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Abstract: Adverse conditions during early developmental stages permanently modify the metabolic
function of organisms through epigenetic changes. Exposure to high sugar diets during gestation
and/or lactation affects susceptibility to metabolic syndrome or hypertension in adulthood. The effect
of a high sugar diet for shorter time lapses remains unclear. Here we studied the effect of short-term
sucrose ingestion near weaning (postnatal days 12 and 28) (STS) and its effect after long-term
ingestion, for a period of seven months (LTS) in rats. Rats receiving sucrose for seven months develop
metabolic syndrome (MS). The mechanisms underlying hypertension in this model and those that
underlie the effects of short-term exposure have not been studied. We explore NO and endothelin-1
concentration, endothelial nitric oxide synthase (eNOS) expression, fatty acid participation and the
involvement of oxidative stress (OS) after LTS and STS. Blood pressure increased to similar levels
in adult rats that received sucrose during short- and long-term glucose exposure. The endothelin-1
concentration increased only in LTS rats. eNOS and SOD2 expression determined by Western blot
and total antioxidant capacity were diminished in both groups. Saturated fatty acids and arachidonic
acid were only decreased in LTS rats. In conclusion, a high-sugar diet during STS increases the
hypertension predisposition in adulthood to as high a level as LTS, and the mechanisms involved
have similarities (participation of OS and eNOS and SOD expression) and differences (fatty acids and
arachidonic acid only participate in LTS and an elevated level of endothelin-1 was only found in LTS)
in both conditions. Changes in the diet during short exposure times in early developmental stages
have long-lasting effects in determining hypertension susceptibility.
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1. Introduction

Early programming is the process by which adverse conditions during the early stages of
development, such as malnutrition, produce long-term consequences for the structure and function
of the organism [1]. If diet is altered during gestation and lactation, when epigenetic regulations are
fixed [2,3], the descendants will show permanent physiological and biochemical changes, that may
help survival and growth at early stages but may have undesirable long-term costs; such as increasing
predisposition to diseases (obesity, metabolic syndrome, hypertension) [4–6].

In many cases, hypertension may be determined by conditions undergone during the intrauterine
period, infancy and childhood [7]. Changes in lifestyle habits such as reducing maternal smoking,
increasing breastfeeding, reducing salt consumption in infancy and preventing childhood obesity have
been suggested as possible interventions to prevent hypertension during adulthood [7]. Most models
of fetal programming of hypertension used relatively long-term perturbations that included gestation
and lactation. These alterations also produced a low birth weight in the offspring [8–11]. The decreased
growth, in utero, might alter renal development causing hypertension. Feeding rats with a high sucrose
diet before and during pregnancy and during lactation and the first days after weaning produced
a higher incidence of hypertension when the offspring reached adulthood [12]. A high salt diet before
and during pregnancy as well as during lactation and the early weaning period also increased the
incidence of hypertension [13]. A high salt diet for a shorter lapse of time, only during gestation,
increased the risk of the female offspring rats having elevated blood pressure (BP) as adults [14].

However, these studies tested alterations in the diet during long periods of time. Alterations
during shorter periods of time, known as critical windows, have not been tested. A critical period
around weaning (from postnatal day 12 to 28) has been described in rats, during which there
are important developmental changes in the pancreas, as well as changes in glucose and insulin
concentrations [15]. In previous studies, we found that hyperglycemia and hyperinsulinemia
modify adult vascular responses [16]. Metabolic syndrome (MS) rats that have hyperglycemia and
hyperinsulinemia and hypertriglyceridemia have modified vasoreactivity [16]. We have also previously
described changes in aortic contractility during this critical window lasting 16 days around weaning
where plasmatic glucose and insulin concentrations vary [17].

It has been described that the energetic metabolism in the mitochondria leads to the production
of metabolites that participate in the establishment of epigenetic cues, and which could participate
in early programming [18–20]. Since insulin and glucose modify vascular contractility in the critical
window near weaning, and carbohydrate metabolism participates in the establishment of epigenetic
cues, here we studied whether variations in sucrose ingestion during the critical window might
determine hypertension susceptibility during adulthood.

The aims of the present paper also include: (1) to study the mechanisms underlying the effect
of short-term sucrose exposure (STS) coinciding with the critical window, on the development of
hypertension in the adult; (2) to study the mechanisms underlying hypertension after long-term
ingestion of sucrose (seven months) (LTS), in which rats develop metabolic syndrome (MS),
since the mechanisms underlying hypertension in sucrose-induced MS have not been reported; and
(3) to compare the mechanisms underlying hypertension in both models. The mechanisms might be
the same for STS and LTS, since the ingestion of sucrose in rats developing MS includes the critical
window near weaning or they could differ since the lapse of time during which sucrose is ingested
is longer.

We report that the susceptibility to develop hypertension in the adult is increased when the diet
is modified during the critical window around weaning by the ingestion of high sucrose. We study
whether hypertension is due to endothelin-1 or nitric oxide (NO) production alterations in STS and
LTS rats. We analyze three possible mechanisms underlying hypertension when the animals reach
adulthood in both models: the first is through the effect of insulin, which inhibits endothelial nitric
oxide synthase (eNOS) [21]; the second is through an elevation of free fatty acids, mainly oleic
acid, which might diminish the activity of eNOS; and the third is through oxidative stress (OS),
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since uncoupled eNOS and other enzymes generate reactive oxygen species that react with NO,
diminishing its bioavailability and therefore vessel relaxation [22]. We found that OS and the altered
expression of eNOS and SOD2 participate in STS and LTS and that fatty acids and arachidonic acid
only participate in LTS. An elevated level of endothelin-1 was only found in LTS rats.

2. Materials and Methods

2.1. Animals and Experimental Groups

The animal experiments were approved by the Laboratory Animal Care Committee of the Instituto
Nacional de Cardiología “Ignacio Chávez” in Mexico and were conducted in compliance with our
institution’s ethical guidelines for animal research.

