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Abstract

Background—We recently demonstrated that the heart of late pregnant (LP) rodents is more 

prone to ischemia/reperfusion (I/R) injury compared to non-pregnant rodents. Lipids, particularly 

polyunsaturated fatty acids, have received special attention in the field of cardiovascular research. 

Here, we explored whether Intralipid (ITLD) protects the heart against I/R injury in LP rodents 

and investigated the mechanisms underlying this protection.

Methods and Results—In-vivo female LP rat hearts or ex-vivo isolated Langendorff-perfused 

LP mouse hearts were subjected to ischemia followed by reperfusion with PBS or ITLD (one 

bolus of 5mg/kg of 20% in in-vivo and 1% in ex-vivo). Myocardial infarct size, mitochondrial 

calcium retention capacity, genome-wide expression profiling, pharmacological inhibition and co-

immunoprecipitation were performed. One bolus of ITLD at reperfusion significantly reduced the 

in-vivo myocardial infarct size in LP rats (23.3±2% vs 55.5±3.4% in CTRL, p<0.01). 

Postischemic administration of ITLD also protected the LP hearts against I/R injury ex-vivo. ITLD 

significantly increased the threshold for the opening of the mitochondrial permeability transition 

pore in response to calcium overload (nmol-calcium/mg-mitochondrial protein: 290±17 vs. 
167±10 in CTRL, p<0.01) and significantly increased phosphorylation of STAT3 (1.8±0.08 vs. 
1±0.16 in CTRL, p<0.05) and GSK-3β (2.63±0.55 vs. 1±0.0.34 in CTRL, p<0.05). The ITLD-

induced cardioprotection was fully abolished by Stattic, a specific inhibitor of STAT3. 

Transcriptome analysis revealed caveolin 2 (Cav2) was significantly upregulated by ITLD in 

Correspondence to: Dr. Mansoureh Eghbali, UCLA School of Medicine, Dept. of Anesthesiology, BH-160CHS, 650 Charles Young 
Dr, Los Angeles, CA 90095-7115, Phone (310)206-0345, meghbali@ucla.edu. 

Disclosures:
None.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2018 March 01.

Published in final edited form as:
J Mol Cell Cardiol. 2017 January ; 102: 108–116. doi:10.1016/j.yjmcc.2016.11.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hearts of LP rats under I/R injury. Co-immunoprecipitation experiments showed that Cav2 
interacts with STAT3.

Conclusions—ITLD protects the heart in late pregnancy against I/R injury by inhibiting the 

mPTP opening through Cav2/STAT3/GSK-3β pathway.
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INTRODUCTION

The prevalence of coronary artery disease during pregnancy has dramatically increased in 

women over the past decade due to increased maternal age and significant changes in 

womens’ lifestyle patterns including stress, smoking, diabetes and chronic hypertension1, 2. 

Ischemic heart disease during pregnancy carries a markedly worse prognosis than in non-

pregnant women3, 4. We have recently successfully modeled this observation in rodents and 

demonstrated that the cardiac vulnerability to ischemia/reperfusion (I/R) injury considerably 

increases in LP rodents, leading to myocardial infarct size ~4-fold greater than in non-

pregnant (NP) controls5. Identifying a novel and safe therapy for use at the time of 

reperfusion would offer a great clinical opportunity in the treatment of pregnant women with 

cardiovascular complications.

Lipids, particularly polyunsaturated fatty acids (PUFAs), have received special attention in 

cardiovascular research as PUFA-rich diets are associated with a decreased risk of coronary 

artery disease6, 7. Intralipid (ITLD) is an emulsion of fatty acids that has been widely and 

safely used as a source of parenteral nutrition in patients for more than 4 decades8, 9. ITLD 

is composed of soybean oil (20%), egg-yolk phospholipids (1.2%) and glycerol (2.2%). We 

have recently shown that administration of ITLD at reperfusion reduces the myocardial 

infarct size in male rodents subjected to I/R both in-vivo and ex-vivo10, 11.

Delaying the opening of the mitochondria permeability transition pore (mPTP) upon 

reperfusion has been a potential strategy to reduce myocardial injury. We have demonstrated 

that ITLD inhibits the opening of the mPTP and protects the male heart by recruiting the 

reperfusion injury salvage kinase pathway known as RISK pathway11. The activation of the 

Survivor Activating Factor Enhancement (SAFE) pathway, which includes the activation of 

the transcription factor signal transducer and activator of transcription-3 (STAT3), is recently 

recognized as a ‘RISK-free’ pathway that can also confer cardioprotection12–15. 

Interestingly, STAT3 has been implicated recently in peripartum cardiomyopathy 

(PPCM)16, 17, as female mice with a cardiomyocyte-specific deletion of STAT3 develop 

PPCM and myocardial STAT3 protein levels are reduced in PPCM patients.

