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Abstract

A deficiency of mitochondrial glutathione reductase (or GR2) is capable of adversely affecting the
reduction of GSSG and increasing mitochondrial oxidative stress. BCNU [1, 3-bis (2-
chloroethyl)-1-nitrosourea] is an anticancer agent and known inhibitor of cytosolic GR ex vivo and
in vivo. Here we tested the hypothesis that a BCNU-induced GR2 defect contributes to
mitochondrial dysfunction and subsequent impairment of heart function. Intraperitoneal
administration of BCNU (40 mg/kg) specifically inhibited GR2 activity by 79.8+2.7% in the
mitochondria of rat heart. However, BCNU treatment modestly enhanced the activities of
mitochondrial Complex | and other ETC components. The cardiac function of BCNU-treated rats
was analyzed by echocardiography, revealing a systolic dysfunction associated with decreased
ejection fraction, decreased cardiac output, and an increase in left ventricular internal dimension
and left ventricular volume in systole. The respiratory control index of isolated mitochondria from
the myocardium was moderately decreased after BCNU treatment, whereas NADH-linked
uncoupling of oxygen consumption was significantly enhanced. Extracellular flux analysis to
measure the fatty acid oxidation of myocytes indicated a 20% enhancement after BCNU
treatment. When the mitochondria were immunoblotted with antibodies against GSH and UCP3,
both protein S-glutathionylation of Complex I and expression of UCP3 were significantly up-
regulated. Overexpression of SOD2 in the myocardium significantly reversed BCNU-induced
GR2 inhibition and mitochondrial impairment. In conclusion, BCNU-mediated cardiotoxicity is
characterized by the GR2 deficiency that negatively regulates heart function by impairing
mitochondrial integrity, increasing oxidative stress with Complex | S-glutathionylation, and
enhancing uncoupling of mitochondrial respiration.
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1. Introduction

Mitochondria are the major source of reactive oxygen species (ROS) in mammalian cells;
the generation of *O,~ and its derived oxidants acts as a redox signal in triggering the
cellular events of apoptosis and necrosis in myocytes. The mitochondrial redox pool is
enriched in glutathione (GSH) with a high physiological concentration (in the mM range)
(1); overproduction of *O,~ and “O,~-derived oxidants increases the ratio of GSSG (oxidized
glutathione) to GSH, which has been hypothesized to be the major mechanism in mediating
S-glutathionylation of mitochondrial Complex | (2-4).

In the animal disease model of myocardial infarction, S-glutathionylation of Complex I is
enhanced in the post-ischemic heart due to an oxidative stress-induced elevated GSSG/GSH
ratio and depletion of GSH in mitochondria (5). In vitro studies using isolated mitochondria
also indicate that increasing Complex | S-glutathionylation is favored by the conditions of
oxidative stress that raise GSSG/GSH, such as exposure to organic peroxide (6), excessive
NO (6), or the thiol oxidant diamide (4). Protein S-glutathionylation of isolated Complex |
can be induced by GSSG via thiol-disulfide exchange (2-4). Therefore, a marked decline in
the mitochondrial GSH/GSSG ratio has emerged as the physiological setting for S-
glutathionylation of Complex I in vivo.

Mitochondrial glutathione reductase (or the GR2 isoform) is a key antioxidant enzyme that
recycles GSSG to GSH in an NADPH-dependent catalysis. GR2 thus regulates the
mitochondrial redox status via modulation of the ratio of GSSG/GSH and protein S-
glutathionylation in mitochondria. Because of this key role, we rationally hypothesize that a
GR2 deficiency would affect mitochondrial function and subsequently heart function.
Inhibition or ablation of GR2 activity should facilitate the major pathway of enhancement of
protein S-glutathionylation mediated by GSSG or a high GSSG/GSH ratio in vivo.

BCNU (1, 3-hischloroethyl-I-nitrosourea, generic name: carmustine) has been employed as
the pharmacologic inhibitor of GR in the rat or mouse model. BCNU is an anti-cancer
(antineoplastic) chemotherapy drug used to treat certain types of brain tumors (Glioblastoma
multiforme) and other cancers (7). The antitumor activity of BCNU originates from its
function as a dialkylating agent that is capable of forming interstrand crosslinks in DNA.
BCNU decomposes in situ to generate chloroethylisocyanate, an alkylating moiety that
interacts with DNA, as well as a more reactive carbamyolating moiety associated with the
inactivation of cellular GR (8-11). The choroethylisocyanate functions as an exogenous
electrophile, attacking the susceptible cysteine thiol (Cysgz) of the GR active site via
carbamoylation, rendering the enzyme unable to catalyze the reduction of GSSG (11). GR
inhibition with the loss of GSH indirectly reduces the peroxide-removing ability of
glutathione peroxidase, leading to accumulation of H,O,, potentially augmenting cellular
oxidative stress. In preclinical studies, gene therapy with AAMnSOD (or AdSOD2) has been
combined with BCNU treatment to reduce tumor growth (12, 13).

It is well known that clinical use of anticancer agents (e.g., doxorubicin) is limited by a
specific, cumulative, and dose-dependent cardiotoxicity, in which the toxicity is caused by
impairment of mitochondrial function. Although BCNU shows effectiveness in glioblastoma
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multiforme chemotherapy, there is a paucity of investigations directed toward understanding
the mechanism of its cardiotoxicity, the impact on post-translational S-glutathionylation, and
the mitochondrial function in myocardium. Determination of the BCNU-induced pathway
controlling oxidative stress and consequent Complex | S-glutathionylation is important
because of the implications for cardiotoxicity in cardiovascular disease, and to understand
the pathophysiological settings of mitochondrial redox. Studies were performed first in a rat
model by pharmacologic inhibition of GR2 with BCNU to gain new insights into the effect
on cardiac function, mitochondrial function, and S-glutathionylation of Complex I in vivo.
Studies were then undertaken in HL-1 cardiac myocytes, and the effect of S-
glutathionylation on Complex I was confirmed using the isolated enzyme. Finally, we
validated the hypothesis of oxidative stress induced by BCNU in an SOD2 transgenic mouse
animal model. The results indicate that overexpression of SOD2 in mitochondria neutralizes
the deleterious effect of BCNU on the enzymatic function of GR2.

