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Abstract

Background—oOne of the most common nonsteroidal anti-inflammatory drugs (NSAIDs) used
worldwide, diclofenac (DIC), has been linked to increased risk of cardiovascular disease (CVD).
The molecular mechanism(s) by which DIC causes CVD is unknown.

Methods—Proteasome activities were studied in hearts, livers, and kidneys from male Swiss
Webster mice treated with either 100 mg/kg DIC for 18 h (acute treatment) or 10 mg/kg DIC for
28 days (chronic treatment). Cultured H9c2 cells and neonatal cardiomyocytes were also treated
with different concentrations of DIC and proteasome function, cell death and ROS generation
studied. Isolated mouse heart mitochondria were utilized to determine the effect of DIC on various
electron transport chain complex activities.

Results—DIC significantly inhibited the chymotrypsin-like proteasome activity in rat cardiac
H9c2 cells, murine neonatal cardiomyocytes, and mouse hearts, but did not affect proteasome
subunit expression levels. Proteasome activity was also affected in liver and kidney tissues from
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DIC treated animals. The levels of polyubiquitinated proteins increased in hearts from DIC treated
mice. Importantly, the levels of oxidized proteins increased while the B5i immunoproteasome
activity decreased in hearts from DIC treated mice. DIC increased ROS production and cell death
in H9c2 cells and neonatal cardiomyocytes while the cardioprotective NSAID, aspirin, had no
effect on ROS levels or cell viability. DIC inhibited mitochondrial Complex I11, a major source of
ROS, and impaired mitochondrial membrane potential suggesting that mitochondria are the major
sites of ROS generation.

Conclusion—These results suggest that DIC induces cardiotoxicity by a ROS dependent
mechanism involving mitochondrial and proteasome dysfunction.
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INTRODUCTION

Nonsteroidal Anti Inflammatory Drugs (NSAIDs) are among the most important therapeutic
interventions for the treatment of a variety of painful conditions including arthritis,
osteoarthritis, rheumatoid arthritis, and headaches [1]. Their efficacy in reducing fever and
inflammation is well established [1]. Despite the effective analgesic, anti-inflammatory, and
antipyretic effects of these compounds, most NSAIDs are associated with various side
effects including increased risk of heart attack, stroke, as well as gastrointestinal, renal and
liver problems [2]. Although people taking NSAIDs without any history of cardiovascular
diseases (CVVD) show increased risk of cardiovascular incidences, this risk is even higher in
people with a history of CVD [3]. While various meta-analysis studies and clinical trials
have shown the propensity of NSAIDs to increase the risk of CVD and stroke, no
mechanism is currently known to be associated with the side effects of the NSAIDs directly
on the heart. One possible mechanism that has been related to the side effects of NSAIDs is
the inhibition of the cyclooxygenase pathway in activated platelets or endothelial cells
leading to a disruption of the homeostasis between the biosynthesis of eicosanoids like
thromboxane and prostacyclin [1]. Both non-selective NSAIDs like diclofenac (DIC),
ibuprofen, and indomethacin, as well as the cyclooxygenase 2 selective NSAIDs like
celecoxib and rofecoxib, lead to decreased prostacyclin levels and increased levels of
thromboxane (which promotes thrombosis) in infarcted hearts, which may cause further
progression of the disease [4].

DIC is one of the most commonly used NSAIDs [5]. The risk for development of CVD
among DIC users is similar to the risk of using rofecoxib, with DIC increasing the risk of
heart attack and stroke by approximately 40% [5]. Although DIC is available over the
counter at lower doses than normally prescribed (in certain countries such as Indonesia and
Denmark), these lower doses still show a 22% increase in the risk of CVD [5]. Apart from
increased CVD risk, NSAIDs have also been reported to induce toxicity in the livers and
kidneys [6, 7]. Hepatotoxicity resulting from DIC use (150 mg/day) within 4-6 months has
been associated with elevated levels of aminotransferase, an indicator of liver damage [8].
Hepatotoxicity induced by NSAIDs, such as DIC and mefenamic acid, has been suggested to
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cause hepatocyte injury by uncoupling mitochondrial oxidative phosphorylation, resulting in
decreased ATP synthesis [9].

Some studies suggest that inhibition of COX-2 in cardiomyocytes may contribute to heart
failure in patients receiving NSAIDs [10, 11] because selective deletion of COX-2 in
cardiomyocytes depressed cardiac output and enhanced susceptibility to induced
arrhythmogenesis [10]. Recent studies have indicated a COX-independent mechanism of
NSAIDs action in different cells like fibroblasts, human gastric adenocarcinoma cells, and
endothelial cells [12]. Several studies have reported the generation of reactive oxygen
species (ROS) by NSAIDs in different tissues leading to increased cell death [13-15].
However, some NSAIDs like aspirin have been suggested to decrease ROS levels in human
endothelial cells [16]. The effect of DIC on ROS levels in cardiac cells, on cardiac
myocytes, and the heart has not been previously investigated. Aspirin has been shown to
indirectly affect the proteasome [17], and proteasome dysfunction has been associated with
various diseases including CVD [18], neurodegenerative diseases [19], and different forms
of cancer [20]. Proteasomes are large protein complexes which are part of the ubiquitin
proteasome system (UPS). The UPS is responsible for the degradation of normal, damaged,
misfolded and oxidized proteins [21]. In the heart, normal cardiac function is maintained by
efficient protein degradation of normal, damaged, misfolded, and oxidized proteins to
maintain intracellular protein homeostasis. Several studies have revealed the association
between altered proteasome function and various pathological conditions of the heart
including myocardial ischemia [22], cardiac hypertrophy [23], and atherosclerosis [24].

In our /n vitro and /n vivo experiments, DIC was found to be associated with cardiac
dysfunction. DIC was a potent inducer of ROS, in contrast to aspirin, which did not induce
ROS in cardiomyocytes. DIC was also an effective inhibitor of cardiac mitochondrial
complex 11, reduced mitochondrial membrane potential, increased oxidized protein levels,
and decreased proteasome activity. These adverse changes in protein homeostasis and
mitochondrial function likely lead to the observed time and dose dependent DIC induced
cardiac cell death.

MATERIALS AND METHODS

Animal studies

Male Swiss Webster mice obtained from Charles River Laboratory and weighing 30-35 g
were used for the study. Animal study protocol adheres to the guideline adopted and
promulgated by U.S. National Institute of Health. The study protocol was approved by
Institutional Animal Care and Use Committee (IACUC) of University of California, Davis.
Mice were housed in vivarium and maintained at controlled temperature and humidity. The
animals had free access to food and water. Mice were either treated with drinking water or
drinking water containing diclofenac. The dose of diclofenac was 10 mg/kg/day, and it was
administered for 28 days (chronic treatment group; n=4). In a separate study, the mice were
orally administered a single dose of diclofenac at 100 mg/kg (acute treatment group; n=4).
At the end of the study the animals were sacrificed using isoflurane anesthesia and hearts,
livers and kidneys excised from the mice treated with or without DIC after 18h and 28 days
of treatment. Briefly, the mice were sacrificed and hearts, livers and kidneys were isolated
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and quickly washed in ice-cold phosphate buffered saline (PBS) twice to get rid of excess
blood. The tissues were then frozen and pulverized in liquid nitrogen and care was taken to
ensure that all steps were carried out at a very low temperature. The pulverized tissues were
then collected in clean microcentrifuge tubes and stored at —80°C until needed.

