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Abstract 

The reasons for the higher severity of type 2 diabetes (T2DM)-associated cardiomyopathy in 

women, despite their inherent estrogen (E2)-dependent cardioprotection, remain unknown. 

We hypothesized that the reliance of the healthy females’ hearts on augmented adiponectin 

(APN)-connexin43 (Cx43) signaling becomes paradoxically detrimental when disrupted by 

T2DM in an E2-dependent manner. We tested this hypothesis in high fat-low dose 

streptozotocin diabetic rats and their controls with the following designations: (a) sham 

operated (SO); (b) ovariectomized (OVX); (c) ovariectomized with E2 supplementation 

(OVX+E2); and (d) male. E2-replete (SO or OVX+E2) diabetic rats exhibited higher mortality 

and greater increases in left ventricular (LV) mass, and reduced LV developed pressure, LV 

contractility and fractional shortening, but preserved ejection fraction. Further, compared to 

respective nondiabetic counterparts, the hearts of these E2-replete diabetic rats exhibited 

greater upregulation of cardiac estrogen receptor α (ERα) and reductions in Cx43 

expression and in the phosphorylation levels of the survival molecules pERK1/2 and pAKT. 

While serum APN was reduced independent of sex and ovarian hormone status in all DM, 

cardiac APN was most drastically reduced in DM SO rats. The present translational findings 

are the first to implicate ovarian hormones/E2 in the exacerbated myocardial dysfunction in 

diabetic females, and to suggest a pivotal role for malfunctioning cardiac APN-Cx43 

signaling in this sex/E2-specific clinical problem.  
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Introduction 

 There is mounting interest to further understand the role of estrogen (E2) regulation in 

cardiovascular function (Gros et al., 2016; Dworatzek and Mahmoodzadeh, 2017). 

Specifically, there is a need to understand why cardiovascular morbidity and mortality are 

higher in women with type-2 diabetes mellitus (T2DM), compared with age-matched diabetic 

men (Regensteiner et al., 2015). Paradoxically, premenopausal women not only lose their 

inherent E2-mediated cardioprotection, but exhibit exacerbated T2DM-induced cardiac 

anomalies, compared to T2DM men (Juutilainen et al., 2004).  New evidence for a lack of 

negative cardiovascular consequences of E2 replacement therapy (ERT) (Manson et al., 

2017) raises the potential for a rise in cases of exacerbated T2DM associated cardiac 

anomalies.  

 Alterations in E2 receptor (ER) expression (upregulation of ERα and GPER) may 

contribute to sex differences in left ventricular (LV) hypertrophy and heart failure (Regitz-

Zagrosek et al., 2010; Lee et al., 2014). The complex interplay between ER subtypes 

highlights the need to study their expression in the hearts of diabetic females in the absence 

or presence of estrogen. Notably, while ERα knockout mice exhibit disrupted adiponectin 

(APN) signaling (Mauro et al., 2014), there were no studies on cardiac levels of ER subtypes 

or APN in diabetic females. 

 APN, an adipokine with anti-inflammatory and antidiabetic properties (Guo et al., 2007; 

Fisman and Tenenbaum, 2014), is reduced in T2DM, and coronary artery disease (Zhu et 

al., 2008; Tian et al., 2009).  Higher APN levels and greater protection of LV function from 

oxidative stress in eNOS deficient mice (Durand et al., 2012) suggest a cardioprotective role 

for APN in female mice. Further, APN supplementation in aged female rats and porcine 
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models reduced myocardial infarct size (Tomicek et al., 2015) and oxidative stress (Tao et 

al., 2007). However, it remained unknown if this sexually dimorphic cardioprotection, 

conferred by APN or its downstream effector connexin43 (Cx43), is compromised in DM 

females.  

 Connexins are widely distributed transmembrane gap junction proteins and Cx43, the 

primary connexin expressed in cardiomyocytes, has emerged as a promising therapeutic 

target for cardioprotection (Bikou et al., 2011; Stauffer et al., 2011). The reduction or 

disorganization of LV Cx43 in heart diseases (Michela et al., 2015) and cardiac dysfunction 

(Lin et al., 2005) support its protective role against cardiac injury. Importantly, while female 

myocytes exhibit higher levels of Cx43 and its phosphorylated form (Stauffer et al., 2011) 

and E2 upregulates Cx43 expression (Moinfar et al., 2016), there are no studies on cardiac 

Cx43 expression, and E2 regulation in diabetic females.  

 The major goal of the present study was to determine if diabetes-evoked myocardial 

dysfunction is more pronounced in female, than male, rats in an E2-dependent manner. 