2. Materials and Methods

2.1. Animals

Male Sprague-Dawley rats (3 to 4 mo, 350 — 400 g) were purchased from Harlan
(Indianapolis, IN), and the SOD2-tg mice were obtained from the Jackson Laboratory. All
procedures were performed with the approval (protocol no. 12-031) of the Institutional
Animal Care and Use Committee (IACUC) at Northeast Ohio Medical University
(Rootstown, OH) and conformed to the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the NIH.

2.2. Reagents

BCNU, Glutathione (GSH), ammonium sulfate, diethylenetriaminepentaacetic acid (DTPA),
ubiquinone-1 (Qq), sodium cholate, deoxycholic acid, rotenone, PEG-SOD (polyethylene
glycol-linked superoxide dismutase), and p-nicotinamide adenine dinucleotide (reduced
form, NADH) were purchased from Sigma Chemical Company (St. Louis, MO) and used as
received. The anti-GSH monoclonal antibody was purchased from ViroGen (Watertown,
MA). The anti-SOD2 and anti-GR polyclonal antibodies were from Santa Cruz
Biotechnology, Inc. (Dallas, TX). The DMPO spin trap was purchased from Dojindo
Molecular Technologies, Inc. (Rockville, MD), and stored under nitrogen at —80 °C until
needed.

2.3. Analytical Methods

Optical spectra were measured on a Shimadzu 2401 UV/VIS recording spectrophotometer.
The protein concentrations of mitochondrial preparations were determined by the Lowry
method using BSA as a standard. The concentrations of Q1 and Q, were determined by
absorbance spectra from NaBH, reduction using a millimolar extinction coefficient
€(275nm-290nm) = 12.25 mM~lem=1 (14). The electron transfer activities of Complexes -1V
from the heart mitochondrial preparations were assayed by published method (15). The
enzymatic activity of GR in mitochondria was assayed by measuring GSSG-mediated
NADPH consumption with the absorbance decreasing at 340 nm at 25 °C. An appropriate
amount of mitochondrial preparation (permeabilized by alamethicin) was added to the assay
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mixture (1 ml) containing 50 mM phosphate buffer (pH 7.5), ImM EDTA, 1 mM GSSG,
and 0.1 mM NADPH.

2.4. Measurement of Oxygen Consumption Rate (OCR) of Mitochondrial Preparations

Mitochondria were prepared from rat hearts by differential centrifugation described in the
published method (16). Mitochondria were precipitated by centrifugation at 20,000 xg for
10 min in the final step and resuspended in media (M-buffer) containing the following
agents (in mM): mannitol (230), sucrose (70), EDTA (1), Trizma (1), pH 7.4. Mitochondrial
respiration was measured by the polarographic method using a Clark-type oxygen electrode
(Oxytherm, Hansatech Instruments, Norfolk, England) at 30 °C and reported in nmol/min.
The NADH-linked respiration buffer containing malate plus glutamate included (in mM):
potassium glutamate (140), NaCl (10), MgCl, (1), EGTA (1), malate (5), Trizma (1),
phosphate (2.5), and cytochrome ¢ (0.01), and was adjusted to pH 7.4. Mitochondrial
preparations were added to the respiration buffer for a final concentration of 0.5 mg/ml.
OCRs were measured as follows: state 2, OCR of mitochondrial preparations with malate/
glutamate; state 3, OCR stimulated by ADP (0.2 mM); state 4, OCR after the addition of
oligomycin (2 pg/mL) following ADP addition; uncoupling respiration, OCR after the
addition of FCCP (2.5 uM). The oxygen electrode was calibrated at 1 atm by assuming the
concentration of O in the respiration buffer at 30 °C to be 250 uM.

2.5. Measurement of Mitochondrial *O,~ Production by EPR Spin Trapping

Electron Paramagnetic Resonance (EPR) measurements were carried out on a Bruker EMX
Micro spectrometer operating at 9.43 GHz with 100 kHz modulation frequency at room
temperature. The reaction mixture containing the NADH-linked respiration buffer
supplemented with DTPA (1 mM)/DMPO (90 mM) was mixed with a mitochondrial
preparation (to a final concentration of 0.5 mg protein/mL) at 30 °C for 4 min. The reaction
mixture was then transferred to a 50-pL capillary tube (Drummond Wiretrol, Broomall, PA),
sealed, loaded into the EPR resonator (HS cavity, Bruker Instrument, Billerica, MA),
equilibrated to 298 K, and tuned within 2 min. The scan of EPR spectra was started at
exactly 6 min after the initial reaction. Parameters: center field 3360 G, sweep width 100 G,
power 20 mW, receiver gain 1 x 10°, modulation amplitude 1 G, conversion time 40.96 ms,
time constant 163.84 ms, number of scans: 5. The spectral simulations were performed using
the WinSim program developed at NIEHS by Duling (17).

2.6. Immunoblotting Analysis

The reaction mixture was mixed with Laemmli sample buffer at a ratio of 4:1 (v/v),
incubated at 70 °C for 10 min, and then immediately loaded onto a 4-12 % Bis-Tris
polyacrylamide gradient gel. Samples were run at room temperature for 55 min at 190 V.
Protein bands were electrophoretically transferred to a nitrocellulose membrane in 25 mM
Bis-Tris, 25 mM Bicine, 0.029% (w/v) EDTA, and 10% methanol. Membranes were
blocked for 1 h at room temperature (R.T.) in Tris-buffered saline (TBS) containing 0.1%
Tween-20 (TTBS) and 5% dry milk (BioRad, Hercules, CA). The blots were then incubated
overnight with anti-GSH monoclonal antibody at 4 °C. Blots were then washed 3 times in
TTBS, and incubated for 1 h with horseradish peroxidase-conjugated anti-mouse 1gG in
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TTBS at R.T. The blots were again washed twice in TTBS and twice in TBS, and then
visualized using ECL Western Blotting Detection Reagents (GE Healthcare Life Sciences,
Fairfield, CT).

