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ARTICLE INFO ABSTRACT

Keywords: Objective: Myocardial infarction (MI) is a leading cause of mortality and morbidity worldwide and new treat-
Oxidative stress ment strategies are highly sought-after. Paradoxically, reperfusion of the ischemic myocardium, as achieved with
Tocopherol early percutaneous intervention, results in substantial damage to the heart (ischemia/reperfusion injury) caused

ROS-Sensitive nanoprobe
Myocardial infarction
Ischemia/reperfusion injury

by cell death due to aggravated inflammatory and oxidative stress responses. Chronic therapy with vitamin E is
not effective in reducing the cardiovascular event rate, presumably through failing to reduce atherosclerotic
plaque instability. Notably, acute treatment with vitamin E in patients suffering a MI has not been systematically
investigated.

Methods and results: We applied alpha-tocopherol (a-TOH), the strongest anti-oxidant form of vitamin E, in
murine cardiac ischemia/reperfusion injury induced by ligation of the left anterior descending coronary artery
for 60 min. a-TOH significantly reduced infarct size, restored cardiac function as measured by ejection fraction,
fractional shortening, cardiac output, and stroke volume, and prevented pathological changes as assessed by
state-of-the-art strain and strain-rate analysis. Cardioprotective mechanisms identified, include a decreased in-
filtration of neutrophils into cardiac tissue and a systemic anti-inflammatory shift from Ly6CMe" to Ly6C'®™
monocytes. Furthermore, we found a reduction in myeloperoxidase expression and activity, as well as a decrease
in reactive oxygen species and the lipid peroxidation markers phosphatidylcholine (PC) (16:0)-9-hydro-
xyoctadecadienoic acid (HODE) and PC(16:0)-13-HODE) within the infarcted tissue.

Conclusion: Overall, a-TOH inhibits ischemia/reperfusion injury-induced oxidative and inflammatory responses,
and ultimately preserves cardiac function. Therefore, our study provides a strong incentive to test vitamin E as
an acute therapy in patients suffering a MI.

1. Introduction

Myocardial infarction (MI) is the single most frequent cause of death
worldwide [1]. Substantial progress in the treatment of MI has been
achieved by early reperfusion strategies based either on pharmacolo-
gical thrombolysis or percutaneous coronary intervention resulting in
reperfusion of the ischemic myocardium. However, reperfusion itself

causes additional damage to the myocardium, damage which has been
estimated to contribute to about 50% of the overall functional loss of
the infarcted heart [2]. This ischemia/reperfusion (I/R) injury is char-
acterized by necrosis of myocardial tissue which is caused by a com-
bination of extensive inflammatory and oxidative stress [3]. Infiltration
of immune cells, particularly neutrophils [4] and monocytes [5], fol-
lowed by the production and release of chemokines and cytokines, is a
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central component of I/R-induced inflammation.

One of the enzymes that contributes to oxidative stress in I/R injury
is myeloperoxidase (MPO). MPO is stored in leukocyte granules, and is
released by leukocyte activation during inflammatory reactions and
oxidative stress [6]. MPO is elevated in patients with a MI compared to
healthy subjects [7], and has therefore been discussed as a potential
circulating biomarker for MI [8]. In addition, MPO causes endothelial
dysfunction, and affects the function and distribution of cholesterol [9],
lipid peroxidation, and oxidation of lipoproteins [10]. Oxidized lipids
are excessively taken up by macrophages via non-feedback-regulated
pathways, which in turn cause foam cell formation, apoptosis, and
further release of these lipids. Therefore, accumulation of lipids and
lipid peroxidation during ischemia and reperfusion is an initiator of
lipotoxicity, which causes apoptotic cell death, cardiac dysfunction,
remodeling, and ultimately heart failure [11].

One of the most effective anti-oxidant and anti-inflammatory agents
is vitamin E and its derivatives. Vitamin E has eight derivative forms,
which differ in the methylation of the chromanol ring and the satura-
tion of the side chain. Within this group, a-Tocopherol (a-TOH) is
known to be the most active anti-oxidant [12]. Besides protection
against H,O5-induced lipid peroxidation due to increased anti-oxidative
enzyme systems such as glutathione and catalase [13], a-TOH reduces
oxidative stress-induced apoptosis [14]. In addition to its anti-oxidative
capacities, a-TOH acts as a regulator of genes involved in lipid meta-
bolism and homeostasis, inflammation [15] and the immune defense
system, the latter demonstrated by boosting resistance against pneu-
mococcal infection [16]. Indeed, infection-induced transepithelial mi-
gration of neutrophils in the lung is reduced by a-TOH [17]. Further-
more, o-TOH prevents macrophage foam cell formation [18,19],
lipotoxicity in macrophages [20], and the release of pro-inflammatory
cytokines [21].