Here, we explored whether ITLD, which has been shown to be well tolerated both in 

adults8, 9 and even in premature underweight babies18, 19, can protect the rodent heart in LP 

against I/R injury both in mice and rats, and examined the mechanisms involved in ITLD-

induced cardioprotection in LP.
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METHODS

Animals

Female late pregnant (LP) mice (C57BL/6, 2–3 months old, day 19–20 of pregnancy) and 

LP rats (Sprague-Dawley, 2–3 months old, day 21–22 of pregnancy) were used. The 

investigation conformed to the Guide for the Care and Use of Laboratory Animals published 

by the United States National Institute of Health (NIH Publication No. 85-23, revised 1996). 

The animal protocol was approved by the University of California Los Angeles School Of 

Medicine Animal Research Committee.

Left anterior descending coronary artery occlusion and measurement of infarct size

Rats were anesthetized with a mixture of ketamine (80 mg/kg i.p.) and xylazine (8 mg/kg 

i.p.). The rats were intubated and ventilated with a ventilator (CWE SAR-830/P). The hearts 

were exposed through a left thoracotomy in the fourth intercostal space. The pericardium 

was opened, and a 5.0 Prolene suture was tightened around the proximal left anterior 

descending (LAD) coronary artery. Ischemia was confirmed by ST elevation in ECG. The 

heart was subjected to 45 minutes of ischemia, following by 180 minutes of reperfusion, 

which was achieved by releasing the tension on the ligature. One single bolus of ITLD 

(20%, 5ml/kg body weight) or PBS (same volume as in ITLD group) was applied via the 

femoral vein 5 minutes prior to reperfusion.

At the end of the experiment, the LAD coronary artery was retied and 2.5 ml of 1% Evans 

blue dye was injected into the femoral vein to delineate the non-infarcted region of the heart. 

The myocardial ischemic area at risk (AAR) was identified as the region lacking blue 

staining. The ventricles of the hearts were sliced transversely into 2 mm thick slices. The 

slices were incubated in 1% triphenyltetrazolium chloride (TTC) at 37°C for 15 min to 

identify the non-infarcted and infarcted areas. The infarcted area was displayed as the area 

unstained by TTC. Infarct size was expressed as a percentage of the AAR by area.

Langendorff preparation

Mice were anesthetized via intraperitoneal injection of pentobarbital sodium (50 mg/kg). 

Heparin (200 IU/kg) was also injected to prevent blood coagulation. The heart was quickly 

removed and perfused through the aorta in a Langendorff apparatus with Krebs Henseleit 

bicarbonate buffer solution (KH) (mM): glucose 11.1, NaCl 118, KCl 4.7, MgSO4 1.2, 

KH2PO4 1.2, NaHCO3 25.0, CaCl2 2 at pH 7.4 bubbled with 95% O2/5% CO2 at 37 °C. 

Once equilibration was achieved, the aorta was clamped for 20 min to induce global 

normothermic (37°C) ischemia, followed by reperfusion with KH alone (CTRL, with 

additional 1% ITLD, with 1% ITLD+Stattic (20 μM), or with Stattic alone (20 μM). The 

duration of reperfusion was 40 minutes for infarct size and heart function measurements and 

10 minutes for calcium retention capacity measurements and signaling pathways analysis.

Ex vivo Heart functional measurements and Myocardial necrosis

A catheter (1.4F Millar SPR-671) connected to a pressure transducer (Power Lab, AD 

Instruments) was directly inserted into the left ventricle (LV) to measure left ventricular 

systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP) and heart rate 
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(HR). The left ventricular developed pressure (LVDP) was calculated as LVDP = LVSP

−LVEDP and the rate pressure product (RPP) as RPP = HR×LVDP.

At the end of reperfusion, the hearts were cut into slices and myocardial necrosis was 

assessed by measurement of the infarct size using triphenyltetrazolium chloride (TTC) 

staining. The slices were fixed in 4% paraformaldehyde. The area of necrosis was quantified 

by Adobe Photoshop and expressed as the percentage of total ventricular (LV) area.

Ca2+-induced mitochondrial permeability transition

Preparation of isolated mitochondria—Mitochondria were prepared as previously 

described8. In brief, myocardial sections of ex-vivo perfused hearts (approximately 0.15–

0.22 g) were placed in isolation buffer A containing (mM): 70 sucrose, 210 mannitol, 1 

EDTA and 50 Tris-HCl, pH 7.4 at 4°C. The tissue was finely minced with scissors and 

homogenized in the same buffer A (1 ml buffer/0.1g of tissue) using Kontes and Potter-

Elvehjem tissue grinders. The homogenate was centrifuged at 1,300 g for 3 minutes; the 

supernatant was filtered through cheesecloth and centrifuged at 10,000 g for 10 min. The 

mitochondrial pellet was resuspended in isolation buffer B containing (mM): 70 sucrose, 210 

mannitol, 0.1 EDTA and 50 Tris-HCl, pH 7.4. Mitochondria protein concentration was 

measured using the Bradford assay.

