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Maternal Angiotensin lI-Induced
Hypertension Sensitizes Postweaning High-
Fat Diet—Elicited Hypertensive Response
Through Increased Brain Reactivity in Rat
Offspring

Baojian Xue ", PhD; Yang Yu, PhD; Terry G. Beltz, BA; Fang Guo, MS; Robert B. Felder
Shun-Guang Wei “&, PhD; Alan Kim Johnson, PhD

, MD;

BACKGROUND: Prenatal and postnatal insults can induce a physiological state that leaves offspring later in life vulnerable to
subsequent challenges (stressors) eliciting cardiometabolic diseases including hypertension. In this study, we investigated
whether maternal angiotensin ll-induced hypertension in rats sensitizes postweaning high-fat diet (HFD)-elicited hypertensive
response and whether this is associated with autonomic dysfunction and altered central mechanisms controlling sympathetic
tone in offspring.

METHODS AND RESULTS: When eating a low-lard-fat diet, basal mean arterial pressure of male offspring of normotensive or
hypertensive dams were comparable. However, HFD feeding significantly increased mean arterial pressure in offspring of
normotensive and hypertensive dams, but the elevated mean arterial pressure induced by HFD was greater in offspring of
hypertensive dams, which was accompanied by greater sympathetic tone and enhanced pressor responses to centrally
administrated angiotensin Il or leptin. HFD feeding also produced comparable elevations in cardiac sympathetic activity and
plasma levels of angiotensin II, interleukin-6, and leptin in offspring of normotensive and hypertensive dams. Reverse tran-
scriptase polymerase chain reaction analyses in key forebrain regions implicated in the control of sympathetic tone and
blood pressure indicated that HFD feeding led to greater increases in mRNA expression of leptin, several components of the
renin-angiotensin system and proinflammatory cytokines in offspring of hypertensive dams when compared with offspring of
normotensive dams.

CONCLUSIONS: The results indicate that maternal hypertension sensitized male adult offspring to HFD-induced hypertension.
Increased expression of renin-angiotensin system components and proinflammatory cytokines, elevated brain reactivity to
pressor stimuli, and augmented sympathetic drive to the cardiovascular system likely contributed.
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preeclampsia and maternal gestational hyperten-
sion, affects 5% to 10% of all pregnancies in the
United States."? Human studies have demonstrated
an association between maternal hypertension and

Hypertensive disorders of pregnancy, including

elevated blood pressure (BP) in their young children
and adolescent offspring.®= Studies using animal mod-
els have found that adult offspring from mothers with
maternal hypertension also exhibit elevated BP0
Although multiple factors have been demonstrated to

Correspondence to: Baojian Xue, PhD and Alan Kim Johnson, PhD, Department of Psychological and Brain Sciences, The University of lowa, PBSB, 340
lowa Ave, lowa City, IA 52242. E-malil: baojian-xue@uiowa.edu; alan-johnson@uiowa.edu

This manuscript was sent to Francis Miller, MD, Guest Editor, for review by expert referees, editorial decision, and final disposition.

For Sources of Funding and Disclosures, see page 13.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and

is not used for commercial purposes.
JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2021;10:e022170. DOI: 10.1161/JAHA.121.022170


https://orcid.org/0000-0002-6326-0075
mailto:﻿
https://orcid.org/0000-0002-1880-2605
https://orcid.org/0000-0003-4404-4059
mailto:﻿
mailto:baojian-xue@uiowa.edu
mailto:alan-johnson@uiowa.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha

Xue et al

CLINICAL PERSPECTIVE

What Is New?

e These studies demonstrate that maternal ges-
tational hypertension sensitizes the postwean-
ing high-fat-diet—elicited hypertensive response
in adult male offspring.

e This sensitization process is integrated by up-
regulated mRNA expression for components of
brain renin-angiotensin system, proinflamma-
tory cytokines and leptin, enhanced pressor re-
sponses to central angiotensin Il and leptin, and
elevated central sympathetic tone.

e The data indicate that prenatal insults and post-
natal insults can contribute synergistically to ex-
acerbation of programming processes that lead
to a vicious circle with cardiovascular diseases
in their later life.

What Are the Clinical Implications?

e These findings help us understand the cen-
tral mechanisms of sensitized obesity-related
hypertension, and reducing brain renin-
angiotensin system activation and elevation of
inflammation and leptin may be effective for
treating neurogenic hypertension.

Nonstandard Abbreviations and Acronyms

AT1-R angiotensin Il type 1 receptor

HFD high-fat diet

HR heart rate

LT lamina terminalis

LFD low-lard-fat diet

PIC proinflammatory cytokine

PVN paraventricular hypothalamic nucleus
RAS renin-angiotensin system

be associated with gestational hypertension-induced
increased risk for cardiovascular diseases in the off-
spring, the mechanisms are yet to be elucidated.
Obesity/high-fat diet (HFD) is a key risk factor
that leads to cardiovascular diseases such as hy-
pertension.'® The activation of the sympathetic ner-
vous system is a major mechanism underlying both
human and experimental models of obesity-related
hypertension.'*' Evidence indicates that the cause
of obesity-related hypertension is mediated primarily
through neurogenic mechanisms, in which activa-
tion of renin-angiotensin system (RAS), inflammation,
and elevated levels of leptin result in reprograming
the central nervous system to produce a state of en-
hanced sympathetic reactivity.'®=?2 We and others
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have demonstrated that maternal HFD feeding in-
duces markedly elevated renal sympathetic nerve
activity and pressor responses to central angioten-
sin ll, tumor necrosis factor (TNF)-q, or leptin in male
adult offspring.?324 Conversely, postnatal HFD feed-
ing in offspring previously subjected to several types
of experimental prenatal insults exacerbates prenatal
insult-induced metabolic-like syndrome, impaired
renal function, and the developmental programming
of increased BP.'%1225-27 However, few studies have
focused on the central mechanisms underlying the
prenatal insult-induced adverse effects exacerbated
by a second challenge (stressor).

