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Abstract: Aging affects structure and functions of all organs and systems in the organism.
Significant changes in the hormonal levels are registered in elderly individuals. They often become
a predisposition for chronic diseases, including cardiovascular, neurodegenerative, and metabolic
disorders. Therefore, immense scientific efforts are concentrated in the investigation of molecular
mechanisms and drugs with potential to diminish the senescent hormonal changes. Sirtuin 1
(SIRT1), a member of the sirtuin deacetylases family, has been extensively studied as regulator of
multiple pathways related to antioxidant properties, optimal immune response and metabolism.
SIRT1 plays a crucial role in regulating various hormonal pathways and maintaining homeostasis.
In the present work we review the interplay between SIRT1 and hormonal regulations, including
endocrine role of the hypothalamic-pituitary-thyroid, -adrenal, -gonadal, and -liver axes, of other
endocrine glands and of non-endocrine tissues in aging body. The application of natural SIRT1
activators, such as resveratrol, curcumin, paeonol, and Buyang Huanwu Decoction, for treatment
of senescence and aging is discussed. SIRT1 activators improve mitochondrial function, reduce
oxidative stress, and promote longevity but their clinical application is limited by low bioavailability
and poor permeability across biological barriers. For this reason, advanced delivery strategies,
including nose-to-brain drug delivery and nanotechnology-based formulations, are reviewed.
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1. Introduction

Hormones are a diverse group of molecules that regulate biological processes and functions,
such as growth, development, maturation, homeostasis, immune and neuronal response. Endocrine
cells form endocrine glands or are dispersed in non-endocrine organs. All they release hormones in
blood stream, which interact with their receptors on target cells and thus induce specific reaction
throughout the body.

Hypothalamus is the key regulator of hormonal levels either directly via pituitary gland or
indirectly by autonomic innervation. Several hormonal axes, initiating from the hypothalamus, play
major role in the endocrine function. Different hypothalamic nuclei secrete releasing and inhibiting
hormones that regulate the hormonal secretion of pituitary gland, the second participant in these
axes. Pituitary tropic hormones downstream activate endocrine secretion of thyroid, adrenal, and
gonadal glands, as well as of the liver via growth hormone (Figures 1 and 2; [1]). Additionally,
hypothalamus secretes neurohormones vasopressin and oxytocin. Sympathetic autonomic neurons
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that are also under hypothalamic control activate the secretion of adrenalin, noradrenalin and
dopamine from adrenal medulla [1]. Autonomic nervous system regulates other endocrine cells as
well.

Aging is a process of gradual decline in physiological functions and an increased risk of various
diseases, including cardiovascular, metabolic, and neurodegenerative disorders. Hormonal changes
play a crucial role in the aging process, impacting homeostasis, metabolism, and overall health.
Recent studies have highlighted the importance of sirtuins, particularly Sirtuin 1 (SIRT1), in
regulating various hormonal pathways that contribute to aging and age-related diseases. SIRT1 is the
most important and studied member of the sirtuin family of NAD*dependent deacetylases with
ADP-ribosyl transferase activity [2]. SIRT1 is known for its ability to influence cellular homeostasis,
stress response, and longevity by regulating the expression of key genes involved in metabolism,
inflammation, oxidative stress and hormonal release [3-6].

Natural compounds like resveratrol, curcumin, and paeonol have been identified as activators
of SIRT1, demonstrating potential therapeutic benefits in combating age-related hormonal
imbalances and extending lifespan [5-8]. Despite these promising findings, the clinical application of
SIRT1 activators is limited by low bioavailability and poor permeability across biological barriers,
necessitating innovative delivery strategies.

This review aims to explore the multifaceted role of SIRT1 and some of its activators in hormonal
regulation during aging, highlighting their potential for therapeutic interventions to mitigate age-
related hormonal dysfunctions and enhance healthy aging.

