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The relationship between
mitochondrial health, telomerase
activity and longitudinal telomere
attrition, considering the role of
chronic stress

Mauricio Guillen-Parra¥23, Jue Lin*, Aric A. Prather3, Owen M. Wolkowitz3,
Martin Picard®®7:® & Elissa S. Epel*™*

Telomere attrition is a hallmark of biological aging, contributing to cellular replicative senescence.
However, few studies have examined the determinants of telomere attrition in vivo in humans.
Mitochondrial Health Index (MHI), a composite marker integrating mitochondrial energy-
transformation capacity and content, may be one important mediator of telomere attrition, as it
could impact telomerase activity, a direct regulator of telomere maintenance. In this observational
longitudinal study, we examined in peripheral blood mononuclear cells (PBMCs), whether MHI
predicted changes in telomerase activity over a 9-month period, thus impacting telomere maintenance
over this same period of time. We secondarily examined the role of chronic stress, by comparing
these relationships in mothers of children with an autism spectrum disorder (caregivers) vs. mothers
of a neurotypical child (controls). Here we show that both chronic stress exposure and lower MHI
independently predicted decreases in telomerase activity over the subsequent 9 months. Finally,
changes in telomere length were directly related with changes in telomerase activity, and indirectly
with MHI and chronic stress, as revealed by a path analysis. These results highlight the potential role
of chronic stress and MHI as drivers of telomere attrition in human PBMCs, through an impairment of
both energy-transformation capacity and telomerase production.

Keywords Mitochondrial health, Telomerase activity, Telomere attrition, Chronic stress

Rate of cell aging is complex and determined by many different measures of cellular function'. Telomere attrition
is a well understood pathway leading to replicative senescence?. Telomeres are the nucleoproteins located at the
ends of chromosomes, and are involved in maintaining genomic integrity®. Given that nuclear DNA cannot be fully
replicated during mitosis (i.e. end replication problem), telomeres shorten with each round of cell division, unless
acted upon by different telomere lengthening functions*°. Telomeres generally shorten throughout life in humans
and in cells critically shortened, telomeres promote cellular senescence or apoptosis*®. Shorter telomeres are
associated with higher risks of developing different diseases and mortality’3?'. Thus, telomeres are considered not
only as markers of chronological aging, but as markers reflecting biological aging and overall individual condition.

Rate of telomere attrition over years has rarely been studied longitudinally; however, it should reflect pace of
replicative senescence, accumulation of telomere damage, for example through exposure to oxidative stress and
hence, indicate immune system aging better than cross-sectional measures of telomere length!!. Interestingly,
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telomeres can be maintained and even restored through different physiological pathways'2, such as the regulation
of levels of telomerase enzymatic activity>'*. Telomerase contains a core RNA component (TERC) and reverse
transcriptase (TERT), which together synthesize new telomeric repeats®'?, plus some additional non-canonical
functions that have been described!*!>'°. As a result of the telomerase/telomere maintenance processes, there can
be great between-individual differences in the rate of attrition/maintenance of telomeres. Thus, it is important
to investigate what factors may be involved in the regulation of telomerase activity and, hence, telomere and
cellular maintenance.

Telomerase activity in normal immune cells is negatively correlated with age in humans!”. Further, telomerase
activity in normal immune cells has been found to be negatively associated with certain lifestyle factors'®, such
as smoking (*°, but see?®), and to poor mental health, such as chronic stress?!"?2. Paradoxically, some studies have
reported that high telomerase in peripheral immune cells, particularly in the context of shorter telomere length,
is related to indices of chronic adversity and major depression?*?. Despite the importance of understanding
telomerase regulation, no human studies we are aware of have examined potential upstream biological regulators
of telomerase activity in in vivo settings. Furter, few studies in humans have measured telomerase activity,
compared to telomere length. Telomerase activity estimation requires a highly unique assay methodology
where both enzymatic activity preservation and RNA isolation are required, hence few studies have examined
telomerase activity over time. Here, we examined, in vivo, whether a novel index of mitochondrial health has a
role in the telomerase/telomere maintenance processes over time, as substantial evidence from in vitro studies
suggest that mitochondria can regulate telomere maintenance, as reviewed below.

