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SUMMARY

Postpartum cardiomyopathy (PPCM) is a disease &hawmn etiology and exposes women to high risk of
mortality after delivery. Here, we show that femalee with a cardiomyocyte-specific deletionstét3develop
PPCM. In these mice, cardiac cathepsin D (CD) esgiom and activity is enhanced and associated thih
generation of a cleaved antiangiogenic and proapicpti6 kDa form of the nursing hormone prolactin.
Treatment with bromocriptine, an inhibitiorof prota secretion, prevents the development of PPChereas
forced myocardial generation of 16 kDa prolactirpains the cardiac capillary network and functidmereby
recapitulating the cardiac phenotype of PPCM. Mydied STAT3 protein levels are reduced and serwel&

of activated CD and 16 kDa prolactin are elevateHRPCM patients. Thus, a biologically active ddrixaof the
pregnancy hormone prolactin mediates PPCM, implthmeg inhibition of prolactin release may represant
novel therapeutic strategy for PPCM.

INTRODUCTION

Postpartum cardiomyopathy (PPCM) is a disease kfiaiun etiology, characterized by an acute onséteatrt
failure in women in the late stage of pregnancytaseveral months postpartum, resulting in high tediby
despite optimal medical therapy (Elkayam et alQ®20Reimold and Rutherford, 2001 ; Sliwa et alQ20

In PPCM patients, serum markers of inflammation apdptosis are significantly elevated, which appdar
predict impaired functional status and mortalitgnsistent with the idea that inflammation and apsist may
contribute to the pathogenesis of PPCM (Sliwa et 2006; Sliwa et al., 2002). In line with thesénidal
observations, it has been shown that transgenie with cardiac-specific overexpression of theubunit of Gq
develop PPCM, which could be attenuated by phartogimal inhibition of apoptosis (Hayakawa et aD03).

We noted that female mice with a homozygous orrbetgous cardiomyocyte-specific knockout of STAT3
(aMHC-cre™; statd™* CKO; aMHC-cre™; stat3®’*: HET) develop PPCM in a dose-dependent manner
(CKO > HET). Notably, STAT3 is involved in proteati of the heart from oxidative stress by upregofatf
antioxidative enzymes such as the reactive oxygetiss (ROS) scavenging enzyme manganese superoxide
dismutase (MnSOD) (Negoro et al., 2001). STAT3 gidays an important role in promoting myocardial
angiogenesis both by paracrine and autocrine mésharnn cardiomyo-cytes and nonmyocytes (Bartoklet
2003; Hilfiker-Kleiner et al., 2004a; Osugi et &002), and it can mediate cardiomyocyte hypertyqpfilfiker-
Kleiner et al., 2004a; Kunisada et al., 2000).Ha present study, we used the above genetic moadel rto
investigate potential underlying mechanisms, whitdy initiate and/or drive PPCM. We found a detritaén
link between enhanced oxidative stress and cleawdgthe pregnancy hormone prolactin (PRL) into an
antiangiogenic 16 kDa form (Corba-cho et al., 2002bruyn et al., 2003) as a major cause of PPCM.
Furthermore, we explored similarities between PP@Mnice and humans and initiated a novel therapeuti
strategy with the PRL inhibitor bromocriptine in man with a high risk of developing PPCM.

Table 1: HW:BW, Cardiac Dimensions, and Function in NT akkiOCFemale Mice Postpartum with or without
Treatment with BR
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NP PP PP/BR

NT CKO NT CKO NT CKO
HW:BW (mg:g) 3.8 £ 0.5 3.7+0.3 4.6 £0.5* 55+ 1.2% 41+0.5 45 +0.7*
LVEDD (mm) 3.5%x0.2 3.6+0.4 3.9+£02" 48+1.0%# 3.9+0.2* 3.6+0.2
LVESD (mm) 2.2+0.3 2405 2.7+0.4* 3.8 £1.3%# 25+£0.1* 23+0.3
IVSD (mm) 0.69+0.07 0.69+0.10 0.72+0.19 0.80+0.21 0.65+0.06 0.62+0.08
IVSS (mm) 1.1+0.1 1.1+0.1 1.2+0.2 0.8 £0.4# 1.1+0.1 1.1+0.2
LVPWD (mm) 0.53+0.11 0.50+0.08 0.64+0.11* 0.50*0.05 0.50+0.08 0.52+0.08
LVPWS (mm) 0.97+0.10 0.87+0.12 0.98+0.25 0.58%0.20*# 0.90+x0.14 0.80zx0.16
FS (%) 38+3 33+5 32+£7* 14 + 8*## 38+4 369
HR (beats/min) 350 + 54 34374 312+31 326 £72 300 £ 31 303 +£54

Postpartum (PP), postpartum/BR (PP/BR), and agekmdtnulli-pari (NP) females were utilized for thestudies. Heart-to-body-weight
ratio (HW:BW), LV end-diastolic diameter (LVEDD)nd-systolic diameter (LVESD), intraventricular saptthickness in diastole (IVSD)
or in systole (IVSS), LV posterior wall thicknessdiastole (LVPWD) and systole (LVPWS), fractioshbrtening (FS), and heart rate (HR)
were determined by transthoracic echocardiograptsetdated mice. At least five animals per groupevievestigated for each parameter.
Data are represented as mean + SD, *p < 0.05, &P versus NT-NP, #p < 0.05, and ##p < 0.01 vexSuHP.

RESULTS
Cardiac-Restricted Deletion of stat3 Leadsto PPCM

Nulli-pari CKO (CKO-NP) and HET females (HET-NP)widop normally and do not show signs of heart failu
or increased mortality. At the age of 6 monthsdizar function is normal and comparable with sistegboring
two copies of the floxedtat3allele (NT-NP) without thexMHC-cre™ transgene (Table 1, HET-NP, data not
shown).

