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Abstract: Vascular aging is linked to reduce NO bioavailability, endothelial dysfunction, oxidative
stress, and inflammation. We previously showed that a 4-week treatment of middle-aged Wistar rats
(MAWRs, 46 weeks old) with Moringa oleifera seed powder (MOI, 750 mg/kg/day) improved vascular
function. Here, we investigated the involvement of SIRT1 in MOI-induced vascular improvement.
MAWRs were treated with a standard or MOI-containing diet. Young rats (YWR, 16 weeks old) were
the controls and received a standard diet. The hearts and aortas were harvested to evaluate SIRT1 and
FOXO1 expression via Western blot and/or immunostaining, SIRT1 activity via a fluorometric assay,
and oxidative stress using the DHE fluorescent probe. In the hearts and aortas, SIRT1 expression,
reduced in MAWRs compared to YWRs, was enhanced in MOI MAWRs. In the hearts, SIRT1 activity
did not differ between YWRs and MAWRs, whereas it was increased in MOI MAWRs compared
with them. In the aortas, SIRT1 activity decreased in MAWRs, and it was similar in the MOI MAWRs
and YWRs. FOXO1 expression increased in the nuclei of MAWR aortas compared to YWR and was
reversed in MOI MAWRs. Interestingly, MOI treatment normalized oxidative stress enhanced in
MAWRs, in both the heart and aorta. These results demonstrate the protective role of MOI against
cardiovascular dysfunction due to aging via enhanced SIRT1 function and subsequently reduced
oxidative stress.

Keywords: vascular aging; endothelial dysfunction; nitric oxide; phytotherapeutics

1. Introduction

Over the years, aging research has outlined mechanisms and pathways that influence
longevity and a healthy lifespan. Studies, first conducted in short-lived models and then
in more complex organisms, have unveiled the role of (NAD+)-dependent deacetylases,
called Sirtuins and Forkhead box “O” (FOXO) transcription factors, in modulating cellular
functions deregulated during aging [1].

Sirtuin 1 (SIRT1), the best-studied member of Sirtuins, acts as a cellular stress sensor
by activating adaptive responses under stressful conditions, such as nutrient deprivation
and hypoxia, as an increased oxidant and pro-inflammatory species [2].

The lost cardiovascular system homeostasis that occurs inexorably during aging is
particularly detrimental to the organism. Blood vessels become more vulnerable to the
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stressogenic stimuli that, if not adequately counteracted, can promote cellular dysfunction
and cardiovascular disease development even without risk factors [3].

Sirtuins and FOXOs, of which the levels are reduced in aged blood vessels, play a
coordinated role in maintaining vasculature homeostasis [4]. In fact, post-translational
modifications, such as acetylation, modulate FOXO function and make cells capable of
reacting to environmental stimuli [5].

Among the four isoforms of FOXOs identified in mammals thus far, FOXO1, FOXO3,
and FOXO4 are ubiquitous with dynamic and variable expression levels, depending on the
tissue and developmental stage. FOXO1 is expressed at a high level in the blood vessels and
plays a crucial role in modulating vessel development [6]. In contrast to FOXO3 or FOXO4
mice, embryonic FOXO1-knockout mice show an impaired vasculogenesis, leading to
death [7]. Notably, an important role of FOXO1 has also been demonstrated in angiogenesis
and postnatal neovascularization [8].

SIRT1 and SIRT1/FOXO1 pathways also mediate the antioxidant effect of bioactive
extracts containing phenolic and other natural compounds [9,10].

Most evidence has been accumulated regarding resveratrol, mimicking the transcrip-
tional effect of caloric restriction and physical exercise, inducing SIRT1 activity and the
subsequent anti-aging action [11–13]. Resveratrol can mitigate aging in various tissues,
including the aorta and heart, where it has been reported to attenuate senescence-related
apoptotic signaling and oxidative stress by modulating the SIRT1/FOXO1 pathway [14].

Other plants containing compounds with antioxidant and anti-inflammatory vascular
effects are currently used in Asian and African traditional medicine. One of them is
Moringa oleifera (MOI), called the ben nut tree, of which the leaves, seeds, roofs, and flowers
are used by the Malagasy population as food and a remedy to overcome numerous diseases.
In Malagasy traditional medicine, the leaves and flowers of this plant are used to relieve a
cough and hypertension, especially in the northern part of Madagascar [15].

Recently, it has been shown that treatment with MOI leaf extract can improve the redox
state in C2C12 skeletal muscle cells by increasing the activity of antioxidant enzymes, the
known targets of SIRT1, such as manganese superoxide dismutase (SOD2) and catalase [16].

We previously described in spontaneously hypertensive rats (SHRs) treated with
MOI-seed-powder-attenuated cardiac and vascular impairments associated with high
blood pressure, reducing nocturnal heart rate, left ventricle remodeling, and heart fibro-
sis through a mechanism involving peroxisome-proliferator-activated (PPAR)α receptor
expression [17]. MOI was able to reduce both oxidative stress and inflammation by decreas-
ing the expression of proteins such as NADPH oxidase 2 subunits (p22phox and p47phox),
inducible nitric oxide synthase (iNOS), and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), and by upregulating the SOD2 in SHR aortas. This was associated
with reduced free 8-isoprostane plasmatic levels [18]. Moreover, in both the aorta and the
mesenteric arteries of middle-aged Wistar rats (MAWRs), the endothelial function was
enhanced by 4 weeks of MOI treatment due to the increased nitric oxide (NO)-dependent
or endothelial-derived hyperpolarizing factor (EDHF)-dependent relaxation, respectively.
This was associated with the increased endothelial nitric oxide synthase (eNOS) activation
through Akt signaling, and the downregulation of arginase-1 expression [19].

Similar vascular beneficial effects were previously associated with the improved SIRT1
activity by other natural compounds [20–22].

Thus, the present study aimed to investigate the possible contribution of SIRT1 signal-
ing in modulating the beneficial effects of MOI treatment on the heart and aorta of MAWRs.

