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ABSTRACT
Purpose:  Previous literature suggests that African American adults have higher levels of systemic 
oxidative stress than White adults. Mitochondrial DNA (mtDNA) variants can be traced to geographic 
origins of populations and classified into haplogroups. Emerging evidence indicates that mtDNA 
haplogroup may affect cellular stress responses such as the response to irradiation or oxidative 
stress. However, little is known about whether mtDNA haplogroup influences systemic baseline or 
induced levels of oxidative DNA damage.
Materials and Methods: We determined mtDNA haplogroup (African American or European) in 104 
middle-aged adults living above and below poverty to investigate the association of mtDNA 
haplogroup and inflammatory markers with baseline and H2O2-induced DNA damage in peripheral 
blood mononuclear cells. DNA damage was measured using a high-throughput CometChip assay. 
Several inflammatory markers were measured in serum. Linear regression examined if variables were 
related to DNA damage in interactions or independently.
Results:  mtDNA haplogroup alone did not influence levels of baseline or H2O2-induced DNA 
damage. However, baseline and H2O2-induced DNA damage were associated with poverty, sex, age, 
and markers of inflammation. Baseline DNA damage was related to IL-6 levels differentially based 
on poverty status. Baseline DNA damage was inversely associated with levels of IL-8. Men showed 
overall higher levels of H2O2-induced DNA damage. H2O2-induced DNA damage was also related to 
IL-6 levels but differentially based on age. mtDNA haplogroup did affect both baseline and 
H2O2-induced DNA damage through differential effects on two markers of inflammation.
Conclusion:  These data suggest that mtDNA haplogroup plays an indirect role in the cellular 
response to endogenous and exogenous oxidative stress. Sex and age may also contribute to levels 
of inflammation in the DNA damage response. Finally, the social determinant of health poverty 
status, appears to play a role in interactions with inflammatory markers for baseline DNA damage 
at mid-life.

Introduction

African American adults have been observed to have 
increased levels of systemic oxidative stress biomarkers com-
pared to other racial or ethnic groups (Watters et  al. 2009; 
Feairheller et  al. 2011; Morris et  al. 2012; Szanton et  al. 
2012; Deo et  al. 2015; Strath and Sorge 2022). Oxidative 
stress arises from increased production of reactive oxygen 
species (ROS) or from reduced ROS intrinsic protection 
mechanisms. Oxidative stress leads to oxidative damage to 
DNA and other cellular components, which can in turn lead 
to inflammation and further increased levels of oxidative 
stress (Wautier et  al. 2001; Pálmai-Pallag and Bachrati 2014). 
However, it is unclear whether the observed increase in oxi-
dative stress in African Americans is associated with an 
increase in nuclear DNA damage as measured by the comet 
assay; previous studies have instead found lower oxidative 

DNA damage in African Americans (Watters et  al. 2007; 
Watters et  al. 2009; Divekar et  al. 2024). Differences in levels 
of oxidative stress across varying populations may contribute 
to the development of health disparities in minority popula-
tions (Noren Hooten et  al. 2022). The multi-level interacting 
pathways influencing these observed differences in oxidative 
stress across populations, as well as other factors that may 
be associated with oxidative damage, are incompletely 
understood.

Inflammation and oxidative stress can result in oxida-
tively damaged nuclear DNA and mitochondrial DNA 
(mtDNA) (Richter et  al. 1988; Yakes and Van Houten 1997; 
Meira et  al. 2008; Lonkar and Dedon 2011; Herst et  al. 2017; 
Kay et  al. 2019; Shimura et  al. 2025). The 16 kb mitochon-
drial genome is susceptible to damage and mutations, given 
its lack of either introns or histones as well as its proximity 
to ROS (Soares et  al. 2009; Roy et  al. 2022). Ionizing 
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radiation can both directly and indirectly damage the mito-
chondrial genome, as ‘bystander’ mtDNA damage effects in 
nearby, non-irradiated cells have been documented after 
irradiation (Murphy et  al. 2005; Averbeck and 
Rodriguez-Lafrasse 2021). Both inherited and novel muta-
tions in the mitochondrial genome can affect mitochondrial 
function (Cann et  al. 1987; Hagström et  al. 2014). Cellular 
damage, including nuclear DNA damage, can also lead to 
mitochondrial stress and dysfunction (Hiebert et  al. 2015; 
Fang et  al. 2016; Wang et  al. 2023; Shimura et  al. 2025). 
Mitochondrial dysfunction can lead to impaired oxidative 
phosphorylation system activity, increased mtDNA oxidative 
damage, a reduction in mitochondrial quality, changes in 
mitochondrial dynamics, and increased oxidative stress 
(Hällberg and Larsson 2014; Herst et  al. 2017; Xu et  al. 
2025). Oxidative stress can lead to increased inflammation; 
thus, mitochondrial dysfunction can result in a feedback 
loop of oxidative stress and chronic inflammation (Mills 
et  al. 2017; Ju et  al. 2025). Mitochondrial dysfunction is fur-
ther linked to aging and to many age-related diseases such 
as cardiovascular disorders, diabetes mellitus, and cancer 
(Herst et  al. 2017; Kraja et  al. 2019; Li et  al. 2019).