Further, we tested the hypothesis that disruption of the E2-APN-Cx43 axis underlies this 

sex/E2-specific hypersensitivity to T2DM-evoked myocardial dysfunction. The outcome of 

these findings will identify potential molecular targets for developing novel therapeutics for 

alleviating myocardial dysfunction in DM females. 
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Materials and Methods 

Animals 

 Young (8 weeks of age) female and male Wistar rats (170-200g, Charles River 

Laboratories, Raleigh, NC) were kept in the university animal care center and housed in 

pairs in standard plastic cages. Rats were allowed free access to water and chow (Prolab 

Rodent Chow; Granville Milling, Creedmoor, NC) until the beginning of the special 

phytoestrogen-free diet.  After initial intake measurements, rodents received ad libitum 

control (AIN-93G Growth Purified diet; 57W5 TestDiet) or high fat (DIO Rodent Purified diet 

with 45% energy from fat; 58V8 TestDiet) diet (Granville Milling, Creedmoor, NC) as 

reported  (Srinivasan and Ramarao, 2007; Brown and Panchal, 2011; Sasidharan et al., 

2013); dietary specifics are included in Table 1. Rats were maintained on a 12-12 hour light-

dark cycle and the temperature was maintained at 23 ± 1ºC, humidity at 50 ± 10%. All 

surgical procedures were conducted under sterile conditions and rats received preoperative 

analgesia (buprenorphine 0.3 mg/kg) 30 min prior to surgery.   

 Isoflurane anesthesia was used for the OVX, echo and E2 containing silastic tube 

implantation while i.p ketamine/xylazine (90/10 mg/kg, respectively) anesthesia was used for 

the terminal femoral and left ventricular catheterization surgery. The disappearance of 

corneal reflex, response to pain sensation (toe pinch) and loss of muscle tension were 

utilized as signs of appropriate anesthesia. Post-operative analgesia consisted of a 

minimum of three days of buprenorphine (0.3 mg/kg). All procedures were approved by the 

institutional animal care and use committee and conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals as adopted by the U.S. National Institute of Health 
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and the National Research Council Committee Update of the Guide for the Care and Use of 

Laboratory Animals, 2015.  

Ovariectomy 

 Ovariectomy (OVX) was conducted as reported in our previous studies (El-Mas and 

Abdel-Rahman, 2000). Rats were placed in a prone position and flank shaved with 

electric clippers. Surgical incision area was prepped with three consecutive cleanses of 

a povidone-iodine scrub, followed with a 70% ethanol rinse. An approximately 1-2 cm 

incision was made in the skin and symmetrical 1 cm incisions on either side of the 

underlying muscle from the second to fifth lumbar vertebrae. The peri-ovarian fat was 

pulled out through the muscle incision, ovaries located, tied off with sterile suture, and 

removed. The muscle was closed using absorbable suture (Roboz Surgical Instrumental 

Co., Gaithersburg, MD), skin closed with surgical clips (Mikron Precision Inc., Gardena, 

CA) and removed 10-14 days later. Rats were allowed a two week “wash out” post OVX 

to ensure depletion of ovarian hormones and most endogenous E2 in accordance with 

an established protocol in our laboratory (El-Mas and Abdel-Rahman, 2000).  Estrogen 

replacement was achieved using subcutaneous implantation of silastic tubing (10 mm 

length, 1.57 mm inner diameter × 3.18 mm outer diameter, Silastic®, Dow Corning) 

filled with approximately 25 mg of 17β-estradiol-3-benzoate [1,3,5(10)-estratriene-

3,17β-diol-3-benzoate]. Silastic tubing was sealed with medical adhesive type A 

(Silastic®, Dow Corning), gas sterilized, and implanted subcutaneously at the back of 

the neck in rats. Serum estradiol levels were measured at the conclusion of the study 

(Table 2). 
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Induction of diabetes mellitus (DM) 

 We adopted the high fat diet plus two low doses streptozotocin (STZ) (Brown and 

Panchal, 2011; Sasidharan et al., 2013) to induce T2DM. Four weeks after the initiation of 

the special diet regimen, rats were injected with freshly prepared STZ (35 mg/kg; I.P.) in 

0.1M citrate buffer (pH 4.0) or the buffer (control). One week after the first injection, a 

second STZ injection was given under the same conditions. Three days after the second 

STZ injection, non-fasting blood glucose levels were measured by a Blood Glucose 

Monitoring System (Freestyle-Precision Neo, Abbott, Alameda, CA) with tail vein blood. 

Onset of diabetes was identified by polydipsia, polyuria and BGL ≥ 250 mg/dL. Rats that 

exhibited these characteristics were considered diabetic, and buffer-treated rats were used 

as non-diabetic controls as reported (Srinivasan and Ramarao, 2007).  

Body and heart weights 

 Body weights were determined, in grams, at baseline (prior to initiation of special diet) 

and then once weekly until the termination of the study. On the final day, prior to vascular 

catheterization, body weights were recorded, and following euthanasia, the hearts were 

excised, weighed and stored at -80ºC for subsequent biochemical studies (see below). 

