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Doxorubicin-induced nitrosative stress is mitigated by vitamin C via
the modulation of nitric oxide synthases. Am J Physiol Cell Physiol
312: C418-C427, 2017. First published January 18, 2017; doi:
10.1152/ajpcell.00356.2016.—An increase in oxidative stress is sug-
gested to be the main cause in Doxorubicin (Dox)—induced cardio-
toxicity. However, there is now evidence that activation of inducible
nitric oxide synthase (iNOS) and nitrosative stress are also involved.
The role of vitamin C (Vit C) in the regulation of nitric oxide synthase
(NOS) and reduction of nitrosative stress in Dox-induced cardiotox-
icity is unknown. The present study investigated the effects of Vit C
in the mitigation of Dox-induced changes in the levels of nitric oxide
(NO), NOS activity, protein expression of NOS isoforms, and nitro-
sative stress as well as cytokines TNF-a and IL-10 in isolated
cardiomyocytes. Cardiomyocytes isolated from adult Sprague-Daw-
ley rats were segregated into four groups: /) control, 2) Vit C (25
M), 3) Dox (10 pM), and 4) Vit C + Dox. Dox caused a significant
increase in the generation of superoxide radical (O, ™), peroxynitrite,
and NO, and these effects of Dox were blunted by Vit C. Dox
increased the expression of iNOS and altered protein expression as
well as activation of endothelial NOS (eNOS). These changes were
prevented by Vit C. Dox induced an increase in the ratio of mono-
meric/dimeric eNOS, promoting the production of O, ~, which was
prevented by Vit C by increasing the stability of the dimeric form of
eNOS. Vit C protected against the Dox-induced increase in TNFa as
well as a reduction in IL-10. These results suggest that Vit C provides
cardioprotection by reducing oxidative/nitrosative stress and inflam-
mation via a modulation of Dox-induced increase in the NO levels and
NOS activity.

oxidative stress; nitrosative stress; nitric oxide synthase; doxorubicin;
vitamin C; ascorbic acid

EVEN THOUGH ADVANCES in early diagnosis and improved treat-
ment modalities have significantly increased the survival of
cancer patients (39, 44, 48), cardiovascular complications and
heart failure in cancer survivors still accounts for ~33% of
deaths (22, 52). Doxorubicin (Dox) is one of the most potent
and widely used chemotherapeutic agents for the treatment of
a variety of cancers (22, 36, 44). However, the secondary and
latent cardiotoxic side effects of the chemotherapy drugs are a
serious concern (22, 29, 36, 44). One of the major mechanisms
associated with Dox-induced cardiotoxicity is through an in-
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creased generation of reactive oxygen species (ROS) (24, 29,
36, 41, 44). In addition to oxidative stress, there is also
evidence for the involvement of nitrosative stress in Dox-
induced cardiotoxicity by an increase in the generation of
reactive nitrogen species such as peroxynitrite (3, 8, 35).
Peroxynitrite, a potent, reactive and cytotoxic free radical, is
formed by near diffusion limited reaction of a high concentra-
tion of nitric oxide (NO) with superoxide (O, ") and is in-
volved in various pathological conditions (35, 38, 47).

Endogenously, NO is a product of an enzymatic reaction of
nitric oxide synthase (NOS) to convert arginine to citrulline.
NOS exists in three different isoforms, neuronal NOS (nNOS),
inducible NOS (iNOS), and endothelial NOS (eNOS). Both
nNOS and eNOS are constitutively active and produce NO in
the physiological range (15, 25). On the other hand, iNOS is
activated in response to cytokines or stress signal and results in
the generation of NO in the high micromolar range (15, 25). A
reduction in peroxynitrite-induced cytotoxicity by a strategic
use of antioxidant(s) can be a viable strategy for the mitigation
of pathological conditions associated with a number of dis-
eases, including Dox-induced cardiotoxicity. Therefore, in this
study, the effect of Vit C on Oy, NO, peroxynitrite, NOS
isoforms, protein modifications, and the release of TNF-a as
well as IL-10 in relation to cell viability were evaluated in
Dox-challenged cardiomyocytes.

MATERIALS AND METHODS

The study was approved by the University of Manitoba Animal
Care Committee and conforms to the guidelines of the Canadian
Council of Animal Care.

