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Abstract

Aims: To investigate if autonomic dysregulation is exacerbated in female rats, subjected to 

diabetes mellitus (DM), via a paradoxical estrogen (E2)-evoked provocation of 

neuroinflammation/injury of the hypothalamic paraventricular nucleus (PVN).

Main methods: We measured cardiac autonomic function and conducted subsequent PVN 

neurochemical studies, in DM rats, and their respective controls, divided as follows: male, sham 

operated (SO), ovariectomized (OVX), and OVX with E2 supplementation (OVX/E2).

Key findings: Autonomic dysregulation, expressed as sympathetic dominance (higher low 

frequency, LF, band), only occurred in DM E2-replete (SO and OVX/E2) rats, and was associated 

with higher neuronal activity (c-Fos) and higher levels of TNFα and phosphorylated death 

associated protein kinase-3 (p-DAPK3) in the PVN. These proinflammatory molecules likely 

contributed to the heightened PVN oxidative stress, injury and apoptosis. The PVN of these E2-

replete DM rats also exhibited upregulations of estrogen receptors, ERα and ERβ, and 

proinflammatory adenosine A1 and A2a receptors.

Significance: The E2-dependent autonomic dysregulation likely predisposes DM female rats and 

women to hypersensitivity to cardiac dysfunction. Further, upregulations of proinflammatory 

mediators including adenosine A1 and A2 receptors, TNFα and DAPK3, conceivably explain the 

paradoxical hypersensitivity of DM females to PVN inflammation/injury and the subsequent 

autonomic dysregulation in the presence of E2.
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1. Introduction:

Our recent study (Leffler and Abdel-Rahman, 2019) is the first to replicate the exaggerated 

cardiac dysfunction in women, compared to men, with diabetes mellitus (DM) (Low Wang 

et al. , 2016, Regensteiner et al. , 2015). These studies implicated E2 in the heightened 

cardiac dysfunction in diabetic females, at least partly, via the reductions in connexin-43 and 

the phosphorylated survival molecules, extracellular regulating kinases 1/2 and 

phosphorylated AKT, in the heart (Leffler and Abdel-Rahman, 2019). However, the previous 

studies did not consider the possible contribution of autonomic dysregulation to the sex/

estrogen (E2)-dependent hypersensitivity to DM-evoked cardiac dysfunction in females. This 

is important because regardless of the cause, autonomic dysregulation predisposes to cardiac 

dysfunction (Schwartz et al. , 1992). Further, it is not known if E2 exaggerates DM-evoked 

injury in cardiac autonomic nuclei. This possibility is somewhat supported by the findings 

that E2 loses its neuroprotective effect (Sasidharan et al. , 2013) or worsens neuronal injury 

(Santizo et al. , 2002) in diabetic animals. Importantly, these neuronal injuries were observed 

in non-cardiovascular regulating neurons, and no effort was made to investigate cardiac 

autonomic function in diabetic animals in these reported studies.

Oxidative stress/injury in brain stem autonomic nuclei, such as the rostral ventrolateral 

medulla (RVLM) and the nucleus tractus solitarius (NTS), contributes to 

sympathoexcitation, autonomic dysregulation and subsequent cardiac dysfunction in diabetic 

male rats (Fouda and Abdel-Rahman, 2017, Fouda et al. , 2018). Whether similar adverse 

effects occur in the hypothalamic paraventricular nucleus (PVN) of diabetic rats, in sex/E2-

dependent manner, has not been studied. In addition to regulating energy homeostasis 

(Williams and Elmquist, 2012), the PVN sends projections to brain stem autonomic nuclei 

(Morton et al. , 2006). Equally important, previous studies did not consider the possible role 

of interaction between ovarian hormones, particularly E2, and central adenosine receptors in 

the neuroinflammation associated with DM.

The highly expressed adenosine A1 and A2a receptors in the brain (Fredholm et al. , 2005) 

mediate brain area-specific physiological and pathological effects (Gomes et al. , 2011, 

Mohamed et al. , 2016, Nassar and Abdel-Rahman, 2009). However, it remains unknown if 

upregulation of the proinflammatory adenosine A1 and A2a receptors occurs in brain nuclei 

that regulate autonomic function in DM rats and if the E2-mediated upregulation of both 

receptors in human cancer cells (Mohamadi et al. , 2018) extends to PVN neuronal tissues in 

DM females.

