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Abstract

Background: Chronic intermittent hypoxia (IH), the hallmark feature of obstructive sleep apnoea
syndrome, contributes to infarct size enhancement after myocardial ischemia-reperfusion
(I/R). Curcumin (Curc), the natural pigment of Curcuma longa, has been demonstrated to be
beneficial in the context of myocardial injury. In this study, we assessed the effects of Curc
on the maladaptive cardiac response to IH, and particularly on IH-induced hypoxia inducible
factor-1 (HIF-1) expression, oxidative stress, inflammation, endoplasmic reticulum (ER) stress
and apoptosis.

Methods: Swiss/SV129 mice were exposed to normoxia or |H (21-5% FiO,, 60s cycles, 8h per
day, for 21days) and treated orally with Curc (100mgkg-'day-', oral gavage) or its vehicle. Mice
were then either euthanised for heart sampling in order to perform biochemical and histological
analysis, or subjected to an in vivo ischemia-reperfusion protocol in order to measure infarct
size.

Results: I|H increased nuclear HIF-1a expression and superoxide anion (0,7) production as
well as nuclear factor kappa B (NF-kB) pé5, glucose-regulated protein (Grp78) and C/EBP
homologous protein (CHOP) expression. IH also induced apoptosis and increased infarct size
after I/R . The IH-induced HIF-1 activation, oxidative stress, inflammation, ER stress and
apoptosis were abolished by chronic Curc treatment. Curc also significantly decreased infarct
size only in mice exposed to IH.

Conclusion: Curc prevents IH-induced myocardial cell death signalling. Curc might be used as
a combined therapy with continuous positive airway pressure in sleep apnoea patients with high
cardiovascular risk.
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Introduction

Myocardial infarction (MI), associated with acute
mortality and long-term consequences, represents
a major public health concern. Post-MI functional
and structural recovery is a key contributor for
long-term quality of life and risk of cardiovascular
event recurrence. Indeed, maladaptive response to
ischemia-reperfusion (I/R) injury increases inci-
dence of heart failure. This stimulated research to
better understand the I/R injury process, to iden-
tify key contributors of I/R maladaptive response,
in order to develop pharmacological strategies
for cardiomyocyte protection.! Co-morbidities,
including obstructive sleep apnoea syndrome

(OSA), represent a major contributing factor for
myocardial injury initiation and progression. OSA
is one of the most frequent chronic diseases that
contributes to atherosclerosis progression, arrhyth-
mia occurrence and recurrence, coronary artery
disease and myocardial infarction.>> Moreover, at
3 months following MI, patients with sleep apnoea
display deleterious cardiac remodelling with larger
infarct size than non-OSA patients.®

OSA corresponds to the repetitive occurrence
of partial or complete pharyngeal collapse
during sleep responsible for oxygen (O,)
desaturation-resaturation sequences leading
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to chronic intermittent hypoxia (IH).? It is
now well accepted that IH is the major trigger
of detrimental OSA cardiovascular conse-
quences, promoting oxidative stress, low
grade inflammation and endoplasmic reticu-
lum (ER) stress as well as the hypoxia induc-
ible factor-1 (HIF-1) activation.8 All of these
intermediary mechanisms cooperate and par-
ticipate in a cascade of molecular mechanisms
inducing OSA cardiovascular and metabolic
consequences.?10 In this context of chronic
IH, HIF-1 seems to be the key player in this
vicious circle, and the following has been
established: (1) oxidative stress is a potent
inducer of the expression and stabilisation of
HIF-1a and in HIF-1 transactivation!!; (2)
vascular inflammation, characterised by an
increase in nuclear factor-kappaB (NF-kB)
activation is abolished in HIF-1lo+/~ mice!?;
and (3) myocardial ER stress inhibition is
responsible for a decrease in HIF-1 activity.!3
Most importantly, HIF-1 is responsible for
the IH-induced increase in infarct size follow-
ing I/R.13-14 Thus, targeting theses inter-con-
nected mechanisms as a therapeutic approach
for the treatment of OSA-related cardiovas-
cular complications remains a major chal-
lenge in the field.® Such a strategy might
increase myocardial cell viability and might
prevent heart failure progression in OSA
patients.!>

