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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, alterations in gene expression driven by altered oxidative stress and epigenetic pathways
are implicated in glucocorticoid-mediated cardiovascular programming. Antioxidants, such as the
naturally occurring polyphenol epigallocatechin gallate (EGCG), or the superoxide dismutase (SOD)
4-hydroxy-TEMPO (TEMPOL), have shown promise in the prevention of cardiovascular dysfunction
and programming. 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, as well as 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 activator 1 (Noxa1)
expression in the adrenal glands. 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.

Keywords: oxidative stress; glucocorticoids; dexamethasone; fetal programming; antioxidants; epi-
gallocatechin gallate (EGCG); 4-hydroxy-TEMPO (TEMPOL); hypertension; hypothalamic-pituitary-
adrenal (HPA) axis; catecholamine biosynthesis; blood pressure

1. Introduction

Hypertension is a key risk factor in the pathogenesis of cardiovascular disease (CVD)
which, as of 2016, was the leading cause of death 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,
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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 [2]. 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 (physiological and psychological),
can permanently alter tissue structure and function, programming for cardiovascular
dysfunction in the fetus [3]. 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 [3]. This maternal stress can be simulated via the maternal
administration of exogenous glucocorticoids, such as betamethasone or dexamethasone
(Dex) [4], and is often administered to mothers at risk of preterm labor to stimulate fetal
lung maturation. Excessive glucocorticoid administration may lead to lifelong health
effects, including cardiovascular dysfunction [5].

Administration of Dex throughout the last 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 [6,7]. Ele-
vated plasma catecholamines have been linked to individuals with primary hypertension
and likely plays a role in pathogenesis [8]. Catecholamine biosynthetic enzymes include:
tyrosine hydroxylase (TH), which converts L-Tyrosine to L-Dopa; dopamine beta hydroxy-
lase (DBH), which then forms norepinephrine from Dopamine (a derivative of L-Dopa);
and phenylethanolamine N-methyltransferase (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 [3,6]. Recent
research has described changes in epigenetic regulators, such as HDACs and DNMTs,
which appear to be implicated in programming [7]. Furthermore, a link between these
epigenetic regulators and oxidative stress has been highlighted [7].

Reactive oxygen species (ROS) have been shown to impact PNMT expression, po-
tentially leading to elevated catecholamines, and glucocorticoids are known to increase
ROS [9]. 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) [10].
Research has also linked in utero Dex exposure to elevated superoxide (O2

−) and hydrogen
peroxide (H2O2), leading to cardiovascular programming in sheep [11]. ROS may also be
implicated in propagating changes in gene expression into adulthood as ROS can alter
epigenetic processes, such as DNA methylation and histone modifications [12].

Research has yet to fully understand the effects of glucocorticoid programming on
catecholamine biosynthetic enzyme expression and the protective effect antioxidants may
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 [13].
Dietary antioxidants, such as polyphenols, provide an ideal solution as they are readily
available and have displayed cardioprotective properties [14,15]. Furthermore, since
glucocorticoids increase O2

− and H2O2, it is important to employ an antioxidant that
combats these ROS [16]. Polyphenols are ideal as they are potent radical scavengers of
hydroxyl radicals, superoxide, and several reactive nitrogen species [17,18]. Furthermore,
they can be administered non-invasively, such as supplementation of maternal drinking
water, for the prevention of cardiovascular programming [19,20].

In addition to naturally occurring antioxidants, synthetic antioxidants are useful in
targeting specific ROS and investigating their impact on fetal programming. 4-hydroxy-
TEMPO (TEMPOL) is a membrane permeable, stable, superoxide dismutase (SOD) mimetic
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that catalyzes the degradation of superoxide radicals [21]. 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. [21,22]. In the field of fetal programming, Roghair and colleagues showed
that maternal TEMPOL treatment via drinking water attenuated glucocorticoid-mediated
cardiovascular programming in mice [13].

Recent data highlights a connection between epigenetics and oxidative stress in the
glucocorticoid-mediated fetal programming of hypertension [7]. Specifically, the use of
postnatal epigenetic inhibitors, including DNMTi or HDACi, attenuated hypertensive
programming and displayed alterations in oxidative stress enzymes, including catalase
(CAT), NADPH oxidase activator 1 (Noxa1), glutathione peroxidase 1 (Gpx1), and SOD
in adrenal tissue [7]. The aim of this research is to unravel the interaction between ROS
and glucocorticoids in the fetal programming of hypertension. Specifically, maternal an-
tioxidant administration with epigallocatechin gallate (EGCG) or TEMPOL was employed
to determine if ROS are implicated in the glucocorticoid-mediated fetal programming
of hypertension.

2. Materials and Methods
2.1. Animal Protocol

Animal care procedures were approved by the Animal Care Committee at Laurentian
University (AUP2018-02-01), in agreement with the Canadian Council on Animal Care
guidelines. Wistar-Kyoto (WKY) rats; male (n = 6) and female (n = 18), were acquired at
6 weeks old from Charles River Laboratories (Montreal, QC, Canada). Animals were fed
standard rat chow from Harlan Tekland (Indianapolis, IN, USA) ad libitum. Further, the
light cycle consisted of a 12/12 light/dark period with light between 6:00 a.m. to 6:00 p.m.

2.2. Breeding and Experimental Design

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, St. Louis, MO, USA) [23], or 0.1% EGCG (458 mmol/L; Toronto
Research Chemicals, Toronto, ON, Canada). EGCG and TEMPOL were both chosen as
they previously demonstrated their cardiovascular protective effects when administered in
drinking water; dosing was based on previous studies and is within the range of equivalent
human physiological dose [13,24]. EGCG is a common green tea extract, and TEMPOL is
an enzyme mimetic and specifically catalyzes the degradation of superoxide. Antioxidant
solutions were made fresh daily and were added to drinking water at 6 p.m. each day.

The three previous groups of dams (n = 6) (Control, TEMPOL, and EGCG) were then
further subdivided to make 6 total groups (n = 3). Three dams from each group received
a saline vehicle injection (4% ethanol/0.9% saline solution), and the remaining received
dexamethasone (0.1 mg/kg per day) sub-cutaneous (S.C.) from gestational day (GD: 15–21)
as described previously [6,7]. 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) (Figure 1).