Determination of DIC levels in plasma of treated animals

DIC levels in plasma of treated animals were determined using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) as previously described and reported [25].

Cell Culture

Rat cardiac H9c2 cells (H9c2(2-1), CRL-1446, a subclone of the original clonal cell line
derived from embryonic BD1X rat heart tissue) was obtained from American Type Culture
Collection (ATCC), Manassas, Virginia) and grown in 75 ml ventilated cell culture flasks
(BioL.ite, Thermo Scientific) in high glucose Dulbecco’s modified Eagle’s medium (DMEM,
Hyclone) with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 units/ml penicillin,
and 50 pg/ml streptomycin (growth medium, GM), at 37°C and 5% CO,. The cells were
passaged by trypsinization (0.25% trypsin-EDTA, Gibco BRL) and dilution into culture
dishes after confluency of 70-80% was reached.

Preparation of Murine Neonatal Cardiomyocytes

Neonatal cardiomyocytes were isolated from 1-3 day old mice (B6SJLF1 mice from
Jackson Laboratories, Sacramento, CA) using the Pierce Primary Cardiomyocyte Isolation
Kit (Thermo Scientific). Briefly, hearts from new born mice were collected in ice cold
Hanks’ Balanced salt Solution (HBSS). After mincing the hearts with a sterile razor blade,
the minced tissues were incubated with the isolation enzymes at 37°C for 30 min. Following
washing with HBSS, the samples were re-suspended in complete media (DMEM containing
10% FBS and 1% Pen-Strep) and plated onto cell culture plates.

Treatment of cells with DIC

DIC was prepared in DMSO at the required concentrations and frozen in aliquots at -80°C
and used within a week of its preparation. H9¢c2 and neonatal cardiac cells were treated with
DIC at the desired concentrations for different incubation periods (n=3). Care was taken to
keep the volume of DMSO below 0.1% in DMEM containing cells to reduce the effects of
solvent on the cells. After the desired treatment duration, the cells were harvested in ice-cold
26S buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 5 mM MgCly, 0.5 mM DTT, pH 7.5
[26] and sonicated. Centrifugation was carried out at 15,000 x g for 20 minutes and the
supernatant containing proteasomes was collected. Protein concentration of the cell lysate
was measured using a nanodrop (2000C, Thermo Scientific) and each sample was diluted to
1pg/ul to be used for proteasome assays and western blot analysis.

26S Proteasome Activity Assays of H9c2 Cells, Neonatal Cells and Tissue Lysates

The samples (1ug/ul) prepared as described under the section “Treatment of cells with DIC”
were used for studying either p5 chymotrypsin-like activity, p1 caspase-like activity, or 2
trypsin-like activity. Each assay was carried out using 100uM ATP with or without a
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proteasome specific inhibitor: 10 uM bortezomib for g5 activity and 100 uM bortezomib for
B1 and B2 activity. The hearts, livers, and kidneys from mice treated with DIC were
similarly prepared in 26S buffer. Approximately 20mg of each pulverized tissue was
weighed out and homogenized using a hand-held homogenizer in 26S buffer and centrifuged
at 15,000 x g for 20 mins at 4°C. Protein concentration of the supernatant containing the
proteasomes was determined and 20 pg of the sample was used for measuring 26S p1, p2
and B5 activity. Specific substrates for each proteasomal § subunits were used for the
initiation of the reaction [27-30]. B substrates were purchased from Enzo Life Sciences, NY,
USA: B1 substrate Z-LLE-AMC is cleaved after glutamic acid (E) by the p1 catalytic
subunit via caspase-like activity. Similarly, B2 substrate Boc-LSTR-AMC is cleaved after
arginine (R) via B2 trypsin-like activity and 5 substrate Suc-LLVY-AMC after tyrosine (YY)
via B5 chymotrypsin-like activity.

Immunoproteasome B5i activity

10-20 pg of heart samples from DIC treated animals were used to determine B5i activity.
Samples were incubated with immunoproteasome buffer containing 50 mM Tris, 5 mM
MgCl,, 20 mM KCI, pH 7.4 and freshly added 2 mM DTT. B5i selective inhibitor, ONX
0914 (20 uM) (Cayman Chemical, MI) was utilized to determine the selectivity of the assay.
The reaction was initiated by adding the fluorogenic chymotrypsin-like g5i substrate, ANW-
R110 (AAT Bioquest, Inc, CA) and the readings were recorded in a Tecan Infinite M1000
over a duration of 2 h at an excitation of 498 nm and an emission of 520 nm at 37°C

Labeling of proteasome active sites by MV-151

10ug of rat heart lysate was utilized for proteasome labeling in MVV151 homogenization
buffer (50mM Tris, 5SmM MgCl,, 250mM sucrose, 2mM ATP and 1mM DTT, pH 7.5). DIC
at different concentrations was added to each tube (n=3) and 20uM of MG132, a proteasome
inhibitor, or no probe (negative controls) were also used. After subsequent mixing, the tubes
were incubated for 30 minutes at 30°C, and 0.1uM MV151 added to each tube, and the tubes
incubated for 1h at 30°C in dark. After the addition of 2x Laemmli sample buffer and
subsequent heating, the proteins were separated on a 4-20% stain free gel (Bio-Rad) and the
fluorescent signals emerging from the MV151 labeled proteins were visualized using a
ChemiDoc MP (Bio-Rad).