2. Results
2.1. Phytochemical Analysis of the Ethanolic Extract from MOI Seeds

First, we aimed to identify the substances contained in MOI seeds that could mediate
the previously observed beneficial cardiovascular effects [17–19]. For this purpose, we
performed a qualitative analysis of the constituents of the total MOI ethanolic extract
(Table 1).
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Table 1. Phytochemical constituents of the MOI seed extract.

Phytochemical Constituents Results

Alkaloids +
Flavonoids -

Polysaccharides +
Polyphenols -

Saponins +
Steroids +
Tannins -

Terpenoids +

This analysis revealed the presence of alkaloids, polysaccharides, saponins, steroids,
and terpenoids, that could be implicated in the observed cardiovascular effects. In contrast,
we did not detect flavonoids, polyphenols, and tannins in the total extract of the MOI seeds,
indicating the absence or a non-detectable concentration of these substances in the seeds.
Thus, the beneficial effects observed were not due to these phytochemical constituents.

Furthermore, our analysis did not detect the presence of polyphenols, i.e., the known
activators of SIRT1. Nevertheless, other substances in the total ethanolic extract were
reported to be equally capable of modulating SIRT1 function. In particular, ginsenosides, a
class of triterpene saponins with a steroidal structure, have been found to protect against
multiple pathological conditions and senescence by regulating SIRT1 signaling [23].

The effects of the MOI extract on the endothelial NO release in YWR aortas were
evidenced (Supplementary Material).

2.2. MOI Treatment Induces SIRT1 Expression and Activation in MAWR Cardiovascular Tissues

We evaluated the effect of MOI administration on SIRT1 expression and activity in the
heart and aorta of the rats.

In the heart, SIRT1 expression decreased in MAWRs compared to YWRs, and slightly
increased in the MOI MAWRs, without reaching statistical significance. Notably, there was
no statistically significant difference between YWRs and MOI MAWRs (Figure 1a). SIRT1
activity did not differ between YWRs and MAWRs, whereas it increased considerably in
the MOI MAWRs compared to YWRs and MAWRs (Figure 1b).
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MAWRs, and MOI MAWRs (*** p < 0.001, n = 6 for each group). 
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creased in MAWRs compared to YWRs, and increased dramatically in MOI MAWRs com-
pared to MAWRs, reaching levels similar to those measured in YWRs. No statistically sig-
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(YWRs, 16 weeks old) and control middle-aged rats (MAWRs, 50 weeks old) and MAWRs treated 
with Moringa oleifera seeds (MOI MAWRs). (a) The representative Western blot and corresponding 
densitometric analysis of SIRT1 expression normalized to GADPH in the aorta of YWRs, MAWRs, 
and MOI MAWRs (*** p <0.001), pooled cell lysate from five rats for each group. (b) SIRT1 activity 
in the aorta of YWRs, MAWRs, and MOI MAWRs (** p = 0.01; *** p = 0.001), from five rats of each 
group. 

To confirm the results obtained in the aorta via Western blot analysis and 

Figure 1. Sirtuin 1 (SIRT1) protein expression and activity were measured in the heart of young
rats (YWRs, 16 weeks old), control middle-aged rats (MAWRs, 50 weeks old), and MAWRs treated
with Moringa oleifera seeds (MOI MAWRs). (a) The representative Western blot and corresponding
densitometric analysis of SIRT1 expression normalized to GAPDH expression in the heart of YWRs,
MAWRs, and MOI MAWRs (* p < 0.05, n = 6 for each group). (b) SIRT1 activity in the heart of YWRs,
MAWRs, and MOI MAWRs (*** p < 0.001, n = 6 for each group).
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In the aorta, both the expression (Figure 2a) and activity (Figure 2b) of SIRT1 decreased
in MAWRs compared to YWRs, and increased dramatically in MOI MAWRs compared to
MAWRs, reaching levels similar to those measured in YWRs. No statistically significant
difference between the MOI MAWRs and YWRs was found.
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Figure 2. Sirtuin 1 (SIRT1) protein expression and activity were measured in the aorta of young rats
(YWRs, 16 weeks old) and control middle-aged rats (MAWRs, 50 weeks old) and MAWRs treated
with Moringa oleifera seeds (MOI MAWRs). (a) The representative Western blot and corresponding
densitometric analysis of SIRT1 expression normalized to GADPH in the aorta of YWRs, MAWRs,
and MOI MAWRs (*** p < 0.001), pooled cell lysate from five rats for each group. (b) SIRT1 activity in
the aorta of YWRs, MAWRs, and MOI MAWRs (** p = 0.01; *** p = 0.001), from five rats of each group.

To confirm the results obtained in the aorta via Western blot analysis and fluorometric
assay, we investigated the expression and nuclear migration of SIRT1 in the aortic rings
through immunofluorescence labeling.

In the YWR aortic rings, SIRT1 was expressed and activated in the nuclei of aortic
cells, particularly in the media layer and the endothelium, while in the MAWR aortas, the
expression and the presence of the SIRT1 in the nuclei were strongly reduced (Figure 3a,a’)
as an effect of aging. The treatment of MOI for 4 weeks in MAWRs was able to restore the
expression and presence in the aortic nuclei of SIRT1 to levels similar to the YWR aortas
(Figure 3a,a’), reverting the age-associated impairment.

We also evaluated the immunofluorescence of SIRT1 in the cell nuclei (white spots)
with the Fiji-win32 software in confocal images of aortas, confirming reduced SIRT1 levels
in MAWR aortas and a significant increase in SIRT1 nuclear presence in MOI MAWRs
(Figure 3b).

2.3. MOI Treatment Reduces FOXO1 Expression and Activation in the Aorta of MAWRs

Because SIRT1 deacetylates FOXO1, modulating the activation of this transcription fac-
tor, we evaluated FOXO1 expression and activation through immunofluorescence labeling
of aortic sections.