Here, we first sought to determine if E2 exacerbates cardiac autonomic dysregulation in 

diabetic female rats. Next, we discerned the neurochemical responses, which likely explain 

the exacerbated neuroinflammation/injury of the PVN, as underlying mechanism for this 

sex/E2-dependent anomaly. Specifically, we hypothesized that E2 paradoxically induces 

PVN oxidative stress via upregulation of the proinflammatory molecules TNFα, its 

Fouda et al. Page 2

Life Sci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downstream effector, death associated protein kinase-3 (DAPK3) and adenosine A1/A2 

receptors. Finally, we investigated the possibility that enhanced estrogen receptor signaling, 

via E2 activation of upregulated ERα or ERβ in the PVN, likely contributed to these adverse 

neurochemical responses. The findings will advance our understanding of the exacerbated 

autonomic dysregulation, which predisposes to cardiac dysfunction in E2-replete diabetic 

females and identify novel therapeutics targets for alleviating this clinically relevant 

problem.

2. Materials and methods

2.1. Animals

Female and male 8-week-old Wistar rats (initial weight, 170 −200 g; Charles River 

Laboratories, Raleigh, NC) were housed in pairs and allowed free access to water and chow 

(Prolab Rodent Chow; Granville Milling, Creedmoor, NC). Rats were fed, ad libitum, 

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

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

based on reported studies (Brown and Panchal, 2011, Sasidharan et al., 2013, Srinivasan and 

Ramarao, 2007). The light-dark cycle was maintained, and the temperature and humidity 

were kept at 50 ± 10% and 23 ± 1ºC, respectively.

All animal related 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 and the National Research 

Council Committee Update of the Guide for the Care and Use of Laboratory Animals, 2015.

2.2 Protocols and experimental groups

In the present study, we measured cardiac autonomic function (derived from heart rate 

variability) as detailed below. These new data were generated from blood pressure 

waveforms obtained from rats used in our recent study (Leffler and Abdel-Rahman, 2019); 

rats were divided into diabetic sham operated (SO), ovariectomized (OVX), OVX with E2 

supplementation (OVX/E2), male rats and their corresponding controls (n=5 rats per group). 

We also conducted neurochemical studies on the brains of these rats to test the hypothesis 

that a paradoxical E2-mediated exaggeration of the proinflammation milieu in the PVN 

underlies cardiac autonomic dysregulation in diabetic females. Briefly, the rats were injected 

with freshly prepared STZ (35 mg/kg; I.P.) in 0.1M citrate buffer (pH 4.0) or buffer (control) 

4 weeks after starting the high fat or control diet regimen. One week after the first dose, a 

second STZ dose was given under the same conditions. OVX was performed at the 

beginning of the study and the rats were kept for two weeks after OVX to ensure ovarian 

hormones depletion in accordance with our established protocol (Yao and Abdel-Rahman, 

2017). At this time, OVX rats received subcutaneously implanted E2 or its vehicle in silastic 

tubing in the back of the neck as in our reported studies (Yao and Abdel-Rahman, 2017) and 

this procedure was repeated after 4 weeks to ensure the maintenance of physiological E2 

levels in OVX rats. Five weeks after STZ injection (9 weeks after starting the high fat or 

control diet), intravascular and left ventricular catheterization were performed to permit 
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generation of the hemodynamic data included in our previous studies (Leffler and Abdel-

Rahman, 2019) and the spectral analyses included in this study (see below).

2.3. Heart rate variability (spectral analysis) studies

In the present study, we conducted spectral analysis of blood pressure data obtained from 

DM and control groups used in our previous study (Leffler and Abdel-Rahman, 2019), and 

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

(v.7) pro software (AD Instruments, Colorado Springs, CO). Frequency domain analysis 

using FFT algorithms of RR data series was followed (El-Mas and Abdel-Rahman, 2007). 

