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ABSTRACT 

Despite being a leading health concern globally, the pathophysiology of the development 

of primary hypertension is complicated and, in many cases, irresolute. Studies on the fetal 

programming of disease have uncovered a role for the fetal environment in the development of 

hypertension. Stress leads to excessive fetal glucocorticoid exposure resulting in changes to fetal 

tissue and gene expression profiles. Glucocorticoids are a key mediator in cardiovascular 

programming models and contribute to dysregulation of the offspring’s HPA and the excess 

production of catecholamines (CA) and sympathetic activation leading to hypertension in 

adulthood. How these changes are propagated is an area of great interest and lacks insight. 

Evidence suggests that GC’s may mediate changes in the topology of the genome via 

manipulation of DNA methyltransferases (DNMTs) and histone deacetylases (HDACs). Further 

evidence suggests that GC’s drive increased reactive oxygen species (ROS), which also regulates 

gene expression. This research examined maternal antioxidant administration in the prevention 

of glucocorticoid programming of the HPA using a synthetic GC, dexamethasone (Dex). This 

research also analyzed whether programming effects can be attenuated using epigenetic 

inhibitors in adulthood. The results show that maternal antioxidant administration using EGCG 

or TEMPOL prevented many of the programming effects of fetal GC administration including; 

increased BP, as well as mRNA and protein for CA biosynthetic enzymes including PAH, TH, 

DBH, and PNMT in a sex-specific manner. Similarly, DNMT inhibition via 5aza2DC or HDAC 

inhibition via valproic acid (VPA) administration both displayed similar results and remediated 
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increased BP and the majority of altered CA enzyme expression, and PNMT protein and elevated 

plasma epinephrine in Dex programmed offspring. Results suggest sex specific responses to Dex 

programming as male offspring generally exhibited increased gene expression, and 

administration of antioxidant or epigenetic inhibitor effected offspring differently based on sex. 

Further investigation has shown that Dex programmed males display reduced antioxidant Gpx1 

expression, increased SOD1 and CAT expression, and increased expression of the pro-oxidant, 

Noxa1. Dysregulation of epigenetic machinery was also demonstrated including increases in 

HDAC 1,5,6,7,11, in male and HDAC 7 in female offspring. These results suggest that sex, 

epigenetics and ROS play a role in GC-mediated programming of the HPA and the development 

of hypertension.   

Keywords:  epigenetics, reactive oxygen species, fetal programming, hypertension, 

glucocorticoids, DNA methyltransferase, Histone deacetylase, HPA, Catecholamines 
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CHAPTER 1: INTRODUCTION 

  Cardiovascular disease (CVD), also known as heart and stroke disease remains the 

leading cause of death globally as of 2016 accounting for a total of 15.2 million deaths 

worldwide 
1
. The development of CVD is not well understood although it has been connected to 

several risk factors including; diet, exercise level, smoking, weight, diabetes and hypertension 

among others 
2
. Hypertension also known as a chronic elevation in blood pressure (BP) is 

characterized by systolic pressures of  130mmHg and diastolic pressures of  80mmHg 
3
. As of 

2016, rates of hypertension continue to rise in both the US and Canada affecting 29% and 22.6% 

adults respectively 
4,5

. Data gathered between 2000 and 2010 put the global rates of hypertension 

at 31% or over 1.39 billion people 
6
. There are two categories of hypertension; primary (or 

essential) and secondary forms of the disease. Secondary hypertension manifests as a side effect 

of a primary condition such as kidney or endocrine disease. As a result, secondary hypertension 

can be treated by targeting the underlying condition. Primary hypertension on the other hand 

makes up around 95% of hypertensive cases, and the mechanisms behind the development of the 

disease remains elusive.  

Increasingly, research highlights the importance of the in-utero environment on adult 

development of disease. The idea that the fetal environment can impact postnatal health (fetal 

origins hypothesis) was first described in 1989 by David Barker and colleagues who assessed 

epidemiological data and described an association between birth weight and death from ischemic 

heart disease late in life 
7
. Barker discovered that low-birth weight (a measure of fetal health) 

correlated with the prevalence of disease later in life 
7
. Furthermore, it was suggested that in 

times of stress such as nutrient restriction or maternal stress, the fetus undergoes adaptations to 

survive and to be best suited to its postnatal environment. These fetal adaptations are known as 
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fetal programing and can lead to disease, including the development of adult primary 

hypertension 
8,9

. The fetal programming of hypertension is likely regulated by glucocorticoids by 

altering the function of the HPA/SA axis in adulthood. The HPA axis mediates activation of the 

sympathetic nervous system in times of stress. In part, HPA activation leads to the increased 

production of catecholamines from the adrenal glands and increasing blood pressure, glucose and 

fat metabolism, heart rate, and vascular tone among others. Fetal glucocorticoid exposure has 

been shown to increase the expression of key CA biosynthetic enzymes including TH, DBH, and 

PNMT leading to increased plasma catecholamine levels and elevated BP 
10

. The exact 

mechanism behind the GC-mediated programming of the HPA remains to be determined, 

however evidence implicates ROS and epigenetics in altered gene expression 
11,12

.  

Increased ROS have been shown to alter gene expression, including that of PNMT 
13

. In-

utero Dex exposure leads to increased ROS levels driving changes in gene expression, which 

may be responsible for changes in CA biosynthetic enzymes mentioned above 
14

. Additionally, 

several studies have shown cardiovascular programming leads may be a result of altered 

epigenetic regulation of gene expression 
15

. Many genes in the CA biosynthetic pathway are 

thought to be regulated by methylation 
16

, and histone regulation of gene expression is also likely 

given previous studies implicating HDACs in pathogenesis 
15

. As a result, both ROS and 

epigenetics may regulate CA biosynthesis in Dex-exposed offspring, and significant overlap 

between pathways is likely.  

Hypothesis: 

A primary hypothesis of this thesis is that fetal GC-exposure leads to excessive ROS 

generation, altering adult expression of genes within the HPA-axis, resulting in increased 

catecholamine biosynthesis, leading to hypertension. Further, that the administration of maternal 
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antioxidants throughout gestation and Dex programming will prevent both HPA programming 

and elevated catecholamine biosynthesis in adult offspring (Chapter 4).  

An additional hypothesis is that epigenetics are implicated in GC’s programming effects. 

Therefore, epigenetic inhibition will be effective in reversing altered enzyme expression and 

overall catecholamine biosynthesis (Chapter 3). 

The hypothesis will be evaluated based on the following objectives: 

1. Determine the role of ROS in GC-mediated FP of the HPA axis leading to 

hypertension. This objective will determine whether maternal antioxidant 

administration is effective in the prevention of HPA programming and catecholamine 

biosynthesis. Specifically, this will be achieved via maternal antioxidant 

administration of EGCG or TEMPOL throughout gestation including maternal Dex 

administration (Chapter 4).  

2. Determine if altered epigenetic regulation plays a role in GC-mediated programming 

of the HPA axis, and whether the effects of Dex programming can be reversed. 

Specifically, DNMTi via 5aza2deoxycytidine and HDACi via VPA will be employed 

following Dex programming to determine if increased DNMT or HDAC activity 

potentiate changes in the HPA axis leading to programming, and elevated BP in 

adulthood (Chapter 3).  
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CHAPTER 2: A REVIEW OF CARDIOVASCULAR FETAL 

PROGRAMMING AND THE ROLE OF EPIGENETICS, 

ANTIOXIDANT DEFENSE, AND ROS  

2.1 Role of HPA/SA in Blood Pressure  

The hypothalamic-pituitary-adrenal (HPA) axis and the sympathoadrenal axis (SA) act 

synergistically to activate the fight or flight response in response to a stressor 
17

. There are many 

different types of stress that can challenge the body’s state of homeostasis including mental 

(social, emotional, economic) , physical (diet, restraint, pain, genetics), environmental 

(temperature, oxygen availability, pollutants, drugs) among others 
18–23

.  

The HPA is a stress-activated regulatory system under hormonal control, comprised of 

the paraventricular nerve (PVN) of the hypothalamus, the anterior pituitary, and the adrenal 

glands. Corticotrophin releasing hormone (CRH) and vasopressin, both produced in the 

hypothalamus, activate pituitary corticotropes, thereby stimulating the release of 

adrenocorticotrophic hormone (ACTH) into circulation (Fig 1). ACTH then binds to 

melanocortin type 2 receptors in the adrenal cortex promoting glucocorticoid production and 

release via the cAMP pathway 
19

. GCs such as cortisol in humans, increase blood glucose levels 

by increasing hepatic gluconeogenesis and reducing glucose uptake in skeletal and some adipose 

tissue 
24

. This provides the brain access to energy during times of stress 
24

. Glucocorticoids can 

also modulate vascular reactivity by inhibiting production of prostacyclin and nitric oxide, two 

potent vasodilators 
25

. Furthermore, GCs alter the morphology of endothelial cells and promote 

proliferation 
26,27

. 
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Figure 1. General overview of HPA/SA activation leading to hypertension. 

Stress activates release of corticotropin releasing hormone (CRH) from the hypothalamus, which 

travels to the pituitary gland. This stimulates release of adrenocorticotropic hormone (ACTH) 

into the bloodstream, interacting with receptors in the adrenal cortex. This results in increased 

glucocorticoid (GC) such as cortisol production and release, interacting with the neighboring 

adrenal medulla. In response to GC’s the adrenal medulla increases expression of catecholamine 

biosynthetic enzymes including TH, DBH and PNMT, driving increased CA production, 

predominantly norepinephrine (NE) and epinephrine (Epi). Elevated CAs then drive increased 

cardiac output, blood pressure, respiratory rate, muscle contraction, and glucose and fatty acid 

metabolism among others. Prolonged HPA/SA activation leads to hypertension via this 
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mechanism.  Potential stressors include; dietary, environmental, psychological and physical 

among others. Figure was created using BioRender.  

A primary role of GCs is to promote adrenal epinephrine (Epi) and norepinephrine (NE) 

production via increasing expression of CA biosynthetic enzymes. GCs also increase the activity 

of phenylethanolamine N-methyltransferase (PNMT), the terminal enzyme for catecholamine 

biosynthesis 
28

. Catecholamine biosynthesis begins with tyrosine hydroxylase (TH) and ends 

with PNMT resulting in increased epinephrine synthesis and release from the adrenal chromaffin 

cells (Fig 1) 
29

.  Phenylalanine hydroxylase (PAH) converts phenylalanine to tyrosine which is 

then hydroxylated to form DOPA via TH. DOPA is then converted to the dopamine via a 

decarboxylation reaction by aromatic amino acid decarboxylase (AAAD). Dopamine, a member 

of the catecholamine family acts as a hormone and a neurotransmitter. Within the central nervous 

system, dopamine primarily acts as an excitatory signal when binding dopamine receptors D1 and 

D5 via stimulation of adenylyl cyclase and cAMP production, or inhibitory via D2, D3 and D4 

binding 
30

. These interactions are associated with motor control and the pleasure center among 

others. Dopamine also regulates monoamine neurotransmitters via interaction with the trace 

amine-associated receptor 1. In the cardiovascular system, dopamine interacts with dopamine 

receptors in arteries resulting in vasodilation. It also inhibits the release of norepinephrine, and 

contributes to sodium homeostasis in the nephron 
30

. Dopamine can then be further converted to 

NE also known as noradrenaline via an additional hydroxylation reaction mediated by dopamine 

beta hydroxylase (DBH). Norepinephrine release mirrors epinephrine in many ways resulting in 

sympathetic activation via its interaction with G-coupled receptors; alpha (α1, α2) which are 

inhibitory and beta (β1, β2, β3) excitatory. Its effects include increased cardiac output and blood 

pressure, increased glucose and fatty acid levels in the blood and smooth muscle relaxation 

among others 
31

. The final step in catecholamine biosynthesis involves the transfer of a methyl 
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group to NE by PNMT to produce Epi, also known as adrenaline. Epinephrine binds to both 

types of adrenergic receptors and is responsible for a modulating many of the effects of 

sympathetic activation when binding beta receptors including; increased heart rate, respiratory 

rate, blood pressure, muscle contraction, and glucose and fatty acid availability among others 

(Fig. 1) 
32

. In addition to stimulating CA biosynthesis and sympathetic activation, 

glucocorticoids also regulate the inactivation of the fight or flight response via a negative 

feedback loop 
19

. However dysregulation of GC release such as in times of chronic stress leads to 

increased activation of the HPA-axis despite this negative feedback loop 
33

. 

An additional medium for sympathetic activation and release of GC’s involves the 

sympatho-adrenal (SA) axis which allows for rapid regulation of  blood pressure as well as 

glucose and sodium homeostasis 
34

. As a result, the SA axis is a vital regulator of metabolism 
35

 

and thermogenesis in response to diet and cold exposure
36

. In times of acute stress, the SA axis 

mediates sympathetic activation via the rostral ventrolateral medulla, locus coeruleus and PVN 

to preganglionic neurons located in the spinal cord (Fig. 1) 
19

. The preganglionic nerve fibers 

stimulate the chromaffin cells of the adrenal medulla via the release of acetylcholine (ACTH) 

which then stimulates the release of NE and Epi into circulation. These downstream effectors 

interact primarily with β adrenergic receptors to increase sympathetic activation as mentioned in 

above. As a result, the SA axis is a more rapid response to acute stress as direct neuronal 

stimulation of the adrenal chromaffin cells is achieved. 

2.2 Role of RAAS in Blood Pressure 

The renin-angiotensin-aldosterone system (RAAS) also regulates blood pressure via 

sympathetic activation, fluid volume, and sodium potassium balance via the use of hormones. A 
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drop in blood pressure stimulates stretch receptors in the juxtoglomerular cells (JG cells) of the 

kidney. These cells mediate storage and processing of the enzyme renin.  In JG cells,  pro-renin 

binds to the pro-renin receptor (PRR), resulting in conformational changes producing the active 

renin enzyme 
37

. Renin is released as a result of decreased arterial pressure via baroreceptors, 

low sodium chloride levels via macula densa cells or through sympathetic activation via the β1 

adrenergic receptor. Upon secretion, the aspartyl protease renin catalyzes the cleavage of 

angiotensinogen, releasing angiotensin I (Ang I) from the N-terminus of the circulating 

angiotensinogen protein, produced in the liver 
38

. Interestingly,  pro-renin to PRR association has 

been shown to stimulate MAP  kinases  ERK1/2 mediating changes related to several different 

pathways independent of angiotensin II  activity 
37

. Angiotensin I is then converted to 

angiotensin II (Ang II) via the cleavage of two C-terminus residues by angiotensin converting 

enzyme (ACE) primarily via endothelial cells of various organs 
39

. Ang II mediates increased 

sympathetic activation via interaction with angiotensin II serpentine receptors AT1 and AT2 

(AT1R and AT2R respectively) in the adrenal medulla and sympathetic ganglion as well as 

stimulating baroreceptor reflexes, increasing heart rate 
40

. Activation of the AT1 receptor leads to 

an array of downstream effects via G-coupled protein signal transduction, typically resulting in 

JAK/STAT and MAPK pathway activation 
41

. Binding of Ang II to AT1R leads to activation of 

the sympathetic nervous system, vasoconstriction, increased endothelial ROS production, and 

increased sodium and water retention via mineralocorticoid hormone aldosterone, and the 

antidiuretic hormone vasopressin secretion among others 
42

. Interestingly, binding of AngII to 

AT2R has opposing effects, lowing blood-pressure by promoting natriuresis, manipulating 

potassium and calcium channels as well as vasodilation via nitric oxide (NO) release 
41,43

. AT2 R 

activation also results in inactivation of MAPK, promoting neurogenesis and differentiation, 
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antiproliferative and proapoptotic signals among others 
41

. AT2R  is ubiquitously expressed in 

fetal tissue,  however expression is low in adult tissue 
44

. As a result it is thought AT2R promotes 

stem cell differentiation during development 
45

. The enzyme ACE2 also counteracts the effects 

of ang II via conversion of ang II to ang 1-7. Ang 1-7  then opposes the effects of ang II, in part 

via its antioxidant effects via its association with the Mas receptor, leading to alterations in NO, 

FOXO1 and COX-2 
46

. 

2.3 Hypertension  

Many candidate genes for hypertension have been identified, such as RAAS genes; 

angiotensin converting enzyme (ACE), angiotensinogen (AGT), and the aldosterone synthase 

CYP11B2 
47

, or HPA/SA axis genes such as the beta adrenergic receptor ADRB2, the 

catecholamine secretion protein Vamp1, and PNMT 
48

. There is increasing evidence for elevated 

blood levels of catecholamines in hypertensive human and animal studies 
49,50

.  For example in a 

genetic model of hypertension known as the spontaneously hypertensive rat (SHR), PNMT has 

been shown to be elevated in the adrenal medulla 
51

 and adrenergic neurons 
52

. This has been 

shown to be a result of altered transcription factors promoting gene expression 
53

. Furthermore 

PNMT inhibitors have been shown to lower blood pressure 
54

. TH activity has also been shown 

to be elevated in adulthood in the SHR model 
55

.   TH and PNMT levels have also been shown to 

be elevated in sodium sensitive Dahl rats fed a high salt diet 
56

. Several different categories of 

medications targeting primarily RAAS and HPA/SA pathways have been employed in the 

treatment of hypertension.
 

2.3.1 Current Treatments for Hypertension  

The classical mechanism behind the development of hypertension is a result of increased 
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sympathetic activation leading to elevations in catecholamines such as Epi and NE, driving 

increases in blood pressure 
50

. Indeed in 1976, Axelrod outlined an effective treatment of primary 

hypertension by blocking the effects of Epi and NE via guanethidine, reserpine and methyldopa 

49
. More recently, antihypertensive medications have focused on the treatment of elevated BP by 

targeting two pathways mediating blood pressure: the RAAS and the HPA/SA pathways. Several  

meta-analysis have shown that treatments involving RAAS outperform beta blockers which 

target sympathetic activation 
57,58

. As result RAAS inhibitors next to cardio-selective calcium 

channel blockers are the primary treatment option for hypertension in many parts of the world. It 

remains unclear whether these options which target ACE or angiotensin receptor blockers 

(ARBs) are treating the symptom of high blood pressure or targeting the root cause of the 

disease.  One of the primary reasons why RAAS inhibitors may outperform beta blockers is that 

previous investigations involving beta blockers have studied the use of the second generation 

beta blocker atenolol which is not as effective at reducing central arterial pressure as RAAS 

inhibitors or newer beta blockers 
57–59

 . A newer third generation of beta blocker such as 

Nebivolol inhibits the 1 receptor, decreasing the impact of catecholamines as well as activating 

the 3 receptor promoting vasodilation through nitric oxide potentiation 
59

. However many of 

these drugs lack specificity  as sympathetic activation has many physiological effects beyond 

blood pressure which may be impacted 
32

. 

2.3.2 ROS and Hypertension 

There is significant evidence linking hypertension to increased reactive oxygen species 

(ROS) production leading to tissue damage and altered gene expression 
60,61

. Interestingly ROS 

have been shown to increase PNMT expression
13

 and GC’s are known to elevate ROS 
62

 and 

PNMT 
10

. Reactive oxygen species are a natural by-product of aerobic respiration, mainly 



11 

 

formed in the mitochondria during the reduction of oxygen to water 
63

. Increases in the 

production of ROS occur in response to environmental stressors; when excessive, the result is an 

imbalance between free radical production and their neutralization by antioxidant or enzymatic 

defense pathways. Oxidative stress is the name given to the damaging effects of excess ROS on 

physiological systems, and can result in significant damage to proteins, lipids, and DNA.  

