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Immunosuppression with FTY720 Reverses Cardiac Dysfunction 
in Hypomorphic ApoE Mice Deficient in SR-BI Expression that 
Survive:
Myocardial Infarction Caused by Coronary Atherosclerosis

Fu Sang Luk1,*, Roy Y. Kim1,*, Kang Li1, Daniel Ching1, David K. Wong1, Sunil K. Joshi2, 
Isabella Imhof2, Norman Honbo2, Holly Hoover2, Bo-Qing Zhu2, David H. Lovett2, Joel S. 
Karliner2, and Robert L. Raffai1

1Department of Surgery, San Francisco VA Medical Center/University of California, San 
Francisco

2Department of Medicine, San Francisco VA Medical Center/University of California, San 
Francisco

Abstract

Aims—We recently reported that immunosuppression with FTY720 improves cardiac function 

and extends longevity in Hypomorphic ApoE mice deficient in scavenger receptor Type-BI 

expression, also known as the HypoE/SR-BI−/− mouse model of diet-induced coronary 

atherosclerosis and myocardial infarction (MI). In this study we tested the impact of FTY720 on 

cardiac dysfunction in HypoE/SR-BI−/− mice that survive MI and subsequently develop chronic 

heart failure.

Methods/Results—HypoE/SR-BI−/− mice were bred to Mx1-Cre transgenic mice and offspring 

were fed a high fat diet (HFD) for 3.5 weeks to provoke hyperlipidemia, coronary atherosclerosis 

and recurrent MIs. In contrast to our previous study, hyperlipidemia was rapidly reversed by 

inducible Cre-mediated gene repair of the HypoE allele and switching mice to a normal chow diet. 

Mice that survived the period of HFD were subsequently given oral FTY720 in drinking water or 

not, and left ventricular (LV) function was monitored using serial echocardiography for up to 15 

weeks. In untreated mice, LV performance progressively deteriorated. Although FTY720 

treatment did not initially prevent a decline of heart function among mice six weeks after Cre-

mediated gene repair, it almost completely restored normal LV function in these mice by 15 

weeks. Reversal of heart failure did not result from reduced atherosclerosis as the burden of aortic 

and coronary atherosclerosis actually increased to similar levels in both groups of mice. Rather, 

FTY720 caused systemic immunosuppression as assessed by reduced numbers of circulating T 

and B lymphocytes. In contrast, FTY720 did not enhance the loss of T cells or macrophages that 

accumulated in the heart during the HFD feeding period, but it did enhance the loss of B cells soon 

after plasma lipid lowering. Moreover, FTY720 potently reduced the expression of matrix 

metalloproteinase-2 and genes involved in innate immunity-associated inflammation in the heart.
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Conclusions—Our data demonstrate that immunosuppression with FTY720 prevents post-

infarction myocardial remodeling and chronic heart failure.

Keywords

FTY720; S1P; ApoE; Coronary Atherosclerosis; Heart Failure; Cardioprotection; 
Immunosuppression

INTRODUCTION

Hyperlipidemia leading to occlusive coronary artery disease is a principal cause of 

myocardial infarction (MI). Once established, the infarct scar results in the dysfunctional 

remodeling of the adjacent and ultimately of the remote left ventricular myocardium.1 The 

major clinical consequences of this remodeling process are progressive ventricular 

dysfunction and congestive heart failure (CHF). The pharmacologic treatment of heart 

failure has been static for many years and primarily consists of diuretics, β-blockers and 

suppression of angiotensin II activity with converting enzyme inhibitors or receptor 

blockade. Immunotherapy of post-infarction chronic heart failure has failed to gain traction 

among clinicians, largely because of adverse responses including ventricular rupture.2 More 

recently a deeper understanding of the complex immune response that accompanies MI has 

led to the re-exploration of such therapy.3–5 A number of studies have recently demonstrated 

the impact of MI on subsequent leukocyte recruitment to the heart.6 Leukocytes of both 

myeloid and lymphoid origin have been shown to contribute not only to healing of the 

ischemic myocardial tissue but also to cardiac inflammation, ventricular remodeling and 

chronic heart failure.7

Sphingosine is a ubiquitous component of cell membranes and its phosphorylation by two 

related kinases yields the product sphingosine-1-phosphate (S1P).8 While initially studied 

within the context of cellular immunity, it has more recently become apparent that S1P is 

also a cardioprotective molecule. S1P plays a role in the control of cell migration, including 

lymphocyte trafficking,9 ischemia/reperfusion injury, cardiac muscle hypertrophy, 

endothelial function and wound healing.8 Analogues of S1P that regulate immune function 

have been developed and one of these, FTY720, has been approved by the FDA for the 

treatment of multiple sclerosis.10

As a consequence of its broad effects on the immune system, FTY720 has attracted attention 

for the treatment of atherosclerosis and cardiac injury.11–15 Several reports have indicated 

that FTY720 can suppress the onset and progression of atherosclerosis in mouse models of 

spontaneous and diet-induced atherosclerosis.16, 17 We recently reported that FTY720 

prolongs survival in a mouse model of diet-induced coronary atherosclerosis and MI.18 