Spectra were integrated into 2 specific frequency bands, low-frequency (LF) (0.25–0.75 Hz) 

and high-frequency (HF) (0.75–3 Hz) bands. The data was expressed in normalized units 

(LFnu and HFnu), which reflect cardiac sympathetic and parasympathetic dominance, 

respectively. The LF/HF ratio was computed and taken as a measure of cardiac 

sympathovagal balance (El-Lakany et al. , 2018). At the end of hemodynamic 

measurements, rats were euthanized, and the tissues were excised, and flash frozen in 2-

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

processed for biochemical studies.

2.4. Neurochemical studies

Hypothalamic coronal sections (30-μm-thick, −1.70 to −2.2 mm caudal to the Bregma) made 

by a freezing microtome (HM 505 E; Microm International GmbH, Walldorf, Germany) 

were used for neurochemical studies (Khazipov et al. , 2015, Paxinos et al. , 1980). In a 

separate group of rats (n=5), five serial coronal sections (100 μm) were cut at the same 

mentioned coordinates according to the Palkovits technique (Kleiber et al. , 2008, Palkovits, 

1983). The PVN was bilaterally punched with an 18-gauge punch instrument (Stoelting Co., 

Wood Dale, IL) and homogenized with PBS (for ROS measurements; 50 Mm, pH 7.4) or 

with lysis buffer (for western blot analysis).

2.5. Quantification of neuronal injury (Fluorojade-C staining)

A fluorojade C staining kit was used in accordance with the manufacturer’s instructions 

(Biosensis, TR-100-FJ, Thebarton, South Australia) and our reported studies (Fouda and 

Abdel-Rahman, 2017, Fouda et al., 2018). Briefly, 0.06% potassium permanganate solution 

was used to incubate the PVN sections, on the slides, for 10 min followed by rinsing by 

distilled water then incubating in fluorojade C solution (1:25) for 30 min. The slides were 

then washed and mounted on coverslips with Vecta-shield mounting medium (Vector, 

Burlingame, CA, USA). A Zeiss LSM 510 confocal microscope (Carl Zeiss Inc., 

Thornwood, New York), and a blue (450–490 nm) excitation light was used for the 

visualization of stained neurons and image acquisition (Yang et al. , 2015). For 

quantification, Zen Lite 2011 software was used to measure the fluorescence intensity and 

scored by a blinded investigator.

2.6. Immunohistochemical analysis

We followed the immunohistochemistry staining protocols described in our studies (Fouda 

and Abdel-Rahman, 2017, Fouda et al., 2018). Briefly, PVN sections were post-fixed for 30 
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min. in 4% paraformaldehyde in tris-buffered saline, and subsequently incubated in 0.3% 

H2O2 for 30 min to block endogenous peroxidase. Sections were then incubated with one of 

the following primary antibody: Rabbit polyclonal anti-c-Fos, anti-TNF-α, anti-A1 

(adenosine A1) receptor, and anti-A2a (adenosine A2) receptor (1:200 dilution, Abcam, 

Cambridge MA), over night at 4°C using a modification of the avidin–biotin-complex 

method (ABC) kit (Vector Laboratories, Inc. Burlingame, CA). Positive profiles showed 

dark granular brown staining indicative of a 3, 3-Diaminobenzidine (DAB) reaction product. 

Specificity of the antibody was tested by processing side- by-side slices without incubation 

with the primary or the secondary antibody.

2.7. ROS measurement

Oxidative stress level was measured using 2’, 7’-dichlorofluorescein diacetate (DCFH-DA), 

a detector of ROS (Korystov et al. , 2009). Briefly, a stock solution of DCFH-DA (20 mM, 

Molecular Probes, Grand Island, NY) in methanol and protected from light was freshly 

diluted with PBS to prepare a150 μM working solution. Afterwards, 10 μl of PVN 

homogenate supernatant was added in a 96-well plate to give a final concentration of 25 μM 

DCFH-DA to produce fluorescent 2′,7′-Dichlorofluorescein (DCF) in the incubation 

medium at 37°C. Fluorescence intensity was measured 30 min after the reaction initation 

using a microplate fluorescence reader set at excitation 485 nm/emission 530 nm. The ROS 

level was determined as relative fluorescence units (RFU) of generated DCF using standard 

curve of DCF (Fouda and Abdel-Rahman, 2017, Fouda et al., 2018).