2. SIRT1, Hypothalamus, and Endocrine Regulations
2.1. SIRT1 and the Hypothalamic-Pituitary-Thyroid Axis

In individuals over the age of 80, thyroid hormone secretion undergoes significant changes, with
increased levels of thyrotropin (TSH) and reduced synthesis of triiodothyronine (T3) [9,10].
Additionally, the half-life of T3 in blood plasma extends from seven days in younger adults to nine
days in the elderly, reflecting age-related alterations in thyroid function [10]. SIRT1 plays a significant
role in the regulation of the hypothalamic-pituitary-thyroid (HPT) axis by deacetylating
phosphatidylinositol-4-phosphate 5-kinase type-1 gamma (PI4P5K1), an enzyme that promotes the
release of TSH from thyrotrophic cells in the pituitary gland [11]. This process is essential for
maintaining metabolic homeostasis [11].

Research using SIRT1 knockout mice demonstrates that the absence of SIRT1 leads to decreased
thyroxine (T4) secretion, resulting in weight loss and increased appetite, underscoring the importance
of SIRT1 in thyroid hormone regulation [12]. Interestingly, caloric restriction did not extend lifespan
of this SIRT1 deficient mice. Additionally, the activity of the HPT axis affects SIRT1 expression; for
instance, thyroxine suppresses SIRT1 expression in the liver of fasting mice, indicating a bidirectional
relationship between thyroid hormones and SIRT1 activity (Figure 1A, 2B) [13].
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Figure 1. SIRT1 regulations on hypothalamus-pituitary-thyroid (A) [10-13] and hypothalamus-
pituitary-adrenal (B) [13-15] axes.

2.2. SIRT1 and the Hypothalamic-Pituitary-Adrenal Axis

The hypothalamic-pituitary-adrenal (HPA) axis involves a complex signaling cascade that
begins with the hypothalamic secretion of corticotropin-releasing hormone (CRH). CRH stimulates
the pituitary gland to release adrenocorticotropic hormone (ACTH), which in turn prompts the cortex
of adrenal glands to produce corticoids, primarily the glucocorticoid cortisol that mediate the stress
response [14,15]. SIRT1 influences various components of the HPA axis, thereby modulating the
body’s response to stress and maintaining homeostasis (Figure 1B).

SIRT1 is highly expressed in the paraventricular nucleus (PVN) of the hypothalamus, where it
plays a critical role in regulating CRH production. Studies have shown that SIRT1 enhances the
expression of prohormone convertases 1 and 2 (PC1/2), which are essential for converting the CRH
precursor into its active form, thereby facilitating CRH secretion and maintaining the HPA axis
activity [15]. Additionally, SIRT1-activating molecules like resveratrol increases the half-life and
activity of the adrenal gland enzyme P450 and thus enhances the cortisol synthesis and release [16].
In aging, the production of cortisol increases, especially during the morning secretion peaks because
the hypothalamus and the pituitary gland become less sensitive to the negative feedback by elevated
plasma cortisol. For this reason, the stress-induced cortisol secretion is higher in elderly people. All
these factors contribute for the adrenocortical-dependent predisposition to hypertension,
hyperglycaemia, immunosuppression and, consequently, to higher risk of malignant, cognitive and
other diseases [10].

2.3. SIRT1 and the Hypothalamic-Pituitary-Gonadal Axis

The hypothalamic-pituitary-gonadal (HPG) axis involves a complex interplay of hormones that
includes gonadotropin-releasing hormone (GnRH) secretion from the hypothalamus, luteinizing
hormone (LH), and follicle-stimulating hormone (FSH) release from the pituitary, and sex steroid
production from the gonads. SIRT1 influences this axis at multiple levels, highlighting its significance
in maintaining reproductive health (Figure 2A). Sex hormones orchestrate multiple processes by
binding to specific receptors in many organs. The dramatic changes in sex hormones’ levels that occur
naturally during aging expectedly alter the functions of different systems. Such example is the loss
of the cardiovascular protective effect of estrogens due to the decreased estrogen secretion in the
perimenopausal period in older women [17]. Age-related changes in estrogen production and
estrogen receptors (ER) are related to higher risk of hypertension, extreme salt-sensitivity, increased
contractility of vascular smooth muscle and inflammatory pathologies in the kidney in rodents [17].
Moreover, in human postmenopausal women in opposite to younger adults the beta subtype of ER
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dominates over the alfa-ER. Such disbalance between the receptor variations is a predisposition for
cardiovascular problems [18]. Moreover, sufficient estrogen levels prevent the hypertension in young
females through inhibition of the sympathetic vasoconstrictor pathway [19] and their
postmenopausal drop is another risk factor for cardiovascular diseases. The reduced levels of both
androgens and estrogens lead to impaired antioxidant capacity and decreased production of NO in
the vascular tissues resulting in pro-inflammatory and pro-apoptotic changes [20,21]. Normal levels
of sex hormones have anti-inflammatory effects on adhesive molecules, cytokines and immune cells
in the blood vessels. Therefore, their decreased secretion in elderly men and women support
pathological conditions like atherosclerosis [17].