DNA possesses multiple defense and repair mechanisms against oxygen radical damage, 

though these can and do become oversaturated under conditions of high oxidative stress. The 

hydroxyl radical is particularly damaging to DNA.  The formation of 8-OH adduct radicals (such 

as 8-hydroxyguanosine) occurs by OH addition, and H-abstraction by hydroxyl radicals at 

nucleic acid amine centers 
64,65

, forming molecules with high mutagenicity
66

. Single-strand 

breaks are also induced in the DNA backbone strands due to interactions between radical OH 

and the C5’ position; further oxidation can then occur at these SSBs, incurring damage difficult 

to address by normal DNA enzymatic repair systems and thus initiating apoptotic pathways and, 

finally, cell death
64

. While this may have important therapeutic implications in malignant cancer 

cell lines, these effects are devastating when incurred in healthy cells. Fortunately, our 

antioxidant defense pathway is able to prevent the damaging effects of ROS and maintain redox 

homeostasis.  

2.3.2.1 Antioxidant Defense Mechanisms 

Several primary antioxidant enzymes are responsible for combating the majority of ROS 

produced. Superoxide dismutase (SOD) is a scavenging antioxidant enzyme considered to be one 

of the cell’s primary defense mechanism against ROS exposure 
67

. More specifically, it is a 

copper-containing metalloprotein that converts the superoxide radical to the less reactive 

peroxide molecule and oxygen, as per the following reaction 
68,69

: 
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2O2*- + 2H
+
  H2O2 + O2

.
 

Notably, there is a sharp increase in SOD production in the first days of life, corresponding to the 

sudden immersion of the neonate into an oxygen-rich environment 
70

. 

Though not a radical species itself, peroxide forms hydroxyl radicals (OH*) in the 

presence of NADH or ascorbic acid via the Fenton reaction, which is catalyzed by metal ions 

(commonly Fe
2+

 or Cu
+
): 

Cu+/Fe2+ H2O2      2 OH* 

The hydroxyl ion is extremely damaging to lipids, proteins and DNA, oxidizing these molecules 

almost instantaneously upon formation 
71

. As such, the action of enzymes such as glutathione 

peroxidase and catalase on peroxide is essential.  Catalase both oxidizes hydrogen donors 

(utilizing peroxide) and decomposes peroxide into O2 and H2O 
72

 as follows:  

2 H2O2 → 2 H2O + O2 

Glutathione peroxidase then catalyzes the reduction of peroxide to water, using electrons from 

reduced glutathione, as per the following reaction 
73

: 

H2O2 + 2GSH  GS-SG + 2H2O 

2.3.2.2 Dietary Antioxidant Molecules 

 Although robust, the antioxidant defense enzymes also rely on dietary antioxidants to 

combat ROS. There are many different sources of dietary antioxidants and many mixed reviews 

as to their effectiveness on cardiovascular health 
74,75

. Antioxidant therapy may only be effective 

in cases where ROS is implicated in cardiovascular pathology, which may have some exceptions. 

Increasing evidence suggest antioxidants are a useful tool in prevention as opposed to treatment 
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of ROS mediated changes to the cardiovascular system. Several compounds have been studied 

and despite some exceptions, overwhelming evidence supports their beneficial effects on the 

cardiovascular system including their role in cardiovascular fetal programming.  

Lipid peroxidation is one of the most common forms of damage resulting from free 

radical exposure. The polyunsaturated lipid (PUFA) component of membranes is highly 

susceptible to peroxidation, creating a radical chain reaction that easily propagates throughout 

the cell envelope 
76

. Antioxidant molecules obtained through diet, such as vitamin A (beta-

carotene), vitamin C (ascorbate), vitamin E (alpha-tocopherol), sulfur and selenium play a 

crucial role in preserving cell membrane integrity 
77–80

. 

Vitamin C plays a dual antioxidant role, both as a hydrophilic peroxyl radical scavenger 

and as a reactivating agent for vitamin E’s antioxidant abilities 
81

. It has been implicated in 

restoring and preserving endothelial function, and has been shown to improve nitric oxide 

activity 
82

. Vitamin C plays also protective role against oxidative stress in vascular endothelial 

cells; it serves to neutralize ROS via its redox capabilities (which are regulated by intracellular 

glutathione), thus limiting endothelial exposure to these oxidizing species 
79

. 

The in vivo form of vitamin E, alpha-tocopherol, is often utilised as the benchmark for 

serum antioxidant levels. It is lipid soluble peroxyl radical scavenger and is first oxidized and 

then rapidly reduced back to its tocopherol form, most likely by ascorbate 
83–85

. The plasma 

concentration of vitamin E obtained by dietary intake is tightly regulated via liver cytochrome 

P450 metabolism and any excess is beta-oxidized, conjugated and then excreted 
86

. It is 

implicated in many pathways activated during periods of oxidative stress in conjunction with 

other antioxidant systems; however vitamin E’s primary role is to serve as a membrane-PUFA 

protective antioxidant 
87

. 
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Carotenoids (such as beta-carotene, the in vivo form of Vitamin A) are another 

hydrophobic radical scavenger. In vitro, beta-carotene reduces ferric ions, which are one of the 

key catalysts in the lysis of peroxide to hydroxyl ions (as shown above); they also demonstrate 

superior radical scavenging activity when compared to alpha-tocopherol 
88

. 

Sulfur and selenium are two minerals obtained via diet with antioxidant properties. Sulfur 

is a component of glutathione, an essential detoxifying molecule and co-factor to glutathione 

peroxidases. Selenium is incorporated into 25 identified (as of yet) proteins with active 

selenocysteine centers, such as a number of the glutathione peroxidases 
89

. These compounds and 

enzymes play essential roles in mediating and protecting against oxidative stress 
71

. 

 Increasingly, there is convincing evidence for the positive effects of dietary polyphenols 

such as methyl gallate, resveratrol and epigallocatechin gallate (EGCG) on cardiovascular health 

90–95
. Polyphenols can be found in many foods including spices, herbs, nuts,  different fruits 

including grapes and pomegranates as well beverages such as green tea and coffee 
94,96

. Among 

their many cardio-protective properties, polyphenols have been shown to; inhibit platelet 

aggregation 
95

, protect against cardiovascular aging 
90

, and even activation of the transcription 

factor nuclear factor erythroid 2-related factor 2 
92

 an inducer in antioxidant enzyme expression  

97
. Mouse studies have shown the positive effects of EGCG on antioxidant capacity, and also 

highlighted its ability to enhance HPA function 
98

. EGCG has also been shown to prevent 

corticosterone-induced neural injuries by restoring ERK ½ and PI3K/AKT signalling pathways , 

indicating it may be protective in situations of GC overload like elevated maternal stress 
99

. 

2.3.3 Epigenetics and Hypertension 
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In addition to ROS, epigenetic regulation of gene expression is implicated in 

cardiovascular dysfunction 
100

. Epigenetics is the study of a variety of processes which lead to 

heritable changes in genome expression, without changing the actual genome sequence. The 

major epigenetic mechanisms include DNA methylation, histone modification and microRNA’s 

101
. These mechanisms affect overall structure of chromatin and affect access or activity of 

transcription machinery to target genes 
102

.  

2.3.3.1 DNMTs 

Perhaps one of the most prevalent chromosomal modifications is DNA methylation on 

cytosine residues of CpG sites via DNA methyl transferases (DNMTs) 
102

. DNA methylation 

plays a role in many cellular processes such as silencing repetitive and centromeric sequences of 

DNA in both mammals and fungi, X chromosome activation in female mammals, and 

mammalian implanting 
102

. During embryogenesis and gametogenesis, the role of DMNT’s play 

a critical role in gene organization and regulation 
102

. They can be mediated transcriptionally or 

by post-transcriptional means 
103

.  

DNMT’s recognize and bind CpG nucleotides within double-stranded DNA, using it as a 

substrate 
103

. Methyltransferases can be separated into three different categories. DNMT1 is by 

far the most abundant, responsible for maintenance of the existing methylation patterns by 

binding hemimethylated DNA during replication, copying the methylation status of the template 

strand to the newly synthesized DNA strand 
104

. It plays a heritable role in epigenetics, as it 

allows the passing of gene expression profiles to the daughter cell line 
103

. DNMT1 covalently 

binds a methyl group via s-adenosyl methionine the 5’ position of cytosine residues at CpG cites. 

The methyl group typically results in decreased gene expression by inhibiting transcription factor 

binding, although some factors display mixed reactions as Sp1 is able to bypass this repression in 
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some situations 
105

. Although traditionally thought to be repressive, promoter methylation can be 

associated with increased gene expression when associated with a repressor 
106

. A splice variant 

of DNMT1 has also been identified in human cells at approximately 2-5% of the abundance as 

that of the parent protein 
107

.  

DNMT3a and 3b display methylation maintenance activity similar to that of DNMT1, 

however DNMT3a/b also bind equally to unmethylated and hemimethylated DNA, and are 

responsible for methylation maintenance 
103

 and de novo DNA methylation 
104

. As a result the 

DNMT3 enzymes are responsible for environmental feedback to the genome and can be 

implicated in disease 
108

. Interestingly, this class of enzymes has also been shown to catalyze 

dehydroxymethylase activity in vitro, indicating they display bidirectional activity 
109

. Inhibition 

of methyltransferases is typically performed via the use of cytidine analogues such as 

5aza2deoxycytidine (5aza2DC) which incorporates into the DNA and prevents the covalent 

addition of the methyl as the 5’ carbon is now a nitrogen 
110

. 5aza2DC also displays a second 

mechanism of action as the newly incorporated cytidine analogue can covalently bond DNMT’s 

lowering concentrations of soluble DNMT and reducing its availability for further reactions 
110

. 

The expression of many genes implicated in hypertension have been shown to be mediated via 

promoter methylation via DNMTs. As a result, cytidine analogues which inhibit DNMT activity 

may be valuable in combatting hypertension. This includes pathways linked to RAAS (AT1 a and 

b  and ACE1) 
111

, maternal placental protective enzyme 11βHSD2, genes related to ionic 

regulation, inflammation, and vasodilation among others 
111

. Rats injected with the DNMT 

inhibitor 5azacytidine displayed decreased ACE1 promoter methylation and increased ACE1 

mRNA in the lungs and liver 
112

. Furthermore DNMT inhibition has been shown to reverse 

induced cardiac hypertrophy in rats 
113

. DNMT’s have also been shown to be implicated in the 
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regulation of the aldosterone synthase gene CYP11B2 
114

. The HPA axis is also regulated via 

methylation of the corticotropin releasing factor (CRF) gene via the formation of a repressor 

complex between HDAC1, MeCP2 and GR, leading to recruitment of DNMT3B and suppression 

of the CRH gene 
115

. Catecholamine biosynthetic enzymes are also regulated by promoter 

methylation; for example, methylation of the TH promoter reduces binding of Sp1 and inhibiting 

transcription 
16

. DBH is also likely regulated via promoter methylation, as methylation status of 

its promoter has been correlated to altered behaviour in humans 
116

. 

2.3.3.2 HDACs 

Histone modification is another major epigenetic mechanism. Genetic material is 

organized into higher order structures via nucleosomes 
117

. Nucleosomes consist of DNA 

wrapped around a histone octamer, containing four pairs of H2A, H3A, H3 and H4 histones 
117

. 

Nucleosomes not only allow for organization of chromosomes, but allow for selective gene 

expression and transcription 
117

. The modification of histones via acetylation, ubiquitination, 

methylation, phosphorylation, biotinylation, sumoylation and poly-ADP-ribosylation can 

redesign the structure of chromatin in a variety of ways 
118

. The acetylation of histones post-

translationally is carried out at the lysine residues between histones H3 and H4 in the 

nucleosome 
118

. Increased acetylation of histones leads to transcriptional activity, whilst 

decreased acetylation of histones leads to transcriptional repression 
118

. Binding of acetyl groups 

to histone tails is thought to result in a repulsive force between the negatively charged oxygen on 

the acetyl and the oxygen present on the DNA backbone. This repulsion promotes euchromatin 

formation increasing accessibility of replication machinery to the DNA and thus RNA 

expression. Histone deacetylase enzymes modify chromatin structure via the removal of acetyl 

groups from histone tails leading to heterochromatin formation and gene repression. HDACs 
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generally fall under four classes with varying levels of sequence similarity 
119

. In mammalian 

cells, different enzymes responsible for control of nucleosome repression of transcription are 

classified 
120

.  

 As many as eighteen HDAC’s and four classes have been characterized based on their 

similarity to their counterparts found in yeast cells 
121

. Table 1 highlights the role of these 

epigenetic regulators as they relate to the cardiovascular system.  

Table 1. The role of HDACs in cardiovascular function and dysfunction 

Class and Role Member Role Impact on 

Cardiovascular 

System 

Class I 

 

Nucleus 

 

Stem cell 

pluripotency, 

cellular 

differentiation, 

self renewal and 

cell cycle 

regulation
122

 

 

Substrates: 

Histones and 

non-histone 

proteins 

 

 

 

HDAC1 

Cardiac differentiation during 

development vis Nkx2.5 
123

 

Decreases CRH 

expression
124

 

Knockdown decreases 

GR transcription
125

 

 

Inhibition supresses 

mTOR activity in 

cardiac hypertrophy
126

 

HDAC2 Mediates hypertrophic 

responses
127

 

Cardiac 

hypertrophy
128,129

 

 

 

HDAC3 

Cardio myocyte proliferation 

during development [8], [9] and 

heterochromatin organization
132

 

 

Represses GATA-2 (essential for 

hematopoetic stem cell function)
133

 

Cardiac hypertrophy
134

 

HDAC8  Cardiac remodelling
129

 

 

 

Class IIA 

 

Nucleus and 

cytoplasm 

 

 

Substrates: 

Histones and 

non-histone 

 

HDAC4 

Uniquely expression in 

monoaminergic and 

neuropeptidergic neurons
135

 

Neuroplasticity 
136

 

 

 

 

 

 

 

 

HDAC5 

Implicated in scaffold of repressor 

complexes such as sodium calcium 

exchanger (Ncx1) and brain 

natriuretic peptide(Bnp) in the 

heart
137

 

 

Regulates erythropoiesis via 

Chronic stress leads to 

GR dysregulation via 

AMPK inhibition 

increasing HDAC5 

activity and thus 

reduced GR 

transcription
142

. 
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proteins 

(Tubulin, HSP90) 

 

 

 

 

 

 

 

 

 

 

Class IIA 

Continued. 

GATA1
138

 

Haematopoietic stem cell homing 

and engraftment
139

 

 

Supresses cardiac hypertrophy
140

 

 

Represses Kruppel-like factor 2 

(KLF2) and eNOS expression in 

endothelial cells
141

 

 

Knockout results in 

enlarged heart when 

stressed
143

 

HDAC7 Maintains vascular integrity during 

embryogenesis via MMP10 

repression
144

 

 

 

 

 

HDAC9 

 

 

 

Supresses cardiac hypertrophy 
143

 

Inhibits augmentation 

of renal proximal 

tubular 

angiotensinogen which 

causes kidney damage, 

protective in females
145

 

 

Inhibition in 

macrophages is 

atherogenic
146

 

Class IIB HDAC6 Estrogen signalling can effect 

expression
147

 

 

Interacts with GR to alter 

Transcription 
148

 

Pro-proliferative, 

implicated in 

pulmonary 

hypertension
149

 

 

HDAC10   

Class III 

Require NAD+ 

Histone and non-

histone substrates 

DNA repair 

Cellular stress 

Metabolism
150

 

 

 

Sirt1 Sirt 1 

Inhibits oxidative stress in 

endothelial tissue via FOXO, NF-

kB, NOX, SOD, eNOS pathways 
151

 

 

Activates GR transcription 
152

 

Overexpression of 

Sirt1 attenuates Ang II 

induced vascular 

hypertrophy and 

hypertension 
153

 

 

Sirt 1- downregulated 

in rostral ventral 

medulla of SHR rats 

leading to oxidative 

stress 
154

 

Class IV HDAC11 IL-10 and IL-13 expression
155,156
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2.3.3.3 The link between HDAC’s and Hypertension 

The link between HDACs and pulmonary hypertension has become increasingly clear 

with several studies indicating that elevated HDAC levels are correlated with disease 
157

. 

Elevations in HDACs 1 and 5 have been found within the lungs of human idiopathic pulmonary 

arterial hypertension patients as well as heart tissue from hypoxia induced pulmonary 

hypertension in rats 
157

. HDAC inhibition via valproic acid and suberoylanilide hydroxamic acid 

(SAHA) inhibited many of the proliferative traits associated with fibroblasts in pulmonary 

hypertension. This is further supported by its increase in genes associated with apoptosis such as 

p21 and FOXO3 
157

.  HDAC6 has been shown to be upregulated in the lungs and  pulmonary 

artery in both human and animal models 
149

.  Furthermore, elevated HDAC3 activity has been 

linked to decreased SOD3 expression and oxidative damage in human idiopathic pulmonary 

hypertension. This suggests a mechanism for ROS in the development of the disease as 

inhibition with Trichostatin remediated SOD3 expression in pulmonary tissue 
158

. 

Traditionally, HDAC inhibitors increase gene expression; as inhibition of HDAC’s 

prevents the removal of acetyl groups, maintaining histones in the active open position. There is 

evidence that HDACs also impact ROS, and have been shown to alter NADPH oxidase (Nox) 

enzyme expression which is associated with pulmonary hypertension 
159

. HDAC inhibitors 

decrease chromatin accessibility to transcription machinery of the NOX genes including NOX1 

,2,4 and 5 
160

. This was verified via the use of CRISPR-ON promoter to induce transcription of 

the NADPH oxidase genes, which was unable to drive expression during HDAC inhibition 
160

. 

Indicating that HDAC inhibitors may protect against excessive ROS generation.  

There is evidence HDACs may be involved in additional forms of hypertension, and not 

only implicated in the pro-proliferative characteristics of pulmonary hypertension. Dysregulation 
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in the expression of class I and class II a/b HDACS has been described in three different animal 

models of chronic hypertension including SHR, Ang II infused mice, and mice administered L-

NAME 
161

. HDACs also mediate changes in gene expression related to the HPA and have been 

shown to modulate activity of transcription factors involved in the HPA.  HDACi via 

Trichostatin A increases Sp1 activation of the Npr1 promoter. HDAC inhibition blocked the 

association of Sp1 with HDAC1 and 2 and directing binding of  p300 to the Npr1 promoter 

increasing expression 
162

. Additionally, the use of HDAC inhibitors have shown some efficacy in 

combating Cushing’s syndrome, which is characterized with elevated chronic cortisol levels 
163

. 

Interestingly, HDACi impedes GRs role in transcription activation due to increased acetylation 

of GR altering its binding to the promoter of many genes. Mice exposed to Dex, and 

administered the class 1 HDAC inhibitor MS-275 inhibited binding of GR to over 2754 genes 

promoter regions 
163

. Both SP1 and GR are key transcriptional regulators of many of the genes in 

the catecholamine biosynthetic pathway and have been shown to be impacted by HDAC 

inhibition. HDAC’s have also been implicated in GC release as HDAC1 is implicated in the 

CRH negative feedback loop 
124

. The HDAC inhibitor Trichostatin A has been shown to 

attenuate changes in ACTH and corticosterone in plasma samples from cecal ligation procedure 

mice, a mouse sepsis model characterized by altered HPA axis function 
157

. These results suggest 

that HDACi is implicated in modulation of the HPA axis, providing evidence for its role in the 

pathogenesis of hypertensive animal models, especially when considering its effects on GR 

mediated transcriptional activation.  