Echocardiography 

 Echocardiography was performed at baseline and biweekly by two experienced 

researchers, one of which was blinded to the experimental groups. Both researchers 

performed echo and analyzed recorded images, with images randomly verified against their 

match. Rats were lightly anesthetized with isoflurane using a whole body chamber ventilated 

with a 1-2% isoflurane, balanced oxygen gas mixture. After anesthesia induction, animals 
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were transferred to an imaging platform equipped with a heating pad to maintain body 

temperature and anesthesia maintained via nose-cone delivery of the same gas mixture, 

typically for <10 min. Hair was removed from the chest wall using a chemical depilator and 

the skin cleansed with warm water. Non-toxic acoustic gel was placed on the chest well and 

non-invasive ultrasound images of the heart were collected and stored for analysis 

according to a standard protocol (Visual Sonics Vevo 2100 Imaging System, FujiFilm and 

VevoLab Software v.2.1.0, Toronto, Ontario, Canada). Rats were removed from the nose 

cone, returned to their cage, and monitored until awakened spontaneously. M-mode and B-

mode images of LV end-diastolic diameter, interventricular septum and posterior LV wall 

thicknesses at end diastole were measured and averaged over five beat cycles along with 

ejection fraction, fractional shortening, contractility index and Tau (the mean time constant 

for the isovolumic-pressure decline).  

Intravascular and left ventricular catheterization 

 As described in previous studies (Yao and Abdel-Rahman, 2017), a catheter consisting 

of 5cm PE-10 tubing bounded to 15cm PE-50 tubing was placed in the abdominal aorta via 

left femoral artery and a PE-50 tubing, filled with heparinized saline, was inserted through 

the carotid artery into the LV for the measurement of arterial blood pressure and LV 

function, respectively. Hemodynamic recordings were collected when arterial and left 

ventricular catheters were connected to Gould-Statham (Oxnard, CA) pressure transducers 

and flushed with heparinized saline (100 IU/ml). BP and left ventricular indices were 

simultaneously recorded by ML870 (PowerLab 8/30; Colorado Springs, CO) and analyzed 

by LabChart (v.7) pro software (AD Instruments, Colorado Springs, CO). 
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Blood and tissue collection 

 At the conclusion of hemodynamic measurements, prior to sacrifice, blood was collected 

in heparinized tubes and centrifuged at 2000g for 10 min. Serum was collected and stored 

at -80ºC until biochemical analysis was performed. Rats were euthanized after blood 

collection according to authorized AUP. Hearts were excised, weighed and flash frozen in 2-

methylbutane (Sigma-Aldrich, St. Louis, MO) on dry ice. Tissue was stored at -80 ºC until 

processed for biochemical studies.  

Western blot analysis 

 All western blots were conducted following the established protocols in our lab (El-Sayed 

et al., 2016; Yao and Abdel-Rahman, 2017). LV tissue was homogenized on ice in lysis 

buffer (20mM Tris, pH 7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM 

Sodium pyrophosphate, 1mM beta-glycerolphosphate, 1mM activated sodium 

orthovanadate and 1µg/ml leupeptin with a protease inhibitor cocktail (Roche, Indianapolis, 

IN), sonicated and centrifuged (12,000 x g for 20 min). Supernatant protein was extracted 

and samples were quantified for protein using Bio-Rad protein assay system (Bio-Rad 

Laboratories, Hercules, CA). Protein extracts (50 µg/lane) were separated in a 4-12% gel 

electrophoresis (Novex Tris-Glycine gel; Life Technologies, Carlsbad, CA) at 150 V (Bio-

Rad Laboratories, Hercules, CA). After semidry transfer to nitrocellulose membrane for 30 

minutes at 25 V, 1 A (Bio-Rad Laboratories, Hercules, CA), membranes were blocked in 

Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) for 2 hours. Post initial blocking, 

membranes were incubated in primary antibody overnight at 4ºC on a rocker. Primary 

antibodies used were as follows: Rabbit polyclonal anti-APN, anti-AdipoR1, and anti-ERα 

(1:200 dilution, Abcam, Cambridge MA), Rabbit polyclonal anti-AKT and anti-pERK (1:200 
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dilution, Cell Signaling Technology, Danvers MA), Goat polyclonal anti-Cx43 and anti-GPER 

(1:200 dilution, Abcam, Cambridge MA) and Mouse monoclonal anti-GAPDH (1:1000 

dilution, Abcam, Cambridge, MA) and Mouse anti-pAKT and anti-ERK (1:200 Cell Signaling 

Technology, Danvers MA). Afterward, secondary membranes were washed and incubated 

with secondary antibody prepared by IRDye680-conjugated goat anti-mouse and IRDye800-

conjugated goat anti-rabbit, or IRDye680 conjugated donkey anti-mouse and IRDye800-

conjugated donkey anti-goat (depending upon respective primary antibody utilized at a 

dilution of 1:5000) for sixty minutes in the dark at room temperature on rocker. GAPDH was 

used as a loading control.  Molecular weights of proteins for western blots are shown, and 

representative blots for a particular protein in healthy and diabetic groups were run on the 

same gel; whenever random order of the blots necessitated splicing gel lanes, this was 

identified with a gap in the image. Arbitrary units reported are the target protein normalized 

to respective GAPDH on the same gel, or the phosphorylated (pERK and pAKT) protein to 

its respective total protein. Bands were detected by Odyssey Infrared Imager and quantified 

by integrated intensities with Odyssey application software version 3 (LI-COR Biosciences). 