2.8. Dihydroethidium staining for superoxide detection

In accordance with the recommendations of using two or more different methods for ROS 

levels measurement (Griendling et al. , 2016), PVN sections from diabetic and control rats 

(n = 5) were incubated with 10 μM dihydroethidium (DHE) (Molecular Probes, Grand 

Island, NY) at 37°C in the presence of 5% CO2 in a moist chamber for 30 min. Images were 

visualized using Zeiss LSM 510 microscope. Image J Software (National Institutes of 

Health) was utilized for fluorscence quantification (Collin et al. , 2007, Fouda et al., 2018).

2.9. Western blot analysis

This procedure was conducted as described in our previous studies on other tissues (Fouda 

and Abdel-Rahman, 2017, Fouda et al., 2018). Punched PVN tissues were homogenized 

with lysis buffer containing 20 mM TRIS, Ph 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, 1 % Triton x-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphateand 1 

μg/ml leuptin with protease inhibitor cocktail (Roche diagnostics, Indianapolis, IN). After 

homogenization, a Bio-Rad protein assay system (Bio-Rad laboratories, Hercules, CA) was 

utilized for protein quantification. Protein (20 μg/lane) was separated using 4–12 % SDS/

PAGE gel (Invitrogen, Carlsbad, CA). After the transfer was done using nitrocellulose 

membranes, the proteins were revealed by immunoblotting using a 1:200 dilution of anti-

ERα, anti-ERβ or anti p-DAPK3 polyclonal antibodies (Abcam, Cambridge MA) along with 

1:200 dilution of anti-t-DAPK3 (for p-DAPK3) or 1:2000 anti-GAPDH (for ERs) (Abcam, 

Cambridge MA) at 4°C overnight. Afterwards, the membranes were washed, incubated for 

60 min with mixture containing IRDye-680conjugated goat anti-mouse and IRDye800-

conjugated goat anti-rabbit (1:15000; LI-COR Biosciences). The idetified proteins were 
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visulaized using Odyssey Infrared Imager and analyzed with Odyssey application software 

version 5.2 (LI-COR Biosciences). Data represents mean values of integrated density ratio 

of ERs or p-DAPK3 normalized to the corresponding housekeeping protein, GAPDH or t-

DAPK3, and expressed as percent of non-diabetic male control. The representative bands 

were cropped from the same gel containg each of the targeted protein along with its 

corrseponding housekeeping protein for diabetic and control groups. The same contrast and 

background adjustments were uniformly applied to all bands on the gel.

2.10. Data analysis and statistics

Statistical analysis consisted of a two-way ANOVA (endpoint data) along with post hoc 

testing of significant findings along with F-test and Tukey’s test to reduce family wise error 

rate was employed as appropriate using Prism 7 software (Graphpad Software Inc., San 

Diego, CA). Values are presented as mean ± SEM with probability levels less than 0.05 

considered significant.

3. Results

3.1. Exacerbated autonomic dysregulation and PVN injury/inflammation in E2 replete 
diabetic female rats

Mean arterial pressure (MAP), measured at the conclusion of the study, did not show 

significant differences amongst control (healthy) or DM rat groups (Fig. 1A). Spectral 

analysis of heart rate variability, derived from blood pressure, revealed cardiac autonomic 

dysregulation in DM rats only in the presence of ovarian hormones/E2 (Fig. 1). Diabetic SO 

or OVX/E2 rats exhibited higher (P<0.05) R-R oscillations in the LFnu range (0.25–0.75 Hz, 

Fig. 1B) and no change in R-R oscillations in the HFnu range (0.75–3 Hz; Fig. 1C) 

compared to their non-diabetic counterparts. On the other hand, diabetic male or OVX rats 

showed no significant difference in the LFnu or the HFnu range, compared to their non-

diabetic counterparts (Fig. 1B and 1C). The resultant higher (P<0.05) LF/HF ratio, in only 

DM SO or OVX/E2 rats, reflected an E2-dependent shift in the cardiac sympathovagal 

balance toward sympathetic dominance in DM female, compared to DM male or OVX, rats 

(Fig. 1D). Importantly, control SO and OVX/E2 female rats exhibited lower (P<0.05) LFnu 

and LF/HF ratio (lower sympathetic dominance), compared to male or OVX control rats 

(Fig. 1D).