Calcium Retention Capacity (CRC)—The opening of the mPTP was assessed 

following in-vitro Ca2+ overload as previously described8. Free Ca2+ concentration outside 

the mitochondria was recorded with 0.5 μM calcium green-5N (Invitrogen) using excitation 

and emission wavelengths set at 500 and 530 nm, respectively. Isolated mitochondria (500 

μg of protein) were suspended in 2 ml buffer C (mM, 150 sucrose, 50 KCl, 2 KH2PO4, 5 

succinic acid and 20 Tris/HCl, pH 7.4). Samples were pre-incubated for 90 seconds in the 

spectrofluorometer cell, and CaCl2 pulses (20nmol) were applied every 60 sec in the 

spectrofluorometer. The Ca2+ pulses induced a peak of extra-mitochondrial Ca2+ 

concentration that returned to near-baseline level as Ca2+ entered the mitochondrial matrix 

via the uptake by the Ca2+ uniporter. With increasing calcium loading, the extra-

mitochondrial Ca2+ concentration started accumulating, reflecting a lower capacity for 

mitochondria Ca2+ uptake, which was followed by a sustained Ca2+ increase indicating a 

massive release of the mitochondrial Ca2+ by the opening of the mPTP. The Ca2+ retention 

capacity (CRC) was defined as the amount of Ca2+ required to trigger this massive Ca2+ 

release which was used here as an indicator of the mPTP sensitivity to Ca2+. CRC was 

expressed as nmol of CaCl2 per mg of mitochondrial protein.

Pharmacological Agents and antibodies

ITLD 20% was purchased from Sigma (St. Louis, MO, USA). ITLD is made up of 20% 

soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerol and water. The major component 

fatty acids are linoleic (44–62%), oleic (19–30%), palmitic (7–14%), linolenic (4–11%) and 

stearic (1.4–5.5%). ITLD was used at 5ml/kg in the in-vivo rat model of I/R injury and 1% 

in ex-vivo based on our previous work9. Sattic was purchased from Sigma (St. Louis, MO, 

USA) and was used at 20 μM, a concentration that has been used previously in isolated 

Langendorff perfused hearts to explore the role of STAT3 signal transduction pathway20. 
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The primary antibodies used were anti-GSK-3β (rabbit monoclonal), anti-phospho GSK-3β 
(Ser 9, rabbit monoclonal), anti-STAT3 (mouse monoclonal), anti-phospho STAT3 (Tyr705, 

rabbit monoclonal), Cav2 mouse IgG1 (Clone 2297, BD 610407), and Mouse monoclonal 

anti-Vinculin. The secondary antibodies were goat anti-rabbit Alexa 680 from Invitrogen 

(Carlsbad, CA, USA) and goat anti-mouse IR Dye 800 CW from Odyssey™, Li-Cor.

Immunoblot analysis

The entire ex-vivo hearts were used for making whole heart lysates, since in this model the 

whole heart is considered to be area at risk. Hearts were homogenized at 4°C in (mM): 150 

NaCl, 50 Tris-HCl, 1 EGTA. 1 EDTA, 1 NaF, 1 PMSF, 1 Na3VO4, 1% NP-40, 0.1% SDS 

and 0.5% Sodium Deoxycholate (pH 7.4) supplemented with Protease and Phospatase 

Inhibitor cocktails (Roche, San Francisco, CA). The samples were centrifuged at 12,000 g 

for 10 minutes and the supernatants were collected. Protein concentration was measured and 

50–100 μg of total protein was loaded on a 4–20% gradient Tris/HCl SDS polyacrylamide 

gel, electrotransferred to nitrocellulose paper, blocked with 5% nonfat dry milk in 20 mM of 

TBS with 0.1% Tween and 0.5% Triton-X100 and incubated with primary antibodies. Blots 

were then indirectly labeled using infrared fluorophore-conjugated secondary antibodies for 

1 h at room temperature, and visualized with the Odyssey™ Imaging System (Li-Cor, 

Lincoln, NE). Equal loading of protein onto each lane in the gel was confirmed with 

Vinculin. The proteins were first normalized to their corresponding Vinculin, and then the 

phosphorylated proteins were normalized to their corresponding total protein levels.