Colocalization immunofluoresent microscopy 

 To corroborate western blot findings, spacial distribution of Cx43 was investigated by 

dual labeling immunofluorescence in heart sections as previously described (Steagall et al., 

2017). Briefly, hearts were equlibrated to -20ºC and sectioned with a cryostat (HM 505E; 

Microm International GmbH, Waldorf, Germany).  Three heart tissue cyrostat sections (20 

µm thick) were post-fixed in 4% paraformaldehyde on Polysine coated microscope slides 

(Thermo Scientific LLC, Portsmouth, NH) and blocked for 2 hours with 10% normal donkey 

serum (Jackson Immunoresearch Laboratories, West Grove, PA) in Tris-buffered saline 
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containing 0.1% Tween-20 (TBS) and 10% Triton (X-100). After incubation overnight at 4ºC 

with primary antibody (1:100 dilution v/v), sections were washed four times with TBS and 

incubated with the appropriate secondary antibody (1:200 dilution v/v) for 60 minutes and 

washed four times with TBS. Coverslips were applied with Vectashield mounting medium 

(Vector Laboratories, Inc., Burlingame, CA). Primary antibodies used were goat anti-Cx43 

(Abcam, Cambridge, MA) and mouse anti-Cav3 (Santa Cruz Biotech, CA). Secondary 

antibodies were Cyanine 3 (Cy3)-conjugated donkey anti-goat IgG (H + L) (Jackson 

ImmunoResearch) and Fluorescein (FITC)-conjugated donkey anti-mouse IgG (H + L) 

(Jackson ImmunoResearch). Control sections were incubated with only secondary 

antibodies to determine non-specific staining. Three representative images across the heart 

sections, chosen according to similar spatial orientation, were acquired by laser scanning at 

two wavelengths, 488 nm (Argon/2) and 543 nm (HeNe1), using the Zeiss LSM 700 

confocal microscope.  Image analysis software ZEN 2012 (Carl Zeiss, Jena, Germany) kept 

parameters constant throughout the acquisition process.  

Measurements of estradiol (E2) 

 For confirmation of the E2 depletion in ovariectomized (OVX) and its restoration to 

physiological levels in OVX rats that received E2 replacement (OVX+E2), E2 levels were 

measured in plasma with a commercially available estradiol ELISA kit (Cayman Chemicals, 

Ann Arbor, MI) according to manufacturer’s instructions.  

Protocols and experimental groups 

 Eight groups of rats (n=8) divided into 4 pairs (diabetic and control) of sham operated 

(SO), ovariectomized (OVX), ovariectomized with E2 replacement (OVX+E2), and male rats. 
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Baseline echo was obtained at baseline and biweekly in all groups. Four weeks after the 

second STZ injection were allowed for the development of the diabetic/hyperglycemic state 

before the terminal invasive catheterization surgery for hemodynamic measurements, and 

ex vivo studies (Fig. 1).   

Data analysis and statistics 

 Initially, statistical analysis consisted of two-way ANOVA. Post hoc testing of significant 

findings included the F-test for comparison of diabetic groups vs. control groups, and 

Tukey’s unpaired t-test for evaluation of the estrogen variant groups (sham, OVX, OVX+E2 

and male). Values are expressed as means ± SEM with probability levels less than 0.05 to 

be considered significant.  Prism 5 software (Graphpad Software Inc., San Diego, CA) was 

used to perform statistical analysis. 
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Results  

Higher mortality and heart weight to body weight ratio in diabetic E2 replete females  

 As expected, serum E2 levels were lower (P<0.0001) in healthy OVX and male rats 

compared with healthy SO and OVX+E2 rats, and was not affected by diabetes in any of the 

groups (Table 2). At the conclusion of the study, diabetic SO and OVX+E2 exhibited the 

most pronounced mortality (33%) followed by diabetic male (20%) and OVX (8%) rats vs. no 

mortality in healthy SO, OVX+E2 or OVX groups, and a 10% mortality in healthy male rats. 

The higher E2-dependent mortality in diabetic rats is consistent with preclinical (Guo et al, 

2007) and clinical (Regensteiner et al., 2015) findings. Final body weights were similar in 

diabetic and healthy SO or OVX+E2 rats, but lower (P=0.02 and P=0.008, respectively) than 

those of age-matched OVX or male rats (Table 3). The heart weight (HW) to body weight 

(BW) ratio was higher in the diabetic SO (P<0.0001) or OVX+E2 (P=0.02), when compared 

to respective controls. The HW/BW ratio was also significantly higher when compared to E2 

depleted diabetic groups.  Diabetic SO vs. diabetic OVX (P=0.04) or diabetic male (P=0.02), 

and diabetic OVX+E2 vs. diabetic OVX (P=0.02) or diabetic male (P=0.02) (Table 3).  

