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ABSTRACT
BACKGROUND: Cardiovascular risk and therapy in immuno-
deficient patients is a challenge for cardiologists. T regulatory 
lymphocytes (Treg) are a subpopulation of T helper lymphocytes that 
plays an important role in post-ischemic cardiac remodeling. Nitric 
oxide (NO) plays a central role in vascular response to ischemic 
damage by decreasing microvascular resistance and is an important 
regulator of the immune system. The therapeutic effect of HO-1 
induction during cardiac ischemic damage has been studied but its 
effect in immunosuppressed mice remains to be tested. The aim of 
this study was to assess the beneficial role of HO-1 upregulation in 
attenuating cardiac remodeling after onset of myocardial infarction 
(MI) in immuno-suppressed mice. 
METHOD: Myocardial infarction was induced by LAD ligation in 
immunosuppressive (BALB SCID) mice. Mice comprised 4 groups: 
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sham, MI, MI treated with the HO-1 inducer cobalt protoporphyrin 
(CoPP) with and without HO activity inhibitor, tin mesoporphyrin 
(SnMP). 
RESULTS: Mice with MI had increased levels of inflammatory 
cytokines, myocardial fibrosis and myocyte death (p<0.05) as 
compared to control animals. Left ventricle end diastolic area (EDA) 
was reduced and fractional area change (FAC) and angiogenesis was 
increased (p<0.01) in CoPP-treated mice compared to the MI group. 
Inflammation, cardiac iNOS expression, myocardial cell death and 
fibrosis were reduced in CoPP treated animals as a result of increased 
bilirubin levels (p<0.05) serum nitrite levels were increased. Foxp3 
(marker of T regulatory cells), pAMPK, pAKT expression in cardiac 
tissues was increased in CoPP-treated animals. SnMP reversed these 
positive cardiac effects. 
CONCLUSION: This novel study suggests that Upregulation of 
HO-1 improves cardiac function and microvascular tone control 
after onset of MI in immuno-suppressed mice probably through an 
increase of NO bioavailability and bilirubin levels and a decrease in 
inflammatory cytokines.

© 2015 ACT. All rights reserved.

Key words: Immunodeficiency; HO-1; NO; MI; Cardiac function; 
Neoangiogenesis

Sodhi K, Pesce P, Stevens S, Getty M, Puri N, Favero G, Rezzani 
R, Hutcheson R, Sacerdoti D, Shapiro JI. Upregulation of Heme 
Oxygenase-1 Attenuates Ischemic Heart Myocyte Cell Death and 
Improves Heart Function in Immunosuppressed Mice. Journal of 
Cardiology and Therapy 2015; 2(2): 291-301 Available from: URL: 
http://www.ghrnet.org/index.php/jct/article/view/972