No pregnancy-associated cardiac phenotype or ntgrimhs observed in 20 NT sisters (Figure 1 A) en t
females with only there transgenedMHC-cre”®: C+/+-PP; Figure 1A and Table S1, in the Suppleniddata
available with this article online). Thus, neitlbe floxedstat3allele alone nocre alone had an adverse effect
peri- and postpartum. By contrast, physiologicedsgtes of pregnancy, labor, and/or nursing resuit€PCM in

all of the 53 CKO females studied. Roughly twokif37 out of 53 CKO females versus 0 out of 20 NI -
females, p < 0.01) had died after the second pregnérigure 1A). Notably, no CKO female survived neo
than five pregnancies. In HET females, PPCM-relateath was found after three to four deliverieg(Fé 1A).
Death occurred always within the first 3 weeksradtelivery. After two and four pregnancies, respety, the
majority of CKO and HET females presented signewat heart failure, such as generalized edemdadowted
breathing. The hearts were characterized by foamtier dilatation, often with thrombi in the atrextensive
fibrosis (Figure 1B), and an increase in cardionyyedength (Table S2 and Figure S1). Echocardidgrap
revealed left ventricular (LV) dilatation and degsed fractional shortening in CKO-PP and HET-PPafem
(Table 1 and Table S3) compared with NT-PP femdai#€O-PP females showed increased cardiac mRNA
levels of hypoxia inducible factorel(HIF1o) (Chi and Karliner, 2004) and BNIP3 (Kubasiak &t 2002)
(Figure 1C) and a markedly reduced content of gngolp phosphates, ATP (-68% + 7%, p < 0.01 venduis
PP), and ADP (-57% + 10%, p < 0.01 versus NT-PRjicative for cardiac hypoxia. Cardiac apoptosss, a
indicated by an increased number of TUNEL-positbedls (cardio-myocytes and nonmyocytes) and protein
levels of activated caspase-3 (act-Casp-3), wastautially higher in CKO-PP females compared with-RP
females (Figures 1D and 1E) or C+/+-PP femalesufei&?2).

STAT3 IsActivated in the Maternal Heart in Pregnancy and Postpartum

In NT-Prg (day 17 of pregnancy) and NT-PP females, observed increased Tyr-705 phosphorylation of
STAT3 (Figure 1F). As expected, cardiac STAT3 warely detectable in CKO females (Figure 1F) and 3A
signals were markedly reduced in the isolated ocamgocyte-enriched fraction, but not in the nonmyecy
fraction of CKO-PP compared with NT-PP hearts, (FégS2), indicating that STAT3 activation in LV®iin
NT-PP mice is mainly occurring in cardiomyocytesolBctin (PRL) serum levels increased late in pasgy
and postpartum and are known to activate STAT3gl@atet al., 2000). In fact, infusion of recombin&®RL
activated STAT3 in the heart in vivo, and additafrPRL to cultured cardiomyocytes activated STAMJitro
(Figure S3).

Figure1: PPCM in CKO-PP Mice
(A) Survival in relation to number of pregnancié$\d-PP (n = 20), C+/+-PP (n = 10), HET-PP (n =af)d CKO-PP mice (n = 53).
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(B) Representative H&E (upper panels) and picrauSired (lower panels) staining in heart sectisomfa CKO-PP mouse (middle panels),
an age-and pregnancy-matched NT-PP mouse (leflg)anea CKO-BR mouse (right panel). Bars in uppanels, 2.5 mm; bars in lower
panels, 100 um. Bar graph summarizes quantificatiditorosis.

(C and D) Bar graphs summarizing mRNA expressioHI6fla and BNIP3(C) or the ratio of TUNEL positive toabhumber of nuclei in
LVs from NT and CKO females (D).

(E) Protein levels of act-Casp-3 in LVs from NT@KO females.

(F) Protein levels of P-STAT3 and total STAT3 ind¥fom NT or CKO mice; the bar graph summarizesréti® of P-STAT3:STAT3 in
LVs from NT females.

In (B)-(H), four to seven mice per group were amaty. Abbreviations: NP, nulli-pari; Prg, pregnd®, postpartum; and W, 4 weeks after
weaning. Data are presented as mean + SD. *p < &p5 0.01 versus NT-NP, ##p < 0.01 CKO-PP verbiIsPP, and §§p<0.01 CKO-
BR versus CKO-PP.
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Cardiac Deficiency of STAT3 Does Not Affect Pregnancy-Induced Cardiac Hypertrophy

Pregnancy induces a reversible physiological hypehy of cardiomyocytes (Eghbali et al., 2005). GR@y
and NT-Prg females showed a similar increase idicaryo-cyte growth (cross-sectional area and lergjure
S1 and Table S2), indicative for normal Prg-inducartliac hypertrophy in CKO-Prg females.

Postpartum Myocardial Angiogenesis|sImpaired in CKO Females

Physiological hypertrophy, as it is observed dugimggnancy (Eghbali et al., 2005), requires thegpronal
growth of the capillary network (Hudlicka and BrowtR96). In NT-Prg and CKO-Prg females, the ratio o
capillaries to cardiomyocytes increased to a sintitgree (Figures 2A and 2B). This increased aapilliensity
was maintained in NT-PP females, although it hadrebsed to prepregnancy levels in CKO-PP females
(Figures 2A and 2B). The reduction in the LV capi density in CKO-PP mice was paralleled with dased
expression of VEGF (CKO-PP: mRNA, -30% + 15%; VE@®Btein: -56% + 22% versus NT-PP, p < 0.05) and
of von Willebrandt Factor (CKO-PP: vVWF mRNA, -26%686 versus NT-PP, p < 0.05).