These mice, referred to here as HypoE/SR-BI−/− mice, display moderately elevated plasma 

HDL and can live a normal lifespan when fed a normal chow diet. On a high fat diet these 

mice rapidly develop marked hyperlipidemia, extensive occlusive coronary atherosclerosis 

and die within 4–7 weeks from recurrent MI and ischemic heart failure.18, 19 Our recent 

studies of these mice revealed that immunosuppression with FTY720 preserves left 

ventricular function and profoundly improves the survival of HypoE/SR-BI−/− mice fed a 
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high fat diet.18 Remarkably, this effect did not originate from reduced coronary 

atherosclerosis, but rather from reduced systemic and cardiac inflammation.18

In the present study we sought to explore the impact of oral FTY720 on cardiac dysfunction 

in HypoE/SR-BI−/− mice that survived recurrent MIs and ischemic cardiac injury caused by a 

3.5-week period of HFD. To maximize the survival of HypoE/SR-BI−/− mice fed a HFD we 

bred them to Mx1-Cre mice that in contrast to our prior study allows rapid and sustained 

restoration of normal apoE levels in plasma. Our recent studies of HypoE Mx1-Cre mice 

have shown that reducing hyperlipidemia in this manner can promote atherosclerosis 

regression and lesion stabilization in the aortic root.20, 21 Whether repair of the HypoE allele 

and use of FTY720 could promote coronary atherosclerosis regression in 3.5 week HFD-fed 

HypoE/SR-BI−/− Mx1-Cre mice was also explored in this study.

METHODS

This study was conducted in accordance with the guide for the Care and Use of Laboratory 

Animals (National Academic Press, Washington, DC, 1996). All procedures were approved 

by the Animal Care Subcommittee of the San Francisco VA Medical Center and conform to 

NIH Guidelines.

Animal Model and Diet

As noted above in this study we made use of a mouse model of diet-induced coronary 

atherosclerosis that was created by breeding our previously reported hypomorphic apoE 

mice also known as “HypoE” mice that carry the ApoeR61h/h allele22 to mice deficient in 

SR-BI receptors referred to as HypoE/SR-BI−/− mice, also termed here as HypoE/SR-BI−/− 

mice.18, 19 We built upon our model by breeding HypoE/SR-BI−/− mice to Mx1-Cre mice 

that we previously showed can cause the rapid repair of the HypoE allele resulting in 

restored normal apoE expression levels, normalization of hyperlipidemia and atherosclerosis 

regression in the aorta.20, 21 When HypoE/SR-BI−/− Mx1-Cre mice were 3 months old, they 

were fed a high-fat diet (HFD) for 3.5 weeks which was then switched to a chow diet (2916; 

Harlan Taklad, Madison, WI), and induced to express normal apoE levels by two daily 

injections of 200 g of polyinosinic:polycytidylic acid (pI-pC) in 1 ml of saline in the 

peritoneum. The HFD consisted of 16% fat and 1.25% cholesterol (D12336; Research Diets, 

Inc., New Brunswick, NJ). The timing of the switch was based on our prior experience 

which indicated that mice began to die of MI and heart failure at this time.18 FTY720 at a 

dose of 0.05 mg/kg/d was placed in the drinking water as previously described.18 Feeding of 

FTY720 was begun at 3.5 weeks post HFD and pI-pC induction and continued until mice 

were removed from the study 6–15 weeks later for biochemical and histologic analysis. All 

mice were maintained with a 12-hour light/12 hour dark cycle in the San Francisco VA 

Medical Center animal research facility.

