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Abstract

Type-1 cardiorenal syndrome (CRS-1), characterized by acute kidney dysfunction secondary to
cardiac failure and renal arteriolar vasoconstriction, is mediated by the renin-angiotensin-
aldosterone axis and sympathetic nervous system activation. Previous reports indicate that Angl|
modulates immune function and causes recruitment and activation of T lymphocytes. The goal of
this study was to evaluate the effects of post-ischemic heart failure on renal morphology and
circulation and the beneficial effects of heme oxygenase (HO-1) induction in T- lymphocyte
suppressed BALB SCID mice. Mice were divided in 4 groups: sham, myocardial infarction (M),
MI treated with an HO-1 inducer, cobalt protoporphyrin (CoPP), and with or without stannous
mesoporphyrin (SnMP), an inhibitor of HO activity. Heart and kidney function were studied 30
days after surgery. Fractional area change was reduced 30 days after surgery in both the C57 and
SCID MiI-groups as compared to their respective controls (p<0.01). Renal pulsatility index and
renal injury were increased in C57 and SCID MI groups compared to the sham group. HO-1
induction improved renal vasoconstriction as well as ameliorated renal injury in both the SCID
and C57 MI groups (p<0.01). However, improvement was more evident in SCID mice. In
addition, our results showed that plasma creatinine, Ang Il and renin were significantly increased
in the C57 and SCID MI groups as compared to their respective controls. HO-1 induction
decreased these parameters in both MI groups. SnMP reversed the beneficial effect of CoPP in
both mouse strains. The study demonstrates that T-lymphocyte suppression facilitated the HO-1
dependent improvement in the attenuation of CRS-1.
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Introduction

Type 1 cardiorenal syndrome (CRS-1) is characterized by acute kidney dysfunction
secondary to decompensated heart failure. Several pathophysiological mechanisms have
been proposed to explain the interaction between heart and kidney during heart failure 1.2, A
model based on 4 interrelated cardiorenal connectors: the renin angiotensin aldosterone
system (RAAS), the sympathetic nervous system (SNS), inflammation and nitric oxide
(NO)/reactive oxygen species (ROS) balance has been proposed. Ang Il and SNS activation
induce renal vasoconstriction 3 which can be noninvasively evaluated by renal Doppler
sonography 4. The interaction between oxidative stress, inflammation and activation of RAS
has been well documented 5:6.

Ang Il increases in heart failure in an attempt to balance the hypoperfusion of the kidney
due to decreased cardiac output. In addition Ang Il plays a key role in the development of
cardiorenal syndrome because of its association with increased vascular ROS production in
kidney, which contributes to renal injury /. Various experimental models of excess Ang Il
demonstrate myocardial and renal fibrosis secondary to increased inflammation 89°. Recent
studies on the role of Ang Il and aldosterone in the pathogenesis of hypertension have
shown that both compounds initiate vascular and tissue inflammation that leads to the
activation of the immune response 0. More specifically, the accumulation of T-cells in the
vasculature appears to play a critical role in the development of hypertension. Reports have
also shown that Ang Il induced recruitment of T-lymphocytes in renal cortical interstitium
aggravates renal damage 11 .

Heme oxygenase-1 (HO-1) is a cytoprotective enzyme that degrades heme (a pro-oxidant) to
generate carbon monoxide (CO, a vasodilatory gas that also has anti-inflammatory
properties), bilirubin (an antioxidant derived from biliverdin), and iron /. HO-1 is present in
heart and renal tissue 12 and low levels lead to cardiac and renal dysfunction 13-16,
Upregulation of HO-1 has a cardio- and reno-protective function mediated by its anti-
oxidative, anti-inflammatory and anti-apoptotic properties 17-197,

In animal models of myocardial ischemia (MI), both over-expression and pharmacological
induction of HO-1 reduce infarct size and ventricular remodeling after ischemia reperfusion
damage, by improving cardiac metabolism 152021 |ncreased HO-1 expression has a
protective effect against ischemia reperfusion injury in the kidney, and can correct blood
pressure elevation following Ang 11 exposure 13, The therapeutic effect of HO-1 induction
during cardiac ischemic damage has been studied but little is known about the beneficial
effects of increased levels of HO-1 4 weeks after MI at 4 weeks and the role of the enzyme
in limiting CRS-1. CO reduces renal arteriolar vascular tone by its effect on BCa channels,
and decreases phenylephrine induced vasoconstriction in mesenteric vessels 22:23, In
addition, increased levels of HO-1 counteract aldosterone-elicited arterial injury through the
inhibition of both oxidative stress and inflammation 7. HO-1 interacts with T-lymphocyte
mediated immunity, playing an immunosuppressive role 2426, Thus HO-1 induction could
be considered as a therapeutic approach to the treatment of CRS-1.