In YWR aortic rings, FOXO1 was expressed in the cytoplasm, while in MAWR aortas
nuclear FOXO1 expression was enhanced (Figure 4a,a’). The treatment of MOI for 4 weeks
in MAWRs was able to reduce nuclear FOXO1 expression in aortas to levels comparable to
YWR aortas (Figure 4a,a’).
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Figure 3. (a) Immunohistochemical analysis of SIRT1 in the aortas from young Wistar rats (YWRs,
20 weeks old) or middle-aged rats (MAWRs, 50 weeks old) after 4 weeks of normal diet or a diet
containing Moringa oleifera seed powder (MOI MAWRs). The red fluorescence in the cells is
relative to the cytoplasmic localization of SIRT1. The green fluorescence corresponds to elastin
autofluorescence. C- negative control without primary antibody incubation. Bar = 33 µm. (a’) The
white spots seen in the cell nuclei correspond to the overlapping of DAPI fluorescence and SIRT1
immunostaining. Bar = 10 µm. (b) The number and intensity of the white spots in the cell nuclei
corresponding to the DAPI/SIRT1 overlap were evaluated with the Fiji-win32 software using aorta
images and normalized to the same elevated number of nuclei chosen randomly and in all the
vascular walls. n = 4 for each group, *** p < 0.01 MAWRs versus YWRs or MOI MAWRs.

We also evaluated the immunofluorescence of FOXO1 in the cell nuclei in confocal
images of aortas, confirming the reduction in FOXO1 expression in both YWR and MOI
MAWR aortas, and a significant increase in FOXO1 expression in untreated MAWRs
(Figure 4b).

2.4. MOI Treatment Reduces Oxidative Stress in MAWRs

To test whether the increased activity of SIRT-1 evidenced in the hearts and aortas
of MOI MAWRs was associated with a reduction in oxidative stress, we directly assessed
the in-situ production and topographical distribution of superoxide anion (O2

−) in both
the heart and aortic sections from YWRs, MAWRs and MOI MAWRs. As expected, com-
pared to YWRs, MAWRs showed a marked red fluorescence associated with EtBr for-
mation from a DHE oxidized probe due to aging (Figure 5a,b, respectively). In contrast,
ROS staining in both the heart and aorta of MOI MAWRs was comparable to the YWR
organs (Figure 5a,b, respectively).
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Figure 4. (a) Immunohistochemical analysis of FOXO1 in aortas from young Wistar rats (20-week-old rats,
YWRs) or middle-aged rats (MAWRs, 50 weeks old) after 4 weeks of normal diet or a diet containing
Moringa oleifera seed powder (MOI MAWRs). The red fluorescence in the cells is relative to the
cytoplasmic localization of FOXO1. The green fluorescence corresponds to elastin autofluorescence.
C- negative control without primary antibody incubation. Bar = 33 µm. (a’) The white spots seen in
the cell nuclei correspond to the overlapping of the DAPI fluorescence and FOXO1 immunostaining.
Bar = 10 µm. (b) The number and intensity of the white spots in the cell nuclei corresponding to
the DAPI/FOXO1 overlap were evaluated with the Fiji-win32 software using aorta images and
normalized to the same number of the nuclei chosen randomly and in all the vascular walls. n = 4 for
each group, *** p < 0.001 MAWRs versus YWRs or MOI MAWRs.

C(-)                                              YWR                                           MAWR                            MOI MAWR

(a)

(b)

100 µm

Figure 5. Qualitative oxidative stress evaluation (red staining by DHE) of O2
− in the hearts (a) and

aortas (b) of young Wistar rats (YWRs, 20 weeks old) or middle-aged rats (MAWRs, 50 weeks old)
after 4 weeks of normal diet or a diet containing Moringa oleifera seed powder (MOI MAWRs).
Blue nuclear staining of the hearts was obtained with DAPI, bar = 50 µm. In the aortas, the green
fluorescence corresponds to elastin autofluorescence, bar = 100 µm. Negative control C (-) without
DHE, n = 3 for each group.



Pharmaceuticals 2023, 16, 761 7 of 12

3. Discussion

Our previous study described the beneficial effects of MOI seed administration in both
the aorta and mesenteric arteries of MAWRs with an established aging-induced endothelial
dysfunction. MOI treatment in MAWRs was able to boost eNOS activity in the aorta
and EDHF-dependent relaxation in mesenteric arteries [19]. In the present study, we first
performed a phytochemical analysis of MOI seeds, identifying alkaloids, polysaccharides,
steroids, terpenoids and saponins as the components of the total ethanolic extract.

Although our analysis did not reveal the presence of polyphenols, the known ac-
tivators of SIRT1, some of the compounds present in MOI seeds have been suggested
as potential modulators of SIRT1 function. In MAWRs, we previously reported reduced
endothelium-dependent NO relaxation due to altered Akt/eNOS signaling [19]. MOI
administration corrected the Akt/eNOS defect and restored NO-mediated, endothelium-
dependent relaxation in MAWR aortas [19]. It has been reported that saponins, triterpenes
and polysaccharides improve endothelial function by interfering with calcium handling,
PI3K/Akt/eNOS and angiotensin II signaling in rodents [24–26].

Moreover, according to Yang and colleagues, saponins contained in Gynostemma
pentaphyllum increase NO and antioxidant defense in mice subjected to choline-induced
vascular dysfunction and oxidative stress [27]. Another study demonstrated the in-
volvement of Panax notoginseng saponins in the inhibition of endothelial cell apopto-
sis induced by advanced glycation end-products. The suggested mechanism was the
SIRT1 upregulation [28].

Alongside that, ginsenosides, a class of triterpene saponins with a steroidal structure,
have been found to protect against multiple pathological conditions and senescence by
upregulating SIRT1 signaling [23].

Based on these data, we decided to evaluate whether the beneficial vascular effect of
MOI seed treatment could be explained at least in part by the involvement of SIRT1 signaling.