 At the conclusion of the ten weeks (see Fig. 1), echocardiography findings showed no 

change in LV mass or major LV function indices in OVX rats, compared to their healthy 

counterparts (Figs. 2B, 2C and 3) and ejection fraction was not influenced by diabetes or the 

hormonal status (Fig 2A). However, LV mass was higher in diabetic SO (P=0.003), diabetic 

OVX+E2 (P=0.04) and diabetic male (P=0.02) rats, compared with their respective controls 

(Fig. 2C). The findings in the SO and OVX+E2 groups were verified by higher heart 

weight/body weight ratios (P<0.05, see first paragraph for specific P values) in the healthy 

rat groups, compared to their non-diabetic counterparts (Table 3).  Further, 
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echocardiography and directly measured LV function findings reflected significant 

myocardial dysfunction in diabetic E2 replete vs. health groups via two-way ANOVA (Figs. 

2B, 3A and 3B). Diabetic SO (P=0.03) and diabetic OVX+E2 (P=0.02) displayed reduced 

fractional shortening, compared with their respective controls (Fig. 2B). In Fig. 3A, left 

ventricular developed pressure (LVDP) was decreased in diabetic SO vs. healthy SO 

(P=0.009) or OVX+E2 (P=0.04) rats. Fig. 3B shows reduced (P=0.007) dp/dtmax in the 

diabetic OVX+E2 vs. OVX+E2 rats. The study also showed higher (P=0.02) Tau values  in 

diabetic vs. healthy SO groups (Fig. 3C). Echocardiography findings displayed a reduced 

cardiac contractility index (Fig. 3D) in diabetic vs. healthy SO (P=0.003) or OVX+E2 

(P=0.04) rats, which overlaps with the fractional shortening findings from echocardiography 

(Fig. 2B).   

Sex- and diabetes-dependent ER subtype, APN, AdipoR1 responses 

 DM upregulated cardiac ERα (Fig. 4A) in all groups when compared to respective 

controls (SO: P=0.04; OVX: P=0.04; OVX+E2: P=0.01 and male: P=0.02), and upregulated 

GPER (Fig. 4B) in all female groups (SO: P=0.04; OVX: P=0.03 and OVX+E2: P=0.04), but 

not in male rats.  DM did not change (2-way ANOVA) cardiac ERβ (Fig. 4C) or AdipoR1 

(Fig. 4D) expression. In additon to reduced serum APN in all diabetic vs. healthy groups 

(SO: P=0.007; OVX: P=0.02; OVX+E2: P=0.04 and male: P=0.002), the reduction was most 

pronounced in the SO group (Fig. 5A). Notably, cardiac APN was only reduced (P=0.02) in 

SO diabetic vs. control groups (Fig. 5B).   

 

Myocardial Cx43, pERK/ERK and pAKT/AKT expressions are reduced in diabetic estrogen 

replete female rats 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 6, 2018 as DOI: 10.1124/jpet.118.254029

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #254029 

16	
	

  E2-replete diabetic rats exhibited significant reduction in the phosophorylated levels of 

cardiac ERK1/2 (pERK1/2; Fig. 5C) when compared to respective controls (SO: P=0.04 and 

OVX+E2: P=0.01) as well as reduced cardiac levels of the cell phosphorylated survival 

molecule AKT, pAKT (Fig. 5D; SO: P=0.02 and OVX+E2: P=0.04). Finally, cardiac Cx43 was 

reduced in diabetic SO (P=0.0002) or OVX+E2 (P=0.04) vs. their respective control rats, but 

not in the E2 deficient (OVX and male) groups (Figs. 6A and B). The reduction in cardiac 

Cx43 expression was corroborated by the reduced colocalization of Cx43 with the 

scaffolding protein caveolin-3 (cav3) in diabetic vs. SO healthy rats (Fig. 6C). Collectively, 

these molecular findings paralleled the reductions in cardiac function in the same E2-replete 

diabetic vs. healthy female rats (Figs. 2 and 3).   
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Discussion 

 It is currently accepted that T2DM-induced cardiac dysfunction, even in the presence of 

preserved ejection fraction, is associated with higher cardiac morbidity and mortality in 

women than men (Murphy et al., 2017), and our current findings agree with this premise. 

However, the mechanisms of this women’s cardiovascular health problem remained 

unknown most likely due to the lack of preclinical studies that replicated this clinical problem. 

While the increased LV mass is linked to the severity of hyperglycemia, the higher obesity in 

T2DM women might have confounded this sex difference (Rutter et al., 2003). The present 

study is the first to show that diabetic female rats exhibited higher LV mass despite their 

lower body weights, to mimic the greater sensitivity of female rats to diabetes-evoked 

cardiac dysfunction, and the dependence of these detrimental cardiac effects on ovarian 

hormormones, particularly estrogen (E2). Our novel multilevel findings support the 

hypothesis that disruption of the salutary cardiac APN-Cx43 signaling underlies this sex/E2-

dependent problem.  

 The high-fat diet and low STZ dose regimen produces clinically relevant slowly 

developing myocardial dysfunction after 10-12 weeks in male rats (Hoit et al., 1999). 