HDACs also mediate expression of RAAS genes including: angiotensin, renin, AT1R and 

Spry1 during development of the kidney and urinary tract 
164

. HDAC inhibition via valproic acid 

in SHR a genetic model of hypertension resulted attenuation of increases in several hypertensive 
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responses  via the reduction of ROS and AT2R expression in the heart 
15

. The HDAC inhibitor 

Trichostatin A attenuated ang-II induced vasoconstriction and elevated blood pressure by 

inhibiting the activation of p66shc 
165

. Class 1 HDACs have been linked to Ang II mediated 

cardiac fibrosis, and HDAC inhibition prevented fibroblast proliferation by inhibiting p15, p57 

and genes responsible for CDK inhibition 
166

. Furthermore, mice fed a high fat diet showed 

increased HDAC1 and ang II and related receptor expression leading to hypertension which was 

attenuated with VPA 
167

. Taken together, these findings suggest HDAC’s may be implicated in 

both HPA and RAAS pathways, with studies in both areas indicating ROS may play a role.  

2.4 Fetal Programming 

Since its initial discovery, various forms of maternal or fetal stressors that alter the in-

utero environment have been proposed and are suspected to be implicated in the pathogenesis of 

primary hypertension. When timed correctly during gestation, stressors which threaten the 

homeostasis of the mother or fetus can trigger alterations in the offspring’s HPA and RAAS 

pathways later in life 
119

. Examples of stressors include; maternal protein restriction 
168

 or high 

fat diet
169

, maternal physical stress such as restraint 
170

, mental stress such as strobe light 

exposure 
119

, maternal and fetal hypoxia 
171

, or even drug/hormone administration such as Dex 

172
.  

2.4.1 Fetal Programming of the Renin-Angiotensin-Aldosterone System 

Primary hypertension is widely accepted to be a polygenic disorder and likely implicates 

additional pathways outside of the HPA/SA axis. Gene clusters that regulate sodium reabsorption 

and/or that are directly implicated with the regulation of RAAS have as of this writing been 
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identified on chromosomes 1 (ATP1B1, RGS5, and SELE), 2 (SLC4A5), 12, 17 (NOS2A), and 

18 (ADCYAP1) 
173–180

.  

Multiple studies on rats have shown that the offspring of mothers on a low-protein diet 

develop hypertension as adults, exhibiting a greater sensitivity to AngII 
181

. One study on such 

programmed rat models has shown that angiotensinogen and AT1a receptor expression is 

increased in the liver at 1 week of age (normalizing by 12 weeks), while kidney angiotensinogen, 

renin, and AR1a and adrenal AT1a /AT1b and AT2R expression is modified until at least 12 

weeks of age, with a marked increase in adrenal AT1b receptor mRNA/protein expression 
182

. 

Similarly,  progeny from protein-restricted sheep showed a similar increase in AT1R 
183

. It is 

proposed that the  decreased promoter methylation of the AT1b gene  may be responsible for 

programming though the exact mechanism is unknown 
182

. It is important to note that humans 

express only a single variant of the AT1R gene, generally expressed in a pattern resembling the 

AT1a receptor; as such, extrapolation of any data pertaining to the AT1b receptor is difficult, 

though these studies are highly suggestive of the modification of DNA methylation patterns by 

maternal under-nutrition as a mechanism for fetal programming which may be extended to 

humans 
182

. Interestingly, low protein programming for altered AT1R expression has again 

shown to be GC dependent as pre-treatment with metyrapone (inhibitor of cortisol producing 

11βHSD) prevented programming 
184

. Maternal low protein programming has also been shown 

to increase ACE 1 mRNA, and decrease AT2R mRNA in mouse offspring 
185

.  

Low oxygen environments or hypoxia can also lead to RAAS programming as mice 

exposed to fetal hypoxia (such as in preeclampsia) show increased renal renin expression in 

males and females, and AT1R expression in males only 
171

. Maternal antenatal hypoxia increases 
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renin, ACE1, ACE2 and AT1R in offspring lung tissue contributing to pulmonary hypertension 

186
  

Fetal GC exposure has also been linked to RAAS programming and is likely involved in 

many of the programming methods mentioned above. Fetal betamethasone administration  alters 

angiotensin receptor subtypes, increasing AT1R expression  and leading to programming 
187

. 

Interestingly, challenge of offspring with AngII resulted in elevated ROS levels and attenuated 

NO levels compared to control sheep 
187

. A similar study using Dex has been shown to increase 

angiotensinogen, AT1R and AT2R expression in fetal ovine kidney samples 
188

. 

2.4.2 Glucocorticoids and Fetal Programming of the HPA  

Regardless of the type of stressor(s) imposed on the mother and developing fetus, the 

stress hormone, glucocorticoids, appears to be a converging mechanism involved in the fetal 

programming of hypertension 
189

. To a developing fetus, the level and timing of glucocorticoid 

exposure is extremely important. GC’s provide important signals for tissue maturation and 

development, however early and/or excessive fetal GC exposure can program for disease 
190

.   

The ability for GCs to drive tissue maturation  is frequently taken advantage of in medicine to 

promote lung maturation for pre-term infants 
191

. The fetus is normally protected from maternal 

GC exposure via placental enzyme 11βHSD2. In vivo, cortisol and other corticoids are converted 

to their inactive keto form by 11βHSD2 which is found in high levels in the placenta 
192

. This 

enzyme therefore serves a critical protective role to the fetus 
193

. By minimizing the transfer of 

excess GCs from the mother, fetal programming may be attenuated 
193

. Mutations to the 

11βHSD2 gene reduce the enzyme’s efficacy, leading to the increased rate of transfer of GCs to 

the fetus 
194

. In both human and animal models, inhibition or the absence of 11βHSD2 produces 

low birth weight offspring with adult hypertension 
195–198

.  
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 Most fetal tissues express GC receptors (GR) and increased fetal GC exposure increases 

the expression of GR in various tissues in adulthood 
199,200

. The binding of GCs to the GR 

enables the receptor to act as a transcription factor, translocating from the cytoplasm to the 

nucleus where it binds to glucocorticoid response elements (GRE), promoting or inhibiting gene 

expression or interacting with other transcription factors to affect expression 
201

. In addition, GCs 

increase ROS levels which promotes differentiation and impacts gene expression 
202

. As a result, 

early or excessive GC exposure can program for altered gene expression levels later in life and 

affect function of physiological systems, including the HPA as it is regulated in part by GR. For 

example, adrenal catecholamine biosynthetic enzyme PNMT is elevated in adulthood due to 

prenatal GC exposure 
10

. However, in-utero stress has also been shown to upregulate GR 

expression in the amygdala and down regulation in the hippocampus, programming the fetal 

HPA axis for hyperactivity 
189

. In the amygdala, GR have been implicated in a feed-forward 

mechanism, facilitating increased release of CRH in response to stress 
203

. This increase in CRH 

results in increased activation of the HPA axis and an exaggerated stress response 
203

. Overall 

this multi-level programming of the HPA leads to increased CA biosynthesis,  NE and Epi drive 

sympathetic activation and vasoconstriction through interaction beta adrenergic receptors; β1, β2, 

and β3 contributing to the development of hypertension 
10

.  Increased GCs are also thought to 

drive increases in AngII receptor expression of the RAAS pathway in vascular smooth muscle 

cells and inhibit vasodilators such as NO, prostaglandin among others 
204–206

. Furthermore this 

programming effect is transgenerational, being passed onto three generations in a sex specific 

manner 
207

. Postnatal early life stress has shown similar findings and can determine 

glucocorticoid sensitivity and program behaviors as well HPA axis function later in life 
208

.  
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Several other models of maternal stress lead to dysregulation of GCs and HPA 

programming in the fetus. Neonatal rat pups exposed to intermittent hypoxia (a model of apnea) 

displayed elevated ACTH and corticosterone levels when exposed to restraint stress later in life 

209
. A similar finding has been described in sheep as fetal hypoxemia increased circulating 

ACTH, the expression of the ACTH receptor and steroid synthesizing enzymes in the fetal 

adrenal gland 
210

. Maternal nutrient restriction also programs for hypertension and endothelial 

dysfunction in offspring, and the effects are transgenerational 
211,212

. Once again a common 

theme emerges as maternal nutrient restriction has been linked to changes in cortisol levels and 

HPA-axis function 
213

. Not only does maternal nutrient restriction lead to hypertension likely via 

HPA programming, programming is mediated via GCs as maternal food restriction has been 

shown to decrease placental 11βHSD2, increasing fetal GC exposure 
214

.  In an attempt to 

maintain metabolic homeostasis, endogenous GC production is increased in nutrient restricted 

mothers, increasing fetal GC exposure 
215

. Programming models involving maternal 

psychological or physical stress also increase endogenous GC production and overpower the 

catalytic capacity of placental 11βHSD2, increasing fetal GC exposure 
216,217

. Maternal 

psychological stress via a strobe light during late gestation alters HPA function in guinea pig 

offspring, with male offspring showing elevated cortisol 
119,218

. Maternal physical stress such as 

restraint leads to postnatal increases in BP 
219

, likely a result of increase GC exposure due to 

decreased 11βHSD2 mRNA in the placenta. This inhibition of 11βHSD2 may be a result of 

epigenetic regulation as DNMT3a is suspected of methylating the 11βHSD2 promoter leading to 

inhibition 
220

. 

The administration of exogenous GCs such as betamethasone or dexamethasone (Dex) 

mimics this elevated maternal stress signal as they  are not metabolized by 11βHSD2 and thus 
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can pass through the placenta and interact with GR receptors in the fetus 
119

. As a result, these 

exogenous glucocorticoids are often used as they are a more direct, controlled, and quantifiable 

method for programming the HPA 
221

. Overall, evidence suggests that any of the stressors 

previously mentioned implicate GC in fetal programming at some stage, as a result, GC is likely 

a master regulator of hypertensive programming. 

2.4.3 ROS and Fetal Programming  

From a fetal perspective ROS can be beneficial as it is involved in many different 

signaling pathways including  cell proliferation and differentiation 
202,222

. However in higher 

concentrations, fetal ROS can be detrimental, programing the cardiovascular system by 

increasing expression many proteins involved in disease including; proinflammatory cytokines, 

heat shock proteins, and matrix metalloproteinases (MMP’s) 
202

. The embryo possesses limited 

antioxidant capacities and develops in an oxygen-poor (hypoxic) environment
223,224

, resulting in 

a hypersensitivity to insult by oxidative mechanisms. ROS appear to have a programming effect 

on the placenta 
225

 and fetus 
226

, and thus play a role in the onset of these chronic diseases.  

Similar to the programming of epigenetic machinery discussed above, various prenatal 

conditions such as exposure to glucocorticoids (highlighted above), hypoxia, and inadequate or 

excessive nutrition, may result in excessive oxidative stress in the fetus 
202

.  

As the role of ROS in the development of cardiovascular dysfunction has become 

increasingly evident, the focus of many research studies has shifted to preventing increases in 

ROS before it can mediate these damaging programming effects. As a result, recent studies have 

assessed the use of maternal and perinatal antioxidant therapy to attenuate increased ROS present 

in models of fetal hypoxia 
227

, maternal low protein diet 
228

 and glucocorticoid mediated fetal 

programming 
11

 among others. ROS have been shown to regulate factors in catecholamine 
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biosynthesis and vice versa. Previous reviews have solidified the role of GCs in the generation of 

ROS predominantly through increased  metabolic mitochondrial activity 
229–231

. Further, in-utero 

Dex exposure leads to elevations in postnatal ROS levels 
232,233

.  Betamethasone displayed a 

similar effect as fetal exposure elevated ROS levels leading to changes in NO responsiveness 
187

. 

As mentioned previously, ROS have been shown to increase PNMT promoter activity and 

expression in vitro, which may potentiate ROS generation through further GC production 
13

.  

2.4.3.1 Protective Effects of Antioxidants in Cardiovascular Fetal Programming 

Several studies have examined the use of various antioxidants in the prevention of 

cardiovascular programming including; micronutrients (Vit C, E), synthetic antioxidants 

(Lazaroids, TEMPOL), and dietary polyphenols (EGCG).  

Micronutrients are an integral part of our antioxidant defense pathway and it is evident 

that these molecules are crucial for healthy fetal development 
234

. Deficiency in these antioxidant 

molecules during development can program for cardiovascular dysfunction later in life 
234

. 

Perhaps one of the most common and well studied antioxidant molecules; ascorbic acid has been 

shown to prevent fetal programming of the cardiovascular system. Vitamin C has proven 

effective in preventing increased ROS generation, HSP70 expression, aortic wall thickness, 

myocardial contractility, and impaired vessel dilation present in offspring programmed via 

maternal hypoxia 
227,235

. In a similar study, antioxidant supplementation with vitamin C, E, 

folate, and selenium also prevented cardiovascular programming mediated by restricted diet in 

rats 
236

. Studies in rats show that vitamin C and E protect against the perinatal programming 

effects of glucocorticoids 
237

, and prevented irregularities in the aortic lumen and vessel area as 

well as  increases in HSP90 by restoring eNOS expression in the heart 
238

. Perinatal vitamin C 

treatment has also been shown to prevent the development of hypertension in SHR rats, a genetic 
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model of hypertension 
239

. Vitamin E alone has also been shown to reduces atherosclerosis 

lesions in pups programmed via maternal hypercholesterolemic diets  by up to 39% 
240,241

.  

Plant extracts hold many interesting antioxidant compounds that have yet to be 

thoroughly investigated for therapeutic potential in the fetal programming of the cardiovascular 

system. For example polyphenols such as EGCG have been shown to have significant 

antihypertensive properties 
90

 and have even been shown to alter the epigenome 
92,242,243

, and the 

fetal epigenome 
244

. Two studies published recently have investigated the potential of a grape 

skin extract; ACH09, which is high in EGCG, on the fetal programming of the cardiovascular 

system. Programmed increases in oxidative stress, blood pressure and insulin resistance via in-

utero high fat diet was attenuated in rats 
245

. More recently, the same research group was able to 

prevent renal programming via maternal low protein diet with ACH09 supplementation in 

maternal drinking water 
246

. In part these antihypertensive effects are due to a reduction in renal 

oxidative damage via restored catalase activity 
246

. The antioxidant properties of the hormone 

melatonin have also been described as an ability to scavenge ROS and stimulate antioxidant 

enzymes 
247

.  A recent study showed that melatonin prevented fetal hypoxia mediated 

cardiovascular programming in chicks. Interestingly, melatonin therapy attenuated ROS 

generation, altered antioxidant capacity, as well as altered vascular endothelial growth factor 

expression 
248

.  

N-acetylcysteine or NAC has also been employed to combat ROS in cardiovascular 

programming. NAC prevents  programming of arterial contraction via maternal nicotine 

exposure in rats  
249

 .  Postnatal NAC treatment has also been shown to prevent myocardial 

programming and reduce infarction severity when challenged in low-protein programmed pups 

250
. A more recent study showed that NAC prevented hypoxic fetal programming of the 
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myocardium in guinea pigs by attenuating the buildup of MMP9 and collagen known to be 

responsible for cardiac dysfunction 
251

.  

Lazaroids are a class of synthetic antioxidants that also display protective effects in 

cardiovascular programming. Lazaroids combat lipid peroxidation and aid in membrane stability 

and free radical scavenging 
252

. These compounds inhibit lipid peroxidation and are similar in 

structure to glucocorticoids but do not interact with the MN or GC receptor 
252

. Lazaroid diet 

supplementation prevented cardiovascular programming via maternal low protein diet 
228

.  Pups 

which received lazaroid in-utero did not display increased blood pressure or exaggerated AngII 

responses seen in untreated pups. Notably, lazaroids restored glutathione levels in fetuses, which 

may be responsible for its protective effects 
228

.  

A more recent discovery in the field of antioxidant molecules is 4-hydroxy TEMPO or 

TEMPOL, a membrane permeable, stable, superoxide dismutase mimetic that catalyzes the 

degradation of superoxide radicals 
253

. TEMPOL has proven to have some remarkable 

antihypertensive properties. When administered to hypertensive rats TEMPOL significantly 

lowers blood pressure via a reduction in sympathetic activation and improved nitric oxide 

sensitivity among others  
253–255

. In the field of fetal programming, maternal TEMPOL 

administration via drinking water  prevented glucocorticoid mediated cardiovascular 

programming changes in stress response and aortic reactivity in mice 
11

. Similarly, postnatal 

TEMPOL therapy can prevent the onset of hypertension in pups programed via maternal low 

protein diet. In part, TEMPOL reduced renal oxidative stress and prevented immune cell 

infiltration of the kidney which contributes to the development of hypertension 
256

. 

Administration of TEMPOL to rats programmed with restrictive diet during pregnancy (RDP) 

did not display pulmonary vascular dysfunction present in untreated animals. Interestingly, ROS 
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due to RDP leads to dysmethylation in the offspring and to cardiovascular dysfunction which is 

prevented in treated animals 
257

. This indicates a link between ROS and epigenetics in the fetal 

programming of the cardiovascular system. 

2.4.4 Epigenetics in the Fetal Programming of RAAS and HPA Pathways 

 As discussed previously, hypertension implicates epigenetic regulation of various genes 

throughout the HPA and RAAS pathways leading to disease. Interestingly, several fetal 

programing studies have shown cardiovascular programming may be a result of altered 

epigenetic machinery such as HDACs and DNMTs which mediate gene expression changes in 

HPA and RAAS pathways, among others. For example,  early life stress alters DNMT 1 

expression, and affecting HPA axis gene expression 
258

. Several animal studies have also 

highlighted the correlation between early life stress and GR methylation in the hippocampus of 

the brain 
140,259–262

.  Methylation of the GR promoter or the target gene promoter leads to reduced 

GR activity which drives excessive compensatory glucocorticoid production leading to HPA-axis 

dysregulation and an exaggerated stress response later in life 
259,261,263,264

.  Interestingly, early life 

stress leads to decreased binding of MeCP2 to the enhancer region of  arginine vasopressin gene 

(an antidiuretic hormone) in the PVN leading to hypomethylation and HPA axis dysfunction 

later in life 
265

. Early life stress has also been shown to decrease proopiomelanocortin (POMC), a 

prohormone for ACTH via promoter methylation via DNMT1 and HDAC2 
266

. In a low protein 

model of hypertensive fetal programming, undermethylation of the AT1b angiotensin receptor 

gene, increasing expression and thought to be implicated in pathogenesis of hypertension 
182

. As 

discussed previously glucocorticoids are implicated in early life stress and maternal nutrient 

deficiency models of programming and thus likely affect methylation from a fetal programming 

perspective.  Indeed, timed in-utero administration of betamethasone significantly altered global 
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methylation status for various tissues including the adrenal glands in guinea pigs 
12

. As discussed 

previously, additional genetic models of hypertension such as SHR display altered levels of 

HDAC’s contributing to pathophysiology of hypertension 
15

. Additional models such as early life 

stress alter HDAC expression in the brain of stress susceptible mice 
267

. Maternal high fat diet 

has also been shown to effect HDAC expression and activity 
268

.  

