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Abstract

Background—Chronic exposure to estradiol-17β (E2) in adult female rats increases mean 

arterial pressure by stimulating superoxide production in the rostral ventrolateral medulla 

(RVLM). However the mechanisms behind this phenomenon are unknown. We hypothesized that 

E2 exposure induces the gene expression of cytokines, chemokines and NADPH oxidase (Nox) in 

the RVLM that promotes superoxide production and aging would exacerbate this effect.

Methods—Young adult (3-4 month old) and middle-aged (6-8 month old) female Sprague 

Dawley rats were sham-implanted (YS and MS respectively) or implanted s.c. with slow-release 

E2 pellets (20ng of E2/day for 90 days; YE and ME respectively). Blood pressure (BP) was 

measured during the last 3 weeks of exposure in a separate set of rats. At the end of treatment, the 

animals were sacrificed and RVLM was isolated from the brainstem. PCR array and Quantitative 

RT-PCR were performed with the tissue to quantify genes associated with hypertension and 

superoxide production. Superoxide dismutase (SOD) activity was also measured in the RVLM 

from a different set of animals.

Results—E2 exposure increased mean arterial pressure in both YE and ME animals. 

Inflammatory genes such as interleukin-1β, interleukin-6 and monocyte chemoattractant protein-1 

were significantly up-regulated in the RVLM of ME treated female rats compared to YS rats, but 

not in YE rats. Endothelin-1 (ET-1) gene was up-regulated in the RVLM of both YE and ME rats 

that were exposed to E2. Furthermore, chronic E2 treatment increased the mRNA levels of Nox1 
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and Nox2 genes in the RVLM of YE but not ME animals. SOD activity was reduced in MA 

animals, compared to young animals. E2 treatment had no significant effect on SOD activity.

Conclusion—Chronic E2 exposure stimulates the expression of inflammatory genes in older 

animals and increases the expression of Nox subunits in the RVLM of younger animals. SOD 

activity was reduced in older animals. This suggests increased superoxide production in younger 

animals, but reduced superoxide elimination in older animals. On the other hand, E2 exposure 

stimulates ET-1 expression in both young and aging animals. These findings suggest that 

hypertension caused by chronic E2 exposure may involve different molecular mediators in young 

and aging animals, however ET-1 and superoxide could be common mediators for both age 

groups.
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1. Introduction

Women are chronically exposed to exogenous estrogens through the environment and/or 

hormonal preparations. Estrogen was believed to be cardioprotective and was being 

prescribed for post-menopausal women to delay the onset of cardiovascular diseases, 

neurodegenerative diseases, and osteoporosis (Posthuma et al., 1994). However, studies 

from the Women's Health Initiative on the effects of hormone replacement therapy (HRT) in 

postmenopausal women have found that HRT increased the risk for several cardiovascular 

diseases including stroke, coronary heart disease etc(Moolman, 2006). Moreover, young 

women on oral contraceptive pills containing estrogenic preparations are reported to have 

increases in blood pressure (Woods, 1988). Taken together, these studies suggest that long-

term exposure to estrogenic preparations may affect cardiovascular health in women.

Recently, we reported that chronic exposure to low levels (20ng/day) of estradiol-17β (E2) 

elevated mean arterial pressure (MAP) in young female Sprague-Dawley rats. This effect 

was associated with an increase in superoxide production in the rostral ventrolateral medulla 

(RVLM), the vasomotor center in the brainstem that is responsible for tonic and reflex 

control of arterial pressure. In that study, we also treated rats with an anti-oxidant, 

resveratrol, which completely reversed E2-induced increase in superoxide production and 

MAP (Subramanian et al., 2011). However, the central mechanisms by which chronic E2 

treatment increases superoxide production and MAP are still unclear.

The association between oxidative stress and hypertension has been well documented in 

various animal models of hypertension (Fujita et al., 2007; Kang et al., 2009; Nagae et al., 

2009) and human hypertension (Tsuda). Recently, brain cytokines have been implicated in 

the pathogenesis of hypertension. Pro-inflammatory cytokines (PICs) such as Interleukin-1β 

(IL-1β), Interleukin-6 (IL-6) and Tumor necrosis factor-α (TNF-α) are known to increase 

the levels of nicotinamide—adenine dinucleotide phosphate (NADPH) oxidase to promote 

superoxide production in brain regions that regulate blood pressure (Kang et al., 2009). 