Mitochondria transform most of the energy required to power all basal cellular functions and the physiological
stress response?. Several bidirectional biological pathways link mitochondria to telomere stability??%. For
example, telomere dysfunction can promote impaired mitochondrial respiration and biogenesis, probably
through the activation of p532%2%3°. In turn, impaired mitochondrial biology can also lead to an increased
telomere attrition?’, for example, through an increased production of reactive oxygen species (ROS), which can
ultimately lead to a higher oxidative stress, and in consequence to a higher telomere attrition’!. Furthermore, it
has been reported that mitochondria are constantly interacting with both telomerase components?’, including
TERT, which is proposed to bind to the mitochondrial DNA where it contributes to maintain its stability and
function®*?%. In turn, TERC has been found to be processed inside the mitochondria and then exported back
to the cytosol, probably as a molecule giving information to the nucleus about the mitochondrial function®%.
Ultimately, it has been found in basic in vitro models that impaired mitochondrial respiration and impaired
cellular bioenergetics can cause a faster telomere attrition, possibly through a reduced capacity for telomerase
production¥, as it affects production of other stress mediators®.

Given the relationships described above, we infer both direct and indirect effects, relative to statistical testing,
of chronic stress and mitochondrial-mediated low energetic capacity, over telomere maintenance, as shown
in the model of Fig. 1. Importantly, these proposed relationships are only correlational, as no experimental
manipulation was performed in any variable to properly test a causation effect.

In this study, we measured in mixed peripheral blood mononuclear cells (PBMCs) the mitochondrial health
index (MHI), which integrates measures of mitochondrial respiratory capacity expressed relative to mitochondrial
content, producing an index of energy transformation capacity®. We test relations between baseline MHI to the
changes over time in telomerase enzymatic activity, and to changes in telomere length during a period of 9
months. We determined whether there are direct and indirect roles of MHI in predicting telomere attrition, such
as proposed by the model in Fig. 1, by testing if it is a predictor of changes in the enzymatic activity of telomerase
and telomere length over the 9-month period. We predicted that individuals with a higher MHI at baseline
will evidence a relatively smaller decrease in their telomerase activity over time, compared to individuals with
lower baseline MHI. We hypothesized that both MHI and changes in telomerase activity will be associated with
changes in telomere length, where individuals with a higher MHI and an increased telomerase activity will have
better telomere maintenance over time.

Lastly, we tested if these relationships are moderated by chronic psychological stress (Fig. 1), by comparing
mothers of a child with an autism spectrum disorder (i.e. stressed caregivers) with mothers of a neurotypical
child (i.e. lower stress control). In this sample, we have previously found that chronic psychological stress is
related to worse mitochondrial health®. Thus, chronically-stressed mothers with a lower MHI at baseline may
have a more rapid decrease in telomerase activity and telomere shortening over a 9-month period.

Results

Demographic and baseline biological indices by chronic stress status

The sample of 85 mothers, across both chronic stress status (i.e. caregiver or control), were 43.46 +4.96 years
old on average, and age did not differ between groups (Table 1). The sample had an average BMI of 25.30 + 5.00,
being also similar between groups (Table 1). Further, BMI did not change on average during the 9-month period
(paired t test, t = -0.38, p=0.71).

The Mitochondrial Health Index (MHI) was different between the two chronic stress groups (Table 1), as
previously reported®, where caregiver mothers had a lower MHI compared to control mothers (Table 1). Finally,
both baseline telomerase activity and telomere length did not differ between high and low chronic stress groups
(Table 1).

Biomarkers by age and BMI

MHI was not related with individuals’ age or BMI (Table 2). Further, telomerase activity at baseline was also not
associated with age or BMI (Table 2). Finally, telomere length at baseline was predicted by the individuals’ age
(Table 2), as older individuals had shorter telomeres (8 + SE = -0.36 + 0.08, p <0.01), but it was not related with
BMI (Table 2).
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Fig. 1. Direct and indirect pathways affecting telomere attrition. Model proposing the pathway regarding how
chronic stress and Mitochondrial Health Index (MHI), through direct effects (solid lines) and indirect effects
(dotted lines), could be regulating telomerase activity, and in consequence, telomere length. Chronic stress

is linked to lower MHI*® and telomerase activity?! in previous studies. A downregulated MHI could dampen
telomerase activity (to be tested here), presumably through an impaired energetic capacity’’. In consequence,
both chronic stress and MHI could be indirectly affecting telomere attrition rate, marked with dotted arrows.
Green arrows indicate a positive relationship. Red arrows indicate a negative relationship. Figure created with