A recent study of Huang et al. reported that a higher a-TOH serum
concentration correlates with decreased all-cause mortality and disease-
specific mortality, such as cardiovascular disease and heart disease
[22]. As the plasma levels of vitamin E decrease in patients within the
first 48 h after MI [23-25], and as I/R injury is associated with ex-
cessive oxidative stress, increased consumption of this anti-oxidant in
the ischemic and reperfused myocardium has been postulated [26,27].
Supplementation of vitamin E as a strong anti-oxidant may thus re-
present a therapeutic option for anti-oxidative protection of the myo-
cardium and ultimately for patients suffering a MI. Vitamin E supple-
mentation did not fulfil its original promise in several large-scale trials
aimed at assessing its potential in primary and secondary prevention of
cardiovascular events [28]. However, mechanistically these trials tested
for vitamin E's capacity to provide plaque stabilization in a chronic
setting, but not its potential to preserve cardiac function in the event of
an acute ML There is only very limited data available that addresses the
question of the potential benefits of vitamin E in the acute setting of a
MI [29,30]. Nevertheless, the limited data available shows potential
benefits of vitamin E in models of ischemia/reperfusion settings of
various organs, including a few early studies on cardiac ischemia/re-
perfusion.

In our study, we systematically address this clinically important
question in a mouse model of cardiac I/R using a 60 min ligation of the
left anterior descending (LAD) coronary artery. Using extensive echo-
cardiographic and histological assessment to determine cardiac func-
tion and injury, in addition to thorough molecular and mechanistic
studies, we demonstrate a cardioprotective effect of vitamin E supple-
mentation in cardiac ischemia/reperfusion injury.

2. Materials and methods
2.1. Animals

C57BL/6 mice were acquired from Jackson Laboratories and bred
by the Alfred Medical Research and Education Precinct (AMREP)
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Animal Services in Melbourne, VIC. All experimental work was per-
formed in accordance with the guidelines from Directive 2010/63/EU of
the European Parliament on the protection of animals used for scientific
purposes and the Australian code for the care and use of animals for sci-
entific purposes and was approved by the AMREP Animal Ethics
Committee (E/1779/2018/B).

2.2. Myocardial ischemia/reperfusion injury in mice

Eight-week-old male C57BL/6 mice underwent open-chest surgery
to induce left coronary artery occlusion (CAO) for 60 min, followed by
reperfusion as previously described [31]. Beforehand, mice were an-
esthetized using a combination of ketamine HCI (100 mg/kg BW; Lyp-
pard), xylazine HCl (5mg/kg BW; Lyppard), and atropine (1 mg/kg
BW; Pfizer) via a single intraperitoneal (IP) injection. Randomized mice
were intraperitoneally (IP) injected with either a vehicle (PBS with
0.8% DMSO) or a-TOH (2.5 mg/kg BW in 0.8% DMSO; Sigma-Aldrich)
2h prior to surgery, immediately after reperfusion, and twice per day
for three consecutive days. Following surgery, mice were culled at three
different time points for respective analysis, using a ketamine HCI
(100 mg/kg BW; Lyppard)/xylazine HCl (20 mg/kg BW; Lyppard)
overdose IP injection followed by cervical dislocation. More details are
given in the online-only Data Supplement.

2.3. Histology and immunofluorescence

Hearts were harvested, fresh-frozen in OCT Tissue Tec (Sakura®
Finetek), and cut into 6 um sections (Microm HM 525 Cryostat, Thermo
Fisher Scientific). Cardiac sections were stained to detect neutral lipid
content using Oil Red O (ORO, Sigma-Aldrich). To analyze neutrophils,
tissue sections were stained using rat anti-mouse Ly6G (Gr-1) mono-
clonal antibody (ebioscience), followed by secondary Alexa Fluor
546-labeled anti-rat antibody (Life Technologies), and Hoechst 33342
dye counterstaining (Thermo Fisher Scientific). More details are given
in the online-only Data Supplement.

2.4. Flow cytometry

Antibodies were purchased from BD Bioscience if not otherwise
indicated. Blood samples were taken in 0.5M anti-coagulant ethyle-
nediaminetetraacetic acid (EDTA) by cardiac puncture. Blood was
centrifuged (300 x g, 10 min, RT) to separate the plasma. Within 1 h of
collection, cells from the blood were isolated and stained for flow cy-
tometric analysis. Neutrophil and monocyte populations in the blood
were analyzed using a FACS Canto II (BD Biosciences) and BD FACS
DIVA software version 8.0.1. The total monocyte/macrophage popu-
lation was detected using fluorescent anti-CD11b-FITC and anti-CD115-
PE-Cy7 antibodies (Biolegend). For separating pro- and anti-in-
flammatory monocyte sub-populations, Ly6C-PB staining was per-
formed in parallel. Neutrophils were gated using Ly6G (Gr-1)-PE
staining.