Conversely, increasing the activity of superoxide dismutase, an enzyme that breaks down 

superoxides, has been shown to reduce the levels of PICs and blood pressure in a 
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hypertensive animal model (Oliveira-Sales et al., 2010). These studies suggest that the 

interaction between cytokines and reactive oxygen species (ROS) play an important role in 

the development of hypertension. We hypothesized that a similar mechanism could play a 

role in the hypertension that results from chronic E2 exposure.

In addition to PICs, endothelin-1 (ET-1), a potent vasoconstrictor, could potentially 

contribute to the development of hypertension (Gao et al., 2005; Just et al., 2007) (Li et al., 

2003). ET-1 is believed to cause hypertension by increasing superoxide production through 

NADPH oxidase-dependent mechanisms (Amiri et al., 2004; Duerrschmidt et al., 2000; Fei 

et al., 2000). Besides ET-1, Angiotensin II (AngII) could be another likely mediator of E2-

induced hypertension. Central administration of AngII increases NADPH oxidase 

expression and the production of superoxide in the RVLM (Gao et al., 2005) and this could 

play a critical role in neurogenic hypertension (Oliveira-Sales et al., 2010). Taken together, 

these studies indicate that a variety of molecular mediators are likely to be involved in the 

generation of superoxide in the RVLM, which in turn can lead to the development of 

hypertension. Moreover, there could be alterations in the rate at which superoxide is 

generated and eliminated (Maier and Chan, 2002).

Therefore, we hypothesized that the gene expression of one or more of these mediators 

would increase in the RVLM after chronic E2 exposure. Since, aging is also associated with 

oxidative stress and inflammation in the brain (Gemma et al., 2007), we hypothesized that 

aging would have an additive effect on E2-induced alterations in gene expression, making 

older animals more prone to hypertension.

2. Results

2.1. Effect of E2 exposure on blood pressure in young and aging animals

Diastolic blood pressure (DBP; Mean±S.E.; mm Hg) in YS animals was 97.13±3 and was 

103.37±2.55 with E2 exposure. In MA animals, DBP was 102.16±2.45 and 109.64±4.1 in 

sham implanted and E2-treated rats respectively. There was no significant difference in DBP 

between the different treatment groups (Fig 1a). In contrast, systolic blood pressure (SBP, 

Mean±S.E.; mm Hg) in the YS group was 115.33±2.96 and increased significantly to 

127.65±3.55 in the YE group (p<0.05). MA animals also had higher SBP compared to the 

YS group (137.37±4.8 and 133.45±4.99 in MS and ME groups respectively; p<0.01). 

However, there was no difference with E2 treatment in the MA group (Fig 1b). Mean 

arterial pressure (MAP; Mean±S.E.; mm Hg) was 102.71±3.1 in the YS group and increased 

to 120.61±4.9 in the YE group. E2 exposure produced an increase in MAP in the ME group 

as well (118.65±4.6), but MAP in the MS group (113.45±3.9) was not different from that in 

the YS group (Fig 1c).

2.2. Effect of E2 exposure on the expression of estrogen receptor genes in the RVLM

Changes in the expression of estrogen receptor (ESR) genes in the different treatment groups 

are depicted in fig 2. Fold changes (Mean±S.E.) in all the groups were normalized to the YS 

group that is represented by the horizontal line at 1. Chronic E2 treatment resulted in 8-fold 

up-regulation of ESR1 gene expression in the ME group (8.6±4.1, p<0.005) compared to 
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both YE and MS groups (2.0±0.2 and 3.1±1.0 respectively, p< 0.05). No changes were seen 

in ESR2 gene expression. Analysis using two-way ANOVA revealed a significant E2 

treatment (p=0.02) and aging effect (p=0.005) on ESR1 expression.