This study demonstrates the role of T-lymphocytes in CRS-1 and the beneficial effects of
HO-1 induction in attenuating cardiorenal syndrome in immuno-competent and immuno-
suppressed mice after post ischemic heart failure.
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Materials and Methods

The animal protocols were approved by the University of Toledo Animal Care and Use
Committee and performed according to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH Publication No. 85-23, revised
1996).

Twenty-five SCID and 19 C57 male mice weighing 22-26¢, aged 8 to 10 weeks, were
purchased from Jackson Laboratories (Bar Harbor, ME). Mice were housed under SPF
conditions, in a single ventilated cage system, fed standard mouse pellets and water ad
libitum.

Design of the study

Both animal models i.e. C57 as well as SCID mice were divided in 4 groups: - Control, MI,
MI treated with CoPP and Ml treated with CoPP and SnMP.

Left anterior descending coronary artery ligation (LAD) method

Animals were anesthetized using ketamine and xylazine (80 mg/Kg and 10 mg/Kg
respectively). Animal chests were shaved and intubation was done by the endotracheal
method. After intubation animals were kept on ventilation with 100% oxygen and isoflurane
(0.75% to 1.5%) at 180 breaths per minute using a MiniVent Mouse Ventilator (type 845,
Harvard Apparatus). Body temperature was maintained at 37°C by using a Heating pad. Left
thoracotomy was performed in the 3" intercostal space under sterile conditions and the
pericardium was opened to expose the heart. An 8.0 prolene ligature (Ethicon) was 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) was used to confirm
infarction. Chest was then closed with a single 5.0 silk suture between the 3 and 41" ribs
and muscle layers were recomposed. After closing the skin with a continuous suture, all
mice were hydrated with saline and were given an analgesic, carprofen at the dose of 4 mg/
Kg, for two days. At the end of the surgery mice were housed for 24 hours in an incubator at
37°C and then allowed to recover in single cages and monitored twice a day for 7 days.
Control surgery was performed without coronary artery ligation. All groups underwent
echocardiography and renal echoDoppler examination 30 days after surgery.

Echocardiographic evaluation—Transthoracic echocardiography was performed using
a Siemens Acuson Sequoia sonograhy machine with a 15 MHz linear probe. Animal chests
were shaved. Animals were anesthetized with 3% isoflurane and 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 LV were recorded. All mice were
imaged by a single operator.

End-diastolic and end-systolic areas (EDA, ESA), end-diastolic and end-systolic length
(EDL, ESL) were measured from the long axis B-mode image and end-diastolic and end-
systolic diameter (EDD, ESD) were measured from the short axis M-mode image. Fractional
Area Change (FAC), an index of LV contractile function, was determined using the
following formula: FAC= (EDA-ESA)/EDA. Aortic Doppler flow was measured from B-
mode images of a long axis view, placing the sample volume at the level of the aortic efflux
tract. Aortic velocity —time integral (Ao VTI) was measured from aortic Doppler-flow
curve. Aortic outflow tract diameter (Ao OFT) was measured from the same B-mode images
of a long axis view.

Stroke volume (S.V.) was calculated using the following formula:

Hypertension. Author manuscript; available in PMC 2014 August 01.
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Stroke volume=3.14x(Aortic outflow tract diameter/2)2><A0rtic velocity time interval

Cardiac index (C.1.) was calculated using the following formula:

Cardiac index=(Stroke volume X heart rate)/Body weight.