2.5 Feedback mechanisms between ROS and Epigenetics  

The overall evidence suggests that glucocorticoids are implicated in many forms of 

cardiovascular programming, and that both ROS and epigenetics become dysregulated in these 

models. There is significant overlap in ROS and epigenetic pathways. As previously discussed, 

epigenetic machinery can mediate changes in ROS via HDAC inhibition of Nox enzymes, and 

increased expression of antioxidant enzymes such as SOD3 
160

. Although epigenetic regulators 

may mediate changes in ROS, the reverse is also increasingly true. Tharmalingam and colleagues 

discuss the role of ROS in influencing these epigenetic regulators including the novel role of the 

production of oxidized lipids such and their inhibitory effects on HDACs 
269,270

. ROS generation 

via Nox has also been shown to increase HDAC and DNMT activity which in turn regulate ROS 

production 
271

. The expression of antioxidant enzymes also impacts HDAC expression, with 

reduced SOD1 leading to reduced HDAC activity and reduced GPx1 displaying the opposite 

effect 
272

. Previous studies discussed elevated ROS leading to increased DNMT activity, 

however the opposite is also true. ROS reduce DNMT activity and result in global 

hypomethylation as DNMTS enter the mitochondria to aid in  DNA damage repair and reducing 

nuclear DNMT activity 
269,273

. Regulation of gene expression via demethylation is also redox 

sensitive. Oxidative stress promotes oxidation of DNA and formation of 5‘hydroxymethyl-

cytosine, a substrate and precursor for the dehydroxymethylase activity of DNMT3a and 3b 
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leading to hypomethylation 
109

. These studies suggest significant overlap in ROS and epigenetic 

pathways and indicate each pathway can impact the other altering gene expression. These finding 

are significant and likely play a large role in HPA axis programming of GC’s which implicates 

ROS and epigenetics in programming.  
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ABSTRACT 

The causes of hypertension are complex and involve both genetic and environmental 

factors. Environment changes during fetal development have been linked to adult diseases 

including hypertension. Studies show that timed in-utero exposure to the synthetic glucocorticoid 

(GC) dexamethasone (Dex) results in the development of hypertension in adult rats. Evidence 

suggests that in-utero stress can alter patterns of gene expression, possibly a result of alterations 

in the topology of the genome by epigenetic markers such as DNA methyltransferases (DNMTs) 

and histone deacetylases (HDACs). The objective of this study was to determine the effects of 

epigenetic regulators in the fetal programming and the development of adult hypertension. 

Specifically, this research examined the effects of the HDAC inhibitor valproic acid (VPA) and 

the DNMT inhibitor 5-aza-2’-deoxycytidine (5aza2DC) on blood pressure (BP) and gene 

expression in prenatal Dex-programmed rats. Data suggest that both VPA and 5aza2DC 

attenuated the Dex-mediated development of hypertension and restored BP to control levels. 
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Epigenetic DNMT inhibition (DNMTi) or HDAC inhibition (HDACi) also successfully 

attenuated elevations in the majority of altered catecholamine (CA) enzyme expression, 

phenylethanolamine N-methyltransferase (PNMT) protein, and elevated epinephrine (Epi) levels 

in males. Although females responded to HDACi similar to males, DNMTi drove increased GR 

and PNMT expression and elevations in circulating Epi in females despite showing normotensive 

BP.  

INTRODUCTION 

Despite many advances in hypertensive research, factors contributing to the development 

of the disease continue to emerge. Increasing significance has been placed on the fetal 

environment in the pathophysiology of the disease. Of particular interest is the role of GCs in 

fetal development and programming 
172

. GCs can stimulate tissue maturation and fetal 

development, however in times of stress, excess production of maternal GC’s can negatively 

impact the fetus, promoting premature tissue development and programing for disease 
172

. As 

outlined in our previous paper, understanding how these changes in the fetal environment affect 

adult gene expression has been key to unravelling the mechanisms involved in the fetal 

programming of hypertension 
10

. Previous research has highlighted a role for ROS in 

programming, however epigenetic modifications such as DNA methylation and histone 

acetylation are suspected to propagate these fetal insults to postnatal health. Increased fetal GC 

exposure may mediate programming through alteration of gene DNA methylation status; studies 

show increased global DNA methylation status in specific tissues, including  the adrenal glands 

following betamethasone administration in guinea pigs 
12

. The adrenal gland is the downstream 

regulator of the HPA axis, responsible for the production of CAs including Epi and 

norepinephrine (NE). Many genes suspected to be implicated in the development of hypertension 
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are regulated via promoter methylation by DNMTs and are present in the adrenal gland 
111,182

. 

Given that GC’s mediate large changes in the adrenal methylation status it is likely a result of 

altered DNMT abundance or activity. DNMTi has been shown to prevent NE induced cardiac 

hypertrophy in rats 
113

, which may provide evidence for DNMT propagating fetal insults via 

GC’s to gene expression changes in adulthood. DNMT’s have also been implicated in a 

pulmonary model of hypertension, where DNMTi was shown to restore SOD2 expression and 

attenuate disease 
274

. DNMT’s have also been shown to mediate changes in mitochondrial 

function in times of stress, leading to altered ROS production 
275

. As a result, not only are 

DNMT’s implicated in hypertensive gene expression changes, DNMTs may also mediate ROS 

through changes in antioxidant enzyme expression patterns, and mitochondrial ROS production. 

HDACs are also involved in the development of hypertension. HDACi via VPA has been 

shown to be effective in attenuating inflammation, hypertrophic and hypertensive responses in a 

spontaneously hypertensive rat (SHR) model of hypertension 
15

. Interestingly, HDACi has 

proven to be effective in remediating hypertension in a rat model of Cushing’s syndrome, 

characterized by excess GC cortisol 
163

. HDACs have also been linked to pulmonary 
157

, high fat 

diet-induced 
276

 , angiotensin II-induced 
277

 hypertension, and HDACi has proved effective in 

treatment of hypertension. HDACi via Trichostatin A administration has also proven effective in 

attenuating neonatal Dex programming 
278

. However, the role of HDACs in GC mediated fetal 

programming of the HPA axis remains unknown. Similar to DNMT’s there is much overlap 

between HDACs and ROS, as HDACs have been shown to promote NADPH oxidase (Nox) 

expression and increase ROS production 
279

. 

This study aims to investigate the role of DNMT or HDAC inhibition in GC-mediated 

fetal programming of hypertension. Specifically, the DNMT inhibitor 5aza2DC and the HDAC 
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inhibitor VPA will be employed in GC programmed adults, to determine if epigenetic inhibition 

can reverse hypertensive programming of CA biosynthesis and overall phenotype.  

 METHODS 

Animals 

Male (n=6) and Female (n=18) Wistar-Kyoto rats were purchased from Charles River 

Laboratories (Montreal, QC, Canada) at 6 weeks of age. Upon arrival, rats were housed in 

groups of 2-3 and allowed to acclimate to their new environment until 10 weeks of age. All 

animals were provided with food and water ad libitum. Procedures were followed as per 

Canadian Council on Animal Care guidelines, and were approved by Laurentian University 

Animal Care Committee. 

Breeding and Experimental Design 

 At 10 weeks of age, a male was housed with a group of three females until vaginal plugs 

were observed (gestational day 0 (GD 0)). Pregnant females were separated, and housed 

individually. They then received a subcutaneous injection of Dex (0.1mg/kg/day in 4% 

ethanol/0.9% saline) or saline injection (4% ethanol/0.9% saline)  from GD -15-21 
10

. Following 

birth, offspring were weaned at 3 weeks of age and split into male and female groups. 

Blood Pressure Measurements 

 The CODA-8 non-invasive volume pressure recording tail-cuff BP system was employed 

to record BP measurements as performed previously 
10,280

. Offspring were acclimated to the 

machine beginning at week 3 and measurements began at week 4 and ran until sacrifice at the 

end of week 14. Animals were also acclimated to the machine for 10 minutes prior to 

measurements. A total of 25 readings were taken per day over the course of 25 minutes, three 
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days of each week were recorded to form an average measurement per week. Measurements 

were recorded prior to any husbandry duties and within the hours of 9am to 6pm to avoid diurnal 

variation in BP. 

Injections 

In this study, offspring from saline and Dex injected dams received injections of VPA or 

5Aza2DC and were categorized into 6 groups (Saline-Control, Dex-Control, Saline-5aza2DC, 

Dex-5aza2DC, Saline-VPA, Dex-VPA); n= 6 animals per sex per group. Beginning at week 12 

(day 78), once Dex-exposed animals displayed elevated BP relative to controls, animals received 

daily injections of saline (0.9%), 5aza2DC (1mg/kg/day; LC Labs) or VPA (250mg/kg/day; 

Cayman Labs) I.P (Fig. 2) for a total of 20 injections by the end of week 14. 

 

Tissue Collection and Extraction 

 Animals were sacrificed upon the completion of week 14 epigenetic inhibitor injections. 

Animals were anesthetized via an injection of 75mg/kg Ketalean (Ketalean; Bimeda, Cambridge, 

ON) and 5mg/kg xylazine (Rompun; Bayer, Etobicoke, ON) I.P.  and sacrificed using 

decapitation 
53

.  Following decapitation, trunk blood was collected into EDTA-coated (10.8mg) 

Vacutainer blood collection vials (Becton Dickinson, Franklin Lakes, NJ, USA) and tissues 

including adrenal glands were harvested and flash frozen on dry ice for future analysis 
10

.  

Adrenal mRNA expression 

Adrenals were homogenized using stainless steel beads, and run in the Tissuelyser 

(Qiagen) with Trizol reagent (Sigma-Aldrich) 
10

. Following RNA extraction, RNA pellets were 

resuspended in DEPC treated nuclease-free water. Quantification of RNA samples was assessed 
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via a Nanodrop 1000 spectrophotometer (260nm). Of the RNA samples, 2μg were then treated 

with DNase I (Sigma) and converted to DNA using M-MLV reverse transcriptase (Promega) 
10

. 

Gene expression was assessed using qPCR with Bioline SensiFast Sybr Lo-Rox mix 

(FroggaBio),and run on a Chromo4 qPCR system (BioRad). Table 1 highlights the primers used 

in qPCR analysis. A custom RT
2 

profiler array (Qiagen) was employed to assess the expression 

of epigenetic regulations and additional antioxidant pathway targets.  Total volume of 15μl for 

qPCR reactions with 7.5ng input cDNA. Primers for PNMT, TH, DBH, GR, EGR-1 SP1, RPL29 

and B-Actin were obtained from Sigma-Aldrich. Fold change was determined using the Ct value 

for each sample via the Pfaffl method 𝑟𝑎𝑡𝑖𝑜 = (𝐸𝑡𝑎𝑟𝑔𝑒𝑡) 𝛥𝐶𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)
/(𝐸𝑟𝑒𝑓) 

𝛥𝐶𝑇𝑟𝑒𝑓(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)
 

281
. qPCR experiments were run in duplicate, with a biological replicate of 

N=6 animals unless stated otherwise.  

 

Western Blot 

The All-Prep kit from Qiagen was employed to isolate protein from half of the remaining 

adrenal gland. Again, homogenization was performed with the Tissuelyser (Qiagen). The protein 

solubilizing buffer was supplemented with DTT to a total concentration of 8mg DTT/ 1mL ALO 

buffer to optimize pellet solubilization. ALO (300μL) was then added to protein pellets and 

samples were sonicated for 10s at 100% amplitude (Sonic Dismembrator 500, Fisher Scientific). 

Following resuspension, samples were stored at -80
o
C until western blot analysis could be 

performed. A total of 5μL of each sample was used for western blot and gels were run as 

performed previously 
10

. Gels were transferred to nitrocellulose membranes. Blots probing for 

DBH were blocked with 2% BSA. Primary antibodies used include: TH (Novus Biologicals), 

DBH (Abcam), PNMT (Abcam), SP1 (Santa-Cruz), GR (Abcam), and GAPDH (Abcam). Based 
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on primary antibody origin, secondaries conjugated to HRP-IgG were used. Blots were incubated 

for 2 minutes with ECL and exposed to a film for band visualization as described by Haan and 

Behrmann 2007 
282

. Quantification was performed using ImageJ (U.S. National Institutes of 

Health, Bethesda, MD, USA) and gels were normalized to GAPDH control. PAH and EGR1 

were not quantified as antibodies suitable for western blot were not readily available. 

Corticosterone and Catecholamine levels 

 Following short term storage on ice, plasma was separated from blood samples via 

centrifugation at 1500g for 20 min and stored at -80
o
C 

10
. Plasma (50μL) was then run through 

the 2-CAT ELISA from LDN (Rocky Mountain Diagnostic, Colorado Springs, CO, USA) to 

quantify plasma Epi and NE levels as per manufacturer’s instructions. The parameter 

corticosterone ELISA from R&D systems (Minneapolis, MN, USA) was employed to assess 

plasma corticosterone levels.  

Quantification and Statistical Analysis 

Statistical computation was performed via the use of GraphPad PRISM software (La 

Jolla, CA, USA). Data is represented as mean +/- SEM, and significance is indicated * P ≤ 0.05, 

** P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. The symbol (*) is relative to Control-Saline group 

and (†) relative to the Dex-Control group. 

RESULTS 

 As expected, Dex programmed males (25.3g) showed reduced body weight shortly after 

birth compared to Saline Control (30.3g) at weeks 3 of age, with females displaying similar 

trends (Fig. 3A) 
53

. Dex programmed males and females continue to display reduced body weight 

compared to controls at week 11, until week 14 when significance is lost, yet the trend remains 
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the same (Fig. 3B-C). By week 11, prenatally Dex-exposed male and female offspring display 

significantly increased BP compared to Saline-Control (Fig. 4A, B). The epigenetic inhibitors 

5aza2DC and VPA were effective in attenuating elevated BP induced by prenatal Dex-exposure 

in adult offspring for both sexes (Fig. 4A, B). 5aza2DC administration in Dex-programmed male 

offspring decreased mean arterial pressure (MAP) from 155mmHg at week 11, to 117mmHg by 

week 14; compared to Dex-Control animals, which displayed a MAP of 140mmHg by the end of 

week 14 (Fig. 4A). 5aza2DC alone did not affect BP compared to Saline-Control (Fig. 4A).  

Similarly, females administered 5aza2DC in the Dex-programmed group decreased MAP from 

131mmHg at week 11 to 117mmHg at week 14; compared to Dex-Control animals which were 

at 134mmHg at the end of week 14 (Fig. 4B).  

VPA administration in programmed male offspring decreased MAP from 140mmHg to 

109mmHg by week 14, while Dex-Control animals maintained elevated MAP of 140mmHg by 

week 14 (Fig. 4A). Similarly, administration of VPA in Dex-exposed females decreased MAP 

from 133mmHg to 112mmHg by week 14 compared to Dex-Control females which displayed a 

MAP of 134mmHg at week 14 (Fig. 4B). 

Gene expression analysis 

The expression of CA biosynthetic enzymes and related regulatory transcription factors 

are shown in figures (5A-F, 6A-F) respectively.  Prenatal Dex-exposure has been shown to 

increase the expression of CA biosynthetic enzymes including TH, DBH and PNMT, particularly 

in males 
10

.  Administration of the DNMT inhibitor 5aza2DC was effective in attenuating some 

of the increased CA enzymes due to Dex-exposure for males only (Fig. 5A, C, E). Male 

offspring within the Dex-5aza2DC group displayed a reduction in the expression of TH (2.3 

fold) and PNMT (1.0 fold), compared to Dex-Control (3.6 and 4.1 fold respectively) (Fig. 5A, 



42 

 

E). DBH remained elevated similar to Dex-Control levels. Interestingly 5aza2DC affected 

female offspring differently than males, as Dex-exposed females maintained elevated expression 

of TH (2.2 fold) PNMT (1.8 fold) and DBH (3.0 fold) expression as compared to the untreated 

Dex-exposed females (Fig. 5B, D, F).   

In contrast to DNMT inhibition, Dex-exposed animals given VPA shows a drastic 

reduction in CA enzyme expression for both sexes (Fig. 5A-F). In males, VPA reduced the 

expression of TH (1.2 fold), DBH (1.2 fold) and PNMT (1.4 fold) compared to Dex-Control 

groups (3.6, 2.7, and 4.1 fold respectively) (Fig. 5A-C). Mirroring male offspring, female 

offspring in the Dex-VPA group show a significant reduction in TH (2.2 fold) and PNMT (1.1 

fold) compared to Dex-Control (3.2, 2.1 fold respectively) (Fig. 5A, E).  Interestingly for male 

and female offspring, animals in the Saline-VPA group displayed significantly elevated levels of 

TH, DBH, and PNMT similar to that of Dex-Control animals (Fig. 5A-F).  

Dex-exposed animals also display significantly increased gene expression levels of 

transcription factors SP1, EGR1, and GR predominantly in males as shown previously 
10

. Both 

VPA and 5aza2DC were largely effective in reducing transcription factor expression levels in 

males. Dex-exposed females do show a trend towards increased SP1 and GR expression although 

not statistically significant (Fig. 6B, F).  

Treatment with 5aza2DC in prenatally Dex-exposed male offspring decreased the 

expression of SP1 (1.3 fold), EGR1 (1.0 fold), and GR (1.1 fold) to levels comparable to Saline-

Control (Fig. 6A, C, E). In response to 5aza2DC, Dex-exposed female offspring did not show 

significant changes in transcription factor expression with the exception of elevated GR (2.1 

fold) although the result is not significantly different then the Dex-Control group (1.4 fold) (Fig. 

6F).  
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VPA reduced the expression of SP1 to (0.9 fold), EGR1 (0.5 fold), and GR (1.3 fold) in 

males as compared to Dex-Control levels and are comparable to Saline-Control (Fig. 6A, C, E). 

Interestingly female offspring in the VPA-Dex (3.6 fold) group display elevated EGR1 compared 

to Saline-Control and Dex-Control (1.1 fold) groups (Fig. 6D).  

Protein expression 

 Prenatal Dex-exposure increased protein levels for CA biosynthetic enzymes TH (2.4 

fold), DBH (2.0 fold), and PNMT (2.0 fold) in males, but not females (Fig. 7A, C, E). Control-

Dex females do display an increasing trend in PNMT though not significant (Fig. 7F). 

Administration of 5aza2DC did not attenuate TH (2.8 fold) or DBH (2.2 fold) protein levels, 

however it was effective in reducing PNMT (1.3 fold) (Fig. 7A, C, E).  5aza2DC did not display 

a significant effect on protein levels in programmed and unprogrammed female offspring (Fig. 

6B, D, F).  

Similar to the DNMT inhibitor, VPA, was largely effective at reducing PNMT protein 

levels in males (1.1 fold) compared to Dex-Control group (2.0 fold) (Fig. 7E). Both TH (2.4 

fold) and DBH (1.8 fold) remained elevated and were comparable to Dex- Controls (2.2 and 2.0 

fold respectively) (Fig. 7A, C).  Interestingly, elevated mRNA expression of CA genes in 

unprogrammed males administered VPA matched elevated protein levels; TH (2.3 fold) and 

DBH (2.3 fold), with PNMT displaying a similar trend although it did not reach statistical 

significance (Fig. 7A, C, E). 

Contrary to gene expression results, prenatal Dex-exposure did not program for increased 

protein levels of SP1 in adult males or females (Fig. 8A, B). Males exposed to Dex do show a 

trend for elevated GR levels (1.7 fold) but not females (Fig 8C). Administration of the DNMT 
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inhibitor 5aza2DC reduced GR protein levels (1.0 fold) in programmed males compared to Dex-

Control (1.9 fold) (Fig. 8C). 5aza2DC administration in females however did not significantly 

alter GR protein levels (Fig. 8D). 

VPA was effective in reducing Dex driven increases in GR protein levels (0.7 fold) 

compared to Dex-Control (1.9 fold) in males (Fig. 8C). VPA did not have an impact on 

prenatally Dex-exposed female offspring transcription factor expression (Fig. 8D). Moreover, 

VPA-Saline male offspring show significantly increased SP1 levels (1.7 fold) and a trend 

towards elevated levels of GR (Fig. 8A, C) with females displaying a similar trend in SP1 

expression (Fig. 8B).  

Plasma Catecholamines 

There was no significant change in corticosterone levels between treatment groups 

detectible with ELISA, however changes in CA levels were detected following treatment with 

inhibitors of DNMT and HDAC. 5aza2DC was effective in reducing male Epi levels (from 

7.1ng/mL to 5.0ng/mL) to that of Saline-Control (4.8ng/mL) (Fig. 9A), however in females, 

5aza2DC administration increased Epi levels (9.2ng/mL) above Dex-Control animals (6.7ng/mL) 

(Fig. 8B). VPA was particularly effective in reducing Epi levels for both males (from 7.1ng/mL 

to 4.1ng/mL) and females (from 6.7ng/mL to 3.7ng/mL) as compared to Dex-Control groups 

(Fig. 9A, B).  