Characterization of proteasomes

Characterization of proteasomes was done by native gel electrophoresis (3.5%) as described
[31]. Briefly, DIC treated H9c? cells (n=3), were homogenized in lysis buffer containing 50
mM Tris-HCI, 5 mM MgCl,, 0.5 mM EDTA and 1 mM ATP, pH 7.4 followed by
centrifugation at 15,000 x g for 30 min. Electrophoresis was carried out in TBE buffer for
3h, 100V at 4°C. The relative amounts of proteasome subunits were determined by
transferring the proteins in a nitrocellulose membrane and subsequently blocking and
probing the blot with PSMAG6 (1:10,000, Abcam # ab109377) antibody and anti-rabbit HRP
secondary antibody (1:25000, Cat# A0545, Sigma, St. Louis, MO).
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Western Blot analysis

Equal amounts of protein (in 2x Laemmli buffer) prepared from heart, liver and kidney
lysates of DIC treated animals were subjected to electrophoresis on 4-20% Criterion
polyacrylamide gels (Bio-Rad) under reducing conditions and transferred to Nitrocellulose
(Bio-Rad). Total protein for normalization of Western blots was obtained by either staining
nitrocellulose membranes with Ponceau S or by imaging in stain-free gels (Bio-Rad) [32].
Blocking of the membrane was performed for 1h with 3% nonfat dry milk (NFM) in TBS,
pH 7.4 containing 0.05% (w/v) Tween 20 (TTBS). The membranes were washed three times
in TTBS and probed overnight at 4°C in 1% NFM with primary antibodies: mouse anti-Rpt6
(1:12000, Enzo), and anti-PSMAG6 (1:10,000, Abcam, Cambridge, MA, # ab109377), and
anti-ubiquitin (1:2500, Life Sensors, VU-101). The membranes were then incubated for 1h
at room temperature with horseradish peroxidase-conjugated rabbit-anti-mouse or goat anti-
rabbit 1gG in 1% NFM (1:40000, Sigma, St. Louis). Detection of the tagged secondary
antibody was done using ECL detection kit (Westar Supernova, Cyanagen). Images were
obtained by the ChemiDoc MP (Bio-Rad) controlled by Image Lab 5.0 (Bio-Rad). The
quantitation of blots was performed using Image Lab 5.0.

Oxidized protein level determination

Heart, liver and kidney lysates prepared from mice treated with DIC were heated with 2x
Laemmli buffer at 96°C for 5 minutes. The samples were subjected to SDS gel
electrophoresis and the proteins transferred to nitrocellulose membranes. Equilibration of the
membrane was done in TBS containing 20% methanol and then washed with 2N HCI. The
oxidized proteins in the samples were determined by pre-derivatization of the carbonyl
group of the protein with dinitrophenylhydrazine (DNPH) in 2N HCI. The blot was probed
with rabbit anti-DNP antibody (1:250 Millipore) for 4h at room temperature and then
washed and incubated with secondary antibody, anti-rabbit HRP (1:25,000, Sigma).
Oxidized protein levels were determined by using the substrate Westar Supernova
(Cyanagen). Imaging of the blot was performed in ChemiDoc MP (Bio-Rad) and the
quantitation done using Image Lab 5.0.

Alamar Blue Measurement of Cell Proliferation

Alamar Blue (Invitrogen) was utilized according to the manufacturer’s protocol to determine
H9c2 and neonatal cardiac cell viability after DIC treatment. Briefly, DIC was added at
varying concentration to H9c2 cells and neonatal cardiomyocytes in GM for different
incubation periods (n=4-9). In parallel experiments, the cells were treated with H,O, for
positive control experiments. After the desired incubation time, fresh GM, without DIC or
H,0,, was added along with 10ul of Alamar Blue into each well. Incubation of the plate was
carried out for 1-6 h at 37°C and 5% CO», and the absorbance of the dye (550 nm) was
measured using a Bio-Rad Model 680 microplate reader.

Detection of intracellular reactive oxygen species formation

The cell permeant reagent 2°,7” — dichlorodihydrofluorescein diacetate (HoDCFDA), a
fluorogenic dye (Life Technologies) was utilized to study ROS generation in H9¢2 and
neonatal cardiac cells. Briefly, cells were plated onto a 96 black well plate and allowed to
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reach a confluency of ~80%, washed twice with PBS, and then treated with 10uM of
H,DCFDA in phenol red free media for 30 min at 37°C (n=4-9). Following incubation, the
wells were again washed with PBS and the cells were treated with different concentrations
of DIC and H,05 in 5% FBS in phenol free media. ROS generation was determined
immediately by measuring the formation of fluorescent DCF, using an Infinite M1000 PRO-
Tecan, at an Ex-490nm and Em-520nm. Measurements were done every 10 minutes for 3
hours.

Fluorescence microscopy was also employed to detect the intensity of fluorescence in these
cells in the presence of DIC and rotenone. Rotenone was used at a lower concentration (20
uUM) than what was previously found to increase ROS production in another cell type [33].
Briefly, cells were plated in 8 well slides (EZ slides, Millipore) and incubated with
H,DCFDA for 30 min. Thereafter, the cells were treated with the compounds for 1.5 h and
the fluorescence intensity was measured immediately with a Zeiss Axio Imager M1. Three
or more independent experiments were performed for each group.

Measurement of Caspase 3 activity

Hearts, livers and kidneys from mice treated with DIC were used for determination of
Caspase 3 activity. Briefly, samples were prepared as described under the section, “26S
Proteasome Activity Assays of H9c2 Cells, Neonatal Cells and Tissue Lysates” and
incubated in a 96 black well plate with Caspase 3 buffer (50 mM HEPES, 0.1% CHAPS,
100 mM NaCl, 1 mM EDTA, 10% Glycerol and 10 mM DTT; pH 7.4) in the presence or
absence of 10 uM caspase-3 inhibitor, Ac-DEVD-CHO (Biomol). 100 uM caspase-3
substrate, Ac-DEVD-AMC (Biomol) was added to the reaction mixture to initiate the
reaction. Caspase-3 activity was measured by the release of free AMC which was recorded
every 15 min at an excitation wavelength of 390 nm and an emission wavelength of 460 nm
for up to 120 min in a Fluoroskan Ascent fluorometer.

Isolation of mitochondria

Heart mitochondria were isolated from 2.5-3 month old mice as described with slight
modifications [34]. The isolation process was carried out at 4°C. Briefly, hearts were
collected in ice-cold PBS supplemented with 10 mM EDTA and minced. Following
incubation with 0.05% trypsin for 30 minutes, samples were centrifugated at 200 x g for 5
min. This was followed by homogenization in buffer containing 67 mM sucrose, 50 mM
Tris-HCI, 50 mM KCI, 1 mM EDTA, 0.2% BSA, pH 7.4 and the homogenate was
centrifuged at 700 x g for 15 min. The supernatant was again centrifuged at 7,000 x g for 15
min and the pellet resuspended in 250 mM sucrose, 3 mM EGTA and 10 mM Tris-HCI, pH
7.4. The solution containing the mitochondria was centrifuged at 7,000 x g for 15 min and
the pellet containing mitochondria was resuspended in minimum amount of buffer. A
Bradford assay was performed to determine the mitochondria concentration [34]. To
determine if the mitochondria were functional, enzymatic activity assays (complex I, Il or
I11) were carried out immediately with the respective inhibitors. Flash frozen mitochondria
were also used for this study; the frozen mitochondria showed similar enzymatic activity
when compared to activity of freshly isolated mitochondria [35].
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Mitochondria Complex Activities

The activities of the respiratory chain complexes, Complex I (C-1), 11 (C-I1) and 111 (C-111)
were studied in isolated heart mitochondria in the presence of DIC (n=4-6).