BioRender.com.
Control Caregivers | ttest | p value
Age 42.85+4.53 | 44.11+5.34 1.60 | 0.11
Body Mass Index 24.77+4.43 |25.87+5.53 1.38 | 0.17

Mitochondrial Health Index | 103.54+31.13 | 88.97+21.75 | -2.47 | 0.01

Baseline Telomerase activity 1.77 +£0.45 1.83+0.35 1.04 | 0.30
Baseline Telomere length 1.16+0.23 1224020 |-1.76 | 0.09

Table 1. Differences between mothers of children with an autism spectrum disorder (caregivers, n=45) and
mothers of a neurotypical child (control, n=40) in their demographic characteristics and biological indices at

baseline.
Baseline Change in Change in
Mitochondrial Tel ase Baseli Tel ase Tel e
Health Index activity Telomere length | activity length
F1,31 P F 1,81 P l:‘1,77 P l:‘1,70 P Fl,ss P
Age 1.21 0.27 1.47 0.23 21.75 <0.01 1.45 0.23 0.09 |0.76
BMI | 0.06 0.80 0.46 0.50 0.23 0.63 |0.11 0.74 093 |0.34

Table 2. Results from linear regression models evaluating the effect of the individuals’ age and BMI over the
different biological indices at baseline, and over the change in telomerase activity and telomere length after a
9-month period.
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The change in telomerase activity and the change in telomere length over the 9-month period were not
predicted by the individuals’ age or BMI (Table 2).

Correlations between biological indices at baseline

Telomerase activity at baseline was not significantly related to MHI (F
status (F1,79
p=0.58), telomerase activity (F

=2.21, p=0.14) or to chronic stress
= 0.31,

1,79
= 2.39, p=0.12). Further, telomere length at baseline was also not related to MHI (F

1,74
=0.02, p=0.90) or chronic stress group (F, ., = 0.04, p=0.85).

1,74 1,74

Chronic stress, MHI, and changes in telomerase activity and telomere length over time
The path analysis indicated several direct and indirect effects between our biological indices (Fig. 2).

Regarding the direct effects, although only correlational, first we see that chronic stress status is associated
with MHI, as reported above (Z=2.65, p <0.01). Then, the change in telomerase activity in the 9-month period
is negatively related with the chronic stress status (Z=2.24, p=0.02) and positively with the MHI (Z=3.36,
p<0.01). Caregiver mothers show a greater decrease in their telomerase activity (-0.73+0.83), than control
mothers (-0.25 +0.84; Fig. 3a). As predicted, higher baseline values of MHI predict a longitudinal maintenance
in telomerase activity, while lower baseline MHI values are associated with a decrease in telomerase activity
(Fig. 3b), and this association did not differ by chronic stress group (MHI * Chronic stress F, ., =0.24, p=0.63).

The change in telomere length over the 9-month period was not directly predicted by the chronic stress status
(Z =-0.56, p=0.57) nor by MHI at baseline (Z = -0.08, p=0.94). As expected, the change in telomere length
was directly related to the change in telomerase activity (Z=2.38, p=0.02). An increase in telomerase activity
is associated with a better maintenance of telomere length (Fig. 4). This relationship did not significantly differ
between chronic stress groups, although there were marginal differences (Telomerase change * Chronic stress
F| ¢4 = 3.45, p=0.07). Control mothers showed a positive relationship between the change in telomerase activity
and the change in telomere length (8 + SE=0.39 + 0.14, p <0.01), as shown in Fig. 4. However, in the stressed
caregivers group the slope of the relationship is more flattened (8 + SE=0.03 + 0.23, p=0.90).

