renal impairment in males (24).
Renal biopsies of omeprazole-induced AIN showedeatubulitis and tubular infiltrates, while
glomeruli were not injured (47). While the moleautaechanisms of injury may differ between
AIN and CKD, this data suggest that tubular cellsyrbe involved in at least some forms of
omeprazole nephrotoxicity. Furthermore, the V-AT&as cellular target of PPIs, has key
functions in tubular cells. Mutations in genes e&hog the distal tubular V-ATPase cause
genetic forms of distal tubular acidosis (48). Moegeently dysfunction of the proximal tubular
V-ATPase, which has a different subunit composifiam distal tubular V-ATPase, has been
involved in Dent’s disease, characterized by prekimbular cell injury and progressive CKD
(49). Understanding the molecular and cellular raeg@m of nephrotoxicity would support the
biological plausibility of the PPI-kidney injurynk and help develop preventive and therapeutic
strategies.

We have now identified for the first time and cltaeaized the molecular mechanisms
of omeprazole-induced oxidative stress and cellthdéa tubular renal cells. Omeprazole-
induced cell death had previously been observedier cells and leukocytes (12-14, 34, 50).
However, the cell death pathways activated by oampe may be cell type-dependent. In
normal human lymphocytes omeprazole-induced celthdes mediated by apoptosis, while in
human B-cell tumors cell death is caspase-indepegn(l2, 50). We have observed that
omeprazole promotes mild caspase-3 activation baléu cells, but apoptosis did not trigger

eventual cell death, since the pan-caspase inhibW&\D was not protective. Additionally,
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neither necroptosis nor ferroptosis mediate celitlleinduced by omeprazole. However,
morphological and functional characterization obular cell death induced by omeprazole
showed features of necrosis such as early memiprmmeeabilization as assessed by Annexin
V/7-AAD staining, LDH release, irregular chromatondensation and presence of vacuoles.
Omeprazole toxicity had been linked to oxidativeess in non-renal cells (12, 14, 51). In this
regard, we have observed that omeprazole promotsgoag oxidative stress which was
prevented by NAC suggesting that the main sourcR@S is cytosolic. NOX4, a member of
the NADPH oxidase, is the main source of cytosBIQ@S in kidneys and contributes to different
forms of renal disease (52). In melanoma cells oampe-induced oxidative stress is mediated
by NADPH oxidase (14). However, omeprazole-indusk&DPH oxidase activation in tubular
cells occurred later that ROS production, thughim studies are necessary to confirm the role
of NOX4 in oxidative stress induced by omeprazolg¢ubular cells. In addition, omeprazole
also induces mitochondrial ROS production at etmhg-points, which together with a dramatic
decrease in ATP production may point to a key adlenitochondrial injury. V-ATPases are
targets of omeprazole, and this or the decreag€l i availability can explain the lysosomal
alkalization observed in HK-2 cells. However, lysoml alkalization seems to be a
consequence of ROS production since it was presditéNAC.

Different pathways of cell death potentially invetl/in renal injury include apoptosis,
regulated necrosis (e,g, necroptosis or ferrogtoagswell as other forms of necrotic cell death
that do not easily fit into one of these categoriée that induced by deferasirox in proximal
tubular cells leading to deferasirox nephrotoxi¢By 53). However, neither the RIPK1 specific
inhibitor necrostatin-1 that prevents bona fideraptosis in tubular cells and the kidney (7) nor
the ferroptosis inhibitor ferrostatin-1 did, by theelves, prevent omeprazole-induced cell death.
This suggests that omeprazole-induced cell deaspitk being necrotic in nature, according to
microscopical features, annexin V/7-AAD stainingldrDH release, was not mediated by the
two main forms of regulated necrosis (necroptosid #erroptosis). However, our data are
consistent with a model in which a strong oxidastesss will trigger necrosis, but a reduction

of oxidative stress, as in the presence of NAC| meiscue some cells from this necrotic cell