We previously demonstrated that the adult male
offspring of hypertensive dams exhibit upregulated
expression of RAS components and markers of in-
flammation (proinflammatory cytokines [PICs] and mi-
croglial activation) in the brain regions involved in BP
regulation including structures of the lamina terminalis
(LT) and paraventricular hypothalamic nucleus (PVN)
along with hypertensive response sensitization to a
slow-pressor dose of angiotensin Il. Either renal de-
nervation or systemic antagonism of the RAS blocked
hypertensive response sensitization and reversed the
changes in brain RAS and PIC mRNA expression of
the offspring of hypertensive dams.'®?82° Pladys and
colleagues®® reported that in fetal protein-restricted
offspring, there was increased expression of the an-
giotensin Il receptor type 1 (AT1-R) in the subfornical
organ and the vascular organ of the LT, and that in-
tracerebroventricular injection of an angiotensin-
converting enzyme inhibitor or an AT1-R antagonist
significantly reduced BP in these offspring. These
data implicate the brain RAS and inflammation in hy-
pertension associated with prenatal insults.

In the present study, we build on previously
published literature by focusing on the central
mechanisms by which a prenatal insult caused by
maternal hypertension cross-sensitizes the hyper-
tensive response elicited by a postnatal stressor,
HFD. Metabolic markers and changes in BP and au-
tonomic function were determined. Circulating levels
of angiotensin Il, PIC, and leptin and putative central
nervous system molecular and cellular mediators in
key brain structures (ie, the LT and PVN) implicated
in the control of sympathetic activity and BP were
also measured. Finally, we assessed the pressor
responses to intracerebroventricular administration
of angiotensin Il, TNF-qa, or leptin. The experimental
results provide further evidence that maternal hy-
pertension sensitizes the hypertensive response by
enhancing sensitivity to brain mechanisms driving
sympathetic activity in adult offspring subjected to
a second physiological challenge, HFD. The find-
ings are relevant to present-day human lifestyle
challenges.
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METHODS

In compliance with the ,Transparency and Openness
Promotion Guidelines we will make all data related to
the findings described in our article fully available with-
out restriction.

Animals
All experiments were conducted in accordance with
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and approved by the
University of lowa Animal Care and Use Committee.
All animals were maintained in a tempera-
ture- (23+2°C) and light (12-hours light/dark cycle)-
controlled facility. Twenty-four female and 24 male rats
(Sprague-Dawley, 10-week-old, Envigo) were used for
breeding. Half of the females were chronically treated
with vehicle (saline) and considered as normotensive
dams, while the other half were treated with angioten-
sin I (250 ng/kg/min SC, model 2004, 4 weeks, Alzet)
throughout mating and pregnancy and considered as
hypertensive dams. This dose of angiotensin Il infusion
induced a significant increase in BP during pregnancy
(38.5+6.2 mm Hg) in dams, as described in our previ-
ous study.?® The offspring were weighed and counted
at birth, and the litter sizes reduced at 3 days of age
to 8 pups, 4 male and 4 female offspring. All offspring
were weaned at 3 weeks of age, and feeding began
with one-half of the animals receiving a low-lard-fat diet
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(LFD, 10% calories from lard, 3.85 kcal/g, D12450J,
Research Diets Inc.) and the other one-half receiving
HFD (60% calories form lard, 5.24 kcal/g, D12492,
Research Diets Inc.) for 12 weeks. This yielded 4 con-
trol/experimental groups: (1) normotensive dam+ LFD
offspring, (2) normotensive dam+ HFD offspring, (3)
hypertensive dam+ LFD offspring, (4) hypertensive
dam+ HFD offspring. Each experimental group was
composed of individual subjects that were randomly
selected from different litters, and only male offspring
were used in this study. A total of 44 male offspring of
normotensive dams and the same number of male off-
spring of hypertensive dams were used in the present
experiments. Food and body weight were weighed 1
time per week until the experiments began.

Figure 1 shows the timeline of the study design.
Experiment 1: At 16 to 18 weeks of age, all groups of
offspring were used to evaluate basal BP and heart
rate (HR) using implanted telemetric probes (n=6 per
group). BP was also measured in the presence of the
ganglionic blocker hexamethonium (30 mg/kg IP), the
muscarinic receptor blocker atropine (8 mg/kg IP) or the
[-adrenergic receptor blocker atenolol (8 mg/kg IP) (=6
per group). Experiment 2: In separate groups of offspring,
pressor responses to intracerebroventricular injections of
angiotensin Il, TNF-a, or leptin were determined through
implantation of femoral artery catheters, brain lateral
ventricle cannulas, and pharmacologic methods (an-
giotensin Il, 200 ng/2 pL; TNF-a, 200 ng/2 pL or leptin,

Pregnancy of the NT or HT dams

|

Male and female offspring

l

|
I —_ 4 Exp 1 1
. Exp 1. Transmitter implantation 2% Exos
Weaningand Exp 2. icv canulalfemoral catheter autonomic np
LFD orHFDfeeding Exp 3. Blood and brain collection function

P4

3 Weeks old 15W 16W 17W 18W
BodyT T 1
composition ~ Exp 1. Exp 2. pressor
measurement BP’HR_ response to icv agents
recording
Figure 1. Representative timeline of the study design.

Male offspring of normotensive (NT) or hypertensive (HT) dams were weaned at 3 weeks old and fed with
a low-lard-fat diet (LFD) or high-fat diet (HFD) for 12 weeks. Experiment 1 (Exp. 1): male offspring were
instrumented with the telemetry transmitters after 12 weeks dietary treatment and hemodynamic and
autonomic function were measured. Experiment 2 (Exp. 2): intracerebroventricular (icv) cannulas and
femoral arterial catheters were implanted for assessment of pressor response to icv agents. Experiment 3
(Exp. 3): at 15 weeks of age, LFD- or HFD-fed male offspring from either NT or HT dams were euthanized
to collect blood and brain tissues for assessing plasma levels and mRNA expression of renin-angiotensin

system components, cytokines, or leptin, respectively.
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5 pg/2 pL; n=5-6 per group). Experiment 3: The blood
and brains from separate groups of offspring with the
diet treatments were collected for analyses of plasma
levels of angiotensin Il, interleukin-6, and leptin (h=8-10
per group) and MRNA expression of the RAS compo-
nents and PICs (n=6 per group), respectively. The struc-
tures lying along the LT (ie, the subfornical organ, the
median preoptic nucleus, the vascular organ of the LT),
and the PVN were used for these analyses.