Wistar inbred rats with no predisposition to cardiometabolic diseases from the animal facility
of our institution were used. A total of 15 litters of rats were divided into three experimental
groups including 5 litters each: (a) Control rats that received tap water throughout the experiment;
(b) Rats that were given 30% sucrose in drinking water from postnatal day 12 to 7 months of age (LTS),
who developed metabolic syndrome [23]; and (c) Rats that received 30% sucrose in drinking water
during the possible postnatal critical window for increased hypertension susceptibility (postnatal
days 12 to 28) (STS) and were then given tap water until 7 months of age. Litters consisted of 8 male
pups and the mother. Therefore, a total of 40 male pups and 5 mothers per experimental group
were used. Although small differences might be expected between female and male pups during the
weaning stage, since sexual hormone production is low, hormones might induce differences in the
adult stage. Only male animals were studied, since the MS model has been better characterized in
males. Differences between male and female organisms should be the aim of another study. In all
groups, weaning took place on postnatal day 21. Therefore, the critical window included the time
when pups begin to drank water but still suckled and a period during which they only drank water.

All animals were fed Purina 5001 rat chow (Richmond, IN, USA) ad libitum, and were kept under
controlled temperature and a 12:12-h light-dark cycle. Pups were placed in metabolic cages at the
end of the critical window to determine sucrose ingestion. Water intake (mL/day) was 34.25 ± 0.98
in controls and 20.75 ± 0.85 in pups ingesting sucrose, the difference being statistically significant
(p < 0.05). The kilocalorie (kcal) equivalents ingested with the sucrose in the water was 24.9 ± 1.03.
Food intake (g/day) was 15.17 ± 0.96 in controls and 8.25 ± 0.58 in sucrose-fed rats and was statistically
different (p < 0.05). The kcal equivalents ingested with the food were also significantly different
(p < 0.05), being 23.74 ± 1.5 in controls and 12.91 ± 0.91 in sucrose-fed rats. The total kcal equivalents
ingested with the water and food were 23.75 ± 1.5 in controls and 37.81 ± 1.5 in sucrose-fed rats,
showing a statistically significant difference (p < 0.05). Therefore, sucrose-fed rats ingested more kcal
per day. Systolic arterial BP was measured in conscious adult animals using the tail cuff method;
the cuff was connected to a pneumatic pulse transducer (Narco bio-systems Inc., Healthdyne Co.,
Austin, TX, USA) and a programmed electrosphyngomanometer. The mean of five independent
determinations was calculated.

After overnight fasting (12 h), the animals were killed by decapitation and the blood was collected.
The serum was separated by centrifugation at 600 g for 15 min at room temperature and stored at
−70 ◦C until needed. The thoracic aortas were dissected and cleaned from the surrounding tissue.

2.2. Thoracic Aorta Homogenization

A sample from the thoracic aorta was taken for homogenization using a lysis buffer (25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH = 7.5; 100 mM NaCl, 10% Glycerol,
1% Triton-X100, 7 mg/mL sodium deoxycholate) supplemented with a mixture of protease inhibitors
(1 mM phenylmethanesulfonyl fluoride (PMSF), 10 µg/mL pepstatin A, 10 µg/mL leupeptin and
10 µg/mL aprotinin) (Sigma Chemical Co., St. Louis, MO, USA). Tissue was homogenized in liquid
nitrogen first, and then it was mixed with lysis buffer at 4 ◦C. The thoracic aorta homogenate was
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incubated 30 min, at 4 ◦C in nutator and centrifuged at 14,000 rpm for 10 min at 4 ◦C. The supernatant
was separated and kept at −70 ◦C until required. The protein concentration was determined by the
Bradford method (Protein assay, Bio-Rad laboratories Inc., Hercules, CA, USA) [24].

2.3. Biochemical Measurements

2.3.1. Glucose, Insulin and HOMA-Index

Serum insulin was determined using a commercial radioimmunoassay (RIA) specific for rats
(Linco Research, Inc., St. Charles, MO, USA); its sensitivity was 0.1 ng/mL and the intra- and inter-assay
coefficients of variation were 5 and 10%, respectively. The glucose concentration was assayed
using an enzymatic SERA-PAK® Plus from Bayer Corporation (Bayer Corporation, Sées, France).
The homeostasis model assessment of insulin resistance (HOMA-IR) was used as the physiological
index of insulin resistance. The HOMA-IR was calculated from the fasting glucose and insulin
concentrations using the following formula:

(insulin (µU/mL) × glucose (in mmol/L)/22.5) [25].

2.3.2. Lipidic Profile

Total cholesterol (TC) and plasma triglyceride concentrations were measured in serum using
commercial enzymatic assays (RANDOX Laboratories, Crumlin, UK). The high-density lipoprotein
(HDL) cholesterol content was determined in the bottom fraction obtained after the ultracentrifugation
of the plasma at density of 1.063 g/mL for 2.5 h at 100,000 rpm (Beckman optima TLX) [25,26].
The non-HDL-C is defined as the difference between the values of TC and HDL-C and includes low
density lipoprotein cholesterol (LDLC), intermediate density lipoproteins (IDL), and very-low-density
lipoproteins (VLDL). Recently non-HDL-C has become a commonly-used marker for a blood lipid
pattern associated with an increased risk of heart disease. Fatty acids (FA) and non-esterified fatty
acids were extracted and identified by gas liquid chromatography. Briefly, 100 g of protein from
plasma were used in the presence of 100 g of nonadecanoic acid as the internal standard and 2 mL of
chloroform–methanol (2:1, v/v) with 0.002% butyl hydroxytoluene (BHT), as described by Folch [27].
The total FA was trans-esterified to their FA methyl esters by heating them at 90 ◦C for 2 h with
methanol, 2% in concentrated H2SO4 and 0.002% BHT. The total FA methyl esters were separated
and identified by gas chromatography-flame ionization detector (FID) in a Carlo Erba Fratovap
2300 chromatograph equipped with a capillary column packed with the stationary phase—HP-FFAP
(description: 30 m length × 0.320 mm diameter × 0.25 µm film)—and fitted with a flame ionization
detector at 210 ◦C, with helium as the carrier gas at a flow rate of1.2 mL/min.

