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Pharmacologists have been emphasizing and applying plant and herbal-based treatments in vascular diseases.
Olives, for example, are a traditional symbol of the Mediterranean diet. Hydroxytyrosol is an olive-derived
compound known for its antioxidant and cardioprotective effects. Acknowledging the merit of antioxidants in
maintaining endothelial function warrants the application of hydroxytyrosol in endothelial dysfunction salvage and
recovery. Endothelial dysfunction (ED) is an impairment of endothelial cells that adversely affects vascular
homeostasis. Disturbance in endothelial functioning is a known precursor for atherosclerosis and, subsequently,

coronary and peripheral artery disease.
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1. Hydroxytyrosol in Oxidative Stress-Induced Endothelial
Dysfunction

Oxidative stress plays a vital role in endothelial dysfunction. Nitric oxide (NO), also known as endothelium-derived
relaxing factor I, is derived from the oxidation of L-arginine amino acid by nitric oxide synthase 2. It facilitates
vascular homeostasis by maintaining vascular integrity and inhibiting platelet aggregation and neutrophil adhesion
[Bl41 Nitric oxide also prevents the proliferation of artery smooth muscle cells in defense against atherosclerosis
and neointima hyperplasia formation B¢l |n addition, an increase in oxidative stress causes superoxide anion to
degrade NO and form peroxynitrite ONOO- [ which decreases the bioavailability of NO while triggering
endothelial impairment (. On the other hand, reactive oxygen species (ROS) is a fundamental aspect of oxidative
stress in endothelial cells (ECs). Hydrogen peroxide, superoxide anions, and hydroxyl radicals are the sources of
the intracellular ROS production B, Zheng et al. [ systematically reviewed the sources of endothelial ROS
production and their underlying mechanism on ECs death. Moreover, ROS also increases intracellular calcium
concentration and activates proto-oncogenes and pro-inflammatory genes 19, Ironically, antioxidants promote
cellular health by scavenging ROS. Silva et al. [11 elaborate in detail that decreased NO availability leads to
endothelial dysfunction and disrupts vascular tone regulation. Oxidative stress in ED is observed in the clinical
setting with renovascular hypertension and Gilbert syndrome patients, which suggest ED-related oxidative stress
could be a therapeutic target for atherosclerosis 12, Hydroxytyrosol has been proven to reduce oxidative markers
such as ROS and malondialdehyde (MDA) and upregulate NO generation in vitro and in vivo E3J[24I15116] The

ortodiphenolic structure of HT is responsible for scavenging free radicals 4. Serreli et al. [28 reported conjugated
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metabolites of hydroxytyrosol and tyrosol-enhanced endothelial nitric oxide synthase (eNOS) expression and
decreased superoxide production by activating AKT serine/threonine kinase 1 (AKT 1). However, two studies
reported contradictory outcomes when HT failed to increase NO production LU significantly. Interestingly, both
studies utilized the exact same dosage of 30 uM HT. In contrast, studies that utilize higher HT concentrations
between 50 to 100 uM, reported a significant NO generation. Therefore, a higher HT dose between 50 to 100 pM
could efficiently promote NO production in vitro. Another key player in oxidative stress is sirtuin 1 (SIRT1), a part of
the seven-protein family that regulates cellular activity 19, SIRT1 regulate vascular NO generation and vascular
aging. Impaired SIRT1 causes oxidative stress and inflammation X which accelerates the vascular aging 29,
Hydroxytyrosol-nitric oxide (HT-NO) compound reduced ROS generation by activating sirtuin 1 (SIRT1) 21,
Bayram et al. 22 reported that olive oil enriched with HT supplementation had reduced oxidative biomarkers in
senescence-accelerated mouse-prone 8 (SAMP8) mice, which were observed via upregulation of SIRT1 mRNA
expression and the nuclear factor erythroid 2—related factor 2 (Nrf2)-dependent gene expression. Hydroxytyrosol
was reported to upregulate SIRT1 to salvage TNF-a-induced vascular adventitial fibroblasts 3. Thus, HT primarily

targets the SIRT1 gene and protein activation to maintain endothelial functioning.

