TRMOME 2237 No. of Pages 14

Trends in
Molecular Medicine

¢? CellPress

Neuroendocrine timekeepers: changes in

normal and premature aging

Maria Petric 12 Marisa Ferreira-Marques '*#*®, Rodrigo F.N. Ribeiro '#*®  and

Claudia Cavadas ® 1245+

The hypothalamus is a central regulator of circadian rhythms, metabolism, and
endocrine function, integrating internal and external cues to maintain physiolog-
ical homeostasis. Aging impairs hypothalamic function, leading to metabolic
changes, sleep disturbances, and a higher risk of age-related disease.
Laminopathies - rare genetic disorders marked by premature aging — exhibit pro-
found neuroendocrine and circadian rhythm dysfunction, offering insights into
mechanisms of hypothalamic aging. The complex interplay between the hypo-
thalamus, circadian rhythms, and systemic aging highlights the critical role of
neuroendocrine crosstalk in the regulation of health span and life span. This re-
view summarizes emerging molecular and physiological insights into hypotha-
lamic aging and circadian misalignment, and highlights potential interventions,
such as chronotherapy and caloric restriction, that may alleviate hypothalamic
alterations and promote healthy aging.

Circadian hypothalamus: the core of systemic aging?

The hypothalamus (see Glossary) is a small yet pivotal brain region that coordinates a wide array
of essential functions, including metabolism, stress responses, reproduction, and the regulation
of the circadian rhythm [1] (Box 1). By integrating signals from the body and the environment,
it serves as the primary interface between the nervous and endocrine systems, maintaining inter-
nal balance or homeostasis. At the core of this system, the suprachiasmatic nucleus (SCN)
serves as the master clock of the body, synchronizing daily rhythms across tissues through neu-
roendocrine outputs (e.g., via the hypothalamic—pituitary—adrenal axis and hormone levels), auto-
nomic control, and behavioral rhythms such as sleep, activity, and feeding patterns, which are
entrained and maintained by a robust network of clock genes, including CLOCK, BMAL1, PER,
and CRY [2]. Clock disruption leads to accelerated aging, shortened lifespan, and metabolic
dysfunction, including muscle wasting [3].

The circadian machinery is closely linked to metabolic and stress-response pathways via
regulators such as sirtuin 1 (SIRT1). Age-related reductions in hypothalamic SIRT1 impair
circadian rhythms, compromise autophagy, and reduce resilience to metabolic challenges
[4]. Concurrently, chronic hypothalamic inflammation, particularly through nuclear factor kB
(NF-kB) signaling, disrupts clock gene activity, further promoting circadian misalignment and
systemic decline [5-7]. These observations position the hypothalamus as a central node
where molecular clocks, metabolic sensors, and immune pathways intersect to shape the
pace of aging.

Studies of laminopathies — genetic disorders caused by mutations in the LMNA gene and char-

acterized by an accelerated and premature aging phenotype — have shed light on the conse-
quences of nuclear envelope defects for systemic aging (Box 2). In one such disease, the
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The hypothalamus orchestrates circa-
dian and neuroendocrine signals, and
its dysfunction contributes to metabolic
decline and systemic features of aging.

Circadian rhythm disruption accelerates
aging by impairing sleep, hormone re-
lease, and cardiovascular function,
supporting chronotherapy as a promis-
ing intervention.

Laminopathies model accelerated aging
by linking nuclear envelope defects to cir-
cadian disruption and metabolic dys-
functions that mirror key features of
physiological aging.

The hypothalamic paraventricular nu-
cleus (PVN) regulates circadian blood
pressure and autonomic tone, linking hy-
pothalamic aging to vascular dysfunc-
tion, offering a therapeutic target.

Caloric restriction, sirtuin 1 (SIRT1) acti-
vation, and circadian gene modulation
emerge as strategies to restore hypotha-
lamic function and counteract systemic
aging and premature aging syndromes.
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accumulation of progerin, a toxic product of the LMNA gene, drives premature aging across mul-
tiple tissues in a molecular manner similar to that of physiological aging [8,9] (Box 3). Notably, the
brain appears to be partially protected from progerin toxicity, in large part due to microRNA-9
(miR-9), which limits progerin accumulation in neurons [10]. However, during normal aging, low
levels of progerin are still detectable and emerging evidence associates this natural process
with hypothalamic alterations. This contrast highlights a key gap: the protective effect of miR-9
observed in one of the laminopathies does not fully translate to physiological aging. Conversely,
while circadian disruptions have been studied in the context of aging, research on hypothalamic
and circadian rhythms in laminopathies is an emerging field.

In this review, we focus on three hypothalamic nuclei — the SCN, the paraventricular nucleus
(PVN), and the arcuate nucleus (ARC) — to explore how their dysfunction contributes to
aging. We discuss recent molecular insights into circadian disruption, metabolic imbalance,
and neuroendocrine decline in both normal and premature aging (Box 4). This topic is timely as
populations age worldwide, making it crucial to understand the contribution of the hypothalamus
to systemic aging and how therapeutically targeting these functions of this structure could be
used to promote healthy aging. Our central message is that the hypothalamus is not merely af-
fected by aging; it helps set its pace. Deciphering its role as a neuroendocrine timekeeper
opens new opportunities to delay decline and extend health span.

Conversely, growing evidence highlights the bidirectional communication between peripheral tis-
sues and the brain, whereby circulating metabolites, adipokines, and inflammatory mediators
feedback to influence hypothalamic function and circadian homeostasis, underscoring the sys-
temic complexity of aging [11].

Box 1. The hypothalamic machinery and molecular circadian clock

The hypothalamus is a multifunctional brain region composed of anatomically and functionally distinct nuclei that regulate
homeostatic and behavioral processes [90] (Figure IA). These nuclei interact through complex neural circuits and neuro-
peptide signaling to regulate processes such as circadian rhythms, energy balance, thermoregulation, reproduction,
and stress responses [91].