2.3.3. Lipoperoxidation (LPO)

LPO, a marker of damage by free radicals, was measured using a standard method [25]. One mg
of protein from the thoracic aorta homogenate was used. A total of 50 µL CH3-OH with 4% BHT
plus phosphate buffer pH 7.4 was added to 100 µg of aortic homogenate. The mixture was shaken
vigorously in a vortex for 5 s and then incubated in a water bath at 37 ◦C for 30 min. A total of
1.5 mL of 0.8 M thiobarbituric acid was added and the sample was incubated in a water bath at boiling
temperature for 1 h. After this time and to stop the reaction, the samples were placed on ice; 1 mL 5%
KCl was added to each sample as well as 4 mL n-butanol, then they were shaken in a vortex for 30 s and
centrifuged at 4000 rpm at room temperature for 2 min. The n-butanol phase was then extracted, and
the absorbance was measured at 532 nm. The calibration curve was obtained using tetraethoxypropane
as the standard [28].
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2.3.4. Total Antioxidant Capacity

A total of 100 µL of thoracic aorta homogenate was suspended in 1.5 mL of a reaction mixture
of the three following solutions, in a relation of 10:1:1 v/v: (a) 300 mM acetate buffer pH 3.6;
(b) 20 mM hexahydrate of ferric chloride; and (c) 10 mM of 2,4,6-Tris-2- pyridil-s-triazine dissolved in
40 mM chlorhydric acid. The mixture was shaken vigorously in a vortex for 5 s. It was then incubated
at 37 ◦C for 15 min in the dark. The absorbance was measured at 593 nm. The calibration curve was
obtained using Trolox [29].

2.4. Endothelial Nitric Oxide Synthase and SOD1 and 2 Immunoblotting

A total of 50 µg of aorta homogenate were mixed with 4× loading buffer (20% glycerol,
4% SDS, 0.02% bromophenol blue, 0.2% 2-mercaptoethanol, 125 mM Tris, pH 6.8). The mixture
was heated at 100 ◦C for 5 min. The proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), 8% bis-acrilamide-laemmli gel for endothelial
nitric oxide synthase (eNOS), or, 15% bis-acrilamide-laemmli gel for superoxide dismutase (SOD)
1 or 2; and transferred to a 0.22 µm polyvinylidene difluoride (PVDF) membrane. Blots were
blocked for 1 h at room temperature using Tris saline buffer plus 0.01% Tween (TBS-T) and
5% non-fat dehydrated milk. Afterwards, membranes were incubated overnight with a 1:1000
dilution, at 4 ◦C with primary antibodies, polyclonal rabbit anti-eNOS (sc-376751), mouse anti-SOD1
(sc-271014) and goat anti-SOD2 (sc-18503) (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Then, the membranes were rinsed three times with TBS-T buffer and incubated for 3 h at
room temperature with horseradish peroxidase conjugated secondary antibodies, dilution 1:10,000
(Santa Cruz Biotechnology). All blots were incubated with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (sc-365062) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as a control. Protein
was detected by a chemiluminescence assay (Clarity Western ECL Substrate, Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The chemiluminescence emitted in this process was detected in X-ray
films (AGFA, Ortho CP-GU, Agfa HealthCare NV, Mortsel, Belgium). Images from each film were
acquired with a GS-800 densitometer (including Quantity One software from Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The values of each band density are expressed as arbitrary units (AU).

2.5. Determination of NO

The seric concentration of NO was evaluated by UV-visible spectrophotometry according to
the method of Tenorio [30]. A total of 100 µL of serum was deproteinized with cold methanol and
centrifuged to 16,000 g for 15 min at 10 ◦C (Prism R, LabNet International, Inc. Palo Alto, CA, USA).
A Sep-Pak Classic C-18 cartridge (Waters, Milford, MA, USA) was conditioned with phosphate
buffer 100 mM pH 7.0 (pH-Meter HI-208, Hanna Instruments, Urbana, IL, USA) and used to filter
the supernatant. The filtered solution was then treated with vanadium chloride (III) 0.8% in 1 M
phosphoric acid and sulfanilamide 2% (w/v) in phosphoric acid 5% (v/v). Once the solution was
homogenized, a solution of N-(1-naphthyl) ethylenediamine dihydrochloride 0.2% (w/v) in H2O was
added. The reaction was incubated for 45 min at room temperature and finally 3 mL of water was
added. The samples were spectrophotometrically analyzed at 572 and 587 nm (Evolution 220, Thermo
Scientific, Urbana, IL, USA). The difference between the measurements (∆Abs = 572–587 nm) was used
to calculate the concentration of NO compared with a standard curve (0 to 200 pmol/mL).