Increased Oxidative Stressin CKO-PP Hearts
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STAT3 is known to protect cardiomyocytes from oxida stress in part by the upregulation of the ROS
scavenging enzyme MnSOD (Negoro et al., 2001 ).A®Tmice showed a marked increase in cardiac MnSOD
protein levels compared to NT-NP, whereas only @enate increase was observed in CKO-PP femalearé-ig
2D). Likewise, cardiac MNSOD mRNA levels were higheNT-PP than CKO-PP females (NT-PP: +54% + 1%
versus CKO-PP, p < 0.05). The production of ROS arasanced in LVs from CKO-PP compared with NT-PP
females as determined by dihydroethidium fluoreseestaining, (5 days postpartum: +91% + 32% vel$lis

PP, p < 0.05, Figure 2C; and 3 weeks postpartum -®RO+48% + 23% versus NT-PP, p < 0.05) and as
determined by NADH-stimulated superoxide productmeasured by electron spin resonance spectros@py (
weeks postpartum: CKO-PP: +122% + 71 % versus NJTpRP0.05).

Figure 2: Capillary Density in the Peri- and Postpartum Heart

(A) Capillaries in LV sections of NT-NP, CKO-NP, NArg, CKO-Prg, NT-PP, CKO-PP, NT-BR, and CKO-BR evitentified by isolectin
B4 immuno-histochemistry (yellow). WGA marks celémbranes (red), and Hoechst stain identifies niiclee) (bars, 40 pm).

(B) Bar graph summarizing capillaries per 100 aardiocytes in NT and CKO mice; ratios in NT-NP feasaWwere set as 100% (CKO-NP,
n =12; NT-Prg, n = 4; CKO-Prg, n =5; NT-PP, nZ CKO-PP, n =12; NT-BR n = 11 ; and CKO-BR, nE)1Similar data were obtained
with CD31 /WGA staining (data not shown).

(C) In situ detection of superoxide productionhadihydroethidium fluorescence staining (the oxidatlye hydroethidine is red fluorescent
when oxidized to EtBr by ) in LV sections of NT-PP, CKO-PP, CKO-MnTBAP, a@#O-BR females 5 days postpartum.

(D) Protein levels of MNSOD in NT and CKO mice; thar graph summarizes MnSOD protein levels (n =ehéh genotype). Data are
presented as mean + SD, *p < 0.05, **p < 0.01 \&Mu-NP, #p < 0.05, ##p < 0.01 CKO-PP versus NT-#1e, §§p< 0.01 CKO-BR
versus CKO-PP.
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MnTBAP Attenuates PPCM in CKO Mice

We assessed whether the pharmacological suppresSB®S, tetrakis (4-benzoic acid) porphyrin (MNnTBAR
substance with catalytic activities similar to Mn3(Houstis et al., 2006), would prevent PPCM. letfa
MnTBAP attenuated ROS generation in CKO females@aMnTBAP: +6% + 7% versus NT-PP, n.s.; Figure
2B), the upregulation of activated cathepsin D (@DJl act-Casp-3 protein, and the increaggnmyosin heavy
chain BMHC) mRNA (Figure S4). Moreover, CKO-MnTBAP femaletowed preserved cardiac capillary
density (Figure S4) and cardiac function (Table &%) displayed no postpartum-related mortality (8%KO-
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MnTBAP, n = 12, after two subsequent pregnanciBgspite preserved cardiac function, MNTBAP did not
prevent the LV dilatation (Table S4) and the uptegion of matrix metalloproteinase 3 (MMP3) mRNAd#&re
S4), indicating only a partial suppression of tiRCR phenotype in CKO females.

Figure 3: PRL Cleavage Assay and CD Expression and Activityvis of NT and CKO Females

(A) Protein levels of 23 and 16 kDa PRL in NT-P@KO-Prg, NT-PP, CKO-PP, or CKO-NP LV supernatarterafncubation with
recombinant PRL for 0 hr (PO) or for 2 hr (P2) i@ absence or presence of pepstatin A (Pe) orf(®) greabsorbtion with a neutralizing
CD antibody (PCD) or unspecific IgG antibody (PlgBipr to incubation for 2 hr.

(C) LV protein levels of CD (CD Msc, mature singleain; CD LM, large chain of mature double-chathg bar graph summarizes CD
protein levels, and (D) anti-CD staining (brown)Yamuclear staining with hematoxylin (blue) in LVcsens form in NT, CKO and HET
females, NP, and PP. IgG served as control for@btispecificity. Right panels demonstrate extradafl localization (arrows point to
interstitium) of CD in CKO-PP by immunofluorescerstaining in a larger magnification (CD, green; WGe&d; and Hoechst, blue); bars,
50 pm.

(E) Bar graph summarizing CD activity in NT and CK® supernatant.

(F) H&E-stained LV section from NT-NP mice infecteith CD-Ad in the presence (CD-Ad-PRL) or abse(@B-Ad-NaCl) of high levels
of recombinant PRL.

(G) Protein levels of CD, 16 kDa PRL, and act-Casp-LVs from CD-Ad-NaCl, /acZ-Ad-NaCl, and CD-AdRR mice. NP, nulli-pari; PP,
postpartum. All data are from n = 4-6 individuaés penotype and are presented as mean + SD. *@5x0p < 0.01 versus NT-NP, and #p
< 0.05 CKO-PP or HET-PP versus NT-PP. HET-PP miitee #our litters.
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CD-Dependent Cleavage of PRL in CKO-PP Hearts

PRL, a dominant hormone in pregnancy and earlypaotm, can exert opposing effects on angiogenesis
depending on proteolytic processing of the proaggiic full-length 23 kDa PRL into an antiangiogeb&kDa
form (Corbacho et al., 2002; Tabruyn et al., 20@3).antibody recognizing both forms of PRL (Lkhidsral.,
2004) showed immunoreactivity in LV sections ofsing CKO-PP and NT-PP females, but not in LV seio

of NT-NP or CKO-NP females (Figure S5), whereaw@stern blot analysis, neither this nor other coneradly
available antibodies against PRL revealed reprdidicjuantitative or qualitative results. Howeveran ex vivo
assay (Lkhider et al., 2004) using supernatant imiced LV tissue from CKO-PP females, a high cleavag
activity for recombinant PRL into the 16 kDa formasvobserved, whereas no cleaved 16 kDa PRL was
generated from LV tissue extracts of CKO-NP, NT-ER0O-Prg, or NT-Prg mice (Figure 3A).
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Among the proteolytic enzymes known to process PRD,very efficiently cleaves PRL into its 16 kDarfo
(Corbacho et al., 2002; Tabruyn et al., 2003) alet,fthe PRL cleaving activity of CKO-PP LV supdard was
attenuated by preincubation with the CD inhibit@pgtatin A (Lkhider et al., 2004) or by preabsogbthe
supernatant with a CD neutralizing antibody (FiguBA and 3B), implicating that CD is the major PRL
cleavage enzyme in CKO-PP hearts.

