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ABSTRACT

Objective: Effects of PEGylated-carboxyhemoglobin bovine (SG) infusion and
carbon monoxide (CO) inhalation were compared in a rat model of myocardial
infarction (MI).

Methods: Lewis rats with induced Ml received either 10 mlL/kg of SG or of saline
(SL), or 400 ppm CO inhalation (CO) daily for 3 days, 4 doses in total. On the
fourth day, all animals had left ventricular (LV) functions studied by pressure-
volume relationship analyses or in-situ myocardial gene expression by polymerase-
chain reaction (PCR).

Results: Both SG infusion and CO inhalation increased the arterial carboxyhemoglobin
fraction to 10%, which decreased the total O, content by 10% for 3 hours before
returning to control level, except for the plasma hemoglobin (Hb) over 200
mg/dL 24 hours later, in SG rats. Four days after MI, the SL and CO rats had
enhanced cardiac contraction and relaxation, while the SG rats had LV end-
systolic pressure, and the isovolumic contraction as well as relaxation remained
suppressed at the post-MI levels. PCR showed significant reductions in in-situ
antioxidant transcriptional master regulator (Nrf2), its down-stream antioxidant
response genes (Nqo-1), hypoxic signal transduction in SG compared to SL or
CO rats with enhanced pro-inflammatory, pro-apoptotic genes, and myocardial
damage. These cardiac indices were reversed 4 weeks after MI, when SG had
less LV dilatation, dysfunction, and myoglobin loss than those with SL or CO.
Conclusion: The results suggest that repeated SG infusion, but not CO inhalation,
generates less oxidative stress, reduces hypoxic responses, supports early
hemodynamics, and alleviates cardiac compensation early after MI, resulting in
attenuated LV dilatation, dysfunction, and myoglobin loss late after Ml in this rat
model.

Keywords: Artificial Oxygen Carrier, Myocardial Infarction, HBOCs, Carbon

Monoxide, Oxidative Stress, Antioxidant Response genes, Cardiac Function

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4810 1



https://doi.org/10.18103/mra.v11i11.4810
https://doi.org/10.18103/mra.v11i11.4810
mailto:*CorrespondingAuthor@Email.Address
mailto:*CorrespondingAuthor@Email.Address
https://esmed.org/MRA/mra
https://esmed.org/

Medical
Research
Archives

Carboxyhemoglobin Particle Infusion, but not Carbon Monoxide Inhalation

INTRODUCTION

Hemoglobin-based O, carriers (HBOCs)' are
considered to carry O, as well as carbon
monoxide (CO). Whereas exogenous CO has
been reported to be vasodilatory, anti-
inflammatory and cytoprotective in various
end-organs®®, such as the brain?, kidney',
lung' "3, and vasculature''¢, parallel reduction
in O,-carrying capacity could be detrimental
to cardiomyocytes and to the heart'-?, which
maintains homeostasis through idioventricular
response?’ and neurohumoral regulation?*?’.
While HBOC, PEGylated
carboxyhemoglobin (COHb) bovine (SG)*%,
early after myocardial infarction (Ml) attenuated

infusion of an

left ventricular (LV) dilatation, dysfunction, and
fibrosis late after M12939, the mechanisms of
action are not clear - whether they are
attributable to CO derived from SG or to the
hemoglobin (Hb) particles per se. Since most
of the myocardial damage had occurred within
the first week of MI1?%30, changes occurring early
after Ml were studied in order to explore the
mechanism(s) of action in the same rat model

of SG infusion®, which are compared with CO
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inhalation in terms of in-situ myocardial gene
expression detected by real-time polymerase-
chain reaction (PCR), LV functions analyzed by
pressure-volume relationship (PVR)*!, LV size
and contraction followed by echocardiography,
and myocardial changes studied by histology
and immunohistochemical (IHC) studies.

MATERIALS and METHODS

All experiments were approved by the
Institutional Review Board of Tokai University.
The
required by the institutional guidelines for

animals received humane care as
animal care and treatment in experimental
investigations according to the Guide for the
Care and Use of Laboratory Animals (Institute

of Laboratory Animal Resources, 1996).

Animals

Lewis rats (n=56) were purchased from
Charles River Co. Ltd., (Yokohama, Japan) at
5 weeks of age. They were acclimated for 1
week before undergoing experiments in an
animal cage under air conditioning at 26 =
0.5°C with water and food ad libitum.