2.3. Effect of E2 exposure on the expression of inflammation related genes in the RVLM

Fold change in the expression of inflammation-related genes after chronic E2 exposure in 

young and middle aged animals in the RVLM is shown in figure 3. Among the 

proinflammatory cytokines, IL-1β and IL-6 were up-regulated in ME animals. The mRNA 

expression (Fold change; Mean±S.E.) of IL-1β was up-regulated 4 fold in the RVLM of the 

ME group, (4.5±1.0; p<0.005) compared to the YS group, the YE group (1.0±0.4) and the 

MS group (1.8±0.5; p<0.05). Similarly in ME animals, IL-6 was up-regulated by 2 fold in 

the RVLM (2.3±0.7; p<0.05) and was significantly different from the YE (0.3±0.1; p<0.05) 

and the MS groups (1.0±0.2; p<0.05). Although the gene expression of other inflammatory 

mediators such as TNF-α and cyclooxygenese-2 (PTGS2) showed a trend to increase in ME 

animals, they did not attain statistical significance (p=0.09 and p=0.05 respectively). The 

gene expression of the chemokine, MCP-1 was significantly up-regulated in ME animals 

(7.8±1.9; p<0.005) compared to the YE (0.4±0.1) and MS (2.7±1.3) groups. Overall, it 

appears that E2 exposure did not affect PIC gene expression in young animals, but older 

animals exposed chronically to E2 have elevated levels of IL-1β, IL-6 and MCP-1 

expression in the RVLM. Aging per se had modest effects on the expression of these genes 

in the RVLM.

Two-way ANOVA was performed to determine the effects of aging and E2 treatment 

individually. There were significant effects of E2 treatment, aging and E2 treatment × aging 

interaction on IL-1β expression (p=0.04, p=0.002, and p=0.04 respectively) and MCP-1 

gene expression (p=0.04, p=0.0008, and p=0.01 respectively). For IL-6 gene expression, 

there was a significant effect of aging and E2 treatment × aging interaction (p=0.006 and 

p=0.01, respectively).

2.4. Effect of E2 exposure on genes regulating blood pressure in the RVLM

Changes in the mRNA levels of genes regulating blood pressure after chronic E2 exposure 

are shown in figure 4. Among the genes involved in the regulation of blood pressure, ET-1 

was up-regulated in the YE and ME groups. While the mRNA expression (Fold change; 

Mean±S.E.) of ET-1 was up-regulated by 23 fold in the YE group (23.1±4.1; p<0.0005) it 

increased by 31 fold in the ME group (31.1±6.3; p<0.0001) compared to the YS group. 

Within the same age groups, ME animals were also significantly different from the MS 

(2.7±1.3; p<0.005) animals. However, there were no significant differences between the YS 

and MS groups. In contrast to ET-1, ET-2 expression was down regulated in the YE group 

(0.02±0.01; p<0.0005) and MS animals (0.2±0.02; p<0.0005) compared to YS animals. 

However there were no changes in ET-2 gene expression in the ME group. No changes were 

seen in the mRNA expression of angiotensinogen and angiotensin II receptor, type 1b genes. 

It appears that E2 exposure increases the expression of ET-1 in the RVLM regardless of age.
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Two-way ANOVA revealed a significant effect of E2 treatment on ET-1 mRNA levels 

(p<0.0001). ET-2 was affected by E2 treatment × aging interaction (p<0.0001) than by E2 

treatment or aging alone.

2.5. Effect of E2 exposure on oxidative stress-related genes in the RVLM

The mRNA levels of different NAPDH oxidase subunits are expressed as a ratio of β-actin 

mRNA in control and E2 treated animals in Fig 5. Among the different NADPH oxidase 

subunits, Nox1 and Nox2 were up-regulated predominantly in the YE group. Expression of 

Nox1 mRNA (Fold change; Mean±S.E.) was up-regulated by 2 fold in the YE group 

(2.5±0.7, p<0.01) when compared to the MS and ME groups (0.5±0.2 and 1.1±0.4 

respectively, p<0.05). Nox2 gene expression was up-regulated significantly by 2 fold in the 

YE group (2.8±0.6, p<0.05) and by 4 fold in MS group (4.0±0.9, p<0.002) but not in the ME 

group (2.5±0.6) compared to YS animals. No changes were seen in Nox4, p47phox or 

p22phox genes in any of the treatment groups. It appears that E2 exposure produces modest 

increases in the expression of Nox 1 and Nox 2. While Nox2 expression increases in both 

young and aging animals, Nox 1 expression is limited to young animals exposed to E2.