Menopause-induced changes in gonadotropin levels diminish the peak in luteinizing hormone
secretion right before ovulation but increase its and follicle-stimulating hormone (FSH) pulse
secretion. Data show a direct negative influence of higher FSH levels on bone density, visceral fat
tissue accumulation and cardiovascular system and indirect positive effect of FSH on the bones [22—
24]. During the postmenopausal life most of the estrogens are produced by peripheral aromatization
of androgenic hormones (androstenedione is converted into estrogen and testosterone - into
estradiol). Since this reaction occurs predominantly in the fat tissue, obese postmenopausal women
usually have higher levels of sex hormones (both estrogens and testosterone) [10]. While the synthesis
of estrogens typically drops during the menopause and remains low after it, the testosterone,
produced by the ovarian theca cells sustains the pre-menopausal levels. Post-menopausal women
with higher plasma testosterone levels are in a greater risk of coronary heart disease and metabolic
syndrome development [25].

SIRT1 plays a crucial role in the regulation of reproduction through hypothalamic-pituitary-
gonadal axis (Figure 2A). In SIRT1-knockout mice models the levels of gonadotropin-releasing
hormone secreted by the hypothalamus were reduced and consequently decreased levels of
luteinizing, follicle-stimulating and sex hormones and impaired gametogenesis occurred [26,27].
Additionally, SIRT1 deacetylation appears to be a common reaction in estrogen and insulin signaling
for hormonal regulation of the adipocyte autophagy and fat tissue storage [28].

Studies in SIRT1-knockout mouse models have demonstrated that the absence of SIRT1 leads to
reduced GnRH secretion from the hypothalamus, which subsequently results in lower levels of LH
and FSH and impaired sex steroid synthesis, culminating in defective gametogenesis and fertility
issues [29]. SIRT1 is also involved in modulating kisspeptin expression, a neuropeptide that plays a
crucial role in stimulating GnRH secretion, thereby influencing the entire reproductive axis [30,31].
This regulatory mechanism is vital for maintaining reproductive function and fertility throughout
life.

Furthermore, SIRT1 deficiency has been shown to decrease estrogen release leading to
atherosclerosis and arterial senescence in mice [32]. Estrogen is known to exert protective effects on
the cardiovascular system, brain, and bones, and SIRT1’s modulation of estrogen signaling may
contribute to the observed gender differences in aging and disease susceptibility [29]. Additionally,
SIRT1 has been found to influence energy balance and homeostasis, which involved insulin secretion
and sensitivity, glucose and lipid metabolism that are closely linked to reproductive health [28,29].
These findings suggest that SIRT1-HPG axis interaction extends beyond reproductive function to
encompass broader aspects of health and aging, positioning it as a potential target for therapeutic
interventions aimed at mitigating age-related reproductive and metabolic disorders.

2.4. SIRT1 and the Hypothalamic-Pituitary-Liver Axis

The secretion of growth hormone (GH) from the pituitary gland typically declines every decade
of human adult life by approximately 15%, that significantly impacting various physiological
functions [33]. The diminished growth hormone secretion and as a result the lower levels of insulin-
like growth factor 1 increase the obesity, visceral fat tissue, as well as the risk of bone and muscle
weakness, production of sex hormones, immune and sleep disturbances among elderly individuals
[10,34]. The absence of SIRT1 expression in mural brains led to hypofunction of the pituitary
somatotroph cells, critically low levels of growth hormone and insulin-like growth factor 1 and
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dwarfism phenotype of the mice [35]. Moreover, in food deficiency, SIRT1 in the liver is reported to
hinder the growth hormone-induced production of insulin-like growth factor 1 and thus suppressing
the growth of the organism to redirect its resources towards survival mechanisms [13]. SIRT1
participates in regulating this somatotropic axis, which links the hypothalamus, pituitary gland, and
liver (Figure 2B) [13,26].
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Figure 2. SIRT1 regulations on hypothalamus-pituitary-gonads (A) and liver and metabolic status
(B).