2.7. Cell Culture and Fluorescence Microscopy

Murine myocytes (HL-1 cell line) were grown and maintained in Claycomb medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum, 0.01%
penicillin/streptomycin antibiotic, 2 mM glutamine, and 100 uM norepinephrine in 35 mm
polystyrene tissue culture flasks at 37°C in the presence of 5% CO, as described (18).
Confluent cells with > 60% viability were used to conduct fluorescence imaging of ROS
production and immunofluorescent staining with anti-GSH or Ab51 or Ab75 antibodies as
described in a previous publication (19).

HL-1 myocytes were then cultured on sterile coverslips in 35-mm dishes and subjected to
BCNU (25-80 uM) treatment for 4 h at 37 °C. Cells were then incubated with the ROS
indicator MitoSOX™ (5 uM, Invitrogen Corporation, Carlsbad, CA) to detect ROS in living
cells. MitoSOX™ emits red fluorescence (Ex/Em 510/580 nm) when oxidized by ROS.
Nuclei were stained with DAPI (2 uM; Ex/Em 358/461).

2.8. Measurement of OCR of Living Myocytes

OCRs were measured by a Seahorse Bioscience extracellular flux analyzer (model XF24,
North Billerica, MA) and presented in pmol/min. HL-1 myocytes were seeded at a density
of 3 x 104 cells per well on the fibronectin pre-coated XF24 V7 cell culture microplate
overnight. After BCNU treatment (25 UM, in supplemented Claycomb medium for 4 hrs),
myocytes were equilibrated with DMEM containing glucose (10 mM) and sodium pyruvate
(0.2 mM), lacking bicarbonate at 37°C without CO, for 1 hr. Oligomycin (2 ug/mL), FCCP
(0.3 pM), and antimycin A (10 pM) were sequentially injected into the microplate for the
readout of ATP-linked OCR and the calculation of reserved capacity. Fatty acid oxidation
(FAO) assay was conducted following the manufacturer’s protocol. In short, myocytes were
equilibrated in Krebs Henseleit Buffer (KHB) containing 2.5 mM glucose at 37°C after
BCNU treatment. BSA-palmitate (100 — 300 uM palmitate) was then injected for the FAO
assay.

2.9. Preparations of Mitochondrial Complex |

Bovine heart mitochondrial Complex | was prepared under non-reducing conditions
according to the published method by Hatefi et al. with minor modifications (20) detailed in
previous publications (2, 5). Preparation of Complex | contains 4.2-4.5 nmol ubiquinone-10
and 0.2 mg of phospholipid per mg protein. The contamination by Complex Il in this
preparation is less than 0.5% (~0.05-0.08 nmol of heme b plus heme ¢; per mg of Complex
| preparation), and exhibits adequate activity to generate *O,~ (determined by EPR spin-
trapping with 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide, DEPMPO) under the
conditions of enzyme turnover (2, 5).
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2.10. Data Analysis

All data were reported as group averages. Statistical analysis was performed using Origin
9.0 data analysis software. Results were presented as mean + SEM. Comparisons between
two groups (the data sets of Figs. 1, 2, 3C, 7B, and 7C) were assessed by student’s t-test to
analyze the significance of differences. Comparisons among multiple groups (the data set of
three groups in Fig. 4 and the data set of four groups in Fig. 7D) were assessed by one-way
ANOVA followed by Tukey’s post hoc tests. For the extracellular flux analysis in
measuring the effect of BCNU treatment on the fatty acid oxidation rate (Fig. 2D), raw data
among five experimental groups, including control HL-1 (without palmitate), BCNU-treated
HL-1 (without palmitate), HL-1 plus palmitate, BCNU-treated HL-1 plus palmitate, and
KHB medium (as the background control), were analyzed with one-way ANOVA followed
by Tukey’s post-hoc test to confirm significant differences among groups. Two groups of
HL-1 cells plus palmitate and BCNU-treated HL-1 cells plus palmitate were then subjected
to background and control corrections, and comparison was further analyzed by student’s t-
test. A probability value of p < 0.05 was used to establish statistical significance.

3. RESULTS

3.1. BCNU-induced GR deficiency in the myocardium results in systolic dysfunction and
mitochondrial dysfunction

To test the hypothesis that BCNU-induces cardiotoxicity through uncoupling mitochondrial
function, studies were performed to explore the role of BCNU-induced GR2 defects in
cardiac function and mitochondrial function. Rats were subjected to intraperitoneal injection
of BCNU (10 mg/kg/day) for 4 consecutive days (21, 22), and myocardial function was then
analyzed by echocardiography. As indicated in Fig. 1, BCNU treatment significantly
decreased the parameters of heart rate, ejection fraction (decreased from 75.6+2.7% to
58.0+1.8%, n=5), fractional shortening, and cardiac output (decreased from 119.3+5.2 to
81.2+7 ml/min, n=5), indicating impairment of cardiac function and cardiotoxicity from the
chemotherapeutic agent (23, 24). Furthermore, rat hearts exhibited a significant increase in
left ventricular internal diameter (LVID, increased from 4.1+0.3 to 5.4+0.3 mm, n=5) and
left ventricular volume at systole (increased from 77.4+ 12.8 to 139.1+14.3 ul, n=5), but no
significant difference in LVID at diastole, suggesting that a systolic dysfunction was
induced by BCNU treatment. In support of this result, a chronic effect of decreased systolic
pressure on rat cardiac function has been reported by a single higher dosage treatment in
vivo (20 mg BCNU/Kg) (25).

Mitochondria were then isolated from rat hearts, and subjected to an assay of enzymatic
activities. The GR2 activity declined to 20.2+2.7% (n=11, p<0.001, Fig. 2A) after BCNU
treatment, consistent with the hypothesis that BCNU induces mitochondrial GR inactivation
in vivo. However, the enzymatic activity of selenium-containing glutathione peroxidase
(GPx) was slightly up-regulated to 112.6+4.4 % (n=11). We have further detected a
marginal enhancement in the enzymatic activities of Complex | (15.6% enhancement in Fig.
2A) and other ETC complexes (5%-17% enhancement in Fig. 2A). There are no significant
alterations in protein expression of the mitochondrial GR and ETC components(data not
shown).

Biochem Pharmacol. Author manuscript; available in PMC 2015 June 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kang et al.