We found that a 4-week treatment with MOI seeds was able to recover the SIRT1
expression and activity in MOI MAWRs, decreased in aged cardiovascular tissues, to levels
comparable to those measured in young individuals in both the heart and aorta. This
could contribute to vascular function improvement during aging, previously described in
MOI MAWRs [19].

In addition, the ability of MOI seeds to induce NO release in rat aortic rings shown in
the present work (Supplementary Material) also suggests the involvement of SIRT1, which
is known to stimulate NO production through eNOS deacetylation [29,30].

Through immunofluorescence labeling, we demonstrated that in YWRs, SIRT1 was
expressed in the aortic nuclei, particularly in the media layer and endothelium. The
increased SIRT1 activity in the heart and aorta of MOI MAWRs was confirmed via a specific
fluorometric assay. Inversely, FOXO1 was mainly expressed in the aortic cytoplasm of
YWRs, while its expression was increased in the aortic nuclei in MAWRs. Of note, MOI
treatment in MAWRs was able to reduce FOXO1 expression in aortic cell nuclei to levels
comparable to those measured in YWRs.

It has been reported that SIRT1 modulates cell proliferation, survival and senescence,
while also establishing a complex interaction with FOXOs, thus affecting clinical conditions
such as cancer [31,32]. Notably, SIRT1-dependent deacetylation can influence the stability,
subcellular localization and transcriptional activity of FOXOs, playing a crucial role in
modulating vascular homeostasis [33,34].

When measuring the in situ production of O2
−, we found that ROS levels, higher in

MAWRs than YWRs, decreased in MOI MAWRs to levels comparable to YWRs, in both the
heart and aortic sections. This trend in ROS levels could explain the much higher levels of
FOXO1 in MAWRs than in YWRs and MOI MAWRs. In fact, it has been suggested that in
both C. elegans and mammalian cells, an increased amount of ROS represents a stimulus for
DAF-16/FOXO to translocate from the cytosol to the nucleus, acting as a negative feedback
control for ROS, in order to counteract the accumulation of oxidative stress and prevent
cellular damage [35].
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Moreover, it has been proposed that the ability of SIRT1 to modulate FOXO transcrip-
tional activity, aimed at counteracting oxidative stress, could depend on the amount of ROS
and the duration of cellular exposition to such a stressogenic stimulus. For instance, in
C. elegans it has been demonstrated that, in the presence of low oxidative stress, FOXOs are
activated via phosphorylation, while at higher concentrations or longer periods, they can
be inactivated via acetylation. The deacetylation operated by Sir2 (the ortholog of SIRT1 in
C. elegans) has been shown to prolong the FOXO activity induced by treatment with H2O2,
in order to ensure the full activation of the antioxidant targets of FOXO.

A limitation of the present study is that we did not measure the levels of acetylated
FOXO1, and consequently, we could not demonstrate which form of FOXO1 (acetylated or
not) is expressed at higher levels in the nuclei of the aorta of MAWRs compared to that in
MOI MAWRs. Further studies are needed to clarify this point, to determine whether SIRT1
is directly involved in the shuttling of FOXO1 between the cytoplasm and nucleus, and the
link with the observed antioxidant effects.

The phytochemical analysis of the MOI seeds failed to detect flavonoids, polyphenols
and tannins, while revealing the presence of alkaloids, polysaccharides, saponins, steroids
and terpenoids, that could be implicated in the observed cardiovascular effects. The
observed beneficial cardiovascular effects could be due to a synergistic action of several
molecules contained in MOI seeds. Based on available literature data, we suggested that the
effects of MOI, associated with SIRT1 expression and activity, could be due to triterpenes
and saponins, which have indeed been reported to enhance SIRT1 signaling [23,28].

We tested whether the MOI alkaloid fraction alone was able to induce the potential
release of vasorelaxant agents in conductance arteries such as the aorta by measuring NO
release in the aortic rings using Fe(DETC)2 as a spin trap and EPR. The vessels were able
to release NO when incubated with a spin trap solution containing 100 mg of the total
ethanolic extract of MOI (Supplementary Material). In contrast, the alkaloid fraction failed
to induce NO release (data not shown). We have not yet tested the effect of the saponin
fraction alone on NO induction; therefore, further investigation is needed to verify this
potential effect.

In conclusion, our results demonstrate that MOI treatment is able to increase the
expression and activity of SIRT1 in both the heart and aorta of MAWRs, and that this is
associated with a significant decrease in the amount of ROS accumulated in cardiovascular
tissues during aging, partially explaining the previously observed beneficial cardiovascular
effects after MOI treatment [17–19].

4. Materials and Methods
4.1. Phytochemical Screening of the MOI Seed Ethanolic Total Extract

Extraction preparation: Fresh MOI pods were peeled, and 100 g of seeds were ground
using a porcelain mortar with a pestle. The seed powder was macerated with 96% ethanol
two times within 24 h, and then filtrated with absorbent cotton. The filtrate was concen-
trated in a vacuum rotary evaporator (Heidolph, Germany) and the bath temperature was
regulated at 40 ◦C. At the end of evaporation, 7.3 g of extract was obtained and stored at
−20 ◦C until use.

In order to reveal the constituents of the MOI extract, the methods used by Fong and
co-workers, Aiyegoro and Okoh, were adopted with a few modifications [36,37]. After
dissolving the extract in chlorhydric acid (HCl) 1%, the alkaloids precipitated with the
Drangendorff reagent (VWR, France). To detect flavonoids, the extract was first dissolved
in methanol and heated. The appearance of red or orange coloration after the addition
of magnesium metal turnings followed by a few drops of concentrated HCl indicated the
presence of flavonoids. The saponins were revealed by the presence of emulsion after
dissolving the extract in distilled water and vigorous shaking.