Reagents

Vit C (sodium ascorbate) was purchased from Sigma-Aldrich
(Oakville, ON, Canada), and Dox was obtained from Pfizer (New
York). All the reagents for cardiomyocyte isolation and cell culture
except collagenase (Worthington-Biochem, Lakewood, NJ) were pur-
chased from Sigma-Aldrich. Hydroxyphenyl fluorescein (HPF) and
diaminofluorescein-2-diacetate (DAF-2DA) were obtained from Cell
Technology (Mountain view, CA), and dihydoxyethidium (DHE) was
obtained from Sigma-Aldrich. NO (cat. no. NB98) and NOS detection
kits (cat. no. NB78) were obtained from Oxford Biomedical Research
(Oxford, MI). S-nitrosylated protein detection assay kit (cat. no.
10006518) was purchased from Cayman Chemicals (Ann Arbor, MI).
ELISA kits for detection of TNFa (cat. no. 900-M73) and IL-10 (cat.
no. 900-M53) were obtained from Peprotech (Rocky Hill, NJ). Anti-
bodies (iNOS, eNOS, phospho-eNOS Ser!!”?, phospho-eNOS Thr*3,
and GAPDH) were purchased from Cell Signaling (Mississauga, ON,
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Canada) except nitrotyrosine (NT), which was purchased from Oxford
Biomedical Research.

Cardiomyocyte Isolation and Treatment

Cardiomyocytes were isolated from male Sprague-Dawley rats
(250-300 g, ~8—10 wk of age) as previously described (30) and were
plated (10 per dish) in laminin-coated (20 pg/ml) polystyrene tissue
culture dishes. Cells were incubated in culture medium (M199)
supplemented with 10% fetal bovine serum (FBS) (Life Technologies,
Carlsbad, CA) and antibiotics (streptomycin/penicillin, 100 mg/ml) at
37°C under a 5% C0,-95% O, atmosphere. This culture medium does
not support growth as well as survival of fibroblasts. Unattached dead
cells were removed after 2 h, and the viable cardiomyocytes were
incubated overnight in M199 with 0.5% FBS under the same incuba-
tion conditions.

Viable cardiomyocytes (95%) were divided into four groups and
treated as follows: control (cardiomyocytes cultured in M199 only),
Vit C (25 uM sodium ascorbate), Dox (10 wM of doxorubicin
hydrochloride), and Vit C (25 pM sodium ascorbate) + Dox (10 uM
doxorubicin hydrochloride) for 24 h. For the combination group of Vit
C + Dox, cells were treated with Vit C 1 h before the addition of Dox.
The concentration and the time of treatments were based on our
previous studies (28).

Cell viability. MTT [3-(4, 5-dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium bromide], a tetrazole, was used to determine viability of
cardiomyocytes from different treatment groups. Cardiomyocytes
(2 X 10* cells/well) plated on 96-well plates were incubated with 5
mg/ml MTT and further incubated at 37°C for 2 h. All the remaining
supernatant was removed carefully and 150 pl of dimethyl sulfoxide
was added to each well and mixed thoroughly to dissolve the formed
crystal formazan. The absorbance of each well was recorded at 570
nm using a plate reader (Dynex Technologies, Chantilly, VA).

Superoxide anion. Isolated cardiomyocytes (10° cells/well) were
seeded in 24-well plates. After 24 h of treatment, cells were incubated
with 5 pM DHE for 30 min at 37°C. Cells were visualized by
fluorescence microscopy using Olympus microscope (1X81) (Olym-
pus America, Melville, NY) at excitation and emission wavelengths of
515/605 nm, respectively. Fluorescence intensity was determined
using ImagelJ Software ((National Institutes of Health, Bethesda, MD;
https://imagej.nih.gov/ij/) and expressed relative fluorescence inten-
sity per myocyte area; 100 = 10 myocytes were used in each group
for the quantification of fluorescence intensity.

NO levels. In aqueous solution, NO rapidly degrades to nitrate and
nitrite. Nitrate is further enzymatically converted to nitrite by nitrate
reductase. Spectrophotometric quantification of nitrite was done using
Greiss reagent. Levels of NO released into the media as well as in the
cardiomyocytes were assessed using a commercially available kit.
Absorbance was recorded at 540 nm using a plate reader, and the
concentration of samples was determined using a standard curve.
Intracellular NO levels were also measured using a fluorescent dye,
DAF-2DA. After 24 h of treatment, cardiomyocytes were washed
with phosphate-buffered saline (PBS) and then incubated with DAF-
2DA (5 pM) at 37°C for 1 h in the dark. Fluorescent images were
obtained using a microscope (Olympus 1X81) at excitation and
emission wavelengths of 488 and 515 nm, respectively. Images were
taken randomly from 10 different fields for each treatment group and
were analyzed using Image Pro Software (Media Cybernetics, Rock-
ville, MD). Fluorescence intensity was determined using ImagelJ
Software and expressed as relative fluorescence intensity per myocyte
area; 100 = 10 myocytes were used in each group for the quantifica-
tion of fluorescence intensity.