Abbreviations
3:-T : 3-Nitrotyrosine
Akt: Serine/threonine Protein Kinase 



bilirubin has also been shown to display cytoprotective properties in 
the cardiovascular system. In animal models of myocardial ischemia, 
over expression and/or pharmacological induction of HO-1 improved 
cardiac function and promoted neoangiogenesis[14,15]. However, 
little is known about the potential beneficial effects of HO-1 in 
immuno-suppressed animal models of myocardial infarction. There 
is evidence that HO-1 plays an immuno-modulative role although 
the underlying molecular mechanism remains unclear. Accumulated 
evidence supports an immunoregulatory function for HO-1 e.g. HO-1 
overexpression prevents graft rejection in organ transplantation by 
acting on the lymphocyte-mediated immune response[16-18]. These 
findings support the functional importance of HO-1 in immune 
regulation. 
    Immunodeficiency is related to an increased cardiovascular risk, 
especially in HIV infected individuals. Cardiovascular disease, 
and particularly coronary artery disease (CAD), is an emerging 
area of concern in the immune-suppressed population. A 50% 
increased risk for myocardial infarction (MI) has been observed 
in Western countries in HIV-infected patients as compared 
to the general population[19].  The pathophysiology of this 
accelerated atherosclerotic process is complex and multifactorial; 
numerous studies suggest a role of impaired immune response 
and chronic inflammation that leads to vascular dysfunction and 
atherothrombosis[20]. Lymphocyte mediated immune response 
together with inflammation and oxidative stress plays a central 
role in the pathogenesis of atherosclerotic plaque evolution and 
myocardial infarction[21]. Subjects with early clinical presentation of 
coronary artery disease are characterized by a lower T lymphocyte 
levels and an altered CD4/CD8 ratio[22]. The major decline in CD4 
count is associated with a marked increased risk of cardiovascular 
disease and death among HIV patients[23]. The role of different 
lymphocyte subpopulations in myocardial remodeling remains 
unclear. B lymphocytes, after myocardial ischemia, produce 
autoantibodies which are detrimental and contribute to autoimmunity 
and chronic heart failure, but B cell isotype IgM preserve ventricular 
function after ischemia reperfusion damage[24]. A subtype of T cells, 
regulatory T (Treg) cells, plays an important role in controlling 
both the innate and adaptive immune responses under physiological 
and pathological conditions[25,26]. The suppressive function of Treg 
cells is mediated through direct interaction with target cells and/or 
secretion of soluble factors such as interleukin-6 (IL-6)[25]. Treg cells 
also serve to protect against adverse ventricular remodeling and to 
improve cardiac function after MI via inhibition of inflammation and 
direct protection of cardiomyocytes[25]. This has led to the hypothesis 
that immunomodulation of the T lymphocyte immune response 
could improve post-ischemic cardiac remodeling.
    Nitric oxide (NO) signaling is involved in the genesis of 
myocardial and vascular damage and an altered expression of 
nitric oxide synthase (NOS) isoforms occurs in cardiovascular 
dysfunction[27-29]. Cao et al have reported that CoPP treatment 
improves both cardiac function and coronary flow in infarcted 
rats by blunting restoring eNOS/iNOS expression balance and 
increasing HO-1 levels[1]. Also NO is increasingly recognized as 
an important regulator of the immune system[30]. During immune 
responses, activated T cells, via cytokines and perhaps other factors, 
induce expression of iNOS in immunosuppressive cells[31,32]. NO 
or other reactive nitrogen species from iNOS in these cells inhibit 
proliferation of T cells. NO bioactivity from iNOS has also been 
shown to contribute to elimination of activated effector T cells in the 
contraction phase of immune responses, probably through increasing 
T cell apoptosis[33,34]. 
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AMPK: AMP-activated Protein Kinase
AWT: Anterior wall thickness
CoPP: Cobalt Protoporphyrin
CO: Carbon Monoxide
CAD: Coronary Artery Disease
EDA: End Diastolic Area
EDD: End Diastolic Diameter
ESA: End Systolic Area
ESD: End Systolic Diameter
EDV: End Diastolic Volume
ESV: End Systolic Volume
EF: Ejection Fraction 
ET: Ejection Time
eNOS: Endothelial Nitric Oxide Synthase
FAC: Fractional Area Change 
FAS: Fractional Area Shortening
Foxp3: Fordhead Box Protein P3
HO-1 : Heme Oxygenase Isozyme 1, inducible form
IL-6: Interleukin 6 
iNOS: Inducible Nitric Oxide Synthase  
IVCT: Isovolumetric Contraction Time
IVRT: Isovolumetric Relaxation Time
LAD: Left Anterior Descending
LV: Left Ventricle  
MI: Myocardial Infarction 
MPI: Myocardial Performance Index
NADPH: Nicotinamide Adenine Dinucleotide Phosphate (reduced 
form)
NO: Nitric Oxide
NOS: Nitric Oxide Synthase
peNOS: Phosphorylated Endothelial Nitric Oxide Synthase
PWT: Posterior Wall Thickness
ROS: Reactive Oxygen Species
SCID: Severe Combined Immunodeficiency 
SnMP: Tin Mesoporphyrin IX Dichloride
Treg: T Regulatory Cells
TNF α: Tumor Necrosis Factor-Alpha 
TXA2: Thromboxane A2

INTRODUCTION
Myocardial infarction (MI) is a life-threatening dynamic process 
initiating with coronary occlusion and frequently progressing 
towards chronic heart failure. Myocardial dysfunction and coronary 
macro/microvascular alterations are the hallmarks of cardiac failure 
and are ascribed to increased oxidative stress and altered nitric 
oxide synthase (NOS) activity[1]. Oxidative stress associated with 
deficient antioxidant systems has been reported to play a critical role 
in subcellular remodeling in patients with myocardial infarction. 
The heme-HO system, is one of the key defense mechanism 
against oxidative stress[2]. The effect of increased levels of HO-1 is 
attributable, in large part, to the degradation of heme from denatured 
heme protein to bilirubin/biliverdin, iron and carbon monoxide (CO)
[3-6]. 
    Bilirubin formation efficiently scavenges reactive oxygen species 
(ROS) and peroxyl radicals[7,8]. Bilirubin is a potent antioxidant and 
patients with Gilberts disease have elevated levels of bilirubin and 
do not develop cardiovascular disease[2,9]. Numerous reports indicate 
that a higher serum bilirubin is associated with a decrease in the risk 
for coronary artery disease, which was related to decrease in NADPH 
oxidase and enhancement of endothelial function[10-13]. HO-1-derived 



    In the present study we hypothesize that the increased expression 
of HO-1 attenuates cardiac dysfunction at least in part, through 
a NO mediated effect and via increase in bilirubin levels in 
immunosuppressed mice. Our novel study demonstrates the 
beneficial role of HO-1 Upregulation following coronary occlusion to 
benefit infarcted and remote territories, administered 5 days after the 
onset of cardiac remodeling, leading to improved cardiac function in 
immunosuppressed mice.

