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Abstract

Short telomeres confer risk of degenerative diseases. Chronic psychological stress can lead to 

disease through many pathways, and research from in vitro studies to human longitudinal studies 

has pointed to stress-induced telomere damage as an important pathway. However, there has not 

been a comprehensive model to describe how changes in stress physiology and neuroendocrine 

pathways can lead to changes in telomere biology. Critically short telomeres or the collapse of 

the telomere structure caused by displacement of telomere binding protein complex shelterin 

elicit a DNA damage response and lead to senescence or apoptosis. In this narrative review, 

we summarize the key roles glucocorticoids, reactive oxygen species (ROS) and mitochondria, 

and inflammation play in mediating the relationship between psychological stress and telomere 

maintenance. We emphasis that these mediators are interconnected and reinforce each other in 

positive feedback loops. Telomere length has not been studied across the lifespan yet, but the 

initial setting point at birth appears to be the most influential point, as it sets the lifetime trajectory, 

and is influenced by stress. We describe two types of intergenerational stress effects on telomeres 

– prenatal stress effects on telomeres during fetal development, and ‘telotype transmission”–the 

directly inherited transmission of short telomeres from parental germline. It is clear that the 

initial simplistic view of telomere length as a mitotic clock has evolved into a far more complex 

picture of both transgenerational telomere influences, and of interconnected molecular and cellular 

pathways and networks, as hallmarks of aging where telomere maintenance is a key player 

interacting with mitochondria. Further mechanistic investigations testing this comprehensive 

model of stress mediators shaping telomere biology and the telomere-mitochondrial nexus will 

lead to better understanding from cell to human lifespan aging, and could lead to anti-aging 

interventions.
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1. Introduction

Chronic psychological stress is a major contributor to human health and aging, and is 

associated with the development of many physical and psychological disorders including 

cardiovascular disease, type 2 diabetes, metabolic syndrome, autoimmune disease and 

depression (Cohen et al., 2007). A deeper understanding of the mechanistic pathways 

by which psychosocial stress affects physiology and disease etiology is crucial to the 

development of therapeutic and interventional strategies to mitigate the negative impacts 

of stress. In recent years, telomeres, the DNA-protein structures at the end of chromosomes, 

have emerged not only as biomarkers, but as mediators through which chronic psychosocial 

stress leads to diseases. Specifically, over the last seventeen years, a growing literature links 

stress to alterations in telomerase activity and telomere shortening across many species. 

But we lack a comprehensive model linking changes in stress physiology to molecular 

changes in telomere biology. In this selective review, we summarize recent advances 

in understanding the stress-telomere-disease pathways, with a focus on the molecular 

mechanisms, including stress hormones, reactive oxidative species and inflammation. We 

propose that these neuroendocrine and cellular pathways interact with and reinforce each 

other to form interconnected networks that translate stress to disease risk. Lastly, we discuss 

methodological issues of telomere length measurement and future research directions.

2. Brief overview of telomere biology basics

Telomeres are DNA-protein structures at the end of the chromosomes, made up of short 

tandem DNA repeats and a multicomponent protein complex called shelterin (de Lange, 

2018; Hockemeyer and Collins, 2015) (Fig. 1). Due to the end replication problem, i.e. the 

inability of the DNA replication machinery to complete the synthesis of the very tip of linear 

chromosomes, telomeres shorten as cells divide. Telomere shortening also happens through 

oxidative damage and other end processing events, in both dividing and non-dividing cells. 

The attrition of telomeres can be counteracted by telomerase, a specialized enzyme whose 

main cellular function is to elongate telomeres. Dysfunctional telomeres, caused by telomere 

shortening, the collapse of the telomere structure, or displacement of shelterin complexes 

from telomeres, elicit a DNA damage response, and loss of cell proliferation leading to 

senescence or apoptosis.

The shelterin complex insulates telomere DNA from inappropriate DNA repair pathways 

and prevents activation of the DNA damage response. Shelterin also coordinates the 

regulation of telomerase activity at telomeres and ultimately helps define the set point for 

telomere length, establishing telomere length homeostasis. The functions of the shelterin 

complex have been reviewed in detail (Palm and de Lange, 2008; Lim and Cech, 2021) and 

here we will only provide a brief summary. Telomeric Repeat binding Factors 1 and 2 (TRF1 

and TRF2) bind directly to the duplex part of telomeres (Broccoli et al., 1997; Bianchi et al., 

1997), whereas the POT1-TPP1 heterodimer binds telomeric TTAGGG repeats at the single 

strand 3’ overhang (Baumann and Cech, 2001; Liu et al., 2004). TPP1, TIN2 and Rap 1 

locate to telomeres through their binding to other proteins of the shelterin complex (Liu et 

al., 2004; Zhu et al., 2000; Houghtaling et al., 2004). By binding to telomeres, the shelterin 

complex caps telomeres and blocks access by other proteins. Protected telomeres prevent 
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the ends of chromosomes from being seen as double-strand breaks (DNA damage). Breaks 

and unprotected chromosomes activate the DNA damage response, and the subsequent repair 

pathways (including homologous recombination and non-homologous end joining) (Bae and 

Baumann, 2007; He et al., 2006). Shelterin also protects telomeres from degradation by 

nucleases (Hockemeyer et al., 2006). Additionally, shelterin plays direct roles in telomere 

length homeostasis and telomerase regulation by both inhibiting and stimulating telomerase 

activity. The number of TRF1 and other shelterin components at a telomere proportionally 

increases with the number of TTAGGG repeats as they are used as a counting mechanism for 

the length of a telomere (Smogorzewska et al., 2000). Therefore, TRF1, TRF2, TIN2, TPP1, 

and POT1 behave as negative regulators of telomere length. While the physical presence 

of POT1 blocks the access of telomerase to the 3’ single strand end of telomeres, thus 

inhibiting telomere elongation, recent data also indicate that TIN2, POT1 and TPP1 work 

together to recruit telomerase to the telomere and to stimulate telomerase activity when 

telomeres need to elongated (Pike et al., 2019). While it is clear that the shelterin complex 

is critical to telomere length homeostasis and telomerase activity regulation at the telomeres, 

the specific molecular mechanisms of these processes are still be investigated.