Nuclear factor-E2-related factor 2 (Nrf2) is a transcription factor that binds to antioxidant response elements that
regulate numerous antioxidant genes [24. Nrf2 is one of the most potent antioxidant pathways potentially
preventing oxidative injuries in vascular endothelial cells 22281, Hydroxytyrosol at 50uM increases the nuclear
accumulation of Nrf2 and heme-oxygenase 1 (HO-1) expression while mediating wound healing [ZZ. However, no
difference in NO production was observed. A new derivative of hydroxytyrosol, peracetylated hydroxytyrosol (Per-
HTy) showed anti-inflammatory activity by increasing Nrf2 and HO-1 in lipopolysaccharide-induced murine
macrophages [28. Apart from hydroxytyrosol, Parzonko et al. tested oleuropein and oleacein on endothelial
progenitor cells, successfully preventing cell damage induced by angiotensin Il by inducing Nrf2-HO-1 expression.
HT and oleic acid were also shown to increase HO-1 expression in murine dermal fibroblast [22. Consequently, HT
protects against oxidative stress and potentially increases the re-endothelialisation ability of injured arterial walls
and neovascularisation of the ischemic tissue B9, HT also protected endothelial cells from H,0O, by increasing Nrf2
expression and activating Akt and ERK1/2 [l Furthermore, olive oil has also been shown to activate AKT

phosphorylation and Nrf2 expression while mediating migration and proliferation in dermal fibroblast 32,

Sindona et al. B8 reported that 3,4-DHPEA-EDA, a dialdehyde oleanolic acid linked to hydroxytyrosol and 3,4-
DHPEA-EA oleuropein aglycone, enriched NO generation, while HT alone does not offer the same results. In
contrast, 50 yM HT upregulated NO production by activating eNOS protein expression in porcine artery-derived
endothelial cells 28 whereas 100 uM of HT and hydroxytyrosol acetate (HC) suppresses the production of
oxidative stress markers, malondialdehyde (MDA) and ROS, thus increasing the production of superoxide
dismutase (SOD) in TNF-induced HUVECs 24, Hydroxytyrosol at 30 uM reduces phorbol myristate acetate (PMA)-
induced mitochondrial superoxide production in human umbilical vein endothelial cells (HUVECs) 32, Furthermore,
HT has been a mitochondrial ROS scavenger in the PMA-inflamed HUVECs 38, HT also reduces mitochondrial
superoxide production by enhancing the superoxide dismutase SOD activity 3. The inconsistencies and

contrasting outcomes could be a limitation of hydroxytyrosol application in clinical trials.
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The bioavailability and half-life of hydroxytyrosol are crucial in validating HT effects in general. Hydroxytyrosol
undergoes phase-l and phase-Il metabolism in the intestine and liver, leading to poor bioavailability =7,
Oleuropein, oleacein, and ole aglycone are hydrolyzed in the digestion system and generate HT as metabolites [28l.
Thus, research on the activity of HT metabolites is equally significant. Hydroxytyrosol and its glucuronide
metabolites (GC) decrease superoxide production in rat aortic ring experimental set-up 29, Generally, 1 uM of HT
is sufficient to provide minimal activation of antioxidant activity “9[41142]143] Besjdes, a range between 1 to 100 uM
of HT [6I35[40141]143][44] s typically utilized for in vitro studies. Vissers et al. ¥8 reviewed the metabolism,
bioavailability, and excretion of olive oil phenols. They concluded that a range of 50 up to 100 uM is required to
exhibit an antioxidant effect in vitro.

Concerning in vivo studies, 5 to 80 mg/kg of hydroxytyrosol was reported to exhibit positive health benefits [4144]
(48] Catalan et al. 21 reported a significant increase in HT phase-ll metabolites such as HT sulphate and
homovanillic acid sulfate in urine and feces, post 24 h of olive extract supplementation. Moreover, supplementation
of 10 mg/kg olive extract to mice showed a significant decrease in E-selectin, MCP-1, and ICAM-1 expression in
tunica intima, media, and adventitia region 1. However, no significant differences were observed in lipid profile
and atherosclerotic lesions. Interestingly, 50 mg/kg of hydroxytyrosol and its derivatives significantly reduced lipid
peroxide and increased GSH 4. HT also inhibited thromboxane synthesis, and weakly lowers prostacyclin
production which demonstrates their anti-platelet aggregation effects “4. However, the best dosage could not be
determined due to high variability in the dose range, duration of treatment, frequency of treatments, and cell types
utilized in all studies with HT.