At the center of circadian timekeeping lies the suprachiasmatic nucleus (SCN), which receives light information from the
retina and synchronizes hypothalamic and peripheral rhythms. The SCN communicates primarily via vasoactive intestinal
peptide (VIP) and arginine vasopressin (AVP), coordinating neuronal synchrony and transmitting time-of-day information to
other hypothalamic nuclei such as the paraventricular nucleus (PVN) and dorsomedial hypothalamus (DMH) [92]. The PVN
integrates circadian, metabolic, and stress-related inputs, sending outputs to the pituitary and autonomic centers [54,55].
The arcuate nucleus (ARC) senses peripheral metabolic signals via two key neuronal populations: agouti-related peptide
(AgRP)/neuropeptide Y (NPY) neurons, which stimulate appetite, and pro-opiomelanocortin (POMC) neurons, which pro-
mote satiety [93]. Other nuclei — including the ventromedial hypothalamus (VMH), DMH, lateral hypothalamus (LH), anterior
hypothalamus (AHN), and preoptic area (POA) — contribute to satiety, thermoregulation, arousal, reproduction, and stress
adaptation [6,13,47]. Together, these nuclei form a dynamic communication network enabling the hypothalamus to main-
tain systemic balance.

At the cellular level, circadian timing is generated by transcriptional-translational feedback loops (TTFLs). The CLOCK:
BMAL1 heterodimer binds to E-box elements in target gene promoters, activating period (PER) and cryptochrome
(CRY) transcription. PER and CRY proteins accumulate, dimerize, and translocate into the nucleus, where they inhibit
CLOCK:BMAL1 activity, establishing the negative feedback arm of the cycle. Their subsequent proteasomal degradation,
regulated by kinases such as casein kinase 16/¢ (CK1d/¢), glycogen synthase kinase-3 (GSK3p), and AMP-activated
protein kinase (AMPK), allows a new cycle to begin (Figure IB). A secondary loop involving REV-ERBo/3 and RORa/B/y
stabilizes the oscillator by regulating BMAL1 transcription, enhancing clock robustness [2].

Together, these interconnected networks generate rhythmic expression of thousands of clock-controlled genes (CCGs),
influencing metabolism, hormone secretion, immune responses, and sleep—wake behavior [83]. Disruption of hypotha-
lamic circuits or core clock components — through genetic mutations, environmental perturbations, or aging — misaligns
systemic rhythms and contributes to metabolic dysfunction, cognitive decline, and age-related disease.
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Glossary

Accelerated aging: a phenotype
characterized by the premature onset
and progression of age-related physical
and physiological changes and
diseases.

Arcuate nucleus (ARC): a
hypothalamic nucleus that integrates
hormonal and nutrient signals to regulate
appetite, energy balance, and metabolic
processes.

Caloric restriction (CR): a dietary
intervention that reduces calorie intake
without malnutrition; CR has been
shown to extend lifespan and delay the
onset of age-related diseases in several
species.

Chronotherapy: a therapeutic
approach that involves timing drug
administration or other interventions to
align with the circadian rhythms of the
body to optimize effectiveness.
Circadian rhythms: endogenous,
entrainable oscillations of about 24 h that
govern behavioral and physiological
processes, including sleep—-wake
cycles, hormone secretion, and
metabolism. Disruptions in these
rhythms are linked to aging,
cardiovascular disease, and cognitive
decline.

Hypothalamus: a region of the brain
that serves as a central regulator of
essential functions, including circadian
rhythms, metabolism, sleep, feeding
behavior, thermoregulation,
reproductive cycles, and hormone
release. It integrates internal and external
cues and acts as an interface between
the nervous and endocrine systems.
Laminopathies: a group of rare
genetic disorders caused by mutations
in the LMNA gene, which encodes
nuclear lamins A and C. These
mutations lead to defects in nuclear
structure and function, often resulting in
premature aging syndromes and other
pathologies.

Lipodystrophy: a group of rare
syndromes characterized by the partial
or complete absence or abnormal
distribution of white adipose tissue; it is
seen in some laminopathies and other
genetic or acquired conditions.
Neuroendocrine alterations:
impaired function of the neuroendocrine
system, which comprises the interaction
between the nervous system and the
endocrine system to regulate
physiological functions via hormone
release.



Trends in Molecular Medicine

Hypothalamus (A) Overview of hypothalamic entrainment and peripheral clock

Lateral hypothalamus
Feeding
Arousal

Anterior hypothalamus nucleus

Posterior hypothalamus

Stress response
Blood pressure regulation

[
| Thermoregulation Dorsomedial nucleus
Defensive behaviour S E
3 Energy balance
© Circadian behavioural patterns
PH
T nucleus
oo o y 0 Supramammillary bodies
f © Food intake - ‘Spatial memol
Lightclues — —| ) g J ,, it
Preoptic are? POA AN DMH MB. Mammillary bodies
Qsmoregulation . Learning and memory
o <o
T ‘Thermoregulation Premammillary nucleus
emperature  —— SON F VMH @ Reproduction
ARC Arcuate nucleus
Supraoptic area Energy balance
= Food intake
Osmoregulation i Reproduction
Hormones — Blood pressure regulation Growth hormone production
Suprachiasmatic nucleus
Sleep i
e ian thythm Ventromedial nucleus
Energy belance
4 Glucose metabolism
Nutrients ~ — - :
(B) The whole-body molecul. hanism of the circadian clock
Cytopiosm ©]
3 /
Offactory cues —— g
PER 3
CRY )
—e J
Social stimuli  — L0 D — °
signalling
Emotional stimuli — A \ o