3. Immune cells telomere length’s provide window into aging

In human population research, much of our ability to probe the relationship between 

telomeres, diseases and associated factors has come through the use of immune cells. 

Telomere length varies across tissue types, but is correlated to various degrees (Abgrall 

et al., 2013; Daniali et al., 2013). Immune cells are ideal for telomere research for a 

number of reasons: they are easy to obtain from blood and readily available, and since they 

circulate throughout the body, immune cells are exposed to both internal (from cells) and 

external (from diet and exposures) factors that affect telomere maintenance. Immune cells 

are also at the center of the interaction between psychological processes and the nervous and 

immune systems. In turn, a buildup of senescent immune cells contributes to ‘inflammaging’

—increases in circulating systemic inflammation (Campisi and Robert, 2014). Senescent 

cells from adipose tissue, and other tissues, contribute to systemic inflammation, although 

this is less studied and thus harder to quantify (Hotamisligil et al., 1995).

Circulating peripheral blood cells contains white blood cells, red blood cells and platelets. 

In humans, only white blood cells have nuclei and are therefore the relevant cell type 

for assessing telomere biology. White blood cells, also called leukocytes, are composed 

of lymphocytes, granulocytes and monocytes, which have all been shown to experience 

age-dependent telomere shortening (Ouyang et al., 2007; Rufer et al., 1998). Telomere 

length (TL) and telomerase activity (TA) during T and B lymphocyte development have been 

extensively studied and reviewed in detail elsewhere (Hodes et al., 2002). Briefly, in CD4+ T 

lymphocytes, TL shortens and telomerase activity decreases as cells differentiate from naïve 

to memory cells (Rufer et al., 1998, 1999; Weng et al., 1995). Differentiated CD8+ T cells 

lose expression of the CD28 co-stimulation marker, coinciding with decreased TA (Lin et 

al., 2010) and shorter TL (Monteiro et al., 1996). It may be that decreases in telomerase 

precede and trigger the loss of CD28 markers (Dagarag et al., 2004). The proportion of 

CD4+ and CD8+ T cells that have a memory phenotype increases with age, reflecting the 

cumulative history of antigen exposure during an individual’s lifetime.
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Telomere length and telomerase activity during B cell development have a different 

trajectory. B cells in germinal centers, where naïve B cells differentiate into antibody 

producing plasma cell or memory B cells, have telomeres that are substantially longer than 

the telomeres in either naive or memory B cells, which is due to upregulation of telomerase 

in these cells in germinal centers (Weng et al., 1997). The rate of age-dependent telomere 

shortening is lower in B-cells compared to T-cells, possibly due to the increased telomerase 

activity in the germinal center (Son et al., 2000). Overall, CD4 and CD8 T cells have similar 

telomere lengths, while B cells have longer telomere lengths than T cells (Lin et al., 2010). 

Given the complexity of telomere dynamics in T and B cell development, telomere length 

measured in circulating blood is the cumulative readout of both the composition and the 

replicative history of all cell types. The vast majority of the research so far has used either 

total leukocytes or peripheral blood mononuclear cells (PBMCs, a collection of T and B 

lymphocytes, natural killer cells and monocytes) as the sources for telomere measurements, 

which does not provide sufficient granularity as to whether and how the differential telomere 

and senescent profiles of specific cell types may be linked to certain diseases or risks.

In our human studies, when we have been able to measure TL in granulocytes, the most 

frequent cell type in whole blood, and in other cell types, we have often found that they have 

similar behavioral correlates. For example, both granulocyte TL and PBMC or lymphocyte 

TL were associated with weight loss (Mason et al., 2018) and psychological traits (Epel 

et al., 2013) although we have observed exceptions, where only PBMC telomere length 

was associated with lifestyle changes (Prather et al., 2015; Tomiyama et al., 2017). Given 

the different sources of granulocytes (myeloid progenitor cells) vs. lymphocytes (lymphoid 

progenitor cells), and the fact that granulocytes are short lived, it is logical that they may 

provide a close reflection of the status of stem cells rather than a reflection of historical 

exposures.

4. Telomere length and disease

In 2003, Richard Cawthon published the seminal study that examined telomere lengths 

in a community sample over 60 years old, and demonstrated shorter leukocyte telomere 

length predicted earlier all-cause mortality as well as mortality from infectious disease 

and heart disease (Cawthon et al., 2003). Since then, an explosion of literature has shown 

associations between telomere length, as measured in the blood, and various human diseases 

in observational studies, leading to many meta-analyses showing small but consistent 

correlations. The list includes major diseases such as cardiovascular diseases (Yeh and 

Wang, 2016), diabetes and metabolic syndrome (Cheng et al., 2020), COPD and idiopathic 

pulmonary fibrosis (Birch et al., 2018), infection (including COVID-19) (Noppert et al., 

2020; Asghar et al., 2018, 2016; Helby et al., 2017; Bellon and Nicot, 2017; Froidure et 

al., 2020; Sanchez-Vazquez et al., 2021), psychological disorders (Epel and Prather, 2018), 

autoimmune diseases (Habib et al., 2020; Kamycheva et al., 2017; Zeng et al., 2020), and 

some types of cancers (Zhang et al., 2017; Zhu et al., 2016). Observational studies have been 

inconsistent with regard to the direction of effect for different types of cancers.