MATERIALS AND METHODS
Animal treatment
All animal studies were approved by the University of Toledo 
Animal Care and Use Committee in accordance with the National 
Institutes of Health Guidelines for Care and Use of Laboratory 
Animals. 32 BALB SCID (animals have reduced levels of B and T 
cells and 32 BALBc WT male mice) weighing 22-26 g at an age of 
8 to 10 weeks were purchased from Jackson laboratories[35]. BALB 
SCID mice carry a DNA repair defect in the rearrangement of genes 
that code for antigen-specific receptors on lymphocytes. SCID 
mice are characterized by an early in vivo destruction of T and B 
progenitors, absence of functional T and B cells, lymphopenia and 
hypogammaglobulinemia, but they have a normal hematopoietic 
microenvironment and normal antigen presenting cells. The 
hematopoietic microenvironment is responsible for “badly-
rearranged” lymphocyte progenitor destruction. Some SCID mice 
spontaneously develop partial immune reactivity and active T cells 
may be detected in a small number of animals which are considered 
“leaky”. SCID leakiness is highly strain dependent, increases with 
age, and is increased in mice housed under non-specific pathogen 
free conditions. In general, SCID leakiness is higher in animals 
with the BALB genetic background[35]. Mice were housed under 
SPF conditions in a single ventilated cage system, fed standard 
mouse chow and water ad libitum. SCID and WT mice were divided 
randomly into four groups: sham operated animals, MI mice and 
MI mice treated with an inducer of HO-1, CoPP, in the absence 
or presence of the HO activity inhibitor, SnMP. All MI animals 
underwent left anterior descending (LAD) artery ligation through the 
transthoracic approach. 5 days after surgery, CoPP was administered 
intraperitoneally every 5 days for three weeks at a concentration 
of 3 mg/kg body weight. SnMP was injected intraperitoneally, 3 
times a week at a dose of 20 mg/kg of body weight, for 2 weeks. 
All animal groups underwent echocardiography examination 30 
days after surgery and were sacrificed immediately. Euthanasia was 
accomplished with the delivery of 100% CO2 via a compressed gas 
cylinder.  Blood samples were collected in K3EDTA tubes at sacrifice 
and the plasma was separated. Samples were flash frozen in liquid 
nitrogen and maintained at -80℃ until assayed. 

Left anterior descending coronary artery ligation (LAD)
Animals were anesthetized using ketamine and xylazine (80 mg/Kg 
and 10 mg/Kg respectively), chest shaved, endotracheal intubated 
and ventilated with 100% oxygen and isoflurane (0.75% to 1.5%) 
at 180 breaths per minute using a MiniVent Mouse Ventilator (type 
845, Harvard Apparatus). A heating pad was used to maintain body 
temperature at 37℃. Under sterile conditions, a left thoracotomy 
was performed in the 3th intercostal space, the heart exposed and the 
pericardium opened. An 8.0 prolene ligature (Ethicon) was passed 
and tied around the proximal left coronary artery, just distal to the left 
atrial appendage border. Blanching of the anterolateral region of the 
left ventricle (LV) confirmed infarction. The chest was then closed 
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with a single 5.0 silk suture between the 3th and 4th ribs, the muscle 
layers were recomposed and the skin closed with continuous suture. 
After surgery, all mice were hydrated with saline and given analgesic, 
carprofen at the dose of 4 mg/Kg subcutaneously, for two days.  At 
the end of the surgery mice were housed for 24 hours in an incubator 
at 37℃ and then recovered in single cages and monitored twice a 
day for 7 days. Sham surgery was performed following the same 
procedure without coronary ligation.

Echocardiography
Transthoracic echocardiography was performed using a Siemens 
Acuson Sequoia echo machine with a 15 MHz linear probe. Animals 
had their chests shaved after being anesthetized with 3% isoflurane; 
temperature controlled anesthesia was maintained with 1.5% 
isoflurane. Two-dimensional cine loops and M-mode cine loops of a 
long-axis view and a short-axis view of the Left Ventricle (LV) were 
recorded. Anterior wall thickness (AWT), End Diastolic Diameter 
(EDD) and End Systolic Diameter (ESD) of LV, Posterior Wall 
Thickness (PWT), End Diastolic Area (EDA) and End Systolic Area 
(ESA) were measured from recorded cine-loop. M-mode cine loop 
of the aortic valve was recorded and Doppler analysis of LV flow 
was performed from the long axis B-mode image placing the sample 
volume in the LV, below the mitral annulus and Aortic Ejection Time 
(ET), Isovolumetric Contraction Time (IVCT) and Isovolumetric 
Relaxation Time (IVRT) were measured and Myocardial Performance 
Index (MPI) was calculated (MPI=IVCT+IVRT/ET). All mice were 
imaged by a single operator. Fractional Area Change (FAC) was 
determined with the formula: EDA-ESA/EDA. End diastolic volume 
(EDV), end systolic volumes (ESV) and ejection fraction (EF) 
were determined using the following simplified formulas: EDV= 
(3.14/6)*EDD*EDD*EDL, ESV=(3.14/6)*ESD*ESD*ESL and EF 
=(EDV-ESV)/EDV.