2. Hydroxytyrosol Defence in Endothelial Dysfunction-
Induced Atherosclerosis

Vascular inflammation is a precursor for endothelial dysfunction (ED). ED recruits platelets and immune cells,
triggering the production of inflammatory cytokines and chemokines to subdue inflammation 7. However,
persistently elevated generation of these inflammatory molecules is detrimental to vascular cells. Dysfunctional
ECs are activated; thus, expressing adhesion molecules such as vascular cell adhesion molecule (VCAM-1) and
intercellular adhesion molecule 1 (ICAM-1), which in turn start to recruit inflammatory cells contributing to the
progression of the atherosclerosis (48], Hydroxytyrosol suppresses the production of E-selectin, P-selectin, VCAM-
1, and ICAM-1 in TNF a-induced porcine aortic ECs proving HT mechanism in managing inflammation 49, HT at 1
to 30 pymol/L reduces PMA-induced TNF-a, IL- 1B, VCAM-1, and ICAM-1 production in HUVECs 21, Interestingly,
HT plasma metabolite, hydroxytyrosol-3-O-sulfate, reduces adhesion molecules, including monocyte
chemoattractant protein-1(MCP-1), whereas HT on its own failed to exert the same effect 9. 5 uM hydroxytyrosol-
3-O-sulfate effectively reduces E-selectin and VCAM-1, even though HT as is failed to 49, In another study, HT

impedes cardiovascular biomarkers platelet aggregation, VCAM-1, and thromboxane B, 42,

Hydroxytyrosol acetate exerts an anti-inflammatory effect via the SIRT6-mediated PKM2 signaling pathway and
inhibits TNF activity by TNF receptor superfamily member 1A (TNFRSF1A) signaling pathway 34l Activation of

SIRT6 improved endothelial function in haplo-insufficient mice by inhibiting NAD(P)H oxidase, which is responsible
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for oxidative stress Y. Hydroxytyrosol also countered systemic inflammation in mice by inhibiting the expression of
inflammatory markers, cyclooxygenase-2 (COX2), IL-1b, IL-6, and TNF-a via mediating the SIRT6/PKM2 signaling
pathway 4. SIRT6 regulates autophagy in HUVECs and diabetic-induced mice as well Bl Similarly, SIRT6
overexpression decreased atherosclerotic lesions and ECs dysfunction markers in both mice and humans 52,
Hence, HT can potentially manage ED indirectly by mediating the SIRT6 pathway in addition to regulating oxidative

stress via inhibiting pro-inflammatory molecules.

Foam cell formation in atherosclerosis also decreased with hydroxytyrosol supplementation. Macrophages tend to
penetrate damaged endothelial lining and subsequently transform into foam cells by engulfing the oxidized LDL 3],
Hydroxytyrosol reduces foam cell formation and flavin-containing monooxygenase 3 (FMO3), a cholesterol efflux
modulator expression induced by acrolein #2. Additionally, HT regulates the reverse cholesterol transport pathway
by increasing ATP-binding cassette transporter (ABCA1) expression. ABCAL is responsible for the efflux of
cholesterol from lipid-laden macrophages. Enhanced ABCAL protein levels potentially increased cholesterol efflux
4I5S, HT has also been shown to lower FMO3 and lipid recruitment while increasing ABCA1 expression in the
acrolein-induced atherogenesis 42, The aggregation of lipids in the endothelial space is a subsequent event of ED
that leads to atherosclerosis. In the development of atherosclerosis, impaired cholesterol and low-density
lipoprotein (LDL) transport enable LDL to infiltrate into subendothelial space, oxidized, and subsequently taken up
by macrophages 8. HT were found to activate the AMPK pathway and phosphorylation of p38 which

