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Aims: One unaddressed aspect of healing after myocardial infarction (M) is how non-myocyte
cells that survived the ischemic injury, keep withstanding additional cellular damage by stress
forms typically arising during the post-infarction inflammation. Here we aimed to determine if cell
survival is conferred by expression of a mitochondrial protein novel to the cardiac proteome,
known as steroidogenic acute regulatory protein, (StAR/STARD1). Further studies aimed to
unravel the regulation and role of the non-steroidogenic cardiac StAR after M.

Methods and results: Following permanent ligation of the left anterior descending coronary
artery in mouse heart, timeline western blot analyses showed that StAR expression corresponds
to the inflammatory response to MI. Following the identification of StAR in mitochondria of
cardiac fibroblasts in culture, confocal microscopy immunohistochemistry (IHC) identified StAR
expression in left ventricular (LV) activated interstitial fibroblasts, adventitial fibroblasts and
endothelial cells. Further work with the primary fibroblasts model revealed that interleukin-1la
(IL-1a) signaling via NF-xB and p38 MAPK pathways efficiently upregulates the expression of
the Stargene products. At the functional level, IL-1a primed fibroblasts were protected against
apoptosis when exposed to cisplatin mimicry of /n vivo apoptotic stress; yet, the protective
impact of IL-1a was lost upon siRNA mediated StAR downregulation. At the physiological
level, StAR expression was nullified during post-MI inflammation in a mouse model with global
IL-1a deficiency, concomitantly resulting in a 4-fold elevation of apoptotic fibroblasts. Serial
echocardiography and IHC studies of mice examined 24 days after MI revealed aggravation of LV
dysfunction, LV dilatation, anterior wall thinning and adverse tissue remodeling when compared
with loxP control hearts.

Conclusions: This study calls attention to overlooked aspects of cellular responses evolved
under the stress conditions associated with the default inflammatory response to MI. Our
observations suggest that LV IL-1a is cardioprotective, and at least one mechanism of this action
is mediated by induction of StAR expression in border zone fibroblasts, which renders them
apoptosis resistant. This acquired survival feature also has long-term ramifications on the heart
recovery by diminishing adverse remodeling and improving the heart function after MI.
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Introduction

The first step toward healing after myocardial infarction (MI) is activation of the innate/
sterile inflammatory response [1]. The predominant, yet not exclusive, trigger of the
inflammatory response is the proinflammatory interleukin-1la (IL-1a) [2,3]. A result of
the infarction ischemia is a passive release of the cytoplasmic and nuclear IL-1a content
[4] from cardiomyocytes and possibly other cell types undergoing necrotic lysis in the
injured tissue [2,3]. Also, IL-1a is only proximal to the Ml-related release of additional
intracellular substances and extracellular matrix (ECM) degradation products that can trigger
the cardiac immune response, collectively called danger associated molecular patterns
(DAMPs), or alarmins [1,5]. Immediate cell targets of IL-1a and DAMPs are resident
interstitial fibroblasts in the infarct border zone that were spared during the ischemic
demise; IL-1a binding to these cells results in a massive synthesis and secretion of more
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proinflammatory cytokines and chemokines, such as IL-6 and CCL2/MCP-1, which ignite
the post-MI inflammation by recruiting immune cells to the site of the injury [1,6-8].
Concomitantly, resident fibroblasts of the infarct border zone are subjected to an additional
mode of activation viathe mechanical tension generated by loss of tissue volume due

the lytic collapse of the necrotic cardiomyocytes. This stress dependent activation of the
fibroblasts leads to proliferation, periostin (POSTN) expression, and early differentiation to
smooth muscle a-actin (SMA) bearing myofibroblasts, which rapidly repopulate the infarct
vacant space [9-11]. Finally, upon resolution of the inflammatory phase, fully differentiated
myofibroblasts shape the nature of cardiac remodeling by deposition of collagen type | and
other ECM components, so that the resulting scar tissue prevents left ventricular wall rupture
[12-14].

An unaddressed aspect of the heart response to Ml is the question how the border zone
fibroblasts endure through the inflammatory response, when the injured tissue is infiltrated
by neutrophils and proinflammatory monocytes/macrophages that release reactive oxygen
species (ROS) required for their clearing activities [5,13,15]. We recently revealed that the
post-MI injured left ventricular (LV) tissue expresses a protein new to the cardiac protein
landscape, the steroidogenic acute regulatory protein, StAR [16]. The working hypothesis
underlying the present study aimed to examine if StAR supports cell survival after M.
Originally, StAR discovery [17,18] unveiled a mechanism by which StAR activity provides
cholesterol transfer to the inner membrane (IMM) of steroidogenic mitochondria, where the
sterol serves as substrate for the synthesis of the first steroid by the IMM mitochondrial
P450 enzyme complex of CYP11A1 [19]. In steroidogenic cells of the adrenal cortex and
the gonads, the nuclear encoded Stargene is upregulated by trophic hormones and the
cAMP signaling pathway [20,21]. In the heart, however, StAR expression cannot support
steroidogenesis since CYP11A1 and 3BHSD [19,22], the two obligatory enzymes required
for de novo steroid hormone synthesis from cholesterol, are missing [16,23]. We therefore
hypothesized that cardiac StAR should have a new alternative activity to be harnessed for a
non-steroidogenic function in the heart.

To identify the cell types that express StAR, we applied antibodies to cardiomyocytes-
specific troponin 1, to fibroblast-specific markers such as platelet derived growth factor
receptor-a (PDGFRa) and periostin (POSTN), and endothelial cell marker, CD31/PECAM1
[24]. PDGFRa is required for the generation of the interstitial fibroblast population during
development, and remains essential for cardiac fibroblast survival in adult mice [11,25,26].
Periostin is a 90 kDa hetero-functional matricellular protein [27,28] previously found
instrumental for cardiac healing after M1 [29,30].

Our /in vitro experiments with cardiac fibroblasts revealed that IL-1a signaling is pivotal for
StAR expression and function. Interleukin-1a, —1a, =33 and 1L-18 comprise the leading
members of the IL-1 gene family [31]. Interestingly, the modes of activation and release

of IL-1a and IL-1p are profoundly different; in contrast to the passive release of IL-1a.,
secretion of IL-1p is highly regulated in the context of the innate and adaptive immune
responses [32—35]. What unifies the two cytokines is their independent binding to a mutual
receptor type | (IL-1R1) that in turn recruits a receptor accessory protein (IL-1R3) in order
to activate downstream intracellular signaling. Relevant to this study are the two arms of
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the IL-1R1 signaling patterns, culminating in gene activation by NF-xB/AP-1 pathways, and
activation of MAP kinase pathways (p38, JNK, ERK) [8,34,36,37].