For terpenoids and steroids, the extract was dissolved in chloroform. After filtration,
concentrated sulfuric acid was added and the occurrence of a reddish-brown interface
coloration characterized these products. A filtrate solution of the extract in distilled water
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was made and a ferric chloride reagent was added. Blue coloration indicated the presence
of tannins. The extract was dissolved in distilled water, heated and agitated. Four drops of
sodium chloride 10% were added, then 4 to 5 drops of gelatin 1%. Precipitation indicated
the presence of polyphenols. A decoction was prepared with MOI seed powder and then
filtered. Three volumes of alcohol were added, and the polysaccharides were marked via
precipitation. The sign (+) was applied to characterize the presence and (-) for the absence
of the phytochemical constituents.

4.2. Animal Model

Male Wistar young rats (YWRs, 16 weeks old) were treated for 4 weeks with a standard
diet, corresponding to the study’s control group. Middle-aged Wistar rats (46 weeks old)
were treated for 4 weeks with a standard diet (MAWRs) or a diet containing the powder of
MOI seeds (750 mg/kg/day, MOI MAWRs). This dose was used in our previous studies
and is currently used in rodent models [18,19]. All the groups of rats received water ad
libitum. The rats were then sacrificed (YWRs at 20 weeks of age, MAWRs and MOI MAWRs
at 50 weeks of age) to harvest the hearts and aortas for Western blot, fluorometric analysis
and immunostaining. All the experiments were conducted as per the agreement of the
Ethical Committee “Comitato Etico Campania Sud” (Prot.n.4_r.p.s.o.) and the Ethical Com-
mittee Guide for Care and Use of Laboratory Animals of Nantes University (authorization
number 00909.01).

4.3. Western Blot Analysis

Total proteins were extracted from the aortic and heart tissues using a RIPA buffer
with protease inhibitors, and quantified using the Bradford protein assay.

A total of 45 µg protein per well was separated via electrophoresis on 4–15% sodium
dodecyl sulfate polyacrylamide gels and transferred to nitrocellulose membranes. The
membranes were then blocked with 5% milk TBST buffer (TBS plus 0.1% Tween-20) for
1 h at room temperature, and incubated with the primary antibody, anti-SIRT1 (D1D7)
(Cell Signaling Technology, Inc., Danvers, MA, USA) or anti-GAPDH (G-9) (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) overnight at 4 ◦C, washed three times with the TBST
buffer and incubated with the corresponding secondary antibodies at room temperature
for 45 min, anti-rabbit and anti-mouse IgG heavy and light chain (Bethyl Laboratories,
Inc., Montgomery, TX, USA), respectively. The signals were detected using the “Enhanced
Chemiluminescent Substrate” method with ECL Star (EuroClone S.p.a, Milan, Italy) and
analyzed with the ImageLab software, using the Chemidoc image acquisition and anal-
ysis tool (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All data were expressed as
the mean ± SD.

4.4. Nucleus Extraction and SIRT1 Activity Assay

The nuclei were extracted from the heart tissue using a commercial kit (EpiGentek
Group Inc., New York, NY, USA), and from aortic pooled samples using a lysis buffer
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% Na-deoxycholate and 100 µM
Na-orthovanadate. After incubation on ice for 30 min, the heart and aortic lysates were
centrifugated at 13,000 rpm for 20 min at 4 ◦C. The protein extracts were quantified using
the Bradford protein assay.

SIRT1 activity was measured using a deacetylase fluorometric assay kit (Sir2 Assay
Kit, CycLex, Ina, Nagano, Japan), following the manufacturer’s instructions. The values
were reported as relative fluorescence/µg to proteins (AU). All data were expressed as the
mean ± SD.

4.5. Staining and Confocal Microscopy Imaging

Frozen sections of aortas (7 µm thick) were fixed on glass slides with cold 100%
methanol and incubated (2 h at room temperature) in a blocking buffer (5% non-fat dry
milk in PBS). The aortic sections were then incubated overnight (4 ◦C), with either a
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monoclonal murine anti-SIRT1 or anti-FOXO1 (1:100 and 1:50, Elabscience, Houston, TX,
USA) for SIRT1 or FOXO1 immunostaining, respectively. Three washes were followed by
incubation (1 h at room temperature in the dark) with the secondary rabbit fluorescent
Alexa fluor-647-conjugated antibody (1:500; Thermo Fisher Scientific, Illkirch, France). The
nuclei were stained blue using DAPI. A Nikon A1-RS inverted laser scanning confocal
microscope (Nikon Instruments Europe BV, Amsterdam, The Netherlands) was used for
the optical sectioning of the tissue. Digital image recording was performed using the NIS
element software (Nikon Instruments Europe BV, Amsterdam, The Netherlands). The
images were analyzed and processed using the Fiji software (https://imagej.net/, accessed
on 22 August 2022). The software was used to calculate the intensity and the number
of white spots in the nuclei, corresponding to the overlapping of DAPI fluorescence and
SIRT1 or FOXO1 fluorescence. The signal was normalized to the same number of the cell
nuclei analyzed, and chosen randomly in different parts of the vascular wall. In another
set of experiments, frozen sections of the heart and aorta (7 µm thick) were used for the
in situ detection of O2

−, using the oxidative fluorescent probe, dihydroethidium (DHE,
Sigma-Aldrish, Saint Quentin Fallavier, France), that shows red fluorescence when oxidized
to EtBr [38].

4.6. Data Analysis

The results were expressed as the mean ± SEM of n, where n represents the number
of rats used for each experiment. The SIRT1 or FOXO1 expression levels and/or activity
were compared using a one-way analysis of variance, followed by a Bonferroni multiple
comparison post hoc test, after a Ficher test, to confirm the equal variance for the statistical
parametric test application. Statistical significance was set at * p < 0.05, ** p < 0.01 and
*** p < 0.001. The graphical representation of the data and the statistical analyses was
carried out using Stata version 16.0 (Stata Corporation, College Station, TX, USA).

Supplementary Materials: Supplementary method and results can be downloaded at: https://www.
mdpi.com/article/10.3390/ph16050761/s1, Figure S1: Evaluation of NO production via EPR.