Histopathological analyses
Hearts were fixed in 4% paraformaldehyde and embedded in paraffin 
wax according to standard procedures and serial sections cut using 
a microtome (7 μm thickness). Embedded paraffin sections were 
deparafinized, rehydrated and finally stained with hematoxylin-eosin 
and Masson tricrome staining. In particular Masson tricrome staining 
showed collagen fibers in blue and cytoplasm in red. A minimum of 
20 fields for each slide was examined and evaluated for the presence 
of necrosis and inflammatory infiltration by two observers blinded to 
the treatments.

Immunohistochemistry analyses for CD31
Embedded sections were deparafinized, rehydrated and subjected 
to antigen retrieval in 0.05 M sodium citrate buffer (pH 6.0) in a 
microwave oven. Endogenous peroxidase activity was blocked by 
incubation with a solution of 3% hydrogen peroxide in methanol for 
30 minutes. The sections were then incubated with the appropriate 
normal serum (Vector Labs., Burlingame, CA, US) for 1 h and 
successively with rat monoclonal antibody against CD31 for 1 h at 
room temperature and overnight at 4℃. After incubation in primary 
antibody, the sections were sequentially incubated in the appropriate 
biotinylated immunoglobulins, avidin-biotin peroxidase complex 
(Vector Labs., Burlingame, CA, US) and in a solution of 0.05% 
3-3-diaminobenzidine tetrahydrochloride (Sigma Aldrich, St. Louis, 
MO, US) and 0.33% hydrogen peroxide. All sections were finally 
counterstained with hematoxylin, dehydrated and mounted. Control 
reactions were performed by omitting the primary antibody and with 
isotype-matched irrelevant IgGs as the negative control.



Quantitative analyses 
During quantitative analyses two observers blinded to the 
treatments computed blue staining for the Masson thricrome 
staining and immunopositivity for both immunohistochemistry and 
immunofluorescence. Digitally fixed images of the slices (×400 
magnification) were analyzed using an image analyzer (Image Pro 
Plus, Milan, Italy). The blue staining and the immunopositivity were 
calculated for arbitrary areas, measuring 20 random fields with the 
same area for each sample. The data were pooled to represent a mean 
value and a statistical analysis was applied to compare the results 
obtained from the different experimental groups. 

Western blot analysis of Cardiac tissue
Frozen Heart tissue was pulverized under liquid nitrogen and placed 
in a homogenization buffer comprising (mmol/L): 10 phosphate 
buffer, 250 sucrose, 1 EDTA, 0.1 PMSF and 0.1% v/v tergitol, pH 
7.5. Homogenates were centrifuged at 10,000 g for 10 minutes at 
4ºC. The supernatant was isolated and protein levels were assayed 
(Bradford Method).  The supernatant was used for the determination 
of HO-1, 3NT, pAKT, AKT, pAMPK, AMPK, iNOS, Fox p3, 
CD3 and TXA2. Immunoblotting was performed in heart tissue 
as previously described[36,37]. β Actin was used to ensure adequate 
sample loading for all Western blots.  

Cytokines measurements
The plasma levels of TNF-α, IL-6 were determined using an ELISA 
assay as previously described[36,38]. 

Serum Nitrite measurement
Serum nitrite was determined using an ELISA assay according to the 
manufacture’s protocol (Sigma Aldrich). Briefly, a nitrite standard 
solution was serially diluted (200-1.6 mM) in duplicate in a 96-well, 
flat-bottomed polystyrene microtitre plate (Polylab). The diluting 
medium was used as standard blank. After loading the plate with 
samples (100 mL), addition of VCl3 (100 mL) to each well was 
rapidly followed by addition of the Griess reagents, sulfonamide (100 
mL) and NED (100 mL). The absorbance at 540 nm was measured in 
a plate reader after incubation for 30 min in the dark.

Serum Bilirubin measurement
Bilirubin formation was determined, in an Aminco (Urbana, IL) DW-
2C spectrophotometer, by using the difference in absorption from 
460 to 530 mm. Blanks for the assay were prepared by adding HgCl2 
to a final concentration of 4mM in the complete assay mixture.

Statistical analysis
Data are expressed as mean±S.E.M. Significance of difference in 
mean values was determined using one-way analysis of variance 
followed by the Newman-Keul's post hoc test. P<0.05 was 
considered to be significant.

