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Abstract: This study aimed to investigate the aging-related endothelial dysfunction mediated by
insulin and insulin-like growth factor-1 (IGF-1) and antioxidant deficiency in hypertension. Male
spontaneously hypertensive rats (SHRs) and age-matched normotensive Wistar–Kyoto rats (WKYs)
were randomly divided into 24-week-old (younger) and 48-week-old (older) groups, respectively.
The endothelial function was evaluated by the insulin- and IGF-1-mediated vasorelaxation of aortic
rings via the organ bath system. Serum levels of nitric oxide (NO), malondialdehyde (MDA),
catalase, and total antioxidant capacity (TAC) were examined. The insulin- and IGF-1-mediated
vasorelaxation was significantly impaired in both 24- and 48-week-old SHRs compared with age-
matched WKYs and was significantly worse in the 48-week-old SHR than the 24-week-old SHR. After
pretreatments of phosphoinositide 3-kinase (PI3K) or NO synthase (NOS) inhibitors, the insulin-
and IGF-1-mediated vasorelaxation became similar among four groups. The serum level of MDA
was significantly increased, while the NO, catalase, and TAC were significantly reduced in the
48-week-old SHR compared with the 24-week-old SHR. This study demonstrated that the process of
aging additively affected insulin- and IGF-1-mediated endothelial dysfunction in SHRs, which could
be partly attributed to the reduced NO production and antioxidant deficiency.

Keywords: aging; hypertension; endothelium; antioxidant activity; oxidative stress

1. Introduction

Hypertension-related morbidity and mortality have been increasing in the elderly [1].
Aging has remarkable influences on the decline of cardiovascular function. It may sub-
sequently contribute to the occurrence of cardiovascular diseases (CVD), such as hyper-
tension, atherosclerosis, and myocardial infarction [2,3]. Epidemiological studies have
indicated that advancing age is associated with the prevalence of hypertension, and more
than half of the elderly population have hypertension. Specifically, hypertension leads to
pathological changes of vascular function, including vascular hypertrophy and remodeling,
reduced lumen diameter, vascular smooth muscle cell (VSMC) proliferation, as well as
endothelial dysfunction [4–6]. Endothelial dysfunction is mainly characterized by the
impaired nitric oxide (NO) bioavailability, diminished endothelium-induced vasorelax-
ation, and excessive generation of oxidative stress [7,8]. Reactive oxygen species (ROS)
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and oxidative changes of signaling molecules have been reported as strongly associated
with the development of CVD, such as hypertension and atherosclerosis. The process of
aging is also related to the increased production of oxidative stress, which may result in the
development of endothelial dysfunction and CVD. Moreover, antioxidant deficiency could
be one of the key mechanisms mediating the reduced NO bioavailability and impaired
endothelium-dependent vasorelaxation in aging and hypertension, respectively [9–13].

Previous studies have reported that insulin and insulin-like growth factor-1 (IGF-1)
play important roles in the modulation of endothelial function, which stimulate NO pro-
duction and consequently evoke the endothelium-dependent vasorelaxation. They both
induce NO production by activating phosphatidylinositol 3-kinase (PI3K), protein kinase B
(PKB/Akt), and endothelial NO synthase (eNOS) [14,15]. The vascular actions of insulin
and IGF-1 have been found impaired in some cardiovascular disorders, such as hyperten-
sion and obesity. In addition, the increased level of ROS production may contribute to the
impairments of insulin- and IGF-1-mediated vasorelaxation [16,17]. Our previous study
indicated that the administration of superoxide dismutase (SOD) attenuated the insulin-
and IGF-1-mediated vascular dysfunction in spontaneously hypertensive rats (SHRs). This
implied that the reduced level of antioxidants might involve in the impairments of insulin-
and IGF-1-mediated vasorelaxation in hypertension [18]. However, whether the process
of aging additively influences insulin- and IGF-1-mediated endothelial dysfunction and
antioxidant deficiency in hypertension and its underlying mechanisms remained unclear.
Therefore, this study aimed to investigate the aging-related insulin- and IGF-1-mediated
endothelial dysfunction and antioxidant deficiency in SHRs.

2. Materials and Methods
2.1. Experimental Animals

The spontaneously hypertensive rats (SHRs) are well recognized as a model of hyper-
tension with an increase in peripheral vascular resistance, developing high blood pressure
and impaired cardiac and vascular functions [19]. The age-matched Wistar–Kyoto rats
(WKYs) were provided as the normotensive control groups. Male SHRs and WKYs were
purchased from the National Laboratory Animal Center (Taipei, Taiwan). The SHRs were
randomly divided into two age groups, the 24-week-old (24wk; younger) and 48-week-old
(48wk; older) groups (24wk-SHR and 48wk-SHR), while the WKY rats were served as
the age-matched normotensive groups (24wk-WKY and 48wk-WKY). All experimental
procedures were approved by the Institutional Animal Care and Use Committee of the
University of Taipei, Taiwan (Ethical approval code: UT105005, 6 February 2017), and
conducted in conformity under the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health.

At the age of 24 and 48 weeks old, the heart rate (HR), systolic/diastolic blood pressure
(SBP/DBP), and mean arterial pressure (MAP) were monitored in conscious rats by the
tail-cuff method (BP98A, Softron Co., Ltd., Tokyo, Japan).