Finally, we also examined the physiological impact of IL-1a absence on the recovery
outcomes after Ml in a global IL-1a deficient mouse model, which turned out to agree with
the predicted centrality of IL-1a, and possibly StAR, in cardiac repair and remodeling after
MI.

2. Materials and methods

For additional methods, see Supplemental Materials and Methods online.

2.1. Animals

BALB/c females (11-12 weeks old, weight 25-30 g) were used to study the wild-type
mouse response to MI, and Sprague-Dawley male rats (200-250 g) were used for
preparation of high yield cardiac fibroblast cultures; both rodents were obtained from
Harlan Laboratories (Jerusalem, Israel) and maintained under a schedule of 12 h light,
12 h dark with food and water ad /ibitum. Animals were treated in accordance with the
NIH Guide for the Care and Use of Laboratory Animals. All experimentation on mice
followed the appropriate analgesic and anesthesia guidelines and was approved by the
Institutional Committee on Animal Care and Use (IACUC), The Alexander Silverman
Institute of Life Sciences, The Hebrew University of Jerusalem. The Hebrew University
is AAALAC approved. 1L-1aKO: Use of global IL-1a knockout mice (IL-1aKO) was
described previously [38-40]. Briefly, floxed /L-1a’*** mice on a C57BL/6NTac genetic
background were generated by the Taconic Artemis Company, (Cologne, Germany) by
introducing loxP sites flanking the coding exons 2-5 of the //-Z1a gene. These mice
were further crossed with commercially available Gi(ROSA)26Sor™m16(cre)Arte mice that
constitutively and ubiquitously express the Cre recombinase transgene under the control
of the ROSAZ6 locus [41]. Deletion of //1a by Cre induced excision of exons 2-5 was
validated by PCR (Supplemental Fig. S8C-E). These mice do not exhibit evidence of
spontaneous carcinogenesis, and their lifespan appears normal [32]. Mice were bred and
kept at the Animal Facility of the Sheba Medical Center, Tel Hashomer, Israel. Animal
care and studies were approved by the Institutional Committee on Animal Care and Use
(IACUC) of the Sheba Medical Center.

2.2. Experimental myocardial infarction-

Based on the previously described M1 procedure [16,42], 12 week old mice (BALB/c
WT-females; C57BI/6 IL-1aKO; C57BI/6 loxP control males, 25-30 g) were anesthetized
by inhalation of 2% isoflurane/ 98% O. The isoflurane flow was monitored to maintain
the heart rate at >400 bpm. For MI, the left coronary artery was permanently ligated at

the lower border of the left atrium. Sham animals (control) were subjected to a similar
surgery, passing the thread without ligating the artery. Artery occlusion was validated by
visual bleaching distal to the occlusion site and, more importantly, by echocardiography 72
h after MI (Supplemental Table S1 online) using a small animal echocardiography system
(Vevo 2100 Imaging System; VisualSonics) equipped with a 22 to 55-MHz linear-array
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transducer (MS550D MicroScan Transducer). Functional and remodeling echocardiography
measurements were taken 7 days before surgery (baseline), and on d3 and d24 post-Ml. To
reduce the animal number to a minimum, data of sham animals were combined from both
loxP and IL-1a. KO, which showed no differences in baseline phenotype. The investigator
performing the echocardiography measurements was blind to the genotype of the animals.

Use of C57BI/6 males is widely accepted for work with genetically manipulated models.
However, wild-type BALB/c females were the preferable model for the study of IL-1a/StAR
roles after MI due to lower rate of infarct rupture and better cardiac remodeling compared
with males and other strains of mice [43]. Nevertheless, our findings suggest that despite the
use of different mouse strains and sex, the IL-1a KO studies on C57BI/6 males background
adequately addressed the central hypothesis of this study, owing to the use of loxP males to
represent the response of normal C57BI/6 mice to MI.

2.3. Primary cell cultures and cytokine treatments

Primary adult rat cardiac fibroblasts.—Cardiac fibroblasts were isolated from
Sprague-Dawley rats (200-250 g males). The rationale for selecting the rat heart for
preparation of high-crop primary fibroblast culture is detailed in Supplemental Results).

To this aim, minced rat heart (~1 g) was washed in cold PBS/ 20 mM glucose and
dissociated in Dulbecco’s Modified Eagle Medium (DMEM) containing collagenase-dispase
(Sigma Aldrich 10,269,638,001), DNase | (Sigma-Aldrich D5025) and BSA (Sigma-Aldrich
A4919) mixture of 3 mg/ml, 0.1 mg/ml and 10 mg/ml, respectively [16]. A typical yield of
dissociated fibroblasts from one heart provides 107 live cells seeded onto forty 35 mm tissue
culture wells (9.6 cm?, or proportionate equivalents of other well sizes), thereafter yielding
3-6 x 10* cells/cm? after 5 and 6 days of growth, respectively. For additional protocol
details, as well as description of agonist treatments and preparation of MEF fibroblast
cultures, see Supplemental Materials and Methods online. Preparation of primary neonate rat
cardiac cell culture was described before [16].

2.4. Western analyses, immunohisto- and immunocytochemistry (IHC, ICC)

The preparations of tissues and cells for western blot analyses and confocal microscopy
immuno-detection of StAR [44] and other antigens are detailed in Supplemental Materials
and Methods online.

2.5. Quantitative real-time PCR

See details in Supplemental Materials and Methods online.

2.6. Apoptosis assays

In this study we used several assays of apoptosis in cultured cells and in tissue sections,
including: nuclear fragmentation [45], TUNEL, time-lapse morphological apoptosis, MTT
viability assay, determination of cleaved caspase 9 levels and apoptosis index in vivo (see
Supplemental Materials and Methods online).
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For expression knockdown by siRNA, primary cardiac fibroblasts were plated in 6-well
tissue culture plates, and on day 4 the cells were transfected with 50 pmol of either

negative control siRNA (siControl) or siStAR (Invitrogen) using Lipofectamine RNAIMAX
transfection reagent (Invitrogen 13,778,075) according to the manufacturer’s instructions.
The indicated treatments commenced 24 h later.

2.8. Statistical analyses

GraphPad Prism 7 and SPSS 25 software programs were used to test statistical significance.
Data are presented as mean = the standard error of the mean (SEM) of multiple (7= 3)
independent experiments. /n vivo loxPloxP vs. IL-1aKO histograms are presented as mean
+ 95% confidence interval (C195) of n = 3 mice from each group. Histograms depicting

in vivo wild-type data are presented as mean £ SEM of 7= 3 mice from each group.

The same software programs were used to assess statistical significance and to run the
Shapiro-Wilk normality test. Unpaired £tests were used to compare two groups. Multiple
group comparisons were done by ANOVA using Holm-Sidak’s posttest. Where indicated,
a non-parametric Kruskal-Wallis using Dunn’s posttest was performed. Where relevant,
mean values were compared using the Pearson correlation test. To analyze changes in
echocardiography parameters of left ventricular (LV) remodeling and function over time,
we used general linear model 2-way repeated-measures ANOVA, followed by Bonferroni
posttest. Data were considered statistically significant when £< 0.05.