Oxidative stress promotes the release of CD frasndgmes into the cytosol in cardiomyocytes (Corbaattal.,
2002; Roberg and Ollinger, 1998). Cardiac proteirels of the active single chain mature form of (T Msc)
were markedly upregulated in CKO-PP females contpauith those in NT-PP, NT-NP, and CKO-NP females
(Figure 3C), but expression of activated CD wasratated in CKO-MnTBAP females (Figure S4). LV seasi
from NT-NP and CKO-NP females showed weak stairfingCD in cardiomyocytes (Figure 3D), whereas
marked staining for CD was observed in cardiomyesyand the LV interstitium of CKO-PP and HET-PP
females (Figure 3D). CD cleavage activity was sattshlly enhanced in super-natants of minced LVEKD-

PP females compared with CKO-NP or NT-PP femalégu(E 3E). Cultured cardiomyocytes infected with a
CD expressing adenovirus (CD-Ad) released activef@bns into the cell culture medium, which procesg8
kDa PRL into 16 kDa PRL (Figure S6).

Figure 4: Adenoviral Expression of 16 kDa PRL in Mouse LVs

(A) Protein expression of 16 kDa PRL, VEGF, and@asp-3 in LVs from NT females or controls (C)dafed with 16K-Ad otacZ-Ad.

(B) Bar graphs display reduced percentage of ESLahdilatation in NT-NP females infected with 16%d (n = 5) compared with females
infected with /acZ-Ad (n = 5).

(C) Anti-PRL staining (brown, [a]) and IgG contr@®) in 16K-Ad-infected LV sections. Anti-PRL (c) ¢acZ (d) staining inlacZ-Ad-
infected LV tissue sections (bars, 100 pm).

(D) Capillary density identified by staining witedlectin B4 (yellow), WGA (red), and Hoechst (blie)LV sections from 16K-Ad (a) or
lacZ-Ad NT-NP females (b) (bars, 50 pm). Data aregmésd as mean + SD, *p < 0.05.
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Prolactin Promotes Cardiac Injury in CD Overexpressing Hearts

We analyzed the effect of locally produced CD ia firesence of high systemic PRL levels by injecingD
expressing adenovirus (CD-Ad) into hearts of NT-RRIcontrol females (NT-NacCl). Seven days afteedtibn

with CD-Ad, NT-PRL mice showed severe cardiac dan@ggure 3F), including elevated levels of act{6:8s
(Figure 3G) and enhanced mortality compared withNNMICI mice infected with CD-Ad (mortality: CD-Ad in
NT-PRL, 33%, n = 9; versus 0% in CD-Ad in NT-Na@l= 7). Enhanced cardiac CD expression was detected
in all CD-Ad-infected mice. PRL, notably mainly tiekeaved 16 kDa form, could only be detected indk®

that were chronically infused with recombinant ZBKPRL (Figure 3G).
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16 kDa PRL Decreases Myocardial Capillary Density and Reduces Cardiac Function Independent of
Pregnancy

To examine the effect of the 16 kDa PRL in the hemse injected adenoviral vectors expressing hutt@ikDa
PRL (16K-Ad) orlacZ (lacZ-Ad) as control into the LV wall of NT-NP females. Tweeeks after infection,
persistent cardiac expression of 16 kDa PRL wasreks in 16K-Ad-infected females that was assodiatith
LV dilatation and decreased cardiac function coragawith /acZ-Ad-infected females (Figures 4A-4CheTl6
kDa PRL expression was paralleled by decreasedacacdpillary density (-31 % + 12%, p < 0.05, FigdD),
reduced VEGF expression, and increased proteinslefeact-Casp-3 (Figure 4A). Infection with 16K-Atid
not alter the LV:BW ratio or the cardiomyocyte C$Rigure S6). In cultured cardiomyocytes, survivasw
similar after infection with the 16K-Ad or thlacZ-Ad (Figure S6). However, 16K-Ad infection of cuted
cardiomyocytes impaired their metabolic activitygiife S6).

Chronic infusion (3 weeks) of recombinant full-l&m@3 kDa PRL in NT-NP and CKO-NP (NT-PRL and CKO-
PRL) in absence of postpartum-associated stressndidaffect cardiac function and survival (Table).S5
Activation of STAT5 was observed in LVs of NT-PRhdaCKO-PRL mice (Figure S3), in line with studies
implicating STATS5 as a preferential target for PRataldo et al., 2000). In addition, stimulatiortw23 kDa
PRL enhanced the activation of STAT3 in NT-NP heartvivo and in cultured cardiomyocytes in vitkigure
S3). In line with described proangiogenic effects28 kDa PRL (Corbacho et al., 2002), the myocdrdia
capillary density was slightly enhanced in NT-PRId&KO-PRL females (Table S5).