2.5. SIRT1 and Other Hormonal Regulations

The prevalence of type II diabetes increases significantly after the age of 65, largely due to
decreased sensitivity of pancreatic beta cells to incretins and insufficient insulin secretion, combined
with insulin resistance caused by obesity and reduced physical activity [36]. In addition, elderly men
are more affected by these conditions because of declining testosterone levels and altered metabolic
profiles. Increased SIRT1 expression has been shown to reduce oxidative stress and prevent apoptosis
in pancreatic beta cells, thereby enhancing their insulin secretion [37]. Furthermore, during long-term
fasting, SIRT1 promotes energy production by facilitating fat oxidation while minimizing
gluconeogenesis during shorter fasting periods, conserving energy stores [37]. SIRT1 also upregulates
glucose uptake in response to obestatin, a 23-amino acid peptide hormone derived from the pre-pro-
ghrelin transcript, primarily secreted by the stomach mucosa, in murine 3T3-L1 pre-adipocyte cells
[38].

SIRT1 plays a critical role in protecting against diabetes-induced vascular cell senescence and
matrix calcification by enhancing DNA repair mechanisms in diabetic vascular smooth muscle cells
[2,5,39]. The miRNA-34a, which induces senescence and promotes vascular calcification, has been
found to suppress SIRT1 expression and its anti-aging effects in mouse blood vessels [40,41]. The
antidiabetic drug omarigliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor, stimulates SIRT1
expression and enhances its antioxidant activity, offering potential benefits in preventing
atherosclerotic changes [42]. Overall, SIRT1 is regarded as a promising antidiabetic agent due to its
beneficial effects on glucose homeostasis.

Low vitamin D3 levels are linked to cardiovascular and cognitive pathologies, as well as certain
cancers [43,44]. In the elderly, reduced cholecalciferol production in the epidermis impairs calcium
absorption and increases the risk of osteoporosis [45]. Supplementation with the active form of
vitamin D3 has been shown to promote myogenic differentiation in C2C12 myoblast cells and prevent
myotube atrophy by upregulating SIRT1 expression [46]. Additionally, vitamin D3-induced SIRT1
expression significantly reduced senescent changes in human aortic endothelial cells exposed to the
chemotherapeutic agent doxorubicin [47]. These findings suggest that vitamin D-activated SIRT1
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expression may reduce the risk of various pathologies, including metabolic syndrome, cardiovascular
disease, immune disorders, and chronic kidney disease [48].

SIRT1 also interacts with hormones such as irisin, a myokine produced by skeletal muscle fibers
during intense exercise, and melatonin, secreted by the pineal gland. Both hormones are potent
antioxidants and act as anti-aging agents that help prevent cardiovascular and neurodegenerative
disorders [6,49,50]. Irisin has been shown to reduce microvascular damage in lipopolysaccharide-
induced acute lung injury in rats by upregulating SIRT1 [51]. Similarly, SIRT1 upregulation mediates
the anti-inflammatory effects of melatonin in the aorta and heart of ovariectomized rats [52], and it
prevents vascular smooth muscle loss in a mouse model of thoracic aortic aneurysm and dissection
[53].