2.6. Determination of Endothelin-1

Endothelin-1 was quantified in serum by high pressure liquid chromatography (HPLC), according
to the method of Kumarathasan [31]. The sample was deproteinized in a 1:1.5 ratio with a cold mixture
of methanol-1N HCl (40:1). It was vigorously homogenized (Vortex Mixer, Fisher Scientific, Urbana,
IL, USA) for 1 min and centrifuged (Prism R Microcentrifuge, LabNet International, Inc. Palo Alto,
CA, USA) at 16,000 g for 10 min at 10 ◦C. The supernatant was filtered with Millex-GV filters with
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hydrophilic Durapore PVDF membrane with 0.22 micrometer and 4 mm diameter pore with male
Luer-Slip connection (Millipore, Billerica, MA, USA) and subsequently diluted in a 1:10 ratio with
0.1 M NaOH. The resulting mixture was separated by means of a translucent white PVC column
of 5 mL capacity (12 mm ID × 100 mm), packed with Sephadex G-25 (GE Healthcare Life Sciences,
Issaquah, WA, USA) in 0.1 N HCl. It was then filtered with a SepPak Classic C-18 solid phase extraction
cartridge (55 µm, 70 Å, capacity: 100 mg/1 mL) (Waters Corporation, Milford, MA, USA), and finally
with a 0.22 µm nitrocellulose membrane filter (Corning Incorporated, Corning, NY, USA) and directly
analyzed. For this purpose, the equipment “Acquity HPLC System” coupled to a fluorescence detector
(Waters Corporation, Milford, MA, USA), equipped with an Acquity column UPLC Peptide Separation
Technology BEH300 C18 (1.7 µm, 21 × 50 mm) (Waters Corporation, Milford, MA, USA) was used.
The separation was carried out by passing a gradient from 0 to 50% of phase B for 30 min at a flow
of 0.2 mL/min (phase A: 0.02% trifluoroacetic acid in water, phase B: 0.018% trifluoroacetic acid in
acetonitrile), with detection at 360 nm of excitation and 460 nm of emission at 10 ◦C. The concentration
of endothelin-1 was compared with that in a standard curve (0 to 20 pmol/mL).

2.7. Statistical Analysis

Results are expressed as mean ± standard errors of the mean (SEM). For multiple comparisons,
we applied one-way analysis of variance (ANOVA) followed by the post-hoc Tukey test. The Sigma Stat
program (Jandel Scientific, San Rafael, CA, USA) was used. Differences were considered statistically
significant when p < 0.05.

3. Results

3.1. Changes in Body Weight, Abdominal Fat, Glucose, Insulin, HOMA-IR

The values of these variables in control animals that did not receive sucrose during development
are shown in Table 1 and correspond to previously reported values for adult rats. Animal that
received 30% sucrose in the drinking water during a short period, corresponding to the possible critical
window, and returned to tap water until six months of age (STS) showed similar values to those of
control animals. Experimental adult LTS animals that received sucrose during and after the STS had
a body weight similar to control animals but the abdominal fat was significantly increased. They had
hypertriglyceridemia, hyperinsulinemia and HOMA-IR, as previously reported [23].

Table 1. The effects of long-term (LTS) and short-term (STS) administration of sucrose on body
characteristics and biochemical parameters. Data represent mean ± standard error of the mean (SEM),
# p < 0.01, after one-way analysis of variance (ANOVA), n = 10 determinations from 10 different rats
from each group.

Control LTS STS

Weight (g) 509.20 ± 3.68 419.67 ± 5.24 496.00 ± 5.00
Visceral adipose tissue (g) 4.08 ± 0.44 9.82 ± 1.16 # 4.23 ± 0.41
Systolic pressure (mm Hg) 105.4 ± 0.75 125.81 ± 1.13 # 125.47 ± 1.07 #

Glucose (mg/dL) 110.63 ± 7.6 100.73 ± 5.61 93.36 ± 3.5
Insulin (µU/mL) 7.61 ± 0.73 13.62 ± 1.18 # 9.66 ± 0.52

HOMA-IR 1.36 ± 0.16 2.48 ± 0.29 # 2.03 ± 0.17

3.2. Changes in Blood Pressure, NO and Endothelin-1 Levels and eNOs Expression

Control rats showed normal levels of BP. Rats receiving sucrose during and after the critical
window (LTS; MS model) showed arterial hypertension. Surprisingly, rats receiving 30% sucrose in
the drinking water only during the STS and then returned to drinking tap water for six months had
increased blood pressure reaching almost the same levels as LTS rats. (Table 1, Figure 1).

Endothelin-1 concentration was increased in LTS rats but not in STS rats (Figure 2). There were
no significant changes in NO in LTS rats or STS rats. eNOS protein expression decreased in both LTS
rats and STS rats (Figure 3).



Nutrients 2018, 10, 728 7 of 20
Nutrients 2018, 10, x FOR PEER REVIEW  7 of 20 

 

 

Figure 1. The effects of long-term (LTS) and short-term (STS) administration of sucrose on systolic 
blood pressure. C-control, MS-metabolic syndrome rats receiving sucrose for six months including 
the possible critical window, SP-rats receiving sucrose during the 16 days of the possible critical 
window for hypertension development around weaning and then receiving 5.5 months of tap water. 
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Figure 2. The effects of long-term (LTS) and short-term (STS) administration of sucrose on 
endothelin-1 and NO concentrations in plasma. Data represent mean ± SEM, # p < 0.05 after one-way 
ANOVA, n = 8 determinations from plasma from 8 different animals of each group. 

 

Figure 3. The effects of long-term (LTS) and short-term (STS) administration of sucrose on protein 
expression of eNOS. Data represent mean ± SEM, # p < 0.05 after one-way ANOVA, n = 8 lanes in 
Western blots in which homogenates of aortas from 8 different rats from each group were run. A 
representative Western blot analysis is shown above the graph. 
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blood pressure. C-control, MS-metabolic syndrome rats receiving sucrose for six months including the
possible critical window, SP-rats receiving sucrose during the 16 days of the possible critical window for
hypertension development around weaning and then receiving 5.5 months of tap water. Data represent
mean ± SEM, # p < 0.01 after one-way ANOVA, n = 10 determinations from 10 different animals of
each group.
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expression of eNOS. Data represent mean ± SEM, # p < 0.05 after one-way ANOVA, n = 8 lanes
in Western blots in which homogenates of aortas from 8 different rats from each group were run.
A representative Western blot analysis is shown above the graph.
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3.3. Lipidic Profile and Free Fatty Acid Levels

Triglycerides were increased only in the LTS rats that developed MS. There were no significant
changes in total cholesterol, HDL cholesterol and non-HDL cholesterol in any of the groups
studied (Table 2).

Table 2. The effects of long-term (LTS) and short- term (STS) administration of sucrose on serum
triglycerides, total cholesterol (TC), high- density lipoprotein cholesterol (HDL-C), and non-HDL-C
levels. Data represent mean ± SEM, # p < 0.01 after one-way ANOVA, n = 10 determinations from
10 different rats from each group.