3. Results

3.1.

Identification of StAR expressing cells

Since StAR expression has been observed in cultured adult and neonate rat cardiac
fibroblasts (Supplemental Fig. S4B and S4D, respectively), we aimed to map StAR
expression in the mouse heart shown before to express StAR after Ml [16]. Transverse
paraffin sections taken three days after MI from below the point of the left coronary artery
occlusion, were examined by confocal microscopy. Unlike the unharmed myocardium of
a sham-operated heart (Fig. 1A1), loss of troponin I content after MI provided visual
evidence of the muscle injury that extends thoughout the thinning LV free wall (Fig.
1A2-3(. Yet, the injury pattern reveals three layers of the myocardium that remained
viable, namely, two strips of subepicardium and sub-endocardium longitudinal myocytes
(transversely sectioned), and core bundles of circumferential myocytes (Fig. 1A2-2a).
Hence, the classical border zone (BZ) terminology [46] applies here to any interface
between the viable myocytes and the dead ones throughout the entire length of the LV
free wall infarct zone (1Z).

Elongated interstitial fibroblasts are readily noted in the border zone of the core myocytes at
the posterior end of the infarct zone, where high magnification images show that StAR is co-
expressed with the fibroblast marker PDGFRa (Fig. 1Ba-b). Despite the fact that fibroblasts
have recently been shown to start expressing smooth muscle a-actin (a¢SMA) as early as
post-MI d3 [9,47], in this study we prefer to adhere to the generalized term “fibroblasts’,

a choice reasonably supported by the observation that primary heart fibroblasts are highly
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capapble of StAR expression prior to their spontaneous differentiation into myofibroblasts in
culture (Supplemental Results and Fig. S4B1-5).

Similar characteristics also applied to fibroblasts in the posterior subepicardial border

zone tissue that did not succumb to necrosis. In this instant, we also applied antiserum
periostin (POSTN, Fig. 1A3) a known marker of activated fibroblasts and central for tissue
remodeling [48]. Border zone POSTN™ fibroblasts are scattered in between sub-epicardium
transversely sectioned viable myocytes, and also invade the infarct zone (Fig. 1C). Higher
magnification revealed the colocalization of POSTN and StAR in the very same cells (Fig.
1D, Da-b), while the distinct mitochondrial localization of StAR and the extracellular
localization of POSTN are demonstratable in some of the cells (Fig. 1D, 1Dc). Other than
interstitial fibroblasts, the confocal IHC appraoach revealed additional minor populations
of StAR-expressing cell types of potential physiological interest, including: (i) the anterior
thickened cell layers of the epicardium (Fig. 1E2-4), and cells of the endocardial epithelium
(Fig. 1F2-4), all of which express both PDGFRa and POSTN as well; (ii) StAR*:PDGFR*
fibroblasts that do not seem to become activated and do not express POSTN (Supplemental
Fig. S1Da-c); (iii) adventitial fibroblasts in small arteries of the damaged LV (Supplemental
Fig. S1Da—c and S1C2-3); (iv) StAR is expressed in endothelial cells of veins and arteries
in the damaged LV, but not the vessels’ smooth muscle cells (Supplemental Fig. SIA-C);
(v) interestingly, StAR* adventitial fibroblasts and endothelial cells are noted in arteires

of the RV septum, as well as the RV endocardial epithelium (Supplemental Fig. S1F1-

3 and S1F1,4, respectively). The respective cell types in the RV free wall were devoid

of StAR (Supplemental Fig. S1G); (vi) Understandably, StAR expression did not rise in
sham operated hearts (Supplemental Fig. S2Fb), whereas POSTN is sensitive enough in

its response to the minor myocardium injury to be seen localized close to the point of the
needle passing (Supplemental Fig. S2E, Fa). Finally, as expected, no POSTN staining could
be observed in M1 operated hearts of POSTN deficient mice [29] (data not shown).

To elucidate the exact timing of StAR expression following MI, we conducted time-
dependent western blot analysis of the injured LV StAR content (Fig. 2A1-3). The
immediate rise of StAR attaining a peak level on day 3 and fading out by day 14 after Ml,
suggested a concurrent expression during the inflammatory response. Additional blots of the
same tissue extracts also revealed the expression pattern of POSTN and proliferating cell
nuclear antigen (PCNA) reporting the status of cell proliferation (Fig. 2B1-2). The relative
dynamic changes of StAR, POSTN and PCNA could be compared after normalization as
shown in Fig. 2C. First, none of the three proteins were expressed without the Ml trigger.
As expected, MI triggers immediate fibroblast proliferation (Fig. 1G) known to occur at the
onset of the fibroblasts’ activation by the arising mechanical tension, together with POSTN
expression [9]. Fig. 2C also reveals that the conspicuous IHC staining of POSTN on day 3
reflected no more than 30% of its maximal levels on d7, which is expected given the role of
this matricellular protein in scar formation [30,49]. We were able to rule out the possibility
that StAR or PCNA are of neutrophil origin, although these cells massively invade the
infarct border zone at the onset of the the inflammatory response (Supplemental Fig. S3).
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3.2. Interleukin-la induces StAR expression in cultured cells

The immediate onset of StAR expression after Ml, as well as the disappearance of the
protein by the end of the inflammatory response, could imply that StAR induction depends
on injury associated signals known to trigger the inflammatory response within minutes
after coronary artery ligature [5,32]. To screen for StAR expression in response to several
DAMPs/alarmins and proinflammatory cytokines/chemokines, we used a primary cardiac
fibroblast culture model (Supplemental Methods and Supplemental Fig. S4), which revealed
that IL-1a is by far the most effective signal for StAR induction (Fig. 3A-B); within

3-24 h of exposure to IL-1a in serum-free medium, StAR mRNA and protein levels rose
6-10 fold, reaching maximal efficacy at 0.5-1.0 ng/ml (Fig. 3D1-2, E1-2). By contrast,
other alarmins, such as HMGB1, hyalronan fragment (O-HAg), S1008/9 and ATP known

to activate their cognate RAGE, TLRs2/4 and P2RX7 receptors, respectively [5], as well

as acute phase pro- and anti-inflammatory cytokines (TNFa, IL-6, TGFB) and chemokines
(CCL2/MCP-1), all appeared ineffective in elevating StAR above baseline level, even when
tested at concentrations of up to 100 ng/ml (Fig. 3A). Also, cytokines of the IL-1 family, /e,
IL-33 and IL-18, were no more than weak activators of StAR expression at 100 ng/ml (Fig.
3B). Less obvious is the weak response to IL-1f, which appears to be no better than a partial
activator of StAR expression (Fig. 3C), possibly resulting from the lower affinity of IL-1p to
the shared IL-1a/p receptor 1 (IL-1R1) [reviewed 36, 32].