Renal echoDoppler evaluation—Immediately after echocardiographic evaluation renal
echoDoppler was performed using the same probe (Siemens Acuson Sequoia echo machine
with a 15 MHz linear probe). Abdomens of the mice were shaved and Doppler analysis of
interlobar arteries blood flow was performed from a transversal B-mode image of both
kidneys placing the sample volume in the renal cortex. All mice were imaged by a single
operator. Peak Velocity (Vmax), End Diastolic Velocity (Vmin) and Mean Velocity (VM)
were measured and Pulsatility Index (K-PI) was determined using the following formula

Renal pulsatility index=(Peak velocity — End diastolic velocity) / (Mean velocity)

Renal Histology

Formalin-fixed, paraffin-embedded kidney sections were cut 5 um thick, deparaffinazed and
rehydrated. For collagen detection, slides were incubated in saturated picric acid containing
0.1% of Direct Red (Sigma) for 1 hour in the dark. Images were captured on a Nikon Eclipse
80i microscope equipped with a Nikon camera head DS-Fil (Niko, Tokyo, Japan). For
quantitative analysis at least 4 randomly chosen fields from each animal were digitized.
Collagen volume was determined using the Image J software (http://rsbweb.nih.gov/ij) 27.

Plasma Renin and Angiotensin Il levels

The plasma levels of Renin and Angiotensin Il level were measured in plasma using an
ELISA assay (Assay Gate, Inc. ljamsville, MD). Briefly, the angiotensin Il measurements
are based on the competitive method of enzyme linked immunoassays. The antiserum is
captured by antibodies coated on a 96-well plate. The angiotensin Il concentration in the
sample is determined directly from the standard curve. The mouse renin immunoassay is
based on a solid phase sandwich enzyme linked immunoassay (ELISA) method. Samples,
calibrators and controls are added to the wells coated with monoclonal antibody to mouse
Renin. After incubation step, the mouse renin binds to the monoclonal antibody on the well.
A standard curve is prepared relating color intensity to the concentration of renin on each
plate. Positive and negative controls on a plate are used. The tests are end-point
measurements and in duplicates.

Plasma Creatinine levels

Plasma Creatinine levels were measured by an enzyme-linked immunoassay (Cayman
Chemical Co., Ann Arbor, MI) according to the manufacturer's instructions 28,

Drug administration

Cobalt Protopor phyrin administration: Cobalt Protoporphyrin (CoPP), a potent HO-1
inducer, was administered via intraperitoneal injection 5 days after LAD ligation and then
every 5 days for 4 weeks at a dose of 3 mg/Kg body weight.

Hypertension. Author manuscript; available in PMC 2014 August 01.


http://rsbweb.nih.gov/ij

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Monu et al. Page 5

Tin Mesopor phyrin administration: Tin Mesoporphyrin (SnMP), an inhibitor of HO
activity, was administered at a dose of 20 mg/Kg body weight via intraperitoneal injection
every 2 days for 15 days before euthanasia.

Statistical Analysis

Data are expressed as means = 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. £< 0.05 was considered to be significant.

Results

Body weight measurement

Mice were examined 30 days after Ml and their body weights were not significantly
different in any of the treated groups of both C57 and SCID animals when compared with
sham operated controls (Table 1).

Echocardiographic examination

Thirty days after Ml EDA and EDD were increased in both C57 and SCID mice when
compared to sham operated control (p<0.01 respectively). CoPP treatment reduced both
EDA and EDD to sham operated levels (Table 1). EDA was reduced significantly (p<0.05)
in both C57 and SCID when compared to MI mice. A similar result was seen with EDD, a
(p<0.01) decrease was seen in C57 mice and a (p<0.05) decrease in SCID mice when
compared with MI mice. SnMP abolished the effects of CoPP and the values of EDA and
EDD were similar to those in the MI mice (Table 1). 30 days after MI, C.1. was significantly
reduced in both C57 and SCID mice because of reduced LV systolic function (Table 1).
Administration of CoPP improved C.I. compared to the MI group in both C57 and SCID
mice. Concurrent administration of SnMP reversed the beneficial effects of CoPP. Ml
resulted in a significant decrease in FAC in both C57 (p<0.05) and SCID (p<0.01) mice
when compared to sham operated animals. CoPP restored FAC levels to those of the sham
operated animals. SnMP reversed the effects of CoPP (Figure 1).

Renal echoDoppler examination

Renal arterial resistance indices were significantly lower in SCID mice than in C57 mice
(Fig. 2). Both C57 and SCID mice developed significant renal vasoconstriction 30 days after
MI (Fig. 2). In CoPP treated C57 and SCID mice, K-PI decreased in comparison to the Ml
group (Fig.2C). However, the reduction was more pronounced in SCID mice administered
CoPP (30% reduction in SCID mice vs. 18% decrease in C57 mice in renal vasoconstriction
Fig. 2 D, p<0.05). Concurrent administration of SnMP with CoPP increased renal
vasoconstriction in both C57 and SCID MI mice treated with CoPP (Fig. 2C and D).