subsequently regulates lipid metabolism in atherosclerotic mice 71,

3. Hydroxytyrosol Prevents Endothelial-to-Mesenchymal
Transition

Endothelial-to-mesenchymal transition (EndMT) is a state of acquiring molecular and cellular changes into
mesenchymal-like phenotype by endothelial cells [B8l33 EndMT leads to modification of cell proliferation,
contraction, migration potential, and loss of cell polarity [£9. These pathological changes give rise to cardiovascular
complications like neointima hyperplasia 6182 and atherosclerosis 631641851 Terzuoli et al. 8 demonstrates that
hydroxytyrosol sulfate metabolite HT-3Os deplete IL-1B-induced EndMT markers like notch receptor 3 (NOTCH3),
while matrix metalloproteinase-2 (MMP2) and matrix metalloproteinase-9 (MMP9) reversed the process by
upregulating let-7 miRNA expression, CD31, and downregulating the transforming growth factor beta 1 (TGF-[3)
signaling pathway [E€l87  Similarly, olive extract prevented TGFB1-induced airway epithelial-to-mesenchymal
transition by reducing vimentin expression and reversing its native morphology 8. Inflammation and altered shear-
stress drives are among a few of the EndMT manifestations that enhance the atherosclerosis B2, Evrard et al. £
studied single-cell imaging of mesenchymal cells transitioned from endothelium-in-atherosclerotic aortas where 3
to 9% of the intimal plaque cells are found to be of ECs origin. EndMT-derived smooth muscle cells via

uncontrolled TGF generation were also found to aggravate intimal thickening in newly grafted vessels 9,

4. Hydroxytyrosol Ameliorates Angiogenesis and Wound
Healing
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Tube formation and migration are essential in angiogenesis, wound healing, and tissue regeneration of injured
tissues. In this context, by ingesting olive oil, hydroxytyrosol accelerates cell migration and angiogenesis at low
doses of 1 to 5 uM B8 HT also promotes wound healing and ECs capability by upregulating matrix
metalloproteinase-2 MMP-2, Rho/Rho-associated coiled-coil containing protein kinase (Rho/ROCK), Phospo Src,
Phospho Erk1/2, Erkl1/2, RhoA, Racl, and Ras protein expressions 43l Furthermore, HT accelerates vascular
formation with concurrent overexpression of vascular endothelial growth factor receptor VEGF-R2 and activation of
the PI3K-Akt-eNOS signaling pathway. Hydroxytyrosol was also found to promote angiogenic through HIF-1 11,
Co-treatment of hydroxytyrosol with pulsed electromagnetic fields (PEMFs) on HUVEC increases cell proliferation,
migration, and protection against H,O,-induced apoptosis via upregulation of Akt, mMTOR, and TGF-3 expression
72 Conversely, HT facilitates wound healing in porcine pulmonary artery-derived ECs via inducing HO-1 and Nrf2
mRNA expression and PI3K/Akt /ERK1/2 pathways 271,

5. Epigenetic Effect of Hydroxytyrosol in Endothelial
Functioning

The epigenetic mechanism is defined as gene regulation that includes DNA methylation, microRNA (miRNA), and
histone modification that alters phenotypic changes without changing the DNA sequence Z3Il74l  polyphenol
treatment that induces epigenetic mechanism is referred to as an “epigenetic diet /3.” DNA methylation is a part of
the epigenetic mechanism where a methyl group is transferred onto the C5 position of the cytosine to form 5-
methylcytosine to repress gene expression 8. Hydroxytyrosol treatment reversed H,O,-induced miR-9 promoter’s
hypomethylation during oxidative stress conditions 4. Lopez et al. 8 analyzed transcriptomics of HT-
supplemented mice and found two novel targets of HT fibroblast growth factor 21 (Fgf21) and a liver-secreted
peptide hormone RORA (RAR Related Orphan Receptor A) in lipid metabolism. Recently, a systematic review was
conducted on the nutrigenomic effects of phenolic compounds of extra virgin olive oil (EVOO) and olive oil involving
in vitro, in vivo, and human studies 2. They concluded EVOO and olive oil polyphenols are able to modulate
epigenetic mechanisms. Hydroxytyrosol was found to regulate miRNAs in cardiovascular, cancer, and

neurodegenerative diseases.