PVN Neuronal injury (Fluorojade C staining intensity; Fig. 2), neuronal activity (c-Fos 

immunoreactivity; Fig. 3) and ROS levels (DHE fluorescence intensity and DCF kinetics; 

Fig. 4) were higher (P<0.05) in all diabetic groups, compared to their respective control. 

However, diabetic SO or OVX/E2 rats exhibited greater (P<0.05) PVN injury (Fig. 2), 

neuroexcitation (Fig. 3) and ROS levels (Fig. 4), compared to diabetic male or OVX rats. 

Notably, control E2-replete female (SO or OVX/E2) rats exhibited lower (P<0.05) PVN ROS 

and neuronal injury than control male or OVX rats (Figs. 2–4).
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3.2. DM-induced PVN upregulations of ER and adenosine A1/A2a receptors, and 
elevations of TNF-α and p-DAPK3 are exacerbated in E2-replete rats

PVN ERα and ERβ were upregulated (P<0.05) in DM SO and OVX/E2 rats, compared to 

control counterparts and DM OVX or male rats (Fig. 5). Notably, in control rats, PVN ERα 
expression was higher (P<0.05) in SO and OVX/E2 rats than in male or OVX rats (Fig. 5A).

While DM increased (P<0.05) TNF-α (Fig. 6), and its downstream effector p-DAPK3 (Fig. 

5C), the increases were most evident in the PVN of the E2-replete (SO and OVX/E2) DM 

rats (Figs. 5C, 6). It is noteworthy that the PVN of control SO and OVX/E2 rats exhibited 

lower (P<0.05) TNF-α (Figs. 6) than control male or OVX rats.

PVN adenosine A1 receptor expression was lower (P<0.05) in control SO or OVX/E2 than 

in control OVX or male rats (Fig. 7). However, irrespective of sex or ovarian hormonal 

status, A1 receptor expression increased (P<0.05) to similar levels in all DM groups (Fig. 7), 

indicating exaggerated PVN A1 receptor upregulation in E2-replete DM rats, when 

compared to respective controls (Fig. 7). By contrast, while the PVN A2a receptor level was 

not affected by sex or ovarian homonal status in control rats, it only increased (P<0.05) in 

DM SO and OVX/E2 rats (Fig. 8).

4. Discussion

Our recent preclinical study (Leffler and Abdel-Rahman, 2019), which replicated 

premenopausal women’s hypersensitivity to DM-induced cardiac dysfunction (Juutilainen et 

al. , 2004), revealed sex/E2-dependent cardiac molecular aberrations that likely explain this 

clinical problem. It remains unknown, however, if autonomic dysregulation, which 

contributes to cardiac dysfunction (De Angelis et al. , 2009), is exaggerated in E2-replete 

DM rats. The present spectral analysis of inter-beat data revealed the first evidence of 

autonomic dysregulation only in the E2-replete DM rats, which exhibited cardiac 

dysfunction in our recent study (Leffler and Abdel-Rahman, 2019). We then tested the 

hypothesis that a paradoxical E2-mediated exaggeration of the proinflammation milieu in the 

PVN underlies the cardiac autonomic dysregulation in these diabetic females. Our findings 

support this hypothesis and implicate E2-dependent upregulations of ERα/ERβ and 

adenosine A1/A2a receptors in PVN neuroinflammation and injury in DM rats. The present 

findings provide new insights into central mechanisms for the paradoxical E2-dependent 

hypersensitivity to autonomic dysregulation, which likely contributes to cardiac dyfunction 

in diabetic females.

Our experimental design encompassed E2-deficient (male and OVX) and E2-replete (ovarian 

source; SO, and exogenous E2, OVX/E2) rats that were subjected to DM or served as 

(healthy) controls. This approach permitted critical assessment of the paradox of E2 

contribution to detrimental effects under pathological (DM), in marked contrast to its 

protective effects under healthy, condions.