Two-way ANOVA showed a significant E2 treatment (p=0.02) and aging effect (p=0.03) for 

Nox1 gene expression. A significant effect of aging (p=0.04) and aging × E2 interaction 

(p=0.02) was observed for Nox2 gene expression.

2.6. Effect of E2 exposure on Superoxide Dismutase activity

Overall, young animals had higher SOD activity in the RVLM compared to aging animals. 

SOD activity (Units/μg protein: Mean±SE) in YE animals (8.43±0.86) and YS rats 

(8.93±1.27) were significantly higher than that measured in MS (4.95±0.6) and ME animals 

(3.67±0.27) (p<0.01). E2 treatment did not decrease SOD activity in young and aging 

animals. Two-way ANOVA revealed a significant effect of age on SOD activity (F=24.13; 

p<0.001)

3. Discussion

Our results suggest that chronic E2 exposure increases the gene expression of PICs like 

IL-1β, IL-6 and the chemokine MCP-1 in the RVLM of older rats. Chronic E2 exposure also 

stimulated ET-1 mRNA expression in both age groups. Finally, we found that Nox1 and 

Nox2 subunits of NADPH oxidase were up-regulated in the RVLM with chronic E2 

treatment in young animals correlating well with increased superoxide production reported 

in our previous study (Subramanian et al., 2011) and with the increase in blood pressure 

observed in the current study. These results suggest that the effects of chronic E2 exposure 

on the RVLM are highly specific relative to age and the molecular mediators that are 

affected and these genes are likely to play a role in the development of hypertension that is 

observed in these animals.

The RVLM is an important cardiovascular center in the brain stem that regulates the basal 

sympathetic tone and in turn, blood pressure (Ross et al., 1984). Inflammatory changes in 

the RVLM have been associated with the development of hypertension (Shi et al., 2010 a,b). 

Previously, we reported that chronic exposures to E2 in young animals can cause 
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hypertension, increase superoxide anion levels in the RVLM and that this effect could be 

reversed by treatment with an antioxidant, resveratrol (Subramanian et al., 2011). The 

mechanism by which superoxide levels increase in this model is not clear. We hypothesized 

that an increase in PICs could play an important role in this phenomenon since another study 

in spontaneous hypertensive rats also reported an increase in PIC expression in the RVLM 

(Agarwal et al., 2011). However, we found that chronic E2 treatment significantly increased 

IL-1β, IL-6 and MCP-1 gene expression in middle aged, but not young animals. This could 

suggest that older animals are more susceptible to the pro-inflammatory actions of E2.

The source of PICs in the RVLM is unknown. There is evidence to suggest that astrocytes 

and glial cells could be potential contributors to cytokines and chemokines in the brain 

(Dinapoli et al., 2010; Huang et al., 2008). Recently, we reported that E2 exposure can 

increase astrocyte activity and IL-1β levels in the hypothalamus (Mohankumar et al., 2011). 

A similar phenomenon may be in operation in the RVLM. It is likely that E2 produces its 

effect by binding to E2 receptors in the RVLM. To test this, we measured the expression of 

E2 receptors, ESR1 and 2, and found that E2 exposure preferentially increased ESR1 

expression in middle aged but not in young animals. The fact that E2 exposure increased 

certain cytokines and ESR1 expression only in middle aged animals suggests that cytokines 

could not have contributed to the hypertension that we observed in young rats after E2 

exposure in our previous study. Therefore it becomes important to study the role of other 

mediators such as ET-1 and Ang-II in E2-induced hypertension.