Trends in Molecular Medicine

Figure I. Overview of hypothalamic entrainment and peripheral communication. (A) This schematic highlights
the hypothalamus as a central hub that integrates diverse physiological signals and orchestrates whole-body responses.
On the left, it receives afferent inputs from both the environment (such as light, temperature, and social interactions) and
internal cues (including circulating hormones, nutrients, and stress mediators). These signals are conveyed through
specialized pathways and feedback loops, allowing the hypothalamus to fine-tune homeostatic balance. On the right, the
main hypothalamic nuclei are shown alongside their functions, illustrating how they regulate metabolism, stress responses,
reproductive cycles, cardiovascular activity, and circadian rhythms. Through these coordinated outputs, the hypothalamus
continually aligns internal physiology with external demands, serving as a key interface between the brain and the body.
(B) In complex organisms, molecular clocks operate in nearly all tissues, maintaining temporal order through self-sustained
transcriptional-translational feedback loops. In mammals, the core clock mechanism involves the CLOCK:BMAL1
heterodimer, which binds to E-box sequences to promote transcription of period circadian regulator (PER), cryptochrome
circadian regulator (CRY), and other clock-controlled genes (CCGs). As PER and CRY proteins accumulate, they form
complexes that inhibit CLOCK:BMAL1 activity, thereby repressing their own transcription. Their subsequent degradation,
regulated by casein kinases, reinitiates the cycle, establishing the roughly 24 h rhythm of the circadian clock.
Abbreviations: ARC, arcuate nucleus; BMALT, brain and muscle ARNT-like 1; CLOCK, circadian locomotor output cycles
kaput; DMH, dorsomedial nucleus; LH, lateral hypothalamus; POA, preoptic area; PVN, paraventricular nucleus; SCN,
suprachiasmatic nucleus; SON, supraoptic nucleus; VMH, ventromedial nucleus. Figure created with BioRender.

Aging neuroendocrine clocks: from rhythm loss to disease

One of the most studied functions of the hypothalamus is the endocrine system that regulates es-
sential physiological processes, ranging from metabolism and growth to stress adaptation and
reproduction. Its activity is closely coordinated with circadian rhythms, primarily governed by
the SCN, which synchronizes hormone release with the light—dark cycle [12,13]. This alignment,
known as the neuroendocrine axis, releases hormones at optimal times, optimizing energy use
and systemic health [14,15]. When this synchronization falters, hormonal rhythms lose precision,
with widespread consequences for metabolic homeostasis, resilience to stress, and tissue repair
[1]. In terms of structural changes in aged SCN, data from mice show reduced neuronal density,
synaptic remodeling, and impaired connectivity between SCN neurons [16,17]. These changes
weaken the synchrony of circadian oscillators, contributing to fragmented rhythms and dimin-
ished responsiveness to environmental light cues. Conversely, Lmna-deficient mice fail to
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Neuroendocrine axis: the complex
interplay and communication pathways
between the brain (particularly the
hypothalamus) and peripheral tissues
involved in regulating energy
metabolism, appetite, and glucose/lipid
homeostasis.

Paraventricular nucleus (PVN): a
region of the hypothalamus that
regulates neuroendocrine and
autonomic functions, including
cardiovascular control, fluid balance,
and stress response via hormone
secretion and neural pathways.
Suprachiasmatic nucleus (SCN): a
region of the hypothalamus that serves
as the master circadian pacemaker in
mammals, being responsible for
regulating the daily rhythms of the body.
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The role of the hypothalamus in aging and laminopathies
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Figure 1. The central role of the hypothalamus is as an integrative hub for diverse internal and external cues. On the left, the
hypothalamus receives a range of entraining signals, including light cues, temperature, circulating hormones, nutrient
availability, olfactory information, social interactions, and emotional stimuli. These inputs are processed by specific
hypothalamic nuclei to coordinate circadian rhythms, neuroendocrine signaling, energy balance, and autonomic outputs.
The panel on the right highlights shared and distinct molecular and hypothalamic alterations associated with laminopathies
(top) and physiological aging (bottom). In laminopathies, mutations in the LMNA gene impair nuclear structure, leading to
disrupted clock gene expression, altered hypothalamic—pituitary axis function, metabolic imbalance, defective
thermoregulation, and early-onset cardiovascular dysfunction. In aging, similar but progressive changes occur, including
dampened circadian gene rhythms, reduced hypothalamic sensitivity to hormonal feedback, impaired appetite and energy
homeostasis, and increased risk of metabolic syndrome and cardiovascular disease. Together, these disruptions
emphasize the vulnerability of the hypothalamus to molecular aging processes and highlight its importance in systemic
physiological regulation. Figure created with BioRender.

properly entrain the light-dark cycle, leading to a shift from nocturnal to diurnal activity. However,
while SCN rhythmicity remains intact, peripheral tissues exhibit phase misalignment [18]. This
may lead to the hypothesis that lamins affect downstream of the SCN, and hormonal imbalances
may be considered not only a response of hypothalamic alteration, but also a factor influencing
peripheral tissues.

Cortisol and melatonin are the most widely studied circadian-regulated hormones. Cortisol fol-
lows a diurnal rhythm, peaking in the early morning to promote alertness and metabolic readiness
before gradually declining throughout the day [19]. With age, this rhythm becomes blunted: peak
levels are reduced, and diurnal variation diminishes, leading to impaired stress responses,
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Box 2. Molecular similarities between normal aging and laminopathies

Natural aging and laminopathies share several molecular mechanisms, yet the two differ markedly in timing and severity.
Both are characterized by disruptions in genomic stability, telomere maintenance, epigenetic regulation, mitochondrial dy-
namics, and intercellular communication [59,81]. In normal aging, these alterations arise gradually through cumulative rep-
lication stress, oxidative damage, and reduced efficiency of proteostatic and repair pathways. In laminopathies, however,
LMNA mutations perturb nuclear lamina function, impairing chromatin organization, transcriptional regulation, and DNA re-
pair. As aresult, many of the same pathways are triggered, but in a markedly accelerated and more severe manner [59,81].