Body Composition Measurement, Tissue
Collection, and Blood Plasma Analysis

After 12 weeks of diet treatment, body composition in-
cluding total body, fat, lean, and fluid mass were deter-
mined by nuclear magnetic resonance spectroscopy
using a Bruker mini-spec LF 90Il instrument (Bruker
Corporation, Billerica, MA). To analyze body composi-
tion, rats were placed into a restraint tube and inserted
into the rodent-sized nuclear magnetic resonance ap-
paratus, adjusting the volume of the chamber on the
basis of the size of the animal.

After decapitation of the offspring, trunk blood
from all groups of offspring was collected for bio-
chemical assays. Plasma levels of angiotensin Il (Cat,
CEAO005Ra, Cloud Clone, Wuhan, China), interleukin-6
(Cat, R6000B, R&D Systems, Minneapolis, MN) and
leptin (Cat, MOB00, R&D Systems) were measured
with commercial ELISA kits according to the manufac-
turers’ instructions.

At same time, visceral fat mass including inguinal,
retroperitoneal, and epididymal white adipose tissue
and brains were collected for measurement of visceral
fat mass and analysis of MRNA expression by reverse
transcriptase polymerase chain reaction, respectively.

Telemetry Probe Implantations and
Measurement of BP and HR

Rat telemetric probes (HD-S10, Data Sciences
International, St. Paul, MN) were used to directly meas-
ure arterial pressure and HR in individual animals. At
15 weeks of age, all groups of offspring were anesthe-
tized with a ketamine-xylazine mixture (90% ketamine
and 10% xylazine IP), and the femoral artery was ac-
cessed with a ventral incision. The right femoral artery
was isolated, and the catheter of a telemetric probe
was inserted into the vessel. Through the same ventral
incision, a pocket along the right flank was formed. The
body of the transmitter was slipped into the pocket and
secured with tissue adhesive. The ventral incision was
then closed with suture. All rats were allowed 7 days
to recover from transmitter implantation surgery.
Thereafter, BP and HR were telemetrically recorded
and stored with the Dataquest ART data acquisition
system (Data Sciences International).

J Am Heart Assoc. 2021;10:e022170. DOI: 10.1161/JAHA.121.022170
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Evaluation of Autonomic Functions

BP and HR were measured in the presence of the
ganglionic blocker hexamethonium (30 mg/kg IP), the
muscarinic receptor blocker atropine (8 mg/kg IP), or
the B-adrenergic receptor blocker atenolol (8 mg/kg
IP) on 3 separate days, respectively. On the day of the
experiment, rats were allowed to stabilize for at least
60 minutes, after which time BP and HR were recorded
for 20 to 60 minutes before and after administration of
autonomic antagonists.

Intracerebroventricular Cannula

Implantation and Evaluation of the

Effects of Acute Microinjection of Angiotensin I,
TNF-q, or Leptin

At 15 weeks of age, offspring were anesthetized intra-
peritoneally with 90% ketamine and 10% xylazine and
intracerebroventricular cannulas (25 gauge) were im-
planted into right lateral cerebral ventricle (the coordinates
1.0 mm caudal, 1.5 mm lateral to bregma, and 4.5 mm
below the skull surface) for acute bolus microinjections
of vehicle (saline, 2 pL; angiotensin Il, 200 ng/2 pL; TNF-
a, 200 ng/2 yL; or leptin, 5 pg/2 pL) delivered through
33-gauge injection cannulas. After 1 week of recovery,
using the same anesthetic, arterial catheters were im-
planted into the femoral artery for the measurement of
BP. Three days later, the effects of intracerebroventricu-
lar injections of angiotensin Il, TNF-a, or leptin on BP
and HR were determined on 3 separate days in unan-
esthetized animals using LABCHART (ADInstruments,
Dunedin, New Zealand) for data acquisition.

Real-time Reverse Transcriptase Polymerase
Chain Reaction Analysis

The offspring with dietary treatments were decapitated,
and the brains were quickly removed and put in iced
saline for 1 minute. Then, the brain was cut into 200-
pm coronal sections, and the target tissues, including
the LT and both sides of the PVN, were punched with
a 15-gauge needle stub (inner diameter, 1.5 mm). Some
immediately surrounding tissue was usually included in
the punch biopsies. The structures lying along the LT
include the subfornical organ, median preoptic nucleus,
and vascular organ of the LT. Because each of the struc-
tures lying along the LT is very small and they are located
at same level of a brain section in the coronal plane, we
collected these structures together and analyzed their
mMRNA expression as a whole. The PVN is composed
of 2 subregions including the magnocellular subregion
and the parvocellular subregion; we also collected both
subregions and both sides of the PVN and analyzed
PVN mRNA expression together. Total RNA was isolated
from the LT and PVN using the Trizol method (Invitrogen,
Waltham, MA) and treated with DNase | (Invitrogen). RNA
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integrity was checked by gel electrophoresis. Total RNA
was reverse transcribed using random hexamers follow-
ing the manufacturer’s instructions (Applied Biosystems,
Foster City, CA). Real-time polymerase chain reac-
tion was conducted using 200 to 300 ng of cDNA and
500 nM of each primer in a 20 L reaction with iQ SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, CA).
Amplification cycles were conducted at 95°C for 3 min-
utes, followed by 40 cycles of 95°C for 15 seconds and
annealing/extension at 60°C for 30 seconds. Reactions
were performed in duplicate and analyzed using a C1000
thermocycler system (Bio-Rad Laboratories). mRNA lev-
els for RAS components (angiotensin converting enzyme,
AT1-R), proinflammatory cytokines (TNF-a, interleukin-1(3,
and interleukin-6), microglial marker (CD11b), leptin, and
GAPDH were analyzed with SYBR Green real-time re-
verse transcriptase polymerase chain reaction. The values
were corrected by GAPDH, and the final concentration
of mRNA was calculated using the formula x=2A2ACH,
where x=fold difference relative to control. Primers were
purchased from Integrated DNA Technologies (Coralville,
IA). The sequences of the primers are shown in Table 1.