Lastly, the quantification of the indirect effects indicated that, chronic stress status, through its effects on
telomerase activity, does not have a statistically significant indirect effect on the change in telomere length
(Z=1.63, p=0.10, Fig. 2), although there is the expected trend towards it. Finally, MHI has an indirect effect
on the change in telomere length over time, through its effects on the change in telomerase activity (Z=1.94,
p=0.05, Fig. 2).
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Fig. 2. Path model and coefficients for the hypothesized relationships in Fig. 1 leading to telomere attrition.
Path analysis testing the direct and indirect effects between chronic stress status (caregiver vs. control
mothers), Mitochondrial Health Index (MHI) at baseline, and changes in telomerase activity and telomere
length over a 9-month period. Solid arrows indicate direct effects between terms. Dotted arrows indicate
indirect effects of chronic stress status and MHI over the change in telomere length, through their effects on
another intermediary variable (telomerase activity). In this figure, the numbers indicate the standardized
estimated effect of each relationship, and if the effect is significant is noted with asterisks (ns: not significant).
Red arrows reflect negative effects. Green arrows reflect positive effects. Figure created with BioRender.com.
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Discussion

In this study, we found that changes in telomerase activity over time, in human PBMCs, appear partly regulated
by mitochondrial health (Mitochondrial Health Index, MHI). Individuals with higher baseline MHI, indicating
greater energy transformation capacity, maintained higher active telomerase activity during a 9-month period,
compared to individuals with lower MHI, who on average experienced drops in their telomerase activity.
Further, the high chronic stress group (caregiving mothers) showed both reduced MHI and a faster decrease
in their telomerase activity. Hence, a chronic stressor may amplify the impact of lower energetic capacity on
maintaining telomerase activity. Ultimately, having lower MHI, associated with reduced telomerase activity, may
speed the rate of telomere attrition, a marker of cellular senescence that has been associated with higher disease
and mortality risks, although disease and mortality were not independently assessed in this study. Overall, the
predicted relationships of both direct and indirect statistical effects of the model shown in Fig. 1 were supported.
These are the first findings we are aware of in humans tracking changes in telomerase activity and telomere length
over time, and highlight a novel demonstration of new pathways through which chronic stress and mitochondria
may affect telomere dynamics in vivo, described further below.

Potential mechanisms of mitochondrial health impact on telomerase

Our results suggest that our index of mitochondrial health (MHI) serves as a buffer or positive prognostic factor,
as it predicts, in PBMCs, better maintenance of telomerase activity and hence telomere length during a 9-month
period. The MHI is a marker reflecting energy transformation capacity per unit of mitochondria content
(see Methods), which has been found to be superior in describing mitochondrial “quality” than measures of
respiratory capacity or content alone®. A higher mitochondrial functional capacity could impact telomerase
activity through a higher energy availability. Cells with limited mitochondrial energy transformation capacity
(low MHI) may presumably experience greater energetic stress under certain conditions such as immune
activation or oxidative stress. Because each cell has a limited energy budget that constrains cellular activities,
energy-demanding stress responses can trigger the diversion of energy towards stress processes, and away from
longevity-promoting growth, maintenance, and repair (GMR) processes including somatic maintenance and
telomerase activity’’. Such maladaptive energy tradeoff may preferentially affect cells with lower MHI, thus
conferring the apparent vulnerability to telomere attrition observed in our study.

Alternatively, higher MHI could also reduce or stop the exportation of telomerase components TERT and
TERC from the nucleus, as they are imported into the mitochondria especially during times of high ROS
production and oxidative stress, in order to buffer against mitochondrial stress*>**. This could allow for a higher
telomerase activity in the nucleus, which can ultimately impact on telomere maintenance. However, telomerase
components’ non-canonical functions in the nucleus and the mitochondria are not fully understood, and may
be independent of one another and from the overall enzymatic activity of telomerase!>?>. Our results raise the
possibility that mitochondria may regulate telomerase activity dynamics over time, but whether this happens due
to energetic trade-offs or through another pathway, such as TERT and TERC importation dynamics, remains to
be tested in the future. Finally, it could be possible that the apparent regulation of telomerase activity through
MHI may also affect the different non-canonical functions of the telomerase'*!>!6, however this was not assessed
in this study.

What does stress have to do with it?

a) Chronic stress affects mitochondria activity.