Curcumin (Curc; diferuloylmethane) is the natu-
ral yellow pigment extracted from roots of
Curcuma longa.l% Curc has already demonstrated
beneficial effects in acute coronary syndrome,
with a decrease in total cholesterol, low density
lipoprotein and C-reactive protein in post-
coronary artery bypass grafting.!” A reduction in
malonaldehyde and N-terminal Pro-B-type
natriuretic peptide levels has also been reported.!8
In rodent models, acute administration of Curc
before or after myocardial I/R reduced infarct size
in rats, specifically through its anti-oxidative
action and through the stimulation of the SAVE
and the RISK pathways.!922 In the context of
MI, Curc also demonstrated protective effect
through its anti-inflammatory action.23

Thus, we hypothesised that Curc has the ability to
abolish IH-induced deleterious effects. Specifically,
we aimed to investigate the potential beneficial
effects of Curc in: (a) reducing IH-induced increase

in infarct size; (b) reducing IH-induced increase
in HIF-lo expression, oxidative stress, inflam
mation and ER stress, which are all intermediary
mechanisms recognised to participate to OSA-
cardiovascular consequences.

Methods

Animals

A total of 60 male Swiss/SV129 mice (8—12 weeks
old, 25-30¢g) were used. They were bred at the
‘plateforme de haute technologie animale (num-
ber: C38 516 10006) of Grenoble Alpes
University. Swiss/SV129 mice were previously
used to reproduce deleterious consequences of
our IH stimulus.!? All animals received humane
care in compliance with the European Convention
for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes
(directive 2010/63/UE, decree 2013-118 and
orders of 1 February 2013). The study protocol
was approved by the French ministry (number:
#963- 2015061813053181) according to 3R
rules. Animals were housed in the conventional
animal care facility of the HP2 laboratory (num-
ber: C38 516 10006) in a controlled-temperature
and hygrometry environment and 12-h light/dark
cycle. Mice were housed (sixper cage) in
Plexiglas® cages (1285/5L; 530 cm?) with envi-
ronmental enrichment. Mice had wunlimited
access to water and standard chow (Rod-18R,
Genobios, Laval, France). During the entire
experiment, mice were visited every day and
body weight was measured. No mice were
excluded for reasons of abnormal behaviour or
weight loss.

Experimental design

The 60 mice were divided randomly into two
groups (procedure 1 or procedure 2, n=28 and
32, respectively). In each group, they were then
randomised into four sub-groups, exposed to nor-
moxia (N) or intermittent hypoxia (IH) and
treated with Curc or vehicle (n=6-8 mice per
group; Figure 1A). Two sets of experiments were
randomly performed. The first procedure (proce-
dure 1) aimed at performing immunohistological
and biochemical analysis on myocardial tissue to
determine HIF-lo expression, oxidative stress,
inflammation, ER stress and apoptosis. Procedure
2 aimed at investigating myocardial infarct size
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Figure 1. Experimental study groups and procedures. A total of 60 mice were randomised in two procedures. In
each procedure, mice were exposed to 21days of N or IH, an treated by oral gavage with Curc (100 mgkg-"day-"')
or vehicle (10mlkg-"day-") (A). After N or IH exposure, two procedures were performed: hearts were removed
for western-blot, immunohistochemistry and histology (n=6-8per group, procedure (a); or mice were
submitted to in vivo ischemia-reperfusion to measure infarct size [n=8 per group, procedure (b)] (B).

N, normoxia; IH, intermittent hypoxia; Curc, curcumin; I/R, ischemia-reperfusion.

following in vivo I/R protocol (Figure 1B). This
repartition was planned taking into account expo-
sure, treatment and subsequent experiments in
order to avoid mice mixing accordingly to breed-
ing. For the first set, each experiment was per-
formed with a number of animals depending on
the experimental conditions and techniques used.

