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High-sucrose diets in pregnancy alter angiotensin
II-mediated pressor response and microvessel tone
via the PKC/Cav1.2 pathway in rat offspring

Chonglong Wu1,3, Jiayue Li1,3, Le Bo1, Qinqin Gao1, Zhoufeng Zhu1, Dawei Li1, Shigang Li1, Miao Sun1,
Caiping Mao1 and Zhice Xu1,2

This study determines the influence of a prenatal high-sucrose (HS) diet on angiotensin II (Ang II)-mediated pressor response

and determine the underlying mechanism. Pregnant rats were provided with a 20% sucrose solution diet throughout gestation.

Blood pressure and vascular response to Ang II were measured in 5-month-old adult offspring. Currents of L-type Ca2þ

channels (Cav1.2) were measured in smooth muscle cells of small mesenteric arteries from the offspring. Ang II-mediated

pressor response was higher in the offspring exposed to prenatal high sugar compared with the control. In mesenteric arteries

from the HS offspring, AT1 receptors (AT1R), not AT2 receptors, mediated the increased vasoconstriction; protein kinase C

(PKC) antagonist GF109203X suppressed the Ang II-increased vasoconstriction; PKC agonist phorbol 12,13-dibutyrate

produced a greater contractile response that was reversed by the Cav1.2 antagonist nifedipine. The expression of PKCa was

increased, whereas PKCd was unchanged; KCl-induced vasoconstriction was stronger and was suppressed by nifedipine;

nifedipine also reduced the enhanced vasoconstriction by Ang II. In addition, the Cav1.2 of smooth muscle cells in mesenteric

arteries from the HS offspring showed larger current density, although its expression was unchanged. The data suggest that a

HS diet during pregnancy alters Ang II-mediated pressor response and microvessel tone acting through the PKC/Cav1.2 pathway

in the offspring that may in part be because of alterations in AT1Rs, PKCa and Cav1.2.
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INTRODUCTION

Previous studies have shown that many adverse environmental factors
during prenatal life may influence the development of adult diseases
(for example, hypertension, diabetes mellitus and so on).1–3

A number of prenatal insults (for example, nicotine, hypoxia,
low-protein diets and so on) may ‘program’ certain cardiovascular
problems and increase susceptibility to cardiovascular diseases in later
life.3–6 Overconsumption of sucrose during pregnancy has been
shown to lead to obesity and glucose intolerance in female mouse
offspring as well as hypertension in both sexes1 and may be linked to
insulin resistance and hyperglycemia in rats.7 Prenatal high-sucrose
(HS) diets may also be responsible for a number of adverse effects on
fetal development.2,8 However, the underlying mechanisms that
contribute to the development of hypertension in offspring exposed
to high sugar in utero are unclear.
When administered during pregnancy in rats, captopril, an

angiotensin-converting enzyme inhibitor, has been shown to prevent
the development of hypertension programmed by a maternal low-
protein diet, suggesting a key role for the renin–angiotensin system

(RAS) in the development of hypertension.3 In addition, a specific
AT1 receptor (AT1R) antagonist, losartan, could eliminate the
increase in blood pressure (BP) that results from exposure to a
maternal low-protein diet in rats, indicating that angiotensin II
(Ang II), a critical hormone in the regulation of cardiovascular
homeostasis, has an important role in the prenatal programming of
hypertension.9 In this study, we investigated BP and pressor
responding to Ang II in offspring exposed to prenatal high sugar.
Ang II can stimulate vasoconstriction via three major pathways:

release of Ca2þ from intracellular stores, transmembrane influx of
Ca2þ predominantly through L-type Ca2þ channels (Cav1.2) and
activation of one or more isoforms of protein kinase C (PKC).10 PKC
has been shown to increase intracellular Ca2þ via activation
of Cav1.2, which in turn induces vasoconstriction.11 Our earlier
study demonstrated that overconsumption of sugar during pregnancy
resulted in an enhanced vascular response to Ang II.12 White et al.13

showed that the enhanced responsiveness of mesenteric arteries from
streptozotocin-diabetic rats to alpha-adrenergic agonists has a greater
dependency on extracellular calcium. Other laboratories have
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demonstrated that aortic vascular smooth muscle cells from a mouse
model of type 1 diabetes show an increase in Cav1.2 current.14

Therefore, the present study was designed to test whether the PKC/
Cav1.2 pathway is involved in the increased Ang
II-mediated pressor response and vasoconstriction in the HS
offspring.

METHODS

Animals
Pregnant Sprague–Dawley rats from the Animal Center of Soochow University

were housed in a controlled environment of 22 1C with a 12-h light/dark cycle.