14



death, but additional cell death pathways may ba Hctivated and contribute to residual NAC-

resistant cell death. Thus, in presence of NACh lagtoptosis and regulated necrosis through
ferroptosis appear to be recruited, since the coatioin of NAC with Fer-1 or the pan-caspase
inhibitor zZVAD offered additional protection. Inithregard, the conversion from one form of

cell death to another in presence of cell deathbitdrs is not unusual. As an example, a

cytokine cocktail composed of TWEAK, TNF and inegdn-gamma elicits apoptosis in tubular

cells, but when apoptosis is inhibited by zVAD, mgxtotic cell death sensitive to necrostatin-1

is triggered and the number of dying cells incred8e 37).

We also observed an increased mitochondrial swester omeprazole, as well as
increased levels of the anti-apoptotic protein Bclincreased expression of BclxL has been
also observed in nephrotoxic AKI and thought torespnt an adaptive nephroprotective
mechanism (54). However, these higher BcIxL leeeleven higher levels following treatment
with a BclxL mimetic were unable to prevent omeptazephrotoxicity. Likewise, autophagy
can sometimes be activated as protective mechaansinin this case, its inhibitor 3-MA may
amplify the lethal effect, as observed for melanoredls, where autophagy is an adaptive
survival mechanism against drug-induced cytotoxiritluding PPI (14). However, for tubular
cells, no statistically significant impact of 3-M#as observed.

Omeprazole induced cell death in both murine andndmu tubular cells at
concentrations found in serum of patients, suppgrbiological plausibility. In this regard, in
vivo omeprazole also caused tubular cell injuryh@lgh only sensitive markers of kidney
injury were altered, consistent with a low nephxatopotential and with clinical practice
experience.

This study has several limitations that should @dressed in further studies. We have
only explored the effect of omeprazole, but mordsRiPe used in the clinic. Further studies
should characterize the nephrotoxic potential fedént PPIs. Furthermore, the in vivo dose of
omeprazole was high. However, the in vivo data khéwe considered proof-of-concept and
they were generated in young healthy mice, whildsP&e frequently used in elderly

individuals with multiple comorbidities and usinguhtiple prescription and over-the-counter
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drugs with nephrotoxic potential, including nonrstdal anti-inflammatory agents, paracetamol

and anticoagulants, among others (55-57). Additipneameprazole has been used at doses of
up to 360 mg/day (33) and liver metabolism is sdile and decreases with repeating dosing,
potentially leading to higher serum concentrations

(https://www.accessdata.fda.gov/drugsatfda docs/l212/019810s096Ibl.pdf; accessed 23

December 2019).

Despite these limitations, this study strongly surppa direct toxic effect of omeprazole
on tubular cells, and this was observed in cultumgdortalized murine and human cells, and in
primary cultures of human cells at clinically redew concentrations and in vivo in mice. In this
regard, anticoagulant-associated nephropathy isactaized by hematuria and proximal
tubular cell iron overload (40, 42) and anticoatpdaelderly individuals are frequently
prescribed PPIs. Cell culture data suggest thatahgbination of omeprazole and iron overload
may increase omeprazole nephrotoxicity. Additiooaiorbidities might impact omeprazole
nephrotoxicity. Thus, in liver disease, plasma meae of omeprazole is decreased by
approximately 10-fold

(https://www.accessdata.fda.gov/drugsatfda doasl/2012/019810s096Ibl.pdf; accessed 23

December 2019).