A causal relationship between TL and diseases is bolstered by discoveries of germline 

mutations in telomere maintenance genes in people with rare genetic diseases, collectively 
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called short telomere syndromes, or telomeropathies (Grill and Nandakumar, 2020). In 

these short telomere syndromes, disease manifests in multiple tissue types in both high 

cell turnover tissues such as bone marrow and skin, as well as slow turnover tissues like 

lung and liver. Mutations in fourteen different genes have been identified to date in patients 

with short telomere syndromes. These genes are involved in the biogenesis, processing and 

assembly of the reverse transcriptase enzyme telomerase (TERT, TERC, DKC, NOP10, 

HNP2, NAF1, WRAP53/TCAB1, PARN and ZCCHC8), telomerase-independent telomere 

replication (RTEL1, CTC and STN1), or are components of the shelterin complex (TPP1, 

TIN2). Fig. 1 shows an up to date list of components involved in telomerase and shelterin 

complex, as well as those that have already been implicated in the telomere syndromes.

Interestingly, while there are many overlapping diseases between short telomere syndromes 

and those associated with short telomeres in Mendelian Randomization studies (described 

below), the disease lists are far from identical. The much larger TL shortening effect caused 

by the mutations in short telomere syndromes, compared to the relatively small difference 

due to the genetic variants in general populations may provide part of the answer. In 

telomere syndromes, critically short TL earlier in life may manifest acutely in the high 

turnover tissues, such as in bone marrow, a phenomenon that is infrequently seen in normal 

aging with the gradual shortening of telomeres over decades.

Further evidence for a direct, causal relationship between telomere length and diseases come 

from Mendelian randomization studies where a genetic score made up of several genetic 

variants of telomere length was used as an instrumental predictor variable. Because these 

genetic variants are assigned randomly when passed from parents to offspring, this approach 

mimics a “naturally” randomized controlled trial and provides the strongest evidence of a 

causal relationship between the genotype (TL) and disease phenotypes without the influence 

of confounders that are unavoidable in observational studies. Mendelian randomization 

studies demonstrated that short TL based on the genetic score (what we call gTL) is 

associated with a wide variety of degenerative diseases (coronary heart disease, abdominal 

aortic aneurysm, IPF, and Alzheimer’s disease) and several autoimmune diseases (RA, 

celiac disease, type I diabetes and hypothyroidism) (Zeng et al., 2020; Li et al., 2020; 

Telomeres Mendelian Randomization et al., 2017; Kuo et al., 2019; Duckworth et al., 2020; 

Scheller Madrid et al., 2020; Gao et al., 2019). However, long telomere length based on the 

genetic score is associated with many types of cancer and conditions of excess tissue growth 

(uterine fibroids, uterine polyps, and benign prostatic hyperplasia) (Li et al., 2020; Zhang et 

al., 2020; Xu et al., 2020; Muskens et al., 2019; Gao et al., 2020). Thus, there is inherent 

complexity in understanding TL and disease – it is not a one-way directional path, especially 

when it comes to genetically determined TL.

The findings with cancer led to notably high odds ratio effect sizes, and confusion about 

what is worse – having long vs. short telomeres in terms of overall risk of disease. Given 

that the cancers are much rarer at the population level than chronic degenerative diseases, a 

direct comparison of odds ratios could be misleading in terms of inferring absolute risk. This 

prompted our group to examine the overall impact of genetically determined long vs. short 

telomeres (gTL) on disease incidence and burden. Our analysis revealed that the disease 

burden of long vs. short telomere on a population, estimated by the Disability Adjusted Life 
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Years (DALY), a metric from the Institute for Health Metrics and Evaluation (IHME) that 

accounts for both mortality and morbidity, is of approximate equal magnitude (Protsenko 

et al., 2020). These results demonstrate that odds ratios alone, from a single study or 

disease, can be misleading, and disease risk should be assessed from both an individual and 

population level to infer level of disease risk in human aging. These findings can be viewed 

in the light of the natural trade-off with aging – that with aging, our growth hormones and 

other proliferative factors may decrease to reduce cancer risk, but this leads to an increase 

in degeneration of tissues. Thus, the maintenance of human telomere length is balanced 

by opposing evolutionary forces acting to minimize both neoplastic and non-neoplastic 

diseases. However, it should be noted that although the length of critically short telomeres 

has been demonstrated in experimental settings and in telomeropathies, there is no evidence 

of a clear definition for the cut off of what would define “long telomeres”. We thus use the 

relative term ‘excessively long telomeres” to describe the long telomeres that bring some 

level of risk.

5. Physiological to molecular pathways

The transmission of psychological stress to physiological neuroendocrine and autonomic 

changes, to cellular and molecular targets is linked by multiple processes that are 

interconnected and often reinforce each other in positive, feedforward loops. In particular, 

although many changes are involved, we highlight the pivotal role of influential stress 

mediators – glucocorticoids (GC), reactive oxygen species (ROS) with weakening of 

antioxidant defenses, and inflammation. Below we review evidence linking stress exposures 

to TL, and how each individual mediator affects aspects of telomerase and telomere 

maintenance, and also discuss the links between these processes. Fig. 2 illustrates the 

molecular and cellular pathways linking psychological stress to short and dysfunctional 

telomeres. For detailed discussions of mechanistic pathways linking stress and telomerase, 

we refer the readers to a recent review by de Punder (de Punder et al., 2019). Another 

potential mechanism of accelerated telomere shortening in aging and aging related diseases 

could come from intrinsic telomere structure. Telomeres are fragile, chromosomal regions 

that are difficult to replicate, especially under limited nucleotide pools (Sfeir et al., 2009), 

The G-quarduplex formed at telomeres by the G-rich strand may cause replication stall and 

collapse, resulting in telomere shortening (Bryan, 2020). Thus, the intrinsic replication stress 

in telomeres could accelerate telomere shortening, especially in highly proliferative cells. It 

is not known if physiological stress could increase replication stress.