2.3. 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 [25]. Blood
pressure measurements were recorded using the non-invasive volume blood pressure
system CODA 8 (Kent Scientific, Torrington, CT, USA) as depicted previously [6,7]. 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
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the blood pressure system for a week before measurements (week 3) and for 10 min prior
to recording each day’s measurements. Blood pressure was measured thrice a week from
weeks 4–14, as previously described [6,7]. Care was taken to ensure measurements were
taken prior to any husbandry practices and between 9 a.m. and 6 p.m. to prevent natural
diurnal fluctuations in blood pressure.
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Figure 1. Overview of maternal antioxidant administration and dexamethasone (Dex)-mediated fetal
programming. Pregnant WKY dams received antioxidant supplementation or vehicle throughout
gestation days 0–21. Fetal programming was achieved using S.C. injection throughout the third
trimester, 100 ug/kg days 15–21. Offspring subjected to Dex in-utero are depicted in black. Blood
pressure measurements were determined based on a weekly average throughout development from
weeks 4–14. Euthanasia occurred at the beginning of week 15, and adrenal glands were harvested for
gene expression analysis.

2.4. Tissue Collection and Extraction

At week 14, offspring were anesthetized via intra-peritoneal (I.P.) injection of a solution
of 5 mg/kg xylazine (Rompun; Bayer, Etobicoke, ON, Canada) and 75 mg/kg Ketalean
(Ketalean; Bimeda, Cambridge, ON, Canada) [26]. Animals were then euthanized using
decapitation; trunk blood was collected and put on ice. Tissues, including adrenal glands,
were extracted and immediately frozen on dry ice as performed previously [6].

2.5. Adrenal mRNA Expression

The left adrenal from each animal was homogenized using the Tissuelyser (Qiagen,
Hilden, Germany) with Trizol reagent (Sigma-Aldrich) as previously described [6,7]. Total
RNA was extracted, resuspended in DEPC treated nuclease-free water, and RNA concen-
tration determined using a Nanodrop 1000 (Thermo Fisher Scientific, Wilmington, DE,
USA) 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-Aldrich). RNA was then converted to cDNA using the reverse transcriptase
M-MLV (Promega, Madison, WI, USA) [6]. The expression of catecholamine biosynthetic
enzymes and related transcription factors was determined by qPCR (Bioline SensiFast
Sybr Lo-Rox mix; CSA-01195 FroggaBio, Concord, ON, Canada), using the Chromo4
qPCR thermocycler (BioRad, Hercules, CA, USA). Primers used have been outline pre-
viously [7]. Expression of additional epigenetic and ROS related targets were assessed
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using a custom RT2 profiler array (Qiagen). Samples were run using 7.5 ng input cDNA
with a total volume of 15 µL reactions. Primers for DBH, TH, PNMT, specificity protein
1 (SP1), early growth response 1 (EGR-1), GR, B-Actin, and RPL29 were purchased from
Sigma-Aldrich. Change in expression was quantified using the Ct value for each sample
via the Pfaffl method ratio = (Etarget) ∆CTtarget(control−sample)/(Eref ) ∆CTref(control−sample) [27]. All
samples were analyzed in duplicate, with a total biological sample size of N=6 animals per
group unless otherwise indicated.

2.6. Western Blot

Western blot was performed as described previously [7]. In summary, protein was
extracted from the right adrenal gland of the offspring using the All-Prep kit (Qiagen) [7].
Samples were homogenized using the Tissuelyser (Qiagen) and protocol followed as
per manufacturer’s instructions. Dithiothreitol (DTT) was added to the final protein
solubilizing buffer (ALO) to a strength of 8 mg DTT/1 mL ALO which aided in dissolution
of the protein pellet. Samples were resuspended in 300 µL of ALO buffer, sonicated (10 s
at 100% amplitude, Sonic Membrator Model 500 Fisher Scientific, Waltham, MA, USA) to
aid in pellet solubilization, then stored at −80 ◦C until use. Western blot was performed
using an input of 5 µL of sample as performed previously [6], and transferred onto PVDF
membranes. Blocking was performed using 5% milk, except for the DBH membrane, which
was blocked in 2% BSA. Antibodies specific for TH (Novus Biologicals, Littleton, CO,
USA) (1:4000), DBH (1:1000), PNMT (1:500), GR (1:1000), GAPDH (Abcam, Cambridge,
UK) (1:250,000), and SP1 (Santa-Cruz Biotech, Dallas, TX, USA) (1:250) were incubated
overnight at 4 ◦C. Secondary antibodies conjugated to HRP-IgG (anti-rabbit or anti-mouse)
were incubated for 1 h at room temp and used according to primary antibody origin.
Membranes were then incubated with enhance chemiluminescence (ECL) for 2 min (as
described by Haan and Behrmann 2007) [28] and exposed to a film (CL-XPosure Film
34091, Thermo Scientific). Quantification of protein bands was assessed with ImageJ
(U.S. National Institutes of Health, Bethesda, MD, USA). All protein quantified were
normalized to GAPDH. Western blot for EGR1 and phenylalanine hydroxylase (PAH) was
not performed due to the lack of suitable primary antibodies for analysis.

2.7. Corticosterone and Catecholamine Levels

Blood was stored in Vacutainer blood collection vials with EDTA (Becton Dickinson,
Franklin Lakes, NJ, USA) and centrifuged at 1500× g for 20 min as performed previously [6].
Plasma was then isolated and frozen at −80 ◦C until use. Epinephrine and norepinephrine
levels were quantified using the 2-CAT Labour Diagnostika Nord (LDN) (Rocky Mountain
Diagnostic, Colorado Springs, CO, USA) ELISA. For each sample, 50 µL of plasma was
thawed on ice and used in the ELISA as per manufacturer’s instructions. The Parameter
corticosterone ELISA was employed to assess plasma corticosterone levels from R&D
Systems (Minneapolis, MN, USA).

2.8. Quantification and Statistical Analysis

GraphPad PRISM software (La Jolla, CA, USA) was employed to assess statistical
significance via two-way ANOVA (Fisher’s LSD test) factoring for maternal injections and
or antioxidant administration with a p ≤ 0.05 reaching significance. Significant interac-
tions were detected and have been included in figure legends. All data is presented as
mean ± SEM.