Mitochondrial function, which is influenced by mitochon-
drial genetic ancestry, may lead to observed variation in oxi-
dative stress, as mitochondria are a major source of ROS in 
the cell (Balaban et  al. 2005; Hällberg and Larsson 2014; 
Kenney et  al. 2014b; Herst et  al. 2017). Race is a social con-
struct; self-identified race is not sufficient to determine mito-
chondrial genetic ancestry, especially in recently admixed 
populations such those identifying as African American 
(Torres-Gonzalez and Makova 2022). Consideration of ances-
try as well as race is thus necessary to identify the possible 
molecular origins of disparities in systemic oxidative stress. 
As mtDNA is maternally inherited with little to no recombi-
nation, the presence or absence of certain polymorphisms 
indicate branch points in the human phylogenetic tree (Chen 
et  al. 1995; van Oven and Kayser 2009). An individual’s set 
of inherited mtDNA polymorphisms is their specific mito-
chondrial haplotype, and a set of similar haplotypes in a 
population which all descend from a common ancestor is 
termed an mtDNA haplogroup (van Oven and Kayser 2009). 
Specific haplogroup-defining mtDNA variants have been 
linked with an increased risk of age-related diseases such as 
cardiovascular disease (Bray and Ballinger 2017). Increased 
levels of systemic oxidative stress in African American adults 
may result from the influence of African L mtDNA hap-
logroups, which have been found to be present in the major-
ity of the African American population, or perhaps through 
the presence of circulating cell-free mtDNA (ccf-mtDNA) in 
the circulation (Feairheller et  al. 2011; Johnson et  al. 2015; 
Dela Cruz and Kang 2018; Nakayama and Otsu 2018). 
Krzywanski et  al. found that cell lines with the African L 
mtDNA haplogroup were prone to more oxidative stress than 
cell lines with the Eurasian H mtDNA haplogroup 
(Krzywanski et  al. 2016). In addition, the molecular effects 
from discordance between mtDNA ancestry and self-identified 
race or nuclear DNA ancestry (mitonuclear discordance) are 
still unclear. Mitonuclear discordance in populations that 
were recently admixed, such as African American individuals, 

has been linked with lower mtDNA gene expression 
(Torres-Gonzalez and Makova 2022). Studies in cytoplasmic 
hybrid (cybrid) cell lines, which compared two or more cell 
lines that share nuclear DNA sequence but differ by mtDNA 
sequence, show that mtDNA also affects the silencing and 
expression of nuclear DNA (Fetterman and Ballinger 2019; 
Kopinski et  al. 2019; Atilano et  al. 2022). Studies in cybrid 
cells have shown that cybrids with African mtDNA hap-
logroups had differentially expressed genes related to inflam-
mation when compared with European cybrids (Kenney et  al. 
2014b). African and European cybrids differ when exposed 
to exogenous stressors as well; mitochondrial function 
declined in only African cybrids in response to the cellular 
stressor amyloid-β (Atilano et  al. 2022). Damaged or dys-
functional mitochondria can release mtDNA into the cytosol 
and circulation (Giordano et  al. 2025; Shimura et  al. 2025). 
Ccf-mtDNA, which resembles bacterial DNA, is recognized 
by DNA-sensing receptors that trigger inflammatory responses 
(Giordano et  al. 2025). The release of ccf-mtDNA, and its 
detection in the cytoplasm or extracellular space, is associ-
ated with aging, cancer, stroke, and many other diseases and 
conditions (Nakahira et  al. 2015). Based on data suggesting 
that mtDNA haplogroups are associated with inflammation 
and oxidative stress, we previously investigated mtDNA hap-
logroups and inflammatory protein levels and found that 
mtDNA haplogroups were related to levels of ccf-mtDNA 
carried in extracellular vesicles (EVs). EV mtDNA levels were 
highest in African American participants with African 
mtDNA ancestry. Also, EV mtDNA levels were associated 
with inflammatory markers (tumor necrosis factor alpha tri-
mer, sRAGE) differentially across mtDNA haplogroup 
(Byappanahalli et al. 2024). However, the relationship between 
mtDNA haplogroup, inflammation, and oxidative stress 
remains unclear, and little is known about downstream effects 
such as nuclear DNA damage.

Although cybrid studies suggest that there may be an 
association between mtDNA haplogroup and oxidative stress, 
as well as downstream effects from oxidative stress such as 
oxidative DNA damage, there is limited experimental evi-
dence from population-based studies connecting them. Thus, 
we sought to examine how mtDNA haplogroup and inflam-
matory markers are related to baseline and H2O2-induced 
DNA damage in peripheral blood mononuclear cells 
(PBMCs). Establishing whether mtDNA haplogroups are 
associated with DNA damage will contribute to the under-
standing of mechanisms that may drive aging and age-related 
diseases in different populations.

Methods

Cohort design

The HANDLS study was initiated in 2004 and is a prospec-
tive, longitudinal study of aging among 3,720 middle-aged 
(30–64 years old at baseline) self-identified African American 
and White adults from Baltimore City, Maryland (Evans 
et  al. 2010). Participant data were collected through physical 
examinations and structured medical history interviews 
during visits to medical research vehicles. Participants in this 
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study sample (n = 104) had a physical examination, clinical 
laboratory assays, provided a blood sample, and were at least 
40 years old at wave 4 (2013–2017). Poverty status was 
defined as household income above or below 125% of the 
2004 US Federal Poverty Guidelines (US Department of 
Health and Human Services 2004). Participants with 
Hepatitis B, Hepatitis C, AIDS, or who were HIV positive 
were excluded. The sample was chosen randomly from those 
matching these criteria and balanced across sex at birth, 
hypertension diagnosis status (yes/no), and mtDNA hap-
logroup (Table 1). Approval for HANDLS was obtained from 
the Institutional Review Board of the National Institutes of 
Health, and all participants provided written informed 
consent.