 Interestingly, Dex-exposed offspring displayed a reduction in plasma NE levels; male 

(3.5ng/mL) and female (5.2ng/mL) compared to Saline-Control (6.5ng/mL and 8.3ng/mL 

respectively) (Fig. 9C-D). 5aza2DC increased NE levels above Saline-Control for males 
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(10.2ng/mL) and females (10.8ng/mL) and as a result the levels are significantly different than 

Dex-Control animals (Fig. 9C-D).  

VPA administration resulted in NE levels comparable to Saline-Control for 

unprogrammed and programmed male offspring (5.4ng/mL and 5.3ng/mL respectively) (Fig. 

9C). Females however maintain a decrease in NE in the VPA-Dex group (3.5ng/mL), 

significantly decreased from Saline-Control (8.3ng/mL) and comparable to that of Dex-Control 

(5.2ng/mL) (Figure 9D). 

Additional mechanisms in GC mediated FP of hypertension 

 The results from the RT
2
 profiler array suggest distinct differences in oxidative stress 

markers between Control-Dex and Control-Saline groups predominantly in male offspring. 

Prenatal Dex-exposure increased the expression of catalase (CAT) (1.7 fold), Noxa1 (5.2 fold), 

SOD1 (2.1 fold) in males and not females (Fig. 10A-H). 

 5aza2DC was effective in reducing altered ROS related genes in Dex-exposed offspring 

as CAT (1.1 fold), Noxa1 (1.7 fold) and SOD1 (1.5 fold) to expression levels comparable to 

Saline-Control (Fig. 10A, E, G), with the exception of GPx1 which remained unchanged (Fig. 

10C). Programmed females in the 5aza2DC-Dex group display different trends than males. No 

change was seen with CAT and Noxa1, however GPx1 (4.5 fold) and SOD1 (3.2 fold) were 

increased compared to Saline-Control and Dex-Control (Fig. 10D, H). SOD1 was also 

significantly increased in unprogrammed 5aza2DC-Saline females (2.2 fold) compared to Dex-

Control but not significantly different then Saline-Control (Fig. 10H).  

 VPA was effective in reducing altered expression of CAT (1.1), Noxa1 (1.3), and SOD1 

(1.1) in Dex-exposed offspring (Fig. 10A, E, G). Again, GPx1 expression was not recovered in 
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this group with VPA (0.5) and remained reduced compared to Saline-Control (Fig. 10C). In 

unprogrammed males that received VPA injections, a significant increase in CAT expression 

(1.6) was found as compared to Saline-Control (Fig. 10A). VPA-Saline males show a similar 

trend for increased Noxa1 expression (3.2), however results did not reach significance (Fig. 

10E).  

 Programmed females that received VPA injections did not display significant changes in 

the expression of CAT, GPx1 or Noxa1 compared to the Dex programmed group (Fig. 10B, D, 

F). Interestingly unprogrammed females that received VPA displayed elevated SOD1 expression 

levels (2.6 fold) compared to Saline-Control and Dex-Control (0.6 fold) (Fig. 10H).  

 Dex-exposure resulted in significant changes in HDAC expression levels in male 

offspring including; HDAC 1 (1.8 fold), 5 (1.5 fold), 6 (1.6 fold), 7 (1.8 fold), and 11 (1.9 fold) 

(Fig. 11A, C, E, G, I). Dex programmed females displayed similar trends as males in HDAC 6 

and HDAC 7, with HDAC7 (2.1 fold)  reaching significance (Fig. 11F, H) 

Interestingly 5aza2DC was effective in reducing Dex-mediated altered HDAC expression 

(Fig. 11A-J) with the exception of HDAC 7 for males and females (Fig. 11G-H).  

 Similar to 5aza2DC, Dex programmed male offspring that received VPA injections 

display significantly reduced expression of HDAC 1, 5, 11 and also reducing HDAC 7 compared 

to Dex-Control (Fig. 11A, C, E, G, I). Females also show a similar trend as males as both HDAC 

6 and 7 were reduced to control (Fig. 11F, H). VPA-Saline males did not show any significant 

changes in HDAC gene expression compared to Saline-Control animals.  

DISCUSSION   
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Epigenetic inhibition through DNMTi via 5aza2DC or through HDACi via VPA 

attenuated the GC-mediated FP of the HPA axis particularly in male offspring. Male offspring 

showed a significant reduction in  majority of the CA enzyme and transcription factor mRNA 

gene expression, a reduction in PNMT protein levels and a reduction in circulating Epi and BP. 

Females also display similar trends in response to VPA, however 5aza2DC actually increased 

expression of CA enzymes and increased plasma Epi, suggesting sex-specific responses to 

epigenetic inhibitors; however BP remained at control levels indicating it was effective in 

attenuating hypertension to some extent, potentially through alternate mechanisms. 

Epigenetic inhibitors attenuate GC-mediated Fetal Programming of Blood Pressure and Impact 

on Body Weight 

There is evidence that epigenetics is implicated in hypertension and is suspected to be 

involved in GC-mediated FP of hypertension. Epigenetic inhibitors were employed to investigate 

the link between epigenetics and GC-mediated programming of the HPA. Histone acetylation 

generally promotes euchromatin conformation promoting gene transcription by allowing access 

to the gene for transcription machinery. As a result, histone deacetylation via HDACs 

canonically leads to heterochromatin formation and gene silencing, however HDACs have also 

been shown to promote gene expression in some cases 
283,284

. VPA mediates HDACi and thus 

gene activation by reducing protein activity, potentially via binding to the catalytic centre 
285

. 

VPA exhibits HDACi across several classes of HDACs including class 1 and some class 2 

HDACs (1-5,7) and is a more potent inhibitor of class IIb HDACs  (6,10) 
286

.  VPA also displays 

some activity outside of HDACi, and HDACs can deacetylate proteins other than histones to 

alter activity.  
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DNMTi via 5aza2DC is a result of the cytidine analogue replacing native cytosine 

residues during replication. DNMT then binds these altered bases resulting in covalent bond, 

decreasing soluble DNMT concentrations
287

. Furthermore there is evidence that azacytidines 

increase proteasomal degradation of DNMTs, as a result multiple mechanisms are likely 

involved 
287,288

. The reduction in soluble DNMT is thought to lead to hypomethylation and gene 

activation. Consequently, DNMTi should promote gene activation, although this is not always 

the case. There is evidence that 5aza2DC can induce chromatin remodeling and promote gene 

activation by altering histone methylation status 
289

. Antithetically, DNMTi may also reduce 

gene expression when reduced promoter methylation allows increased repressor protein binding 

290
. 

Previous studies have shown GC exposure during the third trimester of pregnancy leads 

to the development of hypertension in adulthood 
10,172

.  Indicative of in-utero Dex exposure, 

programmed animals display decreased birth weight 
189

.  In our current study, as expected, Dex 

programming has reduced male and female offspring body weight up until week 11, before 

epigenetic inhibitor administration (Fi. 2A-B). Animals at week 14 did not display significant 

differences in body weight however this is likely not due to epigenetic inhibitor administration as 

treatment groups remain similar to Control-Dex animals (Fig. 3C).   However, interestingly 

epigenetic inhibition successfully attenuated GC-mediated changes in BP. Following epigenetic 

inhibitor administration at the end of week 14, both 5aza2DC and VPA reduced BP down to 

control levels in males and females (Fig. 4A-D), attenuating the hypertensive phenotype and 

confirming a role for epigenetics in GC programmed hypertension. Previous evidence has 

highlighted a role for epigenetics in the development of hypertension in SHR 
15

. Additionally 

evidence has linked prenatal GC exposure to altered methylation that is tissue specific in guinea 
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pigs 
12

. This study describes a novel method of attenuating postnatal increases in BP as a result 

of GC-mediated FP in rats via HDACi or DNMTi.  

The role of epigenetics in CA biosynthesis in GC programmed offspring (mRNA and Protein) 

 Methylation of CA enzyme promoter regions is suspected to alter gene expression and 

binding of transcription factors. In a human cell line, TH has been shown to contain a CpG site 

which can be methylated, altering Sp1 binding, and DNMTi via 5aza2DC increased TH 

expression 
16

. DBH promoter methylation has also been suggested to modulate expression and 

affect behaviour 
116

. PNMT may be regulated by promoter methylation however this has yet to 

be investigated. 

Interestingly, inhibition of methylation via 5aza2DC or HDACi via VPA significantly 

attenuated the majority of programmed elevations in CA enzymes in males including TH, DBH, 

PNMT, SP1, EGR1, and GR (Fig. 5A-F, 6A-F). In females, DNMTi did not attenuate CA 

enzyme programming however HDACi was effective (Fig. 5B, D, F). Interestingly in both sexes, 

the administration of VPA without prior prenatal Dex-exposure significantly increased CA 

enzyme expression, in many instances above that of Dex alone (Fig. 5A-F). HDAC6 has been 

shown to bind GR forming a repressor complex which has the potential to inhibit CA enzyme 

expression as they are regulated by GR 
148

. As a result, inhibition of HDAC’s via VPA may 

serve to increase active GR by preventing formation of the repressor complex, although this 

remains unknown. Furthermore Dex has been shown to increase this association between 

HDAC6 and GR increasing repression of GR target genes, however the impact of Dex on this 

association has not been studied from a FP perspective 
148

. HDACs also catalyze deacetylation of 

proteins outside of histones and can contribute significantly to cell signalling mechanisms 
291

. 

GR is one such protein and can be deacetylated directly by HDACs (1, 2, and 3) altering how GR 
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impacts transcription 
163,292

. Studies in a rat model of Cushing’s syndrome show HDACi 

abolished hypertension potentially via inhibition of GR activity by increasing its acetylation 

directly 
163

.  As a result, it is difficult to determine whether HDACi impacts CA enzymes and 

transcription factor expression, or transcription factor binding activity through direct association 

and repression, or by catalyzing acetylation and activity.  Elucidating the mechanisms leading to 

altered CA enzyme expression is difficult, however evidence suggests a potential role for Dex-

HDAC-GR interactions.  

Interestingly, changes in CA enzyme expression due to either epigenetic inhibitor only 

resulted in reduced PNMT and GR protein levels as TH and DBH remained elevated (Fig. 7A-

F). Altered expression of miRNA may explain differences in gene and protein levels; indeed 

miRNA have been shown to alter CA synthesis and secretion, and additional regulatory 

mechanisms are likely involved 
293

. miRNA have also been shown to regulate 

corticosteroidogenesis 
294

, dopamine synthesis 
295

 and transport 
296

 TH levels 
297

, SP1 
293

, and GR 

levels 
298

. 

Importantly, the reduction in PNMT protein resulted in reduced plasma Epi levels for 

males given VPA or 5aza2DC. VPA also mirrored these results in females. Interestingly, 

5aza2DC increased plasma Epi for Dex-exposed females. This was unexpected as PNMT mRNA 

and overall BP is comparable to control animals. The protective role of estrogen in GC-mediated 

FP is complex. Estrogen has been shown to alter the expression of epigenetic regulators 

including HDACs and DNMTs, and the presence of ER on a gene promoter has been correlated 

with its methylation status 
299

. Estrogen has also been implicated in complex cycling of gene 

methylation/demethylation via DNMTs and inhibition of this cycling resulted in transcriptional 

activation 
300

.  This type of complex transcriptional regulation may account for estrogen’s 
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protective effects on programming. Furthermore, if the protective effects of estrogen, specifically 

with respect to Epi synthesis or degradation involve DNMT mediated changes in gene 

expression, it is plausible that this may explain the effects of 5aza2DC on Epi in Dex 

programming. Furthermore, estrogen  plays a protective role on the cardiovascular system via its 

ability to reduce ROS production and increase antioxidant enzyme levels 
301

. ROS levels impact 

gene expression and have been shown to alter the expression of PNMT 
13

.  

Dex-exposure results in reduced NE levels (Fig. 9A-B), potentially a result of increased 

PNMT to mediate conversion of NE to Epi. When given 5aza2DC, both sexes display increased 

NE above that of control, indicating a potential build-up of substrate for Epi synthesis. 

Conversely, VPA decreased NE levels, comparable to control in males, and NE remained 

reduced and comparable to Dex alone in females (Fig. 9B). Again it is not surprising that NE 

levels differ between sexes in Dex-exposed animal given VPA, since as mentioned previously 

estrogen can alter HDAC expression among others 
299

.  

The relationship between ROS and epigenetics in the fetal programing of hypertension 

Increased GCs drive increased metabolic activity and thus mitochondrial ROS 

production
231

 and these changes in ROS may mediate FP via GC, however the mechanism 

remains undetermined. Evidence for both ROS and epigenetic dysregulation has been described 

in hypertensive models 
11,12,15,233,274

. There is significant overlap between ROS and epigenetic 

gene regulation in hypertensive programming as either pathway can alter the other. For example, 

ROS produced via NADPH oxidases (Nox) increase DNMT and HDAC activity, which in-turn 

can silence or upregulate Nox depending on the protein 
302

. HDACi has proven to reduce Nox 

expression and ROS production in a rat model of pulmonary hypertension 
159

. Expression of 

antioxidant enzymes also impact the expression of epigenetic machinery. Increased expression of 
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SOD1 and GPx1 alters histone acetylation and methylation differentially, however if it occurs 

through histone acetyltransferase or HDAC or another mechanism regulation is unknown 
290

. 

This study shows that Dex-exposure resulted in significant changes in antioxidant and pro-

oxidant enzyme expression as well as altered HDAC expression. Interestingly 5aza2DC 

attenuated dysregulation of antioxidant/oxidant enzyme expression in males including CAT, 

Noxa1, and SOD1 but not GPx1 (Fig. 10), indicating that altered expression of these enzymes 

due to GC programming involves DNMTs. Interestingly, females which generally do not display 

dysregulation of ROS pathways in response to Dex show that 5aza2DC in combination with 

Dex-exposure significantly increases antioxidant enzymes Gpx1 and SOD1 (Fig. 10B, D).  

Taken together, these results indicate a potential link between antioxidant response to Dex-

exposure and DNMTs, with sex-specific responses. It is possible that elevated SOD1 and 

reduced GPx1 act together in association with increased Noxa1 in Dex programmed males to 

drive altered HDAC expression as seen (Fig. 11A, C, E, G, I), and thus impacting gene 

expression within the CA biosynthesis pathway. How DNMT’s are implicated in this pathway 

and whether ROS is upstream of epigenetic regulation remains to be determined. Inhibition of 

either epigenetic machinery, or ROS has proven effective in remediating programming effects in 

previous studies. HDACi via VPA has been shown to decrease ROS and the Nox catalytic 

subunit gp91phox in SHR 
15

 and to reduce programmed ROS production due to low protein 

maternal diet 
303

. Furthermore maternal antioxidant administration has been shown to prevent 

GC-related programming in mice 
11

. 

CONCLUSION 

The FP of hypertension via GCs involves both ROS and epigenetics in the pathology of 

adult disease. Specifically, GC FP results in dysregulation of ROS through altered expression of 
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CAT, Gpx1, SOD1 and Noxa1, and implicating epigenetic regulators including HDACs and 

DNMTs. HDACi and DNMTi are effective in attenuating HPA axis programming of CA 

biosynthetic enzymes including PNMT, the production of CAs including Epi, and attenuating the 

hypertensive phenotype particularly in male offspring. It is clear that both epigenetics and ROS 

are connected and drive expression of each other. This feed-forward loop appears to be 

implicated in the pathogenesis of Dex-mediated hypertension. When combined with previous 

studies, targeting this mechanism at the level of ROS or epigenetics are effective in remediating 

altered expression of key regulators in both pathways and preventing or attenuating GC mediated 

FP of hypertension. 

 

 

 

 

 

 

 

Table 2. Primer specification and qPCR parameters 

Gene 

target 

Primer 

Sequences 

Amplicon 

Size (bp) 

Amplification Conditions cDNA 

Input 

(ng) 

Primer 

Input 

(nM) 

 

PAH 

NM_0

12619

.2 

 

F:GCTGCTAAG

C 

TAGACACCTC

A 

 

105 

 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 60°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

 

7.5 

 

600 
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R:CTTGTTTCC 

TGCCCAAAGT

CT 

 

 

6. Go to line 2, 39 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

 

TH 

L2265

1 

 

F:GCGACAGAG

TCTCATCGAG

GAT 

R:AGAGCAGG

TTGAGAACAG

CATT 

 

150 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min 

 5. Plate read  

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

 

7.5 

 

600 

 

DBH 

NM_0

13158 

 

F:TTCCCCATG

TTCAACGGAC

C  

R:GCTGTGTAG

TGTAGACGGA

TGC 

 

240 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

 

7.5 

 

600 

 

PNM

T 

X753

33 

 

F:CATCGAGGA

CAAGGGAGAG

TC 

R:GCAGCGTCG

TGATATGATA

C 

 

219 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 60°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

6. Go to line 2, 39 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

7.5 300 

 

SP1 

D127

68.1 

F:CAGACTAGC

AGCAGCAATA

CCA 

R:TGAAGGCCA

AGTTGAGCTC

CAT 

 

224 1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

 

7.5 

 

600 

 

EGR1 

AY55

1092.

1 

 

F:TTTCCACAA

CAACAGGGAG

AC  

 

 

261 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

 

7.5 

 

600 
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R:CTCAACAGG

GCAAGCATAC

G 

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

 

GR 

NM_0

12576

.2 

 

F:TGCTGGAGG

TGATTGAACC

C 

 

R:TCACTTGAC

GCCCACCTAA

C 

 

 

111 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

7.5 600 

 

Beta 

Actin 

NM_0

31144 

 

F:TCTGTGTGG

ATTGGTGGCT

CT 

R:GACTCATCG

TACTCCTGCTT

G 

 

 

83 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

7.5 600 

 

RPL2

9 

NM_0

17150 

 

F:TGAGAGGTA

GGGTCCCGTTT 

R:TCAGTTCTG

GGACCTGACC

A 

 

144 

1. 95°C, 2 min  

2. 95°C, 1 min  

3. 58°C, 1 min  

4. 72°C, 1 min  

5. Plate read  

6. Go to line 2, 29 more times  

7. Melting Curve from 55- 

95⁰ C, read every 1°C, hold 

10 sec 

7.5 600 

 

 

 

 

FIGURES 
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Figure 2. Schematic of fetal programming and epigenetic inhibitor administration. 

Figure 2. Schematic of fetal programming and epigenetic inhibitor administration.  

Pregnant WKY dams received 100ug/kg/day dexamethasone S.C from gestational days 15-21. 

Pups exposed to Dex in-utero are shown in black. Weekly BP measurements were taken from 

weeks 4-14. Injections with the DNMT inhibitor 5aza2DC or VPA began at week 12 until 

sacrifice at the end of week 14.  Adrenal glands were collected for protein and gene expression 

analysis, and plasma was collected for catecholamine analysis.   
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Figure 3. Animal Body Weights 

Figure 3. Animal Body Weights. 

 Male and female body weights of Dex programmed offspring at week 3 after birth (A), before 

administering drugs week 11 (B) and after receiving 5aza2DC or VPA via daily injections (I.P.) 

from weeks 12-14 at week 14 (C). N=6 Two-way ANOVA (Fisher LSD test): statistical 

significance is represented as * P = 0.05, ** P = 0.01, ***P = 0.001, ****P = 0.0001. The 

3.A 
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symbol (*) indicates significance relative to Saline-Control. Plot wings represent min and max 

values within each group.  N=6 per group.  
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Figure 4. Mean Arterial Pressure of Dex programmed offspring exposed to epigenetic inhibitors in adulthood 

Figure 4. Mean Arterial Pressure of Dex programmed offspring exposed to epigenetic 

inhibitors in adulthood.  