5.1. Stress and TL-clinical studies

Several recent meta-analyses have confirmed the association of different types of stressors 

and short telomere length (Schutte and Malouff, 2016; Pepper et al., 2018; Oliveira et al., 

2016). Epel and Prather (Epel and Prather, 2018) reviewed studies linking stress, depression, 

and TL, including animal studies. There appears to be a strong association for early life 

stress, and for depression, at least cross sectionally. Experimental studies with animals 

showed causal relations between stress and TL shortening. Corroboratively, in non-humans, 

a recent meta-analysis of 109 papers showed that the exposure to potentially threatening 

stressors (physiological or psychological) was associated with shorter telomeres or higher 
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telomere shortening rate in 72 species including birds, mammals, fish and reptiles. The 

effects of these stressors were stronger in the cases of pathogen infection, competition, 

reproductive effort and high activity level (Chatelain et al., 2020). The actual mechanisms 

of how systemic neuroendocrine and neuro-inflammatory factors influence cellular and 

molecular factors are reviewed below.

5.2. Glucocorticoids and the HPA axis

The major outcome of activation of the hypothalamic–pituitary–adrenal (HPA) axis by stress 

is the surge of glucocorticoids in the systemic blood stream (Munhoz et al., 2006, 2010). In 

humans, a meta-analysis showed no association between basal cortisol with TL, but found 

that higher stress-related cortisol reactivity was associated with shorter TL (Jiang et al., 

2019). Several studies have found that severe stress during pregnancy is associated with 

shorter TL in newborn offspring in most but not all studies (Izano et al., 2020; Entringer et 

al., 2013; Marchetto et al., 2016; Send et al., 2017; Salihu et al., 2016). One study of 92 

mother-infant dyads found that higher cortisol during pregnancy (as assessed by maternal 

hair cortisol) predicted shorter telomere length in the female offspring, based on telomeres 

in the infant’s cord blood (Bosquet Enlow et al., 2019). This maternal stress effect could be 

through prenatal programming via effects of cortisol and other stress mediators on the fetus. 

Alternatively, or in addition, it might be intergenerational transmission of short telomere 

length through epigenetic like direct transmission from parental gamete’s short telomere 

length. The reason for short parental telomere length could be from any causes, including 

lifetime adversity (Epel, 2020). We are labeling unique direct transmission effect of parental 

telomeres to offspring “telotype” transmission, to differentiate it from traditional epigenetic 

transmission.

Some experimental studies in birds have been conducted. In wild birds, six studies showed 

that exposure to glucocorticoid in experimental settings leads to shorter TL or faster attrition 

(Haussmann et al., 2012; Schultner et al., 2014; Tissier et al., 2014; Herborn et al., 2014; 

Casagrande et al., 2020; Pegan et al., 2019). Exposure to psychological stress has also led 

to telomere shortening in birds (Lewin et al., 2015). However, the timing of exposure may 

determine effects. Noguera et al. reported that manipulating high levels of egg corticosterone 

can stimulate telomerase activity and promote longer telomeres during embryo development 

(Noguera et al., 2020). Similarly, Ost et al. also observed higher egg corticosterone was 

associated with longer telomeres at hatching (Ost et al., 2020). In wild birds, contradictory 

results have been reported, showing the relationship between glucocorticoid and TL is 

clearly context dependent and likely dose dependent (Angelier et al., 2018).

There have been very few in vitro studies to examine the relationship between cortisol 

exposure with telomerase or TL. Given the known effects of acute vs. chronic cortisol 

exposure on immune function (stimulatory and then suppressive), one might expect bimodal 

effects with time. Choi et al. first reported that exposure to elevated cortisol levels in PBMCs 

and in isolated CD4 and CD8 T cells over 3 days was associated with a downregulation of 

telomerase activity, with reduced levels of the RNA transcript for hTERT, the telomerase 

catalytic component. Later studies showed that the relationship between glucocorticoid 

and telomere maintenance to be context-dependent. For example, Bull et al. reported 
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that treatment of cortisol in human lymphocytes resulted in longer TL and decreased 

proliferation (Bull et al., 2015). It is possible that in this experimental setting, the long 

TL is due to fewer cell divisions in the cortisol treatment condition. An vitro study found 

no TL shortening in fibroblasts treated with cortisol for up to almost two months, and it is 

unclear if fibroblasts are equally sensitive to cortisol as immune cells are, given that immune 

cells need to respond acutely to stress (Zannas et al., 2020).

Mechanistically, glucocorticoids alter fundamental aspects of the cell, such as increased 

metabolic rates and mitochondria activity, which are associated with increased production 

of ROS (Chatelain et al., 2020). Glucocorticoids can also directly affect oxidative balance 

through either genomic (Atanasova et al., 2009) or non-genomic mechanisms (Costantini et 

al., 2011). Elevated glucocorticoids can increase the expression of pro-inflammatory genes 

(iNOS, IL-1β, TNF-α) and decrease anti-inflammatory genes including IL-1ra, IL-10, and 

MKP-1 (Escoter-Torres et al., 2019). Further, one study found that in cultured cell lines, the 

gene expressions of shelterin complex proteins TRF1, TIN2, and POT1 were upregulated 

by dexamethasone, whereas TERT, TRF2, TRF1, TIN2, and POT1 were upregulated 

by TNF-α, suggesting the transcriptional regulation of shelterin complex as a potential 

mechanism of stress related telomere length dynamics (Butler et al., 2012). Clearly more 

studies are needed to examine the effects of various exposures to stress mediators (GCs and 

inflammatory) on regulation of the telomere, telomerase, and shelterin complex proteins. 