Determination of mitochondrial haplogroups

mtDNA haplogroups were ascertained using allelic discrimi-
nation PCR assays performed by the Department of 
Ophthalmology Research, University of California Irvine 
(Kenney et  al. 2014a). ABI Assay-by-Design (Applied 
Biosystems) was used to synthesize ten allelic discrimination 
primers that displayed the greatest coverage of European and 
African mtDNA haplogroups. Samples were run with 
TaqPath ProAmp Master Mix on a QuantStudio 5 system 
(Applied Biosystems). Data were analyzed with QuantStudio 
software, TaqMan Genotyper software, Microsoft Excel, and 
were compared with a simplified map of mtDNA lineages 
from www.mitomap.org to assign haplogroups to 
participants.

In order to match previous studies and identify factors 
that possibly affect the observed difference in oxidative stress 
in African Americans compared to other populations, partic-
ipants were grouped into African, European, or Other 
mtDNA haplogroup ancestries (Venter et  al. 2019; 
Torres-Gonzalez and Makova 2022; Zaidi et  al. 2023; 
Byappanahalli et  al. 2024). L0,1,2,4,5,6 and L3 were grouped 

into the African mtDNA haplogroup ancestry group; H, HV, 
J, K, T, U, and UK were grouped into the European mtDNA 
haplogroup ancestry group; and B-P-F-R, M, and 
N-A-Y-W-I-X were grouped into the Other mtDNA hap-
logroup ancestry group. Only participants whose 
self-identified race matched their mtDNA haplogroup ances-
try were included in this study to rule out potential effects 
from mitonuclear discordance (Torres-Gonzalez and 
Makova 2022).

In!ammatory proteins panel

Morning blood samples were collected from participants 
into BD Vacutainer® serum separator tubes. Samples were 
centrifuged at room temperature at 1142 g for 15 minutes 
with the brake on. Serum was then aliquoted into cryotubes 
and stored at # 80 °C until use. Serum samples were thawed, 
and 70 µl was centrifuged at 2,000 g for 3 minutes to remove 
any particulates. The supernatant was moved to a new tube, 
and 60 µl was used in the assay. Inflammatory proteins in 
serum were measured using the V-PLEX Proinflammatory 
Panel 1 Human Kit (K15049D-1), which includes IFN-γ, 
IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and 
TNF-%, following the manufacturer’s guidelines (Meso Scale 
Discovery) on a MESO QuickPlex SQ 120 machine. 
Inflammatory proteins were skewed and were thus log10 
transformed before statistical analysis. Proteins were removed 
from further analysis if more than 25% of sample values 
were below the limit of detection. The inflammatory pro-
teins included in statistical analyses were IFN-γ, IL-6, IL-8, 
IL-10, and TNF-%.

Clinical laboratory assays

High-sensitivity C-reactive protein (hsCRP), ferritin, serum 
uric acid, and white blood cell (WBC) count were measured 
by Quest Diagnostics (Nichols Institute, Chantilly, VA). 
WBC counts were categorized as ‘normal’ or ‘high’ WBC 
levels. In order to take into account the lower neutrophil 
counts observed in African Americans, we utilized separate 
reference ranges for WBC counts from participants with 
African mtDNA haplogroup ancestry and WBC counts from 
participants with European mtDNA haplogroup ancestry 
(Coates et  al. 2020). Participants with African mtDNA hap-
logroup ancestry were categorized as ‘normal’ levels if WBC 
counts were between 2.7–7.3 & 109/L, and ‘high’ levels if 
above 7.3 & 109/L. Participants with European mtDNA hap-
logroup ancestry were categorized as ‘normal’ levels if WBC 
counts were between 3.0–9.1 & 109/L, and ‘high’ levels if 
above 9.1 & 109/L. No participants had values lower than the 
given normal ranges.

CometChip assay

CometChip assays were performed as previously described 
(Ge et al. 2012; Smith et al. 2023). Molten 1% normal-melting 
point agarose in PBS (14 ml) was spread on a precut GelBond 
film (Lonza) and a custom-made polydimethylsiloxane 

Table 1. Mitochondrial DNA haplogroup study sample (N = 104).
African 

haplogroup 
(N = 52)

European 
haplogroup 

(N = 52) Missing N (%)
Men, N (%) 26 (50) 26 (50) 0 (0)
African American, N (%) 52 (100) 0 (0) 0 (0)
Below poverty, N (%) 30 (58) 12 (23) 0 (0)
Age (years), mean (SD) 54.1 (8.0) 53.3 (7.4) 0 (0)
IFN-γ, mean (SD) 16.0 (74.3) 3.8 (5.8) 1 (1)
IL-6, mean (SD) 0.8 (2.2) 1.9 (7.7) 11 (11)
IL-8, mean (SD) 17.2 (14.9) 27.5 (24.3) 1 (1)
IL-10, mean (SD) 0.5 (2.2) 0.4 (0.7) 1 (1)
TNF-α, mean (SD) 0.5 (0.2) 0.7 (0.5) 1 (1)
High-Sensitivity 

C-Reactive Protein 
(mg/L), mean (SD)

4.6 (4.5) 3.3 (3.9) 0 (0)

Ferritin (ng/mL), mean 
(SD)

118.7 (114.3) 138.3 (248.3) 0 (0)

Uric acid (mg/dL), mean 
(SD)

5.5 (1.2) 5.4 (1.4) 0 (0)

White blood cell 
(count*10^9/L), mean 
(SD)

6.6 (1.8) 7.2 (2.0) 4 (4)

N: number; SD: standard deviation.
Demographic characteristics and clinical laboratory assay values for participants 

in the study sample.

http://www.mitomap.org
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(PDMS) stamp was used to form an array of microwells for 
3–5 minutes at room temperature (Wood et  al. 2010; Ge 
et  al. 2012). The PDMS stamp was removed with the addi-
tion of 5 ml PBS and excess agarose was removed. Microwell 
quality and integrity was assessed by placing the CometChip 
on a glass plate and visualizing under a bright field micro-
scope. A bottomless 96-well plate (VWR) was placed over 
the CometChip and clamped in place with binder clips. 
Cells were immediately loaded into the CometChip as 
detailed below.