2.5. Ribonucleic acid (RNA) isolation and PCR arrays for inflammatory
cytokines and oxidative stress

The apex of each heart was collected, and three samples were
pooled and used for RNA isolation. Total RNA was isolated using the
RNeasy Mini Kit (Qiagen) and converted to cDNA using the RT? First
Strand Kit (Qiagen) according to the manufacturer's instructions.
Inflammatory cytokine and oxidative stress gene expression profiles
were analyzed using the 384 well RT? Profiler™ PCR Array Mouse
Inflammatory Cytokines & Receptors and the RT? Profiler™ PCR Array
Mouse Oxidative Stress and Antioxidant Defense (Qiagen), respectively.
The arrays were performed using QuantStudio 6k Flex (Applied
Biosystems), and the GeneGlobe Data Analysis Centre (Qiagen) was
used for data analysis.
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Fig. 1. Treatment with a-TOH protects cardiac systolic function and reduces infarct size in a mouse model of I/R injury. A) Design of long-term study (28
days post-I/R injury). B) a-TOH treatment preserves cardiac function assessed by ejection fraction from week 1 to week 4 after I/R injury; n=8-9, **p < 0.01 and
**¥%p < 0.001, one-way Anova with multiple comparison. C) Representative images of radial strain curves obtained from VevoStrain analysis software shows strain
measures over time. Colored lines represent 6 standard myocardial regions; 7th black line calculates average (global) strain at each time point. D) Bar charts show
significant decrease in radial strain for control animals, as compared to a-TOH-treated animals, both globally and in infarct area (anterior apex). Maximum opposite-
wall delay shows significant increases in time for control animals, as compared to a-TOH-treated animals; n=4, ***p < 0.001, Student's t-Test. E) Representative
images of Evans blue/TTC staining 28 days post-I/R injury (scale bar: 1 mm) and quantitative analysis of infarct size (I) per area at risk (AaR), which illustrates a
significant decrease in infarct size in mice treated with a-TOH as compared to control animals, while the primarily affected area presented in % AaR/LV is similar
between a-TOH treated mice and control mice. Data are presented as means + SD, **p < 0.01 and ***p < 0.001, n=28-9, Student's t-Test. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.6. Lipid measurement (Roche Diagnostics). The instrument was calibrated on the day of use
according to the manufacturer's instructions.
Blood was collected in EDTA as described above. Total serum cho-
lesterol (TC), low-density lipoprotein (LDL), high-density lipoprotein
(HDL), and triglycerides (TG) were measured with commercial enzy- 2.7. Lipid extraction

matic kits using a COBAS Integra 400 Plus blood chemistry analyzer
Prior to lipid extraction, samples were randomized and blinded.
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Lipids were isolated from the infarct area of the cardiac tissue samples
(36-50 mg) using a single-phase chloroform/methanol extraction as
previously described [32]. Lipid analysis was performed by liquid
chromatography electrospray ionization-tandem mass spectrometry
using an Agilent 1290 HPLC coupled to an Agilent 6490 triple-quad-
rupole mass spectrometer. Lipid extracts were injected and separated
under gradient conditions. The oxidized lipid species phosphati-
dylcholine (PC) (16:0)-9-hydroxyoctadecadienoic acid (HODE)) and
PC(16:0-13-HODE) were measured using dynamic multiple-reaction
monitoring (dAMRM) and analyzed using Mass Hunter Quantitative
analysis version B.07. Relative lipid abundances were calculated by
relating each area under the peak for each lipid species (Avanti Polar
Lipids, Alabaster, US) to the corresponding internal standard. Correc-
tion factors were applied to adjust for different response factors, where
these were known. Results are expressed as pmol/mg of heart tissue.
Values for each lipid class were calculated as the sum of the individual
lipid species. More details are given in the online-only Data Supple-
ment.

2.8. MPO activity assay

The infarct area of cardiac tissue samples (36-50 mg) were collected
in ice-cold MPO assay buffer (50 ul/10 mg). After mechanical disrup-
tion, cardiac tissues were homogenized three times for 30sat 30/s
using a TissueLyser II (Qiagen). Immediately after homogenization,
undiluted fresh samples were used in duplicate for MPO activity mea-
surement using an MPO Fluorometric Activity Assay Kit (Sigma-
Aldrich) according to the manufacturer's instructions. Released fluor-
escein was measured every 15min and respective MPO activity was
calculated using a fluorescein standard curve.