Bromocriptine, an Inhibitor of PRL Secretion, Prevents PPCM in CKO Females

The role of PRL for the development of PPCM wagegdy preventing its release from the pituitargngls
using bromocriptine (BR), a dopamine-D2-receptoorast, known to block PRL efficiently in humans
(Harrison, 1979) and mice (Nagafuchi et al., 19GX¥0O (CKO-BR) and NT (NT-BR) females were treateithw
BR for two consecutive pregnancies. The efficieloickade of PRL release was confirmed by the foliayvi
observations: (1) in contrast to NT-PP and CKO-Pfdies with detectable PRL antigens in LV sectitns,
sections from NT-BR and CKO-BR mice were negatmeRRL staining (Figure S5), (2) NT-BR and CKO-BR
were not able to nurse their offspring because @peared underdeveloped three days after birth(@nthe
increased activation of STAT5, the preferentiagéarof PRL, was attenuated in CKO-BR and NT-BR fiesa
(Figure S7).

BR prevented postpartum mortality in CKO-BR female®ortality after two pregnancies: 0% in CKO-BR
females, n = 12 versus 70% in CKO-PP females, 8=p5< 0.01) and preserved postpartum angiogenesis
(Figures 2A and 2B), cardiac function, and dimensi¢rigure 1B, Table 1, and Figure S8). BR alswvgméed
cardiac fibrosis and ap-optosis (Figures 1B, 1@, &R), attenuated the mMRNA expression of Hilahd BNIP3
(Figure 1C) an@dMHC and MMP3 (Figure S8), and normalized the exgicesofaMHC (Figure S8) in CKO-

BR females.

BR did not reduce ROS production in the early s(ateays postpartum) of treatment (CKO-BR: +67%%: 9
versus CKO-PP: 91% + 32%, n.s., Figure 2C). Afteregks of postpartum treatment, however, ROS ptaxtuc

in CKO-BR was markedly reduced (CKO-BR: +7% + 23@tsus CKO-PP 48% + 23%, p < 0.05, Figure S8). In
NT-BR females, cardiac function, cardiac angiogendsdood pressure, and heart frequency were riettafd
(Table 1 and Tables S6-S8). Thus, we did not ifiedtrect effects of BR on the myocardium.

Decreased STAT3 Protein Levelsin the Myocardium of PPCM Patients

To explore whether STAT3 is involved in human PP@dwell, STAT3 protein levels were quantified in LV
tissue obtained from PPCM patients (n = 5) at itine bf transplantation and compared with levelsimilar LV
tissues of otherwise normal human hearts (n =iguré 5A shows reduced STAT3 protein levels in Lfkan
patients with PPCM compared with normal human LVs.

Serum of Lactating Women with PPCM Displays Increased oxLDL Levels, Enhanced Activation of CD,
and Augmented Protein Levels of the 16 kDa PRL



Published in: Cell (2007), vol. 128, iss. 3, pp9580 8
Status: Postprint (Author’s version)

In the serum of lactating patients with PPCM, levef oxidized low-density lipoprotein (oxLDL), a nkar for
oxidative stress (Weinbrenner et al., 2003), and a&bvity were enhanced compared with healthy taoga
mothers (Figures 5B and 5C). Marked levels of aigan corresponding to the 16 kDa PRL were detebted
western blot (Figure 5D) in the sera of three ofitfiee lactating PPCM patients with obvious cardiac
dysfunction at the time of serum sampling (mearcg@etage of EF, 24 £ 7). It is important to notet e 23
kDa form of PRL was readily detectable, whereasltekDa PRL was barely detectable in healthy laugat
women (n =5, Figure 5D).

Indication that Bromocriptine Treatment Prevents PPCM in High-Risk Patients

Women with PPCM who recover normal cardiac functimve a high risk for recurring PPCM (Sliwa et al.,
2004). We therefore initiated a preliminary clilistudy in women who had recovered from a previepisode
of PPCM and presented with a subsequent pregn&ixcyut of 12 women received BR in addition to sianul
therapy up to 3 months postdelivery while six paseeceived standard treatment (peripartum ejedtaction,
EF, was similar in both groups; Table S9). In pataeceiving BR postdelivery, PRL serum levelsichitwere
elevated more than 5-fold, returned to nonpregtems within 14 days of treatment (Figure 5D) asdibed
previously (Harrison, 1979). Three months postpartall six

BR-treated women had preserved or increased L\Mtifiamand dimensions (Table S9) and survived theoaAtm
observation period. In contrast, the EF in the Béttreated (UT) group was deteriorated and thremerohad
died within 4 months (Table S9).

Figure 5: Cardiac STAT3 Expression and Serum Levels of Aetiv&D and Cleaved 16 kDa PRL in Patients
with PPCM

(A) STATS3 protein levels in nonfailing (NF) LVs and LVs from patients with end-stage heart faildree to PPCM. Total actin served as
loading control.

(B) Serum levels of oxLDL in PPCM patients (n 5 2&d pregnancy matched controls (n = 21).

(C) CD activity in nursing PPCM patients (n = Bdan pregnancy matched healthy control women %).=

(D) PRL immunoprecipitation followed by detectiof 23 kDa and 16 kDa PRL in serum of nursing PPCfients, healthy nursing
women (PP), control women (NP), and women with PP&tdr a 14 days treatment with BR (PPCM/BR). Data presented as mean +
SD, *p < 0.05, and **p < 0.01.
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We present evidence that pregnancy-related adapypertrophy is associated with enhanced cardigmogan-
esis and that maintenance of the latter in thepaotm phase critically depends on STAT3. The atesefi car-
diomyocyte STAT3 in the postpartum heart causescased oxidative stress due to blunted inductiothef
antioxidant enzyme MnSOD. As a consequence, expressid proteolytic activity of CD are increasedioh
in turn, induces a detrimental conversion of thesimg hormone PRL into its antiangiogenic 16 kDa\ddive.
The generation of 16 kDa PRL greatly acceleratesnigative effects of oxidative stress and activ&B. In
fact, its detrimental effects on the coronary miergculature promote myocardial hypoxia and apoptdsereby
contributing to the development of PPCM. Thus, wevjale evidence that enhanced activity and reledseD
mechanistically connects the increased oxidatixesstin STAT3-deficient cardiomyocytes to the depaient
of PPCM. In fact, our study links cardiac procegsiri PRL into an antiangiogenic and proapoptotickD&
peptide by CD to PPCM and implies that blocking feeretion of PRL can prevent PPCM in mice. Initial
clinical observations are consistent with the notibat this beneficial effect of BR may also appypatients
with PPCM.