RESULTS
CoPP improves cardiac function in BALB SCID mice 30 days 
after MI 
BALBc WT and SCID mice were comparable with regard to age, 
body weight and heart rate at the moment of initial echocardiographic 
analysis. No significant difference in left ventricle morphology 
and function was found on the basal echo. In the MI group 30 days 
after LAD ligation the End Diastolic Area (EDA) was increased 
as a consequence of the dilatation of the left ventricle due to the 
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myocardial remodeling after ischemic damage (Figure 1 A, B and 
E; p<0.05) and Fractional Area Change (FAC) was reduced as 
consequence of the reduction of contractile function (Figure 1 F; 
p<0.05). Posterior wall thickness (PWT) was increased (p<0.05) 
as consequence of the reactive hypertrophy of the posterior wall. 
Moreover in the MI group the MPI, measured as an index of diastolic 
function, was reduced (Table 1; p< 0.05). After CoPP treatment the 
improvement of heart contractile function (FE, FAC) was significant 
as compared to MI group (Table 1, Figure 1 C and F; respectively 
p<0.05 and p<0.01). SnMP reversed the effect of CoPP on left 
ventricle dilatation and systolic function (Figure 1 D, E and F). The 
treatment with SnMP reversed the effect of CoPP on FAS and EDA 
levels (p<0.05). However, the dilatation of the left ventricle and the 
depression of heart function were more evident in SCID than in WT 
mice (S1 A and B). After treatment with CoPP the improvement 
of heart function was significant in both strain but more evident in 
SCID mice as if the immunosuppressive strain was more sensitive to 
the effect of HO-1 induction. The treatment with SnMP reversed the 
effect of CoPP on FAS and EDA in both strains; this effect of SnMP 
was more evident in SCID mice (p<0.05).

CoPP decreases Cardiac necrosis and fibrosis in BALB SCID 
mice 30 days after MI 
In MI mice myocardial cell necrosis and lysis and inflammatory cells 
that had breached the myocardial cell death and necrotic area (Figure 
2 A) were evident. CoPP-treated mice had a myocardial morphology 
comparable to control mice (Figure 2B, a and c); while SnMP- 
treated mice had a morphology similar to that of MI mice. (Figure 
2B, b and d).
    Histopathological examination of cardiac tissue (Figure 2B, a 
and b) revealed that collagen deposition was higher in hearts of 
MI mice as compared to the sham operated animals (Figure 2 a 
and b respectively; p<0.05). CoPP decreased myocardial cell death 
and fibrosis as compared with MI animals and the concurrent 
administration of SnMP increased cell death, collagen deposition to 
the levels of the MI mice (Figure 2B, c and d; p<0.05). 

Body weight (g)   
Heart rate (bpm)                
EDA (cm)                                        
ESA (cm)                                      
EDD (cm)                                    
ESD (cm)             
PWT (cm)            
AWT (cm)           
FAC                  
EF                       
ET (msec)
IVCT+IVRT 
(msec)
MPI

Table 1 SCID mice: in vivo heart measurements by echocardiography 30 
days after LAD.

SHAM 
(n=8)
27.4±2.8
421±52
0.15±0.02
0.1±0.01
0.036±0.03
0.25±0.02
0.070±0.008§
0.070±0.008§##
0.34±0.04§
0.60±0.06§
59.2±6.5§

17.4±4.2§§

0.29±0.08§

MI  
(n=6)
27.8±2.2
412±93
0.19±0.02**##
0.14±0.02**##
0.39±0.04**##
0.3±0.04**##
0.08±0.01*#
0.053±0.013**
0.24±0.04**##
0.46±0.1**#
59.6±6.3§

27.6±12.7*

0.47±0.2*

MI+CoPP 
(n=6)
26±1
419±93
0.14±0.01§
0.1±0.01§
0.36±0.01§
0.26±0.01
0.064±0.01§
0.048±0.005**
0.34±0.03§§
0.57±0.06
55±6§§

19.6±4.8§

0.35±0.09

MI+CoPP+
SnMP (n=5)
25±0.8
355±22
0.17±0.01#
0.12±0.01#
0.39±0.03#
0.28±0.04
0.082±0.01*#
0.051±0.005*
0.27±0.01**##
0.52±0.04 *
66.7±4.7

26.5±2.3

0.40±0.05
Values are expressed as mean±SD; n=number of animals tested; p<0.05 
and **p<0.01 vs sham; #p<0.05 and ##p< 0.01 vs CoPP-treated group; 
§p<0.05 and §§p<0.01 vs CoPP+SnMP group.
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CoPP increases Capillary density in BALB SCID mice 30 days 
after MI 
CD31 immunohistochemistry of cardiac tissue revealed a reduction 
in capillary density in the hearts of MI mice as compared to the sham 
operated animals (Figure 3 A and B; p<0.05). CoPP increased the 
capillary density as compared to MI mice while SnMP reduced the 
beneficial effects of CoPP treatment to levels similar to those found 
in the MI mice (Figure 3 C and D; p< 0.05).