2.9. Invivo reactive oxygen species (ROS) quantification using a fluorescent
nanoprobe

Three mice per treatment group underwent I/R injury by CAO for
60 min followed by reperfusion for another 24 h. Recently described
[33] ROS-sensitive nanoparticles (5pug/g BW) were intravenously in-
jected 20 min before mice were euthanized and perfused with PBS; the
hearts and blood were then collected. Each heart was cut into four
transverse sections and imaged from both sides using an IVIS Lumina
XRMS system (PerkinElmer). The 2D scans were performed using the
following settings: filter passband = excitation at 420 nm and emission
at 670 nm. Results are expressed as total radiance [p/s]/ [uW/cmz] le-
vels per g of tissue/blood. Cardiac sections were stained with 1% tri-
phenyltetrazolium chloride (TTC) for 10 min at 37 °C in darkness and
scanned using a high-resolution scanner (Epson Perfection Photo
Scanner V370) to detect the infarct areas.

2.10. Statistical analysis

Data were statistically analyzed using one- or two-way repeated-
measures ANOVA. As a post hoc test, Bonferroni's multiple comparisons
test was used. P values of less than 0.05 were considered statistically
significant. Results are expressed as means + standard deviations (SD).

3. Results

3.1. Protection of cardiac function and reduction of infarct size after a-TOH
treatment

Mice were subjected to cardiac I/R injury to assess the cardiopro-
tective effects of a-TOH as a potential treatment for MI (Fig. 1A). Ap-
plication of 2.5 mg a-TOH/kg BW twice per day for three consecutive
days significantly increased systemic concentration of o-TOH
(Supplemental Fig. S1). Weekly echocardiography was performed to
assess changes in cardiac function. For precise echocardiographic
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measurements of left ventricular (LV) function, we used both para-
sternal long-axis and parasternal short-axis views. At baseline, con-
ventional echocardiographic measures showed similar ejection frac-
tions (EF) for both treatment groups (control: 60.1 * 6.2 versus [vs] a-
TOH: 55.9 = 6.1% EF, mean * SD, NS; Fig. 1B). The cardioprotective
effect of a-TOH treatment compared to controls was already significant
at week 1 post-I/R injury (34.6 = 8.3 vs 48.5 * 5.7; **p < 0.01).
Similar results were obtained at week 2 (32.8 = 8.6 vs 45.9 + 3.7;
**p < 0.01), week 3 (31.9 += 11.4vs 46.1 * 3.8; ***p < 0.001),
and week 4 (30.2 = 11.8 vs 46.1 *= 3.3; ***p < 0.001). The mea-
surements of fractional shortening, cardiac output, and stroke volume
also showed significant cardioprotective effects of o-TOH
(Supplemental Fig. S2A).

At week 4, compared to baseline, cardiac output (***p < 0.001)
and stroke volume (*p < 0.05) showed significant decreases in the PBS
control group as compared to the a-TOH-treated animals
(Supplemental Figs. S2B and 1C). There was no significant difference
between the two groups for heart rate at baseline or at week 4 post-I/R
surgery (Supplemental Fig. S2D). Further central echocardiographic
measurements showed a decrease in LV internal diameter at end dia-
stole (p=0.05) and end systole (*p < 0.05) in the a-TOH group
compared to the control at week 4 (Supplemental Fig. S3). No differ-
ence was observed for both the LV interventricular septal wall and the
LV posterior wall.

For a more sensitive and a highly translationally relevant readout,
we decided to perform strain and strain-rate analyses [34]. We ob-
served deterioration of the strain pattern in the control mice, while a-
TOH treated mice preserved a physiological strain pattern. Radial strain
analysis showed a highly significant decrease in control mice as com-
pared to a-TOH-treated mice, both globally (control: 7.5 = 3.5 vs a-
TOH: 30.8 = 5.9% PK, ***p < 0.001) and in infarct areas (anterior
and apex) (control: 3.0 * 2.5 vs o-TOH: 23.7 = 5.3% PK,
***p < 0.001). Maximum opposite-wall delay showed significant in-
creases in time for the control group as compared to the a-TOH group
(control: 80.5 * 12.0 vs a-TOH: 32.5 = 7.5 ms, ***p < 0.001;
Fig. 1C and 1D). Longitudinal strain analysis of the global peak
(***p < 0.001) and the infarct area (*p < 0.05) obtained similar
differences as in the radial strain analysis (Supplemental Fig. S4).

Histological evaluation of infarct size using Evans blue/TTC staining
at week 4 post-I/R injury is a valuable parameter for evaluating the
efficacy of interventions and cardiac performance. a-TOH-treated mice
showed a significant decrease in infarct size (I)/area at risk (AaR) ratio
as compared to controls (28.4 *= 7.4 vs 45.0 = 9.9% I/AaR, respec-
tively; **p < 0.01), while the AaR showed a similar size in all treat-
ment groups, indicating comparable surgical procedures with similar
sites of the LAD being ligated (AaR/LV; Fig. 1E).

3.2. Changes in blood cell profile and mRNA expression of inflammatory
cytokines and receptors

A central part of cardiac I/R injury is a massive pro-inflammatory
response in the infarcted myocardium, including inflammatory cell
infiltration, cytokine production, and oxidative stress. To study the
underlying mechanism systemically and locally, we performed LAD li-
gation surgeries and investigated the above listed processes in the blood
and myocardium at day 1 and 3 post-I/R injury (Fig. 2A).