They were randomly divided into two groups: (1) the control group was fed

with standard food and (2) the HS group was provided with the same food

and 20% sucrose solution from gestational day 1.8 After delivery, all rats were

provided tap water and standard rat food for 5 months. All procedures were

approved by the Institutional Animal Care Committee and conformed to the

Guide for the Care and Use of Laboratory Animals.

Measuring blood glucose and body weight
Pregnant rats (on gestational day 21) as well as the male adult offspring at

5 months of age were anesthetized with a mixture of ketamine (75mg kg�1)

and xylazine (10mg kg�1; Hengrui Medicine, Jiangsu, China) administered

intraperitoneally. Fetal blood samples were collected following decapitation.

Maternal and offspring blood samples were obtained from the abdominal

aorta. Blood samples were collected into ice-cold plastic tubes containing

heparin. Blood glucose was determined by a Nova analyzer (Nova Biomedical,

Waltham, MA, USA) and body weight was measured.

Measurement of BP
Offsprings were implanted with catheters in their femoral arteries for recording

of BP as described.15 After 3 days of recovery from surgery, BP was measured

continuously in conscious and free-moving rats. Following baseline recording

for B60min, Ang II (100ng kg�1; Sigma, St Louis, CA, USA)16 in 0.2ml

saline was injected intravenous via the catheter, and BP was recorded for an

additional 120min using the Power-Lab system and software (AD Instruments,

Bella Vista, New South Wales, Australia).

Measurement of vessel tone
Small segments of mesenteric arteries (fourth-order branch) were isolated in

Krebs–Henseleit solution (mmol l�1: NaCl 115, NaHCO3 25, KCl 4.6,

NaH2PO4 1.2, MgCl2 1.2, CaCl2 2.5 and glucose 10; pH 7.4) and mounted

in a multimyograph system (Danish Myo Technology, Midtjylland, Denmark),

maintained in oxygenated Krebs–Henseleit solution (95% O2, 5% CO2) at

37 1C.17,18 After equilibration for 60min, the vessel rings were contracted with

cumulatively increasing concentrations of Ang II (10�11–10�5mol l�1).

Losartan (AT1R antagonist, 10mmol l�1),19 PD123319 (AT2R antagonist,

10mmol l�1),19 GF109203X (PKC antagonist, 1mmol l�1)20 or nifedipine

(Cav1.2 antagonist, 10mmol l�1)21 were used for pretreating segments for

30min before application of Ang II. Cumulative concentration-response curves

to the PKC activator, phorbol 12,13-dibutyrate (PDBu, 10�9–10�5 l�1) or KCl

(20–140mmol l�1) were performed both in the absence and presence of

nifedipine in mesenteric arteries. The vessel tone was normalized by the

maximum contraction elicited by 60mmol l�1 KCl or by the maximum

response of the vessel to a specific agonist. Each vessel was used once only.

Signals were recorded by Power-Lab system with Chart 5 software (AD

Instruments, Castle Hill, NSW, Australia).

Isolation of vascular myocytes
Myocytes were isolated enzymatically from dissected mesenteric arteries.22

Vessels were cut into 1-mm strips in ice-cold solution (PSS) containing

(mmol l�1) 137 NaCl, 5.6 KCl, 1 MgCl2, 0.42 Na2HPO4, 0.44 NaH2PO4,

4.2 NaHCO3 and 10 HEPES (pH 7.4). All enzymatic solutions contained

1mgml�1 bovine serum albumin. Isolated vascular smooth muscle cells were

obtained by gentle trituration in PSS. The cells were stored at 4 1C for study

within 6 h.

Electrophysiological measurement
Myocytes were plated directly on the bottom of the experimental chamber and

visualized using an inverted microscope (OLYMPUS CKX41, Tokyo, Japan).

Cells were washed with bath solution to remove debris. Patch pipettes were

pulled from thin-wall glass capillary tubes using a micropipette puller (Model

P-30, Sutter Instruments, Novato, CA, USA). The tip resistance of patch

pipettes was 3B4MO when filled with pipette internal solution.

Negative inward current through Cav1.2 was evaluated using Ba2þ (IBa) as

the charge carrier. The voltage-dependent Ca2þ channel current was isolated

via eliminating the Kþ current by inclusion of Csþ in the patch pipette with

TEA and 4-AP in the bath solution. T-Ca2þ current was eliminated by using a

holding potential of �60mV. IBa was evoked using several voltage protocols.