Peroxynitrite detection. Peroxynitrite levels in cardiomyocytes
were detected using peroxynitrite specific dye, HPF. Isolated cardio-
myocytes (2 X 103 cells/well) were seeded in black 96-well plates.
Twenty-four hours after treatment, cells were washed with PBS and
loaded with 10 wM HPF and incubated at 37°C for 1 h in the dark. The
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fluorescence was measured using a fluorescence plate reader (Glomax
Multidetection System, Promega, Madison, WI) at excitation and
emission wavelengths of 488 and 515 nm, respectively. Peroxynitrite
levels were expressed as fold change compared with control. Cellular
peroxynitrite levels were also monitored using a fluorescence micro-
scope (Olympus 1X81). Images were acquired at excitation and
emission wavelengths of 488 and 515 nm, respectively at 400X
magnification. Images were taken randomly from 10 different fields
and analyzed using Image Pro Software. Fluorescence intensity was
determined using ImageJ Software and expressed as relative fluores-
cence intensity per myocyte area; 100 = 10 myocytes were used in
each group for the quantification of fluorescence intensity.

NOS activities and protein expression. Assessment of total NOS
(AINOS and eNOS) activities in cardiomyocytes was done using a
commercially available kit, and the absorbance was recorded at 540
nm using a microplate reader (Dynex Technologies). Concentration of
samples was determined by interpolation from the standard curve and
was expressed as micromoles of NO produced per microgram protein
per minute.

iNOS and eNOS protein expression. The effect of different treat-
ments on protein expression of iNOS as well as phosphorylated eNOS
(p-eNOS Ser'!'”” and p-eNOS Thr*3) and total eNOS was determined
in cardiomyocyte lysate by Western blotting. Protein samples (30 pg
protein) were subjected to one dimensional 8-15% SDS polyacryl-
amide gel electrophoresis (PAGE). Separated proteins were trans-
ferred to 0.45-pm polyvinylidene difluoride (PVDF) membranes
(Thermo-Fisher Scientific, Waltham, MA). Nonspecific sites on the
membrane were blocked by incubating membranes with 10% skim
milk. Membranes were incubated overnight at 4°C with primary
antibodies. Unbound primary antibody was washed with Tris-buffered
saline with Tween-20 (TBS-T). Membranes were placed in a solution
containing secondary antibody goat anti-rabbit immunoglobulin G
horseradish peroxidase (Bio-Rad) (1:5,000) for 1 h at room temper-
ature (RT). Membrane-bound proteins were visualized by incubating
the membranes with enhanced chemiluminiscence (ECL) (Thermo-
Fisher Scientific) reagent and developed on X-ray film. The bands
were quantified by image analysis software Quantity One (Bio-Rad).
Equal protein loading for all the samples was confirmed using rabbit
anti-GAPDH antibody (1:2,000) as an internal standard. Chemilumi-
niscence intensity of each band in each lane was normalized to the
intensity of GAPDH band in respective lane.

Monomeric/dimeric eNOS. Low temperature electrophoresis was
performed to determine the monomeric and dimeric forms of eNOS as
described previously (51). Briefly, protein samples were incubated
with Laemmli buffer without -mercaptoethanol for 5 min at 37°C.
Samples were loaded on 6% SDS-PAGE at 4°C. Transfer of proteins
on PVDF membrane and probing of membrane with antibody was
done as routine Western blot analysis as described earlier. eNOS and
B-actin were detected by ECL and analyzed using Quantity One
software. Protein expression of eNOS was expressed as the ratio of
monomeric/dimeric form.

S-nitrosylation of protein. S-nitrosylation of proteins was deter-
mined using a commercially available kit. Cardiomyocyte lysate (30
g protein) from different treatment groups was processed as per the
supplier’s manual. The processed samples were run on SDS-PAGE
and then transferred onto PVDF membranes. The membranes were
blocked using 2% bovine serum albumin (BSA) and then incubated
with S-nitrosylation detection reagent (HRP) for 1 h. The membranes
were developed using ECL reagent.