Autonomic dysregulation caused by oxidative stress-evoked neuroactivation of autonomic 

nuclei, including the PVN, leads to cardiac sympathetic dominance (Kishi and Hirooka, 

2012). These neuronal and cardiac sympathetic responses likely contribute to cardiac 
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dysfunction in models of human diseases including DM although most, if not all, of these 

studies were conducted in male animals (Ceriello and Motz, 2004, Fouda et al., 2018). 

Consistent with these findings, the exaggerated PVN oxidative stress and neuroactivation, 

higher c-Fos immunoreactivity (Figs. 3–4), likely explain the cardiac sympathetic 

dominance here (Fig. 1) and cardiac dysfunction (Leffler and Abdel-Rahman, 2019) in E2-

replete DM female rats. These preclinical findings likely explain the poorer cardiovascular 

health in DM premenopausal women, compared to age-matched DM men (Regensteiner et 

al., 2015).

We focused on the PVN neurobiology because it integrates neuroendocrine, metabolic and 

autonomic roles (Williams and Elmquist, 2012), sends projections to the RVLM, which 

maintains sympathetic dominance (Morton et al., 2006) and lesion-induced PVN injury 

(Deng et al. , 2015) causes autonomic dysregulation; the latter is linked to cardiac 

dysfunction in DM male rats (El-Sayed et al. , 2016). Based on this knowledge, the present 

findings support a role for the exacerbated PVN injury/oxidative stress (Figs. 2–4) in the 

autnomic dysregulation (Fig. 1) in E2-replete DM rats. Further, the lower magnitude PVN 

injury/oxidative stress, in E2-deficient (OVX and male) DM rats (Figs. 2–4), did not cause 

autonomic dysregulation here (Fig. 1) or cardiac dysfunction (Leffler and Abdel-Rahman, 

2019) during the relatively short duration of our study. This conclusion is supported by the 

occurrence of cardiac dysfunction when male rats were subjected to the same DM regimen, 

adopted here, for a longer time period (Hoit et al. , 1999). Collectively, in addition to 

supporting DM-induced neurotoxicity in hypothalamus (Luo et al. , 2002), and other 

autonomic nuclei (Fouda et al., 2018) of male rats, the present findings demonstrate E2-

mediated hypersensitivity to DM-induced PVN neuronal oxidative stress and injury.

We hypothesized that a counterintuitive proinflammatory environment, triggered by E2 

activation of ERα, contributed to the exacerbated PVN neuroinflammation/injury in DM 

females. To this end, we interpreted our PVN and autonomic responses in DM rats with or 

without E2, in relation to findings in other model systems. First, the feed-forward interaction 

between ROS and inflammatory responses, and the subsequent neuronal injury (Fischer and 

Maier, 2015), are drastically enhanced in E2-replete DM rats in our study. Second, ROS 

transformation of E2 into a proinflammatory hormone occurs in cardiovascular tissues (El-

Mas and Abdel-Rahman, 2015, Leffler and Abdel-Rahman, 2019, White et al. , 2010), via 

upregulating ROS-induced TNF-α and its downstream effector DAPK-3, Third, the PVN 

levels of ROS (Fig. 4), TNF-α (Fig. 6) and phospho-DAPK-3 (Fig. 5) were substantially 

higher in E2-replete DM, compared to their E2-deficient counterparts (Fig. 4–6). Finally, our 

pharmacological loss or gain-in-function findings suggested a major roel for ERα in the E2-

dependent cardiac oxidative stress/dysfunction caused by alcohol (Yao and Abdel-Rahman, 

2016, Yao and Abdel-Rahman, 2017).