2.2. Determination of Blood Glucose and Insulin Resistance

The glucose oxidase method was used to determine fasting blood glucose by us-
ing the glucometer (Roche Diagnostics, Indianapolis, IN, USA). Serum insulin was ana-
lyzed using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Mercodia
AB, Uppsala, Sweden) according to the manufacturer’s instructions. Briefly, the enzyme
conjugate solution was incubated with the serum sample, and then the bound conjugate
was detected by the reaction with 3,3′-5,5′-tetramethylbenzidine (TMB). The reaction was
stopped by the stop solution, and the absorbance at 450 nm was measured by a microplate
reader (TECAN Infinite M200PRO, Grödig, Austria). The homeostatic model assessment
of insulin resistance (HOMA-IR) was computed as follows: (fasting glucose (mmol/L) ×
insulin (mU/L)/22.5) [20].
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2.3. Measurement of Vasorelaxation

At the age of 24 and 48 weeks old, the rats were sacrificed under anesthesia with
2% isoflurane delivered in oxygen (95% O2 and 5% CO2), and then thoracic aortas were
carefully isolated. The aortic rings were submerged in organ chambers containing the Krebs–
Ringer buffer (118 mmol/L NaCl, 4.8 mmol/L KCl, 2.5 mmol/L CaCl2, 1.2 mmol/L MgSO4,
1.2 mmol/L KH2PO4, 24 mmol/L NaHCO3, 0.03 mmol/L Na-EDTA, and
11 mmol/L glucose; pH 7.4) oxygenated with 95% O2 and 5% CO2 at 37 ◦C. Then, aortic
rings were monitored isometrically by force displacement transducers (Models FT3E, Grass
Instrument, West Warwick, RI, USA) to evaluate the vasorelaxant responses. Before the
drug administration, the equilibration at the optimal passive tension (i.e., 2 g) of aortic
rings were completed for 60 min. After equilibration, aortic rings were pre-contracted
by phenylephrine (10−7 mol/L, Sigma Chemical, St. Louis, MO, USA) and exposed to
various concentrations of insulin (3 × 10−8 to 3 × 10−6 mol/L, Sigma Chemical, St. Louis,
MO, USA) and IGF-1 (10−9 to 10−7 mol/L, PeproTech, Rocky Hill, NJ, USA) to induce
dose-dependent vasorelaxant responses. In some of the aortic rings, selective inhibitors
of vasorelaxation, nitro-L-arginine methyl ester (L-NAME) (10−6 mol/L; a potent NOS
inhibitor; Sigma Chemical, St. Louis, MO, USA) and wortmannin (3 × 10−7 mol/L; a PI3K
inhibitor; Sigma Chemical, St. Louis, MO, USA), were pretreated for 15 min before the
administration of phenylephrine. These inhibitors were used to investigate the roles of
NOS and PI3K in the insulin- and IGF-1-mediated vasorelaxation.

2.4. Serum Levels of Nitrate/Nitrite (NO), Malondialdehyde (MDA), and Antioxidant Activities

The serum was carefully separated from blood samples after the centrifugation at
2000× g for 15 min at 4 ◦C and stored at −80 ◦C for biochemical analysis. Serum lev-
els of nitrate/nitrite (NO), MDA, catalase activity, and total antioxidant capacity (TAC)
were analyzed in duplicate following the standard procedures with the manufacturer’s
instructions by commercial ELISA kits. Briefly, serum NO concentration was analyzed by a
nitrate/nitrite colorimetric assay kit (Cayman Chemical Company, Ann Arbor, MI, USA).
Total nitrate/nitrite concentration was determined by two-step processes: (a) the conver-
sion of nitrate to nitrite by nitrate reductase, and (b) the addition of Griess Reagents, which
convert nitrite to a deep purple azo product. The absorbance at 450 nm due to the azo
chromophore was measured by a microplate reader (TECAN Infinite M200PRO, Grödig,
Austria). The serum MDA level, an index of lipid peroxidation marker, was determined by
a thiobarbituric acid reactive substances (TBARS) assay kit (Cayman Chemical Company,
Ann Arbor, MI, USA). The TBA reagent was mixed with the serum samples to generate
the MDA-TBA adducts under high temperature (90–100 ◦C) and acidic conditions. After
completing the reactions, samples were measured colorimetrically by a microplate reader
(TECAN Infinite M200PRO, Grödig, Austria) at 540 nm. Serum catalase activity was mea-
sured by a catalase assay kit (Cayman Chemical Company, Ann Arbor, MI, USA). The
assay was based on the reaction of catalase in the sample with methanol in the presence
of hydrogen peroxide (H2O2). The 540-nm absorbance was read by a microplate reader
(TECAN Infinite M200PRO, Grödig, Austria). Serum TAC was determined by an antioxi-
dant assay kit (Cayman Chemical Company, Ann Arbor, MI, USA). The assay was based
on the ability of antioxidants in the sample to inhibit the oxidation of the 2,2′-azino-di-
(3-ethylbenzothiazoline sulphonate) (ABTS) to ABTS•+ by metmyoglobin. The TAC in
the sample was compared with that of Trolox (as the standard control) and quantified as
millimolar (mmol/L) Trolox equivalents. The absorbance was measured colorimetrically at
750 nm by a microplate reader (TECAN Infinite M200PRO, Grödig, Austria).

2.5. Statistical Analysis

All data were presented as the means ± standard error of mean (SEM). One-way
analysis of variance (ANOVA) was used to perform multiple group comparisons followed
by LSD post hoc analysis using the SPSS software (Version 21, IBM, Armonk, NY, USA).
On all occasions, p < 0.05 was considered statistically significant.
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3. Results
3.1. General Characteristics

Table 1 shows that body weight was significantly increased with aging in the 48wk-
WKY group and 48wk-SHR group compared with the 24wk-WKY group (p < 0.05) and
24wk-SHR group (p < 0.05), respectively. Both 24wk-SHR and 48wk-SHR groups showed
significantly higher heart rate, blood pressure (i.e., SBP, DBP, and MAP), glucose, and
HOMA-IR compared with the 24wk-WKY group (p < 0.05) and 48wk-WKY group (p < 0.05),
respectively. Moreover, the 48wk-SHR group showed significantly higher insulin levels
and HOMA-IR compared with the 24wk-SHR group (p < 0.05).

Table 1. General characteristics.