Enhanced myocardial capillary density is part o tphysiological hypertrophy, which the maternal rhea
undergoes to compensate for the increased volumhevarkload during pregnancy and labor. Because NJ-P
and CKO-Prg female mice showed increased myocatdigillary density late in pregnancy, this processms
to be independent from cardiomyocyte STAT3. Incedasyocardial capillary density is maintained up3to
weeks postpartum in NT-PP females. In CKO-PP fespdlewever, enhanced myocardial capillary density i
lost in the postpartum phase, implying a novel @ieSTAT3 as a key requisite for maintaining postipa
myocardial an-giogenesis. Failure of this proceasl$ to hypoxia as indicated by the increased sgjore of the
hypoxia marker genes HIR1L(Chi and Karliner, 2004) and BNIP3 (Kubasiak et 2002), a lower content of
energy rich phosphates, apoptosis, and subsequbetyt failure.

Increased hemodynamic load, occurring during pregypaand labor, may promote cardiac hypoxia and
oxidative stress in CKO mice. However, we nevereobsd symptoms or death in CKO females during
pregnancy or at delivery, when hemodynamic loadhndtes. Likewise, increased hemodynamic load iaduc
by aortic constriction did not affect cardiac hypaphy, function, and mortality in CKO-NP femaleBable
S10). Cardiomyocyte hypertrophic growth during magcy was maintained, suggesting that cardiomyocyte
hypertrophy induced by hemodynamic load is notciffe in CKO females and therefore does not apmebet
the primary trigger for PPCM in CKO mice.

STAT3 and Akt signaling are known to promote hypsyhy and angiogenesis and to exert protection from
apoptosis in the heart (Hilfiker-Kleiner et al.,2@; Jacoby et al., 2003; Liao, 2004; Negoro ¢t2401) and
may therefore have overlapping protective functionghe myocardium. Indeed, we observed a latecas® in
Akt activation in pregnancy in both genotypes, \ihicas followed by a postpartum deactivation (Sumletal
Data). In contrast to Akt, cardiac activation of B was enhanced in NT females late in pregnanay an
postpartum, at least in part as consequence odased peri- and postpartum serum levels of fuliilerPRL,
because we demonstrated that PRL stimulation aetv&TAT3 in the heart in vivo and in cardiomyosyte
vitro. Taken together, during pregnancy, elevatdd &ctivation may ensure physiological adaptatidérthe
heart toward pregnancy-related stress, and thititnhig sufficient to protect CKO-Prg females desfi lack

of STAT3. In NT-PP females, activated STAT3 seembd sufficient to maintain postpartum cardioprotey

in contrast, the lack of both Akt and STAT3 actieatin CKO-PP is detrimental, indicating that amasyeral
putative mechanisms (including Akt), STAT3 signglis necessary for protecting the heart from deuaknt

of PPCM.

Oxidative stress is known to rise during pregnamyminating in the last trimester, and is paralieby an
increase in total antioxidant capacity (Toescu.e802). The antioxidant capacity in normal praggcies peaks
in the postpartum phase, suggesting a need foifiaiert antioxidant defense mechanism postpartlioegcu et
al., 2002). Circulating levels of oxLDL are markefsoxidative stress in patients (Weinbrenner gt2403). In
contrast to normal postpartum women, serum levietxbDL in patients with PPCM were elevated, inding
enhanced oxidative stress in these patients. Mereaws from CKO-PP mice display an enhanced prtdnc
of superoxide anions, suggesting that the lackaofliomyocyte STAT3 impairs important defense memas
against postpartum-related oxidative stress. Indiédads been shown that MnSOD, a powerful ROS estging
enzyme, is under the transcriptional control of BAn cardiomyocytes (Negoro et al., 2001). MnSQayp a
crucial role in the antioxidant defense of the helaecause only a 50% decrease in MNnSOD proteielden
heterozygousmnsod” mice is associated with increased oxidative danmue cardiomyocyte death (Van
Remmen et al.,, 2001). Notably, although this reidacbf MnSOD protein levels is associated with &bt
alterations in cardiomyocyte mitochondrial funcBoalone, it is not sufficient to induce cardiomythyaunder
basal conditions (Van Remmen et al., 2001). Pregylpostpartum-associated stress, however, leads to
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cardiomyopathy in heterozygousnsod~ females (Figure S10). Thus, a 50% reduction of MBS@otein
appears to be sufficient to cause peri/postpartardicomyopathy. In fact, we observed that LVs from-RP
mice showed higher levels of MNSOD mRNA and pratehran LVs from CKO-PP mice, indicating a STAT3-
dependent transcriptional regulation of MnSOD ie gostpartum heart. In line with a lower oxidatdefense,
CKO-PP LVs displayed enhanced superoxide anion ymtomh, which could be prevented with a
pharmacological enhancement of MnSOD-like enzymesic by treatment of CKO mice with MNnTBAP. In
addition, MNTBAP prevented cardiac dysfunction grabtpartum mortality in CKO mice. Thus, STAT3, via
inducing MnSOD expression, promotes important defenechanisms against oxidative stress in the gistp
heart.