Echocardiography

Transthoracic echocardiography was performed with a commercially available system 

(Acuson Sequoia c256, Acuson, Siemens) using a 15-MHz linear array transducer as 

previously described in our laboratory.18 Conscious mice were inserted into a plastic cone 
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after the anterior chest was shaved and then maneuvered into a prone position. Warm 

ultrasound transmission gel was then used to fill the gap between the chest and the cone, so 

that two-dimensional imaging could be performed through the cone. Two-dimensional long-

axis images of the left ventricle (LV) were recorded at the plane of the aortic and mitral 

valves where the LV cavity is largest and a short-axis image was obtained at the papillary 

muscle level. The sweep speed for recording M-mode images was 200mm/s using two-

dimensional guidance. All measurements were made from digital images captured on cine 

loops at the time of study with the use of a specialized software package (Acuson Sequoia) 

by an observer blinded to the therapy received by the mice. The LV end-diastolic dimension 

(LVEDD), end-systolic dimension (LVESD), and fractional shortening (FS) were measured 

as previously described.18 LV end-diastolic and end-systolic volumes and ejection fraction 

were also measured as described.18

Plasma Lipid Measurements

Blood was collected from cohorts of HypoE/SR-BI−/− Mx1-Cre mice after 3.5 weeks of 

HFD following a 4-hour fast. Subsequently blood samples were collected up to the time of 

sacrifice. Mice were anesthetized by isoflurane inhalation and plasma was obtained from 

blood drawn by retro-orbital puncture. Colorimetric assays were used to measure cholesterol 

in plasma according to the manufacturer’s instructions (Cholesterol E, L-type TG M; Wako, 

VA) using a VersaMax microplate reader (Molecular Devices Corporation, Sunnyvale, CA).

Morphologic and Histologic Analyses

Tissue collection—HypoE/SR-BI−/− Mx1-Cre mice fed the HFD for 3.5 weeks and 

treated with or without FTY720 were sacrificed either at 6 or 15 weeks after stopping of 

HFD. Mice were weighed and anesthetized with 2.5% tribromoethanol (Avertin). After 

thoracotomy, mice were perfused via heart puncture with 10ml ice-cold PBS containing 

RNAse inhibitors (ProtectRNA™; Sigma, MO) for 1 min. Hearts were collected, weighed 

and cut in half. The basal portion was embedded in tissue freezing medium (OCT) that was 

flash frozen in an isopentane bath cooled with liquid nitrogen and the apical portion was 

flash frozen in liquid nitrogen for RNA or protein analysis.

Cryosectioning and Staining—Atherosclerosis and histology were assessed by 

obtaining simultaneous serial sections of the basal portion of the heart subdivided into 2 

segments as previously described.18 Serial 10µm sections were collected on 5 different 

slides from each segment. Serial 10µm sections also were cut from the root of the aorta 

through the aortic sinuses encompassing a total length of 500–600 m (3 sections per slide). 

Slides from each segment were used for immuno-staining or were stained with Oil Red O 

(ORO) or Picro Sirius Red counterstained with Fast Green.

Quantification of Occlusive Coronary Atherosclerosis—The extent and severity of 

coronary atherosclerosis was quantified in a blinded fashion by counting vessels in twelve or 

more heart sections per mouse stained with Picro Sirius Red to reveal collagen as previously 

described.18 Scoring the extent of occlusion in the coronary arteries was performed by visual 

inspection of the slides at a power of 100×. Vessels were defined as non-occluded (NO) with 

a 0–5% burden, partially occluded (PO) with a 5–50% burden, severely occluded (SO) with 
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a 50–95% burden, and completely occluded (CO) with a 95–100% burden. Calculating the 

average percent of obstructed vessels in each category provided an index of vessel 

occlusion.19

Quantification of Aortic Atherosclerosis—For morphologic analysis, sections of the 

aortic sinuses were stained with Oil Red O or Picro Sirius Red and counterstained with Fast-

Green. The atherosclerotic burden in the aortic root was quantified in a blinded fashion 

using six sections per mouse as we previously described.18, 20, 23, 24 Metamorph software 

(Molecular Devices Inc., Sunnyvale, CA) was used to quantify the lesion area per cross 

section, which was then averaged to provide mean lesion area per mouse.

Flow Cytometry

Multicolor flow cytometry was performed using standard procedures. Peripheral blood was 

drawn and blocked with an anti-CD16/CD32 (2.4G2; UCSF Cell Culture Facility) for 10 

min. Without washing, the cells were then incubated with pre-mixed combinations of 

antibodies. FITC-conjugated anti-B220, anti-Ly6C, and anti-CD4; PE-conjugated anti-

CD3e, anti-Ly6G, and anti-CD44; PE-Cy7-conjugated anti-NK1.1 and anti-CD8; PerCP-

Cy5.5-conjugated anti-CD11b; APC-conjugated anti-CD45 and anti-CD62L antibodies were 

all purchased from BD Biosciences. Data were acquired on an Accuri C6 Flow Cytometer 

using CFlow Plus software (BD Biosciences) and analyzed with FlowJo (TreeStar Inc.) as 

previously described.18

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA from mouse heart samples was isolated using an RNAeasy Mini Kit (Qiagen 