At the genomic level, both aging and laminopathies exhibit increased DNA damage and impaired repair capacity. In
laminopathies, defective recruitment of repair factors such as 53BP1 and RAD51 reflects a direct consequence of nuclear
lamina disruption, whereas in aging, repair decline emerges progressively due to accumulated stress and telomere erosion
[94,95]. Telomere shortening is a hallmark in both contexts: in laminopathies it is exacerbated by progerin-induced disrup-
tion of shelterin components and telomerase mis-localization, while in natural aging, attrition occurs gradually through rep-
lication limits and oxidative stress [96].

Epigenetic alterations represent another point of convergence. Aging is marked by global changes in histone modifica-
tions, DNA methylation drift, and heterochromatin loss. Laminopathies recapitulate these features with greater severity,
as lamina-associated domains (LADs) become destabilized, leading to widespread transcriptional dysregulation. This in-
cludes the repression of genome maintenance pathways and the activation of proinflammatory and profibrotic programs
associated with the senescence-associated secretory phenotype (SASP) [96].

Mitochondrial dysfunction further unites these processes. In aging, reduced mitochondrial biogenesis, diminished oxida-
tive phosphorylation efficiency, and increased reactive oxygen species (ROS) gradually impair cellular energy metabolism
[81]. In laminopathies, disrupted nuclear-mitochondrial communication alters electron transport chain expression, en-
hances oxidative stress accumulation, and impairs mitophagy, producing rapid energy deficits [97].

Finally, both natural aging and laminopathies are associated with the accumulation of senescent cells and altered intercel-
lular signaling. However, the senescence burden is accelerated in laminopathies due to persistent DNA damage re-
sponses and nuclear envelope stress. The accompanying SASP fuels chronic inflammation and tissue remodeling,
processes also seen in aging but at a slower pace [81].

Together, these molecular parallels position laminopathies as an amplified model of natural aging, providing mechanistic
insight into how nuclear lamina dysfunction accelerates pathways that also drive physiological aging.

disrupted glucose regulation, and greater risk of metabolic disorders such as type 2 diabetes and
cardiovascular disease [7,20]. Melatonin, secreted at night by the pineal gland, orchestrates the
sleep—wake cycle and exerts antioxidant and anti-inflammatory effects [21]. In older individuals,
melatonin production falls and its circadian pattern weakens, contributing to sleep disturbances,
immune decline, oxidative stress, and accelerated cellular aging [11,22,23]. In laminopathies, al-
though direct measurements of these hormones are scarce, patients commonly display profound
metabolic alterations and lipodystrophies, strongly suggesting secondary disturbances in cir-
cadian hormone control [24,25].

Another major hormone system under circadian control is the growth hormone (GH)-insulin-like
growth factor 1 (IGF-1) axis. GH secretion peaks during deep sleep, driving tissue repair, muscle
maintenance, and bone remodeling. Aging-related reductions in GH release and flattened circa-
dian rhythm are associated with sarcopenia and impaired tissue regeneration, among other con-
tributing factors [26,27]. These changes mirror the hallmarks of aging, particularly stem cell
exhaustion and altered intercellular communication, as reduced GH-IGF-1 signaling weakens tis-
sue renewal and metabolic balance. Similarly, diminished efficacy of this axis promotes body fat
accumulation and insulin resistance [28,29]. Comparable patterns of impaired anabolic signaling
are reported in laminopathies, where defective nuclear architecture disrupts transcriptional pro-
grams linked to growth and repair [30].

The thyroid axis also exemplifies circadian—neuroendocrine coupling. The hypothalamus, through
thyrotropin-releasing hormone (TRH), stimulates the pituitary to release thyroid-stimulating

Trends in Molecular Medicine, Month 2025, Vol. xx, No. xx 5



¢? CellPress Trends in Molecular Medicine

Box 3. Lamin A/C dysfunction and circadian regulation

Lamins are intermediate filament proteins that assemble into the nuclear lamina, a dense scaffold beneath the inner nuclear
membrane essential for nuclear structure, chromatin organization, and gene regulation [98]. They anchor chromatin to the
nuclear periphery, coordinate transcriptional programs, and safeguard genome integrity through DNA replication and re-
pair [99]. Moreover, lamins are central to mechanotransduction, coupling cytoskeletal forces to nuclear responses, thereby
influencing cell fate, differentiation, and tissue adaptation [100].

A-type lamins (lamin A and C), encoded by LMNA, are primarily expressed in differentiated cells, while B-type lamins
(lamins B1 and B2), encoded by LMNB1 and LMNB2, are ubiquitously expressed and remain permanently farnesylated
[101]. Lamin A undergoes a complex maturation process from prelamin A, requiring farnesylation and proteolytic cleavage,
whereas lamin C is produced directly, reflecting subtle but functionally relevant differences [102]. Together, these isoforms
build a dynamic scaffold that supports nuclear architecture and regulates cellular homeostasis.

Mutations in LMNA lead to laminopathies, a diverse spectrum of diseases that include muscular dystrophies,
lipodystrophies, and progeroid syndromes [103] (Figure l). Importantly, the molecular defects seen in these conditions
overlap with pathways implicated in natural aging. For instance, accumulation of progerin — a permanently farnesylated,
truncated form of lamin A — disrupts chromatin tethering, alters epigenetic landscapes, impairs DNA repair, and acceler-
ates telomere erosion, processes that are likewise recognized as hallmarks of physiological aging [25,104]. Similarly,
changes in lamin-dependent mechanotransduction and mitochondrial regulation have been documented both in
progeroid models and in aged tissues, pointing to conserved molecular vulnerabilities [105]. Thus, laminopathies can be
viewed as exaggerated models of aging at the molecular level, offering unique opportunities to dissect nuclear pathways
that drive organismal decline.