The roles of ROS and inflammation on telomere maintenance are discussed below.

5.3. Mitochondria and reactive oxygen species (ROS)

Oxidative stress (reactive oxygen species; ROS) is one of the most potent biological 

effectors of stress-related endocrine, immune/inflammatory and metabolic pathways on 

cellular health (Gidron et al., 2006; Black et al., 2017). A recent review showed that 6 

out of 8 human population studies that examined markers for oxidative and telomere lengths 

found a negative correlation between the two (Reichert and Stier, 2017). Early work using in 

vitro cultured human cells reported that cellular exposures to oxidizing agents led to greater 

oxidative damage to telomeres compared to microsatellite repeats, another chromosomal 

region with repeat sequences, and overall genomic DNA (Rhee et al., 2011; Petersen et al., 

1998; Coluzzi et al., 2014; Wang et al., 2010). The rate of TL shortening correlated with 

oxygen concentration (Ahmed et al., 2008; Forsyth et al., 2003; Passos et al., 2007).

Telomeres are thought to be particularly vulnerable to oxidative damage for several reasons 

(von Zglinicki, 2002). First, telomeric DNA is particularly sensitive to ROS because of its 

G-rich sequence (Oikawa and Kawanishi, 1999) as 8-oxoguanine (8-oxo-G) is one of the 

most common DNA lesions resulting from reactive oxygen species. ROS also induce single 

strand breaks (SSB) at telomeres directly, or as intermediates in lesion repair, leading to 

replication fork collapse and telomere loss (von Zglinicki, 2002). Second, the presence of 

the shelterin complex at telomeres prevents recruitment of DNA damage response (DDR) 

proteins, therefore, damage at telomeres by ROS may not efficiently activate the DDR. 

While shelterin prevents the ends of the telomere DNA being recognized as DNA damage 

and the subsequent cell cycle arrest, it also hampers the DNA repair process downstream 

of the initial DNA damage response (Palm and de Lange, 2008). Third, 8-oxoguanine 
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glycosylase (OGG1), the primary enzyme responsible for excision of 8-oxoG, cannot 

remove it when present in single stranded DNA or a folded G-quadruplex structure, as 

in the case of telomere DNA (Zhou et al., 2013). Furthermore, oxidized telomere DNA and 

nucleotides interfere with telomerase action. Incorporation of free 8-oxoG by telomerase 

into telomeres serves as a chain terminator to prevent further telomere extension (Ahmed 

and Lingner, 2018). However, as the shelterin proteins TRF1 and TRF2 bind to ROS-

damaged telomere DNA with less affinity, it is also possible that the oxidized telomeres are 

more accessible to telomerase action (Opresko et al., 2005). But the negative effects of ROS 

on telomere length outweigh this potential positive effect.

ROS are generated by exogenous and endogenous sources. The primary endogenous source 

of ROS is inflammation and/or mitochondrial dysfunction, since ROS are generated by 

immune cells in response to infection or injury and from oxygen metabolism. We will 

discuss the relationship between inflammation and telomere length in the next section. 

Telomere maintenance and mitochondrial function are intimately related and form a 

bidirectional, feedforward loop. As shown in Fig. 3, telomere damage leads to mitochondrial 

biosynthesis reprogramming and dysfunction, through activation of the tumor repressor 

gene p53, which in turn binds and represses the PGC-1α and PGC-1β promoters, master 

regulators of mitochondrial physiology and metabolism (Passos et al., 2010; Sahin et al., 

2011). Conversely, mitochondrial dysfunction leads to telomere loss as well as telomere 

dysfunction-induced foci (TIFs), in which DNA-damage response factors are recruited to 

critically short and/or uncapped telomeres (Qian et al., 2019). Interestingly, about 10–20% 

of the total cellular telomerase protein subunit hTERT is localized in mitochondria (Santos 

et al., 2006; Gordon and Santos, 2010) and shuttles between nucleus and mitochondria. 

The mitochondrial telomerase protein may protect cells from ROS damage by binding 

to mitochondrial DNA (mtDNA) as well as mitochondrial tRNA (Ahmed et al., 2008; 

Haendeler et al., 2009; Sharma et al., 2012). Recently, the telomerase RNA component 

TERC is found to be imported into mitochondria, processed, and exported back to the 

cytosol to serve as a signaling molecule, relating the functional states of mitochondria to the 

nucleus (Cheng et al., 2018; Zheng et al., 2019). Few studies have examined the mechanisms 

of mitochondria function and telomere regulation at the same time. Measuring TIFs is time 

consuming but would offer a new outcome linking exposures/predictors to telomere damage 

due to mitochondrial dysfunction. This may offer new insights into the role of telomere 

damage vs. average telomere lengths which results from damage but also many other factors.