CO (400 ppm) inhalation
o
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2 Saline (1omikg) IV oqq

£
©
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Figure 1A. Protocol. All rats underwent LAD ligation and received one of the three treatments: SG (10 mL/kg),

saline, or 400 ppm CO inhalation, on Day 0 and daily thereafter for 3 days. They under-went echocardiography
(UCG) and PVR studies before and at 4 days after MI, when LV was removed and sampled (4d). In the other sets
of animals with MI, the same treatment was followed by weekly UCG, PVR studies, and sacrifice 4 weeks later

(4w). The number of rats (n=) is listed along each process.
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Rats were anesthetized with sevoflurane at
3%, orally intubated, and ventilated at 15
mL/kg of tidal volume with ambient air at 60
bpm with no end-expiratory pressure. An
indwelling catheter was placed in the tail vein
and saline was administered at 3 mlL/hr. A
rectal probe was placed to monitor body
temperature, which was maintained at 36.5 =
0.5°C with a water blanket, MEDI-Therm I
(Gaymer Industries Inc, Orchard Park, NY,
USA). The chest was entered via the 4t
intercostal space, sevoflurane was reduced to
2%, and a tourniquet was placed around the
descending aorta. Blood samples were drawn
through the LV apex before and after PVR for
calibration using a conductance catheter, and
blood gas was analyzed using ABL800 Flex
Medical ApS, Denmark). A
catheter-tip manometer (Millar Instruments,
Houston, TX, USA) and a conductance catheter

(Radiometer

(Unique Medical Co. Ltd, Tokyo, Japan) were
placed through the LV apex to record LV
PVR®31, Afterload was changed by constricting
the aortic tourniquet to develop both end-
systolic and end-diastolic PVR. Acute volume-
load was applied by acute intravenous infusion
of saline (10 ml/kg at a rate of 0.1 mL/sec) to

determine LV diastolic compliance. After

recording control PVR (Pre-Ml), the left anterior
descending artery (LAD) was ligated and PVR
was monitored for 10 min and recorded (Post-
MI). Either SG (SG) or saline (SL) infusion, or
CO (400 PPM) inhalation was started. After
one of these treatments, blood samples were
drawn, LV catheters were removed, and the
chest was closed in three layers. Then,
anesthesia was terminated, and the animal
was extubated and returned to the cage (Fig.
1A).

PEGylated Carboxyhemoglobin Bovine
(SANGUINATE)

SG was supplied by Prolong Pharmaceuticals,
LLC (South Plainfield, NJ, USA). Its
characteristics and pharmacokinetics were
reported elsewhere??®30. Briefly, SG is bovine
hemoglobin (Hb) bound to CO and modified
with polyethylene glycol (PEG), resulting in an
adduct with higher Og-affinity (PspO,=12
mmHg, Fig.1B) compared to that of red blood
cells (RBCs). The solution contains 3.7 = 0.1
g/dL of bovine Hb with a high fraction of
COHb (90.3 * 3.6%) and a low rate of metHb
(2.6 £ 0.7%). Because of the large amount

100 - SG SG + Whole Blood 08 - 0.08
P50, =12 mmHg 18 Hb 0.5 g/dL - ’
Plasma + \ Plasma +
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Figure 1.

B. SG (Ps0O2=12 mm Hg) may increase O, delivery to hypoxic tissue compared to RBC (Ps¢02=26 mm Hg).
C. SG 10 mLl/kg infusion increased Hb by about 0.5 g/dL, and in whole blood to 14.5 g/dL.

D. The plasma Oz content increased because of SG, where dissolved O; linearly increases with PO,.

E. The plasma CO content decreases slowly with increasing pO; and dissolves a little to plasma.
COHb is set at 3% for a simulation. Modified from Ref 30.

of Hb in RBCs, 10 mL/kg of SG administration
constitutes only 3.5% of Hb of the total in whole
blood (Fig. 1C), as it represents most of the
plasma Hb because there is little natural Hb in
plasma (< 40 mg/dL, Fig. 1D). Once SG is
intravenously infused, it releases CO and starts
binding and releasing O, and CO depending
on the surrounding O, and CO levels®. Naturally,
CO is poorly dissolved in plasma and is tightly
bound to Hb in the form of COHb. SG is removed
from the circulation and is metabolized by the
reticuloendothelial system, similar to RBCs, with
an intravascular half-life of 12 hours in rats?2-3°,
The amount of SG in whole blood was
approximated as the plasma Hb, determined
after centrifugation at 7000 G for 5 min.