3. Results
3.1. Physiological Measurements

As reported previously [7], Dex-exposed males displayed decreased post-natal weight
at 3 weeks compared to saline control. (Figure 2A). Maternal supplementation with the
antioxidant EGCG had no effect on postnatal weight compared to saline control; however,
it did impact rats prenatally exposed to Dex, recovering body weight comparable to saline
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control animals (Figure 2A,C). In contrast, maternal TEMPOL supplementation in the saline
group increased post-natal weight of males at 14 weeks, and attenuated Dex-mediated
reductions in body weight at week 3 (Figure 2A,C). In Dex-exposed females, TEMPOL
increased weight at week 3 compared to both saline and Dex control groups (Figure 2B).
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) (Figure 3A,B), as described previously [7]. Maternal supplementa-
tion with EGCG or TEMPOL significantly attenuated prenatal Dex-induced increases in
blood pressure in both males and females by week 14 (Figure 3A,B).
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Figure 2. 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 [7]. Two-way
ANOVAs were performed (Fisher’s LSD test). * is used to indicate significance; * p ≤ 0.05, **/†† p ≤ 0.01, ***/††† p ≤ 0.001,
†††† p ≤ 0.0001. Comparison to the Control-Saline group is represented with the symbol (*) and (†) for the Control-Dex
offspring. N = 6 per group. Significant interactions were present for week 3 and 14 between maternal injection and
antioxidant administration for males and females.
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Figure 3. The impact of in-utero antioxidant administration on mean arterial pressure in Dex
programmed offspring. Mean arterial pressure of Dex-exposed animals administered EGCG or
TEMPOL in-utero throughout gestation in males (A) and females (B). Measured using the CODA
8 blood pressure monitor from Kent Scientific. Saline and Dex control have been published previously
and have been provided for reference [7]. Two-way ANOVA (Fisher’s LSD test): significance is
shown as †/# p ≤ 0.1, **/††/## p ≤ 0.05, **** p ≤ 0.0001. The symbols (*/†/#) represent statistical
significance; (*) between Control-Saline and Control-Dex, (†) between Control-Dex and Tempol-Dex
and (#) between Control-Dex and epigallocatechin gallate (EGCG)-Dex. n = 6 per group. Significant
interactions between maternal injection and antioxidant administration were found at week 14 for
males and females.

3.2. Transcript Analysis

Saline and Dex control data has been previously reported with the exception of PAH
and is provided for reference [7]. Male Dex-exposed offspring displayed increases in the
expression of PAH (2.5-fold) compared to control (Figure 4A). Previous data has shown
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similar trends in the expression of TH, DBH, PNMT genes in the Dex-exposed offspring
compared to the Control-Saline group (Figure 4C,E,G) [7]. Female Control-Dex offspring
also displayed similar trends with an increase in PAH (4.1-fold) compared to saline control
(Figure 4B). Once again similar but less robust changes in the expression of TH and PNMT
(Figure 4B,D) were observed, which have been described previously [7].
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Figure 4. The impact of in-utero antioxidant administration on adrenal catecholamine biosynthetic
enzyme expression levels. Quantification of adrenal catecholamine biosynthetic enzyme levels was
performed using qPCR and included: 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 pre-
viously and have been provided for reference [7]. Two-way ANOVA (Fisher’s LSD test): significance
is shown as */† p ≤ 0.05, **/†† p ≤ 0.01, ***/††† p ≤ 0.001, ****/†††† p ≤ 0.0001. Comparison to
the Control-Saline group is represented with the symbol (*) and (†) for the Control-Dex offspring.
N = 4–6 per group. Data are depicted as mean ± SEM. Significant interactions between maternal
injection and antioxidant administration were found for PAH and PNMT males and females, as well
as TH males.
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EGCG alone had no effect on gene expression in unprogrammed male or female off-
spring. However, EGCG attenuated Dex-mediated increases in PAH (1.1-fold), TH (1.2-fold),
DBH (1.6-fold), and PNMT (1.1-fold) in males (Figure 4A–H). This is in contrast to Dex-
exposed females, which only displayed a slight attenuation in TH expression (1.5-fold)
(Figure 4D). 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 (Figure 4B). In contrast to males, EGCG administration resulted in
further increases in DBH expression in Dex-exposed females (2.7-fold), more than even
Control-Dex (1.7-fold) animals (Figure 4F).

Administration of TEMPOL alone did not alter the expression of catecholamine
biosynthetic enzymes in males; however, interestingly, females displayed increased TH
expression (1.9-fold) compared to Control-Saline (Figure 4D). Similar to EGCG administra-
tion, 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 (Figure 4A,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 (Figure 4B). 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) (Figure 4D). Similar to males, TEMPOL was effective in pre-
venting increased PNMT expression in Dex-exposed females compared to the Control-Dex
group (down to 1.5 from 2.2-fold) (Figure 4H).

Saline and Dex control transcription factor data has been previously reported and
has been provided for reference [7]. Prenatally Dex-exposed male offspring also displayed
altered expression of transcription factors, including increased expression of SP1, EGR1,
and GR (Figure 5A,C,E) [7]. Dex-exposed females display similar trends in the expression
of SP1 and GR, but not EGR1 compared to control (Figure 5B,D,F). EGCG alone did not
impact the expression of transcription factor in either sex (Figure 5A–F). However, EGCG
was successful in preventing Dex-mediated increases in SP1 (1.3-fold), EGR1 (1.5-fold),
and GR (1.1-fold) (Figure 5A,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 (Figure 5B,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 (1.3), EGR1 (1.8-fold), and GR (1.1-fold) in Dex-exposed male offspring and expression
levels are comparable to control groups (Figure 5A,C,E). In Dex-exposed females, TEMPOL
has trended for reduced SP1 expression (1.3-fold) (Figure 5A). However, EGR1 (2.4-fold)
and GR (1.8-fold) maintain elevated trends in expression that have not reached significance
over control animals (Figure 5C,E).

3.3. Protein Analysis

Saline and Dex control data has been previously reported and is provided for refer-
ence [7]. The in-utero exposure of DEX resulted in increased catecholamine biosynthetic
enzyme protein levels for TH, DBH, and PNMT in males, however, not in female offspring
(Figure 6A,C,E), although females in the Control-Dex cohort do show a trend for increasing
expression of TH and PNMT (Figure 6B,F).
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Figure 5. Relative mRNA expression of transcription factors involved in catecholamine biosynthetic enzyme
expression (2 −∆∆Ct). qPCR gene expression of transcription factors specificity protein 1 (SP1) (A,B), early growth re-
sponse 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 [7]. Results from a Two-way ANOVA (Fisher’s LSD
test) are shown, significance is depicted as † p ≤ 0.05, ** p ≤ 0.01, ***/††† p ≤ 0.001. Comparison to the Control-Saline
group is represented with the symbol (*), (†) for the Control-Dex offspring and (#) is relative to the EGCG-Saline group.
n = 4–6 per group. Data are presented as mean ± SEM. Significant interactions between maternal injection and antioxidant
administration were found for GR males.
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Figure 6. The impact of–in-utero antioxidant administration on adrenal catecholamine biosynthetic enzyme protein levels.
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 [7]. Statistical analysis was performed using a two-way
ANOVA (Fisher’s LSD test) shown as */†/# p ≤ 0.05, ** p ≤ 0.01. Data are presented as mean ± SEM. Comparison to the
Control-Saline group is represented with the symbol (*), (†) for the Control-Dex offspring and (#) relative to EGCG-Saline.
N = 4–6 per group. Significant interactions between maternal injection and antioxidant administration were found for
PNMT females.