Inc., Valencia, CA) according to the manufacturer’s instructions. Isolated RNA was 

quantified and 1 ug was used to synthesize cDNA using a Transcriptor First Strand cDNA 

Synthesis Kit (Roche Applied Bioscience Inc., Indianapolis, IN.). qRT-PCR was performed 

to quantify the expression of genes associated with select immune cells, pro-inflammatory 

cytokines, innate immunity markers, and MMP-2 isoforms using a LightCycler 480 SYBR 

Green I Master Kit (Roche Applied Bioscience Inc.) or TaqMan® Fast Advanced Master 

Mix (Life Technologies) Each biological sample was plated in triplicate in a 384 well PCR 

plate (Thermo Fisher, Waltham, MA). Taqman qPCR was performed using 40 cycles at 

95°C for 15 seconds and 60°C for 1 minute and normalized to GAPDH. SYBR Green 

amplification reactions were performed using 40 cycles at 95°C for 15s; 58°C for 45s; and 

72°C for 1 min and normalized to β-2-microglobulin. Melt curves were used to verify 

absence of primer dimers and other non-specific products in the amplification reactions. All 

reactions were performed on an Applied Biosystems 7900HT instrument. TaqMan® Assay 

IDs and SYBR Green I primer sequences are listed in Tables 1 and 2. Fold-change in mRNA 

expression was calculated by using the ΔΔCT method.

Statistical Analysis—All statistical analyses were performed using GraphPad Prism 5.0 

(GraphPad Software). Data are expressed as the mean ± SEM. Differences between 

experimental groups were analyzed for statistical significance by unpaired Student’s t test or 

by 1-way ANOVA followed by Bonferroni test for the selected pairs. A P value of less than 

0.05 was considered significant.
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Results

Survival Data

As shown in Figure 1A, HypoE/SR-BI−/− Mx1-Cre mice began to die just prior to the time 

when they were induced with pI-pC and switched from the HFD to a normal chow diet. This 

timing reproduced our prior mortality experience caused by diet-induced MI and acute heart 

failure.18 After less than a week following normalization of plasma lipid levels there was an 

initial loss of 40% of the mice after which there were no further deaths until much later 

when one mouse died (Figure 1A).

Effects of ApoE gene repair on plasma lipoprotein cholesterol levels and atherosclerosis

The data in Figure 1B demonstrate that pI-pC—induced ApoE gene repair and return to a 

chow diet resulted in rapid normalization of plasma cholesterol levels. Such abrupt and 

beneficial correction of hyperlipidemia likely contributed to the survival of a majority of the 

pI-pC—induced HypoE/SR-BI−/− Mx1-Cre mice that were subjected to serial 

echocardiography as detailed below. The benefit of ApoE gene repair and plasma 

cholesterol normalization on atherosclerosis was explored in both the aortic root and 

coronary arteries. Contrary to our expectations and prior observations in the HypoE mouse 

model,20, 21 our current data provided no evidence of atherosclerosis regression in 

HypoE/SR-BI−/− Mx1-Cre mice. These observations are also consistent with the report of 

Keul at all.25 In contrast, we found evidence of continued atherosclerosis progression both 

in the aortic root and in the coronary bed (Figure 2 and 3). Moreover, we did not observe 

any benefit of FTY720 on altering the burden of atherosclerosis in either vascular bed.

Echocardiography: measurements of left ventricular function

Serial echocardiography revealed the expected decline in LV function and increase in 

volumes compared with baseline (Figure 4). These data are consistent with our prior report18 

and also demonstrate that inducible Cre-mediated Apoe gene repair and rapid plasma 

cholesterol normalization in HypoE/SR-BI−/− Mx1-Cre mice represent a new approach to 

generate a murine chronic heart failure model. After treatment with oral FTY720, serial 

echocardiography surprisingly revealed almost complete recovery of LV function and 

smaller LV volumes, particularly end systolic volumes. This occurred despite the absence of 

coronary atherosclerosis regression that actually became more obstructive over time as noted 

above (Figure 3). Conversely, control mice not treated with FTY720 displayed no recovery 

of LV performance, and showed persistent and progressive functional depression and 

increase in volumes, particularly end-systolic volume. Thus, in this mouse model, FTY720 

can reverse depressed myocardial function and decrease ventricular volumes despite 

persistent coronary artery obstruction.

Leukocyte responses in the blood

In Figure 5 the blood leukocyte response after discontinuation of the high fat diet is shown. 