Treatments and Follow-Ups

The first dose, 10 min after MI, either of SG or
saline (10 mL/kg) was infused via a catheter in
the tail vein at a rate of 0.5 mL/min in the same
manner as in our study®*®. CO (400 ppm) was
inhaled for 5 min by the same schedule (Fig.
1A). The treatment was repeated daily for 3
days at roughly 24-hour intervals, 4 doses in
total. Repeated PVR and LV sampling (Fig. 1A)
were carried out in different sets of animals 4
days (4d) and 4 weeks (4w) after Ml when rats
were anesthetized, intubated, and the chest
was opened via the initial incision either to record

repeated PVR, or for myocardial sampling.

LV sampling, RNA extract, and Real-time PCR

The heart was perfused with 100 mL of saline
via the apex, and the LV was excised for PCR

to the infarcted area (infarct), surrounding
area (penumbra) and intact myocardium of the
posterior wall between the pupillary muscles.
The samples were minced in RNA-stabilizing
solution (RNAlater, Thermo Fisher, Vilnius,
Lithuania) and frozen at -80°C until real-time
PCR analysis. Total RNA was extracted from
cardiac muscular tissue using the NucleoSpin
RNA kit (Macherey-Nagel, Duren, Germany)
according to the manufacturer’s instructions.
Total RNA extracts were reverse transcribed
using random primers and a QuantiTect
Reverse Transcription kit (QIAGEN, Valencia,
CA, USA) according to the manufacturer’s
instructions. Real-time PCR was performed
using a LightCycler Quick System 350S (Roche
Diagnostics, Indianapolis, IN, USA) with
THUNDERBIRD SYBR gPCR Mix (Toyobo,
Osaka, Japan). Hemoxigenase-1 (HO-1), hypoxia
inducible factor 1-a (HIF-1a), NAD(P)H Quinone
Dehydrogenase-1 (Ngo-1) and transcription
factor NF-E2-related factor 2 (Nrf2) were
determined as antioxidant genes. As
inflammatory response, chemokines or cytokines
such as CXC or CCL2 were determined. As
apoptosis-related factors, Bcl-2-associated X
protein (Bax), Caspase 3 (CAP3) and nitric oxide
synthase (NOS)were determined. As the index
of myocardial damage, heat-shock protein 90
(Hsp?0AA1), nuclear factor kb1 (NFKb1) and
BNP were ascertained. Complement and
platelet activity were monitored in C3a receptor
1 (C3aR1). PCR sense and anti-sense primers
are listed in Supplement 2.
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Echocardiography

Under sevoflurane (2.5%) anesthesia,
echocardiography (Aloka Co. Ltd., Tokyo, Japan)
using a 3.5 MHz probe determined the LV
end-diastolic dimension (LVDD) and end-systolic
dimension (LVSD), and fractional shortening
(%FS) was defined as (LVDD-LVSD)/ LVDD x
100. These measurements were repeated
prior to the study (Pre) and weekly thereafter

for four weeks after Ml (4w).

Morphological Studies

The LV was excised and sliced at 2 mm
thickness using a brain slicer, immersed in 4%
paraformaldehyde and preserved overnight,
then sliced into cross-sectional planes. These
slices were stained with hematoxylin and
(H&E), and IHC
performed using antibodies (Supplement 3) to
detect the

eosin analyses were

presence of  myoglobin,
macrophages with Ibal, bovine Hb, HO-1,
HIF-1a, tumor necrosis factor a (TNFa),
vascular endothelial growth factor (VEGF) and
platelet-derived growth factor receptor B
(PDGFRB). In six additional rats, the whole
heart was submitted to morphological studies
with double and triple IHC staining to detect
cytoplasmic or extracellular deposition of
cytokines. The loss of myoglobin was
considered a sign of fibrosis and was calculated
individually. These measurements were averaged
for each group and compared between groups.

Statistics

All data are expressed as mean = SE. Statistical
analysis was performed with GraphPad Prism for
Windows, version 6.0 (GraphPad Software, San
Diego, CA, USA). Differences among treatment

groups were examined by Student t-test,

Kruskal-Wallis test and Mann-Whitney-U test.
A p value < 0.05 was considered statistically

significant.