Therefore, it was not surprising that applying the same regimen for only 4 weeks had no 

significant effect on cardiac function in male rats (Figs. 2 and 3). Nonetheless, parallel 

longitudinal echocardiography studies revealed significant myocardial dysfunction in young 

age-matched female rats (8 weeks old at the initiation of the study) subjected to the same 4 

week regimen (Figs. 2 and 3). These findings, along with higher mortality findings are the 

first to mimic the higher sensitivity of women to T2DM-related myocardial dysfunction and 

mortality (Pradhan, 2014; Regensteiner et al., 2015) and support one of the overall study 
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goals. Next, we showed that this clinically relevant problem is dependent on ovarian 

hormones because OVX, similar to male, rats did not exhibit the short-term diabetes-evoked 

myocardial dysfunction and E2 replacement uncovered diabetes-evoked myocardial 

dysfunction (Figs. 2 and 3) and higher mortality in OVX rats. We focused on E2 because it 

paradoxically transforms into a proinflammatory hormone in the presence of oxidative stress 

(White et al., 2005) and diabetes induces oxidative stress (Rochette et al., 2014). 

 Some limitations of echocardiography might have precluded linking increases in LV 

mass to fractional shortening in a clinical study (Rutter et al., 2003). Here, our 

echocardiographic findings, validated and complemented by direct hemodynamic 

measurements of multiple cardiac indices (LVDP, contractility, fractional shortening, Tau, 

dp/dtmax), confirmed the myocardial dysfunction and its dependence on E2 in diabetic female 

rats. Notably, decreased LVDP, contractility index and fractional shortening are signs of 

cardiac dysfunction, while increased LV mass indicates detrimental cardiac remodeling 

(Nagueh et al., 2009; Regitz-Zagrosek et al., 2010).   

 Our findings might reflect the DM-associated heart failure with preserved ejection 

fraction, which is more frequently diagnosed in women (Regitz-Zagrosek et al., 2010; 

Murphy et al., 2017), perhaps due to sex differences in cardiac remodeling processes 

(Dworatzek and Mahmoodzadeh, 2017). We acknowledge that a constant physiological 

plasma E2 level (Table 2) is not identical to the phasic release of endogenous E2 and could 

explain the more exaggerated cardiac dysfunction in diabetic SO vs. OVX+E2 rats. 

Nonetheless, these detrimental cardiac effects in diabetic SO rats reflect the pathological 

outcomes in diabetic women (Pradhan, 2014). While some laboratory tests that confirm 

heart failure without reduced ejection fraction in humans are precluded in rodents due to 
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their high heart rate, the clinical use of BNP for this purpose (Bosseau et al., 2015) can be 

adopted in our future studies. Further, our novel preclinical findings in diabetic OVX+E2 rats 

may be pertinent to diabetic surgical menopause women of child bearing age who are 

usually placed on E2 replacement therapy (Baeza et al., 2010). Also notable as a study 

limitation is that while the diabetic rodent model utlilized in this study resembles, but not 

identical to, human T2DM, and results should be interpreted accordingly. 

 Findings that concomitant ERα downregulation and GPER upregulation inhibit vascular 

remodeling more in females than in males (Lee et al., 2014; Gros et al., 2016) indirectly infer 

detrimental consequences of higher ERα expresssion or its ratio to GPER. While the higher 

cardiac ERα in diabetic rats (Fig. 4A) is consistent with this premise, two seemingly 

discordant findings must be discussed. First, albeit more prominent in SO rats, cardiac ERα 

expression was higher in all diabetic rats irrespective of sex or the hormonal status (Fig. 4A) 

or myocardial (dys)function (Fig. 2). It is likely that the activation of the upregulated ERα by 

endogenous (SO) or exogenous E2 (OVX+E2) expedited cardiac dysfunction. Our findings 

that activation of ERα by E2 or its highly selective agonist mediates alcohol-evoked cardiac 

dysfunction (El-Mas and Abdel-Rahman, 2000; Yao and Abdel-Rahman, 2017), and the 

elevated ERα espresssion in gestational diabetes and heart failure (Mahmoodzadeh et al., 

2006; Kleiblova et al., 2010) support this premise. Second, the activation of the upregulated 

GPER by E2 might play an additive detrimental role via increased LV mass in E2-replete rats 

(Fig. 2C) because GPER-mediated inhibition of cardiomyocyte apoptosis likely expedites 

cardiac remodeling and heart failure (Gros et al., 2016). Nonetheless, it is possible that 

upregulations of ERα and GPER constitute a compensatory protective mechanism in 

diabetes given the recent recognition of GPER as a major player in sex dependent 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 6, 2018 as DOI: 10.1124/jpet.118.254029

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #254029 

20	
	

cardioprotection (Lenhart et al., 2013). More studies in ER knockout mice or 

pharmacological loss or gain of ER subtype function studies (Yao and Abdel-Rahman, 2017) 

in diabetic rats are needed to address this important issue. Collectively, our findings that E2 

expedites the progression of diabetes-evoked cardiac dysfunction raised the possibility that 

disruption of E2-dependent cardioprotective molecules might contribute to this clinically 

important problem.   