24wk-WKY 48wk-WKY 24wk-SHR 48wk-SHR

Body weight (g) 378.13 ± 1.89 401.00 ± 2.90 * 369.63 ± 5.47 # 393.63 ± 5.10 *,¶

Heart rate (bpm) 302.00 ± 3.86 301.75 ± 4.41 380.50 ± 4.46 *,# 393.69 ± 10.53 *,#

SBP (mmHg) 121.56 ± 0.85 121.25 ± 1.09 194.81 ± 2.42 *,# 195.88 ± 0.99 *,#

DBP (mmHg) 96.63 ± 0.58 95.56 ± 1.10 151.25 ± 1.38 *,# 154.25 ± 1.50 *,#

MAP (mmHg) 109.75 ± 1.15 108.56 ± 0.93 168.63 ± 1.04 *,# 168.44 ± 1.12 *,#

Glucose (mg/dL) 91.75 ± 2.05 99.00 ± 3.16 123.00 ± 3.51 *,# 119.63 ± 5.84 *,#

Insulin (µg/L) 0.33 ± 0.05 0.35 ± 0.07 0.43 ± 0.05 0.65 ± 0.08 *,#,¶

HOMA-IR 1.86 ± 0.29 2.06 ± 0.39 3.21 ± 0.34 *,# 4.73 ± 0.51 *,#,¶

Values are means ± SEM. Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure;
HOMA-IR, the homeostatic model assessment of insulin resistance; 24wk, 24-week-old; 48wk, 48-week-old; WKY, Wistar–Kyoto rat; SHR,
spontaneously hypertensive rat. * p < 0.05, significant differences from 24wk-WKY; # p < 0.05, significant differences from 48wk-WKY;
¶ p < 0.05, significant differences from 24wk-SHR; n = 8 in each group.

3.2. Insulin- and IGF-1-Mediated Vasorelaxation

In order to study the effects of the process of aging on vascular endothelial dys-
function in hypertension, the insulin- and IGF-1-mediated vasorelaxation was evalu-
ated in endothelium-intact and denuded rings among the four groups. As shown in
Figures 1a and 2a, in the endothelium-intact rings, the insulin- and IGF-1-mediated vasore-
laxation was significantly lower in either the 24wk-SHR group or the 48wk-SHR group
than both of the WKY groups (p < 0.05). In addition, the 48wk-SHR group showed signifi-
cantly worse insulin- and IGF-1-mediated vasorelaxation compared with the 24wk-SHR
group (p < 0.05). However, no significant differences of vasorelaxation were found be-
tween the 24wk-WKY group and 48wk-WKY group. As shown in Figures 1b and 2b,
in the endothelium-denuded rings, the insulin- and IGF-1-mediated vasorelaxation was
diminished, and no significant differences were found among the four groups.

Figure 1. Insulin–mediated vasorelaxation. Insulin (3 × 10−8 to 3 × 10−6 mol/L)–mediated vasorelaxation at cumulative
concentration–response curves in (a) endothelium–intact rings and (b) endothelium–denuded rings in the 24wk-WKY,
48wk-WKY, 24wk-SHR, and 48wk-SHR groups. The vasorelaxing responses were expressed as the percentages of the
0.1 µmol/L PE–induced precontractile force. Abbreviation: PE, phenylephrine. * p < 0.05, significant differences from
24wk-WKY; # p < 0.05, significant differences from 48wk-WKY; † p < 0.05, significant differences from 24wk-SHR; n = 8 in
each group.
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Figure 2. IGF-1–mediated vasorelaxation. IGF-1 (10−9 to 10−7 mol/L)–mediated vasorelaxation at cumulative concentration–
response curves in (a) endothelium–intact rings and (b) endothelium–denuded rings in the 24wk-WKY, 48wk-WKY, 24wk-
SHR, and 48wk-SHR groups. The vasorelaxing responses were expressed as the percentages of the 0.1 µmol/L PE–induced
precontractile force. Abbreviation: PE, phenylephrine. * p < 0.05, significant differences from 24wk-WKY; # p < 0.05,
significant differences from 48wk-WKY; † p < 0.05, significant differences from 24wk-SHR; n = 8 in each group.

3.3. Roles of NOS and PI3K in the Vasorelaxation Mediated by Insulin and IGF-1

To verify the roles of NOS and PI3K in the vasorelaxation mediated by insulin and
IGF-1, selective inhibitors (i.e., L-NAME and wortmannin) were pretreated to blunt the
vasorelaxation. Before L-NAME or wortmannin were added, either the 24wk-SHR group
or the 48wk-SHR group showed significantly lower vasorelaxant responses to insulin
(10−6 mol/L) and IGF-1 (3 × 10−8 mol/L) compared with both of the WKY groups
(p < 0.05). Moreover, the 48wk-SHR group showed significantly worse vasorelaxation
mediated by insulin and IGF-1 compared with the 24wk-SHR group (p < 0.05). After either
L-NAME or wortmannin was added, the average levels of phenylephrine-induced pre-
contraction responses were between 1.0 and 1.4 g and indicated no significant differences
among the four groups. In addition, the vasorelaxant responses to insulin (10−6 mol/L)
and IGF-1 (3 × 10−8 mol/L) were significantly diminished in the four groups, and no
significant differences were found among the four groups (Figure 3a,b).

Figure 3. Vasorelaxation after the pretreatment of nitro-L-arginine methyl ester (L-NAME) and wortmannin. (a) Insulin
(10−6 mol/L)-mediated vasorelaxation and (b) IGF-1 (3 × 10−8 mol/L)-mediated vasorelaxation after the pretreatment of
L-NAME and wortmannin in the 24wk-WKY, 48wk-WKY, 24wk-SHR, and 48wk-SHR groups. The vasorelaxing responses
were expressed as the percentages of the 0.1 µmol/L PE-induced precontractile force. Abbreviation: PE, phenylephrine.
* p < 0.05, significant differences from 24wk-WKY; # p < 0.05, significant differences from 48wk-WKY; † p < 0.05, significant
differences from 24wk-SHR; α p < 0.05, significant differences from no inhibitors; n = 8 in each group.
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3.4. Serum Nitrate/Nitrite Concentration

To detect effects of the process of aging on the NO production in hypertension, serum
nitrate/nitrite concentration was evaluated among the four groups. Figure 4 shows that
serum nitrate/nitrite concentration was significantly lower in either the 24wk-SHR group
or the 48wk-SHR group than both of the WKY groups (p < 0.05). In addition, the 48wk-SHR
group showed significantly reduced nitrate/nitrite concentration compared with the 24wk-
SHR group (p < 0.05). However, there was no significant difference in the nitrate/nitrite
concentration between the 24wk-WKY group and 48wk-WKY group.

Figure 4. Serum nitrate/nitrite concentration in the 24wk-WKY, 48wk-WKY, 24wk-SHR, and 48wk-
SHR groups. a p < 0.05, significant differences from 24wk-WKY; b p < 0.05, significant differences
from 48wk-WKY; c p < 0.05, significant differences from 24wk-SHR; n = 8 in each group.