C-I activity measurement—Mitochondrial C-1 activity was measured by ubiquinone-
stimulated NADH oxidation [35]. Purified mitochondria were added to buffer containing 25
mM potassium phosphate buffer (pH 7.5), 2 mM NaN3 (sodium azide) 0.8% Cp4H39NaOg
(sodium cholate), and 100 uM NADH (nicotinamide-adenine-dinucleotide). 10 uM rotenone
(C-I inhibitor) and 5-10 uM DIC were added to the mitochondria in parallel experiments
and incubation carried out for 2-5 min. 0.3 mM ubiquinone; was added to initiate the
reaction and the decrease in absorbance was measured at 340 nm for 2-3 min in a Tecan
Infinite M1000.

C-ll activity measurement—For measuring C-I1 activity, incubations of purified
mitochondria (~0.2 pg) were carried out with 25 mM potassium phosphate buffer (pH 7.5), 1
mg/ml fatty acid-free BSA, 300 uM KCN (potassium cyanide), 20 mM succinate and
0.002% DCPIP (2,6-dichlorophenolindophenol) at 37°C for 5-10 min. In parallel
experiments, mitochondria were incubated with C-11 selective inhibitor, 500 uM
thenoyltrifluoroacetone (TTFA), and 5 uM DIC. Thereafter, the baseline value was read at
595 nm at 37°C in a Bio-Rad Model 680 microplate reader for 2 min. A decrease in
absorbance was observed after the addition of 150 pM of decylubiquinone (dUb) at at 595
nm for 2-3 min.

C-lll activity measurement—Isolated mitochondria at concentration of ~0.1 pg was
added to buffer containing 25mM potassium phosphate buffer (pH 7.5), 75 uM of oxidized
cytochrome ¢, 500 uM KCN, 200 uM EDTA, 0.025% Tween-20. Antimycin A (0.01 mg/ml)
and 5 pM DIC was added in parallel experiments under similar conditions. Baseline activity
was read at 550 nm for 2 min in a Bio-Rad Model 680 microplate reader at 37°C. To initiate
the reaction, 100 uM reduced decylubiquinone (DBH,) was added and an increase in
absorbance was immediately recorded at 550 nm for 2-3 min at 37°C.

Determination of mitochondrial membrane potential

The mitochondria selective carbocyanine dye JC-1(5,5",6,6 -tetrachloro-1,1",3,3’-
tetraethylbenzimidazolocarbo-cyanine iodide) (Enzo Life Sciences) was utilized to study the
effect of DIC on mitochondrial membrane potential in H9c2 cells. Briefly, H9c2 cells were
plated on a 96 black well plate and incubated with DIC for 24 h (n=4-6). In parallel
experiments, H9c2 cells were incubated with 200 uM 2,4-dinitrophenylhydrazine (DNPH
[36] and 30uM rotenone [33, 37], used as positive control experiments). The next day the
cells were incubated with 5 pg/ml JC-1 dye for 15 min. Mitochondrial membrane potential
was measured in a Tecan Infinite M1000 using an excitation of 490 nm and emission of 590
nm.
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Results are expressed as mean + SD from at least three independent experiments. Student’s
t-test or one way ANOVA was applied to determine the statistical significance between the
different samples. Values of P < 0.05 were defined as statistically significant.

Proteasome activity of H9c2 cells and neonatal cardiomyocytes is impaired by DIC

treatment

The average plasma concentrations of DIC in rats (treated with 5mg/kg DIC as a single
dose) was 14.47 pM [38] and 1.8-8.7 uM in humans treated with a single dose of 50mg DIC
[39]. Rat cardiac H9c2 cells treated with 5 uM DIC for 12 days showed decreased p5
(chymotrypsin-like activity) relative to vehicle treated cells (Fig. 1A). The DIC treated cells
also showed a trend towards reduced B2 (trypsin-like activity) activity but several repeats
showed no statistically significant difference when compared to control samples. The p1
(caspase-like activity) was not affected by DIC under the conditions investigated (Fig. 1A).
To determine if DIC also affected proteasome function in freshly isolated murine neonatal
cardiomyocytes, cardiomyocytes were incubated with 5 uM DIC for 5 days. Consistent with
the results obtained for H9c2 cells, neonatal cardiomyocytes also showed a significant
decrease in the proteasome B5 activity (Fig. 1B).

DIC does not directly bind to the proteasome active sites

Since DIC inhibited the proteasome, the fluorescently labeled proteasome inhibitor, MV151
which reversibly binds to the proteasome active sites and inhibits proteasome function, was
utilized to determine if DIC directly interacted with the proteolytic proteasome subunits.
DIC at concentrations of 100 uM and 500 uM failed to displace the bound inhibitor from the
proteasome active sites of rat heart lysates (Fig. 1C). As a negative control, MG-132
(proteasome inhibitor) was found to compete with MVV151 and bind to the active site. This
result suggests that DIC does not impair proteasome function by any direct interaction with
the proteasome active sites.

Impaired proteasome function has been reported to be associated with increased dissociation
of the 20S core particle from the 26S proteasome complex [40]. Because /n vitro studies in
H9c2 cells have suggested decreased B5 activity induced by DIC (Fig. 1A), further studies
were carried out to determine the relative proportions of the proteasome in the DIC treated
cells. Although DIC significantly reduced B5 activity, no significant changes were observed
in the relative proportions of either doubly capped 26S proteasome (19S-20S-19S), singly
capped 26S proteasome (19S-20S) or 20S proteasome core particle (Fig. 1D). Our group
recently showed that another NSAID, meclofenamate sodium, increased dissociation of the
20S from the 26S complex [41]. These results indicate a possible involvement of an alternate
mechanism or some post translational modification of the proteasome through which DIC
causes proteasome dysfunction and does not directly affect the relative proportions of the
26S or 20S proteasome levels.
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DIC treated mouse hearts exhibit altered proteasome activity

The amounts of diclofenac used in these animal studies resulted in plasma concentrations
which were similar to concentrations used in previous studies [42]. Acute treatment of mice
with 100 mg/kg of DIC (by gavage) for 18 h or chronic treatment with 10 mg/kg for 28 days
(in drinking water) showed decreased proteasome function (Fig. 2C). In hearts, both acute
and chronic DIC treatments resulted in decreased B5 activity (Fig. 2C) without significantly
affecting the B1 or B2 proteasome activities (Fig. 2A and 2B). These results suggest that
DIC preferentially affects the cardiac 5 activity. The 5 activity has been previously
suggested to be the most important of the three proteasome activities [43]. The B5i
immunoproteasome activity, which is important for degrading oxidized proteins during
stress [30], was significantly reduced in hearts after chronic treatment suggesting that DIC
may increase the levels of oxidized proteins in cardiomyocytes (Fig. 2D). The extent of the
reduction (>60%) in B5i immunoproteasome activity may be physiologically important.
Studies related to chronic DIC treatment were considered to be physiologically relevant
because the amount of diclofenac in plasma (12 + 3 ng/ml) was in the pharmacological
range found in animals (Supplemental Table 1). The average plasma concentration of DIC in
the acute treatment group was 330.8 + 110.3 ng/ml (Supplemental Table 1).