3.2 The "0,~

Page 7

Fig. 2B (the first chart on left side) shows a typical profile of oxygen consumption in
mitochondria from the myocardium of control and BCNU-treated rats. State 3 (ADP-
dependent) and state 4 (ADP-independent) respiration of mitochondrial preparations was
measured by oxygraph. After BCNU treatment, state 3 OCR was slightly decreased from
204.9+15.26 to 191.3+22.9 (in nmol O,/min/mg protein, n=5), whereas state 4 OCR was
marginally increased from 42.8+6.7 to 50.7+6.2 (n=5). Therefore, the respiratory control
index (RCI, a ratio of state 3/state 4) significantly declined from 4.9+0.4 to 3.8+0.3 after
BCNU treatment (n=5, p<0.05, Fig. 2B). To access the maximal ETC activity of
mitochondria, FCCP was added to uncouple the mitochondria and maximize the respiratory
capacity and OCR. We observed that FCCP uncoupling of O, consumption rate was
significantly enhanced from 220.3+11.7 to 297.4+13.6 (n=5, p<0.01, Fig. 2B and inset)
after BCNU treatment, supporting the data showing marginal enhancement of Complex |
and other ETC activities (in Fig. 2B).

The above results were further confirmed with isolated myocytes from the HL-1 cell line
(18) using an extracellular flux analyzer (Seahorse Bioscience, Billerica, MA). Incubation of
BCNU (25 pM) with HL-1 cells at 37°C for 4 h resulted in GR inhibition in both cytosol
(23.3£5.4% activity remaining, n=3) and mitochondria (11.3+0.9% activity remaining,
n=3). An increase in the FCCP uncoupling reserve bioenergetic capacity in myocytes
occurred as a result of BCNU treatment, shown by extracellular flux analysis in Fig. 2C.
Extracellular flux analysis also indicated the extracellular acidification rate (ECAR, an
indication of lactate production) by HL-1 cells was not affected by BCNU treatment, thus
eliminating the possible effect of glycolysis. Further extracellular flux analysis using
palmitate as a substrate showed a significant enhancement of the fatty acid oxidation rate in
BCNU-treated HL-1 cells (p < 0.05, Fig. 2D).

mediated by mitochondria

The production of *O,™ mediated by isolated mitochondria at different respiratory states was
induced by glutamate/malate (NADH-linked), and measured by EPR spin-trapping with
DMPO (26). An SOD-dependent four-line spectrum of DMPO/*OH was detected, indicating
that *O,~ generation was mediated by the mitochondria under the conditions of state 2
respiration (Fig. 3A, b and f). Addition of ADP (state 3 respiration) diminished
mitochondria-mediated *O,~ generation by ~40%, a significant decrease that indicates that
coupling of enhanced O, consumption with oxidative phosphorylation for ATP synthesis
decreased the e~ leakage to molecular oxygen (Fig. 3A, c; and Fig. 3B). In the presence of
oligomycin A (state 4 respiration), mitochondria-mediated *O,~ generation induced by
glutamate/malate was restored to the level of state 2 respiration. The *O,™ generation under
the conditions of state 4 respiration was not affected by the addition of ADP due to an
inhibitory effect of oligomycin on F1Fp-ATPase (Fig. 3A, d; and Fig. 3B). The proton
gradient (ApH) and electrochemical gradient (Ap) was gradually restored under the
conditions of state 4 respiration. However, the addition of FCCP (1 pM) to dissipate Ap and
ApH significantly decreased the *O,~ production to the level of state 3 conditions (Fig. 3A,
e; and Fig. 3B). These results support the concept that increasing electrochemical gradients
and proton back pressure drive a portion of the e~ leakage for *O,™ production.
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The effect of BCNU treatment on mitochondria-mediated *O,™ generation was determined
by EPR spin trapping with DMPO under the conditions of state 3 respiration. In the presence
of ADP and glutamate/malate, the level of SOD-dependent DMPO/*OH adducts mediated
by the mitochondria isolated from BCNU-treated rat hearts was marginally increased to
121+3.4% (n=6, p=0.021, Fig. 3C), due to increased electron leakage for *O,™ generation
caused by impaired mitochondrial integrity after BCNU treatment (Fig. 2B).

3.3. A BCNU-induced GR2 deficiency results in up-regulation of UCP3 in mitochondria
from the myocardium

Uncoupling proteins (UCPs) are mitochondrial transporters of the inner membrane; they
function to mediate proton conductance and control the level of respiration coupling. UCP3
is mainly expressed in skeletal muscles. It has been reported that O, activates
mitochondrial UCPs (27), and the physiological function of UCP3 has been linked to
attenuated ROS production. The levels of UCP3 in our mitochondrial preparations were
assessed by Western blot using a polyclonal antibody against UCP3 (Santa Cruz
biotechnology, San Diego, CA). The 51 kDa FMN-binding protein of Complex I (nuclear-
encoded, anti-complex | in Fig. 4) and subunit | of Complex IV (mitochondrial DNA-
encoded, anti-complex IV Ab in Fig. 4) were used as the internal protein loading controls.
As a result of a BCNU-induced GR2 deficiency, the expression of UCP3 in heart
mitochondria was increased to 141.5+3.7% (based on Complex 1) and 144.3+£9.2% (based
on Complex V) as shown in Fig. 4. The results support the data of increased FCCP-
mediated uncoupling OCR by the mitochondria isolated from BCNU-treat rat (in Fig. 2B).