3.5. Serum Levels of MDA, Catalase Activity, and TAC

To verify effects of the process of aging on oxidative stress and antioxidants in hy-
pertension, serum levels of MDA, catalase activity, and TAC were evaluated among the
four groups. As shown in Figure 5a, serum MDA concentration was significantly higher in
either the 24wk-SHR group or the 48wk-SHR group than both of the WKY groups (p < 0.05).
Furthermore, the 48wk-SHR group showed the highest MDA concentration among the four
groups (p < 0.05). However, no significant differences of MDA concentration were found
between the 24wk-WKY group and 48wk-WKY group. Figure 5b,c show serum levels of
catalase activity and TAC, which represent antioxidant activities among the groups. Either
the 24wk-SHR group or the 48wk-SHR group showed significantly lower catalase activity
and TAC compared with both of the WKY groups (p < 0.05). Moreover, the 48wk-SHR
group showed significantly impaired antioxidant activities compared with the 24wk-SHR
group (p < 0.05). However, no significant differences of catalase activity and TAC were
found between the 24wk-WKY group and 48wk-WKY group.
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Figure 5. Serum levels of malondialdehyde (MDA), catalase activity, and total antioxidant capacity (TAC). (a) Serum MDA
concentration, (b) catalase activity, and (c) TAC in the 24wk-WKY, 48wk-WKY, 24wk-SHR, and 48wk-SHR groups. a p < 0.05,
significant differences from 24wk-WKY; b p < 0.05, significant differences from 48wk-WKY; c p < 0.05, significant differences
from 24wk-SHR; n = 8 in each group.

4. Discussion

To the best of our knowledge, this is the first study indicating that the process of
aging induced worse insulin- and IGF-1-mediated vasorelaxation in SHRs, which was
mainly attributed to the impaired activation of NOS and PI3K and reduced NO produc-
tion. Moreover, the serum level of oxidative stress was significantly increased, while the
antioxidant activities were significantly reduced in the older SHRs when compared with
the younger SHRs.

Insulin and IGF-1 play crucial roles in regulating the patho-physiological function
of the cardiovascular system [21]. Several studies have indicated that vascular actions of
insulin and IGF-1 are impaired in some cardiovascular disorders, such as hypertension
and diabetes [16,22]. Both insulin and IGF-1 mediate vasoactive responses through the
endothelium-derived NO production mainly via the PI3K/NOS signaling pathway [22–24].
Our earlier study reported that the insulin- and IGF-1-induced vasorelaxation was impaired
in aging hypertensive rats when compared with the age-matched normotensive rats [25]. In
the present study, we further found that the 48wk-SHR group showed significantly worse
vasorelaxation mediated by insulin and IGF-1 than the 24wk-SHR group (p < 0.05). How-
ever, no significant differences in the vasorelaxation mediated by insulin and IGF-1 existed
between the 24wk-WKY and 48wk-WKY groups. Moreover, in the endothelium-denuded
rings, these vasorelaxing responses were diminished, and no significant differences were
found among the four groups. These findings suggested that the process of aging additively
affected the endothelium-dependent vasorelaxation mediated by insulin and IGF-1 in the
hypertensive groups but not in the normotensive groups. A previous study indicated that
aging caused significant endothelial dysfunction, such as the decreased arterial vasorelax-
ing responses to insulin, in the Sprague–Dawley (SD) rats. In addition, aging increased the
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insulin resistance-related hypertensive response in SD rats. This implied that the endothe-
lial dysfunction in response to insulin could play an important role in the development
of aging-related hypertension [26]. Consistently, we found that the coexistence of aging
and hypertension induced more severe endothelial dysfunction in response to insulin and
IGF-1 in older SHRs. Furthermore, after the administration of L-NAME or wortmannin, the
insulin- and IGF-1-mediated vasorelaxation was significantly reduced and not significantly
different among the four groups. This indicated that the worse insulin- and IGF-1-mediated
vasorelaxation in older SHRs was mainly attributed to the impaired activation of NOS
and PI3K. These results supported the findings from previous studies that revealed that
impaired arterial vasorelaxation to insulin and IGF-1 was related to the decreased eNOS
expression and endothelial NO release in hypertension [16–18].

The processes of aging and hypertension negatively influence the endothelial function,
respectively. Until now, various hypotheses have been proposed to explain the reduction
of the endothelium-dependent vasorelaxation in the process of arterial aging: a decreased
number of vasodilator receptors in the endothelium, a diminished capability to generate
NO by the endothelium, and a reduction in guanylate cyclase activity in vascular smooth
muscle cells [27]. In addition, impaired NO production and bioavailability are considered
as the key features of endothelial dysfunction and may precede the increase in blood
pressure in hypertension. This may be related to the imbalance of endothelium-derived
vasoconstrictive and vasodilatory substances, with a shift toward greater vasoconstriction
and thrombosis formation [28,29]. In this study, our results demonstrated that the 48wk-
SHR (older) group had significantly decreased NO production compared with the 24wk-
SHR (younger) group. It indicated that the greater decreases in NO production contributed
to the worse impairments of endothelium-dependent vasorelaxation mediated by insulin
and IGF-1 in the coexistence of aging and hypertension. These results were consistent
with the previous studies that reported an impairment of NO bioavailability in aging
blood vessels. They pointed out that impaired NO bioavailability was partly due to the
aging-related reduction in BH4 availability or arginase upregulation by modulating L-
arginine availability [30–32]. Several studies have found that impaired NO production has
been found in aging and hypertension, respectively [33–35]. Moreover, in our laboratory,
some results indicated that the eNOS expression was significantly reduced in aortic tissues
of hypertensive rats, leading to the decreased NO production [34]. In agreement with
a study in human subjects, they found that the endothelium-dependent vasodilation to
acetylcholine was declined with increasing age in hypertensive patients, mediated mainly
by the age-related reduction of NO availability [36].