Control LTS STS

Triglycerides (mg/dL) 66.48 ± 9.55 126.95 ± 8.10 # 47.29 ± 4.98
Total cholesterol (mg/dL) 51.34 ± 4.11 54.77 ± 4.97 62.40 ± 3.94
Cholesterol-HDL (mg/dL) 26.32 ± 1.96 19.76 ± 1.65 34.28 ± 2.6

Cholesterol non-HDL (mg/dL) 23.54 ± 1.60 31.59 ± 3.72 26.25 ± 1.92

The saturated FA percentage was decreased in LTS rats but not in STS rats. Monounsaturated
and polyunsaturated percentages of free FA were not modified in LTS or STS rats (Figure 4). Stearic
and arachidonic acids were decreased in the LTS rats and linoleic acid was increased. In the STS rats,
there were no changes in fatty acids when compared to control rats; the oleic acid levels remained
unchanged in the three groups analyzed (Table 3).
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Figure 4. Effects of long-term (LTS) and short-term (STS) administration of sucrose on saturated fatty
acids, monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs). Data represent
mean ± SEM, # p < 0.05, n = 8 determinations from different rats in each group.

Table 3. The effects of long-term (LTS) and short-term (STS) administration of sucrose on seric fatty
acid composition. Data represent mean ± SEM, # p < 0.01, n = 8 determinations from 8 different rats
from each group.

Fatty Acid (%) Control LTS STS

Palmitic 27.21 ± 0.67 33.53 ± 0.57 27.22 ± 0.62
Stearic 32.98 ± 1.03 20.48 ± 1.40 # 33.15 ± 0.75
Oleic 24.94 ± 0.96 20.93 ± 1.52 24.24 ± 0.42

Linoleic 2.47 ± 0.29 10.46 ± 1.20 # 5.29 ± 0.59
Arachidonic 11.27 ± 0.90 8.33 ± 0.82 # 10.20 ± 0.53
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3.4. LPO, Total Antioxidant Capacity, SOD1, and SOD2 Expression

The LPO remained unchanged in the LTS and STS rats, while the total antioxidant capacity was
decreased in both experimental groups (Figure 5). The expression of SOD1 did not show significant
changes with the treatments, while the expression of SOD2 was significantly decreased in the LTS and
STS rat aortas (Figure 6).
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Figure 6. The effects of long-term (LTS) and short-term (STS) administration of sucrose on protein
expression of the antioxidant enzymes SOD1 and SOD2. Data represent mean ± SEM, # p < 0.05,
n = 8 lanes in Western blots in which homogenates of aortas from 8 different rats from each group were
run. A representative Western blot analysis is shown above the graph.

4. Discussion

Treating high BP in middle age reduces the occurrence of cardiovascular disease; however,
even well-controlled hypertensive adults still have reduced survival compared with normotensive
subjects. Therefore, preventing hypertension from early life is important. There is increasing evidence
that adult BP, may in some cases be determined by conditions established during the intrauterine
period, infancy and childhood; this is also true for other cardiovascular diseases [8,32–37]. There is
a potential relationship between childhood BP levels and adult hypertension [38]. Therefore, the study
of the mechanisms that increase our predisposition to developing hypertension induced by changes
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in diet during early development are important. The exploration of the differences found with
mechanisms produced by long-term alterations in diet that induce high BP is also important.

Rodent models using high-fat and high-carbohydrate diets have been widely used to study human
induced obesity, diabetes and their cardiovascular complications, rendering important advances in
the knowledge of these diseases [39]. However, the reliability of results in rodent models is being
questioned by some authors due to species-specific differences at every level of glucose regulation,
from gene/protein expression, cellular signaling, tissues and organs, to the whole-organism level.
Variations have been reported when comparing data obtained employing human cells, tissues, organs,
and populations and when studying rodent models [40].

The sucrose concentration given to the rats in the present paper corresponds to the concentration
found in many sodas [41]. This is the first report on the mechanisms underlying hypertension in STS
and LTS models.

Regarding the effects of altered diets during the early stages of life and their effect in adults,
the effect of long-term exposure to adverse diets—such as a diet containing high sucrose during
gestation and lactation—on the development of hypertension has previously been studied. Contreras
and coworkers [13] showed that giving female rats a high salt diet during pregnancy and lactation
and for 10 days after weaning will produce a lasting increase in BP in the adult offspring. A high
carbohydrate diet has also been tested during the gestation and lactation period, finding an increased
prevalence of MS and hypertension when animals reached adulthood [12]. Another study, trying to
find a more limited critical window, administered a high salt diet in rats only during gestation and
found an increased incidence of hypertension only in female adults [14].

In this study, we undertook the task of determining the effect of a high sucrose diet during a very
short-term possible critical window (a period of only 16 days; from day 12 to 28 after birth) on the
development of hypertension in the offspring when they reach adulthood. A critical window of the
pancreas has been described for this period and there are also important changes in plasma glucose
and insulin at this stage [15]. Insulin and glucose modify adult arterial contractility [16] and we have
previously described changes in arterial contractility during this critical window [17].

Although there are a large number of clinical and animal studies that indicate that the maternal
consumption of a diet high in fat and other potential nutrients promotes obesity and increased
metabolic risk in offspring [42,43], there are few studies on the long-term effects of high carbohydrate
exposure during gestation, lactation, and infancy and their implications for long-term cardiometabolic
health in offspring [43,44]. There are even less papers linking the effects of high levels of carbohydrate
ingestion to hypertension. Although obesity and MS are frequently associated with hypertension,
there might be a direct link between high sugar intake and elevated BP. We do not know of any
epidemiological evidence showing a correlation of sugary drinks during infancy and acquired high
blood pressure later during adulthood. However, a human population situation that might resemble
the condition simulated in the present experiments might be the administration of sweetened tea
when babies cry asking for food after recently being breast-fed by the mother, in some countries
and epidemiological studies linking high carbohydrate ingestion in critical windows to hypertension
would be required to elucidate this issue. Even if some hypertension may be caused by the ingestion
of sucrose during early life, it is not the underlying factor in most cases of elevated BP, since very high
levels of hypertension are found in Western countries, where giving sucrose to babies is not a common
practice. Furthermore, some milk substitutes contain sucrose and/or fructose and therefore some
humans feed babies fructose during the breastfeeding period when they complement the nutrition
with formula. Soy formula (about 20% of the US market) contain sucrose (which is 50% fructose)
instead of lactose.