Feeding a normal chow diet did not dampen the progressive rise in T and B cells over the 

next 15 weeks in pI-pC—induced HypoE/SR-BI−/− Mx1-Cre mice that did not receive 

FTY720, while the numbers of neutrophils and monocytes remained unchanged. These data 
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suggest that episodes of recurrent MI caused by HFD-driven occlusive coronary 

atherosclerosis result in a pronounced increase in circulating lymphocytes that are 

suppressed by FTY720. Such an effect was not observed among circulating myeloid cells, 

including neutrophils and monocytes which remained at constant levels. In addition there 

was no noticeable impact of FTY720 on these myeloid cells. In contrast, persistently 

elevated levels of circulating monocytes and neutrophils likely contributed to the observed 

continued progression of atherosclerosis in both the aortic root and coronary arteries among 

mice treated with FTY720 or sham, as suggested by Keul et al.16

Leukocyte responses in the heart

To explore the impact of immunosuppression by FTY720 on cardiac inflammation, we 

quantified markers for a panel of leukocyte mRNAs in heart specimens harvested from mice 

after 3.5 weeks of HFD, 6 and 15 weeks after plasma lipid reduction with and without 

FTY720 treatment. As shown in Figure 6, a 3.5 week period of HFD caused a marked 

increase in CD45+ leukocytes in the heart including F4/80+ macrophages along with CD4+ 

T cells and B220+ B cells, likely as a direct consequence of recurrent MI. Such marked 

cardiac inflammation was resolved after fifteen weeks of plasma lipid reduction as assessed 

by a substantial loss of all these leukocytes from the heart of mice examined at this time 

point. Interestingly, although our data show that FTY720 did not enhance loss of CD4+ T 

cells and F4/80+ macrophages in cardiac tissue of mice that survived 15 weeks post HFD, it 

did lead to a rapid loss of B220+ B cells 6 weeks after plasma lipid reduction (Figure 6). 

These findings suggest that the beneficial effect of FTY720 on promoting recovery of LV 

performance among mice that survive HFD-induced MI may be dependent on a rapid loss of 

B cells but not of other cardiac leukocytes.

FTY720 suppresses cardiac matrix metalloproteinase-2, MMP-14 and innate immunity gene 
expression

Experimental and clinical studies have a defined a pivotal role for the full length MMP-2 

isoform (FL-MMP-2) in post-infarction ventricular remodeling.26–29 Recent studies from 

our laboratories have characterized an additional intracellular isoform of MMP-2 generated 

by oxidative stress-mediated activation of an alternate promoter located in the first intron of 

the MMP-2 gene.30 This process generates an N-terminal truncated MMP-2 isoform (NTT-

MMP-2) that is enzymatically active and localized to mitochondria. NTT-MMP-2 initiates a 

type I interferon-like response with expression of a defined group of primary innate 

immunity genes associated with inflammation and severe systolic failure.30–32 As detailed in 

Figure 7A, 3.5 weeks of a HFD induced a greater than 6-fold increase in the FL-MMP-2 

transcript in the heart. FL-MMP-2 transcript abundance remained elevated over 5-fold six 

weeks following normalization of plasma lipids and the abundance of this transcript was 

reduced significantly by treatment with FTY720. While abundance of this FL-MMP-2 

transcript remained modestly elevated at 15 weeks following lipid normalization, there was 

no significant further reduction by FTY720 at this time. As with the FL-MMP-2 transcript, 

there was a significant four-fold increase in NTT-MMP-2 transcript abundance after 3.5 

weeks of high fat diet, which remained significantly elevated at 6 and 15 weeks following 

lipid normalization. Although there was a trend for a reduction in NTT-MMP-2 transcript 
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abundance with FTY720 treatment, it did not reach statistical significance in our cohort of 

mice (Figure 7B).

We also examined expression of MMP-9 and MMP-14 and determined the potential effects 

of FTY720 on these. As summarized in Figure 7, MMP-9 expression was significantly 

elevated following HFD and returned to baseline by 15 weeks. FTY720 did not suppress 

MMP-9 expression. MMP-14 levels were significantly elevated at 6 weeks but were 

suppressed by FTY720. MMP-14 levels returned to baseline by 15 weeks.

We next examined the transcript abundance of the pro-inflammatory cytokine interleukin 6 

(IL-6), as well as three genes associated with a primary innate immune response including: 

Interferon Response Factor-7 (IRF-7), Interferon-Induced Protein with Tetratricopeptide 

Repeat 1 (IFIT1) and 2’-5’ –oligoadenylate synthetase 1A (OAS1A) (Figure 8). While all 

transcripts were significantly elevated following 3.5 weeks of HFD, all manifested further 

highly significant elevations at 6 and 15 weeks following normalization of plasma lipids. 