Central ET-1 plays a role in modulating sympathetic tone and blood pressure (Rossi and 

Maliszewska-Scislo, 2008). In the brain, ET-1 is produced by glial cells and vascular 

endothelial cells (Durieu-Trautmann et al., 1993; MacCumber et al., 1990). Microinjection 

of ET-1 in the RVLM produced an increase in blood pressure (Mosqueda-Garcia et al., 

1995) providing a direct link between ET-1 in the RVLM and hypertension. Therefore it is 

likely that E2-induced increases in ET-1 expression in the RVLM could contribute to 

hypertension. In the present study, ET-1 gene expression increased in both young and 

middle aged animals suggesting that ET-1 could mediate the effects of chronic E2 exposure 

independent of age. In addition to ET-1, central renin-angiotensin system has also been 

implicated in hypertension (Cuadra et al., 2010). However, we did not observe any changes 

in the expression of angiotensinogen or the AngII receptor in the RVLM suggesting that the 

renin-angiotensin system is an unlikely mediator of chronic E2-induced hypertension.

One of the central mechanisms by which PICs and ET-1 could contribute to hypertension is 

through oxidative stress characterized by NADPH oxidase-mediated generation of 

superoxide (Amiri et al., 2004; Duerrschmidt et al., 2000; Fei et al., 2000). Previously, we 

have demonstrated increases in superoxide levels in the RVLM in young rats exposed to E2 

(Subramanian et al., 2011). In the present study, we observed an increase in the expression 

of Nox1 and Nox2 subunits of NADPH oxidase in young animals after chronic E2 exposure 

suggesting that NADPH oxidase could be a possible source of superoxide in the RVLM. In 

contrast to young animals, aging appeared to produce a different pattern of Nox gene 

expression. In this group, only Nox2 was affected with increases apparent even in the sham 

group (MS). Although Nox 2 expression appeared to increase in the ME group, it was not 
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statistically significant suggesting that aging-induced increase in Nox 2 expression perhaps 

masked the effect of E2 exposure.

The generation of superoxide by NADPH oxidase is quite complex. In order to produce 

superoxide a catalytic core needs to be formed from one of the Nox isoforms and p22phox 

(Sumimoto et al., 2005). However this core complex, gets activated only after the addition 

of p47phox or GTPase Rac (Babior et al., 2002). In the present study we observed a 

significant increase in the gene expression of Nox1 and 2 in the RVLM after E2 treatment in 

young animals, but there was no associated change in the other subunits, so it is unclear how 

the increased expression of Nox1 and 2 translates into increased superoxide generation in 

this model. Besides gene expression, protein levels of these subunits and their activity could 

also provide important clues to the generation of superoxides. It is also possible that an 

entirely different mechanism involving xanthine oxidase and uncoupled NOS (Li et al., 

2003) could participate in E2-induced superoxide generation. We examined the role of SOD 

which unlike the other enzymes mentioned above, is involved in scavenging superoxides 

(Maier and Chan, 2002). It is likely that an imbalance between superoxide generation and 

scavenging mechanisms could result in a net increase in superoxide levels (Salminen and 

Paul, 2014). Our results suggest that E2 treatment may potentiate superoxide generation in 

young animals by stimulating Nox1 and 2. In older animals, however, SOD activity remains 

significantly low indicating that superoxide scavenging mechanisms may be severely 

affected with aging.

In conclusion, the present study suggests that chronic E2 exposure produces age-dependent 

changes in the expression of inflammatory mediators and oxidative stress-related genes in 

the RVLM of female rats. Results from the present study also imply that older women who 

are on estrogen containing hormone replacement therapy could be more prone to 

neuroinflammation. These findings correlate well with the systolic and mean arterial 

pressures that were measured in these animals. Further mechanistic studies are needed to 

establish a causal relationship between ET-1, PICs and NADPH oxidase subunits in the 

pathogenesis of E2-induced hypertension.