Changes in monocyte and neutrophil counts in the blood due to
treatment with a-TOH were assessed by flow cytometric analysis after
I/R injury (Fig. 2B and C and Supplemental Fig. S5). Compared to
control mice, mice treated with a-TOH showed approximately a 50%
reduction in blood monocytes at day 1 post-I/R. Importantly, subtype
analysis determined a significant shift from pro-inflammatory Ly6C"i"
monocytes toward anti-inflammatory Ly6C!°Y monocytes at day 1 and
day 3 post-I/R. Furthermore, neutrophils were significantly decreased
in the blood of a-TOH-treated mice at both time points.

At day 3 post-I/R injury, gene expression profiling revealed that a-
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TOH treatment, compared to the controls, diminished the expression of
seven inflammatory cytokines and receptors, which were significantly
upregulated after control-treated I/R injury (Fig. 2D). For example,
Cxcr2, a receptor expressed on neutrophils that mediates neutrophil
migration to sites of injury and inflammation, as well as CCl11, a
neutrophil chemoattractant, were strongly downregulated. This ob-
servation is in line with the reduction of neutrophils in the blood, as
well as the reduction of neutrophils in the infarcted myocardium (see
below).

a-TOH reduces oxidation of lipids in the myocardium independent
of neutral lipid accumulation and systemic lipid profile.

In addition to the inflammatory areas, we investigated the plasma
lipid profile and changes in oxidized lipids as markers for oxidative
stress in the infarcted myocardium. As well as systemic changes, the
heart undergoes structural and functional changes in response to I/R
injury, which lead, for example, to changes in the neutral lipid profile
as well as the reduction of oxidation of several lipids.

First, we measured plasma lipids at day 1 and day 3 post-I/R and

observed no changes in TC, TG, HDL, and LDL between treatment
groups (Fig. 3A). Total lipid content in the heart was determined using
ORO staining followed by quantitative analysis and showed no differ-
ence in total lipid content in the myocardium at three days post-I/R
(Fig. 3B). Two major oxidized lipid species, namely PC(16:0-13-HODE)
and PC(16:0-9-HODE), were assessed using liquid chromatography
electrospray ionization-tandem mass spectrometry. Both oxidized lipids
were significantly increased in the infarcted myocardium at day 3 post-
I/R in comparison to healthy control samples (13-HODE: 32.3 = 2.2vs
44.3 = 6.8 and 9-HODE 24.5 + 2.0 vs 32.3 * 4.4 pmol/mg heart
tissue, respectively; ****p < 0.0001). A significant decrease in oxi-
dized PC (16:0-13-HODE) (control: 44.3 =+ 6.8 vs a-TOH:
37.7 * 3.0 pmol/mg heart tissue; **p < 0.01) and a trend toward
reduction of oxidized PC (16:0-9-HODE) (32.3 =+ 4.4 vs
28.9 * 3.4 pmol/mg heart tissue) were found in the hearts of a-TOH-
treated mice compared to control animals (Fig. 3C).
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Fig. 3. Changes in systemic and local lipids, and oxidized lipids in mice in response to a-TOH treatment. A) Plasma lipids measured 1 and 3 days post-I/R are
unchanged in a-TOH-treated mice compared to control mice; n=4-10, one-way Anova with multiple comparison. B) Representative images and quantitative analysis
show comparable lipid content in the myocardium as assessed by ORO staining. Scale bar: 30 um, 200x magnification, n=5-6, Student's t-Test. C) Oxidized lipids in
the infarcted area of the myocardium are strongly increased three days after I/R injury and this effect is partly inhibited in mice treated with a-TOH as compared to
control mice; n=9-10, **p < 0.01 and ****p < 0.0001, one-way Anova with multiple comparison.

3.3. Decrease in cardiac ROS production in a-TOH-treated mice

Both ischemic events as well as reperfusion injury lead to excessive
ROS production, which ultimately causes tissue damage. With a re-
duction in oxidized lipids, here we have provided the first evidence that
a-TOH treatment leads to an anti-oxidative response in the myocardium
after I/R injury. To study this in more detail, we injected a ROS-sen-
sitive nanoprobe, with its fluorescence quenched under normal condi-
tions, while it was able to accumulate in the I/R injury area and ROS-
activated fluorescence was then detected using IVIS imaging. Most
importantly, IVIS showed a significant decrease of the ROS-dependent
fluorescent signal in the a-TOH-treated ischemic/reperfused myo-
cardium compared to control tissue (5.1 x 10'! + 0.5 x 10! vs
3.5 x 10! + 0.8 x 10! radiance level/g heart tissue; **p < 0.01).
No relevant radiance level was detected for whole blood in all groups
(Fig. 4A). The cardiac section was stained with TTC to demonstrate the
co-localization of the ROS signal with the infarcted area (Fig. 4B).