SIRT1 regulates the activity of angiotensin II (AT-II), a hormone in the renin-angiotensin-
aldosterone system that controls water and salt balance and blood pressure. Resveratrol, a natural
SIRT1 activator, downregulates the AT-II type I receptor in vascular smooth muscle cells, thereby
mitigating the hypertensive effects of AT-II [54]. Another study demonstrated that resveratrol
inhibited the pro-renin receptor-angiotensin-converting enzyme-AT-II axis in the aging mouse aorta
through pathways involving SIRT1 upregulation [55]. The prevention of pro-senescent changes
induced by AT-II in rodent and human vascular smooth muscle cells by PNU-282987 (a selective
agonist of the a7 nicotinic acetylcholine receptor) also depends on normal SIRT1 expression [56].
Moreover, fibroblast growth factor 21 (FGF21) has been shown to reduce hypertrophic, apoptotic,
and fibrotic changes in mouse hearts induced by AT-II through SIRT1-dependent pathways,
highlighting the importance of SIRT1 in cardiovascular health [57].

Collectively, these findings illustrate the diverse roles of SIRT1 in regulating various hormonal
pathways, from glucose metabolism to cardiovascular protection, and its potential as a therapeutic
target in age-related diseases.

3. Natural Activators of SIRT1 and Their Use in the Prevention of Aging
3.1. Resveratrol

Resveratrol is a natural polyphenolic compound found in various plants such as grapes (mainly
in red grapes and wines, where the more stable trans-resveratrol appears from 1.9 mg/L to 14.3 mg/L
[58]), mulberries, raspberries, blueberries, peanuts and many others, i.e., from 34 families, including
at least 100 species, some used for centuries in Chinese and other traditional medicine [59]. The
amount of resveratrol in these numerous sources varies from 8.7 g/kg in the seeds of Paeonia
suffruticosa Andr. var. papaveraceae (Andrews) Kerner to less than 1 mg/kg for roots of Smilax
scobinicaulis and Caragana sinica, and seeds of Vigna umbellata (Thunb.) Ohwi et Ohashi [59].
Resveratrol exists in cis and trans isoforms, the latter being more stable and potent [60]. Resveratrol
is recognized as a potent activator of SIRT1 that has anticancer, anti-inflammatory, neuroprotective,
antifungal, antimicrobial and gut microbiota protective, metabolic and non-metabolic disease-related
effects and anti-aging effects, all of which are associated with the activation of sirtuins, primarily by
SIRT1 [60]. Resveratrol increases SIRT1 expression and activity in various organs, including the liver,
adipose tissue, brain, and heart, thereby exerting protective effects against age-related diseases [8].
Thus, activated SIRT1 signaling enhances the expression of antioxidant enzymes such as superoxide
dismutase (SOD) and catalase (CAT), further protecting cells from oxidative damage [61].

Research has demonstrated that resveratrol can extend lifespan and delay the onset of age-
related diseases in various model organisms, including yeast, worms, and flies [62]. In rodent studies,
resveratrol supplementation has been shown to improve insulin sensitivity, reduce adiposity, and
enhance glucose metabolism, thereby mitigating the risk of age-related metabolic disorders like type
2 diabetes [63]. Moreover, resveratrol’s neuroprotective effects, mediated through SIRT1 activation,
have been associated with improved cognitive function and reduced neuronal damage in models of
Alzheimer’s and Parkinson’s diseases [64].

Beyond its direct effects on SIRT1, resveratrol also modulates other signaling pathways involved
in aging, such as the AMP-activated protein kinase (AMPK) pathway. AMPK activation, in
conjunction with SIRT1, promotes autophagy, a critical process for the removal of damaged cellular
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components, thereby contributing to cellular rejuvenation and longevity [65]. Resveratrol’s ability to
simultaneously activate SIRT1 and AMPK underscores its potential as a comprehensive anti-aging
agent.

Resveratrol is generally recognized as safe for humans but overdoses could turn its effect from
antioxidant and protective to prooxidant and harmful [66]. The mechanism of this change is still not
fully clarified but it may be related to oxidative stress, which results from preceding reductive stress
and impaired signalling due to ROS depletion [6]. Thus, like many other nutritional supplements
with a positive effect on the life span of many species, resveratrol exerts a hormesis effect (hormetic
dose-response relationship) with negative consequences on human health, mainly in cardiovascular,
immune and digestive systems, on tumour and non-tumour cells [67]. Additionally, long-term
treatment with resveratrol (0.01 mM for 60 days) has a detrimental effect on a rat thyroid cell line due
to inhibition of the expression of thyroid-restricted genes for thyroid peroxidase, thyroid-stimulating
hormone receptor, and thyroglobulin, preceded by down-regulation of genes for transcription factors
Foxel, Nkx2-1 and Pax-8, which regulates the expression of the thyroid-specific proteins [68]. This
antithyroid influence is manifested as goitrogenic effect if 25 mg/kg resveratrol is administered
intraperitoneally in rats for the same period of 60 days [68]. Finally, high doses of trans-resveratrol
inhibit cytochrome P450 isoenzymes and thus the hepatic elimination of drugs, which along with
other food-drug and drug-drug interactions could attenuate the effect of therapy [66,69].