FTY720 treatment suppressed transcription of IRF-7, OAS1A and IL-6, but did not affect 

the transcript abundance of IFIT1. Lastly, we measured levels of the B cell-specific cytokine 

chemokine (C-C motif) ligand 7 (CCL7) that has recently been associated with enhanced 

cardiac inflammation and CHF after MI in mice.5 As shown in Figure 8, CCL7 expression 

was profoundly upregulated following 3.5 weeks of HFD which correlates with increased 

numbers of cardiac B cells. Moreover, we also observed that its expression was profoundly 

reduced 6 weeks after FTY720 treatment that also led to a rapid loss of B cells. In summary, 

our findings demonstrate that FTY720 prevented pathological remodeling of the heart by 

reducing MMP-2 expression, and reducing a cytokine storm involving IL-6 and CCL7 as 

well as an excessive expression of immune genes including IRF-7 and OAS1A.

DISCUSSION

The combined contributions of immunity and inflammation to the pathogenesis of post-

infarction CHF has been increasingly recognized.7 The relevance of such phenomena to 

human CHF is not clear as the rodent models used to explore this pathophysiology have 

relied primarily on the permanent left anterior descending ligation model of myocardial 

infarction injury. In contrast, human CHF often develops among individuals who survive 

recurrent episodes of MI caused by progressive occlusive coronary atherosclerosis driven 

primarily by hyperlipidemia. Therefore, to better approximate the causative factors of 

human CHF we generated a mouse model in which CHF could be induced through dietary-

mediated manipulation of plasma lipid levels. To this end, we improved our existing mouse 

model of diet-induced coronary atherosclerosis and fatal MI known as HypoE/SR-BI−/− mice 

that we refer to as HypoE/SR-BI−/− mice in this study. By breeding HypoE/SR-BI−/− mice to 

Mx1-Cre mice, we introduced a genetic switch to rapidly normalize plasma lipid levels 

through inducible Cre-mediated gene repair of the HypoE allele. Our prior studies of variant 

forms of HypoE Mx1-Cre mice revealed the utility of this system to investigate biological 

mechanisms of atherosclerosis regression and lesion stabilization.20, 21 But whether such as 

an approach could be used to successfully study the process of coronary atherosclerosis 

regression and CHF in HypoE/SR-BI−/− Mx1-Cre mice was less predictable because of the 

pronounced phenotype of rapid sudden death from MI.
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Our data demonstrate that a rapid and sustained reduction of plasma lipid levels after 3.5 

weeks of HFD permits survival in 60% of all HypoE/SR-BI−/− Mx1-Cre mice. Serial 

echocardiograms of these mice over the next 15 weeks subsequently demonstrated 

development of progressive LV dysfunction with markedly reduced ejection fractions and 

elevated end-systolic volumes. Our findings also show that treatment with the 

immunosuppressant FTY720 at the time of Cre-mediated gene repair and lipid normalization 

resulted in an almost complete recovery of LV systolic function. The restoration of left 

ventricular systolic function occurred despite continued atherosclerosis progression in the 

aortic root and coronary arteries.

The mechanisms responsible for the recovery from LV systolic dysfunction are not entirely 

clear, but our data strongly suggest that immune suppression is a key factor in the 

improvement of LV performance. Specifically, our data point to excessive IL-6 expression 

as a direct contributor to CHF in the setting of ischemic cardiac injury, and demonstrate the 

clinical benefit of reducing innate immune responses as a therapy to preserve and possibly 

restore heart function after MI. Specifically, our findings show the benefit of rapid 

elimination of cardiac B cells along with reduced CCL7 expression in preventing 

pathological remodeling and CHF. Such data support recent observations reporting a 

pathological role for B cells and B cell-derived CCL7 expression as a cause of enhanced 

cardiac inflammation and CHF that resulted from enhanced influx of circulating 

monocytes.5 Although reduced CCL7 expression following FTY720 treatment did not result 

in greater reduction of cardiac macrophages at the 6 week time point, we cannot exclude the 

possibility of an earlier loss of these myeloid cells after lipid lowering and FTY720 

initiation. Future time-course studies will be required to address this issue.

Both MMP-2 isoforms are associated with decreased systolic function due to disruption of 

either sarcomeric integrity or excitation-associated calcium handling.28, 31 Full length 

MMP-2 transcription can be driven by IL-6 via the STAT signaling cascade and it is most 

probable that the decreases in FL-MMP-2 following FTY720 treatment are the result of 

inhibition of IL6 synthesis.33, 34 The NTT-MMP-2 isoforms lacks a STAT binding site in 

the intronic promoter, which is the most probable explanation for the absence of a FTY720 

inhibitory effect on this isoform. Thus, the improvement in ventricular function may be 

ascribed to FTY720 suppression of FL-MMP-2 isoform expression.