Statistical Analysis

Mean arterial pressure (MAP) and HR, obtained from
the 10 days of telemetry recordings, are presented as
mean daily values and averaged daily values of the 10-
day recordings. Differences for BP were calculated for
each animal on the basis of the baseline subtracted from
the BP after intraperitoneal injection of hexamethonium,
atenolol, and atropine or intracerebroventricular micro-
injection of angiotensin Il (56 minutes), TNF-a (30 min-
utes), and leptin (30 minutes). Likewise, differences for
HR were calculated for each animal on the basis of
the baseline subtracted from the HR after intraperito-
neal injection of hexamethonium, atenolol, or atropine.
Two-way repeated measure ANOVA or ordinary 2-way
ANOVA was then conducted on the means of calculated
differences for each of the experimental groups (fac-
tors: maternal normotensive/hypertensive and offspring
LFD/HFD). After finding interactions, post hoc analyses
were performed with Tukey multiple comparison tests
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between pairs of mean changes (Prism 9.0, GraphPad
Software, La Jolla, CA). The same statistical methods
were used to analyze the differences in metabolic pa-
rameters and in plasma levels and mRNA expression of
the RAS components, PICs, and leptin in the trunk blood
and brain regions, respectively. All data are expressed
as means+SE. Statistical significance was set at P<0.05.

RESULTS

Effect of Maternal Hypertension and HFD

Feeding on Metabolic Parameters in Male
Offspring

Both maternal hypertension (P=0.0197) and post-
weaning HFD feeding (P<0.0001) resulted in significant
increases in body weight when compared with LFD
offspring of normotensive dams. However, increased
body weight was greater in HFD-fed offspring of both
normotensive and hypertensive dams than that in
LFD offspring of hypertensive dams (F [3, 21]=62.88;
P<0.0001; Figure 2 and Table 2).

Food intake (g/d) was greater in the offspring from
both normotensive and hypertensive dams eating
the LFD than those eating the HFD (F [3, 21]=141.7;
P<0.0001). However, caloric intakes (calories/d) were
similar among all groups of offspring (F [3, 21]=2.015;
P=0.1427). As a result, feed efficiency was higher in
HFD offspring (P<0.0001) and LFD offspring of hy-
pertensive dams (P=0.0444) when compared with
LFD offspring of normotensive dams (F [3, 21]=36.63;
P<0.0001; Figure 3A and Table 2).

Total adipose tissue mass (F [3, 24]=16.06; P<0.0001)
and visceral adipose mass (F [3, 27]=32.49; P<0.0001)
were significantly increased after 12 weeks of HFD
feeding in offspring from both normotensive and hy-
pertensive dams when compared with those with LFD
(Figure 3B). Likewise, increased body fat composi-
tion (F [3, 19]=10.90; P=0.0002) and decreased lean
composition (F [3, 19]=17.62; P<0.0001) were evident
in HFD-fed offspring. Although the body weight and
feed efficiency were also significantly increased in LFD

Table 1. Primer Sequences for Real-Time PCR
Gene Forward primer Reverse primer Product size (bp)
GAPDH TGACTCTACCCACGGCAAGTTCAA ACGACATACTCAGCACCAGCATCA 141
ACE GTGTTGTGGAACGAATACGC CCTTCTTTATGATCCGCTTGA 187
AT1-R CTCAAGCCTGTCTACGAAAATGAG GTGAATGGTCCTTTGGTCGT 188
TNF-a GCCGATTTGCCACTTCATAC AAGTAGACCTGCCCGGACTC 209
Interleukin-6 GCCTATTGAAAATCTGCTCTGG GGAAGTTGGGGTAGGAAGGA 160
Interleukin-18 AGCAACGACAAAATCCCT GT GAAGACAAACCGCTTTTCCA 209
CD11b TTACCGGACTGTGTGGACAA AGTCTCCCACCACCAAAGTG 239
Leptin CCAAAACCCTCATCAAGACC GTCCAACTGTTGAAGAATGTCCC 154

ACE indicates angiotensin-converting enzyme 1; AT1-R, angiotensin Il type 1 receptor; PCR, polymerase chain reaction; and TNF-a, tumor necrosis factor-a.

J Am Heart Assoc. 2021;10:e022170. DOI: 10.1161/JAHA.121.022170
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Figure 2. Increases in body weight in male offspring from normotensive (NT) dams and
hypertensive (HT) dams after 12 weeks (W) of low-lard-fat diet (LFD) or high-fat diet (HFD) feeding.
(n=8/group; Both repeated [A] and ordinary [B] 2-way ANOVA were used for analysis followed by Tukey’s
post hoc tests. P<0.05; * vs NT-LFD offspring; T vs HT-LFD offspring).

offspring of hypertensive dams, total adipose tissue
mass, visceral adipose mass, and the body compo-
sition were not altered when compared with LFD off-
spring of normotensive dams (P>0.05) (Table 2).

Effect of Maternal Hypertension on
Increases in BP and HR Induced by
Postweaning HFD

Maternal hypertension had no effects on basal
MAP (112.7+1.0 versus 112.6+0.9 mm Hg) and HR
(334.1£5.4 versus 329.3+4.6 beats/min). HFD feeding
significantly elevated basal MAP in offspring of both

J Am Heart Assoc. 2021;10:e022170. DOI: 10.1161/JAHA.121.022170

normotensive (120.3+1.3 mm Hg) and hypertensive dams
(128.7+1.6 mm Hg) when compared with those receiv-
ing LFD feeding (F [3, 19]=17.62; P<0.0001). However,
the increases in MAP were greater in offspring of hy-
pertensive dams than those in offspring of normotensive
dams (P=0.0012; Figures 4A and 4B). Dietary treatment
had no effect on the HR of any group of offspring (F [3,
15]=0.5287; P=0.6693) (Figure 4C and 4D).

