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Abstract

Major depressive disorder (MDD) is a risk factor for many aging-related medical conditions as well as cognitive decline and mortality. These
and other types of observations indicate a premature aging phenotype associated with the conditions mentioned above. Recent studies
have started to elucidate the mechanisms underlying the link between MDD and premature aging, pointing towards novel treatments of this
phenotype. In this review, we first present evidence linking MDD to a premature aging phenotype and its association with abnormalities in
multiple hallmarks of biological aging. Next, we discuss implications for treatment in MDD, including the potential geroprotective effects of
antidepressant treatment as well as the conceptualization of biological aging processes as targets for novel gerotherapeutic interventions.
Finally, we highlight the importance of integrating mental health assessment into both research and clinical settings to fulfill the promises of
the new medical discipline of Geromedicine in preventing age-related decline and extending healthspan in the aging population.
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1. Introduction

Major depressive disorder (MDD) is one of the most common mental disorders across the lifespan. Its prevalence varies across
populations, with recent estimates indicated that the 12-month and lifetime prevalence rates were 10.4% and 20.6%, respectively!'l.
MDD also ranks among the five most disabling disorders worldwide, and it is one of the fewest non-communicable diseases that has
consistently shown an increase in the disability-adjusted life years in recent decades!?’l. Beyond its psychological and functional
impact, growing evidence suggests that MDD may exert systemic biological effects which resemble or accelerate the aspects of the
aging process!*°l In this perspective, we summarize evidence suggesting that MDD, across the lifespan, is associated with a
premature aging phenotype. Then, we summarize the potential biological mechanisms underlying these associations, and we explore
how the emerging field of Geromedicine — an emerging medical discipline focused on enhancing healthspan by targeting biological
aging pathways consistent with geroscience - may help reduce the burden of this condition.

2. MDD and Premature Aging Phenotype: The Clinical-Epidemiological Evidence

MDD has been conceptualized as both a psychological disorder, contributed to life stressors such as trauma and poverty, and as a
brain disorder stemming from dysregulated neuronal circuits(®’l. As only a brain and psychological syndrome, it would be expected
to have a limited impact on peripheral organs and systems. However, mounting clinical and epidemiological evidence suggests that
MDD is associated with declining general health, and it is a major, independent risk factor for multiple chronic medical
conditions® !l This relationship persists even after the full remission of the depressive episode. Such associations are present across
the lifespan but are stronger among older adults.

For example, MDD has been associated with severe cardiometabolic dysfunction and obesity, which are independent of the severity of
depressive symptoms!'?. Individuals with MDD show decreased heart rate variability!'’], a marker of autonomic imbalance and a
predictor of poor cardiovascular outcomes. Sleep abnormality is also common among individuals with MDD, who most commonly
complain of insomnia and show polysomnographic evidence of shortened REM sleep latency, increased rapid eye movement (REM)
sleep duration and density, and reduced slow-wave sleepl'*l.

In addition to its impact on general health markers, MDD has also been associated with the decline in multiple age-related functional
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parameters. Cognitive impairment, in particular like executive dysfunction, episodic memory impairment, and attentional deficits, is
common during acute depressive episode, particularly among older adults!'>!°l, Even after the successful treatment of the depressive
episode, a subset of individuals with MDD show persistent cognitive impairment!'”), which may be an early indicator of increased risk
of developing Alzheimer’s disease and related dementia (ADRD) in this population!'8]. The mechanisms of cognitive impairment and
decline in MDD may be independent of the pathophysiological mechanisms of ADRD, suggesting that abnormalities in processes
closely linked to biological aging acceleration may play a major role in explaining these associations!'’l.