As well-known in the last centuries, oxidative stress has been considered to promote
endothelial dysfunction and lead to vascular damage, which is involved in the pathogenic
mechanism of hypertension [9,37,38]. Moreover, with increasing age, the oxidative stress
probably contributes to impaired NO bioavailability and endothelium-dependent vasore-
laxation in the elderly [10]. The level of oxidative stress increases as a result of exceeding the
production of ROS without enough compensation of antioxidant activity. Several sources
of ROS production include the up-regulation of the oxidant enzyme nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, uncoupling eNOS (due to lacking a cofactor of
production, i.e., tetrahydrobiopterin; BH4), and increased mitochondrial synthesis during
oxidative phosphorylation of the electron transport chain [38]. As a result, with aging and
hypertension, excessive oxidative stress could be the key mechanism influencing impaired
NO bioavailability and endothelium-dependent vasorelaxation. In aging, oxidant theory
was proposed as the cumulative result of oxidative damage to the cells and tissues of the
body that arises primarily as a result of aerobic metabolism with an imbalance between
the production and degradation of ROS [12]. Oxidative stress may induce uncontrolled
lipid peroxidation, which in turn gives rise to cell injuries via DNA damage, leading to
endothelial dysfunction [39]. MDA is a well-established biomarker of oxidative stress to
lipids. On the other hand, decreased TAC levels, reflecting increased oxidative stress, might
be the reason for increased total lymphocyte DNA damage in hypertensive patients [40].
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Several studies have reported the remarkable increase in MDA but decrease in TAC and
catalase activity in aging, relating to risks of cardiovascular diseases and all-cause mortal-
ity [41–43]. Moreover, in hypertension, these oxidant markers are well detected in similar
trends with aging, but there is a lack of information regarding the synergistic effect of aging
on oxidative stress in the hypertensive population [9]. In the present study, our results in-
dicated that the older hypertensive group showed the highest MDA concentration and the
lowest antioxidant activities (i.e., catalase activity and TAC) among the four groups. These
findings suggested that the process of aging additively affected the status of oxidative
stress in hypertension.

The reason for the above findings might be that the continuous increase in ROS
production, along with a concomitant disruption in redox balance, leads to a state of
chronic inflammation [44]. Furthermore, hydrogen peroxide (H2O2) activates nuclear fac-
tor kappa-B (NF-kB), which augments the transcription of proinflammatory genes, leading
to increased expression of tumor necrosis factor alpha (TNF-α), interleukin 6, chemokines,
and adhesion molecules, implicated in the development of atherogenesis [45]. In addition
to inflammation, the renin-angiotensin-aldosterone system (RAAS) has been reported to
contribute to the age-associated increase in NO inactivation. With aging and hypertension,
the RAAS activity and the concentration of angiotensin II could be upregulated, conse-
quently increasing the production of ROS by activating NADPH oxidase [46]. Moreover,
sirtuin 1 (SIRT1), a nicotinamide adenosine dinucleotide (NAD)-dependent deacetylase,
may cause synergetic effects of aging on endothelial dysfunction in hypertension since the
age-related loss in SIRT1 is associated with increased senescence. The activation of SIRT1
has been found to upregulate members of the class O of forkhead box (FOXO) transcription
factors and eNOS to reduce oxidative stress and vessel reactivity alteration [47]. Further-
more, Poudel and co-workers pointed out that age-induced decreases in IGF-1 signals were
associated with increased oxidative stress. The supplementation of IGF-1 in aged rats could
protect from oxidative damage and restore levels of SOD, glutathione peroxidase, and
catalase. Additionally, the IGF-1-mediated activation for the PI3K-AKT/FOXO pathway
upregulated the transcription of antiapoptotic genes [48]. These signaling pathways play
important roles in counteracting aging and hypertension. However, the potential mecha-
nisms that additively influence the ROS and antioxidant activity for these impairments in
aging hypertensive rats need to be further clarified.

5. Conclusions

This study demonstrated that the process of aging additively affected insulin- and
IGF-1-mediated endothelial dysfunction mainly through impairing the PI3K-NOS-NO
pathway in SHRs. Furthermore, this was partly attributed to the reduced NO production
and imbalance of oxidative and antioxidant activities in hypertension. Integrating with
previous studies, our findings provided a better understanding of the potential mechanisms
involved in the impaired insulin- and IGF-1- mediated vascular relaxation in age-related
hypertension (as shown in Figure 6). Future studies are recommended to confirm the
roles of oxidative stress and antioxidants for insulin- and IGF-1-mediated cardiovascular
dysfunction in the elderly population with hypertension.
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Figure 6. The proposed scheme demonstrating potential mechanisms involved in the impaired insulin- and IGF-1-mediated
vascular relaxation in age-related hypertension. The excessive production of ROS and antioxidant deficiency in either
aging or hypertension reduced NO production and consequently impaired insulin- and IGF-1-mediated vascular relaxation.
Furthermore, our finding indicated that the process of aging additively affected insulin- and IGF-1-mediated endothelial
dysfunction in aging-related hypertension, which was partly attributed to the reduced NO production and imbalance of
oxidative and antioxidant activities in hypertension. Ins, insulin; IGF-1, insulin-like growth factor-1; R, receptors; PI3K,
phosphoinositide 3-kinase; Akt, protein kinase B; eNOS, endothelial nitric oxide synthase; MDA, malondialdehyde; CAT,
catalase activity; TAC, total antioxidant capacity; ↑, increasing; ↑↑, more increasing; ↓, decreasing; ↓↓, more decreasing.

Author Contributions: Conceptualization, K.M. and A.-L.Y.; data curation, K.M., Y.-Y.L., S.-Y.L. and
A.-L.Y.; formal analysis, K.M., Y.-Y.L. and A.-L.Y.; funding acquisition, S.-D.L. and A.-L.Y.; investiga-
tion, K.M., Y.-Y.L. and A.-L.Y.; methodology, K.M., Y.-Y.L., S.-Y.L. and A.-L.Y.; project administration,
S.-D.L. and A.-L.Y.; resources, S.-D.L. and A.-L.Y.; software, K.M. and C.-T.S.; supervision, A.-L.Y.;
validation, K.M. and A.-L.Y.; visualization, K.M., Y.-Y.L. and A.-L.Y.; writing—original draft, K.M.
and A.-L.Y.; writing—review and editing, K.M., Y.-Y.L., C.-T.S., S.-D.L. and A.-L.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the Ministry of Science and Technology (MOST 106-
2410-H-845-021, MOST 107-2410-H-845-025, MOST 108-2410-H-845-025, MOST 107-2314-B-468-
002-MY3, and MOST 107-2622-B-468-001-CC3) and the University of Taipei, Taiwan. This
study was partially supported by the National Taipei University of Nursing and Health Science
(110ntunhs-NT-02), Taiwan.