4. Materials and Methods

4.1. Animals

Young (Y; 3-4 month old) and middle-aged (MA; 6-8 month old) female Sprague-Dawley 

rats were obtained from Harlan Sprague-Dawley Inc. (Indianapolis, IN). Animals were 

housed in temperature (23 ± 2° C) and light controlled (lights on from 0600 to 1800h) rooms 

with ad libitum food and water. Estrous cycles were monitored by vaginal cytology and 

animals that were cycling regularly were used in the experiment. Animals were used in 

accordance with the NIH's Guide for the Care and Use of Laboratory Animals and the 

protocols were approved by the Animal Care and Use Committee at Michigan State 

University.
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4.2. Treatment

Animals were either sham-implanted or implanted s.c. with 90-day custom-made slow-

release E2 pellets (n=6 per group) (1.8μg; 20ng/day; Innovative Research America, 

Sarasota, FL) as described earlier (Kasturi et al., 2009),(Mohankumar et al., 2011). This 

yielded 4 treatment groups: Young animals that were sham-implanted (YS) or implanted 

with E2 pellets (YE) and middle aged animals that were sham-implanted (MS) or implanted 

with E2 pellets (ME). By 90 days of exposure, all E2-implanted rats were in a state of 

constant estrous. A second set of animals were sham-implanted or implanted with E2 pellets 

as described above. During the last 2 weeks of treatment, animals were subjected to blood 

pressure measurement using a SC1000 Hatteras tail-cuff blood pressure monitoring system 

as described below. At the end of treatment, control and E2-treated animals were sacrificed 

at noon on the day of estrous. The brainstem was removed, frozen on dry ice and stored at 

−70°C until sectioning.

4.3. Blood pressure measurement

Blood pressure was measured using a Hatteras SC1000 Blood pressure analysis system 

(Hatteras, Cary, NC http://www.hatterasinstruments.com/sc1000.shtml) as described 

elsewhere (7737724). Briefly, the system is comprised of a master control unit that is 

connected to a tail cuff and a photodiode sensor assembly attached to a heated platform 

maintained at 37.7 °C. The control unit is also connected to a computer that has the software 

for data analysis (SC1000 communications program, V2.5). The master control unit inflates 

and deflates the cuff, and integrates analog data obtained from the photodiode sensor. At the 

time of blood pressure measurement, the animal was placed in a bucket with a heat lamp for 

10 minutes to increase body temperature. It was then placed in a plexiglass restraint tube on 

the heated platform and its tail was passed through the inflatable cuff and secured to the 

platform with tape. The photodiode sensor assembly was secured over the tail. The system 

measures blood pressure in rats by determining what pressure in an inflatable tail cuff will 

cut off arterial blood flow to the tail. The sensor assembly detects the pulse based on the 

blood flow and the software converts the analog information into digital waveforms. 

Detection of thirty consecutive waveform peaks prompts the system to begin measurements. 

The machine performs 5 preliminary cycles to help the rat adjust to the inflation of the tail 

cuff after which 10 measurement cycles are initiated and the systolic, diastolic, mean arterial 

pressure and pulse rate are obtained. Animals were subjected to frequent blood pressure 

measurements over 2 weeks before obtaining a final reading a week before sacrifice.

4.4. Microdissection of RVLM

Serial coronal sections (300 μm thick) of the brainstem were obtained on RNAse-free slides 

using a cryostat (Slee Mainz, London, UK). The RVLM was microdissected by the 

Palkovits's micropunch technique using a 500-μm-diameter punch. A rat brain stereotaxic 

atlas was used as a reference (Paxinos and Watson, 1987). Tissue samples included all 

subdivisions of the RVLM.
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4.5. RNA extraction and cDNA synthesis

RNA was extracted from tissue punches using the MELT Total Nucleic Acid Isolation 

System (Ambion Inc, Austin, TX) according to the manufacturer's instructions. RNA was 

eluted in a volume of 500 μl, after on-bead Turbo DNAse digestion. The quality of the RNA 

was assessed using a Nanodrop spectrophotometer prior to cDNA synthesis. First strand 

cDNA was synthesized by reverse transcribing 400 ng of total RNA using a RT2 First 

Strand Kit (SABiosciences, Frederick, MD) following the manufacturer's protocol.