Interestingly, the regulation of the Sfargene, extensively studied before in endocrine cells
downstream of GPCR/CAMP pathways [20,21], is highly responsive in cardiac fibroblasts to
NF-xB/p38 MAPK signaling (Fig. 3F-G), both known to act downstream of IL-1a binding
to the IL-1 type | receptor (IL-1R1) [8]. To demonstrate the latter, Startranscript and

StAR protein were studied using inhibitors of several suspected pathways suggested before
[37], including a classical NFxB pathway inhibitor IMD-0354 (IMD) and the inhibitor of
p38 MAPK (SB203580, SB), both of which profoundly inhibited Stargene products (Fig.
3F-G). In contrast, Star mRNA and protein were only partially inhibited by the inhibitor

of INK, SP600125, and remained unaffected in the presence of the inhibitors of the ERK
pathway (PD032590), and in the presence of the KU-0063794 (KU) dual inhibitor of the
AKT activators, 7.e.,, mTORC1/2 complexes.

3.3. StAR is anti-apoptotic

Since StAR is a new player of the inflammatory response protein landscape, and the
clearing functions of the neutrophils infiltrating the damaged myocardium include the
release of proapoptotic reactive oxygen species, ROS [15], we considered the possibility
that IL-1a impact includes StAR mediated antiapoptotic protection of the fibroblasts during
inflammation. To first examine this hypothesis in the primary fibroblast culture, cells

were exposed to increasing doses of cisplatin known to cause mitochondria-dependent cell
death by several mechanisms downstream of nuclear and mitochondrial DNA damage [50].
Cisplatin alone did not induce StAR expression (Fig. 4B inset), and 50-100 uM cisplatin
caused apoptosis identified by TUNEL positive nuclear fragmentation in up to 30-40%

of the cells (Figs 4Al, A3, and 4B, respectively), which is consistent with the general
notion that cardiac fibroblasts are relatively resistant to apoptosis [51]. Treatment of the cells
with IL-1a (0.5-1 ng/ml) prior to the addition of cisplatin markedly reduced the apoptotic
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rate down to 4-6% (Figs 4A2 and 4B), which is also below the basal apoptosis rate (10—
13%) we normally observed under serum-free medium conditions (Fig. 4B). Moreover, the
anti-apoptotic impact of IL-1a correlated linearly (R? = -0.979, < 0.005) with the amount
of StAR induced by the cytokine, /.e., longer incubation with IL-1a resulted in higher StAR
expression and proportionally decreasing apoptosis rates (Fig. 4C). Interestingly, unlike
IL-1a, at 1 ng/ml IL-1p did not protect against apoptosis (Figs. 4B), which is consistent
with the inability of IL-1p to upregulate StAR at this concentration (Figs. 3C).

To find whether StAR is essential for halting apoptosis downstream of IL-1a signaling,
we downregulated (K/D) StAR expression by siRNA and assessed cell death by two
complementary assays. First, cisplatin cytotoxicity was assessed in live cells by counting
apoptotic cells with a distinct morphology throughout 18 h of time lapse cinematography
(Fig. 4D2, Supplemental Methods and Supplemental Fig. S5). As expected, in control cells
pre-treated with either siControl or siStAR oligos without IL-1a priming, cisplatin alone
caused 50-55% apoptosis (Fig. 4D2 Bars 5-6). Also expected was the reduced rate of
apoptosis) 15%(in siControl transfected cells induced with IL-1a to express StAR (Bar
7). However, StAR protein knockdown (Fig. 4D1) completely abrogated the protective
effect of IL-1a back to the 50% apoptosis rates observed in cells without the cytokine.
Similar results were noted when StAR K/D annulled the protective effect of IL-1a against
serum-free driven apoptosis (Fig. 4D2 Bars 3—4). Finally, the impact of StAR K/D was
also assessed by metabolic vitality assay, MTT, often applied to determine rates of cell
proliferation or cell death [52]. Indeed, the mitochondrial metabolic activities faithfully
reflected the pro-apoptotic impact of cisplatin, which was halted by IL-1a pre-treatment
evidently dependent on StAR expression (Supplemental Fig. SS5A1-3). Collectively, these
results suggest that StAR is essential for the anti-apoptotic impact of IL-1a signaling in
cardiac fibroblasts/myofibroblasts.

3.4. Loss of StAR expression in IL-1a deficient mice

The apparent exclusiveness of StAR induction by IL-1a in culture experiments called for
confirmation of these understandings /7 vivo, using a mouse model globally deficient for
IL-1a expression [39]. Since IL-1a and IL-1 bind to the same receptor IL-1R1 [31],

and IL-1p expression was shown to elevate after Ml together with IL-1a [53,54], we
examined the MI-dependent changes of the cytokine transcripts in the LV free wall. The
basal level of IL-1a in sham operated loxP control mice apparently reflects the cytokine
reservoir available for release upon ischemic necrosis of the injured cells due to Ml (Fig.
5A). Following MI, the LV expression of both IL-1 transcripts elevated 4-fold in the loxP
mice, suggesting that IL-1a and IL-1p exist at equimolar LV levels. As expected, the global
deletion of exons 2-5 of the //Za gene [38,39] resulted in total loss of the //Zatranscript in
the IL-1a. KO heart tissue. Importantly, the post-MI rise of the //1b transcript is sustained in
the IL-1a.KO heart, suggesting an IL-1a independent regulation of the post-MI expression
of IL-1B, known to rise in both cardiomyocytes and CFs; IL-1a is not expressed in the CFs

2].

Next, we characterized the impact of IL-1a loss on StAR, POSTN, PDGFRa and
proliferating cell nuclear antigen (PCNA) levels /in vivo. We also gained additional insight
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by testing the fibroblasts’ responses to IL-1a in primary cells culture (Fig. 5E1-3). As for
StAR, western blot analyses show that on day 3 post-MI, StAR expression was upregulated
up to 15-fold in the left ventricular free wall of loxP control mice (Fig. 5B1,2), which
faithfully recapitulated the fibroblasts’ response to IL-1a in culture (Fig. 3). By contrast,

no StAR rise was noted in Ml operated hearts of the IL-1a. KO mice. Similar to StAR’s

rise, a robust induction was also noted for POSTN, PDGFRa and PCNA expression in the
MI control mice (Fig. 5B3, C2 and D2, respectively), which was substantially reduced by
70% in the IL-1a KO animals. Noteworthy is the different response to IL-1a in culture,
where the cytokine generates no more than a modest 3-fold response in POSTN expression
(Fig. 5E1), suggesting that additional DAMPs other than IL-1a are probably involved in the
tour-de-force regulation of this matricellular protein /n vivo. Also, IL-1a did not induce cell
proliferation in culture (Fig. 5E3), which is consistent with the notion that the IL-1 cytokines
are not mitogenic [55]; instead, post-MI cardiac fibroblasts are induced to proliferate by
mechanically stretched paracrine-activated cardiomyocytes [56]; consistent with this in vivo
notion are the cultured fibroblasts that become mitotically-activated (Supplemental Fig.
S4A) by the mechanical tension generated by their adherence to the rigid tissue culture
plastic substrate [57]. The latter activation of the fibroblasts /n culture can also explain

the high IL-1a-independent PDGFRa expression in vitro (Fig. 5E2), whereas the observed
induction of PDGFRa by MI (Fig. 5C2) is consistent with similar findings by others
[58,59].