The PPCM phenotype of our mouse model showed andegiion of the cardiac capillary network, whichswa
prevented by treatment with MnTBAP or by blockirte trelease of PRL by BR. It has been shown that
oxidative stress enhances the expression and tstivaf CD (Cor-bacho et al., 2002; Roberg and righir,
1998), an enzyme known to cleave full-length 23 IERL into its antiangio-genic 16 kDa form (Lkhidetral.,
2004). The 16 kDa PRL is able to dissociate endiatheell structures, to impair en-dothelium-depent
vasorelaxation, and to promote apoptosis in endlatheells and is considered as a physiologicaikitbr of
tumor growth (Corbacho et al., 2002; Gonzalez ¢t24l04; Tabruyn et al., 2003). Large quantitiepitditary
PRL are released into the circulation during lacte{Lkhider et al., 2004), and it has been shomat tleavage
of PRL into the 16 kDa form by CD takes place ia #xtracellular compartment of the mammary glantieu
physiological conditions (Lkhider et al., 2004).r@iac levels of active CD protein were markedlyreased and
detected in the interstitium of CKO-PP mice. Theeabation that active CD released from CD overesging
hearts in vivo or from cultured cardiomyocytes asked in vitro processes 23 kDa PRL into its 16 kiven
together with the finding that PRL cleavage acyivibuld be blocked by a neutralizing CD antibodyCiIKO-PP
LV supernatant ex vivo strongly suggest that CDnainly responsible for the generation of 16 kDa PRL
addition, lowering oxidative stress by MNnTBAP pretad the upre-gulation of activated CD in postparKO
females. Therefore, we postulate that oxidativesstenhances CD activity and leads to proteolj¢iavage of
PRL in the myocardium of CKO-PP females.

Adenoviral expression of the 16 kDa PRL in the headuced cardiac capillary density and cardiaction

independently of pregnancy and nursing and, indemdpitulates aspects of the cardiac phenotyPaM. In
contrast to its destructive effect on endothel@lsc(Corbacho et al., 2002; Gonzalez et al., 20@ruyn et al.,
2003), the 16 kDa PRL did not affect cardiomyocytievival. However, it attenuated cardiomyocyte rbetia

activity and may therefore directly affect cardiayte function, an aspect that will be evaluateduture
studies.

Myocardial injury by CD overexpression after adarahtransfection was markedly enhanced in thegmes of
high systemic PRL levels due to the generation®kDa PRL. Moreover, the systemic toxicity of oxitge
stress induced by doxorubicin treatment was enlthrioethe presence of high systemic PRL levels
(Supplemental Data). Thus, the generation of 16 RR& greatly accelerates cardiac injury causedxigabive
stress and CD. Accordingly, the blockade of PRleasé by BR prevented the capillary degenerationtlaad
PPCM phenotype in CKO-BR females. Taken togetherpropose that the generation of the antiangiogkhic
kDa PRL by CD-mediated cleavage of the 23 kDa PRlya detrimental role for the cardiac microvasture
and, conceivably, for cardiomyocyte metabolism (iFég6).

In contrast to the MnTBAP treatment, which prevdntardiac capillary degeneration, but not ventdcul
dilatation, BR provided a more complete rescue #fOCmice from PPCM, including the prevention of
ventricular dilatation and the associated upregriabf MMP3. MMP3 has been implicated in ventrigula
dilatation (Tziakas et al., 2005) and is respomsilor a wide range of extracellular matrix degramatand
activation of other MMPs (Mu-kherjee et al., 200BRL via activation of STAT5 is able to induce MMP3
expression, a process that can be abolished byNBBafuchi et al., 1999). In fact, attenuated MMR@Bression

in CKO-BR mice was associated with a reduction iPAE5 activation, suggesting that a PRL-mediated
imbalance of STAT transcription factors in the CK€arts may, independently from oxidative stresatrdmute

to the development of PPCM. Further studies wiltdxuired to test this hypothesis.

Although STAT3 is markedly reduced in the myocandifrom patients with PPCM, our data do not provide
information as to whether this reduction of STAE3ai primary or a secondary event of PPCM. Nevertisel
similar to our observation in CKO mice, reduced §BAmay contribute to the development and/or pragoes

of PPCM in patients. So far, sequence analysib@$tat3gene in the DNA samples from patients with PPCM
and controls did not reveal polymorphisms in theA$3 gene associated with PPCM (Monika Stoll, peason
communication). Our findings of increased CD atyivelevated levels of oxLDL, and 16 kDa PRL inuar
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samples of nursing PPCM patients, but not in pregyanatched controls, point to striking similartibetween
our PPCM mouse model and human PPCM and are osmsigiith the notion that oxidative stress, CD
activation, and subsequent PRL cleavage may alatrilcote to the development of PPCM in patientsr Ou
encouraging initial results in a preliminary cliaicstudy with patients treated with BR, a drug Wdesed to
stop lactation in postpartum women (Harrison, 19@89 consistent with the hypothesis that PRL aathinthe
16 kDa PRL are causally related to the developroERPCM in patients. As a limitation of this studtyshould
be noted that not all effects of BR on its targeese analyzed and that the inhibition of PRL sécrets the
most plausible reason for the protective effedfin PPCM.

Figure 6: Schematic Model for the Development of PPCM

In the absence of cardiomyocyte STAT3 activity, plestpartum expression of MnSOD is attenuated,ieait increased oxidative stress
and the release of CD, which processes 23 kDa RRLiis detrimental 16 kDa form. 16 kDa PRL induessiothelial cell apoptosis,
capillary dissociation, and vasoconstriction andpaims cardiomyocyte metabolism, thereby promotirgCRI. Accordingly, BR, a
pharmacologic inhibitor of PRL release, prevent€MHn mice by decreasing circulating PRL.
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In summary, we show that STAT3 plays a criticalerdbr the preservation of postpartum myocardial
angiogenesis and function and suggest a cent@bfdTAT3 and associated signaling pathways irotiset of
PPCM (Figure 6). Importantly, we present evideneogaf novel mechanism for the development of
cardiomyopathy, which involves the cleavage of RiRb its detrimental 16 kDa form by CD (Figure BR, a
pharmacological inhibitor of PRL release, preveRBBCM in mice (Figure 6). In consequence, basedwn o
experimental and initial clinical findings, BR magpresent a novel therapeutic option to treat ptisvith
PPCM or to prevent the disease in patients whesedfand recovered from PPCM in a previous pregnanc

EXPERIMENTAL PROCEDURES
PRL (sheep), BR, and all other chemicals were @get from Sigma.