 We focused on the cardioprotective adipokine, adiponectin (APN), and its downstream 

effector Cx43 because their levels are higher in females (Stauffer et al., 2011), and they 

induce cell survival molecules such as AKT (Fujio et al., 2000; Muslin, 2011).  APN and its 

receptors AdipoR1 and AdipoR2 (Ding et al., 2007) regulate a local cardiac-specific APN 

system to maintain normal myocardial energy homeostasis (Ding et al., 2007; Guo et al., 

2007). We hypothesized that disruption of this local APN-Cx43 regulated cardiac 

homeostasis might play a critical role in the sex/E2-dependent exacerbation of DM-evoked 

myocardial dysfunction. This premise is supported by AdipoR1 mediation of the APN 

cardioprotective action, and the abrogation of this cardioprotection in diabetes (Li et al., 

2016), at least partly via reductions in AdipoR1 expression or APN level (this study).  

Clinically, while more studies involving adolescents and young women are needed, early 

cardiopulmonary dysfunction has been correlated with low adiponectin levels in adolescents 

with type 2 diabetes (Bjornstad et al., 2016). Finally, APN enhances the expression and 

organization of Cx43 in the heart and APN supplementation ameloriates arrythmias (Qiao 

Ying-yan, 2012).  

 Physiologically, Cx43 protects cardiomyocyte function and its downregulation, under 

pathological conditions such as diabetes, contributes to heart failure (Michela et al., 2015).  
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Notably, remodeling after cardiac pressure overload downregulated cardiac Cx43 

expression via the AMPK pathway (Alesutan et al., 2015) and APN is known to activate the 

AMPK pathway (Fisman and Tenenbaum, 2014). Therefore, the reduction in cardiac Cx43 

expression (Fig. 6A-C) as a consequence of the reduction in circulating and myocardial APN 

levels (Figs. 4D and 5) likely contributed to the suppressed LV contractility (Fig. 3D) and 

higher mortality in E2-replete diabetic rats. This E2/sex-specific mechanism is supported by 

the lack of similar reductions in cardiac Cx43 expression or in cardiac function in diabetic 

male or OVX rats under the same conditions (Fig. 5). Importantly, prolonged (>10 weeks) 

exposure to diabetes caused cardiac Cx43 disorganization and dysfunction in male rats 

(Hoit et al., 1999; Regensteiner et al., 2015). These findings support the higher sensitivity of 

E2-replete rats to diabetes-evoked myocardial dysfunction, and implicate the dysfunction in 

cardiac APN-Cx43 signaling in this clinically relevant problem.  

 Cx43 confers cardioprotection, at least partly, via activation (phosphorylation) of the cell 

survival molecule AKT and its downstream cardioprotective effecctor, ERK1/2 (Fujio et al., 

2000; Muslin, 2011). Therefore, we hypothesized that reductions in the phosphorylation of 

AKT or ERK1/2, secondary to reduced Cx43, contribute to the E2-dependent myocardial 

dysfunction in diabetic rats. As ERK activation protects cardiomyocytes from apoptosis 

under oxidative stress (Gong et al., 2015), the reduced phosphorylation of cardiac ERK in 

diabetic E2-replete female rats (Fig. 5C) might contribute, at least partly, to the associated 

cardiac dysfunction (Fig. 2B and Fig. 3). The hypothesis is also supported by the reduction 

in phosphorylated (p)-AKT levels in the hearts of these rats (Fig. 5D) and by the association 

of reduced cardiac p-AKT with disrupted gap junction proteins and cardiac contractile 

dysfunction (Ock et al., 2018). 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 6, 2018 as DOI: 10.1124/jpet.118.254029

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #254029 

22	
	

    In conclusion, we represented the higher predisposition to, and severity of, diabetes-

evoked cardiac anomalies in women. Our novel findings implicate E2 in the accelerated 

disruption of cardiac APN-Cx43 signaling as a molecular mechanism for the exacerbated 

cardiac dysfunction in diabetic females. Further, our findings yielded new insights into 

potential therapeutic targets for mitigating the sex-specific exacerbation of cardiac 

dysfunction in diabetic females.  
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Legends for Figures: 

 

Figure 1. A schematic presentation of high fat diet regimen, diabetes induction, and the 

biochemical and molecular cardiovascular measurements in sex/estrogen variant groups of 

Wistar rats. OVX, ovariectomy; STZ, streptozotocin; E2, estradiol. 

 

Figure 2. Effect of diabetic state, after four weeks, on echocardiography-derived ejection 

fraction (A), fractional shortening (B), and left ventricular mass (C). Values are means ± 

SEM (n=8 or 9/group). *P<0.05 when comparing diabetic vs. respective healthy groups 

(actual P values are included in the Results section).   

 

Figure 3. Effect of diabetic state, after four weeks, on directly measured hemodynamic 

variables via femoral and left ventricular catheterization. Diabetic vs. healthy estrogen 

variant groups display differences in left ventricular developed pressure (LVDP) (A), 

dP/dTmax (B), Tau (C) and contractility index (D).  Values are means ± SEM (n=8/group). 