Effect of CoPP on HO-1 and 3NT expression in BALB SCID 
mice 30 days after MI
Western blot analysis of HO-1 in cardiac tissue, normalized against 
actin, showed a decrease in HO-1 expression in the SCID MI group. 
CoPP increased HO-1 expression in SCID mice (Figure 4A; p<0.05).  
In addition, SnMP also increased HO-1 expression confirming 
previous results. These findings are not surprising as SnMP, which 
induced a significant increase in HO-1 expression, is a potent 
inhibitor of HO activity, as shown previously[4,39,40] and thus prevents 
heme degradation and inhibits formation of HO products i.e. CO and 
bilirubin. Further our results showed that in WT mice the increase 
in HO-1 expression was less than SCID mice after treatment with 
CoPP (S2) suggesting that the immunosuppressive strain was more 
sensitive to the effect of HO-1 induction. 3NT, a marker of oxidative 
stress, was increased in the SCID MI group when compared to the 
sham group. CoPP reduced cardiac expression of 3NT (Figure 4B; 

p<0.05). The concurrent administration of SnMP increased the 
expression of 3NT to levels comparable to MI mice (p<0.05). 

CoPP decreases plasma inflammatory cytokines in BALB SCID 
mice 30 days after MI 
Systemic inflammation was examined by the measurement of 
circulating inflammatory markers IL-6 and TNFα. Plasma IL-6 
(Figure 4C) and TNFα (Figure 4D) were both increased in MI mice 
as compared to the sham group (p<0.05). The administration of 
CoPP 5 days after the MI decreased inflammation and this effect 
was reversed by SnMP (p<0.05). Further, our results showed that 
SCID mice have an increased basal production of cytokines despite 
a decreased lymphocyte expression as compared to WT mice (S3 B 
and C). After treatment with CoPP the decrease in IL-6 was 51% in 
SCID mice with MI as compared to WT mice (33% decrease with 
CoPP treatment; Figure 5C). Similarly after CoPP treatment in SCID 
mice with MI, the levels of TNFα was decreased by 34% (Figure 5D) 
as compared to 21% decrease in WT mice with MI and treated with 
CoPP (Figure S3; p<0.05); suggesting the immunosuppressive strain 
was more sensitive to the effect of HO-1 induction as compared to 
the WT mice. The treatment with SnMP reversed the effect of CoPP 
on cytokines level in both strains; this effect of SnMP was more 
evident in SCID mice (p<0.05); further suggesting that the beneficial 
role of HO-1 induction on SCID mice is probably due to an increase 
in Treg cells and decrease in cytokines levels.
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Effect of CoPP on serum nitrite, serum bilirubin and cardiac 
iNOS, peNOS expression in BALB SCID mice 30 days after MI 
Serum nitrite used as an indicator of NO production, (Figure 5A) 
was decreased in SCID MI mice as compared to the sham group 
(p<0.05). The administration of CoPP 5 days after the MI increased 
serum nitrite levels, and this beneficial effect of CoPP was reversed 
by administration of SnMP (p<0.05). We measured serum bilirubin 
levels, a byproduct of heme degradation by HO-1, and our results 
showed that bilirubin levels followed the similar pattern as HO-1 
expression. Serum bilirubin level was decreased in MI group as 
compared to the sham group (Figure 5B). CoPP increased the 
bilirubin level as compared to MI mice while SnMP reduced the 
beneficial effects of CoPP treatment to levels similar to those found 
in the MI mice (p<0.05; Figure 5B). Further our results showed 
that Cardiac iNOS was increased (p<0.05) in the MI group when 
compared to the sham group. CoPP reduced significantly cardiac 
expression of iNOS (Figure 5C). SnMP increased the expression of 
iNOS (p<0.05). In concordance with our hypothesis, cardiac tissue 
showed a decrease in the peNOS/eNOS ratio (Figure 5D; p<0.05) 
in the MI group as compared to the sham group. CoPP (p<0.05) 
increased peNOS expression and SnMP reversed this beneficial 
effect of CoPP. Therefore our results showed that CoPP increased 
NO bioavailability, restoring the balance of cardiac eNOS and iNOS 
isoforms and the redox state.