The fact that, following M1, IL-1a deficient mice display only attenuated cell proliferation
and a low level of fibroblast cell markers (Fig. 5D2, C2, B3), could result, at least in

part, from increased cell death in the absence of StAR. To address this possibility, we
examined apoptosis rates by two IHC approaches; first, counting border zone cells labeled
with cleaved caspase-9 showed a 4-fold increase of apoptotic cells in IL-1a KO over loxP
control hearts (Fig. 5F1-3). Secondly, we calculated apoptosis indices (Fig. 5G) based

on perinuclear accumulation of apoptotic mitochondria as described in Supplemental Fig.
S6D1-3 and Supplemental Results; this approach, too, corroborated a 3.5-fold increase of
apoptosis in the heart of the IL-1a KO mice.

3.5. The impact of IL-1a absence on cardiac remodeling and function

To examine the impact of IL-1a absence on cardiac remodeling and function, we performed
serial 2D echocardiography prior to surgery and on post-MI days 3 and 24. There was no
significant difference in baseline cardiac function between sham and M1 operated animals
and post-MI d3 ejection fraction values validated successful infarction (Supplemental Table
S1 online). Clearly, the deterioration of cardiac contractility markers, as evidenced by d24
measurements of LV ejection fraction, fractional shortening and fractional area change

(Fig. 5G1, G2 and G3, respectively) was significantly worse in animals lacking IL-1a
(IL-1aKO) compared with loxP control mice. Moreover, adverse remodeling evidenced

by increase of LV end-systolic volume, LV end-diastolic volume (Fig. 5H1 and H2,
respectively) and reduced LV wall thickness (Fig. 5H3 and H4, respectively), all attested

to worsening LV dilatation observed in IL-1a KO mice compared with loxP control animals.
These functional findings were consistant with morphological differences observed between
loxP and IL-1a.KO hearts examined after staining by troponin I, Picro-Sirius Red or H&E
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(Supplemental Fig.S8 and Supplemental Results). Collectively, representative heart sections
suggested that 24 days after M, typical IL-1a KO hearts exhibit worse remodeling in the
form of a thinner LV free wall enriched with dense deposits of collagen.

4. Discussion

This study unraveled an overlooked aspect of the heart response to ischemic injury, whereby
StAR, a vital mitochondrial protein indispensable for steroid hormone synthesis, is highly
expressed in non-steroidogenic interstitial fibroblasts, adventitial fibroblasts and endothelial
cells of the injured myocardium after M1. While presently focused on the cardiac fibroblasts,
this study shows that the expression of StAR is selectively governed by IL-1a signaling and
no other DAMPs/alarmins.

This understanding is supported both in culture model of primary cardiac fibroblasts, as well
as /in vivo using an IL-1a KO mouse model, where global deficiency of IL-1a results in total
loss of the StAR response. It therefore seems that the regulation of the Stargene in cardiac
fibroblasts is redirected to acquire a new response to NF-xB and p38 MAPK signaling

that replaces the classical GPCR/cCAMP/PKA/CREB pathway known for the steroidogenic
activation of the Stargene [20,21].

The new antiapoptotic activity of cardiac StAR calls for further studies addressing the
mechanism of StAR action in fibroblasts, possibly by impacting on cellular cholesterol
homeostasis. In this regard, intracellular cholesterol mobilization has often been connected
to questions of apoptosis and tumor biology [60], where elevation and depletion of cellular,
or mitochondrial, cholesterol levels seemed to associate with chemotherapy resistance [61]
or potentiation of apoptosis, respectively [62—-64]. Most relevant in this regard are recent
bioinformatics analyses (RNAseq) showing a 30-fold score increase of pathways controlling
cholesterol biosynthesis, identified in MI day 3 fibroblasts [65]; such a score change is
understandable in view of the need for cellular cholesterol to sustain proliferative activity,
whilst cholesterol is probably required for the antiapoptotic activity of StAR as well.

The IL-1a KO mouse model, which shows no StAR presence after MI, provides

compelling evidence attesting to the predominant role of IL-1a in StAR upregulation

under physiological circumstances. Moreover, the absence of IL-1a and StAR resulted in a
several-fold increase of apoptotic fibroblasts confined to the border zone area at the peak
time of the inflammatory response. Hence, these /n vivo results confirmed our in vitro
predictions in full. Less straightforward is the interpretation of the long term effects of
IL-1a deficiency on cardiac dysfunction and adverse remodeling, which were exacerbated in
the heart of the IL-1a. KO mouse. Unlike the fall of cell survival upon siRNA knockdown of
StAR in CFs’ culture, StAR loss /n vivo cannot be held responsible for the adverse infarct
repair since it is secondary to IL-1a ablation. Therefore, the question of StAR contribution
to cardiac remodeling and function after M1, must await the future availability of a model
that allows conditional fibroblast-specific ablation of cardiac StAR, independent of the
IL-1a status.
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An optimal immune response is essential for the downstream events of tissue repair after
myocardial injury [1,6,14]. Therefore, if the post-MI release of IL-1a is indeed pivotal

for the onset of the inflammatory response [2], the present observation of worsened LV
function in the absence of IL-1a is understandable. Moreover, even though pharmacological
approaches used in recent clinical and preclinical trials have resulted in some inconsistent
outcomes regarding I1L-1a’s cardiovascular effects [66-68], pharmacological studies in
animal models suggested that IL-1a is cardioprotective, long known as capable of reducing
ischemic injury in rodents [69-71]. Hence, deficiency of cardioprotective IL-1a in the
IL-1a KO mice, can explain the presently observed adverse results of Ml, particularly when
injurious IL-1B [72,73] remains high to freely interact with the receptor in the IL-1a. KO
heart. Yet, the present results are apparently inconsistent with notions previously reached
using other genetic approaches to target IL-1a signaling after MI. For example, Ml in mice
with global [3], or fibroblast-specific ablation of the IL-1 receptor 1 (IL1R1), resulted in
rather improved cardiac remodeling and function [54], effects which were also achieved