Next, we considered the novel possibility that the PVN proinflammatory milieu is triggered 

by ERα mediated upregulations of the proinflammatory adenosine A1 and A2a receptors in 

E2-replete DM. This premise is based on findings, in other cell types, that implicated E2/

ERα in elevations in cellular oxidative stress (Yao and Abdel-Rahman, 2016, Yao and 

Abdel-Rahman, 2017) and induction of proinflammatory adenosine receptors expression 

(Etique et al. , 2009, Mohamadi et al., 2018). Consistent with these findings, we demonstrate 
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upregulations of ERα/ERβ and adenosine A1/A2a receptors in the PVN of DM females in 

the presence of E2 (Figs. 7, 8). It is logical to assume enhanced signaling of these four 

upregulated receptors by the higher levels of their ligands in E2-replete DM rats because E2 

enhances adenosine release (Ribeiro, 2005). It is noteworthy that ERα, and to a lesser extent 

ERβ, blockade mitigated the exacerbation of ethanol-evoked oxidative stress and 

dysfunction in E2-replete female rats (Yao and Abdel-Rahman, 2016) and adenosine A1 and 

A2 blockade mitigated cellular inflammation in other tissues (Phillis, 1995, Stockwell et al. , 

2017).

Finally, our findings in healthy rats provide new insight into the physiological neuro- and 

cardioprotective roles of E2 for these reasons. First, PVN ERα upregulation/activation by E2 

(Fig. 5A) agrees with physiological findings in other tissues of E2-replete rats (Hao et al. , 

2016, Steagall et al. , 2017). Second, the novel inverse relationship between ERα and 

reduced adenosine A1 receptor (Fig. 7) in the PVN likely contributes to reductions in central 

sympathetic tone (reduced PVN c-FOS immunoreactivity; Fig. 3) and in cardiac sympathetic 

dominance (Fig. 1); these responses underlie higher baroreflex sensitivity in healthy E2-

replete, compared to OVX or male rats (El-Mas and Abdel-Rahman, 1998, El-Mas and 

Abdel-Rahman, 2009). Third, the lower PVN ROS (Fig. 4) is expected to reduce adenosine 

level (Smith et al. , 2014), and its signalling via the downregulated A1 receptor in the E2-

replete (SO and OVX/E2) healthy rats. Finally, A1 receptor blockade confers 

neuroprotection against brain insults (Phillis, 1995, Stockwell et al., 2017) via abrogation of 

inflammation and oxidative stress (Peleli and Carlstrom, 2017). Collectively, our findings 

highlight the importance of suppressed PVN adenosine A1 receptor expression in the E2-

dependent protective neurobiological/cardiovascular responses in healthy rats.

5. Conclusion

Estrogen upregulation and activation of ERα likely contributes to the paradoxical 

inflammatory milieu that caused PVN neuroinflammation/injury and the autonomic 

dysregulation in DM females. Building on evidence in other cell types, we show novel E2/

ERα-evoked upregulations of adenosine A1 and A2a receptors, which contributed, at least 

partly, to the PVN proinflammatory milieu in E2-replete DM rats. Future studies are 

warranted to discern the molecular link between PVN adenosine A1/A2a receptors and the 

TNF-α-DAPK-3 cascade to better understand the mechanisms of the E2-dependent 

hypersensitivity to autonomic dysfunction in diabetic females. Finally, the findings will help 

identify novel therapeutic targets for alleviating the neurotoxicity and the associated 

cardiovascular anomalies in diabetics, particularly in the presence of estrogen.
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Highlights

• Diabetic (DM) female rats exhibit estrogen (E2)-dependent autonomic 

dysregulation and heightened neurotoxicity in the hypothalamic 

paraventricular nucleus (PVN).

• E2 exacerbates DM-evoked cardiac sympathetic dominance and elevations in 

PVN levels of TNFα and phosphorylated death associated protein kinase-3 

(p-DAPK3).

• Paradoxical E2-dependent neurochemical effects are corroborated by 

heightened PVN neuronal oxidative stress, apoptosis, and injury in DM 

females.

• Additive ERα and adenosine A1 and A2a receptors upregulations likely 

contribute to the PVN injury/neuroinflammation in DM females.