Intermittent hypoxia

Mice were exposed in their housing cages to
21days of IH or N, 8 h per day during their sleep-
ing period. The IH stimulus consisted in 60s
cycles alternating 30 s of hypoxia (hypoxic plateau
at 5% FiO,) and 30s of N (normoxic plateau at
21% Fi0,). Normoxic control mice were exposed
to similar air—air cycles in order to control for
noise and air turbulences related to gas flow.

Pharmacological treatment

Curc treatment (Sigma, Saint Quentin-Fallavier,
France) was administered by oral gavage at a dose
of 100mgkg-1day! (in vehicle carboxymethylcel-
lulose sodium 0.1%)?%25 during N or IH exposure
(Curc-N and Curc-IH groups). Control groups
were daily fed with vehicle (carboxymethylcellulose

sodium 0.1%, 10mlkg='day™!) during N or IH
exposure (N and IH groups).

Procedure 1

Myocardial tissue preparation. After cervical dis-
location, nearly 40 mg of heart was rapidly frozen
in optimum cutting temperature compound to
perform immuno-histochemistry and histology;
and nearly 80 mg of heart was immediately frozen
in liquid nitrogen to perform western blot.

Expression of HIF-Ta, NF-kB, Grp78 and CHOP by
immunohistochemistry and western blot
Immunohistochemistry. Frozen cryopreserved
hearts were cryosectioned (8 um thickness). Slices
were fixed in 100% ice-cold acetone and blocked
successively with hydrogen peroxide (3%), avidin-
biotin kit (Vectorlab, Abcys, Paris, France) and
serum (10% in PBS). Primary antibody of HIF-
la (1:1000, Abcam, Cambridge, UK), NF-«B p65
(1:1500, Abcam), 78 kDa glucose-regulated pro-
tein (Grp78, 1:50, Covalab, Villeurbanne, France)
and C/EBP homologous protein (CHOP, 1:50,
Santa Cruz Biotechnology, Dallas, TX, USA) were
incubated for 30min, and secondary antibody-
coupled to biotin (1/500 or 1/200, Vectorlab), was
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incubated for 30 min. Slices were then treated with
amplifying complex AB (Vectorlab) and colorimet-
ric-substrate was added for 5min (Histo Green,
Abcys, Paris, France). Slices were then stained
with haematoxylin before dehydration. Vecta-
Mount Permanent medium (Vectorlab) was used
to mount the slides. Images were then acquired
using the axioscan microscope (Zeiss, Gottingen,
Germany, x20, x40) and Zen® software. Two
slides per heart and two areas per slide were ana-
lysed by Image J® software (National Institutes of
Health, Bethesda, MD, USA). In accordance with
the experiment design, seven of the eight N and
IH hearts (random choice) and all six hearts from
Curc-N and Curc-TH were analysed. According to
experimental conditions, the numbers of images
analysed are specified in the figure legends.

Western blot. Heart tissue samples were
homogenised (Precellys® 24, 6000 rpm, 3X10s-
5s, Bertin Technologies, Montigny le Bretonneux,
France). Cytoplasmic and nuclear fractions were
obtained using a nuclear extract kit (Active Motif,
La Hulpe, Belgium) according to the manufactur-
er’s recommendations, and protein concentration
was measured with Bradford reagent (Sigma-
Aldrich, St. Louis, MO, USA) and expressed rel-
ative to bovine serum albumin (BSA) standard.
Proteins (30 ug) were separated by SDS-PAGE (8-
12% acrylamide) and transferred to nitrocellulose
membranes. Membranes were blocked with 5%
non-fat milk or BSA in Tris-buffered saline (TBS)
with Tween 20 (0.05%). Then, membranes were
placed in TBS-Tween20 (0.05%)-1% BSA or
non-fat milk and incubated at 4°C overnight with
the following primary antibodies: HIF-1a. (1:500,
Abcam), NF-«B p65 (1:1000, Abcam), Grp78
(1:500, Covalab), CHOP (1:500, Santa Cruz
Biotechnology). Then, appropriate horseradish
peroxidase-conjugated anti-IgG (1:5000, Jackson
ImmunoResearch, West Grove, PA, USA) were
incubated for 1h at room temperature. Enhanced
chemiluminescence was performed with the ECL
western-blot detection kit (Bio-Rad, Hercu-
les, CA, USA) according to the manufacturer’s
instructions and video acquisition (ChemiDoc™
XRS+ System, Bio-Rad). Equal loading was
evaluated by tubulin for cytoplasmic protein and
p84 for nuclear protein (Sigma-Aldrich). Density
of protein bands was analysed (image ] software,
National Institutes of Health) and expressed rela-
tive to the appropriate control group. Four frozen
hearts from the N and IH groups and three fro-
zen hearts of Curc-N and Curc-IH groups were