3.4. Redox alterations in the GSH pool and S-glutathionylation of Complex |

The BCNU-induced GR deficiency resulted in significantly enhanced oxidation of GSH to
GSSG in both the cytosol and mitochondrial fractions. We determined GSH and GSSG
levels quantitatively by the enzymatic recycling method, observing (i) an elevation of GSSG
levels in both the cytosol (increased from 0.4+0.06 nmol/mg protein to 0.78+0.11 nmol/mg
protein, p<0.05 by student’s t-test, n=3) and the mitochondrial preparation (increased from
0.27+0.02 to 0.36%0.03 nmol/mg protein, p<0.05 by student’s t-test, n=3), (ii) a slight
depression in the GSH level of the mitochondria (from 4.74+0.25 to 4.53+0.03 or 100% to
95.7+3.1%), and (iii) a significant decrease in the ratio of GSH/GSSG in mitochondria after
BCNU treatment (18.0 vs 12.6). These results were basically consistent with a modest
increase in the oxidative stress in the myocardium and mitochondria after BCNU treatment.
A depression in the GSH/GSSG ratio was expected to increase the status of S-
glutathionylation of the Complex I. To test this hypothesis, we used polyclonal antibodies
against Complex I, Ab51 and Ab75 (5, 28), to immunoprecipitate the 51 kDa- and 75 kDa-
subunits of Complex | from mitochondrial preparations, followed by immunoblotting with
an anti-GSH monoclonal antibody. As indicated in Fig. 5, the detected Complex I-derived S-
glutathionylation on the 51 kDa and 75 kDa subunits of Complex | was enhanced to
188+14.3% and 206+14.7% respectively, after BCNU treatment.
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3.5. Effect of S-glutathionylation on the electron transfer activity of Complex | in vitro

Protein S-glutathionylation has been implicated as a mechanism to regulate the functions of
the protein (29, 30). Therefore, significant changes in the electron transfer activity of
Complex | is expected due to site-specific S-glutathionylation at 51 kDa and 75 kDa
subunits. S-glutathionylation of isolated Complex | was induced with different dosage of
GSSG (1 mM and 2 mM), and confirmed by Western blotting using anti-GSH monoclonal
antibody (Fig. 5C, upper panel). The S-glutathionylated Complex | was further subjected to
analysis of the electron transfer activity. The result indicated S-glutathionylation moderately
enhanced the electron transfer activity of Complex | (Fig. 5C, lower panel). The results
basically support the data from in vivo S-glutathionylation of Complex | as induced by
BCNU.

3.6. BCNU Induces oxidative stress and S-glutathionylation of Complex | in the myocytes

of HL-1 cells

Further experiments were performed to determine whether protein S-glutathionylation of
Complex I occurs in myocytes following BCNU treatment using the HL-1 cell line. Cellular
S-glutathionylation of Complex I as induced by menadione was employed as a positive
control (Fig. 6, d) (19). In HL-1 cells treated with BCNU (25 uM for 4 hrs), fluorescence
microscopy with an anti-GSH monoclonal antibody showed a marked increase in cellular S-
glutathionylation that subsequently decreased upon the addition of DTT (75% reduction at a
dosage of 1 mM DTT) as shown in Fig. 6 (b and c¢). Fluorescence microscopy with a
polyclonal antibody against the 51 kDa subunit (Ab51) further demonstrated a marked
increase in cellular S-glutathionylation that co-localized with Complex I.

3.7. Overexpression of SOD2 in the myocardium prevents the mitochondria from
undergoing BCNU-induced GR inhibition and oxidative impairment

GR inhibition was further tested in a model of cardiac-specific SOD2 transgenic mice
(SOD2-tg, strain: FVB-Tg (Myh6-SOD2, Tyr)3Pne/J, from Jackson Labs). The SOD2-tg
hemizygotes exhibit a phenotype that is viable, fertile, and normal in size. Transgenic
expression of SOD?2 is specific to the heart, and localized to the mitochondria. Western
analysis indicated enhanced SOD2 expression in the mitochondria of murine hearts up to 7-
fold (Fig. 7A, upper panel, with subunit I of Complex IV (COX 1) as the loading control,
n=6). Intraperitoneal injection of BCNU (20 mg/kg/day) for 4 days (total dosage is 80
mg/kg) resulted in GR inhibition in both the cytosol (42.6+1.7% inhibition, n=7) and
mitochondria (42.2+1.5% inhibition, n=7) from the myocardium of the wild type control
mice, and in the cytosol from the SOD2-tg mice (43.1+2.1% inhibition, n=7), as indicated in
Fig. 7B. However, the BCNU-induced GR inhibition was significantly lower in the
mitochondrial fraction of the myocardium from SOD2-tg mice (93.2+5.2% GR activity
remaining or 6£5.2% inhibition, n=7, Fig. 7B). No significant alteration was seen in the GR
expression in mitochondria (indicated as GR2 in the lower panel of Fig. 7A) or cytosol (data
not shown) after BCNU treatment. As measured by echocardiography, the hearts of SOD2-
tg exhibited enhanced and supernormal cardiac function with an increased ejection fraction
(89.3%+1.6% in SOD2-tg versus 74.1%+1.6% in wild type littermate). Furthermore, the
cardiac function of SOD2-tg mice was protected from BCNU treatment in which no
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significant change was observed in the ejection fraction 89.3%z+1.6% versus 86.7+2.4%),
whereas the cardiac function of wild type mice was significantly impaired by BCNU
treatment (74.1%+1.6% versus 63.5%+3.0%, n=4, p<0.05 by student’s t-test).

State 3 and State 4 respiration and the respiratory control index (RCI) were also measured
(Fig. 7C-7D), showing that BCNU treatment significantly impaired the mitochondrial
integrity of wild type littermates (RCI, 6.3£0.4 vs 5.0+0.2, n=8, p<0.05, Fig. 7D), but had
no effect on the mitochondria of SOD2-tg mice (RCI, 5.7+0.5 vs 6.0+0.5, n=8, p=0.76, Fig.
7D). Furthermore, BCNU treatment enhanced FCCP uncoupling of O, consumption in the
mitochondria of wild type littermates, but had no significant effect on the mitochondria of
SOD2-tg mice (Fig. 7C, n=8). Therefore, overexpression of SOD2 in the myocardium
protected mitochondrial GR from BCNU-induced inhibition, subsequently preventing
mitochondria from suffering oxidative impairment induced by BCNU treatment. EPR spin
trapping analysis further showed no detectable *O,™ generation by the mitochondria isolated
from BCNU-treated SOD2-tg mice (Fig. 7E, lower panel, b vs a) and significantly lower
sensitivity to antimycin A treatment (Fig. 7E, lower panel, d vs c).