Immunoprecipitation

Immunoprecipitations were performed using protein G-agarose (Roche Applied Science, 

ndianapolis, IN, USA). Whole hearts were lysed in IPEGAL lysis buffer (50 mM Tris-HCl, 

pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 2 mM dithiothreitol, and 0.5% Igepal 

CA-630 plus mammalian protease inhibitor (Sigma) and phosphatase inhibitor cocktails 

(Upstate, Charlottesville, VA, USA). The lysate was precleared with agarose, incubated with 

primary antibody for 3 hours at 4°C, immunoprecipitated overnight with proteinagarose at 

4°C, and then centrifuged at 13,000 g for 5 minutes. Protein-agarose pellets were washed 

once with lysis buffer, followed by subsequent washes with wash buffer A (50 mM Tris-

HCl, pH 7.5, 500 mM NaCl, and 0.2% Igepal CA-630) and wash buffer B (10 mM Tris-HCl, 

pH 7.5, and 0.2% Igepal CA-630). After the final wash, the pellet was resuspended in 30 μl 

of 2× SDS-PAGE sample buffer. Immunoprecipitated samples were then resolved, separated 

by SDS-PAGE, and subjected to immunoblot analyses using specific antibodies against the 

proteins of interest. The co-immunoprecipitation experiments were preformed with 4 

samples from each group.

Hybridization and microarray profiling

Total RNA was isolated using the RNeasy Fibrous Tissue Mini kit (Qiagen) following the 

manufacturer’s protocol. RNA quality and quantity were established using a 2100 

Bioanalyzer (Agilent Technologies). Biotinylated complementary RNA (cRNA) was 

prepared and hybridized to the Rat Gene 1.0 ST array (Affymetrix) according to the standard 

Affymetrix processing protocol. The array was scanned in a GeneChip Scanner 3000. The 

computational and statistical analysis of the microarray data was carried out using R version 
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2.14.2 software and the Bioconductor packages21 as described recently22, 23. Following 

background correction, expression data were normalized with the variance stabilization and 

normalization algorithm24 and log2 transformed using the median polish algorithm of robust 

multi-array average25. The quality of the data was assessed with the affy26 and the 

arrayQualityMetrics27 packages. To detect differences in transcript cluster expression 

between conditions, a moderated linear model was applied using the limma package28. To 

adjust resulting P values, the false discovery rate (FDR) was controlled. Statistical 

significance was considered at FDR ≤ 5%. Microarray data are deposited in the Gene 

Expression Omnibus database under accession No. GSE77698.

Quantitative real-time RT-PCR

Reverse transcription and quantitative real-time PCR were performed. Total RNA was 

reverse transcribed and amplified using One Step RT qPCR MasterMix (Eurogentec) in a 

LS480 Lightcycler (Roche). Reactions where RNA or reverse transcriptase had been omitted 

were used as negative controls. PCR products were obtained using gene-specific, intron-

spanning primers. The levels of all candidate genes were normalized to GADPH 

housekeeping mRNA levels. Cav2 primer (forward: GCTCAACTCTCATCTCAAGCT, 

reverse: TCTGTCACACTCTTCCATATC). GADPH primer (forward: 

TGCACCACCAACTGCTTAGC, reverse: GGCATGGACTGTGGTCATGAG)

Statistical Analysis

For the in vivo study, means were compared using the t-test. For the ex vivo studies, mean 

profiles over time were compared across groups using repeated measure analysis of variance 

(ANOVA) methods. When significant differences were detected, individual mean values 

were compared by a post hoc test, which allowed for multiple comparisons. SPSS, version 

15.0, (SPSS Inc, Chicago Ill) was used to carry out the computations. As all outcomes were 

continuous, results were summarized with Means ± standard errors of the mean (SEM). P < 

0.05 was considered statistically significant.

RESULTS

Administration of ITLD at reperfusion protects the heart in late pregnancy against in-vivo 
I/R injury

Recently, we showed that the heart is more susceptible to I/R injury in late pregnancy 

compared to NP, as the infarct size was ~4-fold larger in LP compared to NP rats5. Here, we 

examined whether administration of ITLD at reperfusion protects that heart in LP rats 

against I/R injury (Fig. 1A). One bolus of ITLD at reperfusion reduced the myocardial 

infarct size in LP rats as it can be clearly seen in the representative images of the heart 

sections after TTC staining in Fig 1B. The area at risk (AAR) to LV ratio was similar in both 

groups (53.1±2.9% in CTRL vs. 52.3±2.3% in ITLD, p>0.05, Fig 1C), indicating that the 

two groups were subjected to a comparable degree of ischemic risk. However, the infarct 

size was significantly smaller in the ITLD group compared to control; the ratio of infarct 

size to AAR was 23.3±2.6% in ITLD vs. 55.6±3.4% in control (p<0.01, Fig. 1D). These data 

demonstrate that one bolus of ITLD right before reperfusion is sufficient to protect the LP 

heart against I/R injury in-vivo.