Protein estimation. Cardiomyocytes from different treatment
groups were washed with PBS and scraped. The pellet was resus-
pended in ice-cold cell lysis buffer containing protease inhibitor
cocktail (Roche Diagnostics, Mississauga, ON, Canada), phosphatase
inhibitor (Pierce-Thermo-Fisher Scientific), | mM phenylmethylsul-
fonyl fluoride, and DTT. Cell lysate was incubated on ice for 30 min
and then centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant
was collected in separate tubes and stored at —80°C for further
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analysis. Total protein concentration was determined using BSA as
standard according to modified Bio-Rad procedure.

Cytokine analysis. Levels of TNF a and IL-10 released from
cardiomyocytes into the medium were detected in different treatment
groups using a commercially available sandwich ELISA development kit
as per the manufacturer’s instructions, and the color development was
monitored using ELISA plate reader (Dynex Technologies) at 405 nm.
Concentration of cytokines in treated samples was extrapolated from
color development of known standard concentration.

Statistical Analysis

All experiments were performed in duplicate for each treatment
group and repeated three times. Data are expressed as means = SE.
Treatment groups were compared by one-way analysis of variance
(ANOVA), and Tukey-Kramer’s test was performed to identify dif-
ferences between the group. P = 0.05 was considered to be signifi-
cant.

RESULTS
Viability of Cardiomyocytes

The viability of control and treated cardiomyocytes was
determined using MTT assay where viable cardiomyocytes can
convert the yellow colored tetrazole dye into purple formazan
dye. Viability of the control cardiomyocytes was considered as
100% and Vit C treatment did not cause any significant
difference. Dox treatment caused a significant reduction in the
viability to 63% (P < 0.001) compared with the control and
Vit C groups. Pretreatment of cardiomyocytes with Vit C
significantly increased the viability to 87% (P < 0.001) in the
Vit C + Dox group (Fig. 1).

Generation of Reactive Oxygen and Nitrogen Species

The effect of Vit C and Dox on the generation of reactive
oxygen and nitrogen species was determined in isolated cardio-
myocytes. Oxidative and nitrosative stresses were determined
by measurement of cellular levels of O, ™ and peroxynitrite,
respectively. There were very low levels of O, ™ and peroxyni-
trite in control and Vit C-treated cells. Treatment of cardiomy-
ocytes with Dox caused a significant increase (P < 0.001) in
the generation of both O, (Fig. 2, A and B) and peroxynitrite
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Fig. 1. Effects of different treatments on cardiomyocyte viability. Cardio-
myocytes were treated with Vitamin C (Vit C) (25 wM), doxorubicin (Dox) (10
M), or Vitamin C + doxorubicin (Vit C + Dox) for 24 h, and viability was
analyzed using MTT assay. Data represented as % viability compared with
control. Data are means * SE from 3 individual experiments done in duplicate.
*P < 0.001 compared with control; $P < 0.05 compared with control; ©P <
0.001 compared with Vit C; #P < 0.001 compared with Dox.
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(Fig. 2, C-E) compared with control and Vit C-treated cells.
Pretreatment with Vit C caused a significant reduction (P <
0.001) in the generation of these reactive species compared
with the Dox-alone group.

Levels of Nitric Oxide and NOS Activity

Since peroxynitrite is formed by the reaction of O, with
NO, we determined the effect of Dox and Vit C on the levels
of NO in the cardiomyocytes as well as in the media. Control
and Vit C-treated cardiomyocytes showed very minimal levels
of NO. There was higher fluorescence intensity in Dox-treated
cardiomyocytes compared with control and Vit C-treated
groups, indicating higher production of NO by Dox. Vit C
pretreatment attenuated NO production in Dox-treated cardio-
myocytes (Fig. 3, A and B). As NO rapidly dissociates into
nitrate and nitrite, we measured the levels of nitrate as an
indicator of total NO concentration. Dox treatment signifi-
cantly increased the levels of nitrate (Fig. 3C) compared with
control and Vit C. Pretreatment of cardiomyocytes with Vit C
was able to reduce the generation of NO by Dox. NO, a
gaseous signaling molecule, can easily diffuse through the
membrane to exert its paracrine effects. Therefore, we mea-
sured the levels of NO released from cardiomyocytes into the
media. Dox-treated cardiomyocytes showed an ~3-fold in-
crease in the levels of released NO compared with control (Fig.
3D). Vit C in the Vit C + Dox group significantly (P < 0.05)
prevented Dox-mediated release of NO into the media (2.2-
fold decrease) (Fig. 3D).