Proteasome function is reduced in liver and kidney of mice treated with DIC

Since NSAIDs have been reported to have potential adverse effects in the hepatic and renal
system, we also investigated the role of DIC on the proteasome function of murine liver and
kidney treated with DIC. Similar to what was observed in heart tissue, p5 activity was
decreased in both liver and kidney samples from the chronic treatment group (Figs. 3C and
3F). Kidney samples from the acute treatment group showed similar g5 activity to control
kidneys but liver samples showed decreased B5 activity relative to control livers (Figs. 3C
and 3F). Unlike heart, which showed similar 1 and B2 proteasome activities in DIC treated
animals, B1 activity was decreased in liver and kidneys in chronically treated animals (Fig.
3A and 3D). The B1 activity was also significantly decreased in liver of the animals from the
acute treatment group (Fig. 3A). The B2 activity of the liver proteasome of the acutely
treated mice with DIC was significantly reduced (Fig. 3B). On the other hand, the chronic
treatment group showed no changes in 2 activity (Fig. 3B). The kidneys from the acute
treatment group did not show any significant alteration in either 1 or B2 activities of the
proteasome (Figs. 3D and 3E). Although not statistically significant, there was a strong trend
towards decrease in the B2 activity in both the acute treatment group (~40 %) and the
chronic treatment group (~50 %) (Fig. 3E).

DIC increases polyubiquitination levels in heart without altering proteasome subunit

expression

When proteasome function is significantly affected, increased levels of polyubiquitination is
often observed [44]. Polyubiquitination levels were increased in hearts of the chronic
treatment group (Fig. 4B), but not in the livers, or kidneys from these animals (Fig. 4C and
D). The levels of free ubiquitin were not affected by DIC treatment in any of the tissues
investigated (Fig. 5). Although not statistically significant, there was a trend towards
decrease in the free ubiquitin levels in the hearts of the mice treated with DIC (Fig. 4A and
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B). These results suggest that compared to livers or kidneys, the heart UPS is more
susceptible to the toxic effect of DIC.

To further evaluate the adverse effects of DIC on proteasome function, the levels of
proteasome subunit expression were quantified by Western blot analysis. The expression
levels of various proteasome subunits, Rpt4, Rpn2, Rptl (19S regulatory subunit) and
PSMAG (20S catalytic core subunit), in the hearts of the mice from the chronic treatment
group did not exhibit any significant changes in expression levels (Fig. 5). Similarly the liver
(Fig. 6A) and kidneys (Fig. 6B) from the animals of the chronic treatment group did not
show any changes in the levels of the proteasome subunits Rpt4 and PSMA 6.

DIC increases oxidized protein levels in heart and liver

Proteasome dysfunction is associated with increased intracellular stress as the proteasome is
critical for proteostasis (protein homeostasis). The levels of oxidized proteins, as measured
using the oxyblot method, increased in hearts (Fig. 7B) and livers (Fig. 8A), but not in
kidneys (Fig. 8B), in the chronic treatment group. The acute treatment group did not show
any change in protein oxidation in hearts (Fig. 7A) or kidneys (Fig. 8B). The liver on the
other hand, showed a marked increase (~50%) in the levels of oxidized proteins although not
statistically significant (Fig. 8A). These results suggest that a chronic low dose of DIC may
be more potent at increasing oxidative stress in mice compared to a shorter duration of high
dose.

Cell Viability of H9c2 cells and neonatal cardiac cells is decreased by DIC

Since increased oxidized and polybiquinated proteins suggest proteostasis impairment, the
effect of DIC on cardiac cell death was investigated. H9c2 cells treated with either 5 uM
DIC or 10 uM DIC for 10 days showed a significant decrease in cell viability compared to
control cells (Fig. 9A). Similarly, neonatal cardiomyocytes showed a significant reduction in
cell viability when treated with 10 pM DIC for 48 h (Fig. 9A).

ROS generation in H9c2 cells and neonatal cells is increased by DIC

To find out if cell death induced by DIC may be due to excessive ROS generation, ROS
formation was measured in both H9c2 cells and neonatal cardiac cells by treating the cells
with different concentrations of DIC (5 uM — 200 uM DIC). In cardiac H9c2 cells, ROS
generation was observed at pharmacological concentrations of 5 uM with ROS levels
increasing at higher concentrations (Fig. 9B). Consistent with the above results, neonatal
cardiomyocytes exhibited significant amounts of ROS formation at concentrations of 5 UM
and 10 uM DIC (Fig. 9B). These results suggest that DIC induced cell death may be
associated with increased ROS generation. In separate experiments, the effect of acetyl
salicylic acid (aspirin) on ROS generation in cardiac cells was studied. Aspirin is a well-
established cardioprotective compound compared to all other NSAIDs [45]. H9c2 cells and
neonatal cardiomyocytes were similarly incubated with DCFDA for 30 min after which ROS
generation was measured in the presence of different concentrations of acetylsalicylic acid.
No ROS generation was detected either in the H9c2 cells or neonatal cardiac cells in the
presence of this compound (Fig. 9B and 9C). Hydrogen peroxide (H,05) used as a positive
control showed significant increases in ROS generation (Fig. 9B and C). These results were
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further validated by fluorescence microscopy studies which suggested a significant increase
in H9¢c2 ROS generation in the presence of 10 uM DIC (Fig. 9C).

To determine the mechanism of DIC induced cell death, caspase 3 activity was determined
in heart, kidney and liver tissues to determine if apoptosis was induced (Fig. 10). After acute
DIC treatment, both liver and kidney showed significant (>4 fold) increases in caspase 3
activity (Fig. 10B and 10C). Although not statistically significant due to the high standard
deviation, the heart exhibited a 3 fold higher mean caspase 3 activity in the DIC treated mice
compared to the vehicle treated mice (Fig. 10 A), suggesting that acute DIC treatment may
increase caspase 3 activity in most or all tissues. However, after chronic DIC treatment,
heart, liver and kidney did not show any significant changes in the activity (Figs. 10A, B,
and C).