6. The Effects of Hydroxytyrosol and Its Derivatives on
Hypertension

Hypertension is a commonly occurring chronic medical condition and is currently defined and characterized by the
presence of a persistent elevation in systolic blood pressure (SBP) and/or diastolic blood pressure (DBP) to values
above 130 mmHg and 80 mmHg, respectively B9, |t also represents one of the most important modifiable
cardiovascular risk factors, with approximately 54% and 47% of all global stroke and coronary artery disease cases
due to hypertension B, Multiple studies have shown that supplementation with olive polyphenolic compounds
such as HT and its derivatives reduce SBP and DBP [8283] Clinical trials conducted by Hermans et al., involving a
total of 663 patients, recorded a mean SBP reduction of 13 + 10 mmHg and DBP reduction of 7.1 + 6.6 mmHg after

8 weeks of supplementation with 100 mg oleuropein (Ole) and 20 mg HT daily, with larger reductions seen in
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patients with higher baseline blood pressures 3], Lockyer et al. [84 observed a significant, albeit modest reduction
in mean-patient daytime SBP/DBP values of -3.95 + 11.48 /-3.00 + 8.54 mmHg, 6 weeks post-treatment with 136
mg Ole, and 6 mg HT compared to their control group. Similarly, a randomized double-blind clinical trial conducted
by Quirés-Fernandez et al. (2 revealed that supplementation with hydroxytyrosol and punicalagin (PC), another
phenolic compound derived from pomegranates, yield a significant —15.75 + 9.9 mmHg reduction in the SBP of
pre-hypertensive and hypertensive patients compared to their control group. The anti-hypertensive effects shown
by HT are likely attributed to its reactive oxygen species (ROS)-scavenging capabilities and its modulation of
redox-sensitive signaling pathways which affect a combination of factors, among them being enhanced endothelial
nitric oxide synthase (eNOS) production B3, Endothelial dysfunction is characteristic of hypertensive patients due
to an increase in the production of the superoxide (O,") anion that can readily and quickly bind to NO, producing
peroxynitrite (OONO") which renders ECs inefficient [8]. Thus, deficiencies in eNOS and systemic nitrite levels are
generally associated with hypertension and other pathophysiological cardiovascular modifications (i.e.,
atherosclerosis, coronary artery disease) in both animal models and humans given its importance in BP and flow

regulation (e.g., vasodilation, inhibition of platelet aggregation, and inhibition of vascular smooth muscle cell
growth) [E7I[E8I[89],

Supplementation with Ole, which can be enzymatically hydrolyzed into HT, generated a prophylactic effect that
prevented the onset of hypertension in rats and mice in a dose-dependent fashion, attributing to the upregulation of
nitric oxide synthase protein expression BUR1l Storniolo et al. 92! investigated the effects of HT in combination with
other polyphenolic extracts from extra virgin olive oil using an in vitro model deficient in intracellular NO due to
impaired eNOS phosphorylation. HT treatment increased phosphorylated eNOS with the phosphorylation process
mediated through the PI3K/Akt signaling pathway, resulting in increased intracellular NO levels. The treatment
group also showed a reduction in levels of endothelin-1 (ET-1), a potent vasoconstrictor which acts in contrast to
NO and is highly expressed in hypertensive patients [22. A combination of these factors contributes to the
antihypertensive effects of HT and its derivatives [921[93],

HT's effects on NO could result from NAD*-dependent deacetylase and sirtuin 1 (SIRT1) activation, which is
involved in the regulation of NO production and NO-mediated endothelium-dependent vascular relaxation through
the deacetylation and activation of eNOS [24l. Molecular docking studies showed good compatibility between HT
and SIRT1, allowing both to directly bind to each other to activate SIRT1-mediated downstream signaling pathways
such as the SIRT1-FOXO1-SOD1 pathway which has been shown to exert anti-hypertensive effects [21[23195],
Increased levels of phosphorylated eNOS were detected post-treatment with a hydroxytyrosol-nitric oxide
composite (HT-NO), but eNOS levels were decreased when SIRT1 expression or function was inhibited 2111231 A
separate in vivo study observed increased levels of activated eNOS when SIRT1 expression was upregulated 28],

suggesting that certain compounds can indeed regulate eNOS activity and NO production; HT being one of them.