Institutional Review Board Statement: All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of the University of Taipei, Taiwan, (ethical approval code:
UT105005, 6 February 2017) and conducted in conformity under the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting this study will be made available by the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Biomedicines 2021, 9, 676 11 of 12

References
1. Forrester, S.J.; Dolmatova, E.V.; Griendling, K.K. An acceleration in hypertension-related mortality for middle-aged and older

Americans, 1999–2016: An observational study. PLoS ONE 2020, 15, e0225207. [CrossRef]
2. Ferrari, A.U.; Radaelli, A.; Centola, M. Invited review: Aging and the cardiovascular system. J. Appl. Physiol. 2003, 95, 2591–2597.

[CrossRef] [PubMed]
3. Bolton, E.; Rajkumar, C. The ageing cardiovascular system. Rev. Clin. Gerontol. 2011, 21, 99–109. [CrossRef]
4. Whelton, P.K.; Carey, R.M.; Aronow, W.S.; Casey, D.E., Jr.; Collins, K.J.; Himmelfarb, C.D.; DePalma, S.M.; Gidding, S.;

Jamerson, K.A.; Jones, D.W.; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guide-
line for the prevention, detection, evaluation, and management of high blood pressure in adults: Executive summary: A report of
the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Hypertension 2018,
71, 1269–1324. [CrossRef]

5. Buford, T.W. Hypertension and aging. Ageing Res. Rev. 2016, 26, 96–111. [CrossRef]
6. Dinh, Q.N.; Drummond, G.R.; Sobey, C.G.; Chrissobolis, S. Roles of inflammation, oxidative stress, and vascular dysfunction in

hypertension. Biomed. Res. Int. 2014, 2014, 406960. [CrossRef]
7. Hirase, T.; Node, K. Endothelial dysfunction as a cellular mechanism for vascular failure. Am. J. Physiol. Heart Circ. Physiol. 2012,

302, H499–H505. [CrossRef]
8. Park, K.H.; Park, W.J. Endothelial dysfunction: Clinical implications in cardiovascular disease and therapeutic approaches. J.

Korean Med. Sci. 2015, 30, 1213–1225. [CrossRef]
9. Montezano, A.C.; Dulak-Lis, M.; Tsiropoulou, S.; Harvey, A.; Briones, A.M.; Touyz, R.M. Oxidative stress and human hypertension:

Vascular mechanisms, biomarkers, and novel therapies. Can. J. Cardiol. 2015, 31, 631–641. [CrossRef] [PubMed]
10. Seals, D.R.; Jablonski, K.L.; Donato, A.J. Aging and vascular endothelial function in humans. Clin. Sci. 2011, 120, 357–375.

[CrossRef] [PubMed]
11. Guzik, T.J.; Touyz, R.M. Oxidative stress, inflammation, and vascular aging in hypertension. Hypertension 2017, 70, 660–667.

[CrossRef]
12. Tan, B.L.; Norhaizan, M.E.; Liew, W.P.; Rahman, H.S. Antioxidant and oxidative Stress: A mutual interplay in age-related diseases.

Front. Pharmacol. 2018, 9, 1162. [CrossRef]
13. Masodsai, K.; Lin, Y.Y.; Lee, S.D.; Yang, A.L. Exercise and endothelial dysfunction in hypertension. Adapt. Med. 2017, 9, 1–14.

[CrossRef]
14. Abbas, A.; Grant, P.J.; Kearney, M.T. Role of IGF-1 in glucose regulation and cardiovascular disease. Expert Rev. Cardiovasc. Ther.

2008, 6, 1135–1149. [CrossRef]
15. Muniyappa, R.; Montagnani, M.; Koh, K.K.; Quon, M.J. Cardiovascular actions of insulin. Endocr. Rev. 2007, 28, 463–491.

[CrossRef] [PubMed]
16. Vecchione, C.; Colella, S.; Fratta, L.; Gentile, M.T.; Selvetella, G.; Frati, G.; Trimarco, B.; Lembo, G. Impaired insulin-like growth

factor I vasorelaxant effects in hypertension. Hypertension 2001, 37, 1480–1485. [CrossRef] [PubMed]
17. Yang, A.L.; Chao, J.I.; Lee, S.D. Altered insulin-mediated and insulin-like growth factor-1-mediated vasorelaxation in aortas of

obese Zucker rats. Int. J. Obes. 2007, 31, 72–77. [CrossRef]
18. Yang, A.L.; Yeh, C.K.; Su, C.T.; Lo, C.W.; Lin, K.L.; Lee, S.D. Aerobic exercise acutely improves insulin- and insulin-like growth

factor-1-mediated vasorelaxation in hypertensive rats. Exp. Physiol. 2010, 95, 622–629. [CrossRef]
19. Leong, X.F.; Ng, C.Y.; Jaarin, K. Animal models in cardiovascular research: Hypertension and atherosclerosis. Biomed. Res. Int.