TK6 lymphoblastoid cells were used as controls in each 
CometChip experiment. TK6 cells were cultured and cryo-
preserved in one large batch in 90% FBS and 10% DMSO in 
aliquots of 90 μl and concentrations of approximately 100,000 
cells/ml. Prior to each experiment, cryopreserved TK6 cells 
and cryopreserved PBMCs were briefly thawed in a 37 °C 
water bath and suspended in 5 ml RPMI medium supple-
mented with 20% FBS in a 15 ml conical tube. Cells were 
then centrifuged at 1,300 rpm for 3 min, the supernatant was 
removed, and cells were resuspended in 1 ml RPMI with 
20% FBS.

CometChip experiments were performed as previously 
described (Smith et  al. 2023). Each CometChip experiment 
contained both untreated and H2O2-treated TK6 cells in 
order to serve as inter-assay controls and standardize PBMC 
DNA damage between all CometChip experiments. In brief, 
PBMCs from the sample cohort as well as control TK6 cells 
were thawed and used in the CometChip assay. Cells (100 µl) 
were loaded into each well of the CometChip-96 well plate. 
Cells in the CometChip were embedded into the microwells 
by incubating at 37 °C and 5% CO2 for 30 min. Cell loading 
in microwells were visually inspected using a light micro-
scope. Medium was then removed, along with the bottom-
less 96 well plate. Excess cells were removed by gentle 
washing with 5 ml PBS and then inspected under the bright 
field microscope to confirm that >70% of the microwells 
still contained cells. 37 °C molten 1% low-melting point aga-
rose in PBS was pipetted gently over the CometChip in 1 ml 
increments to overlay the microwells and allowed to gel at 
room temperature for 3 min, then at 4 °C for 5 min.

Triplicate wells were run for each participant PBMC sam-
ple and experiment condition. Cells were treated with H2O2 
by placing another bottomless 96-well plate over the 
CometChip and pipetting a H2O2 solution (50 µM, diluted in 
PBS) into treatment wells, then placing the CometChip at 
4 °C for 20 min. PBS was used as a non-treatment control. 
The CometChip was then placed into lysis solution (R&D 
Systems #4250-050-01) at 4 °C. Cells were lysed overnight.

The CometChip was incubated in alkaline electrophoresis 
solution (NaOH 300 mM, Na2EDTA 1 mM) (Ge et  al. 2012) 
for 30 min at 4 °C before running the gel at 22 V and 
∼300 mA for 30 minutes in the R&D CometAssay 
Electrophoresis System (Sykora et  al. 2018). The CometChip 
was then neutralized two times by the addition of neutral-
ization buffer (Tris 400 mM, pH 7.5) for 15 min (Ge et  al. 
2012). DNA was stained with 20 ml of 1x SYBR Gold 
(ThermoFisher) in PBS for 1 hour at 4 °C, then imaged in a 
Keyence BZ-X800 microscope at 4x magnification. A stan-
dard exposure was used for all CometChip experiments. 

Individual (>800) images of each CometChip at 4x were 
stitched together using Keyence software to obtain a full 
image of each CometChip assay. Full images of each well 
were then extracted from CometChip assay pictures to be 
analyzed.

Statistical analysis

CometChip images were analyzed using the Comet Assay 
Software from R&D (Sykora et  al. 2018). Data were exported 
and processed in R (Version 4.5) (R Core Team 2025). 
Median % DNA in tail was used as a measure of DNA dam-
age level for every CometChip well. In each well, an average 
of approximately 150 comets were analyzed. The mean was 
calculated for median % DNA in tail for each participant 
from three technical replicate wells. Median % DNA in tail 
measurements for control TK6 cells had a mean intra-assay 
coefficient of variation (CV) of 7.7% and inter-assay CV of 
16.8%. We reduced inter-experiment variability by standard-
izing the PBMC DNA damage measurements to control TK6 
cells on each CometChip experiment. The data for partici-
pant PBMC % DNA in tail measurements from each indi-
vidual CometChip experiment was standardized across the 
whole cohort using the following equation:

 

StandardizedParticipant%DNAin tail

Participant PBMC%DNAin tai
=

ll MeanChipPBMCbaseline%DNAin tail

MeanChipTK H O %DNAin tail

−

6
2 2

−−MeanChipTK baseline%DNAin tail6
 

The average cohort PBMC baseline % DNA damage in 
tail was subtracted from all individual participant PBMC 
baseline % DNA damage in tail values, and then this value 
was divided by the difference between the H2O2-treated 
TK6% DNA damage in tail values and untreated TK6% 
DNA damage in tail values (Trzeciak et  al. 2008).