In conclusion, we have shown for the first timeattlomeprazole has a direct lethal
effect over human tubular cells and have charasdrsome molecular pathways involvédgy
8). Omeprazole-induced cell death is caspase-indipenand ferroptosis and necroptosis are
not involved. However, oxidative stress was evidemd an antioxidant was protective. These
findings lend biological plausibility to the epidaiogical data linking PPIls to CKD and
provide a basic framework for the development egltoxic PPIs as well as novel preventive
and therapeutic strategies.
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LEGENDS OF FIGURES

Figure 1. Omeprazole induces cell death of both human and murine tubular cells. A)
Murine (MCT) and human (HK-2 and RPTEC) tubulariselvere exposed to different
concentrations of omeprazole for 24h and 48h ahdiedility was assessed by the MTT assay.
Mean + SD of three experiments *p<0.05 vs vehi¢lgg<0.01 vs control; ***p<0.001 vs
control. B) Time-course of omeprazole-induced cell death in ZHkells stimulated with 300
UM omeprazole. Mean £ SD of three experiments ***@B{1 vs controlC) Phase contrast
imaging of HK-2 cells stimulated with omeprazolead#ification x200 (scale 100 um) and
detail x400 (scale 50 pm). Representative imagethife experimentsD, E) HK-2 cells
stimulated with low dose omeprazole for 7 daf3) Cell viability Mean + SD of five
independent experiment; *p<0.05 vs control; ***p&01 vs control(E) Representative images
of three experiments. Magnification x200 (scale u@f) and detail x400 (scale 50 pum).

Figure 2. Omeprazole-induced cell death has features of necrosis. A) HK-2 cells were
exposed to omeprazole for 24h, stained with annéxn-AAD and analyzed by flow
cytometry. Omeprazole increased annexit/AAAD™ cells but not annexin V7-AAD" cells.
Mean * SD of three independent experimeB)sTime-course of omeprazole-induced necrosis
measured by LDH release. Mean = SD of three indggr@nexperiment; **p<0.01 vs control;
***p<0.001 vs control.C) DAPI-stained cells exposed to 3 omeprazole for 24 hours
disclosed irregular chromatin clumping suggestit@ecrosis (arrow). Representative images
of three independent experiments. Magnificationx@tale 100 pm) and detail x400 (scale 50
pum).D) TEM of cells exposed to 3QM omeprazole for 24 and 48 hours disclosed cellb @i
typical necrotic morphology, characterized by meanierrupture (add arrowhead) and extensive
vacuolization (add arrow).

Figure 3. Omeprazole induced ROS production. HK-2 cells were stimulated with 30
omeprazole (A, C-E) or lower concentrations (B) fiifferent time periodsA, B) ROS
production was assessed by CM-H2DCFDA stainingfeovd cytometry. Mean + SD of four or

three independent experiments. *p<0.05 vs conttth<0.01 vs control; ***p<0.001 vs
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control. C) Mitochondrial ROS production assessed by MitoS@i#ning and flow cytometry.
Mean + SD of five independent experiments. *p<0M control; **p<0.01 vs control;
***n<0.001 vs control. D) NADPH oxidase activity was assessed by lucigenin
chemiluminescence assay. Mean * SD of three indkgrerexperiments. *p<0.05 vs contrB).
Lipid peroxidation was assessed using the redozithem dye BODIPY/581/591 C11. Mean %
SD of three independent experiments. *p<0.05 vérohri*p<0.01 vs control.

Figure 4. Omeprazole-induced cell death is ROS-dependent. HK-2 cells pretreated with 1
mM NAC for 1 hour and stimulated with 300 uM omegmia for the indicated periods of time.
A-C) ROS production, mitochondrial ROS and lipid pedation were measured at 24 hours.
Mean + SD of three of four independent experimetig<0.01 vs control; ***p<0.001 vs
control; ##p<0.01 vs omeprazole; ###p<0.001 vs oargpe.D) Necrosis was assessed by the
LDH release assay. Mean + SD of 4 independent expats. **p<0.001 vs control; ##p<0.01
vs omeprazole; ###p<0.001 vs omeprazbleCell death was measured by flow cytometry of
annexin V/7-AAD stained cells. Mean = SD of threelependent experiments. **p<0.01 vs
control; #p<0.05 vs omeprazole) Phase contrast (x400, scale 50 um) and TEM (x6000)
images showing NAC protection from omeprazole-irtltoxicity at 24 hours. Representative
images of three independent experime@$.HK-2 cells pretreated with NAC alone or in
combination with zVAD or Fer-1 for 1 hour and stiiemed with 300uM omeprazole for 48
hours. Cell viability was assessed by the MTT asddgan + SD of five independent
experiments. **p<0.01 vs Omeprazole + NAC; ***p<0Dvs omeprazole + NAC.