3.8. BCNU increases oxygen-free radical generation in cardiac HL-1 myocytes

The hypothesis of BCNU-induced oxidative stress was further demonstrated in living cells.
We used fluorescent microscopy with MitoSOX to detect ROS in the mitochondria of HL-1
myocytes, and malonate was employed to confirm the state of FADH,-linked ROS
generation. HL-1 cells were treated with antimycin A as a positive control experiment (Fig.
8D). When the HL-1 cells were treated with BCNU, a strong oxidized MitoSOX red
fluorescence was detected (Fig. 8B), indicating that BCNU stimulated ROS production from
the HL-1 mitochondria. Treatment of HL-1 cells with malonate, which suppressed the
FADH, formation of Complex Il, dramatically inhibited the red fluorescence of oxidized
MitoSOX (Fig. 8C), thus confirming that BCNU stimulated ROS that were mediated by the
Complexes Il and Il of mitochondria.

4. DISCUSSION

4.1. BCNU mediates in vivo S-glutathionylation of Complex |

This study explains how the redox signaling pathway of thiol-sulfide exchange mediates S-
glutathionylation of mitochondrial Complex I, which has never been demonstrated in vivo.
In addition, we demonstrate how BCNU activation underlies this redox pathway. The use of
BCNU via intraperitoneal injection has been proven to be an effective way to inhibit
mitochondrial GR in vivo in the rat (heart). However, a higher dosage is required to inhibit
the GR activity of mouse liver (31) or mouse heart (this study) in vivo, which is likely due to
a higher basal metabolic rate in mouse. We expected that BCNU-induced GR2 inhibition
would result in oxidative stress, leading to increased S-glutathionylation of Complex |
through the mechanism of thiol-disulfide exchange in vivo, thereby altering mitochondrial
function, and impairing myocardial function as it did. Because in vitro S-glutathionylation
of Complex I, mediated by higher GSSG/GSH ratio or low dosage of GSSG (1-2 mM in the
Fig. 5C) via thiol-disulfide exchange reaction can modestly enhance its electron transfer
activity, we can explain the marginal increase in the enzymatic activity of Complex I of the
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mitochondria isolated from BCNU-treated rats (Fig. 2A) as being due to enhanced protein S-
glutathionylation induced by GR2 deficiency (Fig. 5). Reversal of S-glutathionylation with
thiol reductants normalized Complex | activity to the basal level (data not shown),
suggesting increasing formation of Complex | S-glutathionylation in vivo by the BCNU was
not likely involved in the oxidative damage to the enzyme. In vitro S-glutathionylation of
Complex | with a low dosage of GSSG also leads to a decrease in the electron leakage (2).
However, in vitro S-glutathionylation of Complex | with a very high dosage of GSSG (up to
20 mM) can impair Complex | activity and enhance *O,~ production (6), but this was not
likely to occur under the conditions of the in vivo studies. Therefore, an increase in Complex
| S-glutathionylation in vivo by BCNU is likely an important mechanism in preventing
oxidative damage to the enzyme, which can include forming the thiyl radicals or sulfenic
acids on the reactive cysteines of Complex | (4, 29, 30). That is, in vivo S-gluathionylation
of Complex I should play a minor role in *O,™ production by mitochondria. Similar results
have been observed in the S-glutathionylation of Complex Il during myocardial ischemia
and reperfusion injury (32). Analysis of OCR further confirmed these results, showing
higher NADH-linked FCCP-mediated OCR and FAO-mediated OCR in the mitochondria of
BCNU-treated rats and BCNU-treated myocytes, respectively (Fig. 2B-2D).

4.2. BCNU mediates cardiac mitochondrial ROS generation, oxidative injury, and
consequent systolic dysfunction

The impaired mitochondrial integrity from BCNU-induced GR2 deficiency in vivo is due to
a decreased state 3 OCR and an increased state 4 OCR. The consequence of these processes
likely mediated a decreased oxidative phosphorylation in state 3 respiration, and modest
enhancement of mitochondria-mediated *O,~ generation and oxidative stress (Fig. 3C) due
to an elevated mitochondrial uncoupling in vivo. This increased oxidative stress was further
confirmed by (i) the protective effect of SOD2 overexpression in the SOD2-tg mouse model
(Fig. 7), and (ii) the MitoSOX staining of BCNU-treated HL-1 myocytes showing increased
ROS generation that could be inhibited by malonate through blocking the FADH,-linked
electron flow of the mitochondrial ETC (33) as indicated in Fig. 8. The result strongly
implicated a major role of Complex Ill and a minor role of S-glutathionylated Complex | in
the mitochondrial ROS production induced by BCNU treatment.

Oxidative stress-induced injury of mitochondrial function is involved in the pathogenesis of
myocardial infarction, heart failure, and other cardiovascular disease. The heart requires a
constant supply of energy in order to support contractile activity. Excess mitochondrial ROS
production from the BCNU-induced GR2 defects led to detrimental effects on myocytes
through mitochondrial dysfunction, leading to impairment of excitation-contraction coupling
and contributing to systolic dysfunction (Fig. 1). The clinical use of anticancer agents in
chemotherapy is limited by a specific, cumulative, dose-dependent cardiotoxicity.
Impairment of mitochondrial function and increased ROS production plays a major role in
this toxicity. Therefore, BCNU-induced systolic dysfunction of the rat heart was linked to
mitochondrial dysfunction mediated by BCNU treatment and GR2 inhibition. Clinically,
BCNU infusion was reported to induce myocardial ischemia (34). The incidence and
mechanism of such an adverse effect is likely caused by increasing both uncoupling oxygen
consumption (Fig. 2B) and "0, generation (Fig. 3C), as demonstrated in this investigation.
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Vascular injury is likely the other factor involved in the mechanism. As reported previously,
BCNU has been demonstrated to induce GR inhibition ex vivo, leading to S-
glutathionylation of eNOS, and impairing endothelium-dependent vessel relaxation (35).

The mitochondrial DNA (mtDNA) encodes 13 subunits of the ETC complexes and F1Fg-
ATPase. It is worth noting that possible alkylation of mtDNA by chloroethyl isocyanate
metabolites should not be ruled out in BCNU-induced mitochondrial dysfunction.
Alkylation of mtDNA can block DNA replication, mRNA transcription, and protein
translation, resulting in mitochondrial dysfunction. However, current studies have concluded
no significant changes in the ETC protein expression after BCNU treatment, suggesting
oxidant stress caused by GR2 inhibition was more efficient than mtDNA alkylation to
induce mitochondrial dysfunction and the subsequent phenotype of systolic dysfunction.