randomly included in order to process to Western
blot in optimised conditions. Each sample inten-
sity was expressed as fold increase of the mean of
the N group.

Determination of superoxide anion production by
dihydroethidium staining. Superoxide anion (O,")
production was evaluated using dihydroethidium
(DHE) staining (Sigma-Aldrich). Cells are per-
meable to DHE, which, upon reaction with O,
forms a red fluorescent product (ethidium bro-
mide) that intercalates with DNA. Frozen cryo-
preserved tissues samples were cryosectioned
(14pum thickness) and allowed to air dry for
10min at room temperature. Sections were
stained with DHE 10puM in PBS Tween 0.1% for
5min at room temperature in a dark moist cham-
ber. After washing, the reaction was stopped with
acetone (—20°C), the fluorescent ethidine signal
was recorded using confocal microscopy (LLSM5
510 Meta confocal microscope; x40; Zeiss,
Oberkochen, Germany) and two slides per heart
were analysed using Image J® software (National
Institutes of Health). All animals included in Pro-
cedure 1 (=8 in N and IH and n=6 in Curc
groups) were used. Staining were performed in
two time sequences and images were acquired
and analysed by a blinded experimenter.

Apoptosis evaluation through terminal deoxynucle-
otidyl transferase-mediated dUTP nick end-label-
ing (TUNEL] assay. The analysis of DNA
fragmentation in apoptosis was evaluated by
applying TUNEL assay staining (Abcam) follow-
ing the kit protocol.

Frozen heart tissues were cryosectioned at 8 um.
An Axioscan fluorescent microscope (Zeiss,
Gottingen, Germany, x20) was used to visualise
TUNEL-positive red cells, and sections were
counter-stained with 4',6-diamidino-2-phenylin-
dole (DAPI). Two slides per heart and two areas
per slide were analysed using Image J® software
(National Institutes of Health). Red dots were
expressed as the percentage of myocardium area.
Six hearts per group from procedure 1 were
freshly cut in order to perform the staining with
the same kit (six of eight hearts from N and IH
groups were randomly assigned to the experi-
ment). TUNEL assay was performed in two time
sequences, and images were acquired and ana-
lysed by a blinded experimenter. According to
experimental conditions, the numbers of analysed
images are specified in figure legends.
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Figure 2. Curcumin significantly reduced the IH-induced increase in HIF-1a expression. Myocardial expression
of HIF-1a assessed by immunohistochemistry (A) and western blot (B). HIF-1a content was expressed as the
percentage of myocardium area, (n=6-7) (A) or expressed relative to p84 in nuclear proteins extract, (n=3-4)
(B). Nuclear localisation was illustrated using a x40 acquisition and x2.5 numerical zoom.

Values are mean = SEM. *p <0.05 IH versus N; T7Tp<0.001 Curc versus vehicle.

Curc, curcumin; IH, intermittent hypoxia; HIF-1a, hypoxia inducible factor-1 alpha; N, normoxia; SEM, standard error of the mean.