RESULTS

Effects on blood after SG infusion or CO
inhalation

Intravenous SG (10 mlL/kg) infusion and CO
(400 ppm) inhalation for 5 min increased the
arterial COHb fraction to 9.7 = 0.2% (SG) and
10.0 £ 0.7% (CO), respectively, and then
rapidly decreased to 5.6 + 0.1% at 3 hours
when the fraction was no longer statistically
higher than that of untreated rats (Fig 2A).
Between the groups the changes were similar
in the other arterial blood components,
including the total content of O, (tcO,), total
Hb (tHb), and plasma lactate (Fig. 2A). The
fractions of O,Hb, metHb and reduced Hb
underwent similar changes among the groups
and returned to pre-infusion level 3 hours later,
as did COHb. Plasma lactate levels and arterial
blood pH remained steady and comparable
between treatments with SG and CO (Fig. 2B).
In contrast, plasma Hb elevated over 600
mg/dL, stayed at over 500 mg/dL for the first
3 hours, and remained over 200 mg/dL for the
initial 24 hours (Fig. 2C), which was higher
than the plasma Hb before medication (32 +
4 mg/dL).
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Figure 2. The infusion of SG (black lines) and CO inhalation (bright lines) changed total content of Oz (tcO2),
total Hb (tHb), COHb (%), and plasma lactate similarly, and returned to baseline in 3 hours (A). There was no
difference in plasma pH (B). In contrast, plasma Hb increased only after SG over 500 mg/dL for 3 hours and over

150 mg/dL for 24 hours (C).
Myocardial In-Situ Real-Time PCR Analyses

The mRNA expression levels of IL-1b, IL-6 and
IL-10 were significantly suppressed both in the

damaged area (infarct+penumbra) and in the
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intact myocardium in CO rats than in SG or SL
(Fig. 3A). In contrast, differences in HO-1, HO-
2, NOS2 or NOS3 were not significant in the
damaged or intact myocardium among the
treatment groups (Fig. 3B).

B

wll iﬁg liﬁ
al
NI

Figure 3. A.The mRNA levels of IL-1b, IL-6 and IL-10 in CO were significantly reduced in the damaged (upper
panel) and in the intact myocardium (lower panel) compared to SG or SL. B. In contrast, differences in HO-1,
HO-2, NOS2, or NOS3 were not significant in the damaged (upper panel) or intact myocardium (lower panel)

among the groups. Asterisks depict p< 0.05

Differences in gene expression were observed
mainly in the damaged area (Fig. 3C). The mRNA
expression levels of antioxidant transcriptional
master regulator Nrf2 and antioxidant gene
Ngo-1 were significantly suppressed in SG
(black bars) in the damaged area, where SL
(gray bars) and CO (bright bars) rats showed
similar trends against SG in HIF-1a, Cxcr3,

Caspase 3, and BNP (Fig. 3C). The intact
myocardium between papillary muscles showed
no significant difference in the other genes
tested among the treatment groups (not shown
as Figures), making the damage / intact ratio
(Fig. 3D) suppressed in CCL2, Hsp90AAT, TNF,
NFKb1, and C3aR1, resulting in significant
reduction in BAX and BNP expression in SG.
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Figure 3C. In the damaged area, infarct and penumbra, (C), SG (black bars) had reduced expression than in
SL (gray bars) or CO (bright bars). In contrast, CO showed a similar trend with SL except for BNP.
Asterisks depict p<0.05.

D Infarct + Penumbra / Intact
e T N R E A
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Figure 3D. The expression ratio of the damaged area (infarct + penumbra) / intact myocardium showed
significant reduction in SG compared with SL or CO. In contrast, CO showed an enhanced expression similar to
those of SL in most of tested genes. Legend is the same as for Figure 3C. Asterisks depict p<0.05

Pressure-Volume Relationship Analyses dP/dt (Max-dP/dt) remained suppressed in SG
t d to SL or CO (*), with indi

There was no significant difference in cardiac rat compared 1o or (), with in .|ces

Lo . . . enhanced to the pre-MI level (#). These functional

indices immediately before and after induced

MI, such as stroke volume (SV), heart rate (HR),

cardiac output (CO), ejection fraction (EF),

indices, however, were mostly reversed 4 weeks
after Ml (4w), when SV, SW, max+dP/dt and

-dP/dt ignificantly bett d
stroke work (SW), or pressure-volume area (PVA), max were signticantly be er.preserv%a
and recovered to the pre-Ml levels in SG with
the same EDPVR and EDP compared to the

other treatment groups (*), which failed to

suggesting that these indices were suppressed
down to a comparable severity before treatments
(Fig. 4A, 0d). Four days after Ml and treatments
(4d), indices such as ESPVR, ESP, max-positive
dP/dt (Max+dP/dt) as well as max-negative

regain pre-Ml levels (#) 4w after Ml (Fig. 4B).
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Figure 4. There was no significant difference in hemodynamic indices immediately before and after induced
Ml before treatments among groups on Day 0 (Od) and on Day 4 (4d). While ESPVR, ESP, max+dP/dt, and max-
dP/dt were significantly suppressed 4 days after Ml in SG rats (4d), these variables were mostly reversed and
better preserved in SG rats 4w after Ml (4w). SG: black lines, SL: gray lines, CO: bright lines. Asterisks (*) indicate
p< 0.05 in the particular group against the other groups. Hash tags (#) depict p <0.05 against pre-MI value.