4.3. BCNU mediates UCP3 up-regulation to increase electron transport activity

Up-regulation of UCP3 in the mitochondria could represent the other novel finding of the
current study. Together with an enhancement of Complex I S-glutathionylation, UCP3 up-
regulation functions as an antioxidant defense in response to oxidative stress induced by
GR2 defect in vivo. Our results indicated increased physiological uncoupling as induced by
BCNU treatment (Fig. 4), which might directly or indirectly result in an increase in state 4
respiration and moderate depreciation of the RCI of mitochondria (Fig. 2B). The
physiological role of UCP3 has been linked to the regulation of fatty acid metabolism (36,
37). Thus, increased UCP3 expression may up-regulate FAO-mediated OCR in BCNU-
treated myocytes (Fig. 2C), allowing continuous reoxidation of coenzymes that are essential
to the metabolic pathways in BCNU-treated myocytes. Our experimental data clearly
supports this conclusion. Because ROS and elevated oxidative stress have been shown to
activate UCP3 (27, 38), we thus surmise that enhanced mitochondrial ROS production from
BCNU treatment increased proton conductance through up-regulation of UCP3, providing a
negative feedback loop to limit further mitochondrial ROS production. In essence, the
proton pumps of the electron transport chain respond to uncoupling with increased proton
pumping and electron flow to maintain the electrochemical gradient. We can postulate that
BCNU treatment increased proton conductance through UCP3-mediated uncoupling of
oxidative phosphorylation in mitochondria, leading to increased electron transport activity
and subsequent oxygen consumption rate.

4.4. Conclusion

Taken together, the present studies provide insights regarding the molecular mechanism of
systolic dysfunction resulting from pharmacological inhibition of GR2 by BCNU in vivo.
The underlying mechanism was characterized by GR2 inhibition, increased associated S-
glutathionylation of Complex I, increased mitochondrial oxidative stress, mitochondrial
dysfunction, up-regulation of UCP3, and increased uncoupling OCR as illustrated in the
diagram of Fig. 9. Pharmacological treatment with BCNU inhibits GR2 activity in
mitochondria, which would favor a redox environment of a higher GSSG/GSH ratio and S-
glutathionylation of Complex | via the mechanism of thiol-disulfide exchange (2, 19). A
dramatic reduction of GR2 activity potentially increases oxidative stress in mitochondria.
Elevation of oxidative stress triggers the impairment of mitochondrial integrity and
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decreased ATP synthesis, conditions that would favor increased electron leakage for
excessive *0O, ~ production by Complex 111 (NADH-linked in this study). The S-
glutathionylated Complex I likely plays a minor role in the *O,~ production in vivo.
Increased oxidative stress also triggers up-regulation of UCP3, which dissipates the
electrochemical gradient (Ap) and enhances electron transport activity and O, consumption

rate.

The mechanism addressed here provides a useful concept for understanding the fundamental
mechanism of how mitochondrial dysfunction and related thiol redox alteration mediate
BCNU-induced cardiotoxicity. Briefly, 1) mitochondria use the redox thiols of the GSH
pool and Complex I to address the situation of oxidative stress mediated by BCNU-induced
GR2 defect, and 2) mitochondria modulate the conditions under which BCNU promotes
ROS generation— through up-regulation of uncoupling. Recognition of this mechanism is
valuable in understanding the fundamental basis of chemotherapy-induced cardiotoxicity.
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Fig. 1. Echocardiographic assessment of control (Cont.) and BCNU-treated rats
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by double-blinded reviewers using the Vevo 770/3.0 system and software (VisualSonics).
(n=5 per group, *p<0.05, and **p<0.01). LVID, left ventricle internal diameter.
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Fig. 2.

A?B, Rats were intraperitoneally injected with BCNU (10 mg/kg body weight/day) for 4
days. Rats with intraperitoneal injection of saline were used as controls. Hearts were
removed and subjected to mitochondrial preparation. A, enzymatic activities of the electron
transport chain and GR2 in the myocardial mitochondria of control and BCNU-treated rats.
B, Measurement of oxygen consumption by mitochondria using oxygen paragraph at 30 °C
(left), RCI (middle), and FCCP-mediated oxygen consumption rate (left inset and right) of
mitochondrial preparations. C, The chart of extracellular flux analysis showing
representative measurements of the percentage increase in OCRs and relative rates in control
and BCNU-treated HL-1 myocytes in response to glucose (10 mM) and pyruvate (0.2 mM)
as the substrates. D, The effect of BCNU (25 M) on the fatty acid oxidation rate of HL-1
myocytes was measured by extracellular flux analyzer using bovine serum albumin-
conjugated palmitate (0.3 mM) as the substrate (data of chart not shown). Raw data of five
experimental groups as described in the Material and Methods (section 2.10) were analyzed
with one-way ANOVA followed by Tukey’s post-hoc test, indicating a significant
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difference between any two of the five groups (p<0.001). Comparison of two groups from
control HL-1 cells plus palmitate and BCNU-treated HL-1 cells plus palmitate was further
subjected to control and background correction, and further analyzed with student’s t-test.
*p<0.05, **p<0.01, and ***p<0.001.
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Fig. 3.
Mitochondria were prepared from the myocardium excised from the heart of control rat (in