In this paper, we found that rats receiving a 30% sucrose concentration in drinking water only
during the critical window had increased BP when reaching adulthood. The increase in BP was similar
to that observed in rats that received sucrose for seven months (LTS) that included the critical window.
Additional controls have previously been carried out in our laboratory consisting of: (a) giving sucrose
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for six months after the possible critical window period, as a result of which there was also an increase
in BP but not as pronounced as when the ingestion of sucrose also included the critical window; and
(b) giving sucrose for 16 days during a different period of time than the possible critical window
(at three months of age), in which BP was similar to the control rats (data not shown).

In the present study, we studied and compared three possible mechanisms underlying the
development of hypertension after short- and long-term exposure to sucrose. The possible mechanisms
were: (1) through the effect of insulin, which might increase endothelin-1 concentration and inhibit
eNOS [21]; (2) through an elevation of free FA, mainly OA, whose levels have been associated with
the activity of eNOS; and (3) through oxidative stress, since uncoupled eNOS and other enzymes
generate reactive oxygen species that react with NO, diminishing its bioavailability and therefore
vessel relaxation [22].

Moreover, increased susceptibility to hypertension after STS might be caused by epigenetic
marks induced by high glucose and insulin. Histone acetylation might regulate eNOS and SOD gene
expression and sirtuins, which are NAD+ dependent histone acetylases and ADP-ribosiltransferases
(which depend on metabolism levels) might participate in this regulation. Thus, sirtuins might
determine vasoconstrictor and vasodilator substance production and release in the vessel, and might
modify the lipidic profile or alter OS. Sirtuin 1 regulates the expression of eNOS by deacetylation [45].
Sirtuin 3 is related to inflammatory responses and the expression of SOD. These changes might favor
the development of hypertension in the adult [46,47]. Although the effects of the targets of epigenetic
control upon obesity and MS have been extensively studied, the targets of hypertension remain to be
elucidated. Studying sirtuin expression during STS might be the aim of future studies.

4.1. Effect of the Short- and Long-Term Exposure to Sucrose on Body Variables

Although, there are several studies on the effect of changes in diet on the increased incidence
of MS when the individual reaches adulthood, we did not find that an increased uptake of sucrose
during STS elevated the incidence of MS during adulthood. MS with increased weight, abdominal fat,
insulin and triglycerides was only found in LTS rats receiving sucrose for seven months. Rats receiving
sucrose during STS showed similar body weight, abdominal fat, glucose, insulin and triglycerides
as control rats. The lack of effect upon the development of MS might be due to the short term of
administration of sucrose used in this study, which was shorter than the period of administration used
in other papers.

It is important to point out that the effect of sucrose during the possible critical window studied
includes exposure to this carbohydrate from two sources, namely the milk, since the critical window
encompasses the pre-weaning period when the rat pups were still suckling but also began to drink
water, and a period in which they only drank the water provided in the cage. There exists little
knowledge on how the dietary protein and dietary carbohydrate ratio regulates the expression of
metabolic genes in the mother, influencing milk composition. Previous studies have shown that higher
breast milk glucose concentrations were associated with greater adiposity in infants [48]. Maternal
dietary protein quality, protein quantity and feeding levels have been found to determine mammary
protein synthesis and pup weight [49]. The effect of intestinal glucose supply on the mammary
utilization of amino acids has been studied in lactating dairy cows [50]. The mammary uptake of all
essential amino acids, except arginine and valine, increased linearly with when the supply of glucose
was elevated, and the ratio of blood amino acid uptake to milk protein output increased significantly for
histidine, methionine and leucine [50]. The duodenal infusion of glucose on carbohydrate metabolism
and milk yield in Holstein dairy cows has also been reported [51]. The effect of maternal diet on protein
synthesis in isolated mammary acini from lactating rats when low protein diets are administered has
also been reported, showing that the rate of synthesis and secretion of alpha-lactalbumin decreased
without there being an alteration of the synthesis and secretion of the caseins [52]. In another study,
the effect of consuming different percentages of dietary protein and carbohydrates on the expression
of genes involved in lipogenesis and protein synthesis in the liver, adipose tissue and the mammary
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gland were studied, finding a priority for milk synthesis in the mammary gland. The adaptations
in the liver and adipose tissue seemed to be responsible for providing nutrients to the mammary
gland to sustain milk synthesis [53]. We placed 28-day-old control and STS pups in metabolic cages to
determine sucrose ingestion, finding that the STS pups ate and drank less but consumed more daily
kcal equivalents. The determination of the importance of exposure to carbohydrates from the two
different sources during the critical window around weaning could constitute the aim of future studies.

4.2. Nitric Oxide and Endothelin-1 Levels and Expression of eNOS. Regulation by Insulin

We determined the expression of aortic eNOS, which was significantly reduced in rats receiving
STS and LTS. There was a tendency for the eNOS expression to be lower in STS than in LTS rats;
nevertheless, this difference was not statistically significant. The importance of regulating factors of
eNOS expression, such as elevated levels of circulating insulin and insulin resistance (HOMA-IR index)
is possibly different in both conditions, since insulin levels and HOMA-IR were increased in LTS rats
but not in STS rats. Decreased insulin sensitivity and insulin resistance had already been reported
in the MS rats that received the same treatment as our LTS group by using the euglycemic clamp
technique [54]. The severity of the alterations in insulin sensitivity in LTS might trigger compensatory
mechanisms that are not initiated in a less severe alteration such as STS.