Regulation of oxidative stress-related genes, reduction in MPO ac-
tivity, and decrease in neutrophil infiltration after a-TOH treatment.

To further confirm the reduction in ROS within the ischemic/re-
perfused myocardium by a-TOH treatment, the expression of genes
involved in oxidative stress were profiled and it was found that the
expression of seven oxidative stress-regulating genes were strongly
downregulated in o-TOH-treated mice at day 3 post-I/R injury
(Fig. 5A). Notably, several glutathione peroxidases (Gpx1, 5, and 6)
were downregulated and, most strikingly, MPO was downregulated by
more than 43% in mice treated with a-TOH as compared to control
mice. Therefore, we continued studying the changes in MPO due to the
strong downregulation of its expression, and performed MPO activity
measurements in the I/R myocardium at day 1 post-I/R injury. In line
with the downregulation of MPO expression, we found a significant
decrease in MPO activity of about 40% in the a-TOH-treated group as
compared to the control group (0.84 = 0.3 vs 1.4 = 0.3 pU/ml,

respectively; *p < 0.05; Fig. 5B). As MPO is well-known to be highly
correlated with neutrophils, the number of infiltrating neutrophils
within the infarcted area was determined and the infiltration of neu-
trophils was found to be strongly reduced in the infarcted tissue of mice
treated with a-TOH (6.28 * 1.9 vs 11.6 = 3.9% neutrophils/infarct
area, respectively; **p < 0.01; Fig. 5C).

In summary, using a murine I/R injury model we demonstrate the
potential of a-TOH in preventing tissue damage and retaining cardiac
function after MI. a-TOH protects the heart against (i) oxidative stress-
induced tissue damage such as decreased oxidative lipids, reduction in
ROS production, and downregulation of the expression of oxidative
stress-related genes. Furthermore, it induced (ii) anti-inflammatory
changes, such as shifting the ratio of monocyte subpopulations toward
anti-inflammatory Ly6C'®" monocytes and decreasing the number of
infiltrating neutrophils (see graphical abstract).

4. Discussion

The excessive oxidative stress during MI [23,24,26], particularly
during reperfusion [27] is associated with a drop in the anti-oxidant
defense levels as reported for hydrophilic (vitamin C [35]) and lipo-
philic vitamins (a-TOH [25,26,36]) circulating in the blood. To com-
pensate for this drop systemically and in the myocardial tissue [37,38],
and also to provide the maximal anti-oxidative effect for the cardiac
tissue undergoing ischemia and following reperfusion, we applied a-
TOH as a treatment during the MI and then for three consecutive days.
Our treatment regime reflects clinical conditions, where MI patients
could receive their first application of a-TOH either in the ambulance or
upon their arrival in the emergency department, before they are
transported to the catheter laboratory for reperfusion by percutaneous
coronary intervention, and the following days in hospital before dis-
charge.

I/R injury-induced cardiac tissue damage is mainly caused by
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Fig. 4. Treatment of a-TOH reduces production of ROS after I/R injury. A) 2D IVIS scan and quantitative analysis of cardiac sections and blood, 1 day post-I/R.
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cardiac sections show infarcted areas within the cardiac sections (scale bar: 5 mm).

significant leukocyte infiltration, particularly of monocytes [39] and
neutrophils [40], and the subsequent release of pro-inflammatory
chemokines and cytokines, as well as ROS. Therefore, inhibiting leu-
kocyte migration is an attractive strategy in finding novel therapeutics
for MIL. a-TOH has been described as having immunomodulatory ability
by affecting monocyte and neutrophil migration into inflamed areas in
the lung [17]. In accordance with this, our study shows that a-TOH
treatment shifts the monocyte profile in favor of anti-inflammatory
Ly6GC'® monocytes systemically, and lower neutrophil infiltration lo-
cally in the ischemic myocardium, leading to a reduced infarct size and
preserved cardiac function. As reported earlier, neutrophil migration
and its lipoxygenase-dependent cytokine production enhance the in-
flammatory burst and thereby increase the expression of pro-in-
flammatory genes. In parallel, the interaction of neutrophils with ROS
during I/R injury [41] has shown the multifactorial importance of
neutrophils and neutrophil-derived signaling molecules as further pro-
mising targets for MI therapy.