Author Contributions: Conceptualization, V.C., J.I.R. and A.T.; Data curation, V.C., H.R., G.C. and
A.T.; Formal analysis, G.C. and A.T.; Investigation, J.I.R., H.R., V.M. and J.D.C.; Writing—original
draft, V.C., J.I.R., G.C. and A.T.; Writing—review and editing, A.F. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by a grant from the INSERM and Région Pays de la Loire
(PROVASC project) n◦ 00909.01.

Institutional Review Board Statement: All experiments were conducted as per the agreement of the
Ethical Committee “Comitato Etico Campania Sud” (Prot.n.4_r.p.s.o.) and the Ethical Committee
Guide for Care and Use of Laboratory Animals of Nantes University (authorization number 00909.01).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: We are grateful to Ravolanarivo Lova Anjarasoa and Antsonirina Tolojanahary
Liva Pascal for their technical support in extraction and phytochemical screening. We thank Philippe
Hulin and Steven Nedellec of the platform MicroPicell (SFR Francois Bonamy, Nantes) for technical
assistance in confocal microscopy image analysis. We also value the support provided by the animal
facility unit of the University of Nantes. We especially thank Gervaise Loirand for the critical reading
of the manuscript and helpful comments.

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

References
1. Rizki, G.; Iwata, T.N.; Li, J.; Riedel, C.G.; Picard, C.L.; Jan, M.; Murphy, C.T.; Lee, S.S. The evolutionarily conserved longevity

determinants HCF-1 and SIR-2.1/SIRT1 collaborate to regulate DAF-16/FOXO. PLoS Genet. 2011, 7, e1002235. [CrossRef]
2. Conti, V.; Forte, M.; Corbi, G.; Russomanno, G.; Formisano, L.; Landolfi, A.; Izzo, V.; Filippelli, A.; Vecchione, C.; Carrizzo, A. Sirtuins:

Possible Clinical Implications in Cardio and Cerebrovascular Diseases. Curr. Drug Targets 2017, 18, 473–484. [CrossRef] [PubMed]

https://imagej.net/
https://www.mdpi.com/article/10.3390/ph16050761/s1
https://www.mdpi.com/article/10.3390/ph16050761/s1
https://doi.org/10.1371/journal.pgen.1002235
https://doi.org/10.2174/1389450116666151019095903
https://www.ncbi.nlm.nih.gov/pubmed/26477463


Pharmaceuticals 2023, 16, 761 11 of 12

3. Ungvari, Z.; Kaley, G.; de Cabo, R.; Sonntag, W.E.; Csiszar, A. Mechanisms of vascular aging: New perspectives. J. Gerontol. A
Biol. Sci. Med. Sci. 2010, 65, 1028–1041. [CrossRef]

4. Ungvari, Z.; Tarantini, S.; Donato, A.J.; Galvan, V.; Csiszar, A. Mechanisms of Vascular Aging. Circ. Res. 2018, 123,
849–867. [CrossRef] [PubMed]

5. Oellerich, M.F.; Potente, M. FOXOs and sirtuins in vascular growth, maintenance, and aging. Circ. Res. 2012, 110,
1238–1251. [CrossRef] [PubMed]

6. Sedding, D.G. FoxO transcription factors in oxidative stress response and ageing: A new fork on the way to longevity? Biol. Chem.
2008, 389, 279–283. [CrossRef]

7. Hosaka, T.; Biggs, W.H., 3rd; Tieu, D.; Boyer, A.D.; Varki, N.M.; Cavenee, W.K.; Arden, K.C. Disruption of fork head tran-
scription factor (FOXO) family members in mice reveals their functional diversification. Proc. Natl. Acad. Sci. USA 2004, 101,
2975–2980. [CrossRef]

8. Potente, M.; Urbich, C.; Sasaki, K.; Hofmann, W.K.; Heeschen, C.; Aicher, A.; Kollipara, R.; DePinho, R.A.; Zeiher, A.M.; Dimmeler,
S. Involvement of Foxo transcription factors in angiogenesis and postnatal neovascularization. J. Clin. Investig. 2005, 115,
2382–2392. [CrossRef]

9. Corbi, G.; Conti, V.; Komici, K.; Manzo, V.; Filippelli, A.; Palazzo, M.; Vizzari, F.; Davinelli, S.; Di Costanzo, A.; Scapagnini, G.; et al.
Phenolic Plant Extracts Induce Sirt1 Activity and Increase Antioxidant Levels in the Rabbit’s Heart and Liver. Oxid. Med. Cell.
Longev. 2018, 2018, 2731289. [CrossRef]

10. Fang, C.; Xu, H.; Yuan, L.; Zhu, Z.; Wang, X.; Liu, Y.; Zhang, A.; Shao, A.; Lou, M. Natural Compounds for SIRT1-Mediated
Oxidative Stress and Neuroinflammation in Stroke: A Potential Therapeutic Target in the Future. Oxid. Med. Cell. Longev. 2022,
2022, 1949718. [CrossRef]

11. Yessenkyzy, A.; Saliev, T.; Zhanaliyeva, M.; Masoud, A.R.; Umbayev, B.; Sergazy, S.; Krivykh, E.; Gulyayev, A.; Nurgozhin, T. Polyphenols
as Caloric-Restriction Mimetics and Autophagy Inducers in Aging Research. Nutrients 2020, 12, 1344. [CrossRef] [PubMed]

12. Corbi, G.; Conti, V.; Troisi, J.; Colucci, A.; Manzo, V.; Di Pietro, P.; Calabrese, M.C.; Carrizzo, A.; Vecchione, C.; Ferrara, N.; et al.
Cardiac Rehabilitation Increases SIRT1 Activity and β-Hydroxybutyrate Levels and Decreases Oxidative Stress in Patients with
HF with Preserved Ejection Fraction. Oxid. Med. Cell. Longev. 2019, 2019, 7049237. [CrossRef]