by down-sizing the population of activated fibroblasts [59]. However, a distinct difference
exists between the different mouse models, which may explain the inconsistent outcomes
upon loss of IL-1a signaling. For one, contrary to the IL-1a KO model, IL-1R1 deficiency
should have also resulted in loss of the IL-1p response due to shared binding of the

two IL-1 cytokines to IL-1RI; this in itself could predict improvement of left ventricular
remodeling in the IL-1R1KO mice, since the compromising activity IL-1p [72,73] was
prevented. This study made additional IHC observations of potential interest with respect
to their physiological implications: (a) Expression of StAR was observed in border zone
fibroblasts of the sub-epicardium, sub-endocardium and in core fibroblasts juxtaposing

the free wall circumferential myocytes that did not succumb to necrosis. It is tempting

to suggest that these triple layered myocytes/fibroblasts complexes provide an optimal
scaffold for deposition of matricellular POSTN that probably prevents early phase rupture
of the injured free wall. Furthermore, the structured scar tissue observed 24 days after

Ml, follows the cellular pattern of day 3 Ml survivors, /.e., epicardial and endocardial
myocyte layers flanking the fibrotic tissue in the free wall center. (b) The expression of
antiapoptotic StAR in adventitial fibroblasts and endothelial cells of blood vessels could

be advantageous under stress [74] by protecting these cells toward their subsequent role in
post-MI neovascularization [75]. (c) Finally, interesting was also the visual expression of
StAR and POSTN in blood vessel cells and close-by interstitial fibroblasts of the unharmed
septum, remote from the infarction territory. It is tempting to assume that Starand Postn
genes might respond to humoral transmission of low level IL-1a reaching the septum tissue
remote from the infarct injury.

5. Conclusions

We propose a working hypothesis by which post-MI IL-1a binding to fibroblasts and
endothelial cells in charge of the infarct repair, generates a dual impact (Supplemental

Fig. S9): on one hand, previous findings revealed that IL-1a triggers the post-MI cardiac
inflammation by promoting the fibroblasts” own release of proinflammatory mediators that
upscale the immune response [2,3,5,13,54]. Then, by virtue of the very same signaling,
IL-1a upregulates the expression of StAR that protects the fibroblasts from falling victims

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Razin et al. Page 13

to apoptotic stress generated by the clearing activities of the immune cells recruited to the
infarct site by the fibroblasts’ own proinflammatory activity. Altogether, the present studies
suggest that undisturbed cardiac IL-1a signaling is cardioprotective and instrumental for the
improvement of heart remodeling and function, a process in which StAR probably plays a
pivotal role.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Immunohistochemical co-expression of StAR and fibroblast cell markers. Transverse heart

sections were prepared on day 3 post-MI (12 weeks old BALB/c WT-females) and cellular
distribution of StAR and fibroblast cell markers was studied by confocal microscopy. Al,
Whole heart orientation image of sham operated heart, transversely sectioned and post-stain
studied by scanning and image tiling. Note normal troponin | (Tropo) content and intact
thickness of the left ventricle (LV) free wall. RV, right ventricle; Sep, septum. A 2-3,
Orientation sections taken on d3 after M, stained with either troponin and PDGFRa
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(PDGFRY), or troponin and POSTN, respectively. Note a massive loss of troponin in the
necrotic infarct zone (1Z) extending anterior-to-posterior throughout the entire LV free
wall. Yet, as also shown in A2a, typical viable myocytes are noted in the sub-epicardium,
sub-endocardium (both are longitudinal myocytes, Im, arrowheads) and a core strip of
circumferential myocytes (arrows, cm), as well as sub-epicardium and sub-endocardium
longitudinal cardiomyocytes (arrowheads, Im) you already mentioned Im earlier in the
sentence. Other than (this is usually used to mean “except”, is that what you meant? Or

did you mean “in addition to”?) the classically defined border zones [46] at the flanks

of the injured LV (BZ in A3), our observations are consistent with a BZ definition
anywhere in the LV where covering the interface between viable myocytes and necrotic
infarct zone that is typically invaded by PDGFR+/POSTN+ activated fibroblasts (B-E
series) and immune cells (Supplemental Fig. S3A2, B2). B, Troponin | (artificial white)
and PDGFRa (PDGFR) staining of a typical border zone (BZ) region of interest (ROI) at
the posterior side of the LV free wall. V, sub-endocardial vein. Ba-b, Higher magnification
border zone ROI in two consecutive sections (10 mm apart) depicting elongated interstitial
fibroblasts (color matched arrowheads) expressing both PDGFRa and StAR. m, troponin-
emptied necrotic circumferential myocytes. Nuclear DAPI staining is blue in all images.
This image series represents similar observations made in 2 additional hearts. @, staining
artifact. C (ROI localization depicted in A3), Posterior sub-epicardial border zone (BZ)
depicting the interface of viable, transversely sectioned myocytes (*), and troponin-emptied
infarct zone (1Z) containing multiple activated fibroblasts noted by StAR and POSTN
co-expression (Da-b, color matched arrows). Image Dc depicts a single cell example
demonstrating StAR containing mitochondria and a distinct exstracellular localization of
the matricellular POSTN protein. *, Intact troponin-stained, or lysed cardiomyocytes. DAPI
staining denotes nuclei in all images. E1-4 (ROI localization depicted in A2-3), Consecutive
sections depicting anterior border zone where the infarct injury (1Z) initiated. Massive StAR
staining is noted in the epicardium cells (C2, short arrows) that also express PDGFRa (C3)
and POSTN (C4). Arrowheads depict interstitial fibroblasts in between the sub-epicardium
troponin+ longitudinal myocytes, and elongated fibroblasts in between necrotic myocytes
(arrowheads). F1-4 (ROI localization depicted in A3), StAR is expressed in endocardial
epithelial cell (short arrows in F2) that also co-express POSTN (F3, consecutive section to
F1-2) and PDGFRa (F4). The three proteins are also expressed in the sub-endocardium
border zone (BZ) and infarct zone (1Z) fibroblasts (arrowheads). *, Asterisks denote
cardiomyocyte sectioned transversely or in the sagittal plane. G, shown are activated
replicating fibroblasts (POSTN-positive) noted by Ki67 labeled nuclei (arrowheads) in
between border zone (BZ) myocytes (*). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Razin et al. Page 20
Sham M A3 &
Yo 51 d3 d7 d14 d1 d3 d7 d14 d28kDa | P<0.001
surfiEE o > 30 c
BS54 1
HSP60 d““ 60 52
CYP11A1|3 B 54 © $
HSP60|---""-"'"" 60 c‘f;%z'
Sham
A2 'd1_d3 |\3|7 d14' 0 - rl [ &
StAR s & & d1.d3 d7 d14d28
i - = & & Post-MI LV (day)
HSPEO| ™ i w we ah a w wm =— 60 RN
B2
C
B Days after MI__ %, S EPOSTN P<0.001 [2
r A @ PCNA P=0.023
d1 d3 d7 d14 d28 “ypa 2" | L1 5
- S 1] B EE I
i e —— %8 1N -
] PCNA| s s == e . - |30 © 4 3 ;t::'}
S i | k2 i
HSPB0| s s s e s s |60 = 4 fﬁ Efg 0.5
= =H | ED g/
C I e O I
125 o 0 0
P ] a So, 1 d3 d7 d14 d28
S 100 1 POSTN @iﬁ Post-MI LV (day)
3 & 75
a € 1 PCNA
s G 50 1
5 = 25 StAR
o 1
£ 0 B .
&p 91 _d3 d7 d14 d2s
X
< Post-MI LV (day)
Fig. 2.