Echocardiographic Follow-Up the treatment groups against no Ml control (#,
Fig. 5). While LV dimensions remained rather
stable thereafter in SG rats, LVSD kept
increasing in SL and CO rats, rendering further
LV dilatation and dysfunction in FS and EF at
2 weeks and thereafter against SG rats (*).

Echocardiography recorded before (Pre) and
1 week after MI (1w) showed significant
increase in LV dimensions, resulting in severe
reduction in LV contraction as measured in FS
and EF with no significant difference among

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4810 8



https://esmed.org/MRA/mra

Medical

Research
Archives Carboxyhemoglobin Particle Infusion, but not Carbon Monoxide Inhalation
LVDD (mm) LVDS (mm) FS (%) EF (%)
100 -
8
80 -
6 4
4 60
4 ,
40
2 .
20 -
05G0OSLOCO ONC @®SGOSLOCOONC @3GOSLOCO ONC @5GOSLOCO ONC
0 — 0 : 10 —————0 "
Pre 1w 2w 3w 4w Pre 1w 2w 3w 4w Pre 1w 2w 3w 4w Pre 1w 2w 3w 4w

Fig.5. UCG follow-up showed no difference until 1 week after MI. Thereafter, SG rat kept LV size compared to
SL or CO, where LVDD and LVSD kept increasing, to make a significant difference in FS 2 weeks and later. *

p<0.05 against SG. # p<0.05 against no Ml control (NC)

Pathohistological and IHC Studies

The representative macroscopic LV cross-
section (left panels) 4 days after Ml demarcated
the area of infarction (Fig. 6A), which was
stained with H&E (middle panels) and Iba
(right panels) for the presence of macrophages
in the same slice for SL (upper panels) and SG
rat (lower panels). In the infarcted area and

SL

SG

penumbra, there were losses of myoglobin
and patchy infiltrating cells, which were largely
(Fig. 6B)
(Supplemental Fig. B). In the other set of animals
4 weeks after Ml (Fig. 6C), the fraction of loss
of myoglobin was significantly suppressed in rats
treated with SG (black bar) as compared to the

Ibal-positive  macrophages

rats treated with saline (SL, gray bar) or CO
inhalation (CO, bright bar) (Supplemental Fig. A).

Figure 6.The representative macroscopic LV cross-section (left panels) 4 days after Ml demarcated the area of
infarction, which was stained with H&E (middle panels) and Iba1 (right panels) for the presence of macrophages
in the same slice for SL (upper panels) and SG rats (lower panels).
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Fig. 6. B. IHC staining for myoglobin (red), Iba1 (green), and DAPI (blue) showed the intact myocardium (left)
with little cellular infiltration and infarct (right) with reduced myocardium and infiltrating Ibal-positive
macrophages. C (Supplemental Fig. B). The fraction of loss of myoglobin (Supplemental Fig. A) 4 weeks after
Ml was significantly suppressed in rats treated with SG (black bar) compared to the rats treated with SL (gray
bar) or CO inhalation (bright bar). Asterisks (*) depict p< 0.05.

DISCUSSION

Exogenous CO application and Endogenous
CO Behavior

Based on studies of exogenous CO distribution
and excretion®3, inhaled CO linearly increased
intravascular COHb®3* and decreased after
cessation of inhalation as a multi-compartment
model. In the current study, COHb was
arbitrarily set at 10% to compare with SG
infusion®. In contrast, selective depletion of
endogenous CO induced HO-1 to maintain
the CO level constant as intravascular ferrous/
ferric homeostasis®*. While 10% of COHb may
seem to be low like after smoking a cigarette®,
the in-situ expression of IL-1b, IL-6, and IL-10
in CO rats was significantly suppressed in the
infarcted as well as intact myocardium (Fig.
3A), as was reported in the airway'""?%.
Nonetheless, the COHb level was much lower
than that employed in
applications, 18%, and 26% to 39%°, where
the addition of CO to Hb vesicle® or RBC338
was reported to be lifesaving after induced