4.A 
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Mean arterial pressure of Dex programmed offspring given 5aza2DC or VPA in males (A) or 

females (B) via daily injections (I.P.) from week 12-14. Measured using the CODA8 BP monitor 

from Kent Scientific. N=6 Two-way ANOVA (Fisher LSD test): statistical significance is 

represented as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001, ****/†††† P≤0.0001. Saline-Control 

and Dex-Control are shown here for reference and results have been described previously. The 

symbol (*) indicates significance relative to Saline-Control and (†) indicates significance relative 

to Dex-Control.  Data are presented as mean +/- SEM.  N=6 per group.  
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Figure 5. Relative mRNA expression of catecholamine biosynthetic enzyme expression (2
-ΔΔCt

). 

 

Figure 5. Relative mRNA expression of catecholamine biosynthetic enzyme expression (2
-

ΔΔCt
).  

5.A 
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qPCR gene expression of catecholamine biosynthetic enzymes including tyrosine hydroxylase 

(TH) (A, B), dopamine beta hydroxylase (DBH) (C, D), and phenylethanolamine N-

methyltransferase (PNMT) (E, F) for males and females respectively. Two-way ANOVA (Fisher 

LSD test): statistical significance is represented as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001, 

****/†††† P≤0.0001. Saline-Control and Dex-Control are shown here for reference and results 

have been described previously.  Data are presented as mean +/- SEM. The symbol (*) indicates 

significance relative to Saline-Control and (†) indicates significance relative to C. N=4-6 per 

group 
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Figure 6. Relative mRNA expression of catecholamine biosynthetic enzyme transcription factor expression (2-ΔΔCt). 
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Figure 6. Relative mRNA expression of catecholamine biosynthetic enzyme transcription 

factor expression (2
-ΔΔCt

). 

 qPCR gene expression of catecholamine biosynthetic enzymes transcription factor including; 

specificity protein 1 (SP1) (A, B), early growth response 1 (EGR1) (C, D), and glucocorticoid 

receptor (GR) (E, F) for males and females respectively. Two-way ANOVA (Fisher LSD test): 

statistical significance is represented as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001. Saline-

Control and Dex-Control are shown here for reference and results have been described 

previously. Data are presented as mean +/- SEM. The symbol (*) indicates significance relative 

to Saline-Control and (†) indicates significance relative to Dex-Control. N=3-6 per group. 
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Figure 7. Quantification of catecholamine biosynthetic enzyme protein levels 

Figure 7. Quantification of catecholamine biosynthetic enzyme protein levels.  

Western blot analysis of; tyrosine hydroxylase (TH) (A, B), dopamine beta hydroxylase (DBH) 

(C, D), and phenylethanolamine N-methyltransferase (PNMT) (E, F) for males and females 

respectively. Two-way ANOVA (Fisher LSD test): statistical significance is represented as * P = 

0.05, ** P = 0.01. Saline-Control and Dex-Control are shown here for reference and results have 

6.A 
7.A 
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been described previously. Data are presented as mean +/- SEM. The symbol (*) indicates 

significance relative to Saline-Control and (†) indicates significance relative to Dex-Control. 

N=3-6 per group. 
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Figure 8. Quantification of catecholamine biosynthetic enzyme transcription factor protein levels from offspring adrenal gland. 

Figure 8. Quantification of catecholamine biosynthetic enzyme transcription factor protein 

levels from offspring adrenal gland.  

Western blot analysis of specificity protein (SP1) (A, B), glucocorticoid receptor (GR) (C, D) for 

males and females respectively. Two-way ANOVA (Fisher LSD test): statistical significance is 

represented as */† P≤0.05. Saline-Control and Dex-Control are shown here for reference and 

results have been described previously. Data are presented as mean +/- SEM. The symbol (*) 

indicates significance relative to Saline-Control and (†) indicates significance relative to Dex-

Control. N=3-6 per group. 
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Figure 9. Plasma Catecholamine Levels 

Figure 9. Plasma Catecholamine levels.  

Results from plasma catecholamine ELISA for epinephrine (A,B) and norepinephrine (C, D) for 

males and females respectively.  Two-way ANOVA (Fisher LSD test): statistical significance is 

represented as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001, ****/†††† P≤0.0001. Saline-Control 

and Dex-Control are shown here for reference and results have been described previously. Data 

are presented as mean +/- SEM. The symbol (*) indicates significance relative to Saline-Control 

and (†) indicates significance relative to Dex-Control. N=4-6 per group. 
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 Figure 

10. Antioxidant and ROS related gene expression results from the RT2 profiler array (Qiagen).   
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Figure 10. Antioxidant and ROS related gene expression results from the RT
2
 profiler 

array (Qiagen).  

 Quantification of qPCR gene expression which showed significance from the RT
2
 profiler array 

including; catalase (CAT) (A), glutathione peroxidase 1 (GPx1) (B), NADPH oxidase activator 1 

(Noxa1) (C) and superoxide dismutase 1 (SOD1) (D). Two-way ANOVA (Fisher LSD test): 

statistical significance is represented as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001, ****/†††† 

P≤0.0001. Saline-Control and Dex-Control are shown here for reference and results have been 

described previously. Data are presented as mean +/- SEM. The symbol (*) indicates 

significance relative to Saline-Control and (†) indicates significance relative to Dex-Control. 

N=3-5 per group. 
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Figure 11. HDAC gene expression results from the RT2 profiler array (Qiagen).   

Figure 11. HDAC gene expression results from the RT
2
 profiler array (Qiagen).   

Histone deacetylase (HDAC) 1 (A), HDAC5 (B), HDAC6 (C), HDAC7 (D), HDAC11 (E) for 

males and females. Two-way ANOVA (Fisher LSD test): statistical significance is represented 

as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001, ****/†††† P≤0.0001. Saline-Control and Dex-

Control are shown here for reference and results have been described previously. Data are 

presented as mean +/- SEM. The symbol (*) indicates significance relative to Saline-Control and 

(†) indicates significance relative to Dex-Control. N=3-5 per group. 
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ABSTRACT  

The field of cardiovascular fetal programming has emphasized the importance of the 

uterine environment on postnatal cardiovascular health. Studies have linked increased fetal 

glucocorticoid exposure, either from exogenous sources (such as dexamethasone (Dex) 

injections), or from maternal stress, to the development of adult cardiovascular pathologies. 

Although the mechanisms are not fully understood, evidence suggests glucocorticoid-mediated 

increases in reactive oxygen species (ROS) and epigenetic changes could lead to altered gene 

expression and cardiovascular programming 
280

. Recent studies have focused on attenuating 

alterations in fetal ROS exposure before cardiovascular programming can occur. Naturally 

occurring polyphenols such as epigallocatechin gallate (EGCG) have shown promise in the 

prevention of cardiovascular dysfunction and programming. Other studies have examined the use 

of synthetic antioxidants such as the superoxide dismutase (SOD) mimetic TEMPOL in the fetal 

programming of hypertension. This study investigated maternal antioxidant administration with 

EGCG or TEMPOL and their ability to attenuate the fetal programming of hypertension via Dex 

injections in WKY rats.  

Results from this study indicate that while Dex-programming increased blood pressure in 

male and female adult offspring, administration of EGCG or TEMPOL via maternal drinking 

water attenuated Dex programmed increases in blood pressure, and changes in adrenal mRNA 

and protein levels of catecholamine biosynthetic enzymes phenylalanine hydroxylase (PAH), 

tyrosine hydroxylase (TH), dopamine beta hydroxylase (DBH) and phenylethanolamine N-

methyltransferase (PNMT) in a sex-specific manner. Furthermore, programmed male offspring 

displayed reduced antioxidant glutathione peroxidase 1 (Gpx1) expression, increased superoxide 

dismutase 1 (SOD1) and catalase (CAT) expression, and increased pro-oxidant NADPH oxidase 
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activator 1 (Noxa1) expression. In addition, prenatal Dex exposure alters expression of 

epigenetic regulators histone deacetylase (HDAC) 1,5,6,7,11, in male and HDAC7 in female 

offspring. These results suggest that glucocorticoids may mediate the fetal programming of 

hypertension via alteration of epigenetic machinery and oxidative stress pathways.  

INTRODUCTION 

 Hypertension is a primary risk factor in the development of cardiovascular disease 

(CVD), which remains the leading cause of death globally as of 2016, accounting for a total of 

15.2 million deaths worldwide 
1
. Understanding the mechanisms behind the development of 

hypertension has remained elusive, although research has highlighted the role of physical 

activity, sex, ethnicity, heredity, diet, and age.  Increasing evidence suggests that the in-utero 

environment can play a role in post-natal health. Studies show that an adverse fetal environment 

can program for cardiovascular dysfunction later in life 
9
. Fetal adaptation to insults such as 

stress leads to disease; this field known as fetal programming has uncovered a unique origin in 

the pathology of hypertension, which holds therapeutic potential for prevention of adult disease.  

Maternal insults such as malnutrition or stress can permanently alter tissue structure and 

function, programming for cardiovascular dysfunction in the fetus 
189

. Understanding the effect 

of the maternal stress response on the fetus is key as ultimately many of these maternal insults 

lead to elevated stress, increasing the production of the hormone cortisol following 

hypothalamic-pituitary-adrenal (HPA) axis and sympathetic activation 
189

. This maternal stress 

can be simulated via the maternal administration of exogenous glucocorticoids such as 

betamethasone or dexamethasone (Dex) 
304

.  
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Administration of Dex during the third trimester of pregnancy has been shown to alter the 

expression of catecholamine biosynthetic enzymes in adult offspring, leading to elevated plasma 

epinephrine and contributing to hypertensive programming 
10,280

. Elevated plasma 

catecholamines have been linked to individuals with primary hypertension and likely plays a role 

in pathogenesis 
50

. Catecholamine biosynthetic enzymes include: TH which converts L-Tyrosine 

to L-Dopa, DBH which then forms norepinephrine from Dopamine (a derivative of L-Dopa), and 

PNMT which converts norepinephrine to epinephrine. Glucocorticoids (GC) bind glucocorticoid 

receptors (GRs), forming a GR/GC complex which alters gene expression by binding 

glucocorticoid response elements (GRE) in gene promoter regions, including catecholamine 

biosynthetic enzymes 
10,189

.  Recent research has described changes in epigenetic regulators such 

as HDAC’s and DNMT’s which appear to be implicated in programming 
280

. Furthermore, a link 

between these epigenetic regulators and oxidative stress has been highlighted 
280

.  

ROS has been shown to impact PNMT expression potentially leading to elevated 

catecholamines, and glucocorticoids are known to increase ROS 
13

. Administration of Dex has 

been shown to significantly increase ROS production in rat hippocampal slice cultures via 

interaction with GRs resulting in increased expression of NADPH oxidase (Nox) and reduced 

expression of glutathione peroxidase (GPx) 
62

. Research has also linked in utero Dex exposure to 

elevated superoxide (O2
-
) and hydrogen peroxide (H2O2) leading to cardiovascular programming 

in sheep 
232

. ROS may also be implicated in propagating changes in gene expression into 

adulthood as ROS can alter epigenetic process’ such as DNA methylation and histone 

modifications 
305

. 

Research has yet to fully understand the effects of glucocorticoid programming on 

catecholamine biosynthetic enzyme expression and the protective effect antioxidants may 
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display. Despite strong evidence for a connection, the role of ROS in the glucocorticoid-

mediated fetal programming of hypertension is unclear. Some studies have attempted to uncover 

this connection via the use of maternal antioxidants throughout programming 
11

. Dietary 

antioxidants such as polyphenols provide an ideal solution as they are readily available and have 

displayed cardioprotective properties 
90,95

. Furthermore, since glucocorticoids increase O2
-
 and 

H2O2, it is important to employ an antioxidant that combats these ROS 
306

. Polyphenols are ideal 

as they are potent radical scavengers of  hydroxyl radicals, superoxide, and several reactive 

nitrogen species 
307,308

. Furthermore, they can be administered non-invasively such as 

supplementation of maternal drinking water for the prevention of cardiovascular programming 

245,246
.  

In addition to naturally occurring antioxidants, synthetic antioxidants are useful in 

targeting specific ROS and investigating their impact on fetal programming. TEMPOL or 4-

hydroxy TEMPO is  a membrane permeable, stable, SOD mimetic that catalyzes the degradation 

of superoxide radicals 
253

. TEMPOL has proven to have some remarkable antihypertensive 

properties; when administered to hypertensive rats TEMPOL significantly lowered blood 

pressure and has been shown to improve nitric oxide sensitivity 
253,255

. In the field of fetal 

programming, Roghair and colleagues showed that maternal TEMPOL treatment via drinking 

water attenuated glucocorticoid- mediated cardiovascular programming in mice 
11

.  

Recent data highlights a connection between epigenetics and oxidative stress in the 

glucocorticoid mediated fetal programming of hypertension 
280

. Specifically, the use of postnatal 

epigenetic inhibitors including DNMTi or HDACi attenuated hypertensive programming and 

displayed alterations in oxidative stress enzymes including CAT, Noxa1, Gpx1, and SOD in 

adrenal tissue 
280

. The aim of this research is to unravel the interaction between ROS and 
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glucocorticoids in the fetal programming of hypertension. Specifically, maternal antioxidant 

administration with EGCG or TEMPOL was employed to determine if ROS are implicated in the 

glucocorticoid-mediated fetal programming of hypertension. 

 

METHODS 

Animals 

Animal care procedures were approved by Laurentian University Animal Care 

Committee, in accordance with the Canadian Council on Animal Care. Wistar-Kyoto rats; male 

(N=6) and female (n=18), were purchased from Charles River Laboratories (Montreal, QC, 

Canada) at 6 weeks of age. Rats were fed standard rat chow from Harlan Tekland (Indianapolis, 

IN, USA) ad libitum.  

Breeding, Glucocorticoid and Antioxidant administration 

Rats were left to acclimate for four weeks until they reached 10 weeks of age. Males 

were then introduced to females until vaginal plugs were observed. Pregnant females were then 

singly housed for the remainder of the pregnancy. Following copulation, pregnant rats were 

randomly assigned  (n=6) to specific treatment groups: Control (water), TEMPOL (1 mmol/L; 

Sigma-Aldrich)
309

, or  0.1% EGCG (458mmol/L; Toronto Research Chemicals). Dosing of 

EGCG and TEMPOL was based on previous studies and is within the range of equivalent human 

physiological dose 
11,310

. Antioxidants solutions were made fresh daily and were added to 

drinking water at 6pm each day.  

The three previous groups of dams (N=6) (Control, TEMPOL, and EGCG) were then 

further subdivided to make 6 groups in total (N=3). Three dams from each group received a 



77 

 

saline vehicle injection (4% ethanol/0.9% saline solution) and the remaining received 

dexamethasone (0.1 mg/kg per day) S.C. from GD (15-21) as described previously 
10,280

. 

Offspring from each dam were then randomly chosen within their respective group to form the 

offspring groups: Control-Saline, Control-Dex, EGCG-Saline, EGCG-Dex, TEMPOL-Saline, 

TEMPOL-Dex (n=6) (Fig. 12). 

Blood Pressure 

Pups from each group were sexed and weaned at 3 weeks of age and separated into 

groups of 2-3. Body weight was recorded from week 3 forward to reduce early life handling 

stress which has been shown to impact HPA-axis which may skew results 
260

. Blood pressure 

measurements were recorded using the non-invasive volume pressure recording tail-cuff blood 

pressure system (CODA 8; Kent Scientific, Torrington, CT, USA) as described previously 
10,280

. 

The CODA 8 high throughput system involves the animal being placed into a plexiglass tube and 

gentle warming on the warming pad provided. Pups were acclimated to restraint and the blood 

pressure system for a week before measurements (week 3) and for 10 minutes prior to recording 

each day’s measurements. Blood pressure was measured thrice a week from weeks 4-14, as 

previously described 
10,280

. Care was taken to ensure measurements were taken prior to any 

husbandry practices and between 9am and 6pm to prevent natural diurnal fluctuations in blood 

pressure. 

Tissue Collection and Extraction 

At week 14, offspring were anesthetized via I.P. injection of a solution of 75 mg/kg 

Ketalean (Ketalean; Bimeda, Cambridge, ON) and 5 mg/kg xylazine (Rompun; Bayer, 

Etobicoke, ON) 
53

. Animals were then sacrificed using decapitation; trunk blood was collected 
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and put on ice. Tissue including adrenal glands were extracted and immediately frozen on dry ice 

as performed previously 
10

.  

Adrenal mRNA expression 

 The left adrenal from each animal was homogenized using the Tissuelyser (Qiagen) with 

Trizol reagent (Sigma-Aldrich) as previously described 
10,280

. Total RNA was extracted, 

resuspended in DEPC treated nuclease-free water, and RNA concentration determined using a 

Nanodrop 1000 spectrophotometer at an absorbance of 260 nm. To ensure there was no genomic 

DNA contamination following RNA extraction, samples were treated with the DNase I kit 

(Sigma).  RNA was then converted to cDNA using M- MLV reverse transcriptase (Promega) 
10

. 

The expression of catecholamine biosynthetic enzymes and related transcription factors was 

determined by qPCR (Bioline SensiFast Sybr Lo-Rox mix; CSA-01195 FroggaBio), using the 

Chromo4 qPCR thermocycler (BioRad). Primers used have been outline previously 
280

. 

Expression of additional epigenetic and ROS related targets were assessed using a custom RT
2 

profiler array (Qiagen).  Samples were run using 7.5 ng input cDNA with a total volume of 15 

μL reactions. Primers for PNMT, TH, DBH, GR, EGR-1 SP1, RPL29 and B-Actin were obtained 

from Sigma-Aldrich. Fold change was quantified using the Ct value for each sample via the 

Pfaffl method 𝑟𝑎𝑡𝑖𝑜 = (𝐸𝑡𝑎𝑟𝑔𝑒𝑡) 𝛥𝐶𝑇𝑡𝑎𝑟𝑔𝑒𝑡
(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)

/(𝐸𝑟𝑒𝑓) 𝛥𝐶𝑇𝑟𝑒𝑓
(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)

 
281

. All samples 

were run in duplicate, with a biological replicate of N=6 animals unless otherwise stated. 

Western Blot 

Western blot was performed as described previously 
280

. In summary, protein was 

extracted from the right adrenal gland of the offspring using the All-Prep kit (Qiagen) 
280

. 

Samples were homogenized using the Tissuelyser (Qiagen) and protocol followed as per 
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manufacturers instructions. DTT was added to the final protein solubilizing buffer (ALO) to a 

concentration of 8 mg DTT/1 mL ALO which aided protein pellet solubilization. Samples were 

resuspended in 300 μL of ALO buffer, sonicated (10s at 100% amplitude, Sonic Membrator 

Model 500 Fisher Scientific) to aid in pellet solubilisation, then stored at -80
o
C until use. 

Western blot was performed using an input of 5 μL of sample as performed previously 
10

, and 

transferred onto PVDF membranes. and gels Membranes were blocked with 5% milk, except for 

the DBH membrane which was blocked in 2%BSA. Antibodies specific for TH (Novus 

Biologicals) (1:4000), DBH (1:1000), PNMT(1:500), GR (1:1000), GAPDH (Abcam) 

(1:250000), and SP1 (Santa-Cruz) (1:250) were incubated overnight at 4
o
C. Secondary 

antibodies conjugated to HRP-IgG (anti-rabbit or anti-mouse) were incubated for 1h at room 

temp and used according to primary antibody origin. Membranes were then incubated with ECL 

for 2 minutes (as described by Haan and Behrmann 2007) 
282

  and exposed to a film (CL-

XPosure Film 34091, Thermo Scientific . Quantification of bands was performed using ImageJ 

(U.S. National Institutes of Health, Bethesda, MD, USA). All protein quantified were normalized 

to GAPDH. Western blot for PAH and EGR1 was not performed due to the lack of suitable 

primary antibodies for analysis. 