Li et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Post-ischemic administration of ITLD protects isolated hearts against ex vivo I/R injury

Next, we examined if ITLD could also protect the hearts of LP mice against ex vivo I/R 

injury. Post-ischemic administration of ITLD significantly improved the heart functional 

recovery in mice (RPP=8881±1331 mmHg×beats/min in ITLD vs. 1856±860 

mmHg×beats/min in CTRL, p<0.01, at 40 min of reperfusion, Fig. 2C). LVDP was also 

significantly larger in ITLD group compared to CTRL at the end of reperfusion representing 

increased cardiac performance post ischemic insult (LVDP=52.0±5.5 mmHg vs. 8.8±2.8 

mmHg in CTRL, p<0.01, Fig. 2D). In agreement with a better functional recovery in the 

ITLD group hearts, the myocardial infarct size was significantly smaller in the ITLD group 

compared to CTRL (21.7±2.6% vs. 53.5±3.7% in CTRL, p<0.01, Fig. 2E–G). These data 

suggest that ITLD protects both mice and rats from myocardial I/R injury.

ITLD inhibits the opening of the mitochondrial permeability transition pore

We have previously shown that the threshold for the opening of the mPTP in isolated cardiac 

mitochondria is significantly lower in LP compared to NP mice5. We therefore compared the 

threshold for the opening of the mPTP in response to calcium overload in isolated 

mitochondria from LP hearts reperfused with KH buffer (CTRL) or ITLD. A typical 

example of the time course of Ca2+ concentration in the mitochondrial external medium is 

shown in Fig. 3A. In this example, 7 pulses of 20 nmol/L Ca2+ were sufficient to trigger the 

opening of the mPTP in the CTRL group. Interestingly, the calcium load significantly 

increased in mitochondria isolated from ITLD group, as the number of calcium pulses 

required for the opening of the mPTP was increased to 15 pulses. Similar results were 

obtained in 5 other experiments. The calcium retention capacity (CRC) was significantly 

higher in the ITLD group compared to CTRL (290±18 nmol/mg mitochondrial protein in 

ITLD vs. 167±10 nmol/mg mitochondrial protein in CTRL, p<0.01).

ITLD induces phosphorylation of STAT3 and GSK-3β in the heart in LP

Our mechanistic investigations revealed that the ITLD-induced cardioprotection in LP was 

associated with a significant increase in the phosphorylation of STAT3 (in arbitrary units 

normalized to control: 1.81±0.08 vs. 1±0.16 in CTRL, p<0.05, Fig 4A, B) and GSK-3β (in 

arbitrary units normalized to control: 2.63±0.55 vs. 1±0.34 in CTRL, p<0.05, Fig. 4C, D).

ITLD-induced cardioprotection in LP is fully abolished in the presence of a specific 
inhibitor of STAT3

To further examine the involvement of the STAT3 pathway in ITLD-induced 

cardioprotection in LP, isolated mouse hearts were reperfused for 40 min with ITLD, STAT3 

inhibitor Stattic, or ILTD together with Stattic. Typical examples of LVDP and dP/dt are 

shown in Fig. 5A–C. In the presence of Stattic, ITLD-induced cardioprotection was fully 

abolished, as RPP and LVDP were significantly lower at the end of 40 min reperfusion 

(RPP=8881±1331 mmHg*beats/min in ITLD vs. 1186±563 mmHg*beats/min in ITLD

+Stattic, p<0.01; LVDP=52.0±5.5 mmHg in ITLD vs. 7.3±3.6 mmHg in ITLD+Stattic, 

p<0.01, Fig. 5D,E). The RPP and LVDP in Stattic alone group were not significantly 

different than ITLD+Stattic (RPP=1779±785 mmHg*beats/min and LVDP=13.6±7.2 

mmHg, Fig. C–E). The infarct size was also significantly larger in ITLD+Stattic group when 
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compared to ITLD alone (47.9±2.5% in ITLD+Stattic vs. 21.7±2.6% in ITLD, p<0.01, Fig. 

5F,G,I). The infarct size in Stattic group was not significantly different than ITLP+Stattic 

(37.64±9.8, p=0.2, Fig. H,I). These data further confirm the role of the STAT3 pathway in 

ITLD-induced cardioprotection.

Transcriptome analysis reveals Cav2 regulation by ITLD in hearts of LP rats under I/R

To identify novel candidates that might be involved in ITLD-induced cardioprotection 

against I/R injury in LP, we performed genome-wide expression profiling using the hearts of 

LP rats subjected to in-vivo I/R that received either a bolus of ITLD or PBS at reperfusion 

(Fig. 1A). Our analysis revealed that 811 transcript clusters were significantly regulated 

(adjusted p<0.05); among them, 160 genes were upregulated by more than 1.5-fold, whereas 

20 genes were downregulated by more than 2-fold (Fig. 6A and Supplemental Table 1). 

Gene Ontology of differentially expressed genes show pathways involved in anti-apoptosis, 

vascular endothelial growth factor receptor signaling, protein localization to the nucleus, 

protein kinase activity, and toll-like receptor signaling are among the most significantly 

affected pathways in pregnancy by ITLD.