Procedure 2

In vivo I/R and infarct size assessment. Mice
were anesthetised with pentobarbital (70 mgkg™1,
i.p.), ventilation was maintained by intubation
(tidal volume 170 pl; ambient air), body temper-
ature was maintained at 37°C using a rectal
probe connected to a heating plate. After a left
thoracotomy, a 45-min myocardial ischemia was
induced by ligation of the left coronary artery
followed by 90 min of reperfusion, as previously
described.!3 At the end of the reperfusion period,
the coronary artery was re-occluded and stain-
ing of area at risk (AAR) and area of necrosis
(AN) was performed using Uniperse blue dye
and 1% triphenyltetrazolium chloride, respec-
tively, as previously described. AAR and AN
were measured by planimetric analysis (Image
J® software, National Institutes of Health) and
expressed relative to heart weight. Eight animals
per group were submitted to the in vivo isch-
emia-reperfusion protocol, realised by the same
experimenter. In the N and IH groups, one ani-
mal died during the first minutes of reperfusion.
Images were acquired and analysed by a blinded
experimenter.

Statistical analysis

All analysis was performed using GraphPad Prism
6 Software (San Diego, CA, USA). All data are
presented as the mean = standard error of the
mean (SEM). D’Agostino-Pearson test was per-
formed to test normality. A two-way ANOVA fol-
lowed by Tukey’s post hoc test was used to analyse
the effect of IH and Curc treatment. If normal
distribution was assumed, two-way ANOVA was
performed and a post hoc Tukey test was con-
ducted only if ‘F’ was significant. If normal dis-
tribution was not assumed, a non-parametric
Kruskal-Wallis test was performed. Statistical
significance was set at a value of p<<0.05.

Results

Curcumin treatment during IH decreased
HIF-1o expression

As a major actor of the response to IH, expression
of HIF-1la was quantified after immunohisto-
chemistry (Figure 2A and C) and western blot
(Figure 2B and D). As expected, chronic IH
increased HIF-la expression. In addition to
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expression, Figure 2A (insets) illustrates HIF-1a
localisation and reveals that, under hypoxic con-
ditions, HIF-1a was located in the nucleus, sug-
gesting its activation. Curc treatment significantly
decreased the amount of HIF-1a, especially in
hearts from mice exposed to IH.

Curcumin treatment during IH decreased

oxidative stress

Detection of O, has been used as an indicator of
oxidative stress. The quantification of O,~, meas-
ured by DHE staining, is presented in Figure 3.
Chronic IH exposure resulted in a significant
increase in O, staining (red staining, Figure 3A)
and quantified relative to the normoxic control
group (Figure 3B). Curc treatment, administered
all along the IH exposure, blunted O,~ over-
expression in IH mice only (Figure 3B).

Curcumin treatment during IH decreased
inflammation

As it was previously demonstrated to be increased
by IH in several tissues, we chose to assess NF-kB
p65 expression as a marker of myocardial inflam-
mation. As shown in Figure 4, chronic IH expo-
sure induced a significant increase in NF-kB p65
expression, which was strongly decreased by Curc
(Figure 4A-D).

Curcumin treatment during IH decreased ER
stress

Detection of the ER stress sensor Grp78 and the
terminal pro-apoptotic unfolded protein response
effector CHOP were also performed by immuno-
histochemistry (Figure 5A and B, respectively)
and Western-blot (Figure 5E and F, respectively).
Immuno-histochemical quantifications show that
chronic IH exposure significantly increased
Grp78 and CHOP expression (Figure 5C and D,
respectively). This was confirmed by western blot
quantification analysis (Figure 5G and H, respec-
tively). Curc treatment administered during TH
significantly reduced Grp78 content (Figure 5C
and G), and also limited the IH-induced increase
in CHOP expression (Figure 5D and H).

Curcumin treatment during IH decreased
apoptosis and infarct size

TUNEL assay was performed in order to assess
the impact of IH per se on basal apoptosis. Chronic

Curc-N Curc-IH

B g
*%

6
= 4
o= =
()

2] = 1t

: ml B

N IH Curc-N Curc-IH

Figure 3. Curcumin significantly reduced IH-induced
oxidative stress. Myocardial level of O, assessed by
DHE staining (A). 0,~ quantity was expressed as the

percentage of myocardium area, (n=6-8) (B).