5.4. Inflammation

Chronic inflammation is a major underling mechanism of normal aging and aging related 

diseases and risks (De Martinis et al., 2006; Furman et al., 2019). The main sources of 

inflammation include age-dependent chronic activation of tissue macrophages and T cells, 

leading to increased proinflammatory cytokines with IL-6, TNFα and IL-1β as major 

players (Wikby et al., 2006). Over the last decade, it has become increasingly clear that 

many diseases associated with chronic inflammation are also associated with short TL, 

lending to the proposal that inflammation and telomere dysfunction interact with each 

other to contribute to disease risk and progression (Kordinas et al., 2016). Indeed, in 

human studies, elevated levels of pro-inflammatory cytokines have been associated with 
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shorter telomeres (O’Donovan et al., 2011; Pusceddu et al., 2020; Shin et al., 2019). In 

the Health, Aging and Body Composition Study cohort, with an age range of 70–79 years, 

cumulative inflammatory load, as indexed by the combination of high levels of IL-6 and 

TNFα, was associated with increased odds for short LTL (O’Donovan et al., 2011). In the 

Ludwigshafen Risk and Cardiovascular Health Study, subjects with the longest telomeres 

had lower concentrations of IL-6, and hs-CRP (Pusceddu et al., 2020). In the National 

Health and Nutrition Examination Survey (NHANES) 1999–2002 cohort, shorter telomere 

length was associated with increased levels of CRP, but stratified analysis showed that this 

association was only present in men without depression (Shin et al., 2019). Depression itself 

may generate inflammation or result from inflammation, making it a confounder to this 

relationship.

Several cellular mechanisms have been proposed to link inflammation and telomere 

maintenance (Fig. 2). Immune activation and clonal expansion due to chronic infection 

lead to increased cell proliferation, therefore accelerated TL attrition, as has been shown in 

CMV, HIV, Herpesvirus, hepatitis B and C and other chronic infections (Bellon and Nicot, 

2017; Chou and Effros, 2013; Dowd et al., 2017). Inflammation can also be triggered 

by endogenous ligands, such as molecules from damaged tissues, without exogenous 

pathogens, a state called sterile inflammation. Sterile inflammation increases as people age 

and plays a major role in aging-related conditions and diseases. Inflammation and short 

telomere length appear to work bidirectionally. Mouse models with the telomerase genes 

TERT or TERC genetically deleted exhibit a pro-inflammatory state, with elevated levels of 

proinflammatory cytokines, including IL-1, IL-6, CXCL15 (human IL-8 homolog), TNFα, 

and monocyte chemotactic protein 1 (chemokine ligand 2 (CCL2)) (Chen et al., 2015). 

On the other hand, one of the major defining features of senescence -and dysfunctional 

telomeres- is the secretion of proinflammatory cytokines, chemokines, extracellular matrix 

proteases, growth factors, and other signaling molecules collectively termed the senescence-

associated secretory phenotype (SASP) (Campisi and Robert, 2014). SASP is an important 

mediator of the pathophysiological effects of senescence and may explain, at least in part, 

this local inflammation within tissues. The functions of SASP are context-dependent and 

pleiotropic in both autocrine and paracrine fashions (Acosta et al., 2013, 2008; Coppe et al., 

2006; da Silva et al., 2019; Herranz and Gil, 2018; Krtolica et al., 2001; Victorelli et al., 

2019).

Paradoxically, there exists a positive feedback loop between the expression of the telomerase 

protein component (hTERT in humans) and NF-κb, the master transcription factor for 

inflammation. Expression of hTERT is regulated by many transcriptional factors (reviewed 

in (Ramlee et al., 2016)). The hTERT promoter region has an NF-κb binding site and NF-κb 

is reported to upregulate telomerase activity in multiple cell lines (Gizard et al., 2011; 

Aravindan et al., 2011). NF-κb also modulates the nuclear translocation of hTERT in human 

lymphocytes in response to TNF-α stimulation (Akiyama et al., 2003). On the other hand, 

hTERT directly regulates NF-κb-dependent gene expression by binding to the NF-κb p65 

subunit and to a subset of NF-κb promoters such as IL-6 and TNFα (Ghosh et al., 2012; 

Ding et al., 2013). In turn, IL-6 and TNF-α upregulate telomerase activity through NF-κb 

and STAT1 and STAT 3, two other important transcriptional factors (Chung et al., 2017). 

hTERT also upregulates the expression of matrix metal-loproteinase, another component 
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of SASP, via NF-κb-dependent transcription independently of hTERT telomere elongation 

activity (Ding et al., 2013). It is not clear how this positive, reinforcing relationship between 

telomerase activity and inflammation plays out to impact telomere length. It is possible 

that the apparent telomerase upregulation/activation reflects the immune activation state 

associated with inflammation, which in turn promotes cell division and leads to telomere 

shortening. However, even under this scenario, the role of hTERT remains unclear. The 

upregulation of telomerase activity might be required for NF-κb to exert its full function, but 

it is also possible that it is a mere bystander of inflammation. Clearly telomerase is acutely 

responsive to stress mediators, GCs and inflammation, and ROS. It is thus possible that the 

duration and kinetics of the stress response determines if telomerase remains elevated (such 

as from acute stress) or becomes suppressed (such as from chronic stress or due to inability 

to mount a response in an aged or unhealthy organism).

6. Beyond telomere length

Much of the discussion about the role of telomere maintenance on aging focuses on short 

and dysfunctional telomeres. In addition to stem cell failure due to the inability of senescent 

cells to divide, short telomeres also have global effects, as dysfunctional telomeres and other 

hallmarks of aging are interconnected (Chakravarti et al., 2021). Critically short telomeres 

elicit DNA damage responses, defective mitochondrial biogenesis (Sahin et al., 2011) 

and downregulation of all sirtuins, linking telomeres to metabolic control (Amano et al., 

2019). Recently, a new axis involving short telomeres-NAD metabolism-Sirt1-mitochondrial 

ROS was reported and lends support to global effects of short telomeres (Sun et al., 

2020). Fibroblasts from dyskeratosis congenita patients display lower nicotinamide adenine 

dinucleotide (NAD) levels, and an imbalance in the NAD metabolome that includes 

elevated CD38 NADase and reduced poly(ADP-ribose) polymerase and SIRT1 activities. 