Increased cardiac ROS formation and related signaling-pathway
activation during I/R injury are a result of excessive oxidative stress
[42-44]. Mitochondria play a pivotal role in ROS formation and mi-
tochondrial membrane potential is an adequate marker for their me-
tabolic activity. As described by Birringer et al., 10uM a-TOH re-
generated mitochondrial membrane potential, followed by decreasing
cellular ROS formation in liver HepG2 cells [45]. In addition, formation
of superoxide anion has been shown to be inversely correlated with a-

TOH content in mitochondria in vitro and in vivo [46]. Protective effects
of a-TOH on mitochondrial integrity preserved heart function and im-
proved recovery following I/R [47]. Cardiac tissue is vulnerable to
oxidative stress due to the low rates of expression of hydrophilic anti-
oxidative detoxification systems [35,48]. However, lipophilic anti-oxi-
dants such as vitamin E are normally abundant in cardiac tissue [47].
Induction of anti-oxidant defense mechanisms after I/R, such as in-
creases in superoxide dismutase, glutathione transferase, and catalase,
can be induced by a-TOH [49,50] whereas a-TOH deficiency in heart
tissue enhances ROS formation [48,51]. We have studied ROS forma-
tion using an innovative ROS-sensitive nanoparticle [33]. Visualization
of this ROS-sensitive fluorescent nanoprobe using in vivo imaging shows
that I/R-induced ROS formation is decreased by a-TOH, confirming the
ROS-scavenging capacity of a-TOH. In support of this hypothesis, as we
have shown, a-TOH downregulated the ROS-induced gene expression
of MPO in myocardial tissue, specifically its release from neutrophil
granules [6]. Furthermore, the partial inhibition of neutrophil migra-
tion in the myocardial tissue by a-TOH contributes to the reduced re-
lease of MPO.

Excessive ROS production followed by MPO release also causes
oxidative modification of cellular macronutrients such as lipids.
Malondialdehyde [52], thiobarbituric acid reactive species [49], and
hydroperoxides [47,52] are common markers for ROS-induced lipid
peroxidation. Enhanced lipid peroxidation after I/R injury and the
ability of anti-oxidants to attenuate oxidative stress-induced lipid
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multiple comparison and Student's t-Test. C) Representative images and quantitative analysis display a reduction of infiltrating neutrophils in the myocardium.
Cardiac sections are counterstained with Hoechst dye. Scale bar: 100 um, 200x magnification, n=10, **p < 0.01, Student's t-Test.

peroxidation have been reported previously [49,53]. Vitamin E-defi-
cient rats are characterized by significantly higher levels of myocardial
lipid peroxidation [54], which is antagonized by a-TOH treatment. One
of the major membrane-associated lipid classes prone to be oxidized by
ROS is PC, due to its high content of polyunsaturated fatty acyl chains
[55]. In addition, oxidized PC-containing phospholipids, generated in
cardiomyocytes during I/R, affect the viability of cardiomyocytes and
therefore increase infarct size [56]. Treatment with a-TOH has been
shown to modulate PC metabolism via phospholipase A [57]. Here, we
report and apply a novel technique to measure lipid products directly
oxidized during I/R injury using liquid chromatography electrospray
ionization-tandem mass spectrometry. Lipid profiles in plasma and the
accumulation of lipids, particularly triglycerides, in ischemic myo-
cardial tissue remained unchanged in our experimental setup, however,
a-TOH treatment significantly decreased the oxidative modification of
lipids. Specifically, a-TOH decreased I/R injury-induced formation of
oxidized PC, namely PC (16:0-13-HODE) and PC (16:0-9-HODE).
Therefore, we have demonstrated a highly efficient cardioprotective
effect of a-TOH through regulating oxidative stress-dependent and
stress-independent properties.

@

Upon uptake in the liver, side chain truncation of all vitamin E
forms is initiated by CYP4F2/3A4-dependent w-hydroxylation, which
forms the so-called long-chain metabolite a-13-OH [58,59]. Subse-
quently, a-oxidation forms a-13-COOH via the aldehyde metabolite
processed by alcohol and aldehyde dehydrogenase. Following this, -
oxidation-induced side-chain degradation forms the intermediate-chain
metabolites and short-chain metabolites, and finally the catabolic end-
product of vitamin E, carboxyethyl hydroxychroman (CEHC) [60]. As
shown in the work of Farley et al., subcutaneous administration of
100 mg a-TOH/kg BW in rats for 1 week resulted in accumulation of a-
TOH (100 nmol/g) and a-CEHC (0.5 nmol/g) in heart tissue, with CEHC
concentrations being 200-fold lower compared to o-TOH [61]. As
previously described, CEHC-metabolites of vitamin E mediate anti-
oxidative [62] and anti-inflammatory [63,64] effects in similar con-
centrations to a-TOH [63,65]. In human neutrophils, inhibition of PKC
translocation and superoxide anion production induced by tocopherols
and respective metabolites have been observed [62]. In addition, y-TOH
and y-CEHC, which increased in humans as a result of supplementation
with y-TOH, have been shown to decrease plasma TNF-a and MPO
concentrations [66]. Therefore, the relevance of hepatically formed
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metabolites have to be considered as contributors to the anti-oxidative
and anti-inflammatory effects shown in this study, as described for the
vitamin analog Trolox [67]. Therefore, effects of CEHC metabolites in
myocardial infarction cannot be excluded completely. Nevertheless, a-
CEHC excretion may increase only after exceeding an individual a-TOH
threshold (30-50 uM), depending on plasma lipid concentrations
[68,69]; and is therefore a marker for (super) optimal a-TOH supply in
humans [70]. Since, the aim of our study was to maintain the a-TOH
concentration during I/R injury, using a-TOH supplementation of
300 mg/kg/d for 3 days, and not to generate (super) optimal condi-
tions, the formation of CEHC and other metabolites was probably less
efficient. Therefore, the contribution of a-CEHC to the observed effects
is most likely less relevant for the findings in the study presented here.