Emerging evidence suggests that lamin A/C dysfunction may impair circadian regulation. For example, nuclear lamina
defects are known to alter chromatin architecture in cells, and separately, chromatin accessibility at clock gene loci has
diurnal oscillations; SIRT1 interacts with CLOCK/BMAL1 to affect amplitude [4]. While direct evidence linking laminopathy
models to reduced SCN output is still limited, these findings point toward plausible mechanisms.
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Figure I. Tissue-specific phenotypes associated with LMNA mutations. This figure illustrates the wide range of
clinical manifestations resulting from mutations in the LMNA gene, which encodes the nuclear envelope proteins lamins
A and C. These phenotypes are grouped by tissue systems affected: striated muscle, adipose tissue, peripheral nerves,
and multisystem involvement. Striated muscle manifestations include dilated cardiomyopathy and variable degrees of
skeletal muscle weakness, typically involving the upper arms, thighs, and lower legs. These symptoms are
characteristic of muscular dystrophies linked to LMNA mutations, such as Emery-Dreifuss muscular dystrophy.
Adipose tissue abnormalities are notable for selective loss of subcutaneous fat (partial lipodystrophy), particularly in the
limbs and trunk, while there may be increased fat accumulation in atypical areas such as the neck. These alterations are
associated with metabolic complications, including insulin resistance and dyslipidemia. Peripheral nerve involvement
may lead to scoliosis, pes cavus foot deformity, and Charcot-Marie-Tooth type 2 neuropathy, reflecting motor and
sensory nerve dysfunction. Multisystem disease phenotypes encompass features of premature aging syndromes, such
as Hutchinson-Gilford progeria syndrome (HGPS), and include growth retardation, micrognathia, alopecia, skin atrophy
or molting, widespread subcutaneous fat loss, osteoporosis, and life-threatening premature vascular disease affecting
the coronary and carotid arteries. This spectrum of tissue-specific effects underscores the critical role of lamins in
maintaining nuclear integrity, and highlights how disruptions to nuclear architecture can lead to diverse, systemic
pathologies. Modified from Worman (2012) [106]. Figure created with BioRender.
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Box 4. Animal models for studying circadian disruption and aging

Several mouse models have played a crucial role in elucidating the relationships between aging, circadian regulation, and
hypothalamic function. Each reproduces different aspects of these processes, with distinct advantages and limitations.

Natural aging in rodents provides one of the most physiologically relevant models, as aged mice and rats show progressive
decline in circadian rhythmicity, reduced amplitude of clock gene expression, altered hypothalamic neuropeptide release,
and instability of sleep—wake cycles [107]. These changes closely resemble circadian impairments observed in humans
[51]. The major advantage of this model is its high translational value, but the long experimental timelines and variability
in aging trajectories can limit mechanistic interventions and large-scale studies.

Senescence-accelerated mouse-prone 8 (SAMP8) mice represent a widely used model of accelerated physiological ag-
ing. The animals develop impairments in circadian entrainment, disrupted sleep-wake cycles, cognitive decline, and pro-
nounced neuroinflammation at 4-6 months of age, progressing to severe deficits by 8-10 months. The accelerated
phenotype allows efficient study of age-related processes, particularly in neurodegeneration [108]. However, the pathol-
ogy of SAMP8 reflects generalized frailty and multisystem decline, which may complicate mechanistic interpretations when
focusing on specific circadian pathways.

Bmal1~’~ mice, in which the core circadian gene Bmal is deleted, provide direct genetic evidence for the role of circadian
clocks in systemic aging. These mice exhibit global loss of circadian regulation, accompanied by premature aging pheno-
types, including sarcopenia, impaired glucose metabolism, organ degeneration, and shortened lifespan [84]. This model
establishes a causal link between circadian disruption and organismal aging; however, the severity of developmental
and systemic effects limits its ability to accurately represent gradual physiological aging.

Lmna®8P9%/C89%C mice a progeria and laminopathy-based model, offer a complementary and mechanistically distinct ap-

proach to study aging. In these mice, nuclear lamina dysfunction induces systemic and premature aging within a com-
pressed time frame. Compared with natural aging or other accelerated-aging models, such as SAMP8 or Bmal1~/~
mice, laminopathies highlight how defects in nuclear envelope structure and chromatin organization may intersect with
hypothalamic and circadian alterations [109]. This time efficiency makes them particularly useful for experimental studies.
However, because the driving mutation is rare and does not reflect the multifactorial nature of physiological aging, results
obtained with this model should be interpreted with caution when extrapolated to normal aging.

hormone (TSH), which in turn drives the thyroid gland to produce T3 and T4. Both TSH secretion
and thyroid hormone availability follow circadian and ultradian rhythms, with nocturnal TSH peaks
ensuring adequate metabolic regulation for daytime activity. Aging alters these dynamics: studies
report a dampening of TSH rhythms and reduced tissue responsiveness to thyroid hormones,
leading to subtle hypothyroid states that contribute to metabolic slowdown, thermoregulatory de-
cline, and cognitive impairment in the elderly [31,32]. At the molecular level, reduced thyroid hor-
mone signaling has been linked to mitochondrial dysfunction and impaired proteostasis, two
additional hallmarks of aging. In laminopathies, abnormal thyroid function has not been systema-
tically studied, but nuclear lamina defects are known to alter hormone receptor signaling and
chromatin accessibility, raising the possibility of similar neuroendocrine disruption [33,34].