Timeline of StAR expression coincides with the inflammatory response.

AL, On the indicated days (d1-28) following MI or sham operation (12 weeks old BALB/c
WT-females), the free walls of the left ventricle (LV) and right ventricle A2, RV) were
extracted and analyzed by western blot (20 pg/lane) using antisera to StAR or CYP11A
[16,42]. Mitochondrial heat shock protein 60 (HSP60) was used as loading marker. Adrenal
extract (Ad.,1 ug) was used as positive StAR control. A3, Western blot quantitation of StAR

shows the mean = SEM of 3 independent experiments. B1-B2,

The same extracts of the

LV free wall used in A1 were used to determine temporal expression of POSTN and cell

replication marker PCNA after MI. B1 is a representative blot

and B2 shows the mean +

SEM of 3 independent experiments. Extract pools of 3 hearts were used in each time point.
Significance of the western signal was examined by one-way ANOVA and Holm-Sidak post
hoc analyses. C, StAR, POSTN and PCNA time-dependent expression, all shown as % of

maximal expression. Why does the graph go above 100%?
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Fig. 3.

Selective induction of StAR by IL-1a signaling in primary adult rat cardiac fibroblasts.
Al,2 &B, After 5 days in culture, the growth medium was switched to serum-free, and
the cells were treated for 24 h with the indicated DAMPs/alarmins, cytokines of the IL-1
gene family and cytokines/chemokines known to rise upon the onset of the inflammatory
response to Ml: IL-1a, HMGB1, hyaluronic acid oligosaccharide O-HAg, IL-6, TNFa,
MCP-1, ATP, S100A8/9, TGF, IL-33 and IL-18. Shown is a representative western blot
analysis (10 pg/lane) using tubulin as loading marker. C, Dose response of StAR protein
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to IL-1p compared with IL-1a (1 ng/ml) after a 24 h treatment. D1, Time dependent Star
MRNA RT-gPCR response to IL-1a. Normalizing transcript was the ribosomal protein /79
mRNA. D2, Time dependent western analysis of StAR induction by IL-1a. E1, Expression
of StarmRNA and protein (E2) in response to a 24 h incubation with graded doses of IL-1a
assessed by RT-qPCR and western blot analyses, respectively. Bar histograms depict the
mean + SEM of three independent experiments. *P< 0.05, **P< 0.01, ***P< 0.001; n.s,
not-significant. UT, no addition basal response. F-G, IL-1a induced StAR/Star is regulated
by NF-xB/MAPKSs pathways. After 5 days’ growth in culture, the culture medium was
switched to serum-free, and the following signaling inhibitors were added at the indicated
concentrations 1 h prior to addition of IL-1a. (1 ng/ml): IMD-0354 (IMD) inhibitor of
NF-xB signaling; SB-202190 (SB), pan-inhibitor of p38 MAP kinase (p38); (SP-600125,
(SP), the pan-JNK inhibitor; PD-98059 (PD) ERK inhibitor; KU-63794 (KU), inhibitor of
the AKT pathway. After overnight incubation, protein and RNA were harvested and further
examined by western blot analyses and RT-qPCR, respectively. F, Upper panel depicts
representative western blot using antisera to StAR and tubulin loading marker. Lower
panel shows quantitative results of StAR protein levels in the absence (UT) or presence

of IL-1a and the pathway inhibitors at the indicated concentration. G, Similar experimental
layout was applied for RT-qPCR determination of Star mRNA relative levels normalized
by the ribosomal protein /79 mRNA. Bar values represent mean + SEM of three individual
experiments. *P< 0.05, **P< 0.01, ***P< 0.001; n.s, not-significant when compared to
IL-1a treatment alone.
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Fig. 4.

StAR is essential for the protective effect of IL-1a treatment against cisplatin induced
fibroblast cell death. A1-A3, Following 5 days of primary adult rat cardiac fibroblasts
growth, the cells were treated with IL-1a (1 ng/ml), and cisplatin (Cis, 75 uM) was

added 24 h later. Shown are confocal microscopy images depicting DAPI stained nuclei
and mitochondrial StAR. A1, Note very low basal StAR staining and fragmented nuclei
(arrowheads) after exposure to cisplatin in cells without IL-1a treatment (UT). A3 triad,
Fragmented nuclei (arrowheads) are apoptotic as indicated by TUNEL staining. A2, IL-1a
treatment results in ample StAR expression and markedly reduced number of apoptotic
nuclei. B, Apoptotic cell death response (fragmented nuclei assay) to graded cisplatin doses
after 24 h with IL-1a (1 ng/ml) or IL-1p (1 ng/ml). Plots are mean + SEM of three
independent experiments. Two-way ANOVA statistical analysis was used and the P-value
represents UT vs. IL-1a. Inset, representative western blot analysis showing that graded
doses of cisplatin alone (24 h) do not elevate StAR levels; IL-1a treatment served as
positive control. C, Cells were switched to serum-free medium, and after IL-1a treatment
(1 ng/ml) for the indicated time periods, cisplatin was added for 24 h to sister plates

used to determine the apoptotic rates and StAR levels (ypper panel representative western
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blot). D, StAR knockdown by siRNA oligonucleotide (SiStAR) transfection abrogates the
anti-apoptotic activity of IL-1a. D1, Representative western blot depicting StAR expression
in day 5 cells treated as follows: Lane 1, naive cells without treatment other than incubation
for 24 h in serum-free medium (UT); Lane 2, IL-1a treated (24 h) naive cells; Lanes

3—4, cells transfected with siControl oligos or siStAR (K/D) oligos, respectively, and then
treated with IL-1a.. D2, Following 18 h incubation with cisplatin (75 uM), apoptosis rates
were assessed by apoptotic cell morphology (E1-5 and Supplemental Figs. S6) in cells
pre-transfected with either siControl or siStAR oligonucleotide: UT, no treatment; IL-1a.,
cytokine alone; Cis, cisplatin alone; cisplatin added after IL-1a treatment. All results are
mean + SEM of three independent experiments. *£< 0.05. E series, Live cell imaging of
apoptosis dependent cell shape changes. E1-4, Shown is the progress of cell disassembly
during apoptosis in day 5 fibroblasts plated in IBIDI microscope fit plates (response to 75
UM cisplatin, see Supplemental Methods). Cell images acquired in DIC were recorded every
4 min in four tiled fields (~350-450 cells) and percent count of dead cells was finalized
after 18 h incubation (E5). E1-4 depict time-dependent typical morphological changes of
two cells (* #) undergoing apoptosis starting 174 min after addition of cisplatin. As expected
[76], a sequence of cell contraction and surface membrane blebbing appeared first (MB in
E2 arrow), followed by growth of apoptotic membrane protrusions (AP in E3 arrows), and
finally, generation of apoptotic bodies (arrow, AB in E4).