2015, 2015, 528757. [CrossRef] [PubMed]
20. Liu, R.; Li, H.; Fan, W.; Jin, Q.; Chao, T.; Wu, Y.; Huang, J.; Hao, L.; Yang, X. Leucine supplementation differently modulates

branched-chain amino acid catabolism, mitochondrial function and metabolic profiles at the different stage of insulin resistance
in rats on high-fat diet. Nutrients 2017, 9, 565. [CrossRef]

21. Sowers, J.R. Insulin and insulin-like growth factor in normal and pathological cardiovascular physiology. Hypertension 1997,
29, 691–699. [CrossRef]

22. Goke, B.; Fehmann, H.C. Insulin and insulin-like growth factor-I: Their role as risk factors in the development of diabetic
cardiovascular disease. Diabetes Res. Clin. Pract. 1996, 30, 93–106. [CrossRef]

23. Conti, E.; Carrozza, C.; Capoluongo, E.; Volpe, M.; Crea, F.; Zuppi, C.; Andreotti, F. Insulin-like growth factor-1 as a vascular
protective factor. Circulation 2004, 110, 2260–2265. [CrossRef]

24. Zeng, G.; Nystrom, F.H.; Ravichandran, L.V.; Cong, L.N.; Kirby, M.; Mostowski, H.; Quon, M.J. Roles for insulin receptor,
PI3-kinase, and Akt in insulin-signaling pathways related to production of nitric oxide in human vascular endothelial cells.
Circulation 2000, 101, 1539–1545. [CrossRef]

25. Masodsai, K.; Lin, Y.Y.; Chaunchaiyakul, R.; Su, C.T.; Lee, S.D.; Yang, A.L. Twelve-week protocatechuic acid administration im-
proves insulin-induced and insulin-like growth factor-1-induced vasorelaxation and antioxidant activities in aging spontaneously
hypertensive rats. Nutrients 2019, 11, 699. [CrossRef] [PubMed]

26. Li, Q.X.; Xiong, Z.Y.; Hu, B.P.; Tian, Z.J.; Zhang, H.F.; Gou, W.Y.; Wang, H.C.; Gao, F.; Zhang, Q.J. Aging-associated insulin
resistance predisposes to hypertension and its reversal by exercise: The role of vascular vasorelaxation to insulin. Basic Res.
Cardiol. 2009, 104, 269–284. [CrossRef]

http://doi.org/10.1371/journal.pone.0225207
http://doi.org/10.1152/japplphysiol.00601.2003
http://www.ncbi.nlm.nih.gov/pubmed/14600164
http://doi.org/10.1017/S0959259810000389
http://doi.org/10.1161/HYP.0000000000000065
http://doi.org/10.1016/j.arr.2016.01.007
http://doi.org/10.1155/2014/406960
http://doi.org/10.1152/ajpheart.00325.2011
http://doi.org/10.3346/jkms.2015.30.9.1213
http://doi.org/10.1016/j.cjca.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25936489
http://doi.org/10.1042/CS20100476
http://www.ncbi.nlm.nih.gov/pubmed/21244363
http://doi.org/10.1161/HYPERTENSIONAHA.117.07802
http://doi.org/10.3389/fphar.2018.01162
http://doi.org/10.4247/AM.2017.ABG168
http://doi.org/10.1586/14779072.6.8.1135
http://doi.org/10.1210/er.2007-0006
http://www.ncbi.nlm.nih.gov/pubmed/17525361
http://doi.org/10.1161/01.HYP.37.6.1480
http://www.ncbi.nlm.nih.gov/pubmed/11408398
http://doi.org/10.1038/sj.ijo.0803364
http://doi.org/10.1113/expphysiol.2009.050146
http://doi.org/10.1155/2015/528757
http://www.ncbi.nlm.nih.gov/pubmed/26064920
http://doi.org/10.3390/nu9060565
http://doi.org/10.1161/01.HYP.29.3.691
http://doi.org/10.1016/S0168-8227(96)80045-3
http://doi.org/10.1161/01.CIR.0000144309.87183.FB
http://doi.org/10.1161/01.CIR.101.13.1539
http://doi.org/10.3390/nu11030699
http://www.ncbi.nlm.nih.gov/pubmed/30934575
http://doi.org/10.1007/s00395-008-0754-8


Biomedicines 2021, 9, 676 12 of 12

27. Mateos-Caceres, P.J.; Zamorano-Leon, J.J.; Rodriguez-Sierra, P.; Macaya, C.; Lopez-Farre, A.J. New and old mechanisms associated
with hypertension in the elderly. Int. J. Hypertens. 2012, 2012, 150107. [CrossRef] [PubMed]

28. Li, Q.; Youn, J.Y.; Cai, H. Mechanisms and consequences of endothelial nitric oxide synthase dysfunction in hypertension. J.
Hypertens. 2015, 33, 1128–1136. [CrossRef] [PubMed]

29. Schlaich, M.P.; Parnell, M.M.; Ahlers, B.A.; Finch, S.; Marshall, T.; Zhang, W.Z.; Kaye, D.M. Impaired L-arginine transport
and endothelial function in hypertensive and genetically predisposed normotensive subjects. Circulation 2004, 110, 3680–3686.
[CrossRef] [PubMed]

30. Berkowitz, D.E.; White, R.; Li, D.; Minhas, K.M.; Cernetich, A.; Kim, S.; Burke, S.; Shoukas, A.A.; Nyhan, D.; Champion, H.C.;
et al. Arginase reciprocally regulates nitric oxide synthase activity and contributes to endothelial dysfunction in aging blood
vessels. Circulation 2003, 108, 2000–2006. [CrossRef]

31. Tschudi, M.R.; Barton, M.; Bersinger, N.A.; Moreau, P.; Cosentino, F.; Noll, G.; Malinski, T.; Luscher, T.F. Effect of age on kinetics
of nitric oxide release in rat aorta and pulmonary artery. J. Clin. Investig. 1996, 98, 899–905. [CrossRef] [PubMed]

32. Tsuboi, T.; Maeda, M.; Hayashi, T. Administration of L-arginine plus L-citrulline or L-citrulline alone successfully retarded
endothelial senescence. PLoS ONE 2018, 13, e0192252. [CrossRef] [PubMed]

33. Lakatta, E.G.; Levy, D. Arterial and cardiac aging: Major shareholders in cardiovascular disease enterprises: Part II: The aging
heart in health: Links to heart disease. Circulation 2003, 107, 346–354. [CrossRef]

34. Lin, Y.Y.; Lee, S.D.; Su, C.T.; Cheng, T.L.; Yang, A.L. Long-term treadmill training ameliorates endothelium-dependent vasorelax-
ation mediated by insulin and insulin-like growth factor-1 in hypertension. J. Appl. Physiol. 2015, 119, 663–669. [CrossRef]

35. Ling, W.C.; Murugan, D.D.; Lau, Y.S.; Vanhoutte, P.M.; Mustafa, M.R. Sodium nitrite exerts an antihypertensive effect and
improves endothelial function through activation of eNOS in the SHR. Sci. Rep. 2016, 6, 33048. [CrossRef]