NOS Isoforms

Since NO is enzymatically produced by the action of NOS
enzymes, we determined the effect of Dox and Vit C on total
NOS activity (Fig. 4). Dox-treated cardiomyocytes showed a
significant increase (almost threefold compared with control)
in the total NOS activity. In comparison to Dox alone, Vit C
pretreatment reduced the NOS activity to 1.5-fold in the Vit C +
Dox group.

iNOS protein expression showed an upregulation in Dox-
treated cardiomyocytes compared with control (Fig. 5A). Vit C
protected against Dox-induced upregulation of iNOS (Fig. 5A).
Since the phosphorylation site for eNOS determines its func-
tional activity, we determined protein expression of the phos-
phorylated form of eNOS at its activating (Ser!!””) as well as
inhibitory site (Thr*®®) in the cardiomyocytes from different
treatment groups. The regulation of eNOS activity occurs
through differential modulation of its phosphorylation state at
Ser''77 or Thr*> residue (Fig. 5, B and C). Treatment with Dox
caused a reduction of protein expression of phosphorylated
eNOS at Ser'!”?, but upregulation in the protein expression of
phospho-eNOS at Thr**>. Vit C treatment prevented these
Dox-mediated changes (Fig. 5, B and C) in the differential
expression of the eNOS.

The dimerized form of eNOS is critical in the function of the
enzyme for the synthesis of NO. The ratio of eNOS monomer/
dimer was observed to be higher in Dox-treated cardiomyo-
cytes compared with control (Fig. 5D). Vit C protected against
Dox-induced uncoupling of eNOS by reducing the ratio of
monomeric to dimeric form (Fig. 5D).
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Fig. 2. Effects of different treatments on pro-

duction of superoxide and peroxynitrite radicals

in cardiomyocytes. A: DHE fluorescence images

for superoxide detection in control, Vit C, Dox,
* and Vit C+ Dox (400X). B: semiquantitative
image analysis of superoxide fluorescence inten-
sity. C: HPF fluorescence images for peroxynitrite
in control, Vit C, Dox, and Vit C+ Dox (400X).
D: semiquantitative image analysis of peroxyni-
trite fluorescence intensity. E: peroxynitrite levels
as fold change in arbitrary units compared with
control. Data are expressed as relative fluores-
cence units and are mean * SE from 3 individual
experiments done in duplicate. *P < 0.001 com-
pared with control; P < 0.001 compared with
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Protein Modifications

NO exerts its biological action via modification of proteins
by forming NO adducts at its cysteine residue (nitrosylation) or
tyrosine residue (nitration). Therefore, we determined the ef-
fect of Dox and Vit C on protein modifications caused by
protein S-nitrosylation or protein nitrotyrosine (NT) formation.
There was a significant (P < 0.001) increase in total nitrosy-
lated proteins by Dox treatment. Vit C pretreatment showed a
reduction in the levels of protein nitrosylation induced by Dox
(Fig. 6A). Dox treatment increased the levels of protein NT by
~1.6 times compared with control. Vit C pretreatment in
Dox-treated cardiomyocytes significantly reduced the protein

Vit C; #P < 0.001 compared with Dox.

Dox Vit C + Dox

NT levels upregulated by Dox (Fig. 6B). Vit C alone had no
change in the levels of protein nitration or nitrosylation.

Cytokine Analysis

After 24 h of treatment, Dox caused a significant increase in
the levels of TNF-a. Vit C pretreatment prevented Dox-
induced upregulation of TNF-a. In fact the levels of TNF-« in
the Vit C + Dox group were significantly lower even from the
control levels. Vit C alone did not cause any difference in the
levels of TNF-a compared with control (Fig. 7A4). On the other
hand, Dox treatment significantly reduced the levels of anti-
inflammatory cytokine IL-10 compared with control. Vit C
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pretreatment upregulated the levels of IL-10 in Dox-treated
cardiomyocytes (Fig. 7B). Dox treatment caused an almost
threefold increase in the ratio of TNF-a to IL-10 compared
with control. Vit C treatment significantly lowered this ratio in
the Dox + Vit C group (Fig. 7C).