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 (Figure 6A,C,E). Like males,
EGCG-Dex females displayed increased levels of PNMT (2.4-fold) compared to control
(Figure 6F).

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 (Figure 6A,C,E). In females exposed to Dex, a significant
reduction in TH levels (0.3-fold) were seen with TEMPOL (Figure 6B).

Once again saline and Dex control data has been provided for reference [7]. Interest-
ingly Dex-exposure did not lead to increased protein levels in either sex despite elevations
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in mRNA expression levels (Figure 7A,B). Dex-exposed male offspring do display a trend
for increased GR levels (1.7-fold) nearing significance; however, this is not seen in females
(Figure 7C). No significant results were found between EGCG-Dex and control in male
offspring; however, EGCG-Dex males display a trend towards increased GR (2.1-fold)
(Figure 7C). 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 (Figure 7B,D).compared
to control.
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Figure 7. 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 [7]. Statistical analysis
was performed using a two-way ANOVA (Fisher’s LSD test) shown as * p ≤ 0.05, **/†† p ≤ 0.01. Data are presented as
mean ± SEM. Comparison to the Control-Saline group is represented with the symbol (*) and (†) for the Control-Dex
offspring n = 4–6 per group. Significant interactions between maternal injection and antioxidant administration were found
for SP1 males.

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 (Figure 7A–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) (Figure 7C,D).

3.4. Plasma Corticosterone and Catecholamines

Plasma catecholamine levels were quantified via ELISA as discussed previously, there
were no significant changes in corticosterone levels between groups. [7]. 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) (Figure 8A,B).
Like EGCG, TEMPOL alone had no effect on epinephrine levels for either sex and was suc-
cessful in attenuating Dex-mediated increases in epinephrine levels for males (5.3 ng/mL)
and females (5.0 ng/mL) (Figure 8A,B).
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Figure 8. 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 Statistical analysis was performed using a two-way ANOVA (Fisher’s LSD test) shown as */† p ≤ 0.05,
†† p ≤ 0.01, ***/††† p ≤ 0.001. Data are presented as mean ± SEM. Comparison to the Control-Saline group is represented
with the symbol (*) and (†) for the Control-Dex offspring n = 4–6 per group. Significant interactions between maternal
injection and antioxidant administration were found for epinephrine females.

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 [7].
EGCG alone did not affect norepinephrine levels in male offspring; however, it did signifi-
cantly 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) (Figure 8D). EGCG maintained norepinephrine
levels in males (5.4 ng/mL) and females (6.5 ng/mL) exposed to Dex compared to Control-
Dex offspring (Figure 8C,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 (Figure 8C,D).

3.5. RT2 Profiller Array

As shown previously Dex-exposed males display increased levels of CAT, GPx1,
NOXA1, and SOD1 [7]. Interestingly, EGCG and TEMPOL restore expression levels of
NOXA1 (1.8 and 2.-fold) and SOD1 (1.1 and 1.3-fold) compared to Control-Saline in male
offspring (Figure 9A,C). Dex-exposed females display significantly increased expression
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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 (Figure 9D).
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Figure 9. NOXA1 and SOD1 gene expression results from the RT2 profiler array (Qiagen). Results
from the RT2 profiler array for NADPH oxidase activator 1 (NOXA1) (A,B) and superoxide dismutase
1 (SOD1) (C,D) for males and females, respectively. Saline and Dex control have been published
previously and have been provided for reference [7]. Statistical analysis was performed using a
two-way ANOVA (Fisher’s LSD test) shown as † p ≤ 0.05, **/†† p ≤ 0.01. Data are presented as
mean ± SEM. Comparison to the Control-Saline group is represented with the symbol (*) and (†) for
the Control-Dex offspring. n = 3–5 per group. Significant interactions between maternal injection and
antioxidant administration were found for SOD1 males.

As discussed previously, epigenetic regulators HDACs (1, 5, 6, 7, 11) displayed in-
creased expression in Dex-exposed males, with females reaching significance in HDAC7
alone [7]. Both EGCG and TEMPOL attenuated Dex-mediated increases in HDAC7 in males
(1.3- and 1.1-fold) with females showing similar trends (1.3- and 1.4-fold) (Figure 10B,D).
Similar trends in attenuated expression when administered EGCG or TEMPOL can be seen
in HDAC1 6 and 11, although not as robust and did not reach statistical significance (data
not shown).
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expression results for males and females, respectively. Saline and Dex control have been published previously and have
been provided for reference [7]. Statistical analysis was performed using a two-way ANOVA (Fisher’s LSD test) shown
as † p = 0.05, **/†† p = 0.01, *** p = 0.001. Data are presented as mean ± SEM. Comparison to the Control-Saline group is
represented with the symbol (*) and (†) for the Control-Dex offspring. n = 3–5 per group. Significant interactions between
maternal injection and antioxidant administration were found for HDAC7 males.

4. 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 levels, as well as circulating levels of epinephrine [6]. Previous research has
highlighted altered levels of epigenetic machinery which are likely implicated in these
programming effects [7]. 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 [7]. 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 [13,29]. Von Bergen and colleagues describe Dex-mediated
increases in mitochondrial H2O2 production from complex I in programmed sheep [29].
Interestingly these animals show increased catalase activity in an attempt to compensate
for increased hydrogen peroxide production [29]. Dex has also been shown to reduce GPx
mRNA and increase Nox expression in vitro, further highlighting a role for superoxide
in programming [10,16]. Glucocorticoids also lead to elevated ROS and reactive nitrogen
species through non-genomic regulation of inducible nitric oxide synthase (iNOS) [30].
Once elevated, ROS alter catecholamine producing enzyme production, including PNMT,
likely driving increased catecholamine production [9].

Results from the current study show that maternal administration of antioxidants, EGCG
or TEMPOL, significantly attenuate the development of the hypertensive phenotype, highlight-
ing the role of ROS in glucocorticoid-mediated fetal programming. Specifically, antioxidants
were effective particularly in males, in preventing decreased bodyweight at week 3, elevations
in blood pressure, and the majority of altered enzyme expression and protein levels, as well
as restoring plasma catecholamine levels in response to prenatal Dex-exposure.