We previously reported that mothers caregiving for a child with an autism spectrum disorder have a lower MHI®.
MHI can be affected by the emotions and mood of the individuals, even from the hours and days before sampling™.
Supporting this notion, it has been reported that having a longitudinal higher well-being, evaluated through different
psychosocial factors, is related to a higher abundance of mitochondrial OxPhos in postmortem individuals’ brain’.
Furthermore, mitochondrial respiration and content in PBMCs have been found to be altered in women that have
experienced early life stress, reflecting allostatic load*!. Thus, living with chronic social stress could chronically
impair mitochondrial functioning. In male rodents, experimental manipulations have demonstrated that chronic
stress can have negative effects on the mitochondrial capacity of individuals*2. Finally, in humans, at the cellular
level, it has been reported that chronic stress can affect both mitochondrial functioning and content, leading to a
cellular hypermetabolic state, associated with an increased cellular energy expenditure.

b) Chronic stress suppresses telomerase activity.

Chronic stress plays an increasingly recognized important role in cellular aging**** Individuals experiencing
a chronically stressful life situation, such as caregiving stress, have been found to have shorter telomeres?>+4.
Furthermore, basal telomerase activity is another trait possibly affected by chronic stress*’#%%°, although only
a handful of studies have evaluated this relationship in humans. In women, caregivers of either children with
autism or dementia patients were associated with lower telomerase activity than control non-stressed women?"*.
However, opposite results have also been reported, as men and women caregiving for Alzheimer patients show
higher telomerase activity compared to control people®'. Further, in a sample of healthy women, individuals
reporting higher perceived chronic stress showed lower telomerase activity®’. Finally, in older men, high
telomerase activity is reported in those having experienced a reduced social support, lower optimism and higher
hostility and early life adversity®®. Regarding mental disorders and their relationship with telomerase activity,
although mixed results have been reported*’, individuals with major depressive disorder seem to consistently
show increased peripheral telomerase activity, particularly in men?4#”->+55, The present study extends the existing
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Change in telomere length

«Fig. 3. Effects of chronic stress status and Mitochondrial Health Index over the change in telomerase activity
after a 9-month period. Changes in (In) telomerase activity (units/10,000 cells) over a 9-month period
explained by the (a) chronic stress status (caregivers vs. control mothers), and (b) Mitochondrial Health Index
(MHI), where open circles are stressed caregiver mothers and closed circles are control mothers, shaded area
reflects the confidence interval (95%) for the estimated slope. Positive values indicate an increase in telomerase
activity, and negative values indicate a decrease. Model’s r2=0.24, p<0.001.

-1 0 1
Change in telomerase activity

Fig. 4. Relationship between the change in telomerase activity and the change in telomere length after a
9-month period. Changes in (In) telomere length (T/S ratio) over a 9-month period explained by the changes
in (In) telomerase activity (units/10,000 cells) over the same period of time. Positive values indicate an increase
in telomerase activity and telomere length, and negative values indicate a decrease. Open circles are stressed
caregiver mothers, closed circles are control mothers. Shaded area reflects the confidence interval (95%) for the
estimated slope. Model’s *=0.10, p=0.05.

findings by showing that longitudinally, chronic stress, at least in the studied population, differs than depression,
and leads to dampened telomerase activity over time, underlying a faster rate of cellular aging.

In this study, we found that the effects of chronic stress on telomerase activity could be partly mediated
by the lower mitochondrial health, and subsequent energetic stress, that is found in mothers caregiving for a
child with an autism spectrum disorder. Additionally, chronic stress was directly related with the change in
telomerase activity over time, independently of their relationship with MHI. Chronic stress can affect telomerase
activity through different non-exclusive pathways. For example, individuals under a chronic stress condition are
reported to have an altered cortisol secretion®®” and an increased oxidative stress*®. In turn, chronic oxidative
stress is reported to reduce telomerase activity®®, while glucocorticoids are found to regulate telomerase activity
in different directions®®L. Thus, the direct relationship of chronic stress over telomerase activity dynamics found
here, is likely mediated by other pathways not considered in this paper.