3.2. Curcumin as a SIRT1-Activating Anti-Aging Compound

Curcumin, a hydrophobic polyphenolic compound derived from the rhizome of Curcuma longa
(turmeric), has been widely studied for its anti-inflammatory, antioxidant, and anticancer effects [70-
74]. Curcumin, through its pleiotropic effects, has been shown to be an activator of SIRT1, thereby
influencing the aging process and alleviating age-related diseases [6,70,73]. Curcumin also promotes
SIRT1-induced autophagy, a process essential for clearing damaged cellular components and
maintaining cellular homeostasis, which declines with age [70,75]. Through this mechanism,
curcumin contributes for reduced accumulation of damaged proteins and organelles, potentially
preventing neurodegenerative diseases like Alzheimer’s and Parkinson’s [75].

Despite its promising effects, the clinical application of curcumin is often limited by its low
bioavailability. Innovative delivery methods, such as nanocarriers and liposomes, are being
developed to enhance its absorption and efficacy as a SIRT1 activator in aging prevention strategies
[5,76].

3.3. Paeonol as a SIRT1-Activating Anti-Aging Compound

Paeonol, a phenolic compound extracted from the bark of Paeonia suffruticosa (Moutan Cortex)
Andr., has been widely recognized for its anti-inflammatory, antioxidant, and neuroprotective
properties [77,78]. Paeonol has been shown to bind directly to SIRT1, enhancing its activity and
promoting the SIRT1/p53/telomeric repeat-binding factor 2 (TRF2) pathway, which protects against
vascular senescence and endothelial dysfunction, both of which are major contributors to
cardiovascular aging [79]. Studies also suggest that paeonol’s SIRT1-mediated effects extend to
neuroprotection, as it reduces neuroinflammation and enhances cognitive function [78,80].

3.4. Buyang Huanwu Decoction (BHD) as a SIRT1-Activating Anti-Aging Prescription

Buyang Huanwu Decoction (BHD), a traditional Chinese medicine formula composed of seven
herbs, increases SIRT1 expression in the brain, which promotes neuronal survival, reduces apoptosis,
and enhances neurogenesis in models of cerebral ischemia [81,82]. BHD is used for stroke recovery
and promoting overall health [83]. By activating SIRT1, BHD also enhances the expression of vascular
endothelial growth factor (VEGF), leading to improved vascularization and blood flow in the brain,
which is crucial for preventing neurodegenerative diseases [84]. Additionally, BHD-induced SIRT1
activation modulates autophagy pathways, promoting the clearance of damaged proteins and
reducing oxidative stress, thereby protecting against cellular aging [82]. Furthermore, BHD has
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demonstrated anti-ischemic effect due to caveolin-1 dependent mitochondrial quality control [85].
These findings suggest that BHD may serve as a promising natural prescription for aging prevention
and management.

3.5. Delivery of SIRT1 Activators

The therapeutic potential of SIRT1 activators, such as resveratrol, curcumin, and paeonol, is
often limited by their poor bioavailability, rapid metabolism, and low permeability across biological
barriers, including the blood-brain barrier (BBB) [75]. This limits their use for the prevention of aging
and stress of the CNS, and as potential anti-Alzheimer’s and anti-Parkinson’s diseases drugs [75,86].
To overcome these challenges, various delivery strategies have been developed to enhance their
stability, absorption, and targeted delivery. Nanotechnology-based approaches, such as covalent
bonding to nanoparticles, incorporation in liposomes, and lipid-based carriers, have shown promise
in improving the bioavailability and targeted delivery of SIRT1 activators [75,87,88]. For example,
curcumin-loaded nanostructures improve oral bioavailability and enable effective crossing of the
BBB, enhancing neuroprotective effects in models of neurodegenerative diseases [75,86]. Similarly,
resveratrol encapsulated in nanoparticles and liposomes has demonstrated increased stability and
brain-targeted delivery, effectively enhancing its antioxidant and anti-aging properties [75,87].