Mitochondria function is impaired by DIC

One of the major sources of ROS generation in the cell system is the mitochondria [46]. To
determine if mitochondria are involved in ROS generation in DIC treated cells, measurement
of complex activity was carried out in isolated heart mitochondria in the presence and
absence of DIC. DIC (5 and 10 uM) did not affect the C-I activity (Fig. 11A). Rotenone (a
complex one inhibitor) was used as a positive control and it significantly decreased C-1
activity (Fig. 11A). 5 uM DIC did not significantly affect C-11 activity (Fig. 11B). However,
5 uM DIC significantly impaired mitochondrial 111 function (Fig. 11C). Antimycin A, an
inhibitor of C-111 was used as a positive control. Inhibitions of either C-I, C-11, or C-I1I have
been associated with mitochondrial ROS production [47, 48].

To determine if the mitochondrial membrane potential, an important aspect of mitochondria
function, was affected by DIC, the mitochondrial membrane potential was measured in H9c2
cells exposed to DIC. DIC (5 and 10 pM) decreased the mitochondrial membrane potential
suggesting that this NSAID would cause mitochondrial dysfunction and increase
mitochondrial derived ROS levels (Fig. 11D). Rotenone, which has been shown to impair
mitochondrial membrane potential, was used as a positive control. Rotenone was used at 30
UM to ensure significant inhibition of the mitochondrial membrane potential because a
previous report demonstrated that in another cell type (HepG2 cells) 25 uM rotenone only
reduced mitochondrial membrane potential by less than 20% [33].

To determine if the increased ROS levels due to DIC was mainly of mitochondrial origin,
H9c2 cells were incubated with the mitochondrial selective antioxidant, mito-Tempol (Fig.
11E). The increase in ROS produced by DIC was prevented by mito-Tempol suggesting that
most ROS produced by DIC was from mitochondria. In the presence of 20 uM mito-Tempol
DIC treated cells showed lower ROS levels than control cells suggesting that some of the
endogenous ROS produced by H9c2 cells was scavenged by mito-Tempol. This is consistent
with the mitochondria being considered as major contributors to BASAL levels of
endogenous ROS production in healthy cells.
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Mitochondrial complex | inhibitor induces ROS generation, decreases cell viability and
proteasome activity

Recent studies have reported a close association between mitochondrial function and
proteasome activity [49]. However, whether these two pathways regulate each other in
cardiac cells is not known. H9c2 cells were treated with 20 pM of rotenone and ROS
generation determined [50]. It was found that rotenone itself was a significant inducer of
ROS generation in these cells as suggested by fluorimetry analysis as well as microscopy
studies (Fig. 11F). This is consistent with previous reports which suggest that reduced C-I
activity results in disruption in the flow of electrons in the respiratory chain complex
resulting in premature leaking of the superoxide ion at C-I [46]. This led to further studies
on the effect of rotenone on H9c2 cell viability. Rotenone at 20 uM significantly reduced
cell viability. To further investigate the association between mitochondrial function and
proteasome activity, H9c2 cells were treated with 20 uM rotenone for 24 h and proteasome
B5 activity was measured. Proteasome activity was significantly impaired in the rotenone
treated cells compared to the vehicle treated group (Fig. 11F). These studies indicate that the
mitochondria and the proteasome system of cardiac cells may regulate each other and
impairment of any one of the pathway may lead to the dysfunction of the other.

Discussion

During the past decade, various clinical trials have reported increased cardiovascular
incidences among NSAID users [3, 5]. NSAIDs and highly selective COX-2 inhibitors
(Coxibs) are immensely valuable drugs and are used worldwide. However, a variety of side
effects are associated with their use specifically extending beyond the ability of these drugs
to inhibit eicosanoid syntheses. However the underlying cellular and molecular mechanisms
associated with the development of CVD due to NSAIDs is not known. In the present study
investigations were made to delineate the possible underlying mechanisms through which
DIC may exert its potential adverse effect leading to the development of CVD by studying
its effect on cardiac myocytes and whole hearts.

Although very little is known about DIC effects on the heart, DIC at certain concentrations
is known to be toxic to liver tissues of animals [51]. Renal failure due to DIC products in
vulture tissues has been suggested to cause death in vultures [51]. While DIC plasma
concentrations were less than concentrations reported to be toxic, the breakdown products of
DIC in vultures show DIC exposure and toxicity of liver tissue [52]. The vulture population
in the Indian subcontinent started to decline rapidly in the early 1990s. Since 1991, some
vulture species have declined by more than 97% [53]. Livestock, especially cows and goats,
were commonly treated with DIC, which was still present in the carcasses of dead animals
scavenged by vultures [54]. Significant proteasome dysfunction in cardiomyocytes and
hepatocytes could result in toxicity to these cell types. Proteasome dysfunction was observed
in the hearts, liver and kidneys of the mice administered with DIC, but the extent of
proteasome dysfunction varied widely among these organs. Many drugs are not distributed
equally throughout the system, and they preferentially accumulate in specific organs or
tissues to exert their clinically desirable effects or to induce toxicity in those tissues [55].
Many NSAIDs including DIC have high affinity for binding to the plasma proteins resulting
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in an uneven distribution in the physiological system and often exhibit higher concentrations
in the liver, kidneys and inflamed cells [55]. Our results indicate that proteasome
dysfunction was significantly impaired in the hearts, livers and kidneys of the DIC treated
animals. The present study revealed that DIC does not support direct interaction with the
proteolytic sites on the proteasome (as demonstrated by the MV151 labelling of the
proteasome active sites). This suggests that a different mechanism may be involved leading
to the dysfunction of proteasomes.

A significant accumulation of polyubiquitinated protein (an indicator of proteasome
dysfunction) was only observed in the hearts of the DIC treated animals compared to wild-
type hearts or livers or kidneys from the same animals. We have previously shown that
proteasomes purified from heart tissues were more susceptible to inhibition by proteasome
inhibitors than proteasomes purified from liver tissues [29]. These results strongly suggest
that the UPS system in the heart is more susceptible to DIC than in livers or kidneys.

Additionally, a significant reduction in heart immunoproteasome B5i activity further
supported the adverse effect of DIC on proteasome function. Immunoproteasomes are
inducible subunits of the proteasome system that replace the standard proteasome subunits
under conditions of oxidative stress and exert a protective effect in the cell system [56]. The
impaired B5i activity induced by 10 mg/kg DIC (chronic treatment group) probably resulted
in the increased levels of oxidized proteins observed in the hearts. Hearts and livers, but not
kidneys, from the chronic treatment group also showed increased levels of oxidized proteins
suggesting that DIC affected proteostasis in both hearts and livers. The more pronounced
oxidative stress in the chronic treatment group compared to the acutely treated animals may
be because the acute effects produced by a single dose are sometimes reversible and tend to
improve over time.