Mitochondrial health indirectly predicts telomere length attrition

Telomere length and its rate of attrition are markers associated with cellular senescence, reflecting biological aging,
since they can predict the individuals’ risk of developing different diseases and all-cause mortality’®*!°. Hence,
it is of great relevance to study how telomerase, a main precursor of telomere maintenance and lengthening,
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can be regulated over time, as this could directly affect telomere attrition. In this study we found that telomere
dynamics can be indirectly altered by both chronic stress and mitochondrial health, as both of them are related
to telomerase activity dynamics. In line with our results, in a sample of healthy adults it was found that childhood
adversity and lifetime psychopathology were related to an increased mitochondrial DNA copy number and
to shorter telomeres®. This supports the notion that chronic stress may impair both mitochondrial biology
and ultimately telomere maintenance, probably through its effects on telomerase activity, as our results suggest.
Interestingly, chronic stress is generally accompanied by a greater perceived stress, while mitochondrial health
can be affected by the emotions and mood experienced. Therefore, it would be important to evaluate if different
interventions, aiming to reduce stress, could impact on individuals’ mitochondrial biology and telomerase
activity, as these seem to improve telomere maintenance®, yet this idea was not evaluated in this paper.

Overall, our results in PBMC’s align with recent experimental findings linking impaired mitochondrial
respiratory capacity to accelerated telomere shortening rates in cultured human cells®. In primary human
fibroblasts aged over a 9-month period in vitro, inhibiting mitochondrial respiration accelerated telomere
shortening rate by a 7.69-fold®. This finding was replicated in cells of individuals with a genetically-defined
mitochondrial defect (SURF1 mutation), in which telomere attrition rate was on average 1.62-fold faster than in
control cells with normally functioning mitochondria®. Moreover, on both models, cells with low mitochondrial
health also exhibited accelerated epigenetic aging, based on epigenetic clocks trained to predict age in human
tissues®. This suggest that the accelerated telomere shortening induced by mitochondrial defects indeed reflects
accelerated biological aging, supporting the results of the present study.

Limitations. Finally, it is worth noting that our measures of mitochondrial health, telomerase activity and
telomere length were all calculated in peripheral blood mononuclear cells (PBMCs). There is evidence indicating
differences in telomerase activity and telomere length between the different immune cell types®®, where B
cells seem to have higher telomerase activity and longer telomeres than T cells*”. Additionally, mitochondrial
function can also differ between B and T cells, and in T cells, activated and inactivated cells may differ in both
mitochondrial activity and content®®. Thus, our results showed here could be partly influenced by differences
in cell composition between individuals, and within individuals after the 9-month period. Further, MHI was
related with the time the samples spent in the freezer (see Methods). However, we cannot fully rule out the
potential confound of freezer time statistically, as it is also confounded with the chronic stress, since samples from
caregivers were mostly collected before samples from control mothers. Differences in storage time could indeed
affect levels of mitochondrial enzymatic activity. However, when running separate analyses for caregivers and
controls, MHI is still related to psychological distress, even after controlling for storage time differences between
individuals®, suggesting that differences in MHI are indeed linked to the chronic stress of the individuals®.
Further studies are needed to replicate the chronic stress/mitochondria effect. Another limitation is that we
only measured MHI at one timepoint. We therefore do not know how stable it was over time for individuals in
our study. We know from work in progress that PBMCs MHI has high stability within the day, and we observe
changes on average from 4 to 6% from morning to evening (*° in progress). Further, in a study of one subject
sampled over time, MHI showed some stability but also changed over weeks”’. Despite the possible change over
time in MHI within individuals, which would tend to decrease/underestimate true effect sizes, we nevertheless
found that the individuals’ baseline MHI still predicted their changes in telomerase activity and telomere length.
Lastly, telomerase activity in brain may be regulated differently from that in peripheral blood cells’}, so the
present findings should not be uncritically extrapolated beyond PBMCs.

Conclusion

In summary, our data in PBMCs from healthy midlife women show that chronic stress and low mitochondrial
health are associated with a more pronounced reduction of telomerase activity over a 9-month period. These
effects consequently contribute to an accelerated rate of telomere attrition, shown by the association between a
decrease in telomerase activity and accelerated telomere attrition. These results propose an alternative pathway
implicating reduced mitochondrial energy transformation capacity as a harbinger of telomere attrition, a process
exacerbated in presence of chronic stress.