other systemic

hemorrhage and transfusion. Typical of such

condition were hemorrhage and transfusion,

regarding which Natanson at al® reported
increased incidence of MI and death over
controls in clinical trials testing five different
cell-free HBOCs. The addition of CO to MP4,
one of the five, reduced the Ml size in rats with
a COHb fraction of 7.6% or lower*. As such, in
addition to CO or antioxidant property, it is
important to possess O, carrying capability®
to treat blood loss, and hemolytic as well as
anemic conditions such as hemorrhage3*%,
cerebral malaria®® and sickle cell disease®.
While the effect of COHb over 30% was
experimentally studied*, such increase in
COHb would not ameliorate, but rather
jeopardize the myocardium, primarily by a
reduction of O, delivery to the myocardium as
an end-organ®, and secondarily by an autonomic
response to compensate for reduced O,
delivery??2343  resulting in  hemodynamic
instability and finally premature cardiac death
from CO intoxication®**“*. Although SG and
CO treatment induced a comparable COHb
level that releases CO to stabilize intravascular
free-heme®®, the differences result from the
presence of plasma Hb particles, SG%% or
HBOCs**, delivering O, or CO to ameliorate
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hypoxic responses” regardless of peripheral
perfusion status, such as in a pathologic
condition®®, ischemia and/or re-perfusion?
27 or infarction®#°. Such difference may be
acquired from improved microcirculation by
HBOCs***Y rather than from RBC after CO

inhalation.
In-situ Myocardial Gene Expression

The reason for the effects of CO inhalation
limited only on IL-1b, IL-6 and IL-10 (Fig. 3A)
is not clear, but they might have been derived
from the direct and local exposure to the
airways'"3% [ike those from CO-releasing
molecules®®. The absence of differences in
HO-1, HO-2, NOS2 and NOS3>"*2 may suggest
that there is little difference in Hb catabolism®
or NO metabolism® among the groups (Fig.
3B). Instead, Nrf2, Ngo-1 and HIF-1a were
significantly suppressed only in SG rat,
suggesting that the myocardial protection by
SG might not pass along the CO/HO axis'*>>
but rather via the reduced oxidative stress®>
and attenuated hypoxic responses®’ with aerobic
energy metabolism, which were reported to
be providing cardiac energetics?® and fatigue
resistance in the skeletal muscle'®. Thus, the
expression of HIF-1a gene in the infarct (Fig.
3C) was reduced in SG, suggesting that
hypoxic signal transduction was attenuated as
reported under
hypoxia treated with LEH*4¢1 As a result,

in various tissue/organs

cytokines® in response to MI, such as CCL¥ 6364
and CXCR3¢%, were significantly attenuated
in SG compared to in SL or CO. These pro-
inflammatory genes were transduced to
regulators, such as HSP90aa1¢%8, TNFa,
NFkb*’%"", and pro-apoptotic genes’?, including
BAX’3 and CASP37“. In addition, complement
activation”® was significantly suppressed only

in the damaged myocardium of SG rats (Fig.
3C). As described above, the significant changes
in in-situ gene expression after SG treatment
were mostly anti-oxidative®, anti-inflammatory*4,
and anti-apoptotic®”, with reduced BNP (4d)
resulting in improved heart repair late after Ml
(Aw)®?.

Myocardial Function and LV Dimensions

There was no significant difference in
hemodynamic variables immediately before
and after the induction of MI (Fig. 4A),
suggesting that M| was induced at a similar
severity among the treatment groups. After
repeated treatments (4d), hemodynamic
variables such as SV, HR, and CO were
comparable among the treatment groups®-%,
while LV indices of contraction (max+eP/dt)
and relaxation (max-dP/dt) were enhanced to
pre-Ml level, reflecting the idioventricular and
neurohumoral activation of myocardium in SL
and CO rats?'?*, Such exaggeration early after
MI (4d) was considered as a compensatory
mechanism?'?* for reduced cardiac output at
the cost of myocardial hyperactivation, which
would result in more damage as simultaneously
observed in the enhanced pro-inflammatory
and pro-apoptotic genes with elevated BNP
production (Fig. 3b). In contrast, the SG rat
had max+dP/dt and max-dP/dt, and ESP?124
remained suppressed as the immediate post-
Ml level?*? (#), which made a significant
difference from SL or CO treatments (*). A
similar relationship was observed early after
ischemia treated with LEH’®,

where SV and EF remained reduced compared

myocardial

to control rats. While such myocardial changes
were not apparent in hemodynamics, LV size
or function by UCG until 2 weeks after MI, the
end-systolic rather than the end-diastolic
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dimension became progressively increased
thereafter in SL and CO, creating a significant
difference against SG rat. As a result, the early
differences (4d) were mostly reversed 4 weeks
after MI, as in our previous observation late
after MI*0.