3.6. Nose-to-Brain Delivery of SIRT1 Activators

Of particular interest against age-related neurodegeneration and diseases is the nose-to-brain
drug delivery i.e., application of substances and structures on the surface of human nasal olfactory
mucosa for further translocation towards different brain areas [88]. The use of drug carriers ensures
drug delivery into the brain stem (basolateral area of pons) using anterograde trans- or paracellular
transport via the supporting (sustentacular) cells of the nasal mucosa and the neurons of N. trigeminus
(trigeminal pathway) [89,90]. Endocytosis followed by intraneural transport through olfactory
sensory neurons or as an alternative alongside olfactory neurons (olfactory pathway) towards the
olfactory bulb and further to the cerebrospinal fluid is another mechanism [87,88] to bypass the BBB
[89]. The nasal mucosa allows the rapid absorption of drugs, facilitating their transport to the brain
regions with minimal systemic exposure [89,92]. Promising results were obtained despite the
numerous challenges, such as rapid mucociliary clearance in the nasal cavity and pharyngeal
drainage, low precision of drug dosing, interindividual variability in the anatomy of the nasal
cavities, limited administration volume, low absorption rate of high molecular weight substances and
difficulties in targeting specific brain areas, as well as limited applications in allergy or colds [88,91].

The neuroprotective effects of resveratrol have been extensively studied for nose-to-brain
delivery. When administered intranasally, resveratrol demonstrates enhanced brain targeting,
improved bioavailability, and increased SIRT1 activation in neuronal tissues. Studies have shown
that resveratrol delivered via the nasal route reduces oxidative stress, modulates inflammatory
pathways, and preserves cognitive function in animal models of Alzheimer’s and Parkinson’s
diseases [93]. Similarly, intranasal curcumin delivery via SIRT1 supports neurogenesis and reducing
amyloid-beta accumulation in the brain [90].

3.7. SIRT1 Activators with Improved Oral Bioavailability

Improving the oral bioavailability of SIRT1 activators is crucial for maximizing their therapeutic
potential in aging and age-related diseases. For example, curcumin-loaded nanostructures and
modifications such as micelles, liposomes, emulsions, solid lipid and biopolymers nanoparticles
improve the oral bioavailability of curcumin, enhance its stability, and improve its therapeutic
efficacy against oxidative stress and inflammation [94,95]. Similarly, resveratrol encapsulated in
nanostructured lipid carriers has demonstrated enhanced intestinal absorption and systemic
circulation, thereby amplifying its anti-aging effects [96].
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4. Conclusions

This review highlights the important role of SIRT1 in regulating hormonal pathways, including
the hypothalamic-pituitary-thyroid, -adrenal, -gonadal, and -liver axes, involved in aging and age-
related diseases. Natural SIRT1 activators such as resveratrol, curcumin, paeonol, and Buyang
Huanwu Decoction demonstrate promising anti-aging effects through their antioxidant, anti-
inflammatory, and neuroprotective properties. These compounds enhance SIRT1 activity,
contributing to improved mitochondrial function, reduced oxidative stress, and inflammation,
optimized metabolism and homeostasis, which are essential for promoting longevity and preventing
age-associated disorders.

However, the clinical application of these SIRT1 activators is often limited by challenges related
to low bioavailability and poor permeability across the BBB and other biological membranes.
Innovative delivery strategies, such as nose-to-brain methods and nanotechnology-based
formulations for oral use, are being developed to overcome these barriers, potentially enhancing their
therapeutic efficacy. Future research should focus on refining these delivery systems and exploring
combination therapies to fully realize the benefits of SIRT1 activators in aging prevention and
management. Overall, SIRT1-targeted therapies offer a promising approach for extending health
span and improving outcomes in age-related diseases.
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