The concentration of a-TOH used in our experimental setup is of
central importance. The recommended daily oral intake for healthy
adults is 15mg RRR-a-TOH [71,72]. Nevertheless, even higher con-
centrations have been classified as safe for animals and humans. As
observed by the FDA [73], a-TOH has a LD50 > 2000 mg/kg BW in
mice, rabbits and rats. Several other species can tolerate oral doses of
200 mg/kg BW [74]. The European Commission Scientific Committee
on Food (SCF) approved a daily oral dose of 300 mg a-TOH for humans
[75]. In the human trail of Lassnigg et al., 270 mg all-rac-a-TOH which
correlates to 180 mg RRR-a-TOH, was intravenously applied after
elective cardiac surgery in humans without detecting any side effects
[26]. Therefore, 300mg o-TOH/d (5mg/kg/d), applied in-
traperitoneally, has been used in our mouse study. This concentration
of a-TOH is slightly higher compared to Lassnigg et al. but is still in the
range of the SCF-approved daily dose, in contrast to most other studies
which typically use higher doses of a-TOH [29,30]. This demonstrates
that even doses of a-TOH within the approved daily intake dose are
highly effective and protective in I/R injury when delivered at the
crucial time around reperfusion. We hereby provide an experimental
design which potentially can be translated to human trials without
concern surrounding the safety of a-TOH applications.

The findings presented in our study give hope for a long sought-after
therapy for I/R injury, but clearly need to be confirmed in human pa-
tients. a-TOH has been extensively tested as a preventive drug with the
aim of reducing the rate of cardiovascular events, including MI.
However, this approach has been reported to be inefficient, as con-
firmed by the outcomes of several human intervention and correlation
reports published indicating a beneficial effect of vitamin E in cardiac
ischemia/reperfusion [29,30,38]. Yau et al. reported that pre-treatment
with a-TOH before elective cardiopulmonary bypass showed improve-
ment in myocardial metabolism and ventricular studies [38]. This
finding reflects the effects of a-TOH on chronic atherosclerosis, parti-
cularly plaque instability and the risk of plaque rupture. However,
oxidative stress as the main target for vitamin E therapy will clearly be
increased to a much higher level in acute I/R injury compared to
chronic atherosclerosis. The potential beneficial effects of a-TOH on
infarct size and preservation of cardiac function in MI have been
overshadowed and have not been thoroughly investigated. This is based
on the negative outcomes of the above-mentioned clinical trials testing
of vitamin E for its capability to reduce the cardiovascular event rate.
This is surprising as there were a few early function, unfortunately with
no clinical significance [38]. Although these reports had limitations
such as using ex vivo heart preparations, non-pharmacological doses or
limited scope of data and mechanistic work up, these reports indicated
the value of a further thorough study. The outcome of our study is
noteworthy in the extent of cardio protection shown by vitamin E and
the mechanistic insight provided. However, our encouraging preclinical
data need to be confirmed in clinical trials with patients presenting with
ST-elevation MI, and the use of cardiac enzymes and echocardiography
or magnetic resonance imaging to assess a-TOH's potential to preserve
cardiac function in patients.

Our study sheds new light on the potential of the acute therapy with
a-TOH in patients presenting with MI, and may ultimately offer an
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effective low-cost treatment for the many patients suffering a MIL. a-
TOH in a dose of up to 300 mg/d, a concentration equivalent to the one
used in our study, is already approved by the SCF and considered safe in
humans without adverse effects. This dose would be attractive and
highly feasible for the treatment of MI patients and ultimately has the
potential to provide a better outcome for patients suffering a MI. As
there is currently no drug available in the clinic that can reduce the
cardiac damage caused by I/R injury, the potential impact on cardio-
vascular health would be significant. We postulate that a-TOH therapy/
supplementation compensates for the drop seen during I/R injury and
would facilitate an adequate anti-oxidative defense within the ischemic
and reperfused myocardium. Ultimately, a-TOH holds promise as an
inexpensive and readily translatable novel treatment preventing cardiac
damage and thereby reducing mortality and morbidity in patients who
suffer a MI.
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