Methods

Data for this secondary analysis study were derived from a larger longitudinal study called “Stress, Aging, and
Emotions (SAGE)”, which focused mainly on the effects of caregiving stress on cellular aging, and was composed
by a total of 183 mothers (92 stressed caregiver mothers and 91 control mothers). All individuals were recruited
in the San Francisco Bay Area, either by schools, mailing, social media, or directly through the University of
California San Francisco Autism Clinic. Participants were eligible only if they were non-smokers and had an
age between 20 and 50 years old, having at least one child between the ages of 2 and 16 years. For the caregiver
mothers, at the beginning of the study the mean duration of years of caregiving was 5.1 years (range=1.1-13.9).
All study participants reported being premenopausal and in good health with no major medical conditions.
During the time of the study, only two participants, both in the stressed caregivers group, met the diagnostic
criteria for depression, and no participants were taking any hormonal birth control medication. This study was
approved by the Institutional Review Board at the University of California, San Francisco, and all methods were
performed in accordance with the relevant guidelines and regulations. Finally, written informed consent was
obtained for each study participant.

For a subgroup of 85 participants (caregivers =45, control =40) we had enough preserved PBMCs to quantify
the mitochondrial health index (MHI), along with the telomere length (n=81) and telomerase activity (n==85;
see below for details). Blood samples were collected at baseline, and again 9 months later to measure changes in
both telomerase activity (n=75) and telomere length (n="75). We were unable to measure changes in MHI at
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the second sampling point. There was no intervention between the time points. Both groups in this subsample
did not differ in any sociodemographic or health factors [see®® for full details].

Mitochondrial Health Index (MHI)

To obtain an index of mitochondrial health (MHI), we followed a protocol previously reported®. Briefly, to
calculate the MHI we calculated 4 different parameters related to both mitochondrial function and content.
As markers of mitochondrial function, we quantified the activity of two enzymes related to two complexes
of the mitochondrial respiratory chain: succinate dehydrogenase (SDH) a marker of complex II activity, and
cytochrome ¢ oxidase (COX) an activity marker of complex IV. And as markers of mitochondrial content, we
quantified the enzymatic activity of citrate synthase (CS) and the number of mitochondrial DNA copy number
per cell (mtDNAcn). All enzymatic activities were quantified spectrophotometrically, and mtDNAcn was
calculated through quantitative real-time PCR [see® for details]. All four parameters were mean-centered. Then,
SDH and COX were added and included as a numerator, and CS and mtDNAcn were also added and included
as a denominator. As a result, our measure of MHI reflects respiratory chain capacity per unit of mitochondrial
content™.

Our estimate of MHI was found to be affected by the time the samples spent in the freezer. However, time
spent at the freezer also differed between both chronic stress groups. Thus, chronic stress status and freezer time
are confounded variables so it was impossible for us to covary for freezer time in the statistical analyses without
completely removing the chronic stress effect®.

Telomere length and telomerase activity

Telomere length was quantified in peripheral blood mononuclear cells (PBMCs). PBMCs were isolated from
whole blood samples by Ficoll Hypaque density gradient centrifugation within 6 h from blood collection, and
then were conserved at -80 °C until laboratory analyses. DNA was extracted from PBMCs and then purified
using the QIAamp  DNA Mini Kit (QIAGEN, Hilden, Germany, Cat. Number 51104). To estimate telomere
length, we used quantitative real time PCR, following a protocol previously reported®”, which was adapted from
the original method published by Cawthon’?, which ultimately gives us a measure of telomere length controlling
for a single-copy nuclear gene (T/S ratio). Eight samples were included in each plate to control for interassay
variability. Each sample was measured in duplicates, and if intraassay variability was higher than 7%, a third
measure was performed.

Due to logistical reasons, we analyzed all samples in two different batches separated in time. To control for
variance between batches, we used the same 8 samples used to measure interassay variability in both batches. We
then compared the T/S ratio of these samples from both batches, and calculated a correction factor used only
for the samples in the second batch, in order to make them comparable to the samples from the first batch. The
adjusted value was calculated as follows: (Second batch value - 0.04472) / 0.8676.