During post-infarction remodeling MMP-9 is primarily expressed by infiltrating 

inflammatory cells, while MMP-14 is expressed by both cardiac fibroblasts and 

cardiomyocytes.35, 36 The promoter regions of MMP-9 and MMP-14 are structurally very 

distinct and likely that this is the explanation for the variable responses to FTY720.37, 38 The 

suppression of MMP-14 by FTY720 is a likely contributor to the improved ventricular 

function observed in treated mice. MMP-14 acts at multiple levels in post-infarction 

ventricular remodeling, including alterations in cardiac extracellular matrix and activation of 

latent transforming growth factor-beta-1.36 Further, MMP-14 is a key activator of latent 

MMP-2 which may further contribute to systolic failure.39

Our findings partially reproduce and extend earlier studies conducted in ApoE null mice 

subjected to LAD ligation as a model of MI and CHF.40 Similar to results of that study, we 
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noted that recurrent MI led to pronounced atherosclerosis in the aorta. Our findings also 

show that coronary atherosclerosis worsens after MI. However, in pIpC-induced HypoE/SR-

BI−/− Mx1-Cre mice the continued progression of atherosclerosis after lipid lowering was 

not due to increased monocytosis as levels of circulating monocytes and neutrophils 

remained similar to baseline values. Rather, a reason for persistent atherosclerosis and lack 

of atherosclerosis lesion regression and stabilization in this model could be due to the 

absence of the SR-BI receptor that participates in the removal of cellular cholesterol from 

lesional macrophages and to its disposal in the liver via HDL.41 Irrespective of the cause of 

continued atherosclerosis progression it did not cause fatal MI among the mice at the 15 

week time point.

Notwithstanding the continued increase in the burden of coronary atherosclerosis, a large 

proportion of pIpC-induced mice survived up to the point of harvest that was 15 weeks after 

plasma lipid reduction. One possibility to explain survival among these mice is that the 

burden of occlusive coronary atherosclerosis did not reach a critical threshold level. Indeed, 

our prior studies of the model fed a HFD for a longer period of time resulted in far lower 

numbers of coronary arteries free of disease.19 A larger proportion of coronary arteries with 

no evidence of atherosclerosis suggests the formation of collateral vessels resulting in 

reduced cardiac ischemia that could explain survival in these mice.

In summary, the most noteworthy finding of our study is the observation that the 

immunosuppressant FTY720 can almost completely reverse cardiac dysfunction in 

HypoE/SR-BI−/− Mx1-Cre mice. Our data suggest that a suppression of systemic adaptive 

immunity contributed to this recovery, as mice not treated with FTY720 developed 

progressively increased numbers of lymphocytes in the circulation. This effect was partially 

reproduced in the heart. Although mice treated with FTY720 did not display a more 

substantial reduction of T cells and macrophages in the heart after plasma lipid lowering, it 

did result in a more rapid loss of B cells and its associated chemokine CCL7 that has 

recently been shown to contribute to cardiac inflammation by enhancing the recruitment of 

monocytes into the infarcted heart.5 Also, FTY720 likely impacted the phenotypic behavior 

of leukocytes in the heart resulting in a marked suppression of MMP-2 expression that led to 

excessive ventricular remodeling in mice not treated with FTY720. In addition, FTY720 

prevented a massive 100-fold increase the mRNA expression of IL-6 that is known to be 

cytotoxic to cardiomyocytes42 and also drives the expression of MMP-2.33, 34

Ongoing studies are exploring the impact of FTY720 on altering the phenotype of cardiac 

immune cells and determining the impact that this can exert on reducing tissue inflammation 

and sparing LV function.
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Figure 1. 
A. Survival curves of HypoE/SRB1−/− MX1-Cre mice (n=37–39) fed HFD followed by a 

chow diet with and without FTY720 for up to 15 weeks.

B. Plasma cholesterol levels (n=4–16) were measured after 3.5 weeks HFD (0) and at 3, 6, 

10, and 15 weeks after start of FTY720 treatment.

Data are mean ± SEM. *P<0.05 versus control.
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Figure 2. 
A. Quantification of aortic root lesion area from HypoE/SRB1−/− MX1-Cre mice fed HFD 

for 3.5 weeks followed by 15 weeks chow diet with or without FTY720 (n=6–8). *P<0.05 

versus both + and − FTY720.