4.1. EGCG and TEMPOL Attenuate Programmed Hypertensive Phenotype

Low birth weight is indicative of Dex-mediated fetal programming of hyperten-
sion [6,31]. Antioxidants, such as EGCG, have shown much promise in the treatment
and prevention of cardiovascular dysfunction [15,32,33]. Administration of TEMPOL or
EGCG during pregnancy recovered offspring weight at week 3, indicating a protective
effect of these maternal antioxidants on programming (Figure 2A,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 (Figure 2C). This was also observed in un-exposed TEMPOL
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males (Figure 2C). Similar results are shown with respect to blood pressure, as animals
given either antioxidant in utero display blood pressure levels significantly reduced from
Control-Dex offspring (Figure 3A,B). Similar findings by Roghair and colleagues (2011)
have shown carbenoxolone programmed mice displayed increased aortic reactivity, which
was attenuated with TEMPOL [13].

4.2. The Impact of Oxidative Stress 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. Mater-
nal consumption of EGCG or TEMPOL resulted in significant decreases in the expression
of PAH, TH, DBH, and PNMT (Figure 4A,C,E,G) and transcription factors SP1, EGR1, and
GR (Figure 5A,C,E) in male programmed offspring. In males, protein levels match mRNA
trends apart from PNMT and GR in offspring exposed to EGCG (Figures 6E and 7C).

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 (Figure 4B,H). Furthermore, in some instances,
antioxidant in combination with Dex further increased enzyme expression as seen with
EGCG and DBH (Figure 4F) and TEMPOL and TH (Figure 4D). 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
do 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 mecha-
nism by which EGCG may mediate this effect as EGCG can alter transcription, translation
and proteasomal degradation of proteins [34,35]. Furthermore, whether antioxidant ad-
ministration 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 [36]. EGCG is able to bind RNA, DNA, and protein and has been used as a tool for
increasing the effectiveness of RNAi therapies [37]. Binding of EGCG with siRNA prevents
its degradation via RNase [37]. 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 fur-
ther 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 ef-
fect on reducing catecholamine producing enzyme expression, especially TH, suggesting
that females display different ROS generation or antioxidant capacity compared to males
(Figure 4D,F). This may 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 [13]. 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 hyperten-
sion [38,39]. Sex specific differences in ROS generation in the heart and brain have been
identified previously [40]. 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 [41]. This may play a role in fetal programming
as female offspring have been shown to be less susceptible to programming by Dex [42].
The role of estrogen and the estrogen receptor in the fetal programming of cardiovascular
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dysfunction has been discussed in detail previously, suggesting their role in multiple path-
ways, such as affecting ROS-mediated catecholamine enzyme programming, increasing
vasodilation through eNOS production, and affecting RAS gene expression through DNA
methylation [43]. 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 [44].

Dex-programming has been shown to lead to elevated plasma epinephrine in adult
offspring as a result of increased catecholamine biosynthetic enzymes [6]. Indeed, re-
sults from the catecholamine ELISA show elevated epinephrine in programmed offspring
(Figure 8A,B) and decreased norepinephrine (Figure 8C,D) for both sexes. Maternal an-
tioxidant administration of EGCG or TEMPOL attenuated the programming effects of
Dex on offspring plasma catecholamine levels. This was expected of TEMPOL as TEM-
POL displayed decreased PNMT expression and protein levels (Figure 4G,H and Figure
6E,F), suggesting less available PNMT for production of epinephrine. However, EGCG
displays elevated PNMT protein levels in programmed offspring despite decreased mRNA
expression levels (Figure 4G,H and Figure 6E,F). Interestingly EGCG shows a decrease in
overall epinephrine levels in plasma of programmed offspring despite elevated PNMT
(Figure 8A,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 [45]. 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, indi-
cating ROS differences based on sex in the programming of adrenal catecholamine enzymes.

4.3. Additional Mechanisms in Glucocorticoid Programming; ROS and Epigenetics

A qPCR gene mini array was employed to provide insight into the mechanism in-
volved in maternal antioxidant administration during programming, genes targets were
selected from ROS/antioxidant, as well as epigenetic pathways, as discussed previously [7].
The results from the analysis of RT2 qPCR data indicate that significant changes occur in an-
tioxidant defense enzymes, as well as epigenetic regulators in programmed male offspring,
compared to unprogrammed (Figure 9A,C and Figure 10A). Of note, programmed males
show a robust increase in NADPH oxidase activator 1 (Noxa1) (Figure 9A) further support-
ing sex-specific increases in factors involved in superoxide generation [7]. Interestingly,
both EGCG and TEMPOL significantly reduced Noxa1 expression in programmed male
offspring (Figure 9A). Other studies demonstrate increased mitochondrial superoxide and
hydrogen peroxide in Dex programmed offspring [11]. Our study provides evidence that
males may attempt to compensate for elevations in ROS via an increase in SOD1 expression
(Figure 9C), which is not seen in the females. As shown previously, GPx1 expression is
significantly decreased in programmed male offspring [7], which likely contributes to
excessive hydrogen peroxide buildup. Furthermore, there appears to be a compensatory in-
crease in CAT in Dex programmed rats and sheep [7,29], which reduces hydrogen peroxide
to form water and oxygen.

As described previously, programming has increased the expression of epigenetic reg-
ulators, including HDACs 1, 5, 6, 7, and 11 in males, 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 en-
zyme expression, likely contributing to less programming of catecholamine production [7].

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 [46].
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Furthermore, HDAC inhibition has been shown to inhibit Nox subunit expression and
attenuate the development of hypertension present in the spontaneous hypertensive rat
(SHR) [47]. Indeed, previous findings have demonstrated that Dex-programmed offspring
given HDAC inhibitors in adulthood remediate changes in altered antioxidant defense
enzymes, including CAT, NOXA1, and SOD1 [7].

5. Conclusions

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 car-
diovascular programming [13]. 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 the antioxidant defense
enzyme (SOD1), increased expression of pro-oxidant activator gene (Noxa1) and altered
HDAC 7 expression levels. Altered epigenetic regulators, such as HDACs, have been
implicated in glucocorticoid programming, and there is evidence they alter expression
levels of enzymes in the antioxidant pathway, increasing ROS, and affecting glucocorticoid
programming [7]. When combined with our previous study, this research solidifies a rela-
tionship between oxidative stress and epigenetics in programming, particularly in males [7].
Further, 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.

Author Contributions: Conceptualization, T.C.T.; methodology, J.L., S.K., S.T., S.J.L., N.K., A.K.,
C.W., C.J.B.; formal analysis, J.L., S.K., T.C.T.; investigation, J.L., S.K., S.T., C.W., C.J.B.; resources,
N.K., A.K., T.C.T.; data curation, J.L.; writing—original draft preparation, J.L.; writing—review and
editing, J.L., S.K., S.J.L., N.K., A.K., T.C.T.; supervision, S.K., S.T., T.C.T.; project administration, S.K.,
T.C.T.; funding acquisition, T.C.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the funding from the Canadian Institutes for Health Research
(Grant IHD98766) and the NOSMFA Research Development Fund.