HT and its derivatives possess calcium antagonistic properties which play a significant role in blood pressure
control and, therefore, their anti-hypertensive effects 7. Gilani et al. showed that the reduction in mean arterial BP
seen in olive extract-treated rats was dose-dependent, which is a common characteristic for calcium channel

blockers, and followed a similar trend to verapamil, signifying that the anti-hypertensive effect of the treatment is
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likely calcium channel-mediated 4. Scheffler et al. [28] obtained comparable results in their study and concluded
that Ole suppresses L-type Ca2* channels directly and reversibly in a dose-dependent fashion. These studies
suggest that Ca2* antagonism is one of the mechanisms of action for which HT and its derivatives carry out their
antihypertensive effects. Hydroxytyrosol and its derivatives demonstrate a positive anti-hypertensive effect, mainly
occurring through SIRT1-mediated upregulation of eNOS deacetylation and phosphorylation, resulting in higher
systemic NO levels promoting vasodilation and other BP-lowering effects. Their calcium channel-blocking
properties reduce vascular resistance and reactivity to vasoconstriction-promoting and BP-raising signals from the

sympathetic nervous system and RAAS, among others.

7. Hydroxytyrosol and Vascular Aging-Induced Endothelial
Dysfunction

Aging is a continuous process where the body's physiological function starts to decrease starting from early
adulthood. It is an unavoidable risk factor leading to cardiovascular diseases (CVD), as the prevalence of CVD
increases with age 2. In addition, despite being in excellent cardiovascular health condition, one cannot reverse
the effect of aging in the progressive decline of cardiovascular homeostasis and function. As people age, the blood
vessels undergo physiological changes leading to reduced vascular function, deterioration of endothelial function,
and arterial stiffness 229, There are several mechanisms involved in the progression of age-related endothelial
dysfunction. The increase in oxidative stress, vascular inflammation, and shifts in conserved molecular pathways
all contribute to the aging process 19 One hallmark of endothelial dysfunction is the reduction of nitric oxide (NO).
NO is a critical vasodilating molecule important for anti-thrombotic, anti-inflammatory and antioxidant functions (2021,
Several age-related factors have been shown to contribute to the imbalance in the production and degradation of
NO that results in endothelial dysfunction. Studies show increased arginase activity in the elderly. This, in return,
leads to a deficiency of L-arginine and a reduction of NO 2031 |n addition, the scavenging of NOs by reactive
oxygen species during age-induced oxidative stress can reduce NOs availability 291, Aged-induced oxidative
stress produces a high concentration of O°, which lead to the inactivation of NO and upregulation of peroxynitrite
(ONOO’) and nicotinamide adenine dinucleotide phosphate (NADPH), which further induce oxidative stress,

continuing this vicious cycle of NO depletion 194!,

Inflammatory responses are also associated with vascular aging. Chronic low-grade inflammation is a
characteristic of age-related diseases which has been demonstrated by an increase in pro-inflammatory molecules
in aging animal models L1031 The inflammatory responses are initiated by the release of pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-1 (IL-13). This resulted in an increased
expression of cell adhesion molecules (CAMs) expressed by the endothelial cells resulting in the recruitment and
adhesion of circulating leukocytes to the endothelial wall 298, Thus, changes to the structure of the vessel wall
leading to endothelial dysfunction resulted. Both oxidative stress and inflammation reduce NO bioavailability, which
can impair endothelial function in the elderly. An animal study by Wang et. al. shows that mice treated with a high
dose of HT produce more antioxidant enzymes and anti-inflammatory cytokines 297, HT exerts its anti-

inflammatory property by down-regulating the expression of iNOS; thus, inhibiting the activation of NF-kB [08],
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Since HT has been shown to exhibit antioxidant and anti-inflammatory properties, more studies were performed to

look at the effect of HT in preventing age-related diseases such as neurodegenerative disorders 1991101 nany

studies have been done to ascertain the effect of HT on neurodegenerative diseases. However, not many have

ventured into the impact of HT on vascular aging. As the mechanisms leading to vascular aging are closely related

to other age-related diseases with the hallmark of increased oxidative stress and increase systemic inflammation, it

is intriguing to see the potential of HT in attenuating vascular aging.
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