Cardiomyocyte-Specific Deletion of stat3

The generation of mice with cardiomyocyte-restdctieletion ofstat3 has been described (Hilfiker-Kleiner et
al., 2004a). Female mice were first bred at the Ggfgk0-12 weeks, at an age when STAT3 protein veaslp
detectable in isolated cardiomyocytes (Figure $R)icating that, as in CKO males (Hilfiker-Kleinet al.,
2004a), the Cre-mediated deletiorstdt3was virtually complete.

Animal Experiments

Generally, analyses were performed 3 weeks afteisédtond delivery. Prolactin (400 iU/kg) was ingect.v.
For chronic administration, osmotic minipumps (AjzBRL 400 iU/kg/d) were implanted in sedated mice.
Adenoviruses, 16K-Ad (Pan et al., 200l¢cZ-Ad, or CD-Ad (3 x 1®pfu of each virus) was injected directly
into the mouse LV (Supplemental Experimental Praces). BR (4 mg/kg/d, Novartis) was added in drigki
water. MnTBAB (300 pg/mouse/day) or vehicle (plamebnvas injected subcutaneously. Transthoracic
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echocardiography was performed in sedated miceregiopsly described (Hilfiker-Kleiner et al., 2004a
Hemadynamic measurements were assessed by telgelay et al., 2003) or tail cuff in conscious enar by
Millar catheter in anesthetized mice as describexbipusly (Hilfiker-Kleiner et al., 2004a, 2004For more
detailed description of animal experiments, seeStiygplemental Experimental Procedures.

All animal studies were in compliance with tBeiide for the Care and Use of Laboratory Animadspublished
by the U.S. National Institutes of Health and waperoved by our local Institutional Review Boards.

Patients Data

LV samples were from patients undergoing heartsplamtation due to PPCM (NYHA functional class dH
IV) and from donor hearts (NF) that could not tensplanted for technical reasons. Serum was olotdinen
PPCM patients (NYHA functional class Il or 1V) titeir first presentation and from age and pregnanaiched
nursing healthy woman. oxLDL was determined wittaadwich ELISA kit (Mercodia). More detailed patien
data are presented in the Supplemental ExperimEntakedures.

Histological Analyses and Immunostaining

For histological analyses, hearts were fixed in,stmbedded in paraffin, and stained with picrasSired or
H&E, as described (Hilfiker-Kleiner et al.,2004&)terstitial collagen volume fraction was deternaine picro-

Sirius red-stained sections as described (Hilfikkminer et al., 2004a). Apoptotic nuclei were dégelcby in situ
terminal deoxynucleotidyl transferase-mediated xiigenin-conjugated dUTP nick end labeling (TUNEIjda
by nuclear morphology using Hoechst 33258 staifititiiker-Kleiner et al., 2004a).

Capillary Density

Capillary density was determined as the ratio @ilzies to 100 cardiomyocytes in transverselytiseed LV
tissue immunostained with isolectin B4 (Vector)tioe platelet-endothelial cell adhesion moleculd®RECAM-
1) antibody (Santa Cruz) and counterstained withAAMBd Hoechst 33258 as described previously (Hitfik
Kleiner et al., 2004a).

M easurement of Myocardial Superoxide Production and NADH activity

Dihydroethidium fluorescence staining was used ifositu detection of superoxide production as dbscr
(Engberding et al., 2004). NADH activity was detared in LV myocardium (50 ug protein) by electrqrins
resonance (ESR) spectroscopy as described preyifilekermann et al., 2003). Both methods arerdest
in the Supplemental Experimental Procedures.

M easurement of Energy-Rich Phosphatesin Myocardial Tissue

AMP, ADP, and ATP were measured as described puskiqHilfikerKleiner et al., 2004a). A brief deggtion
is provided in the Supplemental Experimental Praces

CD Activity Assay

Supernatant from freshly isolated LV tissue wasegated by mincing LVtissuein ice-cold HBSS. Seditadn
minced LV tissue was then incubated in DMEM forrlah 37°C and 5% COCD activity was determined in
LV supernatant or in patient serum by using theHFyme CD Immunocapture Activity Assay Kit (Calbiash)
and a FLUOstar Galaxy.

PRL Cleavage Assay

PRL cleavage activity was assayed in LV superndtdagcribed above) by adding citrate/phosphatesb(ffH
3.5) at a 1:1 ratio; subsequently, pepstatin A (ZLinand/or recombinant PRL (0.1 g/L) was added manikd
and incubated at 37°C (5% @dor 2 hr. After addition of an equal volume ofdramli buffer (5% BME, 0.2%
DTT), samples were assayed by immunoblotting. Fepletion of CD protein, LV supernatant was incutlate
with a CD neutralizing antibody (Nr. 06-467, Upsjaand subsequently protein A-agarose (Roche)donsat
and remove CD from supernatant.

Real-Time PCR and lmmunoblot Analyses
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Real-time measurements of PCR amplification werdopmed by using the Stratagene MX4000 multiplex
QPCR System using the SYBR green dye method @tlliSYBR Green Mastermix-Kit, Stratagene) as
described (Klein et al., 2005). Primer sequencedisted in the Supplemental Experimental ProcesiuPeotein
expression levels were determined by western hipticcording to standard procedures; antibodiefisheel in
the Supplemental Experimental Procedures.

Statistical Analyses

Data are presented as mean + SD. Differences betgmeips were analyzed by Mann-Whitney test, latdera
test, Student's t test, or ANOVA followed by Bomteri as appropriate. A two-tailed p value of <0\W&s
considered to indicate statistical significance.

Supplemental Data

Supplemental Data include Supplemental Experimddtatedures, Supplemental References, ten figares,
ten tables and can be found with this article @b http://www.cell.com/cgi/content/full/ 128/3&®C1/.
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