Among the genes that were significantly regulated by ITLD in the hearts of LP rats 

subjected to I/R injury, we searched for a novel protein that could potentially interact with 

STAT3 and regulate cardiac function in pregnancy. Since it has been shown that Caveolin-2 

regulates STAT3 transcriptional activation in response to insulin29, 30, we focused on Cav2 

and investigated a possible interaction between Cav2 and STAT3 in the context of 

myocardial I/R injury in pregnancy. Cav2 was significantly upregulated (~1.6 fold) in the 

ITLD group compared with the CTRL group (adjusted p=0.01). Upregulation of Cav2 
expression was validated by RT-PCR (normalized to CTRL group, 1±0.17 vs. 2.3±0.24 in 

ITLD group, p=0.0025, Fig. 6C).

ITLD promotes physical association of Cav2 and STAT3 in the heart in LP

Cav2 has been shown to interact with STAT3 and is critical for phosphorylation of 

STAT329, 30. To examine whether ITLD promotes association of Cav2 with pSTAT3, we 

performed immunoprecipitation using Cav2 antibody with the heart lysates of LP subjected 

to I/R injury. A representative example of a co-immunoprecipitation experiment in Fig. 7 

shows Cav2 interacts with STAT3 since STAT3 was detected in the heart lysates from both 

CTRL and ITLD groups that were immunoprecipitated with anti-Cav2. Interestingly, 

phosphorylation of STAT3 in heart lysates immunoprecipitated with Cav2 antibody was 

increased in ITLP group (Fig. 7). These data suggest that Cav2 and STAT3 are in close 

proximity and there is a sub-pool of STAT3 that becomes phosphorylated while bound to 

Cav2 in response to ITLD treatment.

DISCUSSION

In the present study, we discovered that postischemic administration of ITLD, a safe lipid 

emulsion for human use, reduces myocardial infarct size in LP rats in-vivo. ITLD also 

significantly improves heart functional recovery and reduces the infarct size of isolated LP 

mice subjected to ex-vivo I/R injury. We also found that ITLD reduces the threshold for 
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triggering of mPTP opening in response to Ca2+ overload. Our data highlight the role of the 

STAT3 pathway in ITLD-induced cardioprotection in LP rodents, since ITLD failed to 

protect the heart in the presence of a specific inhibitor of STAT3. Interestingly Cav2, which 

is critical for phosphorylation of STAT3, is significantly upregulated by ITLD treatment in 

the hearts of LP rats that are subjected to in-vivo I/R injury. ITLD also promotes physical 

association of Cav2 with STAT3. Our findings support the view that ITLD, which is safe and 

well tolerated, could be an ideal pharmacological agent for protecting the heart in pregnancy 

against I/R injury by promoting association of STAT3 and Cav2.

The mPTP is a large non-selective conductance pore located in the inner membrane of 

mitochondria. The mPTP remains closed during ischemia, but opens during the reperfusion 

period31, 32. The opening of the mPTP during reperfusion has been implicated in cell 

death33, 34. We have previously demonstrated that the higher susceptibility of LP hearts to 

I/R injury is associated with higher mPTP sensitivity to Ca2+, as the mitochondrial Ca2+ 

uptake required for the opening of the mPTP was significantly lower in LP hearts compared 

to NP5. The homeostasis of cardiomyocytes in regulating calcium overload maybe decreased 

in late pregnancy, resulting in a lower threshold for triggering the opening of the mPTP. 

Delaying the opening of the mPTP upon reperfusion has been a potential target to reduce 

myocardial injury35. GSK-3β phosphorylation has also emerged as an end effector, where 

multiple protective signaling pathways converge and regulate mPTP opening. Here, we 

report that ITLD-induced cardioprotection is associated with inhibition of the mPTP and 

increased phosphorylation of GSK-3β in the heart of LP mice.

STAT3 phosphorylation induces the rapid activation of the pro-survival kinase signaling 

cascades, which play an important role in reperfusion injury36. The role of STAT3 has been 

highlighted in cardioprotection, as ischemic postconditioning failed to protect STAT3-

deficient mice37. STAT3 is also necessary for protecting LP mice against peripartum 

cardiomyopathy, as female mice with a cardiomyocyte-specific deletion of STAT3 develop 

postpartum cardiomyopathy with a very high mortality rate. In addition, STAT3 protein 

levels are reduced in PPCM patients16, 38. We have previously shown that the 

phosphorylation of STAT3 was downregulated during reperfusion in the hearts of LP mice5. 

Here we report that ITLD increases phosphorylation of STAT3 in LP hearts. This action of 

ITLD seems specific to late pregnancy, since ITLD failed to restore the downregulation of 

STAT3 phosphorylation in male mice subjected to I/R injury39. Our data also show that 

ITLD-induced cardioprotection in LP mice is fully abolished in the presence of STAT3 

inhibitor, Stattic, at 20 μm. This dose of Stattic is well within the range used by previous 

investigators in the setting of I/R injury (10–100 μM)20, 40–42 and is also effective in 

disruption of STAT3 as seen in STAT3-KO mice41. Furthermore, the specificity of Stattic is 

not of concern since Stattic is highly specific for STAT3 inhibition, and it is previously 

shown not to affect other well known protective pathways in I/R injury such as ERK1/2, Akt 

or JAK1/243. We speculate that the STAT3 pathway is a major protective pathway activated 

by ITLD, since both infarct size and heart functional recovery parameters are not 

significantly different between LP hearts that received KH (CTRL group) or ITLD+Stattic. 