Renal Histology examination

Collagen | & I11 staining of both C57 and SCID kidney tissue revealed the presence of
perivascular and peritubular interstitial fibrosis at the corticomedullary junction. Fibrosis
was higher in MI groups in both C57 and SCID mice as compared to control mice (Fig. 3A
and Fig. 3B). However, the level of collagen accumulation in SCID MI mice was
significantly lower than C57 MI mice (p<0.02). CoPP reduced renal fibrosis in both SCID
and C57 mice as compared to the MI group, the effect being more evident in SCID mice
(Fig. 3A and Fig. 3B). Concurrent administration of SnMP reversed the beneficial effects of
CoPP (Fig. 3A and Fig. 3B).
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Plasma Creatinine levels

As seen in Fig. 4A and Fig. 4B, plasma creatinine was significantly higher in the MI group
of both C57 and SCID mice (p<0.05). However, the plasma creatinine level in SCID Ml
mice was significantly lower than in C57 MI mice (p<0.05). CoPP significantly decreased
plasma creatinine levels in both C57 and SCID mice, the effect being more evident in SCID
mice (26% reduction in plasma creatinine levels compared to 17% reduction in C57 mice),
and this effect was reversed by the concurrent administration of SnMP in both C57 and
SCID mice (p<0.05) (Fig. 4C and 4D).

Plasma Renin and Angiotensin Il levels

Myocardial infarction is accompanied by the activation of the RAS system and was
examined by the measurement of plasma renin and angiotensin Il levels. Plasma renin (Fig.
SA and Fig. SB respectively) and angiotensin 11 levels (Fig. SC and Fig. SD respectively)
were significantly higher in C57 and SCID MI groups as compared to their respective
control groups (p<0.05). CoPP significantly decreased these RAS markers in both strains
and this beneficial effect of HO-1 induction was reversed by concurrent administration of
SnMP (p<0.05) (Figs. SA, SB, SC and SD).

Discussion

This study demonstrates for the first time the beneficial effects of HO-1 induction in
improving CRS-1 in immuno- competent and immuno-suppressed mice. We demonstrate
that Ang 1l mediated recruitment of T lymphocytes and increased oxidative stress is
decreased by the upregulation of HO-1 in a model of post ischemic heart failure. Our results
show that HO-1 induction decreased renal vasoconstriction and fibrosis and improved renal
function in both immuno-competent and T lymphocyte suppressed mice, the effect being
more prominent in the latter SCID mice.

Thirty days after left anterior descending coronary ligation, C57 and SCID mice developed
heart failure characterized by a significant dilatation of the left ventricle with a reduction in
FAC. A reduction in FAC leads to a functional hypovolemia and the activation of SNS and
RAAS, and the release of an anti-diuretic hormone 2°. CoPP improved cardiac function, as
evidenced by increased FAC and decreased EDA in both SCID and C57 mice. Previous
reports have shown that Ang Il modulates immune function and causes T lymphocyte
activation and proliferation 11 Attributing a role of T-lymphocytes in hypertension 30; we
expected that SCID mice would be resistant to the development of CRS-1. As expected,
SCID mice had lower basal renal arterial resistance in comparison to the C57 mice probably
due to the absence of T-lymphocyte-Ang Il interaction. In the MI group, both mouse strains
exhibited a significant increase in renal arterial resistance which was attenuated by the
upregulation of HO-1. The CoPP mediated improvement was more evident in SCID mice
suggesting the role of T-lymphocytes in CRS-1. Our findings are in agreement with previous
reports showing that T-lymphocytes play an important role in hypertension 31, Thus it
appears that renal vasoconstriction is not related strictly to heart failure but is influenced by
other mechanisms that involve interactions between HO-1, RAAS and T-lymphocytes.

The role of RAS well established in the initiation and maintainance of vascular, myocardial
and renal dysfunction in CRS-1 32. Consistent with these reports, Ang 11 and renin levels
were increased in the circulation in both C57 and SCID MI groups and were decreased by
CoPP.