Our results show that the expression of eNOS was not directly related to the insulin concentration
in STS rats, although in our results, these rats showed a non-significant tendency to have increased
insulin levels. Therefore, there might be other mechanisms involved. eNOS expression is also regulated
by transcription factors such as peroxisome proliferator-activated receptor gamma coactivator 1-α
(PCG-1α) and peroxisome proliferator-activated receptor α (PPAR α), which are not evaluated in this
paper [55]. eNOS expression could possibly be epigenetically regulated by Sirtuin 1, the expression of
which might be determined by high glucose and insulin levels since early life [56].

The seric levels of NO were not in agreement with changes in BP and eNOS expression. This might
be due to the fact that the plasma systemic levels that were measured in this study do not always reflect
the levels of this mediator released from the endothelium to the media of the aorta. The lack of a NO
measurement directly in the aorta is a limitation of this study. Furthermore, NO might be increased
by an enhanced expression of inducible nitric oxide synthase (iNOS) [57]. The lack of experimental
evidence on this issue is another limitation of this study and should be addressed in future studies.

There are reports in the literature that insulin causes the activation of two separate
pathways involved in vasoreactivity: phosphatidyl inositol 3 phosphate (PI3K)/protein kinase
B (PKB or AKT)/eNOS pathway and mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) pathways. PKB phosphorylates eNOS, increasing NO production and
vasodilation, while the MAPK pathway results in endothelin-1 production and vasoconstriction [58].
We did not observe the effect of the activation of the PI3K/PKB/eNOS pathway in LTS or STS rats [59].
This might be due to insulin resistance, particularly in LTS rats. A prolonged HOMA-IR increase might
be acting as a compensatory mechanism. However, an effect on endothelin-1 probably due to the
activation of the MAPK/ERK pathway by insulin might be present in LTS rats [58]. We had previously
reported that insulin increases aortic contraction through changes in endothelin-1 release and that
these effects are mediated through the ETA and ETB receptors [16]. The activation of this pathway
was present in LTS rats that had elevated insulin levels and increased endothelin-1 levels. To our
knowledge, this is the first report on the activation of this pathway in the regulation of hypertension
in MS. This pathway was not present for STS, which had only a tendency to increased insulin levels
in plasma.

4.3. Lipidic Profile, Effect of Free Fatty Acids, Mainly Oleic Acid Diminishing eNOS Activity

Alterations in the lipidic profile are important determinants of HOMA-IR and regulate
vascular reactivity, participating in the development of hypertension. The role of triglycerides in
hypertension has been previously addressed and an increase of triglycerides in MS has been previously
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reported [60,61]. The triglycerides were not increased in the STS rats. Therefore, triglycerides play
a role in LTS-induced hypertension, but not in STS-induced hypertension.

HDL may stimulate phosphorylated eNOS, since it has been described that endothelial cells
incubated with HDL exhibit an increase in eNOS activity [62]. The HDL levels were increased in LTS
rats but not in STS rats.

High levels of non-esterified FA and of monounsaturated FA have also been proposed as
contributors to HOMA-IR and hypertension [19,60,61]. The biosynthesis of the monounsaturated
and polyunsaturated FA results from the activity of desaturases [63]. These enzymes contribute to
the control of membrane FA-dependent structure disorders [64]. Alterations in MUFA and serum
FA can be reflected in changes in endothelial cell membrane composition [65]. These changes may
interfere with the accessibility to receptors and may modify membrane ionic transport and enzymatic
activities [66].

As in previous papers on the MS model [19,60,61], we found altered levels of non-esterified FA
and of monounsaturated FA, which have been proposed as contributors to insulin resistance and
hypertension. These changes were not observed in STS rats. Changes in the FA composition of several
tissues can be attributed to: (a) the type of diet ingested; (b) alterations in fatty acid metabolism,
including their oxidation; (c) incorporation in the phospholipids of the membrane; or (d) to the
desaturase activities [19,67].

FA are important components of the phospholipids in the lipid bilayer of the cell membrane.
They have an important regulatory function, as precursors of prostaglandins, thromboxanes and
leukotrienes [68]. Abnormalities in FA metabolism are important in the pathogenesis of the endothelial
cell membrane dysfunction and can be associated with alterations in vascular reactivity [69].
FA can stimulate NO production by activating NF-KB and increasing the expression and activity
of iNOS [70]. Oleic acid modulates numerous functions such as cytokine release, apoptosis, necrosis
and OS [71]. It also plays an important role in the pathogenesis of endothelial dysfunction and
atherosclerosis [57]. OA stimulates iNOS and may lower phosphorylated eNOS expression. It may
also increase NF-KB, which may in turn raise the level of expression of iNOS and consequently cause
a NO overproduction [57]. These changes could result in the tendency to an increased level of NO
found in STS rats, without reaching statistical significance.

Arachidonic acid is recognized as a second messenger that can affect cell function by modulating
intracellular signal transduction [72]. In cultures of human cells, arachidonic acid induces a significant
increase in iNOS gene expression [72]. Arachidonic acid was only decreased in LTS rats. Therefore,
the changes in the lipidic profile seem to participate in some characteristics of the MS developed in
LTS rats, but not in the development of hypertension. The lipidic profile was not altered in the STS rats
and consequently in the development of hypertension in this model.