Institutional Review Board Statement: Animal care procedures were approved by Laurentian
University Animal Care Committee (AUP2018-02-01), in accordance with the Canadian Council on
Animal Care.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are within the manuscript files.

Conflicts of Interest: The authors declare that they have no conflicts of interest. Preliminary data
from this manuscript was presented at the 4th Canadian National Perinatal Research Meeting (2017).

References
1. World Health Organization (WHO). The Top Ten Causes of Death. 2018. Available online: https://www.who.int/news-room/

fact-sheets/detail/the-top-10-causes-of-death (accessed on 17 October 2018).
2. Barker, D.J. The fetal origins of adult hypertension. J. Hypertens. 1992, 10, S45. [CrossRef]
3. Cottrell, E.C. Prenatal stress, glucocorticoids and the programming of adult disease. Front. Behav. Neurosci. 2009, 3, 19. [CrossRef]
4. Seckl, J.R.; Cleasby, M.; Nyirenda, M.J. Glucocorticoids, 11β-hydroxysteroid dehydrogenase, and fetal programming. Kidney Int.

2000, 57, 1412–1417. [CrossRef] [PubMed]
5. Millage, A.R.; LaTuga, M.S.; Aschner, J.L. Effect of perinatal glucocorticoids on vascular health and disease. Pediatr. Res. 2016,

81, 4–10. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://doi.org/10.1097/00004872-199212007-00004
http://doi.org/10.3389/neuro.08.019.2009
http://doi.org/10.1046/j.1523-1755.2000.00984.x
http://www.ncbi.nlm.nih.gov/pubmed/10760076
http://doi.org/10.1038/pr.2016.188


Antioxidants 2021, 10, 531 19 of 20

6. Nguyen, P.; Khurana, S.; Peltsch, H.; Grandbois, J.; Eibl, J.; Crispo, J.; Ansell, D.; Tai, T.C. Prenatal glucocorticoid exposure
programs adrenal PNMT expression and adult hypertension. J. Endocrinol. 2015, 227, 117–127. [CrossRef] [PubMed]

7. Lamothe, J.; Khurana, S.; Tharmalingam, S.; Williamson, C.; Byrne, C.J.; Khaper, N.; Mercier, S.; Tai, T.C. The Role of DNMT and
HDACs in the fetal programming of hypertension by glucocorticoids. Oxid. Med. Cell. Longev. 2020, 2020, 1–17. [CrossRef]

8. Goldstein, D.S. Plasma catecholamines and essential hypertension. An analytical review. Hypertension 1983, 5, 86–99. [CrossRef]
9. Crispo, J.A.G.; Ansell, D.R.; Ubriaco, G.; Tai, T.C. Role of reactive oxygen species in the neural and hormonal regulation of the

PNMT gene in PC12 cells. Oxid. Med. Cell. Longev. 2011, 2011, 1–10. [CrossRef] [PubMed]
10. You, J.-M.; Yun, S.-J.; Nam, K.N.; Kang, C.; Won, R.; Lee, E.H. Mechanism of glucocorticoid-induced oxidative stress in rat

hippocampal slice cultures. Can. J. Physiol. Pharmacol. 2009, 87, 440–447. [CrossRef] [PubMed]
11. Roghair, R.D.; Miller, J.F.J.; Scholz, T.D.; Lamb, F.S.; Segar, J.L. Endothelial superoxide production is altered in sheep programmed

by early gestation dexamethasone exposure. Neonatology 2007, 93, 19–27. [CrossRef]
12. Kim, G.H.; Ryan, J.J.; Archer, S.L. The role of redox signaling in epigenetics and cardiovascular disease. Antioxid. Redox Signal.

2013, 18, 1920–1936. [CrossRef]
13. Roghair, R.D.; Wemmie, J.A.; Volk, K.A.; Scholz, T.D.; Lamb, F.S.; Segar, J.L. Maternal antioxidant blocks programmed cardiovas-

cular and behavioural stress responses in adult mice. Clin. Sci. 2011, 121, 427–436. [CrossRef] [PubMed]
14. Vita, A.J. Polyphenols and cardiovascular disease: Effects on endothelial and platelet function. Am. J. Clin. Nutr. 2005,

81, 292S–297S. [CrossRef] [PubMed]
15. Khurana, S.; Venkataraman, K.; Hollingsworth, A.; Piche, M.; Tai, T.C. Polyphenols: Benefits to the cardiovascular system in

health and in aging. Nutrients 2013, 5, 3779–3827. [CrossRef]
16. Iuchi, T.; Akaike, M.; Mitsui, T.; Ohshima, Y.; Shintani, Y.; Azuma, H.; Matsumoto, T. Glucocorticoid excess induces superoxide

production in vascular endothelial cells and elicits vascular endothelial dysfunction. Circ. Res. 2003, 92, 81–87. [CrossRef]
[PubMed]

17. Perron, N.R.; Brumaghim, J.L. A review of the antioxidant mechanisms of polyphenol compounds related to iron binding.
Cell Biochem. Biophys. 2009, 53, 75–100. [CrossRef] [PubMed]

18. Valcic, S.; Burr, J.A.; Timmermann, B.N.; Liebler, D.C. Antioxidant chemistry of green tea catechins. New oxidation products
of (−)-epigallocatechin gallate and (−)-epigallocatechin from their reactions with peroxyl radicals. Chem. Res. Toxicol. 2000,
13, 801–810. [CrossRef] [PubMed]

19. Costa, M.R.; Pires, K.M.P.; Nalbones-Barbosa, M.N.; Valença, S.D.S.; Resende Ângela, C.; De Moura, R.S. Grape skin extract-
derived polyphenols modify programming-induced renal endowment in prenatal protein-restricted male mouse offspring.
Eur. J. Nutr. 2015, 55, 1455–1464. [CrossRef] [PubMed]

20. Resende, A.C.; Emiliano, A.F.; Cordeiro, V.S.; De Bem, G.F.; De Cavalho, L.C.; De Oliveira, P.R.B.; Neto, M.L.; Costa, C.A.;
Boaventura, G.T.; De Moura, R.S. Grape skin extract protects against programmed changes in the adult rat offspring caused by
maternal high-fat diet during lactation. J. Nutr. Biochem. 2013, 24, 2119–2126. [CrossRef] [PubMed]

21. Schnackenberg, C.G.; Welch, W.J.; Wilcox, C.S. Normalization of blood pressure and renal vascular resistance in SHR with a
membrane-permeable superoxide dismutase mimetic. Hypertension 1998, 32, 59–64. [CrossRef] [PubMed]