Corticosterone and Catecholamine levels 

 Blood was collected in EDTA-coated Vacutainer blood collection vials (Becton 

Dickinson, Franklin Lakes, NJ, USA) and centrifuged at 1500 g for 20 min as performed 

previously 
10

. Plasma was then isolated and frozen at -80
o
C until use. Epinephrine and 

norepinephrine levels were quantified using the 2-CAT ELISA from Labour Diagnostika Nord 

(LDN) (Rocky Mountain Diagnostic, Colorado Springs, CO, USA). For each sample, 50 μL of 

plasma was thawed on ice and used in the ELISA as per manufacturer’s instructions. 
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Corticosterone levels were determined using the Parameter corticosterone ELISA from R&D 

systems (Minneapolis, MN, USA).  

Quantification and Statistical Analysis 

All data is represented as mean +/- SEM. Statistical analyses were performed using 

GraphPad PRISM software (La Jolla, CA, USA) via two-way ANOVA (Fisher’s LSD test) and 

values with a P ≤ 0.05 were considered significant. 

RESULTS 

Physiological Measurements  

As reported previously
280

, Dex-exposed males displayed decreased post-natal weight at 3 

weeks compared to saline control. (Fig. 13 A).  Maternal supplementation with the antioxidant 

EGCG had no effect on postnatal weight compared to saline control; however, did impact rats 

prenatally exposed to Dex, recovering body weight comparable to saline control animals (Fig. 13 

A, C).   In contrast, maternal TEMPOL supplementation in the saline group increased post-natal 

weight of males at 14 week, and attenuated Dex-mediated reductions in body weight at week 3 

(Figs. 13A, C). In Dex-exposed females, TEMPOL increased weight at week 3 compared to both 

saline and Dex control groups (Fig. 13B). 

Prenatal Dex exposure increased mean arterial pressure (MAP) in both male (140 mmHg) 

and female (125 mmHg) rats at 14 weeks of age compared to saline (103 mmHg and 95 mmHg 

respectively) (Fig. 14A, B) as described previously 
280

. Maternal supplementation with EGCG or 

TEMPOL alone did not affect blood pressure of male or female offspring and were comparable 

to Control-Saline (Fig. 14A, B). However, EGCG attenuated prenatal Dex-induced increases in 

blood pressure in both males and females by week 14 (Fig. 14A, B). The maternal administration 
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of the antioxidant TEMPOL also prevented elevated blood pressure in both males and females 

(Fig. 14A, B). 

Transcript Analysis  

Saline and Dex control data has been previously reported with the exception of PAH and 

is provided for reference 
280

. Male Dex-exposed offspring displayed increases in the expression 

of PAH (2.5 fold) compared to control (Fig. 15A). Previous data has shown similar trends in the 

expression of TH, DBH, PNMT  genes in the Dex-exposed offspring compared to the Control-

Saline group (Fig. 15C, E, G) 
280

. Female Control-Dex offspring also displayed similar trends 

with an increase in PAH (4.1 fold) compared to saline control (Fig. 15B). Once again similar but 

less robust changes in the expression of TH, and PNMT  (Fig. 15B, D) were observed which have 

been described previously 
280

.  

EGCG alone had no effect on gene expression in unprogrammed male or female 

offspring. However, EGCG attenuated Dex-mediated increases in PAH (1.1 fold), TH (1.2 fold), 

DBH (1.6 fold), PNMT (1.1 fold) in males (Fig. 15A-H). This is in contrast to Dex exposed 

females, which only displayed a slight attenuation in TH expression (1.5 fold) (Fig. 15D). 

Females in the EGCG-Dex group also showed a reduction in PAH expression from Control-Dex 

(2.6 fold from 4.1 fold) offspring, which remains significantly elevated compared to control (Fig. 

15B).  In contrast to males, EGCG administration resulted in further increases in DBH 

expression in Dex exposed females (2.7 fold) then even Control-Dex (1.7 fold) animals (Fig. 

15F).   

Administration of TEMPOL alone did not alter the expression of catecholamine 

biosynthetic enzymes in males, however interestingly females displayed increased TH 
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expression (1.9 fold) compared to Control-Saline (Fig. 15D). Similar to EGCG administration, 

TEMPOL attenuated Dex-programmed increases in catecholamine related enzymes; PAH (1.2 

fold), TH (1.8 fold), DBH (2.0 fold), and PNMT (1.4 fold), however DBH and TH remain 

elevated compared to control in males (Fig. 15A, C, E, G). Dex-exposed females however 

present more complicated catecholamine producing enzyme expression patterns when given 

TEMPOL. Similar to EGCG, TEMPOL diminished Dex-mediated increases in female PAH 

expression (2.2 fold from 4.1), however it remained elevated compared to control (Fig 15B). In 

contrast to males, TEMPOL was not successful in attenuating increased TH expression in Dex-

programmed females which is increased further from Control-Dex (2.5 fold from 1.7) (Fig. 

15D). Similar to males, TEMPOL was effective in preventing increased PNMT expression in 

Dex exposed females compared to the Control-Dex group (down to 1.5 from 2.2 fold) (Fig. 

15H).  

Saline and Dex control transcription factor data as been previously reported and has been 

provided for reference
280

. Prenatally Dex-exposed male offspring also displayed altered 

expression of transcription factors including increased expression of SP1, EGR1, and GR (Fig 

16A, C, E) 
280

. Dex-exposed females display similar trends in the expression of SP1 and GR, but 

not EGR1 compared to control (Fig. 16B, D, F). EGCG alone did not impact the expression of 

transcription factor in either sex (Fig. 16A-F). However, EGCG was successful in preventing 

Dex-mediated increases in SP1 (1.3 fold), EGR1 (1.5 fold) and GR (1.1 fold) (Fig. 16A, C, E) in 

males but not females. EGCG-Dex females displayed trends in elevated SP1 (1.4 fold) and GR 

(1.7 fold) expression compared to control although not significant (Fig. 16B, D).   

TEMPOL alone did not significantly alter the expression of any transcription factors for 

either sex. Furthermore, similar to EGCG, TEMPOL attenuated the increased expression of SP1 
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(1.3), EGR1 (1.8 fold), and GR (1.1 fold) in Dex-exposed male offspring and expression levels 

are comparable to control groups (Fig. 16A, C, E). In Dex-exposed females, TEMPOL has 

trended for reduced SP1 expression (1.3 fold) (Fig. 16A). However, EGR1 (2.4 fold) and GR (1.8 

fold) maintain elevated trends in expression that have not reached significance over control 

animals (Fig 16C, E).  

Protein Analysis 

Saline and Dex control data has been previously reported and is provided for reference 

280
. Prenatal Dex-exposure increased protein levels for catecholamine biosynthetic enzymes TH 

DBH, and PNMT in males, but not females (Fig. 17A, C, E). Control-Dex females do display an 

increasing trend in TH and PNMT though not significant (Fig. 17B, F). 

EGCG alone did not significantly alter protein level for catecholamine enzymes in males 

or females. Interestingly, EGCG attenuated elevated levels of TH (0.7 fold) and DBH (1.7 fold) 

but not PNMT (2.7 fold) in Dex-exposed males (Fig. 17A, C, E). Like males, EGCG-Dex 

females displayed increased levels of PNMT (2.4 fold) compared to control (Fig. 17F). 

TEMPOL alone did not result in increased protein levels of catecholamine enzymes. Like 

EGCG, TEMPOL prevented Dex-mediated increase in TH (0.6 fold) and DBH (0.9 fold) but also 

PNMT (1.4 fold) in males (Fig. 17A, C, E). In females exposed to Dex, a significant reduction in 

TH levels (0.3 fold) were seen with TEMPOL (Fig. 17B). 

Once again saline and Dex control data has been provided for reference
280

. Contrary to 

gene expression results, prenatal Dex-exposure did not program for increased protein levels of 

SP1 in adult males or females (Fig. 18A, B). As shown previously males exposed to Dex do 

show elevated GR levels (1.7 fold) but not females (Fig 18C). No significant results were found 
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between EGCG-Dex and control in male offspring, however EGCG-Dex males display a trend 

towards increased GR (2.1 fold) compared to control (Fig. 18C). In contrast, EGCG in 

combination with Dex resulted in a trend for increased SP1 (1.6 fold) and significantly increased 

(2.1 fold) GR in females (Fig. 18B, D). 

Once again contrary to gene expression data, TEMPOL alone significantly increased SP1 

levels in males (2.1 fold) and females (1.8 fold) but no change in GR (Fig. 18A-D). In 

combination with Dex, TEMPOL administration resulted in a trend in GR levels comparable to 

control in males (1.1 fold) and increased in females (2.0 fold) (Fig 18C, D).  

Plasma Corticosterone and Catecholamines  

There was no significant change in corticosterone levels between treatment groups 

detectible with ELISA, however changes in catecholamine levels were detected as discussed 

previously 
280

. EGCG alone did not alter epinephrine levels in either sex. However, EGCG 

attenuated increases in epinephrine for Dex-exposed males (3.4 ng/mL) and females (4.6 ng/mL) 

(Fig 19A, B). Like EGCG, TEMPOL alone had no effect on epinephrine levels for either sex and 

was successful in attenuating Dex-mediated increases in epinephrine levels for males (5.3 

ng/mL) and females (5.0 ng/mL) (Fig 19A, B). 

Previous results have shown that in contrast to epinephrine levels, there is a reduction in 

norepinephrine levels in response to prenatal Dex-exposure in males and females 
280

. EGCG 

alone did not affect norepinephrine levels in male offspring; however, it did significantly reduce 

levels (3.7 ng/mL) in females compared to control (8.3 ng mL), which was comparable to 

Control-Dex (5.2 ng/mL) (Fig. 19D). EGCG maintained norepinephrine levels in males (5.4 

ng/mL) and females (6.5 ng/mL) exposed to Dex compared to Control-Dex offspring (Fig 19C, 
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D).  Finally, TEMPOL alone did not alter norepinephrine levels for either sex, and when 

combined with Dex did not decrease norepinephrine levels in males or females compared to 

saline control (Fig. 19C, D).  

RT
2
 profiler array 

Overall, an increase in the expression of CAT, NOXA1 and SOD1 was observe in Dex-

exposed males and not females (Fig. 20A-H) 
280

. Furthermore, Dex-exposure resulted in 

decreased GPx1 expression in males (Fig. 20C)
280

. Interestingly, EGCG and TEMPOL restore 

expression levels of CAT (1.4 and 1.3 fold), GPx1 (0.9 and 0.9 fold), NOXA1 (2.2 and 2.0 fold) 

and SOD1 (1.1 and 1.3 fold) (Fig. 20A-D) compared to Control-Saline in male offspring (Fig. 

20A, C, E, G). Dex-exposed females display significantly increased expression of SOD1 when 

combined with EGCG (1.3 fold) or TEMPOL (1.3 fold) compared to Dex alone (0.6) but were 

not statistically different then Control-Saline (Fig. 20H). 

As discussed previously, epigenetic regulators HDACs(1,5,6,7,11) displayed increased 

expression in Dex-exposed males, with females reaching significance in HDAC7 alone (Fig. 

21A, C, E, G,H, I),  
280

. EGCG or TEMPOL alone did not alter HDAC expression levels apart 

from TEMPOL increasing HDAC5 in males (1.5 fold) (Fig. 21C). Both EGCG and TEMPOL 

attenuated Dex-mediated increases in HDAC7 in male (1.3 and 1.1 fold) and female (1.3 and 1.4 

fold) offspring (Fig. 21G, H). Similar trends in attenuated expression when administered EGCG 

or TEMPOL can be seen in HDAC1 ,6 and 11 although not as robust (Fig. 21A, E, I).  

DISCUSSION  

 Prenatal exposure to Dex has previously been shown to reduce birth weight and result in 

increased blood pressure, mRNA and protein levels of catecholamine biosynthetic enzyme 



86 

 

levels, as well as circulating levels of epinephrine 
10

.  Previous research has highlighted altered 

levels of epigenetic machinery which are likely implicated in these programming effects 
280

. 

Amongst increases in the expression of epigenetic regulators such as HDACs 1,5,6,7,11, 

evidence for alterations in ROS production and antioxidant pathways were discovered which 

include CAT, Gpx1 Noxa1 and SOD1 
280

. Therefore, it is likely that both epigenetics and ROS 

are implicated in the fetal programming of hypertension via glucocorticoids.  The  exact 

mechanism by which ROS contribute to programming remains unknown 
11,233

. Von Bergen and 

colleagues describe Dex-mediated increases in mitochondrial H2O2 production from complex I in 

programmed sheep 
233

. Interestingly these animals show increased catalase activity in an attempt 

to compensate for increased hydrogen peroxide production 
233

. Dex has also been shown to 

reduce GPx mRNA and increase Nox expression in vitro, further highlighting a role for 

superoxide in programming 
62,306

. Glucocorticoids also lead to elevated ROS and reactive 

nitrogen species through non-genomic regulation of inducible nitric oxide synthase (iNOS) 
231

. 

Once elevated, ROS alter catecholamine producing enzyme production including PNMT, likely 

driving increased catecholamine production 
13

. 

Results from the current study show that maternal administration of antioxidants, EGCG or 

TEMPOL, attenuate the development of the hypertensive phenotype, highlighting the role of 

ROS in glucocorticoid-mediated fetal programming. Specifically, antioxidants were effective 

particularly in males, in preventing decreased bodyweight at week 3, most altered enzyme 

expression, and protein levels as well as restoring plasma catecholamine levels in response to 

prenatal Dex-exposure. 
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EGCG and TEMPOL Attenuate Programmed Hypertensive Phenotype 

Low birth weight is indicative of Dex-mediated fetal programming of hypertension 
10,311

. 

Antioxidants such as EGCG have shown much promise in the treatment and prevention of 

cardiovascular dysfunction 
90,94,312

. Administration of TEMPOL or EGCG during pregnancy 

recovered offspring weight at week 3 indicating a protective effect of these maternal antioxidants 

on programming (Fig. 13A-B). Both antioxidants in combination with Dex-exposure displayed 

increased bodyweight over Dex control, and in combination with prenatal Dex exposure EGCG 

increased weight at 14 weeks compared to control males (Fig. 13C). This was also observed in 

un-exposed TEMPOL males (Fig 13C). Similar results are shown with respect to blood pressure, 

as animals given either antioxidant in utero display blood pressure levels comparable to Control-

Saline groups at week 14 despite Dex exposure (Fig. 14A, B). Similar findings by Roghair and 

colleagues (2011) have shown carbenoxolone programmed mice displayed increased aortic 

reactivity, which was attenuated with TEMPOL 
11

.  

The impact of ROS on catecholamine biosynthesis in Dex-exposed offspring 

 Overall gene expression results suggest a significant attenuation of catecholamine 

biosynthetic enzymes in response to Dex with maternal antioxidant administration. Maternal 

consumption of EGCG or TEMPOL resulted in significant decreases in the expression of PAH, 

TH, DBH, PNMT (Fig. 15A, C, E, G) and transcription factors SP1, EGR1 and GR (Fig. 16A, C, 

E) in male programmed offspring. In males, protein levels match mRNA trends apart from 

PNMT and GR in offspring exposed to EGCG (Fig. 17E and 18C).  

In contrast to males, programmed females exposed to EGCG or TEMPOL show a 

reduction but not complete attenuation in some catecholamine biosynthetic enzyme expression 

including PAH and PNMT (Fig. 15B, H). Furthermore, in some instance’s antioxidant in 
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combination with Dex further increased enzyme expression as seen with EGCG and DBH (Fig. 

15F) and TEMPOL and TH (Fig. 15D). Interestingly EGCG appears to have exaggerated the 

effect of programming on PNMT protein levels for both males and females. In general, 

antioxidant administration prevented increases in catecholamine biosynthetic enzymes with some 

exceptions. EGCG mediated increases in PNMT protein does not correlate with elevated blood 

pressure and the development of hypertension, likely due to regulation of enzymes upstream of 

PNMT in catecholamine biosynthesis, providing less substrate for catalysis. 

 Our study provides strong evidence that ROS plays a significant role in programming as 

males display altered expression of the enzymes involved in the redox pathway, which was 

remediated with antioxidant administration. It is difficult to elucidate the mechanism by which 

EGCG may mediate this effect as EGCG can alter transcription, translation and proteasomal 

degradation of proteins 
313,314

. Furthermore, whether antioxidant administration impacts fetal 

ROS, maternal ROS or both is unknown in the context of fetal programming. EGCG has been 

shown to pass the placental barrier and accumulate in fetal tissue 
315

. EGCG is able to bind RNA, 

DNA, and protein, and has been used as a tool for increasing the effectiveness of RNAi therapies 

316
. Binding of EGCG with siRNA prevents its degradation via RNase 

316
. As factors regulating 

PNMT via RNAi and its degradation are unknown, EGCG may be implicated in one or both 

pathways. 

TEMPOL was particularly effective in attenuating Dex programming, providing further 

evidence that fetal Dex-exposure drives oxidative stress via superoxide generation as TEMPOL 

was able to prevent these shifts. In females, TEMPOL had less of an effect on reducing 

catecholamine producing enzyme expression, especially TH, suggesting that females display 

different ROS generation or antioxidant capacity compared to males (Fig. 15D, F). This may 
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explain sex-specific differences in programming and response to antioxidant administration.  A 

similar programming study involving prenatally CBX-exposed in mice showed that maternal 

TEMPOL administration was effective in attenuating increased aortic-reactivity in males and not 

females 
11

. Indeed there is evidence for altered expression of Nox (a predominant generator of 

superoxide which is catabolized by TEMPOL) between sexes, and has been implicated in the 

pathogenesis of hypertension 
317,318

. Sex specific differences in ROS generation in the heart and 

brain have been identified previously 
319

. Thus, it is plausible that potential differences in ROS 

generation and antioxidant capacity in the adrenal gland between sexes impact ROS generation 

and consequently gene expression as a result of Dex-mediated programming. There is evidence 

that the lower ROS production and greater antioxidant potential present in females is due in part 

to the protective effects of estrogen 
320

. This may play a role in fetal programming as female 

offspring have been shown to be less susceptible to programming by Dex 
321

. The role of 

estrogen and the estrogen receptor in the fetal programming of cardiovascular dysfunction has 

been discussed in detail previously; suggesting their role in multiple pathways such as affecting 

ROS mediated catecholamine enzyme programming, increasing vasodilation through eNOS 

production, and affecting RAS gene expression through DNA methylation 
322

. Estradiol has been 

shown to alter GR expression and there is a complex interplay between GR and estrogen receptor 

in promoting gene expression at estrogen response elements in gene promoter regions, further 

complicating the mechanism behind estrogen’s protective effects in glucocorticoid programming 

323
. 

Dex-programming has been shown to lead to elevated plasma epinephrine in adult 

offspring as a result of increased catecholamine biosynthetic enzymes 
10

. Indeed, results from the 

catecholamine ELISA show elevated epinephrine in programmed offspring (Fig. 19A, B) and 
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decreased norepinephrine (Fig. 19C, D) for both sexes. Maternal antioxidant administration of 

EGCG or TEMPOL attenuated the programming effects of Dex on offspring plasma 

catecholamine levels. This was expected of TEMPOL as TEMPOL displayed decreased PNMT 

expression and protein levels (Fig. 15G, H and 17E, F), suggesting less available PNMT for 

production of epinephrine. However, EGCG displays elevated PNMT protein levels in 

programmed offspring despite decreased mRNA expression levels (Fig 17E, F. and 15G, H). 

Interestingly EGCG shows a decrease in overall epinephrine levels in plasma of programmed 

offspring despite elevated PNMT (Fig. 19A, B). Previous studies have suggested EGCG lowers 

circulating catecholamines in response to caffeine, however the mechanism is unknown 

particularly within the context of fetal programming 
324

. Other factors may be responsible for 

this, including a reduction in upstream enzymes as mentioned above, alteration of PNMT 

catalytic activity, and a shift in the rate of monoamine oxidase activity in the plasma.   