Values are mean £ SEM. **p < 0.01 IH versus N; Tp < 0.001
Curc versus vehicle.

Curc, curcumin; N, normoxia; IH, intermittent hypoxia; DHE,
dihydroethidium; 0,~, superoxide anion; SEM, standard
error of the mean.

exposure to IH increased apoptotic cells, which
was prevented by Curc treatment (Figure 6A and
B). Interestingly, whereas areas at risk of all
groups were similar, IH dramatically increased
infarct size following I/R. Curc treatment also sig-
nificantly reduced the IH-induced increase in
infarct size following I/R (Figure 6C).

Discussion

The present study demonstrates that chronic oral
administration of Curc during IH exposure pre-
vents IH-induced HIF-1 activation, oxidative
stress (O,7), inflammation (NF-kB p65) as well
as ER stress (Grp78 and CHOP) and apoptosis
(Figure 7). Consistent with these beneficial
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Figure 4. Curcumin significantly reduced the IH-increase in NF-kB p65 expression. Myocardial level of NF-kB p65
assessed by immunohistochemistry (A) and Western blot (B). NF-xB pé5 subunit content was calculated as the
percentage of myocardium area, (n=5-6) (C) or expressed relative to p84 in nuclear proteins extract (n=3-4) (D).
Values are mean = SEM. *p < 0.05, **p <0.01 IH versus N; Tfp<0.01, ***p<0.0001 Curc versus vehicle.

Curc, curcumin; N, normoxia; IH, intermittent hypoxia; NF-kB, nuclear factor kappa B; SEM, standard error of the mean.

effects, Curc also decreases IH-induced infarct
size enhancement, demonstrating an overall clini-
cally relevant impact. These results support the
concept that Curc could be an effective therapeu-
tic modality to limit cardiovascular consequences
in severe OSA and, in particular, improving post-
MI recovery.16:26

Improving cardiomyocyte viability after MI is
one of the most important factors contributing
to myocardial structural and functional recov-
ery, and strategies aiming at limiting post-MI
myocardial alterations exert beneficial effects on
long-term morbi-mortality.2” Another valuable
strategy would be to identify underlying condi-
tions or diseases, such as OSA, that first increase
infarct size and contribute to deleterious post-
MI remodelling. Our data are deciphering and
targeting specific mechanisms involved in
‘OSA-IH’ myocardial injury. As mentioned pre-
viously, sleep apnoea syndrome is well recog-
nised to represent an independent risk factor for
coronary artery disease and OSA is known to be

associated with an increase in infarct size and a
poor functional recovery post-MI.%7 OQur group
has contributed significantly to identifying sev-
eral deleterious mechanisms induced in response
to chronic IH exposure in rodent models, such
as oxidative stress, inflammation and ER stress.8
Although the cellular and molecular mecha-
nisms of IH-induced increase in myocardial
infarct size are not yet completely elucidated,
HIF-1 activation seems to play a major role.® In
the present study, HIF-1a was overexpressed in
hearts from mice exposed to IH. This is in
accordance with previous studies demonstrating
an increase in HIF-1 activation in both rats and
mice exposed to chronic IH.!328 Daily Curc
treatment during IH significantly reduced HIF-
la content. This effect of Curc on the HIF path-
way has already been demonstrated in other
chronic diseases such as diabetes, liver fibrosis
and cancer,?® and our study demonstrates for the
first time that Curc also modulates HIF-1 acti-
vation in the specific context of IH, the hallmark
of OSA.
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Figure 5. Curcumin significantly reduced the IH-induced ER stress. Expression of ER stress markers was
assessed by immunohistochemistry (A, Grp78 and B, CHOP) and Western blot (E, Grp78 and F, CHOP). Grp78
and CHOP contents were calculated as the percentage of myocardium area, (n=5-7) (C, Grp78 and D, CHOP) or
expressed relative to tubulin in cytosolic proteins extract, (n=3-4) (G, Grp78 and H, CHOP).