If cardioprotective action of ITLD in LP was mediated even partially through an alternative 

pathway leading to GSK-3B phosphorylation, blocking STAT3 pathway would still result in 

some degree of protection, but that was not the case. Therefore, we have highlighted Cav2/
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STAT3/GSK-3β as the major pathway mediating the cardioprotective effects of ITLD in 

hearts from LP animals subjected to I/R injury.

Recent studies indicate that STAT3 is also localized to the mitochondria and is important in 

regulation of the activity of the electron transport chain (ETC). Deletion of STAT3 in 

cardiomyocytes decreases the activity of complexes I and II of the ETC, leading to a 

decreased rate of oxidative phosphorylation44, 45. Overexpresion of mitochondria-targeted 

STAT3 in cardiomyocytes protects mitochondria during stress and results in lower ROS 

production in the mitochondria and reduced cytochrome c release during ischemia46. We 

postulate that during cell stress, ITLD recruits STAT3 to mitochondria which results in the 

inhibition of mPTP leading to cardioprotection.

Previously, STAT3 activation has been shown to be regulated by Cav2 in response to 

insulin29, 30. Caveolins are critical membrane proteins of caveolae and three members are 

known within the caveolin protein family: Cav1, Cav2), and Cav347. Although all three Cav 

proteins are expressed in cardiaomyocytes48, 49, the role of Cav2 in the heart is still not 

known. It has been demonstrated that Cav1 and Cav3 are involved in cardiac I/R injury50, 51. 

However, there have been no reports demonstrating that Cav2 per se can modulate signaling 

in a manner similar to Cav1 and Cav3 in the heart. Our transcriptomic analysis revealed 

Cav2 as one of the key genes involved in ITLD-induced cardioprotection in LP under I/R, as 

its expression was significantly upregulated by ITLD treatment. Our data suggest that Cav2 

and STAT3 are in close proximity in the heart in LP and there is a sub-pool of STAT3 that 

becomes phosphorylated while bound to Cav2 in response to ITLD treatment. Fig. 8 

summarizes our hypothetical scheme of the mechanism of protection by ITLD against I/R 

injury in LP. ITLD administration at the time of reperfusion protects the heart by recruiting 

Cav2, which interacts with STAT3 and increases the phosphorylated levels of STAT3 and 

GSK-3β. These pathways converge to shift the equilibrium of GSK-3β from active form (not 

phosphorylated) toward the GSK-3β inactive form (phosphorylated). Once GSK-3β is 

phosphorylated, it inhibits the opening of the mPTP, which results in cardioprotection. Here, 

we found that inhibition of the STAT3 signaling pathway completely abolishes the beneficial 

effect of ITLD. Therefore, the Cav2/STAT3/GSK-3β pathway plays a major role in the 

ITLD-induced cardioprotection in pregnancy.

Given the increase in incidence of ischemic heart disease in pregnant women over the past 

decade, it is increasingly important to identify cardioprotective agents that are safe for both 

pregnant women and their babies. Recent studies demonstrate that treatment of pregnant 

women with beta blockers could lead to adverse pregnancy outcomes with undesirable 

effects on the fetus52, 53. Pregnant women treated with beta blockers are at higher risk of 

delivering babies with birth weights below the 10th percentile when compared to women 

who did not receive beta blockers during pregnancy53. Taking together, these data indicate 

that beta blockers are not a viable treatment option for pregnant women. ITLD is a safe 

emulsion of fatty acids that has been widely used as a source of parenteral nutrition in 

patients for more than 4 decades8, 9. Since it is known to be safe and well tolerated by 

premature babies, ITLD could be a safer alternative to beta blocker treatment in pregnant 

women18, 19.
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In conclusion, ITLD, a clinically safe compound, fully reverses high vulnerability of hearts 

in late pregnancy subjected to I/R injury by inhibiting the mPTP opening mainly via the 

Cav2/STAT3/GSK-3β pathway. ITLD may serve as a novel therapeutic agent for pregnant 

women with cardiovascular complications, which certainly warrants further investigation.
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Highlights

• Intralipid protects the heart against I/R injury in late pregnancy in rodents

• Intralipid-induced cardioprotection in late pregnancy is fully abolished in the 

presence of a specific inhibitor of STAT3

• Intralipid inhibits the opening of the mitochondrial permeability transition 

pore through Cav2/STAT3/GSK-3b pathway

Li et al. Page 15

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. ITLD reduces the myocardial infarct size in LP rats subjected to in-vivo I/R injury
A. Experimental protocol, the left coronary artery was occluded for 45 minutes followed by 