13. Pearson, K.J.; Baur, J.A.; Lewis, K.N.; Peshkin, L.; Price, N.L.; Labinskyy, N.; Swindell, W.R.; Kamara, D.; Minor, R.K.; Perez, E.;
et al. Resveratrol delays age-related deterioration and mimics transcriptional aspects of dietary restriction without extending life
span. Cell. Metab. 2008, 8, 157–168. [CrossRef]

14. Sin, T.K.; Yu, A.P.; Yung, B.Y.; Yip, S.P.; Chan, L.W.; Wong, C.S.; Ying, M.; Rudd, J.A.; Siu, P.M. Modulating effect of
SIRT1 activation induced by resveratrol on Foxo1-associated apoptotic signalling in senescent heart. J. Physiol. 2014, 592,
2535–2548. [CrossRef] [PubMed]

15. Nicolas, J.P. Plantes Médicinales du Nord de Madagascar: Ethnobotanique Antakarana et Informations Scientifiques; Jardins du monde.
Brasparts, Antsiranana: Antsiranana, Madagascar, 2012; Volume 176–177, ISBN 978-2-9543726-0-0.

16. Duranti, G.; Maldini, M.; Crognale, D.; Horner, K.; Dimauro, I.; Sabatini, S.; Ceci, R. Moringa oleifera Leaf Extract Upregulates
Nrf2/HO-1 Expression and Ameliorates Redox Status in C2C12 Skeletal Muscle Cells. Molecules 2021, 26, 5041. [CrossRef]

17. Randriamboavonjy, J.I.; Loirand, G.; Vaillant, N.; Lauzier, B.; Derbré, S.; Michalet, S.; Pacaud, P.; Tesse, A. Cardiac Protective
Effects of Moringa oleifera Seeds in Spontaneous Hypertensive Rats. Am. J. Hypertens. 2016, 29, 873–881. [CrossRef]

18. Randriamboavonjy, J.I.; Rio, M.; Pacaud, P.; Loirand, G.; Tesse, A. Moringa oleifera Seeds Attenuate Vascular Oxidative and
Nitrosative Stresses in Spontaneously Hypertensive Rats. Oxid. Med. Cell. Longev. 2017, 2017, 4129459. [CrossRef] [PubMed]

19. Randriamboavonjy, J.I.; Heurtebise, S.; Pacaud, P.; Loirand, G.; Tesse, A. Moringa oleifera Seeds Improve Aging-Related
Endothelial Dysfunction in Wistar Rats. Oxid. Med. Cell. Longev. 2019, 2019, 2567198. [CrossRef] [PubMed]

20. Iside, C.; Scafuro, M.; Nebbioso, A.; Altucci, L. SIRT1 activation by natural phytochemicals: An overview. Front. Pharmacol. 2020,
11, 1225. [CrossRef]

21. Cheang, W.S.; Wong, W.T.; Wang, L.; Cheng, C.K.; Lau, C.W.; Ma, R.C.W.; Xu, A.; Wang, N.; Huang, Y.; Tian, X.Y. Resveratrol
ameliorates endothelial dysfunction in diabetic and obese mice through sirtuin 1 and peroxisome proliferator-activated receptor
delta. Pharmacol. Res. 2019, 139, 384–394. [CrossRef]

22. Hung, C.H.; Chan, S.H.; Chu, P.M.; Tsai, K.L. Quercetin is a potent anti-atherosclerotic compound by activation of SIRT1 signaling
under oxLDL stimulation. Mol. Nutr. Food Res. 2015, 59, 1905–1917. [CrossRef]

23. Lou, T.; Huang, Q.; Su, H.; Zhao, D.; Li, X. Targeting Sirtuin 1 signaling pathway by ginsenosides. J. Ethnopharmacol. 2021,
268, 113657. [CrossRef] [PubMed]

24. Yang, X.; Xiong, X.; Wang, H.; Wang, J. Protective effects of panax notoginseng saponins on cardiovascular diseases: A
comprehensive overview of experimental studies. Evid.-Based Complement. Altern. Med. 2014, 2014, 204840. [CrossRef] [PubMed]

25. Pabón, M.F.G.; Bareño, L.L.; Puebla, P.; Feliciano, A.S. Vascular Mechanisms of triterpenoid saponins isolated from
Passiflora quadrangularis L. Vitae 2020, 27, 1–11. [CrossRef]

26. Ding, L.; Cheng, P.; Wang, L.; Hu, J.; Zhang, Y.X.; Cai, G.W.; Huang, G.Y.; Gao, S. The protective effects of polysaccharide extract
from Xin-Ji-Er-Kang formula on Ang II-induced HUVECs injury, L-NAME-induced hypertension and cardiovascular remodeling
in mice. BMC Complement. Altern. Med. 2019, 1, 127. [CrossRef] [PubMed]

27. Yang, C.; Zhao, Y.; Ren, D.; Yang, X. Protective Effect of Saponins-Enriched Fraction of Gynostemma pentaphyllum against High
Choline-Induced Vascular Endothelial Dysfunction and Hepatic Damage in Mice. Biol. Pharm. Bull. 2020, 43, 463–473. [CrossRef]