In some of our experiments there was a marked difference between the treated and control
groups, yet the data was not statistically significant (eg. the caspase 3 activity in the hearts of
the acute treatment group were around 200% higher than the control group, but the data
were not statistically significant (Fig. 10A)). This may be due to different animals
responding differently to the DIC causing large standard deviations resulting in insignificant
data. Large variations in effects between animals treated with the same chemical have been
previously reported [57]. Use of larger number of animals may have reduced to standard
error associated with these measurements. Hence, it is likely that the caspase 3 activity is
also upregulated in the hearts from the DIC acute treatment group (Fig. 10A).

The amounts of diclofenac used in these animal studies were similar to concentrations used
in previous studies (for example, diclofenac at 10 and 25 mg/kg, administered
intraperitoneally to mice, significantly delayed glioma growth [42]). In the present study,
chronic treatment of mice was capable of inducing cardiotoxic effect in mice indicating the
adverse effect of the compound in the heart. Different concentrations (10-1000 uM) of DIC
have been used to study various parameters in different kinds of cells [58-60]. In the present
study, pharmacological levels of DIC (5 uM — 12 pM) caused cell death in H9c2 cells and
neonatal cardiomyocytes. Primary neonatal cardiac cells are commonly used to study the
toxic effect of drugs because of the ability of these cells to mimic /n vivoresults [61]. The
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ability of DIC in inducing cardiac cell death was found to be correlated with decreased
mitochondrial and proteasome function.

The main mechanism by which DIC causes cell death may be due to increased ROS
production. In cultured cardiac cells, DIC was found to be a potent inducer of ROS
generation. This increased ROS generation caused by DIC was reduced by Mito-Tempol
suggesting that ROS generated by DIC treatment may have originated from mitochondria.
However, since Mito-Tempol reduced ROS production compared to the control group, it is
possible that Mito-Tempol reduces mainly the ROS production normally produced by
mitochondria. DIC decreased C-I11 activity of isolated heart mitochondria further suggesting
that mitochondria are main sources of ROS generation in the cardiomyocytes. C-I11 is known
to be a major contributor of ROS generation in mitochondria [62], with reduced C-I1I
activity associated with increased ROS production (possibly due to increased premature
leaking of the superoxide ion at C-111 [46]. C-111 activity was also recently shown to be
inhibited by the NSAID meclofenamate sodium [41]. DIC treated cardiac cells also showed
lower mitochondrial membrane potential suggesting that significant mitochondrial
dysfunction is occurring.

It has been reported that mitochondrial dysfunction is closely associated with impaired
proteasome activity [49]. In the present study, mitochondrial complex | inhibitor, rotenone,
was found to significantly decrease proteasome activity of H9c2 cells which was also
associated with an increase in ROS generation and decreased cell viability. Isolated liver
mitochondria incubated with DIC caused mitochondrial swelling which lead to disruption of
the mitochondrial membrane potential [9]. DIC induced renal toxicity have also been
reported where DIC caused nephrotoxicity in mouse kidneys leading to the generation of
reactive oxygen species (ROS) causing cell death due to apoptosis and DNA fragmentation
[63]. However, the proteasome dysfunction and oxidative stress observed in our studies was
not associated with apoptosis as caspase 3 activity was not affected in the chronic treatment
group. No previous reports have looked at how the UPS is affected by DIC.

Overall, our results suggest that DIC at pharmacological levels caused cardiac cell death in
neonatal cardiomyocytes and cardiac dysfunction in hearts of DIC treated mice. The results
also suggest that DIC may exert its effect on cardiac cells by inhibiting mitochondrial C-111
activity which leads to excessive ROS generation, followed by decreased proteasome
function and impaired mitochondrial function which lead to cell death.

Study Limitations

The present study has certain limitations. Our findings suggest that pharmacological levels
of DIC (5-10uM) was potent in inducing ROS and cell death due to mitochondrial
dysfunction and impaired proteasome function. However the specific fundamental
mechanism(s) by which DIC has such adverse effects on cardiac function remains to be
identified. A mechanistic understanding of NSAID action could provide both diagnostic and
predictive capability regarding NSAID side effects, and possibly may lead to reduction or
prevention of these side effects. What we present in our manuscript is the consequence of
DIC treatment in the animal and cell culture models and not the cause of such effects. In a
recent publication by our group another NSAID, meclofenamate sodium, increased 20S
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proteasome levels and decreased 26S proteasome and increased oxidation of 19S regulatory
subunits in cardiac cells. In the present study no significant changes in the relative
proportions of 20S and 26S proteasomes was observed in the cells treated with DIC.
Although we suggest a crosstalk between mitochondria and proteasome function, further /n
vitro analyses are required to determine the specific mechanism (post translational
modification of the proteasomes like phosphorylation or oxidation of proteasome subunits),
if any, through which DIC may lead to decreased proteasome activity in cardiac cells.
Furthermore, studies related to determining the levels of antioxidants in the cells treated with
DIC would further suggest that DIC induces cell death through the generation of ROS.
Finally, investigating the role of antioxidants in counteracting the effect of DIC in
cardiomyocytes would give new directions to possibly improve cardiac outcomes in patients
treated with DIC for prolonged period of time.
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Figure 1. Diclofenac reduces proteasome function in H9c2 and neonatal cardiomyocytes
A, Effect of 5 uM diclofenac (DIC) treatment for 12 days on 1, 2 and p5 proteasome

activity in rat cardiac H9c2 cells. B, Effect of 5 uM DIC treatment for 5 days on 5
proteasome activity in murine neonatal cardiomyocytes. C, Interaction between DIC and
active proteasome subunits. D, Amounts of proteasome complexes in diclofenac treated
H9c2 cell lysates. Proteasome complexes were separated by native gel electrophoresis. C —
control; D — diclofenac. Results are expressed as mean = SD (n=3), * P < 0.05.

Int J Cardiol. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghosh et al. Page 21

—~140 Lo 140 S 140
< 120 Heart 180 | 120 | . Heart28D | &, Heartieh | = .. | Heart 28D
- ; | 2 =
= = > 100 4 2
S 100 - B 2100 = 100 1 = 100
8 w0 < w0 *‘L— & 801 < 80
= & = 60 N 60 N 60
Q 40 240- Q 401 _qz) 40 4
2 ® 20 4 ® 20 © 201
% 20 S 2 ‘ % 20 5

0 : @ o - @ o v @ o© v
o CON 100mg/kg DIC CON  10mg/kg DIC CON 100mg/kg DIC CON 10mg/kg DIC
—~120 —~140 Q20
R Heart 18h| = ,,, Heart 28D < r Heart 28D
2,100 1 =1 2100
= 100 4 =
= 804 . 2 *% C 801
o :f’ . [ < 60
S 60 - 604 5 K%k
= 40 4 = 40 4
o o 40 o . S
2 2 2 5 | ;
E 20 4 E 20 4 % 1
&') 0 T & 0 T o ©0 -