DISCUSSION

It is known that plasma levels of Vit C are decreased in
cancer patients and are also lowered by chemotherapy drugs
(32, 49). A reduction in oxidative stress and improved antiox-
idant enzyme activities was observed in breast cancer patients
under chemotherapy with the use of Vit C (34, 45). A random-
ized trial is under way for adding antioxidants to chemotherapy
regime in newly diagnosed ovarian cancer patients (9). How-

4-
@

*

NOS activity (Fold change)

Control

Fig. 4. Total nitric oxide synthase (NOS) activity in cardiomyocytes from
different treatment groups. Data are means *= SE from 3 individual experi-
ments done in duplicate. *P < 0. 001 compared with control; $P < 0.05
compared with control; ®P < 0.001 compared with Vit C; #P < 0.001
compared with Dox.

ever, clinical trials using Vit C or other antioxidants have
provided inconclusive results. This inconsistency may be due
to variations in the dose and duration of the treatment, end
points evaluated, and the patient population involved. In this
regard, the time of administration of Vit C is critical (11).
Moreover, most of the studies have investigated these effects in
already sick or at-risk populations, where extensive damage
may have already occurred. Therefore, it is crucial to under-
stand if prophylactic treatment with Vit C can be cardiopro-
tective in reducing Dox-mediated cardiac insults, which has
been the objective of our study. The recommended dietary
allowance of 60 mg/day results in the plasma concentration of
24 uM of Vit C. Furthermore, a dose of up to 2 g/day did not
show any deleterious effects (6). Thus the concentration of 25
M used in our study can be easily reached in patients.

In our previous study, we evaluated the effect of Vit C on
Dox-induced changes in oxidative stress and signaling proteins
(p38, p53, and ASK-1). It was reported that Dox-mediated
upregulation of oxidative stress as well as signaling proteins
was reduced by Vit C (28). The present study demonstrates the
cardioprotective role of Vit C in attenuating nitrosative stress,
modulation of various NOS isoforms, as well as release of
cytokines in an in vitro model of Dox-induced cardiotoxicity
using adult rat cardiomyocytes. Dox increased the levels of
peroxynitrite as a result of enhanced NO levels as well as
specific alterations in iNOS and eNOS activities. These effects
of Dox were accompanied by increased protein nitration and
nitrosylation as well as TNF-a generation. Pretreatment with
Vit C reduced nitrosative stress mainly as a result of down-
regulation of TNF-a and iNOS activation. Additionally, Vit C
prevented eNOS uncoupling, thereby reducing its monomeric
form and thus impeding the production of peroxynitrite.
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control while total eNOS protein expression was used to normalize phosphorylated eNOS. Bottom panels: Western blot for respective proteins. Data are
means = SE from 3 individual experiments done in duplicate. *P < 0.001 compared with control; P < 0.01 compared with control; $P < 0.05 compared with
control; P < 0.001 compared with Vit C; $P < 0.01 compared with Vit C; #P < 0.001 compared with Dox; P < 0.01 compared with Dox.

Vit C Improves Survival of Cardiomyocytes via Reduction in
Dox-Induced Nitrosative Stress

We observed diminution of cardiomyocyte viability in
Dox-treated group as has also been previously reported (2,
27, 28). Dox is associated with the activation of various cell
death pathways such as apoptosis and necrosis. Increased
levels of peroxynitrite and O, ~ act as a trigger for initiation
of apoptosis via changes in mitochondrial membrane per-
meability and opening of mitochondrial permeability tran-
sition pore (35) as well as the activation of caspase-3 and
PARP (18, 23). In addition to apoptosis, peroxynitrite also
triggers necrotic cell death (18). The involvement of per-
oxynitrite in cell death is evident through studies with
peroxynitrite scavengers resulting in enhanced cardiomyo-
cyte viability (35). We observed that Vit C pretreatment
increased the viability of Dox-treated cardiomyocytes, and
we propose that this improved viability is due to abatement
of peroxynitrite as well as O, levels and further cellular

insults. Recently it has been reported that Tempol, another
water-soluble antioxidant, reduces Dox-induced oxidative
stress as well as apoptosis (4).

In the present study, Dox caused an increased generation of
peroxynitrite as a result of enhanced O, and NO production.
Although the initial trigger for the generation of peroxynitrite
is through increased O, generation via upregulation of
NADPH oxidase (13, 38), further stimulation is triggered
through TNFa and IL-1$3 mediated upregulation of iNOS (13)
as well as eNOS uncoupling (3, 7). Peroxynitrite not only
exacerbates the toxicity by direct oxidation of DNA, proteins,
and lipids, but also inhibits the activity of antioxidant enzymes
(17) and accelerates the production of ROS such as Oy~ (7).
Additionally, high levels of peroxynitrite lead to nitration and
nitrosylation of a variety of proteins, thereby altering its
function and downstream signal transduction (33, 50). Our
results indicated extensive nitration and nitrosylation of a large
number of proteins in Dox-treated cardiomyocytes. Although

AJP-Cell Physiol - doi:10.1152/ajpcell.00356.2016 - www.ajpcell.org
Downloaded from www.physiology.org/journal/ajpcell by ${ individua User.givenNames} ${individualUser.surname} (079.035.215.142) on May 14, 2018.
Copyright © 2017 American Physiological Society. All rights reserved.