22. Wilcox, C.S.; Pearlman, A. Chemistry and antihypertensive effects of tempol and other nitroxides. Pharmacol. Rev. 2008,
60, 418–469. [CrossRef] [PubMed]

23. Ojeda, N.B.; Hennington, B.S.; Williamson, D.T.; Hill, M.L.; Betson, N.E.; Sartori-Valinotti, J.C.; Reckelhoff, J.F.; Royals, T.P.;
Alexander, B.T. Oxidative stress contributes to sex differences in blood pressure in adult growth-restricted offspring. Hypertension
2012, 60, 114–122. [CrossRef]

24. Kochi, T.; Shimizu, M.; Terakura, D.; Baba, A.; Ohno, T.; Kubota, M.; Shirakami, Y.; Tsurumi, H.; Tanaka, T.; Moriwaki, H.
Non-alcoholic steatohepatitis and preneoplastic lesions develop in the liver of obese and hypertensive rats: Suppressing effects of
EGCG on the development of liver lesions. Cancer Lett. 2014, 342, 60–69. [CrossRef] [PubMed]

25. Van Bodegom, M.; Homberg, J.R.; Henckens, M.J.A.G. Modulation of the hypothalamic-pituitary-adrenal axis by early life stress
exposure. Front. Cell. Neurosci. 2017, 11, 87. [CrossRef] [PubMed]

26. Nguyen, P.; Peltsch, H.; De Wit, J.; Crispo, J.; Ubriaco, G.; Eibl, J.; Tai, T. Regulation of the phenylethanolamine N-methyltransferase
gene in the adrenal gland of the spontaneous hypertensive rat. Neurosci. Lett. 2009, 461, 280–284. [CrossRef]

27. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
28. Haan, C.; Behrmann, I. A cost effective non-commercial ECL-solution for Western blot detections yielding strong signals and low

background. J. Immunol. Methods 2007, 318, 11–19. [CrossRef]
29. Von Bergen, N.H.; Koppenhafer, S.L.; Spitz, D.R.; Volk, K.A.; Patel, S.S.; Roghair, R.D.; Lamb, F.S.; Segar, J.L.; Scholz, T.D. Fetal

programming alters reactive oxygen species production in sheep cardiac mitochondria. Clin. Sci. 2009, 116, 659–668. [CrossRef]
30. Flaherty, R.L.; Owen, M.; Fagan-Murphy, A.; Intabli, H.; Healy, D.; Patel, A.; Allen, M.C.; Patel, B.A.; Flint, M.S. Glucocorticoids

induce production of reactive oxygen species/reactive nitrogen species and DNA damage through an iNOS mediated pathway
in breast cancer. Breast Cancer Res. 2017, 19, 1–13. [CrossRef]

31. Seren, J.R. Glucocorticoids, feto-placental 11(beta)-hydroxysteroid dehydrogenase type 2, and the early life origins of adult
disease. Steroids 1997, 62, 89–94. [CrossRef]

32. Habauzit, V.; Morand, C. Evidence for a protective effect of polyphenols-containing foods on cardiovascular health: An update
for clinicians. Ther. Adv. Chronic Dis. 2011, 3, 87–106. [CrossRef]

http://doi.org/10.1530/JOE-15-0244
http://www.ncbi.nlm.nih.gov/pubmed/26475702
http://doi.org/10.1155/2020/5751768
http://doi.org/10.1161/01.HYP.5.1.86
http://doi.org/10.1155/2011/756938
http://www.ncbi.nlm.nih.gov/pubmed/22007271
http://doi.org/10.1139/Y09-027
http://www.ncbi.nlm.nih.gov/pubmed/19526038
http://doi.org/10.1159/000105521
http://doi.org/10.1089/ars.2012.4926
http://doi.org/10.1042/CS20110153
http://www.ncbi.nlm.nih.gov/pubmed/21615331
http://doi.org/10.1093/ajcn/81.1.292S
http://www.ncbi.nlm.nih.gov/pubmed/15640493
http://doi.org/10.3390/nu5103779
http://doi.org/10.1161/01.RES.0000050588.35034.3C
http://www.ncbi.nlm.nih.gov/pubmed/12522124
http://doi.org/10.1007/s12013-009-9043-x
http://www.ncbi.nlm.nih.gov/pubmed/19184542
http://doi.org/10.1021/tx000080k
http://www.ncbi.nlm.nih.gov/pubmed/10995252
http://doi.org/10.1007/s00394-015-0963-5
http://www.ncbi.nlm.nih.gov/pubmed/26096720
http://doi.org/10.1016/j.jnutbio.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24183306
http://doi.org/10.1161/01.HYP.32.1.59
http://www.ncbi.nlm.nih.gov/pubmed/9674638
http://doi.org/10.1124/pr.108.000240
http://www.ncbi.nlm.nih.gov/pubmed/19112152
http://doi.org/10.1161/HYPERTENSIONAHA.112.192955
http://doi.org/10.1016/j.canlet.2013.08.031
http://www.ncbi.nlm.nih.gov/pubmed/23981577
http://doi.org/10.3389/fncel.2017.00087
http://www.ncbi.nlm.nih.gov/pubmed/28469557
http://doi.org/10.1016/j.neulet.2009.06.022
http://doi.org/10.1093/nar/29.9.e45
http://doi.org/10.1016/j.jim.2006.07.027
http://doi.org/10.1042/CS20080474
http://doi.org/10.1186/s13058-017-0823-8
http://doi.org/10.1016/S0039-128X(96)00165-1%5Cn
http://doi.org/10.1177/2040622311430006


Antioxidants 2021, 10, 531 20 of 20

33. Uchida, S.; Ozaki, M.; Akashi, T.; Yamashita, K.; Niwa, M.; Taniyama, K. Effects of (−)-epigallocatechin-3-O-gallate (green tea
tannin) on the life span of stroke-prone spontaneously hypertensive rats. Clin. Exp. Pharmacol. Physiol. Suppl. 1995, 22, S302–S303.
[CrossRef]

34. Yang, H.; Landis-Piwowar, K.; Chan, T.H.; Dou, Q.P. Green tea polyphenols as proteasome inhibitors: Implication in chemopre-
vention. Curr. Cancer Drug Targets 2011, 11, 296–306. [CrossRef] [PubMed]

35. Shin, Y.S.; Kang, S.U.; Park, J.K.; Kim, Y.E.; Kim, Y.S.; Baek, S.J.; Lee, S.-H.; Kim, C.-H. Anti-cancer effect of (−)-epigallocatechin-
3-gallate (EGCG) in head and neck cancer through repression of transactivation and enhanced degradation of β-catenin.
Phytomedicine 2016, 23, 1344–1355. [CrossRef] [PubMed]