One of the pathological abnormalities observed in CRS-1 is renal damage manifest by

increased plasma creatinine levels 33. Our results demonstrate that C57 and SCID MI groups
have not only altered metabolic homeostasis but also increased renal damage, as evidenced
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by increased collagen deposition and the detoriation in renal function. The production of
inflammatory cytokines, due to ischemic cardiac damage, causes a systemic inflammatory
activation in which the kidney is involved. Systemic inflammation, together with Ang 11
activation, results in T-lymphocyte recruitment 31 and further renal damage 34. Activated T-
lymphocytes amplify the Ang Il effect stimulating vascular ROS production in kidney
contributing to a further increase in ROS and added renal damage and dysfunction 3%,
Consistent with these reports, we show that plasma creatinine levels and renal damage was
less in T lymphocyte suppressed mice (SCID) when compared to C57 mice due to the
absence of a T-lymphocyte-RAS interaction. Thus, T lymphocytes contribute to the
pathological effects of RAS dysregulation in CRS-1. HO-1 induction is associated with a
decrease in T lymphocyte proliferation (7393). Our results demonstrate that the beneficial
effects of increased levels of HO-1 in improving CRS-1 are more apparent in SCID mice
than in C57 mice, suggesting that the decrease of the T lymphocyte immune response
amplified the effects of HO-1 in attenuating CRS-1. SnMP reduced the beneficial effects of
HO-1 induction on left ventricle contractile function (FAC) and dilatation (EDA, EDD) in
C57 and SCID mice and caused a deterioration in renal vasoconstriction and renal function.
The fact that SnMP reversed the beneficial effects of CoPP is a clear indication that
increased levels of HO activity plays a central role in preventing MI- induced cardiac and
renal damage in this animal model. These observations offer a portal in the development of
therapeutic approaches to prevent the irreversible damage that occurs after M.

In conclusion (scheme 6), we demonstrate that a decrease of the T-Lymphocyte immune
response reduces kidney damage and renal vasoconstriction in a model of post ischemic
heart failure, and that suppression of T lymphocytes amplified the beneficial effects of HO-1
in improving CRS-1.

Perspectives

We show that T-lymphocyte suppression facilitated the HO-1 dependent improvement in
attenuating CRS-1 after post ischemic heart failure. This is of clinical benefit as it highlights
potential approaches to reverse the detrimental cardiac and renal perturbations associated
with MI by pharmacological induction of HO-1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) and B): M-mode images of left ventricle in a control operated (a) and Ml (b) mouse. End
diastolic diameter, an index of left ventricle dilatation, was augmented in MI mouse C)
Factional Area Change of C57 and SCID mice: FAC was significantly reduced after Ml in
both strains, CoPP treatment significantly improved EF. (§ p< 0.05 vs Control; § § p< 0.01
vs. Control; * p< 0.05 vs. MI; ** p< 0.01 vs. M, # p< 0.05 vs. M+ CoPP; #% p< 0.01 vs. Ml
+COPP; 1 p<0.05 vs. SCID)
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B) Doppler waveform
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A)schematic representation of the kidney and the renal interlobar arteries; B) schematic
representation of Doppler waveform measured in a low resistive and in a high resistance
vessel; C, D) Renal Pulsatility Index of C57 and SCID mice respectively. Renal pulsatility
index was used to measure renal vasoconstriction. (§ p< 0.05 vs Control; § § p< 0.01 vs
Control; * p< 0.05 vs MI; ** p< 0.01 vs M, # p< 0.05 vs M+ CoPP; ## p< 0.01 vs Ml

+COPP; 1 p<0.05 vs SCID)
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Figure 3.

Effect of CoPP in C57 and SCID mice on Renal Fibrosis 30 days post MI. Results are
shown as meansSE. (A, B); Sirius Red staining of interstitial collagen at the cortico-
medullary junction of C57 and Scid mice kidneys respectively. Original magnification 200.
Bar 100 pm. C- Computer-assisted morphometry measurements of collagen fibers content in
studied groups of mice. *p<0.05 vs. Control, #p<0.05 vs. Ml, +p<0.05 vs. MI+CoPP.
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Figure4.

Effect of CoPP in C57 and SCID mice on the levels of Plasma Creatinine 30 days post MI.
Results are shown as means+SE, (C, D) Plasma Creatinine level (mg/dl) of C57 and SCID
mice respectively; *p<0.05 vs. Control, #p<0.05 vs. Ml, +p<0.05 vs. MI+CoPP.
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Figure5.
Proposed mechanisms showing that the decrease of the T-Lymphocyte immune response

itself reduces kidney damage and renal vasoconstriction in a model of post ischemic heart
failure as compared to immune-competent mice, and that suppression of T lymphocytes
amplified the beneficial effects of HO-1 in improving CRS-1.
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