We utilized multivariable linear regression to examine if 
mtDNA haplogroup and other variables of interest were 
related to baseline and H2O2-induced DNA damage as mea-
sured by standardized % DNA in tail. The other variables 
of interest were inflammatory markers (IFN-γ, IL-6, IL-8, 
IL-10, TNF-%, hsCRP, uric acid, WBC levels, ferritin), sex, 
poverty status, and age. Positively skewed variables were 
log10 transformed for analysis (IFN-γ, IL-6, IL-8, IL-10, 
TNF-%, hsCRP, ferritin) and age was modeled in decade 
units from age 50 ((age # 50)/10). For both baseline and 
H2O2-induced DNA damage, two sets of regression models 
were examined in order to understand potential interac-
tions among the variables. The first set started with the 
potential three-way interaction of mtDNA haplogroup, sex, 
and poverty status along with age (haplogroup * sex * pov-
erty status + age), using backwards elimination to remove 
non-significant interactions. The second set started with all 
possible two-way interactions between the main covariates 
and each inflammatory marker (marker*haplogroup + 
marker*sex + marker*poverty status + marker*age), using 
backwards elimination to remove non-significant interac-
tions. A p-value of <0.05 was considered statistically 
significant.
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Results

To detect whether baseline DNA damage or H2O2-induced 
DNA damage were associated with mtDNA haplogroup and 
inflammatory markers in middle-aged adults, we performed 
high-throughput alkaline CometChip experiments using 
unstimulated, cryopreserved PBMCs from 104 participants 
that were between the ages of 40 and 71 years old and bal-
anced across mtDNA haplogroup and sex (Table 1). The 
CometChip assay is a high-throughput method that mea-
sures DNA damage including DNA breaks, alkaline labile 
sites, and transient repair sites in cells embedded in agarose 
(Ostling and Johanson 1984; Singh et  al. 1988). When run 
under alkaline conditions, damaged DNA will migrate 
during electrophoresis to form a comet ‘tail’. CometChip 
utilizes an evenly spaced array of microwells, enabling a 
more high-throughput assay compared to the original 
comet assay (Ge et  al. 2012; Ge et  al. 2014). Additionally, 
we measured inflammatory markers; IFN-γ, IL-6, IL-8, 
IL-10, TNF-%, hsCRP, ferritin, uric acid, and WBC level. 
We conducted two sets of regression analyses. First, we 
examined how mtDNA haplogroup, sex, poverty status and 
age were related to DNA damage. Next, we explored how 
the inflammatory markers alone or along with mtDNA 
haplogroup, sex, poverty status, and age were related to 
DNA damage.

Baseline DNA damage is associated with in!ammatory 
markers di"erentially by mtDNA haplogroup, sex, 
poverty status, and age

First, we examined if mtDNA haplogroup, sex, poverty sta-
tus, and age were related to baseline DNA damage in inter-
actions or independently. We did not find any significant 
associations for mtDNA haplogroup, sex, poverty status, and 
age with baseline DNA damage (Table S1A). Next, we 
examined if inflammatory markers were related to baseline 
DNA either independently or differentially by mtDNA hap-
logroup, sex, poverty status, or age (Table S1B). IL-6 was 
related to baseline DNA damage depending on poverty sta-
tus (Figure 1A, P = 0.020). Participants living below poverty 
displayed an inverse relationship between baseline DNA 
damage and IL-6 levels where high IL-6 levels were associ-
ated with lower baseline DNA damage. Participants living 
above poverty has similar levels of baseline DNA damage 
independent of IL-6 values. WBC level was also related to 
baseline DNA damage depending on poverty status; among 
participants with high WBC levels, those living above pov-
erty had higher average baseline DNA damage than those 
living below poverty (Figure 1B, P = 0.016). However, partic-
ipants with normal WBC levels had similar amounts of 
baseline DNA damage for those above and below poverty 
status. IL-8 values were inversely related to baseline DNA 
damage with high IL-8 values associated with low baseline 
DNA damage (Figure 1C, P = 0.016). Although baseline 
DNA damage was not associated with mtDNA haplogroup, 
our inflammatory marker findings indicated that poverty 
status is associated with differential baseline DNA damage.

Sex (P = 0.014) and age (P = 0.012) were related to base-
line DNA damage depending on WBC level (Figure 2A and 
2B). Among participants with high WBC levels, men had 
higher baseline DNA damage than women, while women 
and men with normal WBC levels were similar. Participants 
with high WBC levels had an inverse relationship between 
baseline DNA damage and age, while participants with nor-
mal WBC levels did not (Figure 2B, P = 0.012). Finally, 
mtDNA haplogroup was related to baseline DNA damage 
only in the context of measured serum uric acid (Figure 2C, 
P = 0.033). Participants with African mtDNA haplogroups 
displayed a positive relationship between uric acid and base-
line DNA damage, while participants with European mtDNA 
haplogroups did not. Our results are in agreement with pre-
vious studies reporting sex differences in baseline DNA 
damage (Møller 2019; Milić et  al. 2021). The findings indi-
cating altered baseline DNA damage with high WBC levels 
suggest that inflammation affects DNA damage pathways 
differentially with sex and age. Our finding that baseline 
DNA damage varies with serum uric acid and mtDNA hap-
logroup is novel and suggests that mtDNA ancestry plays a 
role in relationship between DNA damage and uric acid.

H2O2-induced DNA damage is associated with 
in!ammatory markers di"erentially by mtDNA 
haplogroup, sex, poverty status, and age

First, we examined if mtDNA haplogroup, sex, poverty sta-
tus, and age were related to H2O2-induced DNA damage in 
interactions or independently (Table S1A). Sex was related to 
H2O2-induced DNA damage with men having higher mean 
H2O2-induced DNA damage than women (Figure 3A, 
P = 0.006). We did not find any significant associations for 
mtDNA haplogroup, poverty status, or age alone with 
H2O2-induced DNA damage. Next, we examined if inflam-
matory markers were related to H2O2-induced DNA either 
independently or differentially by mtDNA haplogroup, sex, 
poverty status, or age (Table S1C). Similar to the pattern 
observed in baseline DNA damage, WBC level was related 
to H2O2-induced DNA damage depending on poverty status 
(Figure 3B, P = 0.005). Among participants with high WBC 
levels, those living above poverty had higher average 
H2O2-induced DNA damage than those living below poverty. 
Among participants with normal WBC levels, the pattern 
was reversed with those living above poverty having less 
average H2O2-induced DNA damage than those living below 
poverty. IL-6 was related to H2O2-induced DNA damage but 
differentially by age where younger participants displayed a 
positive relationship between IL-6 and H2O2-induced DNA 
damage and older participants displayed an inverse relation-
ship (Figure 3C, P = 0.026). Finally, mtDNA haplogroup was 
related to H2O2-induced DNA damage only in the context of 
measured ferritin (Figure 3D, P = 0.024). Participants with 
African mtDNA haplogroups showed a positive relationship 
between ferritin and H2O2-induced DNA damage, while par-
ticipants with European mtDNA haplogroups did not. Our 
finding that men displayed higher H2O2-induced DNA dam-
age is novel and consistent with reported sex differences in 