Changes in Autonomic Function After Diet
Treatment

Ganglionic blockade resulted in a significant reduction
in BP and HR in HFD-fed offspring when compared
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Table 2. The Metabolic Parameters in Male Offspring From Normotensive Dams or Hypertensive Dams During LFD and
HFD Feeding (P<0.05; * vs Normotensive LFD Offspring; ¥ vs Hypertensive LFD Offspring)

Male offspring Normotensive LFD Normotensive HFD Hypertensive LFD Hypertensive HFD
Weaning body weight (g) 53.2+3.5 48.3+3.9

Body weight at week 12 (g) 390.9+4.9 473.0+6.81 406.9+7.3* 454.9+5.41
Body weight changes (g) 337.7+2.8 419.8+5.41 360.2+6.4* 407.9+4.2*1
Food intake (g/d) 17.2+0.2 13.1+0.1"1 17.2+0.4 13.0+0.1°%
Energy intake (calories/day) 66.1+0.8 68.3+0.6 66.3+1.4 68.1+0.4
Feed efficiency (mg body weight/calorie) 60.9+1.1 73.4+0.5 64.7+1.1* 71.6+0.8*t
Total fat mass (g) 21.6+1.8 41.5+3.7*1 28.0+11 42.9+2.4*1
Visceral fat mass (g) 7.9+0.5 18.7+41.51 9.8+0.6 17.7+0.7*1
% fat 6.3+0.4 9.9+0.7" 7.3+0.3 9.7+0.41
% lean 64.7+£0.2 61.9+0.4% 64.6+0.2 62.6+0.3%
% fluid 9.8+0.1 9.6+0.1 9.7+0.1 9.4+0.1

with LFD-fed offspring of either normotensive dams (BP:
—36.2+1.7 versus -23.4+2.9 mm Hg; P=0.0241; HR:
-30.1+8.1 versus —2.0+£6.3 beats/min; P=0.0180) or hy-
pertensive dams (-51.9+3.7 versus —26.8+2.1 mm Hg;
P<0.0001; HR: —-35.7+4.7 versus —3.4+5.6 beats/min;
P=0.0066). However, the reduction in BP, but not in HR
(P>0.05), was greater in offspring of hypertensive dams
than that in offspring of normotensive dams (P=0.0059),
suggesting that exposure in utero to maternal hyperten-
sion sensitized the hypertensive response elicited by
HFD feeding by increasing sympathetic outflow from the

A 80 ¥ ETE
1 ot
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2 704
5 = o 0O NT-dam+LFD-offspring
ol - . g @ NT-dam+HFD-offspring
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Figure 3. Feeding efficiency (A) and fat mass (B) in male
offspring from normotensive (NT) dams and hypertensive (HT)
dams after low-lard-fat diet (LFD) or high-fat diet (HFD) feeding.
(n=8-10/group; ordinary 2-way ANOVA was used for analysis
followed by Tukey’s post hoc tests; P<0.05; * vs NT-LFD offspring;
1 vs HT-LFD offspring.
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central nervous system but produced a similar increase
in cardiac sympathetic tone in HFD-fed offspring from
normotensive and hypertensive dams (F [3, 15]=21.04;
P<0.0001; Figure 5A and 5B). Furthermore, 3-adrenergic
receptor antagonism significantly decreased HR in HFD
offspring of both normotensive dams (-55.5+9.6 versus
—28.7+5.0 beats/min; P=0.034) and hypertensive dams
(-57.9+4.5 versus -21.4+1.9 beats/min; P=0.0038;
Figure 5C) and resulted in a slight and comparable re-
duction in BP in all groups of offspring (Figure 5D). This
also suggests that HFD similarly increased cardiac
sympathetic tone in HFD-fed offspring (F [3, 15]=9.135;
P=0.0011; Figure 5C). In contrast, HR and BP re-
sponses to muscarinic receptor antagonism were simi-
lar in all groups (normotensive-dams, 112.6+10.8 versus
94.8+11.5 beats/min; hypertensive dams, 103.4+13.5
versus 114.0+16.8 beats/min), indicating that neither
maternal hypertension nor postweaning HFD had an ef-
fect on cardiac vagal tone (F [3, 15]=0.4454; P=0.7241;
Figure 5E and 5F).

Effect of Intracerebroventricular Injection
of Angiotensin Il, TNF-q, or Leptin on BP
in Diet-Treated Offspring

Either maternal hypertension or HFD feeding alone
significantly elevated pressor responses to intrac-
erebroventricular angiotensin Il (F [3, 12]=20.58;
P<0.0001; Figure 6A and 6B) and to TNF-a (F [3,
12]=8.826; P=0.0023; Figure 6C and 6D). As com-
pared with LFD-fed offspring, HFD feeding significantly
elevated pressor responses to intracerebroventricular
leptin (F [3, 12]=43.93; P<0.0001; Figure 6E and 6F).
Furthermore, the increases in pressor responses to
angiotensin Il (P=0.0024) or leptin (P=0.0041) were sig-
nificantly greater in HFD-fed offspring of hypertensive
dams than that in HFD-fed offspring of normotensive
dams (Figure 6A and 6E).
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Figure 4. Daily and averaged mean arterial pressure (MAP) and heart rate (HR) in male offspring from normotensive (NT)

dams and hypertensive (HT) dams.