Supplementation with the NAD precursor, nicotinamide riboside, and CD38 inhibition 

alleviated telomere damage, defective mitochondrial biosynthesis and clearance, cell growth 

retardation, and cellular senescence of DC fibroblasts. Additionally, changes in telomere 

structure due to telomere shortening may release shelterin proteins such as Rap1 and TRF2, 

that might have bound to non-telomere sites, therefore revealing other functions (Martínez et 

al., 2013; Ye et al., 2014; Cherfils-Vicini et al., 2019; Zizza et al., 2019). Below, we briefly 

discuss several telomere length independent mechanisms that have been discovered in the 

last few years.

6.1. Telomere position effect

First described by Baur (Baur et al., 2001), telomere position effect is when the length of 

a telomere impacts the expression of genes nearby (Lou et al., 2009; Stadler et al., 2013) 

or long distance genes through chromosome looping (Robin et al., 2014, 2015; Kim et 

al., 2016), resulting in the repression of gene transcription by long telomeres. Interestingly, 

hTERT is one of the genes regulated by telomere position effect, providing another potential 

mechanism for how telomere length and telomerase interact to achieve telomere length 

homeostasis (Kim et al., 2016). Another interesting example is interferon stimulated gene 15 

(ISG15), identified in a screen for genes upregulated by short telomere length (Lou et al., 

2009). ISG15 is expressed as part of the innate immunity/stress response pathway and can 
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stimulate the production of the proinflammatory interferon, IFNγ, in immune cells (Recht et 

al., 1991; D’Cunha et al., 1996). Thus, the upregulation of ISG15 by short telomere length 

may serve as a mechanistic link between immune aging and age-related inflammation. There 

is also tentative evidence that TL independent looping occurs during stimulation of CD4 

immune cells in vitro, although the biological significance of this phenomenon is not clear 

(Kim and Shay, 2018).

6.2. TElomeric repeat-containing RNA (TERRA)

Although the telomere region does not encode protein sequences, long non-coding RNAs, 

are transcribed from telomeres. TElomeric Repeat-containing RNA (TERRA) (Azzalin 

et al., 2007; Porro et al., 2014) and telomeric damage-induced long non coding RNAs 

(tdilncRNA) are composed of subtelomeric sequence and variable lengths of telomeric RNA 

(Rossiello et al., 2017; Nguyen et al., 2018). A tight regulation of TERRA expression and 

localization is required to maintain telomere and chromosome stability (Lopez de Silanes 

et al., 2014; Montero et al., 2016). TERRA is upregulated by damaged telomeres (Porro et 

al., 2014) and interestingly, TERRA has also been reported to regulate subtelomeric genes 

and internal chromosome genes, indicating a role for TERRA in modulating transcription 

at genome-wide scale (Chu et al., 2017). TERRA expression is modulated in response to 

UV radiation, heat shock and oxidative stress. The premature ageing syndrome Hutchinson-

Gilford progeria syndrome (HGPS) is associated with increased expression of TERRA and 

tdilncRNAs (Aguado et al., 2019) and Immunodeficiency, centromeric instability and facial 

anomalies (ICF) syndrome type I (Yehezkel et al., 2013) and tdilncRNAs is upregulated in 

HGPS (Aguado et al., 2019). While TERRA expression is regulated during development 

(Azzalin and Lingner, 2015) and in cancers (Fernandes et al., 2020), it remains to be seen 

whether changes in TERRA and tdilncRNA levels are associated with aging and diseases 

in the general population. One study reported described modulation of TERRA expression 

in skin biopsies in response to the oxidative stress induced by physical exercise and may 

provide a mechanistic link between exercise and telomere maintenance (Diman et al., 2016).

6.3. Telomere length independent functions of telomerase

Functions of telomerase are not restricted to extension of telomeres. The telomerase protein 

subunit is reported to regulate the expression of several genes including NF-κb, Myc, SF1, 

VEGF and DNA methyl-transferases. Independent roles of telomerase were reviewed in 

details (Segal-Bendirdjian and Geli, 2019). Most relevant to the topic of this review is 

NF-κb (discussed in Inflammation). It is possible that stress hormones and ROS affect 

telomerase expression, and through telomerase impact expressions of these other targets.

7. Methodological considerations

Several major methods are utilized to determine telomere length, each with specific 

strengths and weaknesses. These methods include telomere restriction fragment (TRF) 

measurement by Southern blot analysis, quantitative PCR (qPCR) amplification of telomere 

repeats relative to a single copy gene, and fluorescent in situ hybridization (FISH) to 

quantify telomere repeats in individual cells or chromosomes by flow cytometry (Flow-

FISH) or in metaphase cells (Q-FISH). The advantages and disadvantages of each method 
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have been summarized by several excellent reviews recently (Nussey et al., 2014; Montpetit 

et al., 2014; Lai et al., 2018; Barrett et al., 2015; Aubert et al., 2012) and we will not discuss 

them in detail here. Because qPCR can be performed with high throughput platforms with 

relatively small amount of specimen at low cost, it remains the most widely used method 

for large-scale epidemiological and population studies. However, the high sensitivity of this 

assay format to the impacts of preanalytical and analytical factors cast some doubts on the 

accuracy and reproducibility of this method (Boardman et al., 2014; Cunningham et al., 

2013; Dagnall et al., 2017; Denham et al., 2014; Hofmann et al., 2014; Lin et al., 2018; 