Telomerase activity was also quantified in PBMCs. Telomerase activity in PBMCs was quantified using a
commercial kit (TRAPeze Telomerase Detection Kit, Millipore), where gel-TRAP assays were performed by the
Telomerase Repeat Amplification Protocol (TRAP), as previously reported®’. Briefly, after purification of the
PBMCs, 5x 10°-1x 10° cells per sample were pelleted and lysed with 1XCHAPS buffer. Extracts corresponding
to 5000 cells/uL were analyzed in batches, on an 8% polyacrylamide-8 M urea sequencing gel®’. Then, the gel
was exposed to a phosphorimager plate overnight and scanned on a Typhoon 8600 Imager (GEHealthcare,
Piscataway, NJ), including both positive and negative controls along with the focal samples (Fig. 5). As a
standard and positive control of telomerase activity we used the 293T cancer cell line, where estimates were
expressed as equivalent of the number of 293T cells®’. Finally, telomerase activity was quantified using the
software ImageQuant 5.2 (GE Healthcare, Piscataway, NJ), where, after subtracting the background, signals from
the product ladders on the gels were normalized and added against the signal from the internal control band
for the same lane to get the product/internal control value, doing the same also for the negative control lane®”.

For each telomerase activity assay reaction, the product/internal value for the sample was subtracted by the
product/internal value for negative control and divided by the product/internal control value - negative control
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Fig. 5. Example of a gel used for the telomerase activity estimation. In this figure, + represents the positive
control, where 10 cells of 293T cancer cell line were used, - represents the negative control, and each triangle
represents the increasing concentrations in the number of cells used for each focal individual (2500, 5000 and
10000 cells).
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product/internal value from ten 293T cells and then multiplied by 10 to obtain the final telomerase activity units,
defined as 1 unit=the amount of product from one 293T cell/10,000 immune cells®’.

Telomerase activity and telomere length (T/S ratio) were both natural log-transformed in order to meet
linear models’ assumptions.

Statistical analytic plan

First, we tested if our two groups of chronic stress status (caregivers and controls) differed in two demographic
variables: age and BMI, and in the different biological indices at baseline: MHI, telomerase activity and telomere
length. This was done by doing independent t tests.

Then, we tested if our different biological indices at baseline were affected by the individuals’ age or BMI,
by doing independent linear regression models where the biological indices were the response variables, and
age and BMI were the explanatory terms. Later, we quantified the change in telomere length and telomerase
activity over the 9-month period through the difference between both sampling points (Second measure — First
measure), where negative values would indicate a decrease in either telomerase activity or telomere length,
and in turn, positive values would indicate an increase. We also tested if the change in telomerase activity and
telomere length were affected by the individuals’ age or BMI following the same procedure described above.

We then also explored for relationships among our biological indices at baseline. First, we tested if
telomerase activity was related to MHI, and if telomere length was related to MHI and telomerase activity, by
doing independent linear regression models, where chronic stress status and individuals’ age were included as
covariates.

Finally, to test the direct and indirect effects that chronic stress status and MHI can have over the changes
in telomerase activity and telomere length over time, as predicted in the model in Fig. 1, we performed a path
analysis using the lavaanpackage version 0.6-17 in R73. Age was only associated with telomere length at baseline.
Since age and BMI were not associated with MHI, nor with the change in both telomerase activity and telomere
length over time (Table 2), they were excluded from the path analysis described below. The path analysis
consisted of 3 different linear regression models testing direct effects.

The first model included the change in telomere length as the response variable, and MHI, chronic stress
status and change in telomerase activity as the explanatory variables. The second model included the change in
telomerase activity as the response variable, and MHI and chronic stress status as the independent terms. Finally,
the third model included MHI as the response variable, and chronic stress status as the explanatory term. For
exploratory purposes, we tested if the effects of MHI on the change in telomerase activity, and the effects of the
change in telomerase activity on telomere length change, were dependent on the chronic stress status, by testing
an interaction between these terms. However, since any of the interactions resulted significant (see Results), they
were dropped from final models to remain with interpretable estimates of main effects’®. Lastly, by using the
default “Delta method” option”?, we calculated indirect effects of: chronic stress status over changes in telomere
length (through changes in telomerase activity), and MHI over changes in telomere length (through changes in
telomerase activity).

In all models, we confirmed that model assumptions were met by graphical visualization of the residuals.
Data were analyzed using R software version 4.1.2 (R Core Team 2021). Mean and standard deviations (SD)
are shown throughout the text, and effect sizes (i.e. r?) of significant models are shown in the figure legends.
Statistical significance was set at a p value <0.05.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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