Gait is a complex neuromechanical process that involves the coordination of multiple neurological, muscular processes, and
somatosensory integration!?’l. Slow gait speed is a common feature of pathological aging and a major risk factor for adverse health
outcomes, including higher mortality risk/?!l. Recent studies have shown that MDD, especially among older adults, is associated with a
significant decline in gait speed??l. Such associations were independent of the severity of the depressive episode, medical
comorbidity, and psychomotor retardation, which is a common depressive symptom. Although the impact of the association between
MDD and slow gait is unclear, it is possible that both conditions may have synergistic effects on biological aging processes, such as
inflammation and mitochondrial dysfunction, explaining the higher risks of adverse health outcomes of their comorbidity than either
condition alone.

Additional epidemiological evidence demonstrates that MDD substantially increases the risk of adverse health outcomes. MDD has
been associated with a higher risk of cardiovascular, cerebrovascular disease, and cardiometabolic disorders like type 2 diabetes!>34],
More recently, MDD has been linked with a higher incidence of phenotypic frailty syndromel?’l. Of particular interest, a subset of
individuals may present with frailty, MDD and cognitive impairment, a condition named “triad of impairment”*°, Finally, MDD
increases the risk of all-cause and cardiovascular-related mortality, a process probably mediated by accelerated vascular
aging[?3:27:28],

It is noteworthy that these features which were discussed above are commonly associated with advanced chronological aging,
suggesting that individuals with MDD present with, or are at higher risk for, a premature aging phenotype (Figure 1).
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Figure 1. MDD and SDH are closely related phenomena, showing a bidirectional relationship. They have both independent and synergistic effects on multiple hallmarks of
biological aging, contributing to accelerated biological aging observed in these individuals. In turn, the accelerated biological aging can be one of the mechanisms that
explains the higher incidence of adverse health outcomes (e.g., medical multimorbidity, and premature mortality) that are associated with both MDD and worse SDH in the

general population. MDD: major depressive disorders; SDH: social determinants of health.

3. MDD and Premature Aging Phenotype: Putative Mechanisms

A growing body of evidence has revealed significant abnormalities across multiple hallmarks of biological aging in MDD, providing
mechanistic explanations for its link with premature aging phenotypes[’l. One of the earliest findings from clinical and
epidemiological studies shows both significant leukocyte telomere attrition in these individuals!>*3°l as well as the association
between greater telomere attrition and the severity, chronicity, and recurrence of depressive episodesl*'l. Several mechanisms have
been proposed to explain this relationship. Chronic psychological stress and resulting hyperactivation of the
hypothalamic-pituitary-adrenal (HPA) axis in some patients with MDD lead to elevated glucocorticoid levels, oxidative stress, and
increased inflammatory activity—which accelerate telomere attrition. In parallel, reduced telomerase activity observed in some
patients with MDD may limit the cell’s ability to counteract telomere shortening. Together, these mechanisms could lead to
cumulative telomere damage over time.

A large amount of evidence indicates that MDD is associated with a significant increase in inflammatory cytokines, impaired
compensatory anti-inflammatory response, and alterations in the cellular composition of the immune system. For example,
meta-analyses have shown a significant increase in pro-inflammatory cytokines, mainly IL-6, IL-13, and TNF-a/*?. Such abnormalities
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are particularly significant among older adults with MDDI?%), and they are associated with the severity of cognitive impairment!>4,
Successful antidepressant treatment can at least partially decrease levels of inflammatory cytokines, and in individuals with a higher
inflammatory burden, as measured by C-reactive protein levels, adjunctive anti-inflammatory medications can accelerate
antidepressant responsel®>3°l. Also, individuals with MDD might present with impaired immunogenicity, which is manifested by
greater vulnerability to viral infection and impaired vaccine responsel’’3°.. In general, the pattern of immune-inflammatory
abnormalities in MDD resembles “inflammaging™ the chronic, low-grade, systemic inflammation with advancing age, which is
described as one of the hallmarks of biological aging!*°l

Mitochondrial dysfunction, another hallmark of biological aging, has also been described in MDD. The first evidence demonstrating
mitochondrial dysfunction in MDD came from studies showing a significant increase in oxidative markers[*!l, and an imbalance
between oxidative and anti-oxidative stress markers in these individuals!*?.. More recently, evidence of mitochondrial dysfunction in
MDD comes from studies showing a significant increase in the levels of circulating cell-free mitochondrial DNA (ccf-mtDNA)*3l, and
reduced mitochondrial DNA integrity in these individuals!*!l. Furthermore, high ccf-mtDNA levels predicted elevated inflammatory
burden in MDD, highlighting the complex interrelationship between biological aging processes!*‘l.