Twelve weeks of high-fat diet (HFD) feeding beginning from weaning significantly increased MAP in male offspring from either NT
dams or HT dams, but the offspring of HT dams showed a greater increase in MAP (A and B). HRs were comparable in all groups
of offspring (C and D). (n=6/group; both repeated [A and C] and ordinary [B and D] 2-way ANOVA was used for analysis followed by
Tukey’s post hoc tests. P<0.05; * vs NT-LFD offspring; T vs HT-LFD offspring; # vs NT-HFD offspring).

Effect of Maternal Hypertension and HFD
Feeding on Plasma Levels of Angiotensin
I, Interleukin-6, and Leptin in Offspring
Both maternal hypertension and HFD feeding in-
creased plasma levels of angiotensin Il (F [3, 19]=6.327;
P=0.0037; Figure 7A). Maternal BP during pregnancy
had no effect on plasma interleukin-6 or leptin levels
(Figure 7B and 7C). However, HFD feeding significantly
elevated plasma levels of interleukin-6 (F [3, 20]=6.601;
P=0.0028; Figure 7B) and leptin (F [3, 24]=9.309;
P=0.0003; Figure 7C) in offspring of both hypertensive
and normotensive dams.

Effect of Maternal Hypertension and
Postweaning HFD on mRNA Expression
of RAS Components, PICs, and Leptin in
the Brain

In LT tissues, reverse transcriptase polymerase chain
reaction analysis revealed that maternal hypertension
resulted in a significant increase in MRNA expres-
sion of angiotensin converting enzyme (P=0.0437),
AT1-R (P<0.0001), and TNF-a (P=0.0498) in the off-
spring fed LFD when compared with LFD offspring
of normotensive dams (Figure 8A). HFD feeding in

offspring of hypertensive dams produced a sig-
nificant increase in MRNA expression of angioten-
sin converting enzyme (P=0.0108) and enhanced
AT1-R (P=0.0007), TNF-a (P<0.0001), and leptin
(P=0.0199) expression (Figure 8A) when compared
with HFD offspring of normotensive dams who only
exhibited a significant increase in mMRNA expression
of TNF-a (P=0.0255), interleukin-6 (P=0.0489), and
leptin (P=0.0358).

In PVN tissues, maternal hypertension elicited a
significant increase in mMRNA expression of TNF-
a, interleukin-1B3, interleukin-6, and CD11b in the
offspring fed LFD when compared with the LFD
offspring of normotensive dams (all components
P<0.0001; Figure 8B). HFD feeding increased inter-
leukin-13 (P=0.049) and interleukin-6 (P=0.0422) ex-
pression only in offspring of hypertensive dams but
not in offspring of normotensive dams, while HFD
feeding increased expression of TNF-a, CD11b, and
leptin in offspring of both normotensive (P=0.0037,
0.0004, and 0.0035, respectively) and hypertensive
(P=0.0016, 0.0002, and 0.0032, respectively) dams
(Figure 8B). Interestingly, the levels of expression
of PICs in HFD-fed offspring of both normotensive
(P<0.0001) and hypertensive (TNF-a, P=0.00083;
interleukin-13, P=0.0041; interleukin-6, P=0.0075)
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Figure 5. The changes in autonomic function in male
offspring from normotensive (NT) dams or hypertensive (HT)
dams after 12 weeks of low-lard-fat diet (LFD) or high-fat
diet (HFD) feeding.

The autonomic parameters including centrally driven sympathetic
tone (A, B), cardiac sympathetic activity (C, D) and cardiac
vagal activity (E, F) were obtained by intraperitoneal injection of
hexamethonium (Hex), atenolol, and atropine, respectively. (n=6/
group; ordinary 2-way ANOVA was used for analysis followed by
Tukey’s post hoc tests. P<0.05; * vs NT-LFD offspring; T vs HT-
LFD offspring; # vs NT-HFD offspring).

dams were lower than that in LFD offspring of hyper-
tensive dams (Figure 8B).

DISCUSSION

The goals of the current studies were to determine if
experimental maternal hypertension sensitized the
hypertensive response elicited by HFD feeding and
to investigate the mechanisms mediating this type of
synergism. The major findings of the present study
were that in postweaning HFD-fed offspring, mater-
nal gestational hypertension induced (1) a sensitized
HFD-elicited hypertensive response, (2) greater cen-
trally driven sympathetic tone, (8) enhanced pressor
responses to centrally administered angiotensin Il and
leptin, and (4) a greater increase in MRNA expression of

J Am Heart Assoc. 2021;10:e022170. DOI: 10.1161/JAHA.121.022170
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leptin and inflammatory markers in key brain cardiovas-
cular nuclei. The sensitized BP responses were accom-
panied by increased sympathetic drive to the heart and
vasculature and elevated plasma levels of angiotensin
Il, interleukin-6, and leptin, but these effects did not dif-
fer between HFD-fed offspring from either normoten-
sive or hypertensive dams. The results indicate that the
exaggerated centrally driven sympathetic activity, the
enhanced pressor responses to central leptin and RAS
or PIC components, and the sustained upregulated ex-
pression of related genes in the brain are likely respon-
sible for the sensitized hypertensive response to HFD in
offspring of hypertensive dams.

Maternal gestational hypertension affects up to
10% of pregnancies and has a significant impact on
maternal and fetal health immediately and in the long
term.% It has been established that in human and
animal models, the offspring of mothers with mater-
nal hypertension exhibit higher BP from an early age
and on into adulthood."®489%2 Numerous factors
have been implicated in the pathogenesis of the de-
velopmental programming of hypertension, includ-
ing renal or endothelial dysfunction, activation of the
RAS, and inflammation.®' Recent studies show that
prenatal insults exaggerate the cardiometabolic re-
sponses of offspring to postnatal adverse factors.
The prenatal and postnatal challenges (stressors)
can be viewed as “first hits” and “second hits,” re-
spectively. Adverse gestational events as first hits
reprogram homeostatic controls of BP so that a
second hit results in exacerbated cardiometabolic
diseases.'?12:25-27 \We have previously demonstrated
the ability of maternal gestational hypertension to
sensitize the response to angiotensin ll-induced
hypertension in male offspring.?® The present study
was to test the hypothesis that this effect of ma-
ternal gestational hypertension extends to another
second hit commonly encountered in today’s world,
that is, eating a HFD.