Values are mean = SEM. *p <0.05, **p <0.01 IH versus N; Tp <0.05 Curc versus vehicle.

Curc, curcumin; N, normoxia; IH, intermittent hypoxia; CHOP, C/EBP homologous protein; ER, endoplasmic reticulum;
Grp78, glucose-regulated protein (Grp78); SEM, standard error of the mean.

Sleep apnoea syndrome is characterised by an imbal-  Consistent with previous preclinical studies,?!-32 we
ance of pro/anti-oxidant status,3® and oxidative stress  observed that IH exposure induced an increase in
is known to be a powerful inducer of HIF-1 activity.!!  myocardial O,~ expression and that Curc abolished
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Figure 6. Curcumin significantly reduced the IH-induced myocardial cell death an increase in infarct size.
Myocardial cell death was assessed by TUNEL staining (A). Red dots were quantified and expressed as the
percentage of myocardium area (n=4-6) (B). Infarct size was determined by colorimetry and planimetry
following in vivo I/R. AAR relative to LV and AN relative to AAR, (n=7-8) (C). Curc significantly attenuated IH-

induced myocardial cell death and infarction.

Values are mean = SEM. *p < 0.05, ****p < 0.0001 IH versus N; Tfp<0.01, ****p < 0.0001 Curc versus vehicle.
Curc, curcumin; N, normoxia; IH, intermittent hypoxia; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling; I/R, ischemia-reperfusion; AAR, area at risk; LV, left ventricle; AN, area of necrosis; SEM, standard error of the mean.

this effect. This is in accordance with the well-known
anti-oxidant properties of Curc (i.e. increase in anti-
oxidant enzyme content, reactive oxygen species
scavenging).33

Tissue inflammation has also been described to be
induced by chronic IH in OSA patients and rodent
models.!23435 Particularly, Gras et al. demon-
strated that IH induced an increase in vascular
NF-kB activity that was abolished by partial HIF-
la deletion in mice.!? In the current study, chronic
Curc administration blunted the IH-induced
increase in NF-kB p65 sub-unit expression in the
myocardium. This is also in accordance with pre-
vious studies demonstrating the anti-inflamma-
tory effects of Curc in both pre-clinical and clinical
studies,?%37 and on several markers such as inter-
leukin-6, monocyte chemoattractant protein 1 or
early growth factor-1.36-38:39

More recently, ER stress has been shown to be
a key player in the deleterious consequences of

IH on the brain and heart,*42 and we have
demonstrated that it is a potent inducer of
HIF-1 activation, leading to an increase in
infarct size following I/R.!> Due to the recent
nature of these experimental results, only one
clinical study has investigated the link between
OSA and ER stress markers. In apnoeic and
obese patients, continuous positive airway
pressure (CPAP, the first line therapy of OSA)
decreased adipose tissue mRNA content of
several ER stress markers.#3 In the present
study, we confirmed that IH increased the
myocardial expression of Grp78 and CHOP, a
pro-apoptotic effector of the unfolded protein
response, and showed that Curc prevents these
effects. This is in accordance with the benefi-
cial myocardial effects of Curc in reducing ER
stress markers in the context of acute myocardi-
tis,** as well as in reducing lactate dehydroge-
nase or creatine kinase in the context of
myocardial dysfunction induced by isoproter-
enol treatment.4>-46
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Figure 7. Beneficial effects of Curcumin against
IH-associated myocardial injuries. Curc reduced the
IH-induced increase in HIF-1 a subunit expression,
0,~ production, expression of NF-kB p65 subunit

and ER stress markers [i.e. Grp78 and CHOP. Curc
also limited the IH-induced apoptosis [number of
apoptotic nuclei (TUNEL). All these beneficial effects
on myocardial cellular death signalling are associated
with a beneficial effect of Curc against the IH-induced
increase in infarct size following myocardial I/R.