The accumulation of senescent cells in tissues and organs is one of the most robust hallmarks of biological aging and a strong
predictor of multiple age-associated medical conditions!*’l. There is growing evidence suggesting the association between cellular
senescence burden and MDD across the lifespan. For example, individuals with MDD show significantly higher levels of markers
related to the senescence-associated secretory phenotype (SASP)I“?l. A higher SASP level has been associated with the severity of
depressive episode, medical comorbidity burden, severity of cognitive impairment, and structural markers of brain deterioration in
both white and gray matter*’->°l. Moreover, a higher SASP is a strong predictor of poor antidepressant response among older
adultst'l. Finally, older adults with MDD exhibit accumulation of senescent CD4+ and monocyte cells, which correlate with abnormal
expression of multiple proinflammatory cytokines and chemokines®.

Studies evaluating biological aging clocks provide additional evidence of the association between MDD and premature biological
aging. Individuals with MDD show evidence of biological aging acceleration based on two biological aging clocks derived from
clinical lab test results, the BioAge and the PhenoAgel>?l. What’s more, greater BioAge and PhenoAge were associated with a higher
risk of incident MDD over an 8.7-year follow-up period. Similar findings were observed using recently developed biological aging
clocks based on proteomic measures>»*. In this study, individuals with MDD shows greater biological aging acceleration both at
systemic and brain-specific levels>?l. Moreover, the remission of depressive episodes is associated with improvement in biological
aging markers at a systemic level; however, brain-specific proteomic biological aging remains significantly elevated in remitted
individuals compared to never-depressed individuals, suggesting that a major depressive episode may have a persistent, long-lasting
negative effect on brain aging markers. Finally, biological aging acceleration in MDD is a strong predictor of ADRD incidence or
mortality in these individuals. Additionally, studies focusing on DNA methylation-based biological aging clocks have shown a
significantly greater epigenetics aging and a faster pace of aging compared to control subjectst>7->s1,

Other hallmarks of biological aging have also been implicated in MDD. For example, individuals with MDD show strong evidence of
insulin resistance’), implicating abnormalities nutrient sensing control in the MDD physiopathology. These findings also help explain
the strong, bidirectional association between MDD and metabolic disorders such as obesity and diabetes[°®-°!l, There is less evidence
linking proteostasis and autophagy abnormalities in human studies, but the proteomic-based studies have shown an association
between identified biological pathways related to proteostasis dysregulation (e.g., unfolded protein response, impaired mitophagy)
and MDD in young and older adult**°%], Gut dysbiosis has been implicated in the physiopathology of MDD[?], and the abnormality
patterns resemble the ones observed during pathological aging (i.e., increased Bacteroidetes and decreased Firmicutes levels,
favoring pro-inflammatory bacteria over anti-inflammatory, and butyrate-producing bacteria)l®*l. Finally, other studies identified
abnormalities in other hallmarks of biological aging in MDD, i.e., genomic instabilityl®>! and stem cell exhaustion!®®l. However, this
evidence is based on small case-control studies and needs to be replicated in larger cohorts.

Overall, these findings of abnormalities across multiple hallmarks of biological aging provide a strong mechanistic explanation for the
clinical and epidemiological association between MDD and premature aging.