Effect of CoPP on pAMPK, pAKT and TxA2 expression in 
BALB SCID mice 30 days after MI  
Western blot analysis of cardiac tissue showed a decrease in 
the pAMPK/AMPK and pAKT/AKT ratios (Figure 6 A and B 
respectively; p<0.05) in the MI group as compared to the sham 
group. CoPP (p<0.05) increased the phosphorylated form of both 
pAMPK and pAKT and this effect was reversed by SnMP. Cardiac 
TXA2, a marker of local inflammation, was increased (p<0.05) in 
the MI group when compared to the sham group. CoPP reduced 
cardiac expression of TXA2 (Figure 6C; p<0.05). SnMP increased 
the expression of TXA2 (p<0.05). Further, our results showed that 
SCID mice have an increased basal expression of TXA2 as compared 
to the WT mice (Figure 6C and S3 A respectively). After treatment 
with CoPP the decrease in TXA2 was 2 fold in SCID mice with MI 
as compared to WT mice (1.1 fold decrease with CoPP treatment; 
Figure 6C and S3 A respectively); suggesting the immunosuppressive 
strain was more sensitive to the effect of HO-1 induction as compared 
to the WT mice.

CoPP increases T regulatory cells in BALB SCID mice 30 days 
after MI 
Fordhead box protein P3 (FoxP3) is a key marker for CD4+ 
regulatory T cells and was used to identify T reg cells by western blot 
analysis. There was no difference between the sham and MI groups. 
T reg lymphocytes were increased in CoPP treated mice compared to 
sham and MI groups while SnMP treatment reversed the CoPP effect 
(Figure 7; p<0.05).
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T-lymphocyte immunosuppression[46,47]. In our study cardiac TXA2 
production was increased in the hearts of the SCID MI group, as if 
the lack of immune cells was counterbalanced by an increased local 
production of pro-inflammatory cytokines, thereby demonstrating 
a probable relationship between TXA2 production and lymphocyte 
immunosuppression.  Inflammatory and fibrotic processes lead, not 
only, to a structural, but also, to a functional alteration of the LV[48,49]. 
Our echocardiographic findings demonstrate a loss of contractile 
function (Figure 1F, Table 1) and LV diastolic dysfunction in the MI 
group as compared to the sham group. In this mouse model of MI, LV 
diastolic dysfunction is probably due to the fibrosis of the ischemic 
area combined with hypertrophy of the non-ischemic wall (posterior 
wall). Our data demonstrate that, even when lymphocyte mediated 
immunity is suppressed in SCID mice; the local and systemic 
inflammation patterns are activated and are, in all probability, 
responsible for the pathological cardiac remodeling process. 
    Another key finding of the present study is the beneficial effect of 
HO-1 induction, at least in part, due to increase in bilirubin levels 
on post ischemic cardiac remodeling in immunosuppressive mice. 
The early inflammatory state of MI BALB SCID mice is the target 
of the HO-1 induction effect on post-ischemic cardiac pathological 
remodeling[50] as demonstrated by the reduction of IL-6, TNF alpha 
and TXA2 levels in the CoPP treated group. This beneficial effect of 
HO-1 on redox balance is likely driven by bilirubin, which efficiently 
scavenges ROS and peroxyl radicals[8,11,51]. In CoPP- treated mice 
the increased levels of bilirubin were associated with increases in 
AKT and AMPK phosphorylation (Figure 6). This increase in protein 
expression leads to increased cellular resistance against ischemic 
damage. This positive effect of HO-1 induction also reduced 
myocardial necrosis in the ischemic area (Figure 2). Moreover CoPP 
related reduced expression of i-NOS and increased levels of peNOS 
with a consequent increased NO availability improved coronary 
perfusion and thus attenuated necrotic and fibrotic area (Figure 2 A, 
B). CoPP-treated mice also displayed an increased angiogenesis as 
shown by an increase in CD31 staining. TXA2 negatively influences 
circulatory flow and predisposes the individual to thrombotic 
complications and thus inhibits neoangiogenesis[52]. Our study 
showed that reduced TXA2 production in CoPP-treated mice was 
associated with an increased capillary/myocyte ratio as shown 
by CD31 staining indicative of increased local neoangiogenesis. 
Echocardiographic evaluation confirmed a functional improvement 
in LV systolic function. SnMP reversed the molecular, histological 