4.6. qPCR array

The cDNA from the previous step was used to perform a quantitative PCR array. We used 

Applied Biosystems 7500 system to run the RT2 profiler custom PCR array, Cat # 

CAPR09289A (SA Biosciences, Frederick, MD) according to the manufacturer's 

specifications. This array included primers for the following genes: Interleukin-1 beta (IL-1 

beta), interleukin-6 (IL-6), tumor necrosis factor alpha (TNF alpha), prostaglandin-

endoperoxidase synthase 2 (Ptgs2), monocyte chemoattractant protein 1 (MCP1), estrogen 

receptor alpha (ESR1), estrogen receptor beta (ESR2), angiotensinogen, Ang II receptor, 

type 1b, ET-1, ET-2 and beta actin (β-actin). The procedure for qPCR array has been 

described before (22036618). Briefly, the cDNA was mixed with the SYBR Green/ROX 

Master Mix (SABiosciences, Frederick, MD) and the appropriate amount of RNA nuclease-

free water in PCR plates and were spun at 1500 rpm for 1 minute. PCR was performed using 

the following 2-step cycling program: 1 cycle at 95°C for 10 minutes, and 40 cycles at 92°C 

for 15 seconds and 60°C for 1 minute. The mRNA expression of each gene was normalized 

to the expression of the housekeeping gene β-actin, and the values in different treatment 

groups were expressed relative to the data obtained from the YS group according to the 

2−ΔΔCT method.

4.7. qRT-PCR

A second set of cDNA samples were used to perform quantitative real-time PCR (qRT-

PCR). Briefly, the cDNA was mixed with RT2 Real-Time PCR SYBR Green/ROX Master 

Mix (SABiosciences, Frederick, MD), and the appropriate amount of RNA nuclease-free 

water. The volume/well contained 12.5 μL of PCR master mix, 2 μL of cDNA, 1 μL each of 

forward and reverse primer and 8.5 μL of water to obtain a total reaction volume of 25 μL. 

The forward and reverse primers for NADPH oxidase subunits (Nox1. Nox2, Nox4, 

p47phox, p22phox) were purchased from Integrated DNA Technologies (Coralville, IA). A 

control RT reaction with no cDNA was included for each primer. The reactions were 

performed in the Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, 

Carlsbad, CA) using the 2-step cycling program as described above. At the end of 

amplification, a melting curve analysis was done by heating the PCR products to 65°-95°C 

and held for 15 sec at increments of 0.2°C. Fluorescence was measured to confirm the 

presence of a single amplification product. After obtaining the CT values, the values were 

normalized to those of the housekeeping gene, β- actin. Fold change in the gene expression 

in different treatment groups were expressed in terms of CT values in the Y+S group 

according to the 2−ΔΔCT method. Primer sequences that were used to verify PCR products 

for Nox1, Nox2, Nox 4, p47phox and p22phox genes are provided in table 1. The other 
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genes that were analyzed were part of the qPCR array from SABiosciences and the primer 

sequences are proprietary.

4.8. Measurement of Superoxide dismutase activity in the RVLM

Tissue samples that were obtained by Palkovits’ microdissection were analyzed for SOD 

activity using the SOD activity colorimetric assay kit supplied by Arbor Assays (Ann Arbor, 

MI). Samples were homogenized in assay buffer and used in duplicates in the assay as per 

the manufacturer's instructions. The sensitivity of the assay was 0.044U/ml. Protein 

concentrations in the sample were measured using a micro BCA assay (Thermo Scientific 

Pierce, Waltham, MA). SOD activity in tissues were expressed as Units/μg protein.

4.9. Statistical analysis

All statistical analysis was performed using Statview software (Version 5.0). One way 

ANOVA was used to analyze differences in blood pressure readings followed by post hoc 

Fisher's LSD test. All gene expression values were expressed as fold change relative to Y+S 

animals before they were compared by ANOVA. The individual effects of aging and E2 

treatment were analyzed using two-way ANOVA followed by post hoc Fisher's LSD test. A 

p-value of <0.05 was considered statistically significant.
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Highlights for review

This manuscript describes the effects of chronic exposure to estradiol in young and 

middle aged female rats.

