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Objective of the study:

Mitochondrial dysfunction is proposed to be one of the fundamental hallmarks of ageing (1).
Mitochondria have a critical role in energy production and supply essential metabolites for a wide range
of cellular processes. These organelles control activities ranging from proliferation and differentiation
through to the regulation of inflammation and cell death. It was eloquently stated that “no structure is
so intimately and simultaneously connected to both the energy of youth and the decline of the old” (2).
Mitochondrial quality declines during ageing (2), and stem cell exhaustion and cellular senescence is
associated with defects in the ability to clear dysfunctional mitochondria through a process termed
mitophagy (3). Interventions that protect mitochondria or promote mitophagy have significantly
improved the functioning of stem cells (4-6) and slowed the ageing of fruit flies (7).

Oxidative stress has also been closely associated with ageing. The mitochondrial free radical theory of
ageing (8) is based on observations that mitochondria are both a source of reactive oxidants and
extremely sensitive to oxidative stress. Increased levels of oxidised proteins, lipids and DNA are detected
in aged tissue (9), but it is not clear if this damage plays a fundamental role in the ageing process or is
simply a late marker of age-related pathology. This relationship has become more complex in recent
years, with growing evidence that oxidants play vital roles as signalling molecules. In some animal
models, mild oxidative stress can trigger adaptive responses that increase lifespan and high-level
antioxidant supplementation is reported to have detrimental effects (10).
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Various markers of mitochondrial dysfunction and oxidative stress were measured in Dunedin Study
participants at age 45. Protein carbonyls, allantoin and growth differentiation factor 15 (GDF-15) were
measured in plasma. Carbonylation is an irreversible protein modification generated during a range of
different oxidation processes (11), allantoin is an oxidation product of uric acid (12), and GDF-15 is a
cytokine released systemically that is proposed to play a role in adaptive responses to mitochondrial
stress (13,14). Plasma protein carbonyls and GDF-15 are reported to increase in older populations (14-
17), while allantoin has not previously been assessed. The redox status of two members of the
peroxiredoxin family, which are extremely sensitive to oxidation, was also measured in blood cells.
Mitochondrial peroxiredoxin 3 oxidation was measured in platelets, and peroxiredoxin 2 oxidation was
measured in red blood cells before and after challenge with hydrogen peroxide. These cellular measures
of redox homeostasis may provide more sensitive markers of oxidative stress than end-point markers of
oxidative damage.

Mitochondrial dysfunction and oxidative stress biomarkers at age 45 will provide baseline measures for
each participant as they journey from middle age to old age. However, previous research with the
Dunedin study cohort from age 26 to age 45 has revealed that some participants are ageing significantly
faster than others. This was quantified from a composite score from 19 biomarkers measured at four
chronological ages (18). An increased pace-of-ageing is associated with accelerated ageing of the brain
(brainAGE) as determined structural MRI data (19), and a DNA methylation biomarker (DunedinPACE)
(20). We hypothesize that the fastest-ageing individuals will show increased levels of mitochondrial
dysfunction and oxidative stress.

Data analysis methods:

We will test the association of six markers of mitochondrial dysfunction and oxidative stress with
accelerated ageing at midlife (assess by pace-of-ageing, facial ageing and BrainAGE).

First, we will test the associations between each mitochondrial dysfunction/oxidative stress marker and
ageing measures using regression analyses. Next, we will test the association between all mitochondrial
dysfunction/oxidative stress markers and ageing measures in a multiple regression model. To investigate
if these associations are due to potentially confounding variables (smoking, BMI, urea, hematological
measures), we will consecutively add these variables to the model as covariates.

We will then perform several sensitivity analyses: 1) to investigate if associations between mitochondrial
dysfunction/oxidative stress markers with pace of ageing scores are driven by a particular biomarker, we
will systematically remove individual biomarkers from the pace of ageing score and reinvestigate
associations with mitochondrial dysfunction and oxidative stress markers, 2) we will remove study
members with common age-related diseases and test if associations remain, 3) to test if the associations
are driven by the long right-hand tail of the pace of ageing, we will repeat analyses after log-transforming
and winsorizing pace of ageing scores, and 4) to assess if previously identified batch effects in the
mitochondrial dysfunction and oxidative stress data (variation associated with batch processing
necessary for large-scale proteomic/metabolomic studies, such as inter-operator variability and storage
time), we will reinvestigate associations between ageing measures and normalized values for
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mitochondrial dysfunction/oxidative stress markers, using the residuals, or variation not explained by
batch effects.

All statistical analyses will be performed in R (Rstudio), with appropriate packages. Variables will be
transformed and standardized as appropriate, and models will be adjusted for sex.

Variables needed at which ages:

Age 45:

Mitochondrial dysfunction and oxidative stress markers
e GDF-15, allantoin, protein carbonyls, Prx3, Prx2 basal and challenge

Ageing measures
e Pace-of-ageing (including removal of individual constituents), Facial ageing, BrainAGE

Covariates
e Sex, BMI, smoking status, urea, haematological measures, age-related chronic conditions

Significance of the Study (for theory, research methods or clinical practice):

Evidence for an association between the rate of ageing and mitochondrial dysfunction/oxidative stress
does not indicate a causative role in ageing, but detection of an association prior to the onset of age-
related disease would reveal these as early events in human ageing. In addition to providing insight into
the fundamental processes associated with ageing, the mitochondrial dysfunction and oxidative stress
biomarkers may prove useful as biomarkers of ageing that can be used to monitor the impact of
therapies proposed to slow or reduce the detrimental effects of ageing.
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