Much of the global increase in incidence of hy-
pertension is related to the rise in consumption of
Western diets. In obese humans and in animal mod-
els of diet-induced obesity, increased sympathetic
nervous system activity and BP have been demon-
strated to be associated with RAS activation, elevation
of inflammation, and increased leptin peripherally and
centrally.'31619.32.33 Congistent with this, we found that
HFD-fed offspring exhibited increased BP, elevated
levels of angiotensin I, interleukin-6, and leptin in the
plasma and increased centrally driven sympathetic
activity. The increased BP and central sympathetic
tone were greater in HFD-fed offspring of hypertensive
dams when compared with HFD-fed offspring of nor-
motensive dams. Our data suggest that the sensitizing
effect of maternal hypertension on the expression and
increased reactivity of central sympathetic nervous
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Figure 6. The pressor effects of intracerebroventricular (icv) injection of angiotensin (ANG) Il (A, B), tumor necrosis factor
(TNF)-a (C, D) or leptin (E, F) in male offspring from normotensive (NT) dams or hypertensive (HT) dams after 12 weeks of

low-lard-fat diet (LFD) or high-fat diet (HFD) feeding.

Group data (A, C, E) showing blood pressure responses to icv injection of the pressor agents. Bar graphs (B, D, F) showing changes in
mean arterial pressure (MAP). (h=5-6/group; ordinary 2-way ANOVA was used for analysis followed by Tukey’s post hoc tests. P<0.05;
* vs NT-LFD offspring; ¥ vs HT-LFD offspring; # vs NT-HFD offspring).

system components that drive increased sympathetic
tone accounts for these findings.

Sensitization of hypertensive responses is not with-
out precedent. Several studies have shown that pre-
natal hypertension, maternal HFD feeding, or exposure
of pregnant dams to nicotine significantly enhances
the pressor response of offspring to angiotensin Il infu-
sions.?429:3435 Fyrthermore, postnatal HFD exacerbates
perinatal programming of hypertension vulnerability in-
duced by prenatal dexamethasone exposure, maternal
high fructose consumption, NG-nitro-L-arginine methyl
ester-induced maternal hypertension or endothelial ni-
tric oxide synthase gene knockout.'%1225-27 The present
study extended observations by showing that maternal
gestational hypertension impairs the offspring’s ability
to cope with a HFD as a challenge because HFD in-
creases systemic activation of the RAS, inflammation,
and leptin, all of which act through systemic-central
and humoral-neural coupling to increase central sym-
pathetic activity and, in turn, increase sympathetic drive
to blood vessels and increase BP.3236:57

Obesity-related hypertension is mediated pri-
marily through neurogenic mechanisms.”® The LT
and PVN receive and integrate information initially
derived from systemic humoral and neural affer-
ent signals.®®2° In the central neural network, RAS
components, inflammatory factors and leptin act on
these structures to alter neural processing and stor-
age information to establish a new level of sympa-
thetic nervous system basal activity and reactivity to
stressors, such as seen with obesity-related hyper-
tension.'®19.3240 To explore the central mechanisms
underlying maternal hypertension sensitization of
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postweaning HFD-induced increase in BP, we de-
termined the pressor effects of intracerebroventric-
ular application of angiotensin I, TNF-q, or leptin in
offspring. We found that although LFD-fed offspring
of hypertensive dam had a normal baseline BP, they
exhibited increased pressor responses to intracere-
broventricular angiotensin Il and to TNF-a. This is
consistent with previous studies showing that ma-
ternal HFD elevated the pressor responses to cen-
tral administration of either angiotensin I, TNF-a, or
leptin.?®24 Furthermore, we found that in HFD-fed
offspring, the pressor responses to these agents
were significantly increased, and the increased pres-
sor effects to angiotensin Il or leptin were greater
in offspring of hypertensive dams when compared
with offspring of normotensive dams. The results in-
dicate that maternal hypertension sensitizes pressor
responses and enhances brain sensitivity to these
prohypertensive factors, which are responsible for
increased sympathetic drive and the sensitized hy-
pertensive response in HFD-fed offspring.

The finding of central sensitization of central pres-
sor responses in the HFD-fed offspring of hyperten-
sive dams received further support from the results of
studies characterizing the gene expression of leptin,
PICs, and RAS components in critical forebrain re-
gions. Messages for both RAS components and PICs
were upregulated in the LT and PVN of the LFD-fed
offspring of hypertensive dams, and HFD feeding led
to an even greater increase in messages for leptin,
PICs, and several components of the RAS in these off-
spring of hypertensive dams. The results suggest that
maternal gestational hypertension-induced sustained
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Figure 7. Comparisons of plasma angiotensin (ANG) Il (A),
interleukin-6 (IL-6) (B) and leptin (C) in male offspring from
normotensive (NT) dams or hypertensive (HT) dams after
12 weeks of low-lard-fat diet (LFD) or high-fat diet (HFD) feeding.
(n=8-10/per group; ordinary 2-way ANOVA was used for analysis
followed by Tukey’s post hoc tests. P<0.05; * vs NT-LFD offspring;
1 vs HT-LFD offspring.