*P<0.05 when comparing diabetic vs. respective healthy groups (actual P values are 

included in the Results section).   

 

Figure 4. Expression of cardiac estrogen and adiponectin receptors in diabetic and control 

rats. Shown are alterations due to estrogen or sex variations in estrogen receptor alpha; 

ERα (A), G-protein coupled receptor; GPER (B), estrogen receptor beta; ERβ (C), and 

adiponectin receptor 1; AdipoR1 (D). Homogenized left ventricular tissue was analyzed via 

western blot (n=8/group) and presented as the means ± SEM. Representative blots (E) for a 
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particular protein in healthy and diabetic groups were run on the same gel and “arbitrary 

units” is a normalization of the target band to the GAPDH band on the same gel. *P<0.05 

when comparing diabetic vs. respective healthy groups (actual P values are included in the 

Results section). Molecular weights of proteins are given in kDa. 

 

Figure 5. Diabetes reduces serum adiponectin (APN) in all groups (A) and cardiac APN in 

sham-operated (SO) rats (B) and causes estrogen dependent decreases in ERK1/2 (C) and 

AKT (D) phosphorylation. Measurements in left ventricular tissues were made using ELISA 

(A) and western blot (B-D). Representative blots (E) for a particular protein in diabetic and 

healthy groups were run on the same gel and “arbitrary units” is a normalization of the target 

band to the GAPDH (B), pERK to total ERK (C) and pAKT to total AKT (D). Data presented 

as the means ± SEM (n=8/group). *P<0.05 when comparing diabetic vs. respective healthy 

groups.  #P<0.05 when comparing sex/estrogen variant groups within the diabetic or control 

factors (actual P values are included in the Results section).  

 

Figure 6. Sex/E2-dependent reduction in cardiac connexin43 (Cx43) expression in diabetic 

rats (A) and representative Western blots are shown (B). Representative confocal dual label 

immunofluorescence images of cardiac tissue show reduced expression and colocalization 

of Cx43 (red) with the scaffolding protein Cav3 (green) in diabetic SO vs. healthy SO (C) 

and corroborate the western blot findings.  Values are presented as means ± SEM 

(n=8/group). *P<0.05 and **P<0.001 when comparing diabetic vs. respective healthy groups 

(actual P values are included in the Results section).  
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Tables 

Table 1. Dietary Information Table 

Diet Protein Fat Carbohydrates Energy 

57W5 (AIN-93G) 
Control Diet 

18.80 % 16.40 % 64.90% 3.90 (kcal/g)2 

58V8  
High Fat Diet  

18.00 % 45.70 % 35.50 % 4.65 (kcal/g)2 
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Table 2. Serum E2 levels in diabetic and control rats (n=8/group) 

Group Estradiol (pg/mL) 

Sham 26.72 ± 1.35 

OVX 3.02 ± 0.52* 

OVX+E2 28.47 ± 2.67 

Male 1.22 ± 0.27* 

Diabetic Sham 25.74 ± 0.87 

Diabetic OVX 2.54 ± 0.58* 

Diabetic OVX+E2 31.78 ±4.63 

Diabetic Male 1.46 ± 0.26* 

 

*Denotes significant difference (P<0.05) compared with healthy sham-operated female rats.  
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Table 3. Heart weight, body weight, the heart weight/body weight ratio and left ventricular 
(LV) mass in diabetic and control groups (n=8/group) 

Group Heart weight (HW) (g) Body weight (BW) (g) HW/BW Ratio LV mass (mg/kg) 

Sham  0.44 ± 0.02 278.22 ± 8.00 1.60 ± 0.07 1554.00 ± 64.73 

OVX  0.57 ± 0.04 324.00 ± 9.06 1.74 ± 0.09 1736.00 ± 113.30 

OVX+E2  0.54 ± 0.03 293.50 ± 6.40 1.83 ± 0.14 1772.00 ± 150.90 

Male  0.95 ± 0.01# 475.11 ± 10.88# 1.99 ± 0.20 1591.00 ± 101.70 

Diabetic Sham  0.74 ± 0.05 253.40 ± 16.00 3.01 ± 0.21*# 2531.00 ± 315.90*# 

Diabetic OVX  0.56 ± 0.04 313.89 ± 10.37 1.87 ± 0.11 1789.00 ± 103.70 

Diabetic OVX+E2  0.67 ± 0.04  278.13 ± 12.68 2.43 ± 0.19*# 2037.00 ± 67.86*# 

Diabetic Male  0.85 ± 0.07 451.17 ± 21.23# 1.95 ± 0.12 1978.00 ± 96.64 

 

# denotes intergroup significant differences (P<0.05).  The HW/BW ratio and LV mass are 
higher in the diabetic estrogen replete groups, when compared to estrogen depleted groups. 
* denotes significant (P<0.05) differences between a diabetic and its respective healthy 
group. 
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Figures: 
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