Limitations

The current cross-sectional study was carried
out to explore the mechanism(s) of action;
real-time PCR detects mRNA signaling at the
exact sampling time and location, which is
considered to reflect the real-time hemodynamic

needs that cardiac

r]21—23‘

were realized by
compensation via neurohumoral regulatio
Since the link is plausible but still speculative,
further study is necessary to clarify the
causative relationship. In this regard, Bax and
Casp3 gene expressions may be timely and
suitable for monitoring apoptotic activity at
the same time (4d), since their frequency was
reported to shift from the penumbra early
after MI, to involve even the intact myocardium
4 weeks after MI’2. The same was true in
histological changes (Supplemental Fig. A-B),
which lag the relationship between gene
signaling and myocardial function. Although
such cardiac compensation and evolution of
apoptosis could conceal the hemodynamic
difference early after Ml, it became obvious in
the LV dilatation and dysfunction by UCG and
loss of myoglobin beyond the acute phase of
MI as observed in the previous® and current
studies.

CONCLUSION

The results collectively suggest that repeated
SG infusion, but not CO inhalation, early after
Ml attenuated, rather than enhanced, cardiac
contraction and relaxation, when PCR showed
significant reduction in antioxidant transcriptional
(Nrf2), its
antioxidant response genes (Nqo-1), pro-

master regulator downstream
inflammatory factors, hypoxic signal mediators,
complement activator and pro-apoptosis
genes with less myocardial damage 4 days
after MI. These changes were considered to
originate from plasma Hb particles or HBOCs
and result in preserved LV function and
reduced loss of myoglobin 4 weeks after MI.
Further studies are needed to explore the
exact mechanism(s) and dose and timing of its
administration for myocardial ischemia and/or

infarction.
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SUPPLEMENTAL FIGURES

Figure A. IHC Staining for Myoglobin

Myoglobin Myoglobin

50 um 100 um

Figure A

The H&E (upper panels) and IHC staining for myoglobin (lower panels) of infarcted myocardium
are shown in the same slice (left panels) in a high magnification and in a low magnification (right
panels). While H&E staining makes it difficult to identify viable cardiomyocytes, IHC staining
clearly demarcates viable myocardium.

Figure B

Figure B. Dual IHC staining for Ibal and CD206
In the infarcted myocardium of a SG rat (4d) stained for Iba1 (left), CD206 (middle), and merge
(right) showed that most of the Iba1-positive cells were also positive for CD206, suggesting that

infiltrating cells were mostly CD206-positive, type-2 macrophages’®. Length of bar is 20 pm.
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SUPPLEMENTS

Supplement 1. Abbreviations in Alphabetical Order
BAX Bcl-2-associated X protein
BNP Brain-type Natriuretic Peptide
C3aR1 Complement C3a receptor 1 (C3ar1), mRNA
Casp 3 Caspase 3
CCL2 C-C motif chemokine ligand 2 (Ccl2), mRNA
Clec3a C-type lectin domain family 3, member A (Clec3a), mRNA
COHb Fraction of carboxy-Hb (%)
EDP End-diastolic pressure (mmHg)
EDPVR End-diastolic pressure-volume relationship
ESP End-systolic pressure (mmHg)
ESPVR End-systolic pressure-volume relationship
FS LV Fractional Shortning (%)
H&E hematoxylin and eosin
HBOCs Hemoglobin-based Oxygen Carriers
HIF-1a hypoxia inducible factor 1-a
HO-1 Heme Oxygenase 1
HO-2 Heme oxygenase 2 (Hmox2), transcript variant 1, mRNA
Hsp90AA1 Heat shock protein 90, alpha (cytosolic), class A member 1, mRNA
Iba1 lonized calcium-binding adapter molecule 1
IHC Immunohistochemical
LvDD LV end-diastolic dimension (mm)
LVSD LV end-systolic dimension (mm)
Max+dP/dt  Max positive dP/dt (mmHg/mL)
Max-dP/dt  Max negative dP/dt (nmHg/mL)
MetHb Fraction of Met-Hb (%)
MI Myocardial infarction
NFKb1 Nuclear factor kappa B subunit 1, mRNA
NOS3 Nitric oxide synthase 3, mRNA
Nqgo-1 NAD(P)H Quinone Dehydrogenase-1
Nrf2 Transcription factor NF-E2-related factor 2
O.Hb Fraction of Oxygen-Hb (%)
Ps0O» The partial pressure of O, where half of hemoglobin is oxygenated
PCR Polymerase-chain reaction
PDGFRB Platelet-derived growth factor receptor B
PEG Polyethylene glycol
PVR Pressure-volume relationship
RBC Red blood cells
SG Sanguinate® PEGylated Carboxyhemoglobin Bovine
SV Stroke volume (uL)
tHb Total Hb (g/dL)
TNFa Tumor necrosis factor a
VEGF Vascular endothelial growth factor
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Supplement 2. List of PCR primers used in the current study