4. Intersection Between Social Determinants of Health and Major Depression and Its Impact on
Biological Aging

There is a well-established, intimate association between social determinants of health (SDH), in particular low socio-economic
status, chronic stress, trauma history, and MDDI®’l. On the other hand, multiple recent studies have also shown that SDH affects
biological aging!®®l. For example, chronic stress and exposure to traumatic events have been associated with abnormalities in the
inflammatory response, particularly the elevation of pro-inflammatory cytokines®?.. Such changes are mediated in part by chronic
activation of the HPA axis and an imbalance in the autonomic nervous system response!’’). In addition, chronic stress can lead to
telomere attrition, mitochondrial dysfunction, triggering of DNA damage response, and epigenetic changes, all of which are
commonly associated with accelerated biological aging!’:7?l, Other SDH, such as social isolation, low socio-economic status, and
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living in disadvantaged neighborhoods, have also been associated with abnormal inflammatory responses!’3], abnormal intercellular
communication!’¥], and accelerated biological aging!’>"°l. Therefore, it is plausible to hypothesize that the association between MDD
and accelerated biological aging is partially mediated by the multiple SDH commonly observed in this population.

5. Biological Aging as a Therapeutic Target for MDD

The evidence connecting biological aging with MDD raises the question of whether targeting the hallmarks of accelerated biological
aging could be beneficial in its management. Antidepressants, such as the selective serotonin reuptake inhibitors (SSRIs, e.g.,
fluoxetine, sertraline, paroxetine, citalopram, and escitalopram), are the mainstream drugs in the management of MDD. Prior studies
have found that these drugs can reduce oxidative stress!’”), and these drugs have anti-inflammatory effects!’®. Recent research has
shown that fluvoxamine, an SSRI which is also a sigma-1 agonist, can be neuroprotective under conditions of neuroinflammation!”.
However, it is not clear if antidepressants can improve age-related outcomes such as reduced risk of dementia and mortality[8%-81,
Lithium, a mood stabilizing agent used in more severe and treatment-resistant cases of depression, enhances neurogenesis and
synaptic plasticity and it has geroprotective effects with respect to telomere attrition, inflammatory, cellular senescence burden, and
mitochondrial function!®2-#, It is noteworthy that long-term lithium exposure is associated with reduced risk of Alzheimer’s disease,
mortality in clinical populations and in epidemiological studies of chronic passive exposure via drinking water(8-88l,

The evidence of the association between the accumulation of senescent cells and treatment response in MDD suggests that senolytic
therapies could improve depressive symptoms that overlap with accelerated cellular aging in the brain. Along these lines, a recent
study identified 13 drugs, which are known to slow the pace of brain aging that also modulate molecular pathways linked to
pathophysiology of depression®”). Among these drugs, dasatinib, a tyrosine kinase inhibitor approved to use in chronic myeloid
leukemia (CML) and Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph+ALL), is currently under investigation for
the management of treatment-resistant depression and other serious mental illnesses among older adults!’*:°!l. Quercetin, an
antioxidant found in fruits and vegetables, exerts pro-apoptotic effects through inhibition of the phosphatidylinositide-3-kinase (PI3K)
and protein kinase B (PKB) pathways. Combination therapies like dasatinib/quercetin target multiple, interconnected cellular
hallmarks of aging simultaneously, and they are also being studied in older adults with treatment-resistant depression”'l. Overall, the
available evidence indicates that existing drugs used to manage MDD may have geroprotective effects, and conversely,
geroscience-guided interventions may modulate distinct hallmarks of biological aging and thereby provide benefits to individuals
with MDD.

Non-pharmacological interventions, such as psychotherapy and lifestyle interventions that optimize physical activity, nutrition, and
sleep hygiene, are commonly recommended in combination with antidepressant therapy to reduce the overall burden of depressive
symptoms!’?l. Emerging evidence suggests they can also have geroprotective effects. For example, cognitive-behavioral therapy for
insomnia is commonly used to improve sleep patterns in MDD, and a recent study suggests that it can reduce the cellular senescence
burden in older adults[’’l. Dietary interventions and physical activity are commonly recommended as part of the management of
MDD. They modulate multiple hallmarks of biological aging by reducing insulin resistance, improving mitochondrial function, and
pro-inflammatory burden®, suggesting that their benefits for MDD may, in part, be due to their effects on these biological processes.
Meditation, mindfulness-based stress reduction techniques, and psychotherapy are also part of the therapeutic armamentarium
against MDD. Notably, these interventions have also shown to improve inflammatory response and lower biological aging
acceleration based on epigenetics clocks!”>%l,