Raschenberger et al., 2016; Lindrose et al., 2021). Sample sources, DNA extraction methods 

and storage conditions, PCR conditions, assay re-agents and data analysis methods have all 

been reported to influence the final data output. While guidance and recommendations in 

general and for each step have been provided, based on existing and empirical knowledge 

(Lin et al., 2018; Morinha et al., 2020), rigorous efforts are needed to provide systematic, 

evidence-based recommendations for best practices for qPCR TL. Future studies should 

focus on understanding how each of these various factors contribute to assay variations 

in order to develop practical guidelines to achieve high accuracy and precision. Current 

efforts for interdisciplinary collaborations to advance this research is actively ongoing 

with the support of NIH and NIEHS (Telomere Research Network, https://trn.tulane.edu) 

and recommendations have been posted on the website. One recommendation so far is 

that the repeatability of the qPCR telomere length assay, expressed as the intra class 

correlation (ICC), should be calculated in replicates with the greatest possible independence 

(e.g. repeated samples from the same individual, repeated DNA extractions, replicates of 

measurement from the same DNA source) and the ICC of an individual study should be 

used to estimate power and sample size. A second recommendation is to use the same DNA 

extraction kit for all samples within a study, or to apply analytical approaches to account 

for differences in extraction methodologies in situations where extraction differences are 

unavoidable.

8. Conclusions and future directions

We have reviewed in depth the ways that psychological stress mediators may regulate 

telomerase activity and telomere shortening vs. repair. This research suggests the importance 

of the effects of stress related cortisol, ROS and inflammation. Further advances needed 

to understand the cellular and molecular stress-telomere maintenance interface will require 

experimental studies with animal models and in vitro studies with cells. With the recent 

advancement in the last two decades on the consistent and cross species role of telomere 

maintenance in aging and aging-related diseases, it is clear that the initial simplistic 

view of telomere length as a mitotic clock has evolved into a far more complex picture 

of interconnected molecular and cellular pathways and networks as hallmarks of aging. 

Nevertheless, it is clear that telomere maintenance is a key player in these networks. 

While mechanistic investigations of these pathways deepened our understanding of the 

contributions of telomere maintenance to aging and aging related disease, how these various 

factors play out in human healthy and diseased populations across the lifespan and the 

relative importance of critical periods such as prenatal development, childhood, menopause 

and andropause, and late life remains largely unknown.
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Furthermore, interrogations of the telomere maintenance system as a biomarker and 

contributor of human health and disease need to consider the broader, global effects 

of telomeres and telomerase, beyond average telomere length. Longitudinal studies with 

systematic approaches that integrate these components are necessary. Methodological 

advances in measurements for telomere maintenance also require attention. In addition to 

better assay precision and accuracy for average telomere length in a population of cells, 

methods to quantify telomere length and dysfunctional telomeres at single cell resolutions 

should be developed and investigated in human studies.
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Fig. 1. 
Telomeres and telomerase and shelterin complex and other genes implicated in 

telomeropathies. Shelterin complex protects and caps the telomere. Shelterin complex 

proteins are shown in bold. Genes with mutations found in patients with short telomere 

syndrome are shown in red. Longer forms of telomerase RNA hTERC are transcribed 

and ZCCHC8 is required for maturation of the 3’ end of the TERC (Gable et al., 2019). 

PARN is involved in further trimming of the 3’ end before entering Cajal bodies. TERC is 

assembled with TERT, dyskerin, NHP2, NOP10, GAR1 and TCAB1 to form the telomerase 

holoenzyme in Cajal bodies before being recruited to telomeres by the shelterin protein 

TPP1. RTEL1 is required for the unwinding DNA at a replication fork. The CST complex 

(CTC1, STN1, TEN1) regulates telomerase activity and promotes the C-strand telomerase-

independent telomere replication by primase and DNA polymerase alpha (Lyu et al., 2021).
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Fig. 2. 
Interconnected molecular and cellular pathways linking psychological stress to short 

and dysfunctional telomeres. Stress induces secretion of glucocorticoids, which leads 

to the generation of ROS through increased mitochondrial activity. ROS preferentially 

damages telomeres and inhibits telomerase activity, and both contribute to short and 

dysfunctional telomeres. Glucocorticoid can also directly inhibit or induce telomerase 

activity depending on specific contexts. The roles of telomerase in mitochondria functions 

are illustrated in more details in Fig. 3. Another important pathway downstream of 

glucocorticoid is increased inflammation, which lead to short and dysfunctional telomeres 

viral chronic infection, sterile inflammation and subsequent increased immune cell 

proliferation. Senescent cells caused by dysfunctional telomeres display a pro-oxidant, pro-

inflammatory phenotype known as the senescence associated secretory phenotype (SASP). 

Thus, inflammation and dysfunctional telomeres form a positive, reinforcing feedback 

loop, leading to increasing systemic inflammation and increases in number of cells with 

dysfunctional telomeres.
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Fig. 3. 
Bidirectional, feedforward loop of telomere maintenance and mitochondrial function. In 

healthy cells, telomerase protein subunit hTERT is exported from the nucleus to the 

mitochondria to protect cells from ROS damage by binding to mitochondrial DNA 

(mtDNA) and mitochondrial transfer RNA. However, telomere damage leads to decreased 

mitochondrial biogenesis through activation of p53, which represses the PGC-1α and 

PGC-1β promoters, master regulators of mitochondrial physiology and metabolism. 

Conversely, mitochondrial dysfunction leads to short and dysfunctional telomeres. Recent 

evidence also suggests that telomerase RNA TERC is processed in the mitochondria and 

shuttled back to the nucleus to signal mitochondrial function.
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