Circadian regulation of glucose metabolism provides another example of how tightly hormonal
rhythms are integrated with daily cycles of activity. Insulin sensitivity is highest during the day, co-
inciding with periods of food intake, thereby ensuring efficient glucose uptake and energy use
[35]. With aging, circadian control of both insulin secretion and insulin sensitivity is weakened, pre-
disposing individuals to glucose intolerance and diabetes. Sleep fragmentation and circadian
misalignment, common in older populations, exacerbate these effects [36,37]. In laminopathies,
insulin resistance is often profound, reflecting both lipodystrophy and disrupted nuclear regulation
of metabolic genes [38,39].

These findings reveal that circadian misalignment of neuroendocrine functions is a central feature
of aging, with molecular links to multiple hallmarks of aging, including mitochondrial dysfunction,
deregulated nutrient sensing, loss of proteostasis, and altered intercellular communication.
Despite limited research directly addressing neuroendocrine alterations in laminopathies,
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the metabolic impairments and related pathologies suggest that mechanisms similar to those of
physiological aging may be involved. However, the effects appear to be exacerbated by lamin A/C
dysfunction by imposing structural and transcriptional defects at the nuclear level, which further
compromise neuroendocrine regulation.

Energy balance across time and age

Hypothalamic activity and circadian rhythms are central to metabolism, aligning energy produc-
tion and storage with daily cycles of feeding, activity, and rest. Peripheral oscillators in the liver,
pancreas, and adipose tissue maintain their own rhythmic expression of core clock genes
(CLOCK, BMAL1, PER, and CRY), remaining aligned with the SCN through these systemic and
behavioral cues [40]. With aging and in laminopathies, these rhythms lose precision, resulting in
metabolic dysfunction, insulin resistance, and obesity [40,41]. Nutrient-sensing pathways that
detect glucose, amino acids, and lipids also become impaired, showing tissue-specific alter-
ations that further destabilize systemic balance [42].

The hypothalamus, particularly the ARC, coordinates metabolism via AgRP/NPY (agouti-related
peptide/neuropeptide Y) and POMC/CART (pro-opiomelanocortin/cocaine- and amphetamine-
regulated transcript) neurons, integrating peripheral signals to regulate glucose and lipid metab-
olism [43]. Age-related dysfunction in these circuits contributes to obesity and insulin resistance,
often exacerbated by genetic alterations such as mutations in the leptin receptor (LEPR) [11,44].
In laminopathies, including progeroid syndromes and mandibuloacral dysplasia, metabolic ab-
normalities such as lipodystrophy, insulin resistance, and hypertriglyceridemia are common
[38,39,45].

Aging also shifts energy homeostasis toward fat accumulation and muscle loss [46]. Reduced
POMC expression impairs appetite and glucose regulation, while POMC overexpression in
aged mice improves insulin sensitivity and reduces food intake [47-49]. In laminopathies, defec-
tive adipocyte function and abnormal lipid storage aggravate these imbalances, as observed in
familial partial lipodystrophy and progeria, where adipose tissue and muscle loss severely com-
promise metabolic health [25].

Thermoregulation is likewise affected. Body temperature normally follows a circadian rhythm,
peaking in the late afternoon and dipping in the early morning [50,51]. Aging diminishes
thermoregulatory capacity due to dampened hormonal rhythms and reduced muscle and adipose
reserves [52]. In laminopathies, exacerbated adipose tissue and muscle loss further impairs
temperature control, heightening susceptibility to fluctuations and reducing metabolic efficiency [53].

Timekeeping in the heart

Molecular remodeling within the PVN represents a central locus of age-related dysregulation in
autonomic and neuroendocrine outputs [54,55]. In normal aging, the PVN is marked by a persis-
tent proinflammatory state and elevated oxidative burden, both of which disrupt cellular homeo-
stasis. Chronic NF-kB activation and elevated cytokines reduce PVN synaptic plasticity and alter
ion-channel function, impairing the precise firing patterns needed for vasopressin and corticotro-
pin-releasing hormone (CRH) release [56,57]. In parallel, age-associated declines in NAD*-
dependent deacetylases such as SIRT1, together with impaired peroxisome proliferator-acti-
vated receptor y coactivator-1a (PGC-1a) signaling, compromise mitochondrial biogenesis and
antioxidant defenses, promoting mitochondrial dysfunction and reactive oxygen species (ROS)
accumulation. These oxidative insults further amplify DNA damage responses. Epigenetic drift —
including the loss of heterochromatin marks, altered histone modifications, and changes
in DNA methylation — reshapes chromatin accessibility at loci regulating circadian, stress-
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responsive, and neuropeptide genes, ultimately dampening rhythm amplitude and responsive-
ness to physiological stimuli [57,58].

In laminopathies, defects in nuclear lamina integrity accelerate and exacerbate these molecular
trajectories [8] (Figure 1, Key figure). Mutant A-type lamins disrupt lamina-associated domains
and chromatin tethering. This architectural instability impairs DNA repair factor recruitment, ag-
gravates genomic instability and telomeric stress, and triggers premature activation of senes-
cence programs [59,60].

Looking at the cardiac tissue, disruption of circadian rhythms has been implicated in the patho-
physiology of cardiovascular diseases. Experimental models of clock gene mutations
(e.g., Bmal1, Clock, and Per2) demonstrate impaired endothelial function, vascular remodeling,
and altered blood pressure profiles [3]. In aging individuals, circadian misalignment, such as
that caused by shift work or irregular sleep patterns, can exacerbate cardiovascular risk by
impairing metabolic regulation and promoting proinflammatory states [61].

In laminopathies, cardiovascular dysfunction is an early and life-limiting manifestation. For in-
stance, in Lmna®8%°®/G8%%C mice, accelerated vascular aging is characterized by loss of vascular
smooth muscle cells, arterial medial calcification, and adventitial fibrosis [62]. These pathologies
mimic severe forms of atherosclerosis observed in aged arteries but occur at a dramatically accel-
erated pace. Moreover, structural nuclear abnormalities disrupt gene expression in vascular cells,
leading to genomic instability and premature senescence [63]. Although the circadian dimension
of laminopathies is still emerging, studies suggest that LMNA mutations may affect peripheral
clocks by impairing nuclear receptor signaling and chromatin dynamics [18]. Given the role of
the nuclear lamina in tethering clock-controlled genes, mutations in lamins could lead to phase
desynchronization in vascular tissues, further contributing to cardiovascular instability.