For activation of the inward current, Ba2þ current was elicited by 250-ms

voltage steps from a holding potential of �60mV to test potentials in the

range �50 to þ 70mV with 10mV increments. The activation data were fit to

the Boltzmann distribution, G/Gmax¼ 1�{1þ exp[(V�V1/2)/k]}
�1, where

V1/2 is the voltage of half-maximal activation, G is the peak conductance at

test voltage V, Gmax is the maximum conductance and k is the slope factor. To

estimate the rate of Ca2þ channel inactivation, the voltage dependency of IBa
inactivation was determined using a double-pulse protocol with a 1000-ms

conditioning voltage step to potentials between �60 and þ 60mV with 10mV

increments. This was followed by a 200-ms test pulse to þ 20mV to evaluate

inactivation of Cav1.2. The inactivation data were fit with a Boltzmann

equation of the form I/Imax¼ {1þ exp[(V�V1/2)/k]}
�1, where I/Imax is the

relative current amplitude compared with the maximum current amplitude, k

is the slope factor and V1/2 is the voltage at which there is half-maximal

inactivation. Data were collected after the whole-cell configuration was

obtained and current amplitude stabilized. Only cells with an input resistance

42GO without substantial run-down were analyzed.

Whole-cell voltage-clamp was performed using a computer-controlled current

and voltage clamp system (Multiclamp 700B, Digidata 1440, Axon Instruments,

Foster City, CA, USA) driven by Clampex 10.1 and Multiclamp Commander 1.

Pipette offset and whole-cell capacitance were compensated electronically. The

cellular membrane potential was measured at gap-free mode in the whole-cell

current-clamp configuration, and the whole-cell current was measured at

episodic stimulation mode in the whole-cell voltage-clamp configuration using

an Axonpatch 700B amplifier and Clampex 10.1. All of the whole-cell currents

were normalized with cell capacitance to give current density.

Western blot analysis
Protein abundance of PKC a, d and Cav1.2 a1c-subunits in mesenteric arteries

were measured with western blot analysis normalized to b-actin.23,24

The primary antibodies were the goat polyclonal antibody (Santa Cruz

Biotechnology, Santa Cruz, CA, USA) against Cav1.2 a1c-subunits (1:200),

rabbit polyclonal antibody (Santa Cruz Biotechnology) against PKCa (1:200)

or PKCd (1:200). The secondary antibody was donkey anti-goat antibody

(1:4 000) or goat anti-rabbit antibody (1:4 000; Beyotime Biotechnology,

Jiangsu, China). Immunosignals were visualized using chemiluminescence

detection (Amersham Biosciences, Piscataway, NJ, USA) and the UVP imaging

system (EC3-Imaging-System, Upland, CA, USA). Imaging signals were

digitized and analyzed, and then the ratio of band intensity to b-actin was

obtained to quantify the relative protein expression level.

Data analysis and statistics
Data were expressed as the mean±s.e.m. Significance (Po0.05) was

determined by t-test or two-way analysis of variance (ANOVA) followed by

a post hoc test, where appropriate. Curve fitting was performed with SigmaPlot

11 (Systat Software, Inc., Chicago, IL, USA) and GraphPad Prism 5 (GraphPad

Software, Inc., San Diego, CA, USA).

RESULTS

Blood glucose and body weight
As Table 1 shows, the fetal body weight was heavier in the HS group
(Po0.05), whereas no significant difference in body weight was found
between the control and HS offspring. Both the fetal and maternal
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blood glucose levels were higher in the HS group (Po0.05). However,
the blood glucose level of the HS offspring was not significantly
different from that of the control.

Ang II-induced BP responses
The basal mean arterial pressure showed no significant difference with
measurements of 103.3±1.9mmHg in the HS offspring and
102.7±1.7mmHg in the control. Immediately following intravenous
administration of Ang II, mean arterial pressure in the HS offspring
was significantly higher than that of the control (Po0.05, Figure 1a).

Ang II-mediated vasoconstrictions in the mesenteric arteries
Ang II-induced maximum contraction was 3.82±0.59% in the
control and 9.52±0.69% in the HS group (Po0.05, Figure 1b).
Pretreating vessel rings with losartan completely inhibited Ang
II-mediated vascular contractions in both the control and the HS
group, whereas PD123319 had no effect (Figures 1c and d). Ang
II-induced vasoconstrictions were lower in the presence of
GF109203X. GF109203X-inhibited contractile response to Ang II
was greater in the HS offspring than in the control (Figure 2a).
Nifedipine depressed the Ang II-induced contractile response, and the
decreased level in the HS offspring was significantly more than that of
the control (Figure 2b). PDBu produced stronger contractions in the

HS offspring than the control, and the PDBu-caused difference could
be removed by nifediping (Figure 2c). Cumulative concentrations
of KCl also caused a significantly higher contractile response in
mesenteric arteries of the HS offspring compared with the control,
which was reversed by nifedipine (Figure 2d).