36. Taddei, S.; Virdis, A.; Ghiadoni, L.; Salvetti, G.; Bernini, G.; Magagna, A.; Salvetti, A. Age-related reduction of NO availability
and oxidative stress in humans. Hypertension 2001, 38, 274–279. [CrossRef] [PubMed]

37. Elahi, M.M.; Kong, Y.X.; Matata, B.M. Oxidative stress as a mediator of cardiovascular disease. Oxidative Med. Cell. Longev. 2009,
2, 259–269. [CrossRef] [PubMed]

38. Brito, R.; Castillo, G.; Gonzalez, J.; Valls, N.; Rodrigo, R. Oxidative stress in hypertension: Mechanisms and therapeutic
opportunities. Exp. Clin. Endocrinol. Diabetes 2015, 123, 325–335. [CrossRef] [PubMed]

39. Schulz, E.; Gori, T.; Munzel, T. Oxidative stress and endothelial dysfunction in hypertension. Hypertens. Res. 2011, 34, 665–673.
[CrossRef]

40. Subash, P.; Premagurumurthy, K.; Sarasabharathi, A.; Cherian, K.M. Total antioxidant status and oxidative DNA damage in a
South Indian population of essential hypertensives. J. Hum. Hypertens. 2010, 24, 475–482. [CrossRef] [PubMed]

41. Bakhtiari, A.; Hajian-Tilaki, K.; Omidvar, S.; Amiri, F.N. Association of lipid peroxidation and antioxidant status with metabolic
syndrome in Iranian healthy elderly women. Biomed. Rep. 2017, 7, 331–336. [CrossRef]

42. Gil, P.; Fariñas, F.; Casado, A.; López-Fernández, E. Malondialdehyde: A possible marker of ageing. Gerontology 2002, 48, 209–214.
[CrossRef]

43. Mao, C.; Yuan, J.-Q.; Lv, Y.-B.; Gao, X.; Yin, Z.-X.; Kraus, V.B.; Luo, J.-S.; Chei, C.-L.; Matchar, D.B.; Zeng, Y.; et al. Associations
between superoxide dismutase, malondialdehyde and all-cause mortality in older adults: A community-based cohort study.
BMC Geriatr. 2019, 19, 104. [CrossRef]

44. Hensley, K.; Robinson, K.A.; Gabbita, S.P.; Salsman, S.; Floyd, R.A. Reactive oxygen species, cell signaling, and cell injury. Free
Radic. Biol. Med. 2000, 28, 1456–1462. [CrossRef]

45. Paneni, F.; Canestro, C.D.; Libby, P.; Luscher, T.F.; Camici, G.G. The aging cardiovascular system: Understanding it at the cellular
and clinical levels. J. Am. Coll. Cardiol. 2017, 69, 1952–1967. [CrossRef] [PubMed]

46. Dikalov, S.I.; Nazarewicz, R.R. Angiotensin II-induced production of mitochondrial reactive oxygen species: Potential mechanisms
and relevance for cardiovascular disease. Antioxid. Redox Signal. 2013, 19, 1085–1094. [CrossRef]

47. Favero, G.; Franceschetti, L.; Rodella, L.F.; Rezzani, R. Sirtuins, aging, and cardiovascular risks. Age 2015, 37, 9804. [CrossRef]
48. Poudel, S.B.; Dixit, M.; Neginskaya, M.; Nagaraj, K.; Pavlov, E.; Werner, H.; Yakar, S. Effects of GH/IGF on the aging mitochondria.

Cells 2020, 9, 1384. [CrossRef] [PubMed]

http://doi.org/10.1155/2012/150107
http://www.ncbi.nlm.nih.gov/pubmed/22046504
http://doi.org/10.1097/HJH.0000000000000587
http://www.ncbi.nlm.nih.gov/pubmed/25882860
http://doi.org/10.1161/01.CIR.0000149748.79945.52
http://www.ncbi.nlm.nih.gov/pubmed/15569830
http://doi.org/10.1161/01.CIR.0000092948.04444.C7
http://doi.org/10.1172/JCI118872
http://www.ncbi.nlm.nih.gov/pubmed/8770860
http://doi.org/10.1371/journal.pone.0192252
http://www.ncbi.nlm.nih.gov/pubmed/29415069
http://doi.org/10.1161/01.CIR.0000048893.62841.F7
http://doi.org/10.1152/japplphysiol.01062.2014
http://doi.org/10.1038/srep33048
http://doi.org/10.1161/01.HYP.38.2.274
http://www.ncbi.nlm.nih.gov/pubmed/11509489
http://doi.org/10.4161/oxim.2.5.9441
http://www.ncbi.nlm.nih.gov/pubmed/20716913
http://doi.org/10.1055/s-0035-1548765
http://www.ncbi.nlm.nih.gov/pubmed/25918881
http://doi.org/10.1038/hr.2011.39
http://doi.org/10.1038/jhh.2009.100
http://www.ncbi.nlm.nih.gov/pubmed/20054348
http://doi.org/10.3892/br.2017.964
http://doi.org/10.1159/000058352
http://doi.org/10.1186/s12877-019-1109-z
http://doi.org/10.1016/S0891-5849(00)00252-5
http://doi.org/10.1016/j.jacc.2017.01.064
http://www.ncbi.nlm.nih.gov/pubmed/28408026
http://doi.org/10.1089/ars.2012.4604
http://doi.org/10.1007/s11357-015-9804-y
http://doi.org/10.3390/cells9061384
http://www.ncbi.nlm.nih.gov/pubmed/32498386

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Determination of Blood Glucose and Insulin Resistance 
	Measurement of Vasorelaxation 
	Serum Levels of Nitrate/Nitrite (NO), Malondialdehyde (MDA), and Antioxidant Activities 
	Statistical Analysis 

	Results 
	General Characteristics 
	Insulin- and IGF-1-Mediated Vasorelaxation 
	Roles of NOS and PI3K in the Vasorelaxation Mediated by Insulin and IGF-1 
	Serum Nitrate/Nitrite Concentration 
	Serum Levels of MDA, Catalase Activity, and TAC 

	Discussion 
	Conclusions 
	References