While studies have documented hypothalamic inflamsnmation, mitochondrial decline, epigenetic re-
modeling, and nuclear lamina dysfunction in aging, PVN-specific analyses remain scarce. High-
resolution, cell-type-resolved investigations are needed to delineate causal pathways linking lam-
ina defects to PVN dysfunction. It is reasonable to hypothesize that circadian clock components
and neuropeptide-encoding genes within the PVN display altered expression dynamics under
these conditions. In addition, proteostasis and nucleocytoplasmic transport become compro-
mised, further reducing neuronal resilience and amplifying maladaptive hypothalamic—pituitary—
adrenal (HPA) axis and autonomic outputs. Addressing these gaps will be essential to determine
how accelerated nuclear aging converges with canonical aging pathways to drive systemic neu-
roendocrine and autonomic disturbances.

Therapeutic and translational perspective directions

Addressing the challenges of an aging population requires a multilevel approach spanning scien-
tific research, public health policy, and societal transformation. Governments should prioritize cre-
ating age-friendly societies where the needs of older adults are integrated into daily life. Examples
from Singapore, Hong Kong, Malaysia, and Indonesia highlight successful shifts towards preven-
tive, promotive, and community-based care, moving away from episodic, disease-centered
hospital care [64].

Caloric restriction (CR), which involves reducing calorie intake without malnutrition, has been
shown to extend lifespan and improve health by reducing oxidative stress, improving metabolic
efficiency, and enhancing cellular repair mechanisms [65]. CR lowers the risk of age-related dis-
eases such as cardiovascular disease, diabetes, and cancer, while improving cognitive function
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and delaying neurodegenerative conditions. CR activates protective biological pathways, includ-
ing those related to insulin sensitivity, inflammation reduction, and autophagy, the process that
removes damaged cells and promotes regeneration [66-68]. SIRT1 is a key mediator of these ef-
fects, as it activates autophagy by deacetylating LC3, which helps initiate autophagy under star-
vation conditions, reducing toxic fragments in neurodegenerative diseases [69].

In the hypothalamus, SIRT1 integrates nutrient and hormonal signals with circadian oscillations,
modulating the activity of POMC and NPY neurons [4,70]. Its decline during aging may impair en-
ergy balance and exacerbate systemic inflammation. Additionally, SIRT1 regulates central circa-
dian control, influencing period, activity, and adaptability to re-entrainment [4]. NPY neurons,
which inhibit food intake, are closely linked to CR; indeed, CR increases NPY levels, and enhanc-
ing NPY signaling can mimic CR benefits by boosting autophagy [70]. In progeria, NPY delays
cellular aging by reducing progerin accumulation and restoring nuclear integrity, mediated
through autophagy and mammalian target of rapamycin (mTOR) pathway inhibition [71].

Recent experimental and clinical evidence supports the idea that not just caloric intake, but also
the timing of intake, strongly modulate benefits. For example, aligning feeding windows with cir-
cadian phases - time-restricted feeding — improves glucose and lipid metabolism and mitochon-
drial function even without lowering total calories [72]. In male C57BL/6J mice, early-onset CR
timed to the active (dark) phase and enforced daily fasting intervals extends lifespan by ~35%
[65]. Intermittent fasting in human and animal studies likewise improves cardiometabolic risk fac-
tors and influences hypothalamic feeding circuits such as AgRP/POMC, in part by restoring
peripheral oscillator rhythms [73,74].

Chronotherapy aligns drug administration with patient circadian rhythms to maximize efficacy
[75]. Chronotherapy is grounded in the principle that treatment efficacy and side effects can
vary depending on circadian timing, and that age-related dampening of circadian rhythms may
modify such responses, disruptions that contribute to metabolic disorders and reduced lifespan
[65,76], and restoring these rhythms can promote health and longevity [51]. An emerging concept
in chronotherapy is that drugs administered at the optimal circadian phase may improve treat-
ment efficacy, mitigate side effects, and potentially enhance health span [77]. However, there is
debate regarding its practical applications. While research suggests that circadian disruption ac-
celerates the development of metabolic and cardiovascular diseases with aging, there is no con-
sensus about whether aligning drug treatments with circadian cycles can significantly extend
lifespan [75]. Additionally, individual variations in circadian biology raise concerns about the feasi-
bility of personalized circadian-based therapies [78]. More research is needed to determine
whether chronotherapy can effectively reset aging-related dysfunctions or whether its benefits
are limited to symptom management. Future research will need to tailor drug treatments based
on pharmacokinetics, tissue-specific effects, and potential sex differences. New technologies,
such as automated systems for regulating drug access in animal testing, will be essential for op-
timizing drug delivery timing. Importantly, recent guidelines highlight the need for clinical trials to
assess the impact of dosing time on therapeutic outcomes, reinforcing the translational potential
of chronotherapy beyond preclinical models [79].

Emerging research suggests that targeting the molecular clock can directly benefit aging and
laminopathies by enhancing cellular resilience, genomic stability, and metabolic regulation [80]. In
both natural aging and premature aging syndromes caused by LMNA mutations, disrupted circadian
gene expression contributes to impaired DNA repair, increased oxidative stress, and systemic dys-
function [81]. Restoring clock genes, therefore, offers a promising therapeutic strategy to counteract
cellular damage, improve metabolic homeostasis, and delay the onset of age-related pathologies.
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Clinician’s corner

Aging is increasingly recognized as a
disruption of central biological
rhythms and regulatory networks. The
hypothalamus, which orchestrates
circadian  rhythms, metabolism,
feeding, and sleep, undergoes
functional decline with age. This
desynchronization contributes  to
common clinical manifestations such
as sleep disturbances, insulin
resistance, weight gain, fatigue, and
cognitive impairment.