B-actin
Bax
BNP
C3arl
Caspase 3
CCL2
Clec3a
Cxcr3
HIF-1a
Hmox-2
Hmox-1
Hsp90AA1
IL-10
IL-1b
IL-6
NFKb1
NOS2
NOS3
Ngo-1
Nrf2
TNF

Sense Primer
AGCCATGTACGTAGCCATCC
AGGATCGAGCAGAGAGGATG
CTGGGAAGTCCTAGCCAGTCT
ATCAGTCCTGGAGCCTTCTG
GAAACCTCCGTGGATTCAAA
AGCATCCACGTGCTGTCTC
ATGCCTTGAAGGAAATGCAA
AAGCAGGCAGCACGAGAC
TGCTCATCAGTTGCCACTTC
TGAAAGGAAACATTAAGAAGGAGCTA
AGCATGTCCCAGGATTTGTC
TTCTGCCAAGATGCCTGAG
AGTGGAGCAGGTGAAGAATGA

TGTGATGAAAGACGGCACAC

AGAGCAATACTGAAACCCTAGTTCA
TCATCAACATGAGAAACGATCTG
GCCCAGAGTCTCTAGACCTCAA
TGACCCTCACCGATACAACA
CGCAGAGAGGACATCATTCA
GCAACTCCAGAAGGAACAGG
CGTAGCCCACGTCGTAGC

Antisense Primer
CTCTCAGCTGTGGTGGTGAA
AAACATGTCAGCTGCCACAC
GTCTATCTTCTGCCCAAAGCAG
AGGCCGTGAGTGTAGGTCAG
TAGCTGCATCGACATCGGTA
GATCATCTTGCCAGTGAATGAG
TATGAACTTTGGTGCCTCGAA
GGCATCTAGCACTTGACGTTC
CCATCCAGGGCTTTCAGATA
TCCTCAAGGGCTGAGTATGTG
ACTGGGTTCTGCTTGTTTCG
AAGGCAAAGGTTTCGACCTC
CACGTAGGCTTCTATGCAGTTG

CTTCTTCTTTGGGTATTGTTTGG

AGGAGAGCATTGGAAGTTGG
CTCAGCAAGTCCTCCACCA
CATGGTGAACACGTTCTTGG
CGGGTGTCTAGATCCATGC
CGCCAGAGATGACTCAACAG
GGAATGTCTCTGCCAAAAGC
GGTTGTCTTTGAGATCCATGC
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Supplement 3. List of antibodies and chemicals used in the current study

Peptide / First Catalog No Species Raised in; Dilution
Protein antibody Manufacturer Monoclonal or Used
Target Providing the Antibody  Polyclonal
. Anti- .
Myoglobin . b77232, Abcam rabbit, monoclonal
myoglobin 1:150
Anti- .
Iba1 019-19741, Wako rabbit, polyclonal
lba1 1:500
Anti-
CD206 AF2535, D&D Systems goat, polyclonal
CD206 1:250
Anti-
PDGFRB ab32570, Abcam rabbit, monoclonal
PDGFRB 1:200
TNF-a Anti-TNFa 11948, Cell Signaling rabbit, monoclonal 1:200
HO-1 Anti-HO1 SMC-131, Stress Marq mouse, monoclonal 1:200
HIF-1a Anti-HIF1a  sc-13515, Santa Cruz mouse, monoclonal 1:200
VEGF Anti-VEGF  s¢-7269, Santa Cruz mouse, monoclonal 1:200
SG Anti-SG Prolong Pharmaceuticals rabbit, polyclonal 1:250
Second Dilution
. Catalog Number
antibody Used
Manufacturer
Alexa fluor ] A-11058, Molecular
donkey anti gooat
594 Probe 1:500
Alexa fluor )
donkey anti mouse ab150108, Abcam
594 1:500
Alexa fluor
! donkey anti mouse ab150105, Abcam
488 1:500
Alexa fl
exa fuor donkey anti rabbit A21206, Invitrogen
488 1:500
Alexa fluor ) ) )
donkey anti rabbit A21207, Invitrogen
594 1:500
Alexa fluor A-31573, Thermo
donkey anti rabbit .
647 Fisher 1:500
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