https://doi.org/10.1080/09553002.2026.2699714
https://doi.org/10.1080/09553002.2026.2699714
https://doi.org/10.1080/09553002.2026.2699714
https://doi.org/10.1080/09553002.2026.2699714
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baseline DNA damage (Møller 2019; Milić et  al. 2021). 
Results pointing toward lower baseline and H2O2-induced 
DNA damage in participants living below poverty with high 
WBC levels suggest altered DNA damage pathways in 
response to poverty. Our results showing differential 
H2O2-induced DNA damage responses with age and IL-6 
levels point toward different responses to the multifunctional 
cytokine over the lifespan. Finally, our findings suggest that 
African mtDNA ancestry may confer sensitivity to DNA 
damage with high ferritin levels.

Discussion

In this study, we examined the relationship between inflam-
matory markers and baseline and H2O2-induced DNA dam-
age in unstimulated, cryopreserved PBMCs in a cohort of 
middle-aged participants balanced across sex and mtDNA 
haplogroup. In order to limit potentially confounding effects 
from mitonuclear discordance, we limited our cohort to par-
ticipants whose self-identified race matched their mtDNA 
haplogroup ancestry. Although previous reports suggest that 

higher levels of oxidative stress correlate with self-reported 
race, we did not find an association between African mtDNA 
ancestry and oxidative DNA damage as measured by the 
alkaline comet assay (Feairheller et  al. 2011; Morris et  al. 
2012; Szanton et  al. 2012; Strath and Sorge 2022). We found 
that men displayed overall higher levels of H2O2-induced 
DNA damage than women. We also showed that both base-
line DNA damage and H2O2-induced DNA damage were 
affected by interactions between WBC level and poverty sta-
tus. We found an overall inverse association between levels of 
IL-8, a pro-inflammatory cytokine, and baseline DNA dam-
age in our cohort. Additionally, we identified that age played 
a role in interactions with WBC levels and IL-6 for baseline 
DNA damage and H2O2-induced DNA damage, respectively. 
Finally, we found that baseline and H2O2-induced DNA dam-
age were affected by interactions involving mtDNA hap-
logroup and the inflammatory markers uric acid and ferritin, 
respectively. Participants with African mtDNA haplogroups 
displayed positive relationships between DNA damage and 
uric acid or ferritin levels; participants with European mtDNA 
haplogroups displayed flat or inverse relationships.

Figure 1. Baseline DNA damage is associated with poverty status, IL-6, IL-8, and WBC level. Linear regression examined if in!ammatory markers were related to 
baseline DNA either independently or di$erentially by mtDNA haplogroup, sex, poverty status, or age. Plots show measured data values (points) along with esti-
mated means (center line) and standard error of the mean (colored band or edge of boxes) from the regression models. (A) There is a signi%cant interaction 
between IL-6 and poverty status for baseline DNA damage (P = 0.020). (B) There is a signi%cant interaction between WBC level and poverty status for baseline DNA 
damage (P = 0.016). (C) There is a signi%cant relationship between IL-8 and baseline DNA (P = 0.016).
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In our cohort, we found that men displayed overall higher 
levels of H2O2-induced DNA damage than women. We did 
not find an association between sex and baseline DNA dam-
age. Studies on DNA damage via the alkaline comet assay 
generally indicate that men display slightly higher or similar 
amounts of baseline DNA damage than women (Møller 
2019; Milić et  al. 2021). However, to the best of our knowl-
edge, our study is the first to examine baseline and 
H2O2-induced DNA damage in men and women in the con-
text of African and European mtDNA haplogroups. The dif-
ference in induced damage between men and women may 
point to varying antioxidant status in our cohort; supple-
mentation with antioxidant- or nutrient-rich foods or food 
products has been shown to reduce induced DNA damage 
in several studies, both in vitro and in vivo (Duthie et  al. 
1996; Duthie and Dobson 1999; Collins et  al. 2003; Fenech 
et  al. 2023). A recent review including analysis of 25 studies 
utilizing the comet assay to measure DNA damage found a 
slight increase in baseline DNA damage in men compared to 
women, although the effect was not robust in adjusted anal-
yses (Møller 2019). Sex differences have also been found in 

DNA repair; however, assessing the true effect of sex on 
DNA repair is similarly difficult due to conflicting results or 
cohort differences (Azqueta et  al. 2019; Zheng et  al. 2025). 
Sex differences in DNA damage and repair may help explain 
some of the observed sex differences in cancer incidence 
(Payne 2007; Scelo et  al. 2018; Dong et  al. 2020). This data 
suggests that baseline and induced DNA damage is affected 
by several interacting factors. To the best of our knowledge, 
our study is the first to report higher H2O2-induced DNA 
damage in men compared to women.