Laminopathies serve as models of
accelerated aging. These conditions
result from LMNA gene mutations that
destabilize  nuclear architecture,
disrupting gene expression. Affected
individuals frequently display early-
onset metabolic and cardiovascular
abnormalities, mirroring syndromes
observed in late-life aging.

For clinicians, these findings highlight
the central role of hypothalamic and
circadian disruption in age-related pa-
thologies. Circadian rhythm misalign-
ment has been linked to numerous
conditions, such as type 2 diabetes,
cardiovascular disease, neurodegen-
eration, and mood disorders, particu-
larly in older populations.

Interventions that support circadian
homeostasis may improve clinical
outcomes. These include lifestyle-based
strategies such as time-restricted feed-
ing, structured physical activity, and
bright-light therapy. Pharmacological
chronotherapy (timing medications in
alignment with circadian cycles) has the
potential to enhance drug efficacy and
reduce adverse effects in cardiovascular
and endocrine settings.

Neuroendocrine-targeted interven-
tions could also represent an emerging
frontier. Building on this, in the future,
hypothalamus-directed gene therapies
may offer targeted correction of central
regulatory dysfunction in aging or
laminopathy contexts.

Clinicians should consider assessing
circadian and neuroendocrine function
in older or metabolically vulnerable
patients. Disrupted sleep-wake pat-
terns, dampened activity rhythms, and
abnormal hormonal profiles may indi-
cate central dysfunction and guide
early intervention.



Trends in Molecular Medicine

One of the most extensively studied core clock genes, BMAL1, is essential for maintaining circa-
dian rhythmicity and physiological balance. Mice lacking Bmal1 display signs of premature aging,
including reduced lifespan, muscle atrophy, and organ degeneration [3]. Conversely, boosting
Bmal1 activity in aged animals has been shown to reverse metabolic decline, lower inflammatory
markers, and stabilize peripheral circadian oscillations [82,83]. These benefits are linked to im-
proved mitochondrial function, enhanced antioxidant defense, and restored transcriptional
rhythms in metabolic tissues [84].

In models of laminopathies, peripheral clocks become desynchronized from the central pace-
maker, exacerbating metabolic and cardiovascular dysfunction [18]. Studies in Lmna-deficient
mice show that reinforcing circadian rhythms, through environmental interventions such as
time-restricted feeding or scheduled light exposure, can partially restore rhythmic gene expres-
sion and metabolic homeostasis [18,85]. This indicates that peripheral clock disruption in
laminopathies is modifiable.

Pharmacological targeting of core clock components such as REV-ERBaq, casein kinase 10/¢
(CK10/¢), and cryptochrome (CRY) proteins offers multiple therapeutic avenues. Activation of
REV-ERBaq, which represses Bmal1 transcription, improves lipid metabolism and reduces inflam-
mation in aged models [85]. Inhibiting CK18/¢, which promotes period (PER) protein degradation,
enhances circadian amplitude and delays cellular aging in vitro [86]. Furthermore, stabilizing CRY
proteins or modulating nuclear receptors such as RAR-related orphan receptors (RORs) or REV-
ERBs can help reset disrupted molecular oscillators and restore metabolic homeostasis [87].

Interestingly, the circadian clock also intersects with DNA repair and cell cycle regulation, pro-
cesses critically impaired in laminopathies. Enhancing circadian control over these pathways
may reduce genomic instability, a hallmark of both accelerated and physiological aging [88].

Experimental compounds that modulate clock proteins, such as CRY stabilizers, ROR agonists,
and REV-ERB ligands, are under investigation for metabolic and neurodegenerative diseases
[89]. Their potential application to laminopathies lies in their ability to realign disrupted gene
expression, support nuclear integrity, and reduce systemic inflammation [78].

Concluding remarks

Despite significant advancements in understanding the interplay between the hypothalamus, cir-
cadian rhythms, and aging, several key questions remain unanswered (see Outstanding
questions). While the role of clock genes in metabolic regulation and aging is well established,
their precise influence on neuroendocrine function requires further investigation. Additionally,
the extent to which interventions such as CR and pharmacological manipulation can effectively
reset the circadian clock remains to be determined. Future studies should clarify how hypotha-
lamic plasticity shapes aging, and should identify molecular targets to improve metabolic and cir-
cadian health (see Clinician’s corner). Furthermore, the bidirectional influence of environmental
factors, such as light exposure and dietary timing, on circadian regulation warrants more in-
depth exploration. Addressing these gaps in our knowledge will pave the way for novel therapeu-
tic strategies aimed at mitigating age-related decline and enhancing human longevity.
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Outstanding questions

How do laminopathies — such as
Hutchinson-Gilford progeria syn-
drome (HGPS) - impair hypothalamic
function to drive systemic aging? Are
specific hypothalamic nuclei or cell
types particularly vulnerable to nuclear
envelope defects?

Is the hypothalamus not only the
master regulator of circadian rhythms
but also a central driver of systemic
aging?

Do circadian disruptions initiate or
accelerate hypothalamic aging? Could
chronic  misalignment  between
internal clocks and environmental
cues trigger early dysfunction of
hypothalamic neurons and glial cells?

Could therapeutic targeting of
hypothalamic aging restore systemic
homeostasis? Can interventions that
preserve  hypothalamic ~ function
reverse age-related metabolic, cogni-
tive, and physiological decline?

Can circadian-based therapeutic inter-
ventions — such as time-restricted
feeding, light therapy, or
chronopharmacology — prevent or re-
verse hypothalamic aging, or do they
only delay functional decline?
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