The effect of prenatal HS on Cav1.2
Figure 3 shows the peak current–voltage relation for Cav1.2 in
myocytes from the offspring. The control or HS traces show that
the peak current increased with each voltage step from –50 to
þ 20mV. The current amplitude was significantly higher in the HS
myocytes than in the control, and the maximum current density
calculated at þ 20mV in the HS myocytes showed a striking increase
of 42.83% compared with the control (Po0.05, Figure 3).

Voltage dependence of activation and inactivation of Cav1.2
Figure 4 shows the steady-state activation and inactivation of Cav1.2
in myocytes. The V1/2 of activation occurred at 1.06±0.69mV for the
control and �1.78±0.56mV for the HS cells (P40.05). The V1/2

of inactivation occurred at �9.00±1.29mV for the control and
�6.24±1.13mV for the HS cells (P40.05). There was no significant
difference in voltage dependence of Cav1.2 activation and inactivation
between the control and HS cells (Figure 4).

Table 1 Body weight and blood glucose levels of the maternals, fetus and adult offspring

Body weight, g (n) Blood glucose level, mmol l�1 (n)

Control High sucrose Control High sucrose

Maternal — — 7.95±0.69 (7) 12.26±0.81 (8)a

Fetus 5.56±0.23 (7) 6.83±0.34 (8)a 3.04±0.34 (7) 4.53±0.51 (7)a

Adult offspring 444.79±10.36 (7) 468.18±14.38 (6) 7.76±0.36 (8) 7.91±0.51 (8)

aPo0.05 control versus high sucrose.

Figure 1 (a) Ang II-mediated pressor responses in the offspring. Arrow: time of injection of intravenous Ang II. Control (n¼10 from five dams), HS: high

sucrose (n¼12 from five dams). (b) Ang II-mediated vasoconstriction in mesenteric arteries of the offspring (n¼5, each group). (c, d) the effect of losartan

or PD123319 on Ang II-mediated vasoconstriction in mesenteric arteries of the offspring (n¼5, each group). *Po0.05.
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PKC a, d isoforms and Cav1.2 a1c subunit expression in mesenteric
arteries
Western blot analysis showed no significant difference in expression
levels of Cav1.2 a1c subunits and PKCd isoform in mesenteric arteries
between the HS and control group. Higher expression of the PKCa
isoform was detected in the HS offspring (Figure 5).

DISCUSSION

In the present study, prenatal HS diet was shown to enhance the Ang
II-mediated pressor response and vascular tone, acting through
altered PKC/Cav1.2 signaling pathways. Blood glucose was higher in
pregnant and fetal rats, and fetal weight was increased in the HS
group. However, both blood glucose and body weight were the same
for the control and HS groups at 5 months after birth, suggesting that
mechanisms may exist for reversal in the offspring if abnormal dieting
is corrected. Although baseline BP was not significantly changed,
Ang II-stimulated pressor response was increased in the HS offspring.
RAS has been suggested to have an important role in the
programming of hypertension,9,25 and PKC/Cav1.2 signal pathways
are critical in vasoconstriction and pressor responses. Ang II binds to
AT1R to activate phospholipase C, and then hydrolyzes membrane
phosphoinositides into diacylglycerol to activate PKC.26,27 PKC can
activate Cav1.2 by direct phosphorylation28 or by altering membrane
potential through the inhibition of BK channels.29 The activation of
Cav1.2 could lead to extracellular Ca2þ influx and vasoconstriction.
Overconsumption of sugar during pregnancy may lead to an

overexpression of AT1R in the offspring.12 In the present study,
losartan, a specific antagonist of AT1R, abolished the enhanced
vascular response to Ang II in the HS group, whereas the AT2R
blocker PD123319 did not show any significant effects on Ang
II-mediated contraction, suggesting that AT1R, not AT2R, mediated
Ang II-increased vasoconstriction and pressor response in the HS
offspring. A high-sugar diet during pregnancy could alter blood
values and hormone levels, including glucose and insulin
concentrations.7 Known interactions exist between RAS and other
endocrine systems related to glucose homeostasis.30 In a previous
study, hyperglycemia upregulated the RAS components necessary
for the synthesis and actions of Ang II that may contribute to
hypertension associated with metabolic syndrome.30 Thus, it is
reasonable to propose that biochemical and endocrine changes
following prenatal overconsumption of sugar may cause alterations
in RAS in the offspring. We also found that GF109203X suppressed

Figure 2 (a, b) The effect of GF109203X or nifedipine on Ang II-mediated vasoconstrictions in mesenteric arteries of the offspring (n¼5, each group).