Figure 5. Omeprazole induces lysosomal alkalization through ROS production. A, C) HK-

2 cells were stimulated with 30QM omeprazole and lysosomal pH was measured by
LysoTracker Red DND-99) and intracellular ATP levels were measured withuminiscente
ATP detection assay{. B, D) Pre-treatment with NAC preserves lysosomal pHitodibes not
recover intracellular ATP levels in presence of pragole.A-D) Mean + SD of three or five
independent experiments. *p<0.05 vs control, ***@@L vs control; ###p<0.001 vs

omeprazole.
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Figure 6. Omeprazole increased the BelxL/Bax ratio and autophagy in HK-2 cells. A) HK-

2 cells were stimulated with 3Q@M omeprazole and Bax and BcIxL protein expressi@s w
assessed by western blot. Representative Bax amtl Bestern blot. Mean + SD of three of
four independent experiments. *p<0.05 vs cont®)l.BcIxL/Bax ratio. Mean = SD of three
independent experiments. *p<0.05 vs cont@)| Cells were pretreated with BclxL-BH4 peptide
1 hour before omeprazole stimulation, and cell litgbwvas assessed by MTT. Mean = SD of
three independent experiment®) Representative western blot and quantification of
LC3II/LC3I ratio in HK-2 cells pretreated with défent doses of 3-MA for 1 hour and
stimulated with 30QuM omeprazole for 24 or 48 hours. Mean + SD of thimgependent
experiments. *p<0.05 vs control; #p<0.05 vs 3-MAM. E) Cell viability and F) cytotoxicity

of HK-2 cells pretreated with different doses of2x for 1 hour and stimulated with 300 pM
omeprazole for 48 hours. Mean + SD of four or threkependent experiments. ***p<0.001 vs
control.

Figure 7. Omeprazole induces renal injury in vivo. Mice were injected daily with 40 mg/kg
omeprazole for 10 or 28 day#) Serum creatinine and BUN levelB) Kidney mRNA
expression of the renal injury marker NGAC) Cell death quantified by TUNEL staining.
Representative images. Confocal microscopy. Origimeagnification x400.D) mRNA
expression of Hemo-oxygenase-1 (HO-1) assessed ThPGR. E) Protein levels of HO-1
assessed by western blot at 28 days of omeprasaigrient. Quantification and representative
image.A-E) Mean + SEM of 4-5 animals per group. *p<0.05 wesitcol; **p<0.01 vs control;
***n<0.001 vs control.

Figure 8. Current working hypothesis. Omeprazole promotes necrotic cell death in cultured
proximal tubular cells. This is associated to anyedecrease in ATP levels and an early
increase in mitochondrial ROS production, sugggstmitochondrial injury. ROS are
instrumental in promoting necrotic cell death, whis inhibited by N-acetyl-cysteine (NAC).
However, interventions over apoptosis, ferroptoaisd necroptosis were not protective.
Omeprazole-induced necrosis may lead to the relefs®ll debris that may facilitate the

development of an immune response underlying treerohations of acute tubulointerstitial
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nephritis cases reported in omeprazole-treatedemiati Additionally, omeprazole caused
subclinical nephrotoxicity in mice. This is consist with the low nephrotoxic potential of
omeprazole in humans. In this regard, omeprazolghnogoxicity may be increased by
additional environmental factors, including comdrbes and concomitant medications. Among
them, a frequent association is oral anticoagulttras may lead to proximal tubular cell iron
overload. In cultured cells, iron overload faciitd omeprazole nephrotoxicity. The
combination of these additional factors may explahy glomerular filtration rate is lost at a

faster rate in patients on chronic omeprazole thera
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