https://doi.org/10.1093/gerona/glq113
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://www.ncbi.nlm.nih.gov/pubmed/30355080
https://doi.org/10.1161/CIRCRESAHA.111.246488
https://www.ncbi.nlm.nih.gov/pubmed/22539757
https://doi.org/10.1515/BC.2008.033
https://doi.org/10.1073/pnas.0400093101
https://doi.org/10.1172/JCI23126
https://doi.org/10.1155/2018/2731289
https://doi.org/10.1155/2022/1949718
https://doi.org/10.3390/nu12051344
https://www.ncbi.nlm.nih.gov/pubmed/32397145
https://doi.org/10.1155/2019/7049237
https://doi.org/10.1016/j.cmet.2008.06.011
https://doi.org/10.1113/jphysiol.2014.271387
https://www.ncbi.nlm.nih.gov/pubmed/24639483
https://doi.org/10.3390/molecules26165041
https://doi.org/10.1093/ajh/hpw001
https://doi.org/10.1155/2017/4129459
https://www.ncbi.nlm.nih.gov/pubmed/28713487
https://doi.org/10.1155/2019/2567198
https://www.ncbi.nlm.nih.gov/pubmed/31214278
https://doi.org/10.3389/fphar.2020.01225
https://doi.org/10.1016/j.phrs.2018.11.041
https://doi.org/10.1002/mnfr.201500144
https://doi.org/10.1016/j.jep.2020.113657
https://www.ncbi.nlm.nih.gov/pubmed/33276056
https://doi.org/10.1155/2014/204840
https://www.ncbi.nlm.nih.gov/pubmed/25152758
https://doi.org/10.17533/udea.vitae.v27n2a02
https://doi.org/10.1186/s12906-019-2539-z
https://www.ncbi.nlm.nih.gov/pubmed/31196042
https://doi.org/10.1248/bpb.b19-00805


Pharmaceuticals 2023, 16, 761 12 of 12

28. Yang, B.; Zhang, J.; Sun, Z.-J.; Wu, Q.; Zhao, H.; Li, C.-W.; Cao, Y.-K. Panax notoginseng saponins alleviates advanced glycation
end product-induced apoptosis by upregulating SIRT1 and antioxidant expression levels in HUVECs. Exp. Ther. Med. 2020,
20, 99. [CrossRef]

29. Lee, Y.; Im, E. Regulation of miRNAs by Natural Antioxidants in Cardiovascular Diseases: Focus on SIRT1 and eNOS. Antioxidants
2021, 10, 377. [CrossRef]

30. Xia, N.; Strand, S.; Schlufter, F.; Siuda, D.; Reifenberg, G.; Kleinert, H.; Förstermann, U.; Li, H. Role of SIRT1 and FOXO factors in
eNOS transcriptional activation by resveratrol. Nitric Oxide 2013, 32, 29–35. [CrossRef]

31. Menssen, A.; Hydbring, P.; Kapelle, K.; Vervoorts, J.; Diebold, J.; Lüscher, B.; Larsson, L.G.; Hermekin, H. The c-MYC oncoprotein,
the NAMPT enzyme, the SIRT1-inhibitor DBC1, and the SIRT1 deacetylase form a positive feedback loop. Proc. Natl. Acad. Sci.
USA 2012, 109, E187–E196. [CrossRef]

32. Frazzi, R. SIRT1 in Secretory Organ Cancer. Front. Endocrinol. 2018, 9, 569. [CrossRef]
33. Furuyama, T.; Kitayama, K.; Shimoda, Y.; Ogawa, M.; Sone, K.; Yoshida-Araki, K.; Hisatsune, H.; Nishikawa, S.; Nakayama, K.;

Ikeda, K.; et al. Abnormal angiogenesis in FOXO1 (Fkhr)-deficient mice. J. Biol. Chem. 2004, 279, 34741–34749. [CrossRef]
34. Potente, M.; Ghaeni, L.; Baldessari, D.; Mostoslavsky, R.; Rossig, L.; Dequiedt, F.; Haendeler, J.; Mione, M.; Dejana, E.; Alt, F.W.; et al.

SIRT1 controls endothelial angiogenic functions during vascular growth. Genes Dev. 2007, 21, 2644–2658. [CrossRef] [PubMed]
35. Henderson, S.T.; Johnson, T.E. daf-16 integrates developmental and environmental inputs to mediate aging in the nematode

Caenorhabditis elegans. Curr. Biol. 2001, 11, 1975–1980. [CrossRef] [PubMed]
36. Fong, H.H.S.; Tin, W.A.M.; Farnsworth, N.R. Phytochemical Screening Review; College of Pharmacy, University of Illinois: Chicago,

IL, USA, 1977; pp. 275–277.
37. Aiyegoro, O.A.; Okoh, A.I. Preliminary phytochemical screening and In vitro antioxidant activities of the aqueous extract of

Helichrysum longifolium DC. BMC Complement. Altern. Med. 2010, 10, 21. [CrossRef] [PubMed]
38. Miller, F.J., Jr.; Gutterman, D.D.; Rios, C.D.; Heistad, D.D.; Davidson, B.L. Superoxide production in vascular smooth muscle

contributes to oxidative stress and impaired relaxation in atherosclerosis. Circ. Res. 1998, 82, 1298–1305. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3892/etm.2020.9229
https://doi.org/10.3390/antiox10030377
https://doi.org/10.1016/j.niox.2013.04.001
https://doi.org/10.1073/pnas.1105304109
https://doi.org/10.3389/fendo.2018.00569
https://doi.org/10.1074/jbc.M314214200
https://doi.org/10.1101/gad.435107
https://www.ncbi.nlm.nih.gov/pubmed/17938244
https://doi.org/10.1016/S0960-9822(01)00594-2
https://www.ncbi.nlm.nih.gov/pubmed/11747825
https://doi.org/10.1186/1472-6882-10-21
https://www.ncbi.nlm.nih.gov/pubmed/20470421
https://doi.org/10.1161/01.RES.82.12.1298

	Introduction 
	Results 
	Phytochemical Analysis of the Ethanolic Extract from MOI Seeds 
	MOI Treatment Induces SIRT1 Expression and Activation in MAWR Cardiovascular Tissues 
	MOI Treatment Reduces FOXO1 Expression and Activation in the Aorta of MAWRs 
	MOI Treatment Reduces Oxidative Stress in MAWRs 

	Discussion 
	Materials and Methods 
	Phytochemical Screening of the MOI Seed Ethanolic Total Extract 
	Animal Model 
	Western Blot Analysis 
	Nucleus Extraction and SIRT1 Activity Assay 
	Staining and Confocal Microscopy Imaging 
	Data Analysis 

	References