4.4. Effect of Oxidative Stress Diminishing the Bioavailability of NO

An imbalance between the production of reactive oxygen species (ROS) and the antioxidant
capacity of the biological system results in OS. OS alters the essential processes, possibly becoming the
origin of tissue damage in the organism, and requires the rapid detoxification of intermediate reactants
or of the repair of the damage it causes [73,74]. OS and vascular dysfunction have been associated with
alterations of the contractile function and endothelium-mediated relaxation [75,76]. OS is involved in
cardiovascular diseases, including hypertension, arrhythmias, coronary arterial disease, left ventricular
hypertrophy, aortic dilatation, aortic dissection, and congestive heart failure [64,77,78]. ROS and
reactive nitrogen species (RNS) are produced in these diseases through different pathways such as
mitochondrial xanthine oxidase and NADPH oxidase (Nox). eNOS also plays a relevant role in these
diseases [79–86]. Additionally, it has been reported that ROS and LPO lead to DNA oxidative damage
and to high levels of 8-iso-prostaglandin F2α (8-iso-PGF2α) in patients with essential hypertension [87].
Our results show that the total antioxidant capacity was decreased in STS and LTS, and might contribute
as a possible cause of hypertension. However, there were no changes in LPO as a result of the short- or
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long-term exposure to sucrose. These results are in line with previous results that show that LPO is not
significantly elevated in MS rats, although the total antioxidant capacity was reduced [88]. Organisms
have evolved multiple defense lines to prevent oxidative damage, ranging from antioxidant enzymes
to low molecular weight antioxidants, and also specific cellular components that repair oxidatively
damaged molecules [89]. Perhaps in our STS model and in this series of LTS rats, the components that
repair oxidatively-damaged molecules are enhanced and lipoperoxidation was therefore not observed.
The lack of lipoperoxidation might also be explained by the antioxidant action of NO, which reacts
with free radicals, constituting a potent inhibitor of lipoperoxidation propagation. NO is even able to
diminish LDL oxidation, diminishing atherosclerotic lesion formation [90–93]. Preliminary results from
our group indicate that there is lipoperoxidation at the end of the critical window (on postnatal day 28,
data not shown) that does not persist to adulthood. However, this condition might lead to epigenetic
cues that could persist until the animals reach the adult stage and participate in the regulation of the
expression of the genes participating in BP regulation.

SOD isoforms are important within the vascular wall in normal conditions and in diseased states
in humans. Cu-Zn-SOD expression is relatively high in all cell types, including blood cells, and it
accounts for 50% to 80% of the total activity, being, therefore, the predominant isoform. SOD2 or
Mn-SOD is responsible for 2% of the activity and the remaining 12% of the activity may be due
to extracellular SOD [94]. In this study we analyzed the protein expression of SOD1 and SOD2.
SOD1 expression was not modified in LTS or STS rats, while SOD2 expression was decreased in both
experimental groups. The study of the activity of these enzymes might also be modified and it might
constitute the aim of a future study. Since the mitochondria is the main source of free radicals and
there are several reports in the literature that state that SOD2 deficiency is related to mitochondrial
oxidative stress and to atherosclerosis [95], we suggest that deficiency in this SOD isoform plays an
important role in the vascular dysfunction found in LTS rats.

Although the SOD2 present in the mitochondria accounts for only a small percentage of the total
SOD activity, it plays an important role in the crosstalk of this organelle with the nucleus, participating
in the establishment of epigenetic marks and the programming of diseases from early life [96].
The beneficial function of SOD as an antioxidant in different illnesses [97], both in animal models and
in patients with or without an active inflammatory disease, has been described [98]. We found no
changes in SOD1 in the short or long- term exposure to sucrose; however, SOD2 was decreased in both
conditions and could participate in the underlying causes of sucrose-induced hypertension. SOD has
been described as being under epigenetic control by Sirtuin 3 [99]. In conclusion, the reduced total
antioxidant capacity and expression of SOD2 might participate as part of the mechanisms that underlie
hypertension in both models.

5. Conclusions

In conclusion high sucrose intake during the STS increases arterial BP when individuals reach
adulthood. Therefore, there is a postnatal critical window in vascular development that induces
increased susceptibility to hypertension and that takes place simultaneously to the critical window
of the pancreas. The mechanism underlying elevated BP in these rats involved a decrease in eNOS
expression, and increased oxidative stress reflected in a decreased total antioxidant capacity and
a reduced expression of SOD2.

In LTS there was also hypertension that reached a similar level as in STS rats. The increase in BP
was accompanied by increased insulin levels, insulin resistance, and increased levels of endothelin-1.
There were also alterations in the lipid profile that were not correlated to NO levels or eNOS expression.
SOD2 expression and the antioxidant capacity were decreased in these rats. Therefore, although there
is hypertension and decreased expression of eNOS in both models, the mechanisms underlying the
regulation of the expression of this enzyme seem to be different. The mechanism involved in both
situations have similarities (participation of eNOS and SOD expression and OS) and differences
(elevated endothelin-1 levels increased only in LTS, fatty acids and arachidonic acid only participate
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in LTS). Finally, it is important to control diet during the early stages of development to reduce the risk
of developing hypertension when reaching adulthood.
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Abbreviations

ANOVA analysis of variance
BP blood pressure
CZE capillary zone electrophoresis
ERK extracellular signal–regulated kinases
eNOS endothelial nitric oxide synthase
ETA endothelin-1 receptor A
ETb endothelin-1 receptor B
FA fatty acids
HDL high-density lipoproteins
HOMA-IR homeostasis model assessment of insulin resistance
IDL intermediate-density lipoproteins
iNOS inducible nitric oxide synthase
LDL low-density lipoproteins
LPO lipoperoxidation
LTS long-term sucrose
MAPK mitogen activated protein kinase
MS metabolic syndrome
MUFA monounsaturated fatty acids
NF-KB necrosis factor KB
NAD+ nicotinamide adenine dinucleotide
NO nitric oxide
OA oleic acid
OS oxidative stress
PI3K phosphatidyl inositol 3 phosphate
PKB, AKT protein kinase B
PCG-1α peroxisome proliferator-activated receptor gamma coactivator 1-α
PPAR α peroxisome proliferator-activated receptor α
PUFA polyunsaturated fatty acids
RIA radioimmunoassay
SEM standard errors of the mean
SOD1 superoxide dismutase 1; Cu-Zn superoxide dismutase
SOD2 superoxide dismutase 2; Mn superoxide dismutase
STS short-term sucrose
TC total cholesterol
TGs triglycerides
VLDL very-low-density lipoproteins
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