A, B, and C) and BCNU-treat rat (in C), and then subjected to measurement of oxygen
consumption rates and "0, generation. A and B, "0, generation mediated by mitochondria
in the presence of glutamate and malate (NADH-linked) was assessed by EPR spin trapping
with DMPO according to the published method (19). A is the EPR spectra of SOD-sensitive
DMPO/*OH adduct under the conditions of state 2 (b), state 3 (c), state 4 (d), and chemical
uncoupling with FCCP (1 pM, e). B is the quantitative analysis of DMPO/*OH adducts
produced under the conditions of various respiratory states in A. The spin quantitation for
each spectrum was obtained by double integration of the simulation spectrum as described in
a previous publication (19). C, mitochondria mediated *O,~ generation of the control and
BCNU-treated rat under the conditions of state 3 respiration.
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Fig. 4.
Protein expression of UCP3 in the myocardial mitochondria of control and BCNU-treated

rats (n=6). Mitochondrial preparations (100 pug) were immunoblotted with anti-UCP3
antibodies (titer used: 1 mg/ml, 250X). Protein expression levels of the 51 kDa (nuclear
encoded, titer used: 1 mg/ml, 6,000X) subunit of Complex I and subunit I (mitochondrial
genome encoded) of Complex IV in the mitochondria were used as the loading controls.
Signals were normalized to Complex | [probed with anti-complex | [(i.e., Ab51, titer used: 1
mg/ml, 2000X (5))] and Complex IV [probed with anti-complex IV (Invitrogen), titer used:
1 mg/ml, 4,000X] respectively. One-way ANOVA followed by Tukey’s post hoc analysis
indicates a significant difference between the control group and the group of UCP/anti-
complex | or UCP/anti-complex 1V, but no difference between the UCP/anti-complex | and
UCP/anti-complex IV groups. ***p<0.001.
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Fig. 5.
In vivo protein S-glutathionylation of the 51 kDa and 75 kDa subunits of Complex | in

myocardial mitochondria, the effect of BCNU-induced GR2 inhibition (A-B), and in vitro S-
glutathionylation of Complex | by GSSG (C). Mitochondria preparation (1 mg protein used
per IP) was subjected to immunoprecipitation (IP) with Ab51 and Ab75 (Ab against 51 kDa
and 75 kDa in (5, 28)) respectively, and subsequently subjected to SDS-PAGE and
immunoblotted with anti-GSH monoclonal Ab (upper panel, titer used: 1 mg/ml, 500X). In
A, the nitrocellulose membrane was stained with Ponceau S to quantitate the protein of the
51 kDa subunit. In B, blottings on the membrane were probed with Ab75 to quantitate the
protein of the 75 kDa subunit. The density ratios of the signals were quantitated by the
software NIH Image J (n=3). C, In vitro S-glutathionylation of isolated complex I was
induced by incubating enzyme preparation (2.8 mg/ml) in PBS with GSSG (0-2 mM) at 25
°C for 1 h, and confirmed with immunoblotting with anti-GSH antibody. The reaction
mixture was then subjected to dialysis against PBS at 4 °C to remove excess GSSG. The
protein concentration of dialysate containing complex | or S-glutathionylated complex | was
determined by Lowry method prior to enzymatic activity assay.
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Fig. 6. BCNU enhances S-glutathionylation of Complex | 51 kDa subunit from HL-1 myocyte
Immunofluorescent detection of S-glutathionylation in HL-1 using an anti-GSH monoclonal

antibody was carried out according to the published method (19). Images a and b are control
HL-1 myocytes with or without BCNU (25 uM) treatment, demonstrating drastic
enhancement of cellular S-glutathionylation by BCNU. Image ¢ is HL-1 treated with BCNU
in the presence of DTT (1 mM) in culture, confirming reversible S-glutathionylation induced
by BCNU. Image d is the positive control showing increased cellular S-glutathionylation
from HL-1 under oxidative stress induced by menadione (40 uM) (19).
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Fig. 7. Effect of BCNU treatment on the GR and mitochondrial function from SOD2-tg mice and
wild type (WT) littermates

Mice were subjected to Intraperitoneal injection of BCNU (20 mg/kg/day) for 4 days.
Fractions of mitochondria and cytosol were isolated from the hearts. A, Immunoblotting
analysis of mitochondria using anti-SOD2 (upper panel, titer used: 1 mg/ml, 4,000X) and
anti-GR (lower panel, titer used: 1 mg/ml, 1,000X) polyclonal antibodies. B, Analysis of GR
activities from the cytosolic and mitochondrial fractions. C, State 3, state 4, and FCCP-
mediated OCRs of isolated mitochondria from SOD2-tg and wild type mice. D, Respiratory
control index obtained from the ratio of state 3 and state 4 OCRs. E, a and b: O,
generation mediated by mitochondria isolated from murine hearts of BCNU-treated wild
type and SOD2-tg mice; ¢ and d: the same as a and b, except that antimycin A (10 pM) was
included in the system. *p<0.05, assessed by student’s t-test between WT control and
BCNU-treated WT or SOD2-tg control and BCNU-treated SOD2-tg in B, C, and D.
Comparison among four groups (WT, BCNU-treated WT, SOD2-tg, and BCNU-treated
SOD2-tg) in D was analyzed by one-way ANOVA followed by Tukey’s post-hoc test,
indicating there is no significant difference among the four groups (p = 0.16222).
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Fig. 8. Imaging of ROS generation induced by BCNU in HL-1 myocytes using MitoSOX probe
A, fluorescent microscopic measurement of ROS from the culture of HL-1 without

treatment. The assay was conducted as described previously (33). B, same as A, except that
HL-1 was incubated with BCNU (25 uM) at 37 °C for 4 h. C, same as B, except that the
competitive inhibitor of Complex Il, malonate (1 mM), was included in the cell culture. D,
same as A, except that HL-1 myocytes were incubated with antimycin A (10 uM) for 10 min
as the positive control.
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Fig. 9. Diagram showing the effect of BCNU treatment on the mitochondrial function of the rat
heart
In comparison to the baseline conditions, BCNU treatment induces GR inhibition via

chloroethyl isocyanate that was decomposed from the BCNU in vivo, which would decrease
recycling of GSSG, leading to elevation of mitochondrial oxidative stress, which might be
negatively regulated by modest enhancement of GPx activity. Increased oxidative stress
impairs the coupling of electron transport with oxidative phosphorylation for ATP synthesis,
which would further increase electron leakage for ROS production mainly from the
Complex 111 (denoted by I1). Inhibition of GR also facilitates S-glutathionylation of
Complex | (denoted by 1) via thiol-disulfide exchange, which moderately enhances Complex
I-mediated electron transport activity from NADH to ubiquinone (Q). Increased ROS
production activates UCP up-regulation, which contributes to decreased ATP synthesis by
Complex V (or FgF1ATPase, denoted by V), elevated uncoupling oxygen consumption rate
by the ETC, and a negative feedback to limit further ROS production.
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