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Razin et al.

Page 25

(2]
A 8 )
o By —sham _ & m____
BiL1o £ IoxP_ IL-1ako & ioxP IL-1aKO _ pa
Oi-1p & 4 j = Jao
0 2 60
2
5 0 90
tcg Sham Ml Sham Ml
loxP IL-1aKO c1'5 B3
sham MI c K=}
C1 _sham ML S @
loxP__IL-1a KO loxP. IL-1a KO ‘B 0
: .__ kDa ﬁ g 1 DIo)_(P
PDGFR S - - 130 g 3
: 160 s C
g S pd
HSPGO|[ o s 60 e T
---'..- S n
» £
D1 sham M1 0 <ham M|
loxP__ JL-1a KO __loxP IL-1aKO _ ypa
PCNA 29
HSPEO | _—G——————— - (60 E1 kDa E2 xa E3 KDa
: POSTN[SNEBI® PDGFRq 80 PONA w20
15+ C2 15-D2 HSPEO|MS W [60  Hispoo[mes wee|50  HSPGO[ae W |co
5 5 5 4 o 51.5 15
A ‘@ 2 7 2
o 1 8 $31 g 8
S s S g1 s 11
< % 3 o) X
) ) © 27 b 2
505 < s 2 3
4 > 505 2051
[ Z 14 4 <
O = w =
[0} T @ o o
E 0 ¢ sham Ml g 0= g &
Sham M UT IL-1a 0 0T ta 00T 11

loxP  sieEs IL-10KO

-
w

% Cl-caspase-9
o ~ 3 ®
“
@

% Apoptosis index
~ = R

0 H

loxP KO loxP KO

80 S 40 = 60
S = S
= £ 2 50 |
S 60 A g 30 2
3 5 o
© ©
< G 8 40 -+ Sham (n=10)
g40 g 201 T 30 1 e | | —8— loxP M (n=14)
(7] =
r g 3 —— IL-1aKO MI (n=11)
20 i 10 & 20
%7,56 e ng‘ = %7,69 e &Lb‘
=90 =110 = T 2 = 2
= £ =
2 :1 I2 2 E I3 E {la
2 70 A <] % 215 1 S 415
o o 90 A 38 | = 2
g 50 2 ZE 1 552 1
o © 9 ek 5
@ < 70 55 25
2 30 1 ° € 205 1 2205
o 3 <3 <2
>
=T > 50 () - g9
R »F & o &F & oL &9

Fig. 5.
Adverse heart function and remodeling in mice globally deficient for IL-1a.

A. Three days after sham or Ml surgery, LV free wall tissues were extracted from male
IL-1aKO mice and loxP control animals, and the mRNA levels of IL-1a and IL-1B
cytokines were analyzed by RT-gPCR. The ribosomal protein /79 mRNA was used as
normalizing transcript. Bar histograms are mean + SEM, loxP sham n=4, Ml n=7;
IL-1a KO sham n =7, MI n=9. Statistical significance was determined using #test, *
P<0.05; ** P<0.01; *** P<0.001, n.s, not-significant. B1, Three days after sham
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or Ml surgery, LV free wall tissues were extracted from IL-1aKO mice and loxP control
animals, and the protein levels of StAR and POSTN, PDGFRa (C1) and PCNA (D1) were
analyzed by western blot (20 pg/lane). Mitochondrial heat shock protein 60 (HSP60) was
used as loading marker. Adrenal gland extract from an IL-1a KO mouse served as positive
control for StAR (KO ad.). Panels B2, B3, C2 and D2 show the relative expression levels
of StAR, POSTN, PDGFRa and PCNA, respectively. Bar histograms represent the mean +
CI95, (loxP: sham n=3, Ml n = 4; IL-1aKO: sham n = 3, MI n= 6), t-test *~< 0.05,
***P< 0.001 versusloxP MI. E1-3, The response to IL-1a treatment (1 ng/ml, 24 h) in
day 5 primary cardiac fibroblasts was assessed by western blot analyses depicting POSTN,
PDGFRa and PCNA expression. UT, untreated control cells. Representative western blots
and bar histograms are mean = SEM, n = 3, t-test **P < 0.005. F-G, /n vivo apoptosis rates.
F1-2, Representative sections of day 3 post-MI loxP control and IL-1aKO hearts depicting
cytoplasmic labeling (arrowheads) of cleaved-caspase-9 (Cl-Cas-9) and fragmented nuclei
in border zone (BZ) fibroblasts. *, denotes injured cardiomyocytes. F3, Percent of cleaved-
caspase-9-bearing cells. G, Other animal cohort was used for the alternative apoptosis
assay of aggregated apoptotic mitochondria (apoptosis index), visualized by HSP60 and
TOM20 markers depicted in troponin | depleted border zone ROIs (Supplemental Results,
Fig. S7 and S6). In both apoptosis analyses, data are shown as the geometric mean + SD

of 4 non-sequential fields from 3 mice in each group, t-test **£< 0.01, ***£< 0.001.

H1 through 14, IL-1a deficiency impairs cardiac function and remodeling. Baseline 2D
echocardiography was performed prior to left coronary artery ligation (Base) and on d3
and d24 after M1 or sham surgery using IL-1a KO and loxP mice. The heart function

was determined by LV ejection fraction (H1), LV fractional shortening (H2) and change

in LV ejection fraction (H3). Remodeling was examined by the LV end-systolic (I11) and
end-diastolic (12) volumes, as well as the thickness of the LV anterior wall (end-systolic,
13, and end-diastolic, 14). Sham operated animals were pooled (loxP 7= 5; IL-1aKO n =
5) to reduce animal number. All results are presented as mean + SEM. Statistical analyses
included a 2-way repeated-measure analysis of variance with Bonferroni posttest. *P < 0.05,
**P<0.01, ***P< 0.001 vs. loxP MI on the same day.
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