B. Representative images of aortic root lesions stained with ORO from HypoE/SRB1−/− 

MX1-Cre mice fed HFD for 3.5 weeks followed by 15 weeks chow diet with or without 

FTY720.
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Figure 3. 
A. Quantification of occluded coronary arteries from HypoE/SRB1−/− MX1-Cre mice fed 

HFD for 3.5 weeks followed by 15 weeks chow diet with or without FTY720 (n=8–13). No, 

non-occluded (0–5%); Partial (5–50%); Severe (50–95%); Complete (100%).

B. Representative images of occluded coronary arteries stained with Picro Sirius Red and 

counterstained with Fast Green. No, non-occluded (0–5%); Partial (5–50%); Severe (50–

95%); Complete (95–100%).
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Figure 4. 
Echocardiographic measures of left ventricular performance (n=13–39). Ejection fraction 

(A) and fractional shortening (B), left ventricular end-diastolic volume (LVEDV) (C) and 

left ventricular end-systolic volume (LVESV) (D) in HypoE/SRB1−/− MX1-Cre mice at 

baseline, fed a HFD for 3.5 weeks, or fed a chow diet with and without FTY720 for up to 15 

weeks following HFD. Data are mean ± SEM. *P<0.05 (− FTY720 versus + FTY720).
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Figure 5. 
Absolute numbers (n=5–13) of T cells (CD3+ B220−) (A), B cells (CD3− B220+) (B), 

neutrophils (Ly6G+ CD11b+) (C) and monocytes (Ly6G− CD11b+) (D) in peripheral blood 

in HypoE/SRB1−/− MX1-Cre mice fed a HFD for 3.5 weeks and in mice at 1, 3, 6, and 15 

weeks on a chow diet with or without FTY720 treatment. Data are mean ± SEM. *P<0.05, − 

FTY720 versus + FTY720.

Luk et al. Page 18

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Relative mRNA expression levels (n=7) of CD45+ Leukocytes (A), B220+ B cells (B), 

CD4+ T cells, and F4/80+ macrophages in hearts from mice before HFD, immediately after 

HFD, and at 6 and 15 weeks post-HFD with or without FTY720. The relative quantity of 

mRNA was compared to baseline (Base, before HFD). Data are mean ± SEM. *P<0.05, 

**P<0.01
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Figure 7. 
Relative mRNA expression levels (n=7) of full length (A), truncated (B) MMP-2, (C) 

MMP-9, and (D) MMP-14 in hearts from mice at baseline (base), immediately after high-fat 

diet (HFD), and 6 and 15 weeks post-HFD on a chow diet with or without FTY720. Relative 

mRNA expression was compared to baseline (Base, before HFD). Data are mean ± SEM. 

*P<0.05
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Figure 8. 
Relative mRNA expression levels (n=7) of IL-6 (A), CCL7 (B), OAS1A (C), IRF-7 (D), and 

IFTI1 (E) in hearts from mice before HFD, immediately after HFD, and at 6 and 15 weeks 

post-HFD with or without FTY720. The relative quantity of mRNA was compared to 

baseline (Base). Data are mean ± SEM. *P<0.05, **P<0.01
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Table 1

TaqMan® Assay ID

Gene Name Assay ID

CD45 Mm01293577_m1

CD4 Mm00000442754_m1

B220 Mm01293575_m1

F4/80 Mm00802529_m1

CCL7 Mm00443113_m1

GAPDH Mm99999915_g1
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Table 2

SYBR Green I primer sequence

Gene Forward (5’→3’) Reverse (3’→5’)

Full-length MMP-2 GACCTCTGCGGGTTCTCTGC TTGCAACTCTCCTTGGGGCAGC

NTT MMP-2 GGCTCTGGAGCATGACCGCTT TTGCAACTCTCCTTGGGGCAGC

2’–5’ Oligoadenylate synthetase 1A (OAS1A) ATTACCTCCTTCCCGACACC CAAACTCCACCTCCTGATGC

Interferon-induced protein with tetratricopeptide repeats 
1 (IFIT1)

TGTTGAAGCAGAAGCACACA TCTACGCGATGTTTCCTACG

Interferon regulatory factor 7 (IRF-7) CAGCGAGTGCTGTTTGGAGAC AAGTTCGTACACCTTATGCGG

Interleukin 6 (IL-6) GGGAAATCGTGGAAATGAGAAA AAGTGCATCATCGTTGTTCATACA

β-2-microglobulin TAAGCATGCCAGTATGGCCG AGAAGTAGCCACAGGGTTGG
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