Fouda et al. Page 14

Life Sci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Mean blood pressure (MAP), measured at the conclusion of the study, along with spectral 

indices of heart rate variability in the following diabetic (DM) and respective control groups 

(n=5 rats each): male, ovariectomized (OVX), sham operated (SO), and OVX with E2 

supplementation (OVX/E2). (A) MAP (mmHg). (B) low-frequency (LFnu) (0.25–0.75 Hz) 

bands. (C) High-frequency (HFnu) (0.75–3 Hz) bands. (D) The LF/HF ratio depicting 

cardiac sympathovagal balance. Values are means ± SEM. *P < 0.05 vs. “male control” 

values. &P < 0.05 vs. SO control values.
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Fig. 2. 
Representative images (A) and group data (B) of FluoroJade C (FJC) positive neurons, 

depicting neurodegeneration, in the hypothalamic PVN of the following diabetic (DM) and 

respective control groups (n=5 each): male, ovariectomized (OVX), sham operated (SO), 

and OVX with E2 supplementation (OVX/E2). Group data show the neurodegeneration level 

expressed as the number of FJC positive cells measured by NIH ImageJ analysis of confocal 

images. Values are expressed as means ± SEM. *P < 0.05 vs. male control values. #P < 0.05 

vs. DM male values.
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Fig. 3. 
Representative immunohistochemical images (A) and group data (B) of c-Fos expression in 

the hypothalamic PVN of the following diabetic (DM) and respective control groups (n=5 

rats each): male, ovariectomized (OVX), sham operated (SO), and OVX with E2 

supplementation (OVX/E2). Group data showing the mean number of c-Fos expression 

measured by NIH ImageJ analysis of immunohistochemical images. Values are expressed as 

means ± SEM. *P < 0.05 vs. male control values. #P < 0.05 vs. DM male values.
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Fig. 4. 
Representative confocal images (A) and group data (B) showing superoxide level measured 

by dihydroethidium (DHE) staining (red) as well as group data (C) showing the ROS level, 

measured by 2′,7′-dichlorofluorescein, in the hypothalamic PVN of the following diabetic 

(DM) and respective control groups (n=5 rats each): male, ovariectomized (OVX), sham 

operated (SO), and OVX with E2 supplementation (OVX/E2). Values are expressed as means 

± SEM. *P < 0.05 vs. male control values. #P < 0.05 vs. DM male values.
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Fig. 5. 
Western blots analysis showing ERα (A), ERβ (B) (both normalized to GAPDH) and 

phosphorylated death associated protein kinase-3, p-DAPK3 (C) (normalized to total 

DAPK3) expression in the hypothalamic PVN of the following diabetic (DM) and respective 

control groups (n=5 rats each): male, ovariectomized (OVX), sham operated (SO), and OVX 

with E2 supplementation (OVX/E2). Values are expressed as means ± SEM. *P < 0.05 vs. 

“male control” values. #P < 0.05 vs. DM male values. &P < 0.05 vs. SO control values.
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Fig. 6. 
Representative confocal immunohistochemical images (A) and group data (B) of TNF-α 
levels in the hypothalamic PVN of the following DM and respective control groups (n=5 rats 

each): male, ovariectomized (OVX), sham operated (SO), and OVX with E2 

supplementation (OVX/E2). TNF-α images were analyzed by NIH ImageJ. Values are 

means ± SEM. *P < 0.05 vs. male control values. #P < 0.05 vs. DM male values.
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Fig. 7. 
Representative immunohistochemical images (A) and group data (B) showing adenosine A1 

receptor (A1-R) expression in the hypothalamic PVN of the following diabetic (DM) and 

respective control groups (n=5 rats each): male, ovariectomized (OVX), sham operated 

(SO), and OVX with E2 supplementation (OVX/E2). A1-R expression was quantified by 

NIH ImageJ analysis. Values are expressed as means ± SEM. *P < 0.05 vs. male control 

values.
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Fig. 8. 
Representative immunohistochemical images (A) and group data (B) showing adenosine 

A2a receptor (A2a-R) expression in the hypothalamic PVN of the following diabetic (DM) 

and respective control groups (n=5 rats each): male, ovariectomized (OVX), sham operated 

(SO), and ovariectomized with E2 supplementation (OVX/E2). A2-R expression was 

quantified by NIH ImageJ analysis. Values are expressed as means ± SEM. *P < 0.05 vs. 

male control values.
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