C424

A

Vit C+

PROTECTION AGAINST NITROSATIVE STRESS BY VITAMIN C

B

Control Vit C Dox Dox kDa C VC b vCD
200 e
kDa
150 e
150=— -
2 p
g 1= °=_’
4
c B S
% . — _’ . 3}
Fig. 6. Protein modifications in terms of & ! s g
nitrosylation and nitration in cardiomyocytes —: 50— Z
in different treatment groups. Western blots: 2
S-nitrosylation (A) and nitration (B) of pro- E
teins in control and treated cardiomyocytes. -
) 3 —

GAPDH was used as loading control. Bottom
panels: densitometric analysis. Data are ex-
pressed as means = SE from 3 individual
experiments done in duplicate. *P < 0. 001
compared with control; TP < 0.01 compared
with control; ©P < 0.001 compared with Vit
C; “P < 0.05 compared with Vit C; ?P <
0.01 compared with Dox.

N~
n
]

g
=
1

=
n
1

=
s
1

S
n
1

e
=
L

2.0+

S-Nitrosylated protein (Fold change)

Vit C

Control

we have not identified the involvement of specific proteins,
various studies have shown that nitration/nitrosylation of car-
diac myofibrils, apoptosis, inflammation as well as calcium
handling proteins resulted in ventricular dysfunction (19, 33,
50). However, the protein modifications are dependent on
redox state of the cell and can be prevented or reversed in the
presence of antioxidants (5, 40). Here we observed that Vit C
pretreatment reduced Dox-mediated protein nitration and ni-
trosylation. Our data suggest that Vit C-mediated reduction in
nitrosative stress is manifold: one through a reduction in
generation of Oy~ through a decrease in monomeric eNOS;
and the second is via simultaneous reduction in generation of
NO via downregulation of iNOS activation.
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Vit C Reduced Activation of Dox-Mediated iNOS Activation
and Inflammatory Cytokines

Excess generation of NO in the high micromolar range
through an activation of iNOS is implicated in various patho-
logical conditions, including heart failure (1). iNOS-mediated
enhanced NO levels for prolonged period of time are respon-
sible for enhanced peroxynitrite formation as well as protein
modification by S-nitrosylation and nitration. Studies with
genetic and pharmacological modulation of iNOS have high-
lighted the role of iNOS in the pathogenesis of heart failure
(25). In the present study mitigation of the Dox-induced
increase in iNOS by Vit C treatment lends support to these
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Fig. 7. Levels of TNF « and IL-10 released from cardiomyocytes in different treatment groups. Change in the release of proinflammatory cytokine TNF-a« (A);
anti-inflammatory cytokine, IL-10 (B); and ratio of TNFa/IL-10 released from control and treated cardiomyocytes. Data are means = SE from 3 individual
experiments done in duplicate. *P < 0. 001 compared with control; TP < 0.01 compared with control; P < 0.001 compared with Vit C; #P < 0.001 compared

with Dox.
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observations. Disruption of iNOS has been shown to reduce
protein nitrosylation (42) as well as improve cardiac function
(12) via reduction in cardiac NO and thereby peroxynitrite
formation. Upregulation of iNOS has been previously reported
in the progression of Dox-induced cardiotoxicity (2, 35, 37).
We observed an upregulation of iNOS in Dox-treated group.
The increase in NO levels and total NOS activity observed in
Dox-treated cardiomyocytes in this study can be pinned down
to upregulation of iNOS protein expression and not via eNOS
which is rendered inactive by the interplay of phosphorylation
at the Thr495 and Ser1177 sites. This upregulation and acti-
vation of iNOS has been reported to be triggered as a result of
increased levels of TNF-a and IL-1 (46). We did observe a
Dox-induced increase in TNF-« in this study. Despite the
conflicting evidence for the levels of different cytokines in
Dox-treated hearts (2, 26, 53), the need to maintain a balance
between TNF-a and IL-10 in pathological condition is crucial
(20). Our results demonstrated differential changes in the
levels of TNF-a and IL-10 in Dox-treated cardiomyocytes as
evident by an increase in TNF-a and reduction in IL-10. We do
not have a good explanation for the enhanced Vit C effect on
the TNF- « levels induced by Dox. One possibility could be
that Dox-induced stress in Vit C + Dox may result in over-
shooting the mark.