36. Chu, K.; Wang, C.; Chu, C.; Choy, K.; Pang, C.; Rogers, M. Uptake and distribution of catechins in fetal organs following in utero
exposure in rats. Hum. Reprod. 2007, 22, 280–287. [CrossRef] [PubMed]

37. Shen, W.; Wang, Q.; Shen, Y.; Gao, X.; Li, L.; Yan, Y.; Wang, H.; Cheng, Y. Green tea catechin dramatically promotes RNAi
mediated by low-molecular-weight polymers. ACS Central Sci. 2018, 4, 1326–1333. [CrossRef] [PubMed]

38. Wong, P.S.; Randall, M.D.; Roberts, R.E. Sex differences in the role of NADPH oxidases in endothelium-dependent vasorelaxation
in porcine isolated coronary arteries. Vasc. Pharmacol. 2015, 72, 83–92. [CrossRef]

39. Bhatia, K.; Elmarakby, A.A.; El-Remessy, A.B.; Sullivan, J.C. Oxidative stress contributes to sex differences in angiotensin
II-mediated hypertension in spontaneously hypertensive rats. Am. J. Physiol. Integr. Comp. Physiol. 2012, 302, R274–R282.
[CrossRef]

40. Khalifa, A.R.M.; Abdel-Rahman, E.A.; Mahmoud, A.M.; Ali, M.H.; Noureldin, M.; Saber, S.H.; Mohsen, M.; Ali, S.S. Sex-specific
differences in mitochondria biogenesis, morphology, respiratory function, and ROS homeostasis in young mouse heart and brain.
Physiol. Rep. 2017, 5, e13125. [CrossRef] [PubMed]

41. Kander, M.C.; Cui, Y.; Liu, Z. Gender difference in oxidative stress: A new look at the mechanisms for cardiovascular diseases.
J. Cell. Mol. Med. 2017, 21, 1024–1032. [CrossRef] [PubMed]

42. Khurana, S.; Grandbois, J.; Tharmalingam, S.; Murray, A.; Graff, K.; Nguyen, P.; Tai, T.C. Fetal programming of adrenal PNMT
and hypertension by glucocorticoids in WKY rats is dose and sex-dependent. PLoS ONE 2019, 14, e0221719. [CrossRef]

43. Chen, Z.; Wang, L.; Ke, J.; Xiao, D. Effects of estrogen in gender-dependent fetal programming of adult cardiovascular dysfunction.
Curr. Vasc. Pharmacol. 2019, 17, 147–152. [CrossRef] [PubMed]

44. Vahrenkamp, J.M.; Yang, C.-H.; Rodriguez, A.C.; AlMomen, A.; Berrett, K.C.; Trujillo, A.N.; Guillen, K.P.; Welm, B.E.; Jarboe,
E.A.; Janat-Amsbury, M.M.; et al. Clinical and genomic crosstalk between glucocorticoid receptor and estrogen receptor α in
endometrial cancer. Cell Rep. 2018, 22, 2995–3005. [CrossRef] [PubMed]

45. Han, J.-Y.; Kim, C.-S.; Lim, K.-H.; Kim, J.-H.; Kim, S.; Yun, Y.-P.; Hong, J.T.; Oh, K.-W. Increases in blood pressure and heart rate
induced by caffeine are inhibited by (−)-epigallocatechin-3-o-gallate: Involvement of catecholamines. J. Cardiovasc. Pharmacol.
2011, 58, 446–449. [CrossRef] [PubMed]

46. Manea, S.-A.; Antonescu, M.-L.; Fenyo, I.M.; Raicu, M.; Simionescu, M.; Manea, A. Epigenetic regulation of vascular NADPH
oxidase expression and reactive oxygen species production by histone deacetylase-dependent mechanisms in experimental
diabetes. Redox Biol. 2018, 16, 332–343. [CrossRef] [PubMed]

47. Cardinale, J.P.; Sriramula, S.; Pariaut, R.; Guggilam, A.; Mariappan, N.; Elks, C.M.; Francis, J. HDAC inhibition attenuates
inflammatory, hypertrophic, and hypertensive responses in spontaneously hypertensive rats. Hypertension 2010, 56, 437–444.
[CrossRef] [PubMed]

http://doi.org/10.1111/j.1440-1681.1995.tb02928.x
http://doi.org/10.2174/156800911794519743
http://www.ncbi.nlm.nih.gov/pubmed/21247384
http://doi.org/10.1016/j.phymed.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27765354
http://doi.org/10.1093/humrep/del353
http://www.ncbi.nlm.nih.gov/pubmed/16959805
http://doi.org/10.1021/acscentsci.8b00363
http://www.ncbi.nlm.nih.gov/pubmed/30410970
http://doi.org/10.1016/j.vph.2015.04.001
http://doi.org/10.1152/ajpregu.00546.2011
http://doi.org/10.14814/phy2.13125
http://www.ncbi.nlm.nih.gov/pubmed/28325789
http://doi.org/10.1111/jcmm.13038
http://www.ncbi.nlm.nih.gov/pubmed/27957792
http://doi.org/10.1371/journal.pone.0221719
http://doi.org/10.2174/1570161116666180301142453
http://www.ncbi.nlm.nih.gov/pubmed/29493455
http://doi.org/10.1016/j.celrep.2018.02.076
http://www.ncbi.nlm.nih.gov/pubmed/29539426
http://doi.org/10.1097/FJC.0b013e31822d93cb
http://www.ncbi.nlm.nih.gov/pubmed/21975870
http://doi.org/10.1016/j.redox.2018.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29587244
http://doi.org/10.1161/HYPERTENSIONAHA.110.154567
http://www.ncbi.nlm.nih.gov/pubmed/20679181

	Introduction 
	Materials and Methods 
	Animal Protocol 
	Breeding and Experimental Design 
	Blood Pressure 
	Tissue Collection and Extraction 
	Adrenal mRNA Expression 
	Western Blot 
	Corticosterone and Catecholamine Levels 
	Quantification and Statistical Analysis 

	Results 
	Physiological Measurements 
	Transcript Analysis 
	Protein Analysis 
	Plasma Corticosterone and Catecholamines 
	RT2 Profiller Array 

	Discussion 
	EGCG and TEMPOL Attenuate Programmed Hypertensive Phenotype 
	The Impact of Oxidative Stress on Catecholamine Biosynthesis in Dex-Exposed Offspring 
	Additional Mechanisms in Glucocorticoid Programming; ROS and Epigenetics 

	Conclusions 
	References