(c, d), PDBu- and KCl-induced vasoconstriction in the absence and presence of nifedipine in mesenteric arteries of the offspring (n¼5, each group).

Data in d were expressed as a percentage of the maximum response of that vessel to KCl. *Po0.05; #Po0.05.

Figure 3 (a, b) Representative traces of Cav1.2 currents recorded from the

control and HS cells. (c) I–V plots displayed enhanced inward currents at

þ10 mV to þ50mV in the HS cells (n¼20) compared with the control

(n¼25). *Po0.05.
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the Ang II-increased vasoconstriction, suggesting that the enhanced
PKC functions had a role in Ang II-stimulated vasoconstriction in the
HS offspring. As an upstream component of the Ang II pathway,
overexpressed AT1R may contribute to enhanced PKC functions.
Gestational diabetes mellitus may result in increased activity

and enhanced tissue distribution of several PKC isoforms in early
organogenesis,31 and hyperglycemia could increase PKC activity in
different issues in vitro.32–34 PKC isoforms, including PKCa, PKCg,
PKCd, PKCe and PKCz, were detected in the rat mesenteric arteries.
Only a and d isoforms appeared to be involved in PDBu-induced
vasoconstriction.24 PKCa can strengthen Ca2þ -dependent cellular

contraction and its overexpression has been linked to hypertension.35

The present study measured the expression of PKCa and PKCd to
determine whether they were involved in enhanced PKC functions.
In addition, PDBu was used to test PKC activity. Overexpression of
PKCa, not PKCd, was found in the HS offspring. It has been
previously demonstrated that prenatal hypoxia induces epigenetic
programming of the PKCe gene in rat heart.36 Thus, epigenetic
factors may be one of the underlying mechanisms for the change of
PKCa, an area that deserves further investigation. PDBu produced
greater vasoconstriction in the HS offspring. In addition, nifedipine
reversed the PDBu-enhanced vasoconstriction, indicating that an

Figure 4 (a, b) Typical inactivation currents obtained by stepping to þ20mV for 200 ms following the application of a series of 1000-ms conditioning

potentials from –60 to þ60mV. (c) Voltage dependence of activation curves of the Cav1.2 currents in the control (n¼15) and HS cells (n¼11)

(G, conductance; Gmax, maximum conductance). (d) Voltage dependence of inactivation curves of the Cav1.2 currents in the control (n¼22) and HS

(n¼19) groups (I, current; Imax, maximum current). The representative traces for activation currents are presented in Figure 3 (a) (b).

Figure 5 Expression of PKC a, d isoforms and Cav1.2 a1c subunits in mesenteric arteries of the offspring (n¼5, each group). *Po0.05. Con: control,

HS: high sucrose.
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altered PKC/Cav1.2 pathway may contribute to Ang II-enhanced
vessel tone.
To determine whether the altered Cav1.2 was related to the

upregulated PKC/Cav1.2 pathway, we used cumulative concentrations
of KCl to test the vascular response that was manipulated with the
antagonist. High concentration of extracellular Kþ depolarizes the
cell membrane leading to activation of Cav1.2, resulting in increased
influx of Ca2þ and in turn vasoconstriction.20 KCl produced greater
vasoconstriction in the mesenteric arteries of the HS offspring in the
present study, which was normalized by nifedipine, indicating
increased activity of Cav1.2 in the HS offspring. However, there was
no significant difference in the expression of Cav1.2 in the mesenteric
arteries between the control and the HS offspring, suggesting that the
anatomical density of Cav1.2 in the mesenteric arteries might not be
altered. Rather, changes in sensitivity of Cav1.2 could be the cause of
the increased activity. A consistent finding in the vascular smooth
muscle cell from mesenteric arteries was an increase in currents of
Cav1.2 in the HS offspring without changes in the voltage dependence
of activation or inactivation of Cav1.2. Furthermore, nifedipine
partially reduced the Ang II-enhanced vasoconstriction in
mesenteric arteries, suggesting that the PKC/Cav1.2 signaling
pathway may not be the only route for Ang II-increased
vasoconstriction and pressor responses in the HS offspring.
In conclusion, microvessel and cellular experiments suggest

potential pathways that may be linked to enhanced activity of the
PKC/Cav1.2 route and are associated with alterations in AT1R, PKCa
and Cav1.2. These observations may provide a novel insight into
mechanisms underlying the Ang II-increased pressor response and
vessel tone in the offspring exposed to high sugar prenatally. The
information is an important contribution to our understanding of
early prevention or treatments of cardiovascular diseases that are
programmed in utero.
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