Overall, both antioxidants were effective in reducing circulating catecholamine levels, 

likely a result of significant attenuations in altered catecholamine enzyme levels.  Further, 

antioxidants prevent Dex-mediated changes in these enzymes differently based on sex, indicating 

ROS differences based on sex in the programming of adrenal catecholamine enzymes.   

Additional mechanisms in glucocorticoid programming; ROS and epigenetics 

A qPCR gene mini array was employed to provide insight into the mechanism involved 

in maternal antioxidant administration during programming, genes targets were selected from 

ROS/antioxidant as well as epigenetic pathways as discussed previously 
280

. The results from the 

analysis of RT
2
 qPCR data indicate that significant changes occur in antioxidant defense 

enzymes as well as epigenetic regulators in programmed male offspring compared to 

unprogrammed (Fig. 20A, C, E, G and 21A, C, E, G, I). Of note, programmed males show a 
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robust increase in NADPH oxidase activator 1 (Noxa1) (Fig. 20E) further supporting sex-specific 

increases in factors involved in superoxide generation. Interestingly, both EGCG and TEMPOL 

reduced Noxa1 expression in programmed male offspring. Other studies demonstrate increased 

mitochondrial superoxide and hydrogen peroxide in Dex programmed offspring 
232

.  Our study 

provides evidence that males attempt to compensate for elevations in ROS via an increase in 

SOD1 expression (Fig. 20G), which is not seen in the females. Interestingly GPx1 expression is 

significantly decreased in programmed male offspring, which could lead to excessive hydrogen 

peroxide buildup (Fig. 20C). Interestingly CAT, an enzyme which reduces hydrogen peroxide to 

form water and oxygen has been shown to be elevated in Dex programmed sheep 
233

. Indeed, as 

described previously an increase in CAT is observed which may help to compensate for the 

reduction in GPx1 (Fig. 20A) 
280

.  

As described previously programming has increased the expression of epigenetic 

regulators including HDACs 1,5,6,7, and 11 (Fig. 21A, C, E, G, I) in males, which may 

contribute to ROS generation and altered antioxidant defense enzymes leading to programming. 

Females on the other hand displayed only increased HDAC7 and seemed to be protected from 

altered antioxidant enzyme expression likely contributing to less programming of catecholamine 

production 
280

.  

There are likely numerous links between oxidative stress enzymes and epigenetic 

regulators which have remained undiscovered. However research has described increased 

HDACs driving increased Nox levels leading to increased superoxide production 
325

. 

Furthermore, HDAC inhibition has been shown to inhibit Nox subunit expression and attenuate 

the development of hypertension present in SHR 
15

.    
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CONCLUSION 

It is evident that many factors are implicated in the development of cardiovascular 

disease. The fetal environment is extremely fragile and susceptible to insult from excess 

glucocorticoids due to maternal stress. Increasing evidence points to epigenetics and ROS in the 

glucocorticoid programming of cardiovascular dysfunction.  Our findings  support studies that 

show maternal antioxidant therapy is a useful tool in the prevention of cardiovascular 

programming 
11

. Many antioxidants researched previously for their use post-natally are being re-

evaluated for their potential to attenuate fetal cardiovascular dysfunction. Our study 

demonstrates that administration of TEMPOL or EGCG attenuated the hypertensive phenotype 

due to Dex programming in both sexes. In response to prenatal Dex-exposure, male and female 

programmed offspring displayed altered expression of catecholamine biosynthetic enzyme levels 

(PAH, TH, DBH, PNMT). However, compared to females, males disproportionately showed 

severe dysregulation of antioxidant defense enzymes (CAT, SOD1 and GPx1), increased 

expression of pro-oxidant activator gene (Noxa1) and altered epigenetic machinery HDAC (1, 5, 

6, 7, 11) expression levels. Altered epigenetic regulators such as HDACs have been implicated in 

glucocorticoid programming, which likely alter the expression of key genes in the antioxidant 

pathway, increasing ROS, and affecting glucocorticoid programming 
280

. When combined with 

our previous study, this research solidifies a relationship between oxidative stress and epigenetic 

in programming, particularly in males 
280

. Further, that maternal antioxidant administration via 

drinking water is an effective strategy in preventing hypertensive programming due to 

glucocorticoid driven dysregulation of oxidative stress and epigenetic machinery pathways.  
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FIGURES 

 

Figure 12. Schematic of fetal programming and maternal antioxidant administration.  

Pregnant WKY dams received antioxidant supplementation or vehicle throughout gestation days 

0-21. Fetal programming was achieved using 100ug/kg dexamethasone S.C from gestational 

days 15-21. Pups exposed to Dex in-utero are shown in black. Weekly BP measurements were 

taken from weeks 4-14. Sacrifice occurred at the beginning of week 15, and adrenal glands were 

collected for protein and gene expression analysis.    

 

1. 12. 
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Figure 13. Offspring body weight. 

The effects of maternal antioxidant administration on offspring body weight at week 3 for males 

(A) and females (B) and week 14 males (C) and females (D) in programmed (Grey) and 

unprogrammed animals (Black). Saline and Dex control have been published previously and 

have been provided for reference 
280

. Two-way ANOVA’s were performed (Fisher's LSD test). * 

is used to indicate significance; */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001. The symbol (*) is 

relative to Control-Saline group and (†) relative to the Control-Dex group. N=6 per group. 
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Figure 14. Blood pressure of offspring exposed to antioxidant in-utero. 

Mean arterial pressure of Dex programmed offspring given EGCG or TEMPOL in utero 

throughout gestation in males (A) and females (B). Measured using the CODA8 blood pressure 

monitor from Kent Scientific. Saline and Dex control have been published previously and have 

been provided for reference 
280

.Two-way ANOVA (Fisher's LSD test): statistical significance is 

represented as */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001,  ****/†††† P≤0.0001.  The symbol 

(*) is relative to Control-Saline group and (†) relative to the Control-Dex group. N=6 per group.  

.  
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Figure 15. Relative mRNA expression of catecholamine biosynthetic enzyme expression (2
-

ΔΔCt
).  

qPCR gene expression of catecholamine biosynthetic enzymes including phenylalanine 

hydroxylase (PAH) (A, B), tyrosine hydroxylase (TH) (C, D), dopamine beta hydroxylase (DBH) 

(E, F), and phenylethanolamine N-methyltransferase (PNMT) (G, H) for males and females 

respectively. Saline and Dex control have been published previously and have been provided for 

reference 
280

. Two-way ANOVA (Fisher's LSD test): statistical significance is represented as */† 

P≤0.05, **/†† P≤0.01, ***/††† P≤0.001, ****/†††† P≤0.0001. Data are presented as mean +/- 

SEM. The symbol (*) is relative to Control-Saline group and (†) relative to the Control-Dex 

group. N =4-6 per group. 
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Figure 16. Relative mRNA expression of transcription factors involved in catecholamine 

biosynthetic enzyme expression (2
-ΔΔCt

). 

qPCR gene expression of transcription factors specificity protein 1 (SP1) (A, B), early growth 

response 1 (EGR1) (C, D), and glucocorticoid receptor (GR) (E, F) for males and females 

respectively. Saline and Dex control have been published previously and have been provided for 

reference 
280

. Two-way ANOVA (Fisher's LSD test): statistical significance is represented as */† 

P≤0.05, **/†† P≤0.01, ***/††† P≤0.001. Data are presented as mean +/- SEM. The symbol (*) is 

relative to Control-Saline group, (†) relative to the Control-Dex group and (#) relative to EGCG-

Saline group. N=4-6 per group. 
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Figure 17. Quantification of catecholamine biosynthetic enzyme protein level from 

offspring adrenal gland.  

Results of western blot for male and female tyrosine hydroxylase (TH) (A, B), dopamine beta 

hydroxylase (DBH) (C, D), phenylethanolamine N-methyltransferase (PNMT) (E, F) exposed to 

TEMPOL or EGCG in utero. Saline and Dex control have been published previously and have 

been provided for reference 
280

. Two-way ANOVA (Fisher's LSD test): statistical represented as 

*/†/# P≤0.05, **/†† P≤0.01. Data are presented as mean +/- SEM. The symbol (*) is relative to 

Control-Saline group, (†) relative to the Control-Dex group, and (#) relative to EGCG-Saline. 

N=4-6 per group. 
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Figure 18. Quantification of transcription factor protein level from offspring adrenal 

gland.  

Results of western blot for male and female specificity protein 1 (SP1) (A, B) and glucocorticoid 

receptor (GR) (C, D) exposed to TEMPOL or EGCG in utero. Saline and Dex control have been 

published previously and have been provided for reference 
280

. Two-way ANOVA (Fisher's LSD 

test): statistical represented as */† P≤0.05, **/†† P≤0.01. Data are presented as mean +/- SEM. 

The symbol (*) is relative to Control-Saline group and (†) relative to the Control-Dex group. 

N=4-6 per group. 
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Figure 19. Plasma Catecholamine Levels. 

Results from plasma catecholamine ELISA for epinephrine (A, B) and norepinephrine (C, D) for 

males and females respectively.  Saline and Dex control have been published previously and 

have been provided for reference 
280

. Two-way ANOVA (Fisher's LSD test): statistical 

significance is represented */† P≤0.05, **/†† P≤0.01, ***/††† P≤0.001. Data are presented as 

mean +/- SEM. The symbol (*) is relative to Control-Saline group and (†) relative to the Control-

Dex group. N=4-6 per group. 
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Figure 20. Antioxidant and ROS related gene expression results from the RT
2
 profiler 

array (Qiagen).   

Quantification of qPCR gene expression which showed significance from the RT
2
 profiler array 

including; catalase (CAT) (A, B), glutathione peroxidase 1 (GPx1) (C, D), NADPH oxidase 

activator 1 (NOXA1) (E, F) and superoxide dismutase 1 (SOD1) (G, H) for males and females 

respectively. Saline and Dex control have been published previously and have been provided for 

reference 
280

. Two-way ANOVA (Fisher's LSD test): statistical significance is represented as */† 

P≤0.05, **/†† P≤0.01. Data are presented as mean +/- SEM. The symbol (*) is relative to 

Control-Saline group and (†) relative to the Control-Dex group N=3-5 per group. 
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Figure 21. HDAC gene expression results from the RT
2
 profiler array (QIAGEN).  

Histone deacetylase (HDAC) 1 (A, B), HDAC5 (C, D), HDAC6 (E, F), HDAC7 (G, H), 

HDAC11 (I, J) for males and females respectively. Saline and Dex control have been published 

previously and have been provided for reference 
280

. Two-way ANOVA (Fisher's LSD test): 

statistical significance is represented as * P = 0.05, ** P = 0.01, ***P = 0.001. Data are 

presented as mean +/- SEM. The symbol (*) is relative to Control-Saline group and (†) relative 

to the Control-Dex group N=3-5 per group. 
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS 

The causes of hypertension remain complex and poorly understood. Blood pressure 

regulation involves many different systems including the HPA and RAAS pathways. When these 

pathways become dysregulated such as in times of stress, this can lead to disease and the 

development of hypertension. Increasingly, dysregulation of adult BP regulation is thought to 

originate in-utero as adaptations to the fetal environment program for disease later in life. Many 

forms of stress lead to increased fetal glucocorticoid exposure through increased maternal 

production of GCs or reduced ability to degrade GCs by 11βHSD2 among others. Prenatal 

glucocorticoids impact gene expression and program for HPA dysfunction in adulthood, 

including the upregulation of catecholamine biosynthetic enzymes, production of epinephrine 

and increased blood pressure 
10

. How these stress hormones mediate programming effects has yet 

to be fully investigated, and uncovering the mechanisms involved may uncover therapeutic 

targets in the treatment and prevention of hypertension. GC’s can mediate programming through 

transcriptional regulation via GR, SP1 and related transcription factors or indirectly by driving 

increased epigenetic regulators or ROS levels (Fig. 21). The goal of this project was to determine 

whether ROS and/or epigenetics plays a role in the fetal programming of the HPA and if these 

effects can be targeted. 

There is significant evidence that ROS is implicated in hypertension and that antioxidant 

administration can be an effective tool in combating hypertension. As discussed previously, 

antioxidant therapies including Vit C, Vit E, Lazaroids, TEMPOL, and EGCG have all been 

shown to display cardioprotective properties. Furthermore, several studies have determined their 

effectiveness in the prevention of the fetal programming of cardiovascular dysfunction 
11,237

. 

However, numerous questions remain unanswered as studies have yet to determine their 
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effectiveness in preventing GC-mediated fetal programming of the HPA axis, a primary 

regulator of blood pressure and the development of hypertension. An objective of this thesis was 

to determine if ROS are implicated in GC-mediated fetal programming of the HPA (Chapter 4). 

Since, measuring ROS levels directly in the adrenal of a developing fetus is impractical, we 

measured expression of ROS related gene expression in this tissue in the offspring. Further 

maternal antioxidant administration was employed as an indirect method for determining the 

impact of ROS in programming in this study.  

Maternal antioxidant administration of either EGCG or TEMPOL was effective in 

attenuating GC-mediated dysregulation of HPA function in adulthood, particularly in males. 

Similar results for TEMPOL have been shown previously as it is effective in attenuating altered 

stress response in CBX programmed mice 
11

. Maternal antioxidant administration prevented 

increases in TH, DBH and PNMT expression and protein levels and resulted in normal levels of 

epinephrine production and BP comparable to controls particularly in males despite fetal Dex-

exposure. This indicates that ROS are implicated in the fetal programming of the HPA axis via 

glucocorticoids and that male offspring are more responsive to the antioxidant’s protective 

effects. This may be due to the impact of estrogen in female offspring and/or due to increased 

antioxidative capacity, however further studies must examine this in further detail. 

It is evident that ROS are implicated in programming, however there is evidence their 

relationship with epigenetic machinery such as HDACs and DNMT’s likely plays a role in 

mediating changes cardiovascular dysfunction 
274

. As mentioned previously, several studies link 

hypertension to elevated HDACs and altered methylation of genes in both RAAS and HPA 

pathways. GC fetal programming studies have shown global changes in methylation in response 

to fetal GC exposure and have highlighted the adrenal gland as a target for dysregulation (a key 
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site of CA biosynthesis). Few studies have investigated whether targeting the altered epigenetic 

machinery, including DNMT’s and HDACs can reverse GC-mediated fetal programming of the 

HPA. Part of this thesis (Chapter 3) examined whether DNMTi via 5aza2DC or HDACi via VPA 

were effective in attenuating altered HPA function in GC-programmed offspring. Both methods 

of epigenetic inhibition proved effective in attenuating increased CA biosynthetic enzyme 

expression, PNMT protein levels, epinephrine production and restoring BP to control levels. 

Similarly, previous studies have proven HDACi effective in attenuating hypertensive responses 

in  SHR 
15

. Once again, epigenetic inhibition was particularly effective in males; female 

offspring responded similar to males in response to HDACi, however, DNMTi had opposite 

results in females, increasing GR and PNMT despite maintaining BP comparable to control. 

Evidently regulation of the HPA axis and its effects on BP may implicate additional factors in 

females including that of estrogen and the estrogen receptor which have been shown to interact 

with GR. Future studies should examine this interaction in the context of GC-mediated 

programming and DNMTi. 

Altered epigenetic machinery and dysregulation of ROS are characteristic of GC 

programmed offspring and targeting either pathway attenuates disease.  An overarching objective 

of this study was to link both pathways in GC-mediated programming of the HPA. A novel 

finding in these studies is the dysregulation of gene expression in males, including GPx1, SOD1, 

CAT, Noxa1, and HDACs 1,3,5,6,7 in response to Dex. Evidently GC-programming does indeed 

effect both pathways. Furthermore, maternal antioxidant administration or postnatal adult 

epigenetic inhibition were successful in preventing or attenuating altered gene expression and 

hypertension in both pathways highlighting that there is significant crosstalk between ROS and 

epigenetic gene regulation. For example DNMTi has been shown to impact SOD expression in 
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pulmonary hypertension 
274

, and HDACi reduces Nox and resulting ROS generation 
326

. Also, 

ROS have been shown to increase DNMT and HDAC activity which in turn upregulates ROS 
302

. 

It is suggested that GC-mediated changes in ROS and epigenetic regulators further impact each 

other in a feedback loop to propagate changes in gene expression as seen in programming (Fig. 

20). In addition to affecting gene expression directly through GR and GRE elements in gene 

promoter regions, GC’s increase pro-oxidant Noxa1 levels and reduce antioxidant GPx1 leading 

to elevated ROS levels. Further, increased GC’s drive increase HDAC levels which may further 

exacerbate ROS production through mechanisms discussed previously (Fig. 20). Increases in 

SOD1 and CAT are likely compensatory and aim to combat ROS however this is ineffective in 

males leading to lasting changes in gene expression in adulthood. Females circumvent these 

programming effects, perhaps due to their increased antioxidative capacity through estrogen and 

the estrogen receptor influence on antioxidant enzymes (Fig 20). Furthermore, binding of ER to 

GR has been described and alters transcription at estrogen response elements 
323

, however, the 

way this may mediate changes in gene expression at GREs is unknown. How females maintain 

normal levels of the enzymes with the exception of HDAC7 is of great interest. 

Due to the nature of the study and small size of adrenal samples, all protein and related 

activity could not be examined fully. Future studies should increase sample sizes and determine 

whether these changes in antioxidant and epigenetic machinery gene expression are represented 

in protein and related activity. This includes genes such as PAH and EGR1 that were not able to 

be quantified due to lack of quality primary antibodies.  Due to the upregulation of both HDAC6 

and GR in males, and previous evidence for interactions altering gene expression, their 

relationship should be further assessed in the context of FP with GCs as this is likely a key 

relationship in CA biosynthetic gene expression. Additional GC-HDAC (1-11) interactions 
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should be investigated Furthermore, mechanisms behind the direct epigenetic regulation of the 

PNMT gene should be investigated, specifically whether promoter methylation status effects 

gene expression. Finally, the role of estrogen in GC mediated fetal programming should be 

further investigated to determine whether it may protective against oxidative stress and altered 

epigenetic machinery such as HDAC’s as seen in male Dex-exposed offspring.  
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Figure 22. Overview of ROS and Epigenetics in the GC-mediated FP of the HPA 

Glucocorticoids mediate gene expression changes via their interaction with the glucocorticoid 

receptor and related transcription factors. GR can promote CA biosynthetic genes through 

glucocorticoid response elements within gene promoter regions, increasing expression. Increased 

and prolonged sympathetic activation leads to prolonged generation of catecholamines including 

epinephrine, increasing blood pressure and leading to hypertension. Glucocorticoids also mediate 

increases in mitochondrial ROS generation, likely due to their regulation of metabolism. Further, 

glucocorticoids also impact epigenetic machinery which then regulate transcription of pro-

oxidant and antioxidant gene expression. These changes drive further increases in ROS and 

epigenetic machinery impacting expression and activity of transcription factors including GR. 

These changes then lead to elevated catecholamine biosynthesis and the development of 

hypertension. Estrogen may play a protective role in programming by increasing antioxidative 

capacity of females or through interaction with the GR receptor. This figure has been created 

using BioRender. 
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APPENDICIES 

Appendix A. Breakdown of genes included in the RT
2
 Profiler Array from Qiagen 

B-Actin DNMT1 DNMT3a DNMT3b HDAC1 HDAC2 HDAC3 HDAC4 

HDAC5 HDAC6 HDAC7 HDAC8 HDAC9 HDAC10 HDAC11 Mbd2 

Ncor1 Sirt1 Sirt2 Cat GPx1 GPx3 GPx4 Gstk1 

Gstp1 SOD1 SOD2 SOD3 Nox4 Noxa1   

 