The impact of poverty status and age on DNA damage 
assessed by the alkaline comet assay is unclear (Soares et  al. 
2014; Møller 2019; Milić et  al. 2021). Studies have shown 
that poverty status is associated with increased inflammation 
and an increase in the rate of aging (Shen et  al. 2023; 
Dalecka et  al. 2024; Arnold et  al. 2025). In our study, lower 
baseline and H2O2-induced DNA damage in participants 
with high WBC levels living below poverty compared to 
above poverty could be interpreted as an adaptive response 
to stressors that reduces DNA damage and increases DNA 
repair pathways (Crawford and Davies 1994; Taylor 2010; 

Figure 2. Baseline DNA damage is associated with sex, age, WBC level, uric acid, and mtDNA haplogroup. Linear regression examined if in!ammatory markers 
were related to baseline DNA either independently or di$erentially by mtDNA haplogroup, sex, poverty status, or age. Plots show measured data values (points) 
along with estimated means (center line) and standard error of the mean (colored band or edge of boxes) from the regression models. (A) There is a signi%cant 
interaction between sex and WBC level for baseline DNA damage (P = 0.014). (B) There is a signi%cant interaction between age and WBC level for baseline DNA 
damage (P = 0.012). (C) There is a signi%cant interaction between mtDNA haplogroup and uric acid for baseline DNA damage (P = 0.033).
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Miller and Chen 2013; Noren Hooten and Evans 2019; 
Noren Hooten et  al. 2022). Several studies have also shown 
that DNA damage increases with age (Rübe et  al. 2011; 
Soares et  al. 2014; Beerman 2017). However, meta-analyses 
have suggested that increased DNA damage with age may be 
due to confounding or moderator variables such as lifestyle 
factors compounding over time instead of a direct effect of 
age (Soares et  al. 2014; Møller 2019). The inclusion of other 
cohort variables such as poverty status in the analysis of 
DNA damage may help explain some of the inconsistencies 
in the reported effect of sex or age on DNA damage.

Inflammation and DNA damage are closely connected; 
the DNA damage response leads to inflammation, and per-
sistent oxidative stress caused by chronic inflammation is 
linked to DNA damage (Pálmai-Pallag and Bachrati 2014; Li 
and Chen 2018; Kay et  al. 2019). WBC level, a biomarker of 
systemic inflammation, interacted with sex or poverty status 
for baseline and H2O2-induced DNA damage. High WBC 
level was associated with differing levels of DNA damage 

across cohort variables such as sex and poverty status, while 
normal WBC level was similar across cohort variables. Such 
varying DNA damage levels point toward varying DNA 
damage responses to high levels of inflammation. Sex, pov-
erty status, and several mtDNA haplogroups have also been 
associated with inflammation and differential levels of 
inflammatory markers (Kenney et  al. 2014a; Kenney et  al. 
2014b; Muscatell et  al. 2020; Lam et  al. 2021). In our cohort, 
H2O2-induced DNA damage was related to the inflammatory 
marker IL-6 differentially based on the poverty status and 
age of the participant. The multifunctional cytokine IL-6 
increases with age; higher levels of IL-6 are associated with 
chronic disease and mortality (Ershler and Keller 2000; De 
Martinis et  al. 2005; Tylutka et  al. 2024). IL-6 is also asso-
ciated with activation of the DNA damage response (Rodier 
et  al. 2009; Kumari et  al. 2016). Circulating IL-6 levels have 
been shown to be higher in men than in women, and sim-
ilarly, cells from men produce higher levels of IL-6 upon 
stimulation in vitro than women (Ter Horst et  al. 2016; 

Figure 3. H2O2-Induced DNA damage is associated with sex, poverty status, age, WBC level, IL-6, and ferritin. Linear regression examined if in!ammatory markers 
were related to H2O2-induced DNA damage either independently or di$erentially by mtDNA haplogroup, sex, poverty status, or age. Plots show measured data 
values (points) along with estimated means (center line) and standard error of the mean (colored band or edge of boxes) from the regression models. (A) There 
is a signi%cant e$ect of sex for H2O2-induced DNA damage (P = 0.006). (B) There is a signi%cant interaction between poverty status and WBC level for H2O2-induced 
DNA damage (P = 0.005). (C) There is a signi%cant interaction between age and IL-6 levels for H2O2-induced DNA damage (P = 0.026). Scatter points color indicates 
participant age, and estimated values from the linear regression are shown for age 45 yrs and 65 yrs. (D). There is a signi%cant interaction between mtDNA hap-
logroup and ferritin levels for H2O2-induced DNA damage (P = 0.024).
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Bernardi et  al. 2020). In addition, we found an overall asso-
ciation of the proinflammatory cytokine IL-8 with decreas-
ing levels of baseline DNA damage. Few studies have 
investigated potential connections between IL-8 and DNA 
damage levels; however, IL-8 is associated with the DNA 
damage response (Rodier et  al. 2009). Differing levels of 
baseline DNA damage with IL-6 and IL-8 levels in our 
cohort suggest that DNA repair is activated heterogeneously 
in our cohort. The inclusion of poverty status in future stud-
ies may help to clarify the relationship between inflamma-
tory markers and DNA damage.