3 hours of reperfusion. One single IV bolus of PBS (control group, CTRL) or 20% ITLD 

(5ml/kg body weight, ITLD) was administered 5 min before reperfusion. B. Representative 

cross sections of LP hearts in CTRL and ITLD groups. C, Percentage of area at risk (AAR) 

divided by LV and D. infarct size (IS) divided by AAR (D) in CTRL and ITLD groups. 
**p<0.01 vs. CTRL (n=6–7).
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Figure 2. Administration of ITLD during reperfusion improves heart functional recovery and 
reduces myocardial infarct size of LP mice subjected to ex-vivo I/R injury
A, B. Representative traces of the left ventricular pressure and heart contractility as a 

function of time in CTRL and 1% ITLD group, respectively. C. Rate Pressure Product (RPP) 

and D. left ventricular developed pressure (LVDP) as a function of time in CTRL and ITLD. 

E, F. Four slices of the same heart after TTC staining in CTRL and ITLD, respectively. The 

white area represents the infarct zone and red shows the viable area. G. The area of necrosis 

as the percentage of total left ventricular (LV) area in CTRL and ITLD. *p<0.05 and **p< 

0.01 vs. CTRL (n=7–8).
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Figure 3. ITLD inhibits the opening of the mPTP in LP mice subjected to I/R injury
A. Typical recording of the mPTP opening in isolated mitochondria from CTRL and ITLD 

group. B. Calcium retention capacity (CRC) quantified in CTRL and ITLD. *p<0.05 vs. 
CTRL (n=6).
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Figure 4. ITLD upregulates phosphorylation of STAT3 and GSK-3β in LP mice subjected to I/R 
injury
A, C. Representative immunoblots of pSTAT3, total STAT3, pGSK-3β, and total GSK-3β in 

CTRL and ITLD group. B, D. Western Blot quantification of pSTAT3 and total STAT3, and 

pGSK-3β to total GSK-3β ratios in CTRL and ITLD. *p<0.05 vs. CTRL (n=3–6).
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Figure 5. Involvement of STAT3 signaling pathway in ITLD-induced cardioprotection against 
I/R injury in LP
A, B, C. Representative traces of the left ventricular pressure and heart contractility as a 

function of time in ITLD (1%), ITLD+Stattic (20 μM), and Stattic (20 μM) groups. D. Rate 

pressure product (RPP) and E. left ventricular developed pressure (LVDP) as a function of 

time in ITLD (n=7), ITLD+Stattic (n=7), and Stattic (n=4). F, G, H. Four slices of the same 

heart after TTC staining in ITLD, ITLD+Stattic, and Stattic groups. The white area 

represents the infarct zone and red shows the viable area. I. The area of necrosis as the 

percentage of total left ventricular (LV) area in ITLD (n=7), ITLD+Stattic (n=7), and Stattic 

(n=4). *p<0.05 and **p< 0.01 vs. CTRL (n=7–8).
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Figure 6. Genome-wide expression profiling revealed the Cav2 gene as a novel candidate 
regulated by ITLD in the heart of LP rats subjected to I/R injury
A. Unsupervised hierarchical clustering of the ITLD-dependent differentially expressed 

transcript cluster expression in LP under I/R conditions and the intervention factor of the 

RNA source for CTRL and ITLD. Blue indicates low expression and yellow indicates high 

expression. B. Gene Ontology of differentially expressed genes show anti-apoptosis, 

vascular endothelial growth factor receptor signaling pathway, protein localization to 

nucleus, protein kinase activity, and toll-like receptor signaling pathway among the most 

significantly affected pathways in pregnancy by ITLD. C. The expression of Cav2 in CTRL 

and ILTD groups using real-time PCR.
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Figure 7. ITLD increases phosphorylation of STAT3 interacting with Cav2
Heart lysates from in-vivo I/R were immunoprecipitated with anti-Cav2 antibodies and 

subjected to immunoblot analysis with anti-Tyr705-STAT3, anti-STAT3, and anti-Cav2 

antibodies as indicated. The co-immunoprecipitation experiments were preformed with 4 

samples from each group (n=4) and the results were similar. A representative result from 

immunoprecipitation experiments with anti-STAT3 or anti-Cav2 antibodies is shown..
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Figure 8. Proposed mechanisms underlying ITLD-induced cardioprotection against I/R injury in 
late pregnancy
Administration of ITLD at the time of reperfusion protects the heart in LP by recruiting 

Cav2 resulting in increased phosphorylation of STAT3, which converges to phosphorylate 

GSK-3β, and, in turn, inhibits the opening of the mPTP and induces protection against 

reperfusion injury. The protection provided by ITLD is abolished by the STAT3 specific 

inhibitor, Stattic.
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