Additional studies are necessary to confirm the potential benefits of pharmacological and non-pharmacological interventions on
modulating biological aging processes in individuals with MDD or in the general population without a diagnosis of MDD. In addition,
the complexity of both MDD pathophysiology and biological aging processes calls for a multi-pronged approach combining
pharmacological and non-pharmacological interventions achieve optimal effects in managing MDD, slowing the pace of biological
aging, and improving long-term health outcomes in these individuals.

6. Future Directions

The emerging field of Geromedicine aims to optimize health and prevent disease in human beings across the lifespan by targeting
their underlying aging processes, through pharmacological and non-pharmacological approaches!®”.. Such an approach has the
potential not only to prevent many chronic medical conditions but also to extend an individual’s healthspan considerably. For this
approach to benefit the maximum number of people, we need to integrate careful assessment of mental health conditions and social
determinants of health!®®! into the Geromedicine armamentarium. As noted above, MDD (and possibly other serious medical
conditions such as bipolar disorder, schizophrenia, and post-traumatic stress disorder) is associated with a premature aging
phenotype and significant abnormalities in multiple hallmarks of biological aging and biological aging acceleration. Moreover, their
successful treatments can at least partially restore these biological abnormalities and reduce the risk of adverse health outcomes
associated with them.

Given the high prevalence of MDD and other serious mental illnesses across the lifespan, their assessment, recognition, and correct
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management should be an integral part of the Geromedicine effort, both in research and clinical settings. Neglecting the issue risks
undermining the promise of Geromedicine to prevent chronic diseases and extend healthspan in the general population in an
equitable manner. Therefore, we propose to incorporate the following steps into Geromedicine research and clinical practice. Firstly,
we recommend including screening instruments for the most common mental health conditions and social determinants of health.
These instruments are generally short, self-reported, and they do not require specific training for administration. Table 1 provides
some examples of commonly used screening instruments in mental health research and clinical settings. Secondly, we recommend
the proactive management of any mental health conditions. This goal can be achieved by providing better training for members of
the patient management team to recognize and treat mental health conditions, and by integrating mental health professionals into
the team. Last but not least, we need to accelerate basic, translational, and clinical research to better understand how MDD and other
serious mental illnesses can affect biological aging processes, their long-term impact on health trajectories, and to identify novel
treatment targets for these conditions. This goal could be achieved through multiple strategies, such as examining the effects on both
aging biology and the longitudinal course of illness in MDD; testing Geromedicine interventions specifically for people with MDD; or
having a greater focus on aging biology in clinical trials for mental illnesses — especially those at high risk for accelerated aging like
treatment-resistant depression, schizophrenia, PTSD, and people with chronic psychosocial adversity.

Table 1. Screening instruments for common mental illnesses and social determinants of health.

Instrument Purpose

PHQ-9 Screening for depressive symptoms

CES-D - 20 Screening for depressive symptoms

GAD-7 Screening for anxiety symptoms

PCL-5 Screening for post-traumatic stress disorder

Mood disorder questionnaire Screening for bipolar disorder
UCLA loneliness scale v.2 Assessment of loneliness
PROMIS Social isolation short form Assessment of social isolation
Perceived Stress Scale Assessment of perceived stress
Lubben Social Network Scale Assessment of social network and isolation
AHC-HRSN Assessment of social needs

SINCERE Assessment of social needs

PHQ: physical health questionnaire; CES-D: center for epidemiologic studies depression scale; GAD: generalized anxiety disorder; AHC-HRSN: accountable health
communities health-related social needs; SINCERE: screener for intensifying community referrals for health; PCL-5: PTSD Checklist for DSM-5.
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