IH, intermittent hypoxia; HIF-1, hypoxia inducible factor-1;
0, superoxide anion; NF-«B, nuclear factor-kappa B; ER,
endoplasmic reticulum; Grp78, glucose regulated protein
78kDa; CHOP, C/EBP homologous protein; TUNEL, terminal
deoxynucleotidyl transferase-mediated dUTP nick end-
labeling.

Finally, in accordance with the literature,*” we
confirmed that chronic exposure to IH induced
myocardial apoptosis, which was avoided by
chronic Curc treatment. This is in agreement
with a recent study demonstrating that Curc also
attenuates chronic IH-induced apoptosis in oth-
ers cell types such as neurons.?*

Based on the fact that (a) all IH-induced mecha-
nisms, alone, or through interactions with each
other, are potentially responsible for an increase
in myocardial vulnerability to I/R; (b) IH is a
potent inducer of HIF-1 activation; and (c) Curc
reduces HIF-1 activation and associated oxida-
tive stress, inflammation, ER stress and apopto-
sis; we speculate that chronic oral Curc
administration might represent an interesting
new avenue to limit the IH-induced increase in
infarct size following myocardial I/R.

Interestingly, whereas several studies demon-
strated that acute bolus administration of Curc at
the onset of I/R stress decreases myocardial

injury!%20:22; our results showed that chronic
administration of Curc had no beneficial in limit-
ing infarct size in normoxic mice. This discrep-
ancy could be in part explained by the differences
in Curc administration pattern (acute versus
chronic, moment of administration). Our experi-
ment, with daily Curc administration throughout
IH exposure, was designed to demonstrate that
limiting the IH-induced intermediate mecha-
nisms could prevent the increase in infarct size.

Study limitations

Study limitations are the following: (i) we demon-
strated that chronic administration of Curc is spe-
cifically protective against IH-induced increase in
infarct size. This is associated with an inhibition
of IH-induced HIF-1 nuclear localisation, inflam-
mation, oxidative stress and ER stress. All these
mechanisms could be interrelated, and the pre-
sent study cannot explain whether Curc exerts
pleiotropic beneficial effects on all these mecha-
nisms or whether these effects depend on Curc-
induced HIF-1 inhibition and subsequent
beneficial effects on inflammation, oxidative
stress and ER stress.® (ii) OSA is a complex
pathology characterised by IH, sleep fragmenta-
tion and intra-thoracic pressure swing. Although
IH is described by the international scientific
community as the major deleterious consequence
of OSA in terms of cardiovascular repercussions,
we cannot exclude a significant contribution of
the other mechanisms on deleterious cardiovas-
cular complications in OSA patients. This should
be considered before bench-to-bedside transfer.
(iii) Finally, the present study assessed only the
short-term post-MI consequences through infarct
size determination. Although infarct size is a well-
known predictive parameter of post-MI structural
and functional recoveries; in a further study, it
would be interesting to also evaluate the effect of
Curc on long-term post-MI cardiac remodelling
and contractile dysfunction.

Conclusion

In conclusion, the current study demonstrates
that daily treatment with Curc during IH expo-
sure protects against the maladaptive response to
IH and improves the myocardial response to I/R
injury, resulting in a reduction in infarct size.
Cardioprotection was associated with attenuation
of O,~ production and of nuclear HIF-1a, NF-kB
p65, Grp78 and CHOP expression. Through all

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj

S Moulin, C Arnaud et al.

these beneficial effects, Curc could prevent apop-
tosis in myocardium subjected to IH (Figure 7).
Even if CPAP therapy is recognised to be benefi-
cial regarding quality of life and neurocognitive
functions, CPAP therapy alone did not reduce
cardiovascular events.*® Thus, adjunctive thera-
pies have to be considered in order to adverse
pathophysiological-related mechanistic conse-
quences shown to be involved in cardiovascular
consequences. Since Curc is a safe food additive,
it might be used as a combined therapy with
CPAP when a high cardiovascular risk has to be
addressed in OSA patients.
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