DISCUSSION
This is the first study demonstrating the complete reversal of LV 
systolic dysfunction 5 days after the onset of cardiac remodeling 
in immuno-suppressed mice. HO-1 induction improved both 
cardiac function and coronary flow by blunting oxidative stress, 
restoring eNOS/iNOS expression balance and increasing bilirubin 
levels, thereby favoring improvement in cardiac function in 
immunosuppressed mice with post infarcted myocardium. Our results 
demonstrate that up regulation of HO-1 alleviates post infarction 
pathological LV remodeling, an effect mediated at least in part by 
bilirubin, by increasing Treg cells, restoring NO bioavailability, 
improving neo-angiogenesis and decreasing cell death and fibrosis 
and inflammatory cytokines. 
    Cardiac function, when examined by echocardiography, 
demonstrated detrimental alterations in LV morphology, systolic and 
diastolic function in the MI group as compared to the sham operated 
mice. Histological analysis confirmed the echocardiographic findings 
demonstrating necrotic myocytes in the hearts of the MI group 
(Figure 2B). Necrotic and apoptotic myocytes release ROS[14,41,42]. 
In conditions of oxidative stress, NO contributes to the formation 
of RNS, including peroxynitrite that exert cytotoxic actions in 
myocardial tissue[43]. In agreement with these observations we show, 
a significant increase in 3NT in the hearts of the MI group. Previous 
reports have shown that cytokines induce expression of iNOS in 
immunosuppressive cells[31,32]. NO bioactivity from iNOS has been 
shown to contribute to elimination of activated effector T cells, 
probably through increasing T cell apoptosis[33,34] further worsening 
the lymphocyte immunosuppressive condition of BALB SCID 
mice. In the present study the increased production of inflammatory 
cytokines in MI group was associated with an increased expression 
of iNOS. We also show a reduction in serum nitrite levels in mice 
with MI; suggesting a decreased NO availability during myocardial 
infarction. 
    Cardiac myocyte cell death and fibrosis was increased in the 
MI group as compared to the sham group (Figure 2). The fibrotic 
area exhibits a reduced vascularization as demonstrated by a 
reduction in CD31 (PECAM-1) staining. During ischemic damage 
cardiac fibroblasts are activated by the local release of ROS by 
the necrotic cells and inflammatory cytokines[44,45]. ROS activated 
dendritic cells also produce TXA2 and its production is related to 
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and morphological effects of CoPP confirming the beneficial role of 
HO-1 expression.
    Another key finding is an increased expression of Treg cells 
in CoPP treated mice. T regulatory lymphocyte (Treg) plays an 
important role in post-ischemic cardiac remodeling. MI is considered 
an immunological stimulus because necrotic cells release proteins 
that are recognized as antigens and thus stimulate the immune 
response[53], lymphocyte activation and proliferation and antibody 
production. The expression of iNOS is known to be involved in 
T-lymphocytes apoptosis. As shown by our data HO-1 (Figure 
7B) overexpression is related to a decreased expression of iNOS, 
thus to a supposed reduced apoptosis of lymphocytes progenitors. 
Among lymphocyte subpopulations, T regulatory (T reg) cells are a 
subfamily of T helper lymphocytes with an immunomodulative effect 
on other lymphocytes: T reg cells produce cytokines responsible 
for both inflammatory response lowering and the attenuation of 
ventricular remodeling post MI by reducing the phagocytic and 
fibrotic response[25]. T reg cells improve cardiac function after MI via 
inhibition of inflammation and direct protection of cardiomyocytes[54]. 
We observed that SCID mice have an increased production of 
cytokines despite a decreased lymphocyte expression. Thus we 
demonstrate that in lymphocyte deficient mice there is compensatory 
increased production of cytokines by antigen presenting cells despite 
a reduced presence of lymphocytes and this could be responsible of 
the increased cardiovascular mortality in immunodeficient patients. 
The beneficial role of HO-1 mediated increased bilirubin production 
on SCID mice is probably due to its effect on cytokines production 
and on T-lymphocytes progenitor reduced apoptosis through its iNOS 
mediated effect. It is known that Treg cells decrease inflammatory 
response and cytokines production thus we demonstrate that HO-1 
immunomodulative effect increases Treg cells via i-NOS down-
regulation, and reduce cytokines production that is responsible of 
cardiac damage after ischemia. T reg lymphocytes are involved 
in collagen deposition and fibrosis; in particular, an increase in 
T reg cells reduces fibrosis and improves neovascularization and 
recovery of viable myocardium. Our data demonstrate that CoPP 
administration increases T reg lymphocyte expression in SCID mice 
and this effect is reversed by the concurrent administration of SnMP 
(Figure 7). We show that HO-1 induction stimulates and modulates 
lymphocyte maturation through i-NOS down regulation, promoting 
T reg differentiation. We propose that an iNOS related reduction 
in lymphocytes precursor destruction together with the concurrent 
modulation of hematopoietic microenvironment derived cytokines 
promote the differentiation of lymphocytes into Tregs.
    In summary, the results of this novel study demonstrate the 
pivotal role of pharmacological induction of HO-1, 5 days after 
onset of cardiac remodeling to benefit infarcted and remote 
territories, leading to better cardiac function in a 4-week MI 
outcome in immunosuppressed mice, at least in part, via increase 
in bilirubin levels and NO bioavailability. The ability to up-
regulate HO-1 and improve post infarction cardiac function via 
its effect on nitrite synthesis offers a new clinical approach in the 
treatment of immunosuppressed patients with MI. This is an area of 
potential therapeutic targeting that needs to be further explored in 
immunosuppressed populations of Diabetes, organ transplantation, 
auto inflammatory diseases as well as autoimmune diseases.
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