Estradiol produced marked increases in blood pressure in young and aging animals.

There was a corresponding increase in the expression of endothelin-1 mRNA and 

changes in the expression of other genes in the brainstem.
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Fig 1. 
Blood pressure changes in young and middle aged animals sham implanted (YS and MS 

respectively), or implanted with E2 pellets (YE and ME respectively) are shown here. 

Diastolic pressure is presented in Panel A, Systolic pressure in Panel B and Mean arterial 

pressure in Panel C. * indicates significant difference (p<0.05) from the YS (young-sham 

implanted) group.
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Fig 2. 
The mRNA expression levels of estrogen receptor alpha gene (ESR1) and estrogen receptor 

beta gene (ESR2) in the RVLM after 90 days of E2 exposure are shown above. The fold 

change for each mRNA was calculated by the comparative CT method using 2−ΔΔCt. The Ct 

values of all the genes were normalized to β-actin and the Ct values from different groups 

were expressed relative to that in young intact sham rats. * denotes significant difference 

(p<0.05) from control (YS) group.
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Fig 3. 
The fold change in the gene expression of interleukin-1beta (IL-1β), interleukin-6 (IL-6), 

tumor necrosis factor-alpha (TNF-α), cyclooxygenese-2 (PTGS2) and monocyte 

chemoattractant factor (MCP-1) in the RVLM after 90 days of E2 exposure are shown 

above. The fold change for each mRNA was calculated by the comparative CT method using 

2−ΔΔCt. The Ct values of all the genes were normalized to β-actin and the Ct values from 

different groups were expressed relative to that in young intact sham rats. * denotes 

significant difference (p<0.05) from control (YS) group.
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Fig 4. 
The fold change in the gene expression of angiotensinogen (Agt), angiotensin II receptor, 

type 1b (AT1), endothelin-1 (ET-1), endothelin-2 (ET-2) in the RVLM after 90 days of E2 

exposure are shown above. The fold change for each mRNA was calculated by the 

comparative CT method using 2−ΔΔCt. The Ct values of all the genes were normalized to β-

actin and the Ct values from different groups were expressed relative to that in young intact 

sham rats. * denotes significant difference (p<0.05) from control (YS) group.
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Fig 5. 
The mRNA expression levels of NADPH oxidase subunits in the RVLM in response to 90 

days of E2 exposure are shown above. The fold change for each mRNA was calculated by 

the comparative CT method using 2−ΔΔCt. The Ct values of all the genes were normalized to 

β-actin and the Ct values from different groups were expressed relative to that in young 

intact sham rats. * denotes significant difference (p<0.05) from control (YS) group.
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Fig 6. 
SOD activity in the RVLM after 90 day exposure to E2 in young and aging animals are 

shown above. * denotes significant difference (p<0.05) from the young animals (YS and YE 

groups).
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Table 1

Primer sequences used for the verification of PCR products with accession numbers.

Gene Sequence NCBI Accession no.

NOX 1 For: 5′ TGAACAACAGCACTCACCAATGCC 3′
Rev: 5′ AGTTGTTGAACCAGGCAAAGGCAC 3′

AF152963

NOX 2 For: 5′ GTGGAGTGGTGTGTGAATGC 3′
Rev: 5′ TCCACGTACAATTCGCTCAG 3′

AF298656

NOX4 For: 5′ TCATGGATCTTTGCCTGGAGGGTT 3′
Rev: 5′ AGGTCTGTGGGAAATGAGCTTGGA 3′

AY027527

p47phox For: 5′ AGGTTGGGTCCCTGCATCCTATTT 3′
Rev: 5′ TGGTTACATACGGTTCACCTGCGT 3′

AF260779

p22phox For: 5′ TGTTGCAGGAGTGCTCATCTGTCT 3′
Rev: 5′ AGGACAGCCCGGACGTAGTAATTT 3′

U18729

ß-actin For: 5′ GGCTACAGCTTCACCACCAC 3′
Rev: 5′ TACTCCTGCTTGCTGATCCAC 3′

V01217
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