increases in brain PICs and RAS components to en-
hance central nervous system activity may provide a
physiological foundation for the maintained sensitized
state produced by postnatal HFD. Consistent with the
present finding, our previous studies demonstrated
the roles for central RAS activation and inflammation
in mediating sensitization of angiotensin ll-induced
hypertension in offspring from maternal hypertensive
or HFD dams. The adult male offspring showed up-
regulated expression of both RAS components and
PICs in the LT and PVN. Systemic blockade of the
RAS, inflammation, or renal denervation blocked hy-
pertensive response sensitization and reversed the
changes in RAS and PIC mRNA expression in brain
cardiovascular nuclei in the offspring of hypertensive
or HFD dam.'9:24.28.29.35 Taken together, these studies
suggest that a common central mechanism is respon-
sible for an exaggerated hypertensive response when
prenatally challenged offspring are exposed to a sec-
ond stressor later in life.
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The association between maternal gestational hy-
pertension and metabolic markers other than BP,
such as body weight, weight gain, body composi-
tion, lipid profile, and glucose and insulin metabolism,
is less clear and often contradictory. Several studies
have shown that maternal gestational hypertension in
women who deliver at term was associated with higher
systolic BP in the offspring, but not with cardiometa-
bolic risk factors.®” In contrast, Tripathi and colleagues
reported that maternal gestational hypertension was
associated with generally better cardiometabolic
health in offspring mid-childhood. This was contrary
to that author’s hypothesis that maternal gestational
hypertension might be predictive of a worse overall
metabolic profile.® Furthermore, in the offspring either
exposure to intrauterine growth restriction®® or mater-
nal gestational hypertension,’? postnatal HFD treat-
ment had no effects on metabolic function in males
while female offspring manifested a full spectrum of a
metabolic-like syndrome phenotype, suggesting a sex-
specific regulation of combined abnormal intrauterine
environment and postnatal adverse factors on meta-
bolic function. In the present study, we found that ma-
ternal hypertension produced significant increases in
body weight, fat mass, and feed efficiency in both LFD
and postweaning HFD-fed male offspring, and that
HFD enhanced these metabolic markers. However, the
heightened metabolic markers along with increased
levels of plasma angiotensin Il, interleukin-6, and leptin
were not different between HFD-fed offspring from
normotensive or hypertensive dams. Although the re-
sults may represent an exacerbated effect of maternal
hypertension on metabolic function in LFD offspring
and in postweaning HFD offspring, the mixed effects
and absence of measurements for glucose and insulin
metabolism prevent us drawing a conclusion and war-
rant further investigation.

There are several limitations in this study. First, we
used maternal infusion of angiotensin Il to induce ma-
ternal gestational hypertension. It has been shown that
activation of the maternal RAS in various animal models
including infusion of angiotensin Il in our study is an eti-
ologic factor in maternal hypertension and preeclamp-
sia. However, upregulation of tissue angiotensin Il, but
not circulating angiotensin Il, in the maternal part of the
placenta of rats represents an important growth factor
for trophoblast invasion and migration, and fetal sheep
appear less responsive to infused angiotensin Il than
pregnant ewes because of a greater fetal metabolic
clearance rate that lowers plasma angiotensin Il levels
in fetal sheep.*'*2 Therefore, it is likely that the sensitiz-
ing effect exhibiting in offspring of maternal hyperten-
sion induced by infusion of angiotensin Il in the present
study is mainly attributed to maternal hypertension and
preeclampsia. However, long-term infusion of angio-
tensin Il in pregnant ewes has been demonstrated to
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Figure 8. Comparison of the mRNA expression of renin-angiotensin system components,
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(n=6/group; ordinary 2-way ANOVA was used for analysis followed by Tukey’s post hoc tests; P<0.05; * vs
NT-LFD offspring; t vs HT-LFD offspring; # vs NT-HFD offspring.

have a direct impact on fetuses through altering utero-
placental blood flow and fetal gas exchange.*® Based
on these data, in our maternal gestational hypertension
model, it is possible that increased circulating angioten-
sin Ilin rat dams may have a direct impact on the fetus,
and we cannot rule out this possibility. In the future,
the maternal hypertension model induced by infusion
of aldosterone (low circulating renin and angiotensin Il)
will be used to differentiate the impacts of maternal hy-
pertension on fetuses or direct effect of circulating an-
giotensin Il on fetuses. Second, we did not determine
the enzymatic activity or expression of protein associ-
ated with leptin and RAS and PIC components in the
brain cardiovascular control related nuclei. Leptin and
RAS and PIC components bind to their receptors and
enhance activity in the brain to elevate sympathetic ac-
tivity and increase BP. In this study, we determined the
gene expression in the brain and levels of these agents

J Am Heart Assoc. 2021;10:e022170. DOI: 10.1161/JAHA.121.022170

in the plasma. Interestingly, although the pressor ef-
fects to leptin or angiotensin Il were greater in HFD-fed
offspring of hypertensive dams than that in LFD off-
spring of hypertensive dams, the mRNA expression of
PICs in the PVN was even reduced in the former when
compared with that in the latter, while leptin expres-
sion was not upregulated in the LT and PVN of LFD
offspring of hypertensive dams. Therefore, more stud-
ies assessing the enzymatic activity, protein levels, and
activation of second messenger mechanisms related
to these agents in the brain nuclei are needed to con-
firm the functional significance of the changes in gene
expression. Also, the pathway between the LT and the
hypothalamic nuclei involved in processing signals as-
sociated with the RAS, PICs, and leptin that initiate the
maternal hypertension and HFD-induced sensitization
should be specifically studied in the future. Third, we
do not present female offspring data in this article. In
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fact, we carried out parallel experiments in male and
female offspring at the same time and conditions and
found similar but not identical results to those reported
here for males. Females from mothers with gestational
hypertension displayed a sensitized hypertensive re-
sponse to HFD, but it was lower. Because of different
mechanisms underlying the sensitizing effect of mater-
nal hypertension on dietary-treated male and female
offspring, we made a strategic decision to publish the
male and female data separately.

In conclusion, this study highlights how maternal
gestational hypertension adversely affects vulnerabil-
ity to expression of hypertension in the next genera-
tion exposed to overnutrition. The study demonstrated
that maternal gestational hypertension sensitizes post-
weaning HFD-induced hypertension, probably through
upregulation of leptin, PICs, and RAS components in
key brain areas involved in BP regulation that enhances
brain sensitivity and sympathetic drive to the cardiovas-
cular system. This study provides insights into a specific
central mechanism by which prenatal and postnatal in-
sults converge to interact and synergistically contribute
to exacerbation of programming processes that lead to
a vicious circle with cardiovascular diseases in offspring
later in life.
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