Vit C Enhances eNOS Stabilization in Its Dimeric Form

As NOS are stable in their dimeric state, maintaining the
dimeric form of eNOS is crucial for its enzymatic activity.
Nevertheless, dissociation of the dimeric form into monomeric
form under the conditions of oxidative stress or cofactor
oxidation can lead to uncoupling of enzyme, resulting in
production of O, instead of NO. Despite iNOS being a more
potent source of NO and O, than eNOS, uncoupling of eNOS
is implicated in many pathological conditions as a result of its
inability to produce physiological levels of eNOS-derived NO
required for cardiovascular functions (14). Uncoupling of
eNOS is associated with the progression of many pathological
conditions such as endothelial dysfunction, diabetes, obesity,
and aging (10, 16, 51). Although the mechanism for uncou-
pling of eNOS is not clearly understood, it can be a conse-
quence of monomerization of eNOS as a result of oxidation of
the cofactor of NOS. Using low-temperature nonreducing
Western blot, we observed an enhanced disruption of the
dimeric form of eNOS into monomeric subunits upon Dox
treatment. Compromised dimer binding can be as a result of
increased oxidation of cofactor involved in binding of two
monomers (10) or enhanced generation of NO adduct at cys-
teine residue of eNOS, resulting in disruption of dimer stability
(40). Moreover, maintaining the redox potential through up-
regulation of thioredoxin reductase resulted in protection of
eNOS dimer and the restoration of enzyme activity (40). In our
study, Vit C pretreatment in Dox-treated cardiomyocytes sta-
bilized eNOS, leading to reduced dissociation of the dimer and
thus preventing eNOS uncoupling. Our results highlight that
protecting eNOS uncoupling impedes further amplification of
generation of O, and thus peroxynitrite in Dox-treated car-
diomyocytes. Thus reduction of oxidative/nitrosative stress by
Vit C can be one of the key mechanisms involved in Vit
C-mediated protection against eNOS uncoupling.
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Our data further inform the differential regulation of eNOS in
Dox-treated cardiomyocytes. Since eNOS is compartmentalized
in plasmalemma caveoli (31) in proximity to the sarcoplasmic
reticulum, its target for effective signaling, eNOS-derived NO in
physiological levels plays an important role in cardiomyocyte
contraction (15, 54). Dox treatment caused an increase in phos-
phorylation at Thr**> but reduced the expression of Ser'!”” phos-
phorylation. Since eNOS is constitutively expressed, the activity
of the enzyme is regulated by differential phosphorylation of its
activating or inhibitory site. Phosphorylation of eNOS at Ser!!”’
enhances the enzyme activity, whereas phosphorylation at Thr*>
inactivates the enzyme. This phosphorylation of eNOS is regu-
lated through various kinases and phosphatases such as Akt, AMP
activated protein kinase (AMPK), protein kinase C (PKC), and
protein phosphatase 2A (PP2A) (21). Under nonstimulated con-
ditions, Thr**> is phosphorylated, whereas stimulation by estro-
gen, VEGF, or bradykinin activates eNOS through phosphoryla-
tion at Ser'!'”” through Akt/AMPK (15). Downregulation of Akt
and AMPK has been reported in Dox-treated cardiomyocytes (27,
43). These Dox-mediated changes in eNOS phosphorylation were
reversed by Vit C. Vit C pretreatment increased the phosphory-
lation of eNOS at Ser!!”” while it reduced Thr**> phosphorylation
in Dox-treated cardiomyocytes. Similarly, phosphorylation of
eNOS at Ser'!”” is observed to be upregulated by oleuropein (2).
We suggest that the Vit C-mediated increase in phosphorylation
of Ser!'!”7 may be the result of Akt or AMPK upregulation (2, 28)
or reduced dephosphorylation through an inhibition of PP2A (21).

In conclusion, our findings demonstrate for the first time that
Vit C provides a protective effect in reducing nitrosative stress
in Dox-induced cardiotoxicity via reduction in NO, Oy,
iNOS activation, and decrease in proinflammatory cytokine.
We also documented that Vit C stabilized eNOS and modu-
lated the expression of NOS isoforms altered by Dox. These
results highlight the beneficial effects of Vit C at the molecular
level in the mitigation of Dox-induced cardiotoxicity.
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