CON 100mg/kg DIC CON 10mg/kg DIC CON 10mg/kg DIC

Figure 2. Diclofenac impairs proteasome function in hearts of diclofenac treated mice
Proteasome function was determined in both acute (100mg/kg DIC for 18h) and chronic

treatment group (10mg/kg DIC for 28 days). A, heart B1 proteasome activity; B, heart p2
proteasome activity; C, heart p5 proteasome activity. D, 5i immunoproteasome activity in
hearts from chronic treatment group. Data are expressed as mean + SD (n=4), * P < 0.05, **
P <0.001.
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Figure 3. Diclofenac impairs proteasome function in livers and kidneys of diclofenac treated mice

Proteasome activity in livers of acute (100mg/kg DIC for 18h) and chronic treatment

animals (10mg/kg DIC for 28 days): A, liver B1 proteasome activity; B, liver p2 proteasome
activity; C, liver B5 proteasome activity. Proteasome activity in kidneys of acute and chronic
treatment animals: D, kidney p1 proteasome activity; E, kidney B2 proteasome activity; F,
kidney B5 proteasome activity. Data are expressed as mean + SD (n=4), * P < 0.05, ** P <

0.001.
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Figure 4. Diclofenac increases the levels of polyubiquitinated proteins in hearts from diclofenac

treated mice

A, Western blotting was used to determine the effect of DIC on polyubiquinated proteins and
free ubiquitin expression levels in the hearts of the acute treatment group. B, Effect of DIC
on heart polyubiquinated proteins and free ubiquitin expression levels in the chronic
treatment group. C, Effect of DIC on liver polyubiquinated proteins and free ubiquitin
expression levels in the chronic treatment group. D, Effect of DIC on kidney
polyubiquinated proteins and free ubiquitin expression levels in the chronic treatment group.
C - Control, vehicle treated hearts. D - Diclofenac treated hearts. Results are expressed as
mean £ SD (n=4),* P < 0.05.
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Figure 5. Levels of proteasome subunit expression in hearts are not affected by diclofenac
treatment

Proteasome subunit expression levels in the chronic treatment group were determined by
Western blotting. Four proteasome subunits, Rpt4, Rpn2, Rptl and PSMAG6 were
investigated. C - Control, vehicle treated hearts. D - Diclofenac treated hearts. Quantification
is expressed as mean + SD (n=4).
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Figure 6. Levels of proteasome subunit expression in livers and kidneys are not affected by
diclofenac treatment

A, The proteasome subunit levels of Rpt4 (19S proteasome subunit) and PSMAG (20S
proteasome subunit) were measured in livers of the chronically treated animals with DIC. B,
The proteasome subunit levels of Rpt4 and PSMA6 were measured in kidneys from the
acute treatment group. C - control, vehicle treated hearts. D - DIC treated hearts. Values are
expressed as mean + SD (n=4), * P < 0.01, ** p < 0.001.
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Oxyblot analysis was performed to determine the levels of the oxidized proteins in hearts,
livers and kidneys of animals treated with DIC. A, Oxidized proteins levels of mouse hearts
in the acute treatment group. B, Oxidized proteins in mouse hearts in the chronic treatment
group. C - Control, vehicle treated hearts. D - Diclofenac treated hearts. Quantification of

CON 100mg/kg DIC & °

the blots are expressed as mean + SD (n=4), * P < 0.05.
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Figure 8. Effect of acute and chronic diclofenac treatment on levels of oxidized proteins in livers
or kidneys

A, Levels of oxidized proteins detected by Western Blotting in the livers of the animals from
either the acute treatment group or the chronic treatment group. B, Oxidized proteins in
mouse kidneys in the either the acute treatment group or the chronic treatment group.
Results are expressed as mean + SD (n=4), * P < 0.01, ** p < 0.001.
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Figure 9. Diclofenac reduces cardiac cell viability and increases ROS production in H9¢2 and
neonatal cardiomyocytes

A, HI9c2 cardiac cells treated with vehicle or 5 and 10 uM diclofenac (DIC) for 10 days.
Neonatal murine cardiomyocytes were treated with 10 pM DIC or vehicle for 2 days. Cell
viability of H9c2 cells and neonatal cardiomyocytes were measured by Alamar Blue.
Additionally acetylsalicylic acid (aspirin, 100 uM) was used to measure cell viability in
neonatal murine cardiomyocytes. B, ROS levels in H9c2 cardiac cells treated with different
concentrations of DIC (25 pM—-200 uM) and acetyl salicylic acid (LmM-5mM). 200 uM
Hydrogen peroxide (H,05) was used as a positive control for ROS production. C, Effect of 5
uM DIC, 10 uM DIC, 100 pM acetylsalicylic acid or 200 pM acetylsalicylic acid on ROS
levels in neonatal cardiomyocytes. Fluorescent images represent ROS generation in the
presence of DIC and H,0,. The images are a representative of 3 or more independent
experiments. Results are expressed as mean + SD (n=4-9), * P < 0.05, ** P < 0.001.
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Figure 10. Diclofenac increases caspase 3 activity in tissues in the acute treatment group but not
in the chronically treated animals

A, Caspase 3 activity in hearts, B, Caspase 3 activity in livers, C, Caspase 3 activity in
kidneys of mice from either the acute treatment group or chronically treated animals. Values
are expressed as mean + SD (n=4), * P < 0.05.
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Figure 11. Diclofenac induces mitochondrial dysfunction and mitochondrial complex I inhibitor
induces ROS generation and cell death and decreases proteasome activity of H9c2 cells

A, Effect of DIC on complex I activity in mitochondria isolated from mouse hearts.
Rotenone (ROT), a known inhibitor of complex I, was used as a control. B, Effect of DIC on
complex Il activity in mitochondria isolated from mouse hearts. Thenoyltrifluoroacetone
(TTFA), a complex Il inhibitor, was used as a control. C, Effect of DIC on complex 111
activity in mitochondria isolated from mouse hearts. The complex 11 inhibitor, Antimycin
A, was used as a control. D, Effect of DIC on mitochondrial membrane potential measured
in H9c2 cells. Rotenone (ROT) and 2,4-dinitrophenylhydrazine (DNPH) were used as
controls. E, ROS levels were determined in the presence of DIC and DIC + Mito-Tempol, a
mitochondrial ROS scavenger. F, ROS generation, cell viability and proteasome B5 activity
of H9c2 cells in the presence of rotenone. H9c2 cells were plated onto 96 plates at 4000
cells/well and H,DCFDA and Alamar blue was utilized to determine ROS generation and
cell viability as described in the Methods. ROS generation in H9c2 cells in the presence of
rotenone was determined both by fluorimetry and fluorescent microscopy studies. The
fluorescent images are a representative of 3 or more independent experiments. Effect of
rotenone on proteasome B5 activity was also measured. ROT-rotenone. Results are mean +
SD (n=4-6)* P < 0.05, ** P < 0.001.
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