We found that uric acid and ferritin levels played a role 
in interactions with mtDNA haplogroup affecting both base-
line and H2O2-induced DNA damage. There was a positive 
relationship between baseline DNA damage and uric acid 
levels only in participants with the African mtDNA hap-
logroup. Elevated serum uric acids levels can cause gout, 
which is the most common inflammatory arthritis, and is 
associated with various other conditions including cardiovas-
cular and kidney disease (Kuo et  al. 2015; Li et  al. 2017; 
Ndrepepa 2018; Chilunga et  al. 2020). Therefore, uric acid 
can promote oxidative stress and inflammation. Recent data 
from the MaPLE (Gut and Blood Microbiomics for Studying 
the Effect of a Polyphenol-Rich Dietary Pattern on Intestinal 
Permeability in the Elderly) study in Italy showed a positive 
relationship between uric acid levels and H2O2-induced 
DNA damage in PBMCs (Del Bo et  al. 2021). However, little 
is known about the relationship between uric acid and DNA 
damage in populations of different ancestries. We also 
observed a relationship between mtDNA haplogroup and 
ferritin levels for H2O2-induced DNA damage. Both high 
and low levels of ferritin have been associated with cardio-
vascular as well as all-cause mortality (Kadoglou et  al. 2017; 
Cornelissen et  al. 2019). However, to the best of our knowl-
edge, this is the first study that examines oxidatively-damaged 
DNA in the context of mtDNA haplogroup and ferritin lev-
els. These results may indicate that African mtDNA hap-
logroups, but not European mtDNA haplogroups, confer 
sensitivity to oxidative DNA damage through heterogeneous 
inflammatory responses. Differences in the amount of oxida-
tive DNA damage visible at midlife may result in varying 
health outcomes later in life.

Our study has several limitations. Due to the inherent 
limitations of cross-sectional studies, we are unable to infer 
DNA damage differences over time or cause-and-effect rela-
tionships between variables. However, our data serve as an 
important first step toward assessing the impact of mtDNA 
ancestry on inflammatory states and the potential for diver-
gence in DNA damage measurements. While the comet 
assay is widely used in human biomonitoring and clinical 
studies as a rapid and relatively simple method to evaluate 
DNA damage, the use of multiple biomarkers of oxidative 
DNA damage would present a more complete estimate 
(Watters et  al. 2009; Cadet et  al. 2011; Neri et  al. 2015; 
Cordelli et  al. 2021). Furthermore, our study focuses on the 
relationship between mtDNA ancestry, inflammation, and 
nuclear oxidative DNA damage. Future studies on mtDNA 
oxidative damage or other mitochondrial endpoints are mer-
ited in order to characterize the mechanisms and pathways 

potentially linking mtDNA ancestry and mitochondrial dam-
age. Future investigations will center on physical biochemical 
data that links mtDNA haplogroups and mtDNA damage 
and/or repair. We limited the cohort to participants whose 
self-identified race matched their mtDNA haplogroup ances-
try in order to remove potential confounding effects from 
mitonuclear discordance. Future studies focused on partici-
pants with differing mtDNA ancestry and self-identified race 
would greatly contribute to the understanding of mitonu-
clear interactions in diverse populations (Zaidi and Makova 
2019). Finally, although we accounted for the race-based 
differences in total WBC counts, a potential limitation of 
our analysis is the use of the total WBC population, not 
specific cell subtypes. WBC cellular heterogeneity may influ-
ence comet assay results. To overcome this population het-
erogeneity, we scored a higher number of cells for each 
sample. However, future studies examining the specific WBC 
component populations (lymphocytes, granulocytes, mono-
cytes) may provide unique insights.

Conclusion

mtDNA haplogroup has been linked with disease; however, 
in this cohort we did not find a direct link between mtDNA 
haplogroup and baseline and/or H2O2-induced DNA dam-
age. We identified a novel effect of sex on H2O2-induced 
DNA damage. The interaction of mtDNA haplogroups and 
inflammatory pathways as well as their potential effect on 
DNA damage may be investigated in future studies.

Acknowledgements
We thank the HANDLS participants for their dedication to the study 
and the HANDLS staff for continued excellent participant assessment 
and management. We thank Dr. Engelward for CometChip assay 
instruction and also for providing the PDMS microwell stamp. We 
thank Althaf Lohani for isolation of PBMCs.

Authors’ contributions

CRediT: Jessica T. Smith: Conceptualization, Formal analysis, 
Investigation, Methodology, Writing – original dra(; Nicole Noren 
Hooten: Conceptualization, Formal analysis, Investigation, Writing – 
review & editing; Nicolle A. Mode: Data curation, Formal analysis, 
Writing – review & editing; Alan B. Zonderman: Data curation, 
Formal analysis, Project administration, Writing – review & editing; 
Ngozi Ezike: Investigation, Methodology, Writing – review & editing; 
Michele K. Evans: Conceptualization, Formal analysis, Funding acqui-
sition, Methodology, Supervision, Writing – review & editing.

Disclosure statement

)e authors report no competing interests.

Funding

)is research was supported by the Intramural Research Program of 
the National Institute on Aging, National Institutes of Health (NIH) 
project numbers AG000513 and AG000519 and NIA IRP Inter-laboratory 



10 J. T. SMITH ET AL.

Proposal AG000520. JTS was supported by an NIMHD Coleman 
Research Innovation Award. )e contributions of the NIH authors are 
considered Works of the United States Government. )e *ndings and 
conclusions presented in this paper are those of the authors and do not 
necessarily re+ect the views of the NIH or the U.S. Department of 
Health and Human Services.

Notes on contributors
Jessica T. Smith, Ph.D., did this work as a postdoctoral fellow in the 
Laboratory of Epidemiology and Population Sciences at the National 
Institute on Aging Intramural Research Program, Baltimore, Maryland, 
USA. She is currently a Pharmaceutical Scientist, O,ce of 
Pharmaceutical Quality, Center for Drug Evaluation and Research, U.S. 
Food and Drug Administration, Silver Spring, Maryland, USA.

Nicole Noren Hooten, Ph.D., is a Senior Associate Scientist in the 
Laboratory of Epidemiology and Population Sciences, National Institute 
on Aging Intramural Research Program, Baltimore, Maryland, USA.

Nicolle A. Mode, M.S., is a Senior Statistician in the Laboratory of 
Epidemiology and Population Sciences, National Institute on Aging 
Intramural Research Program, Baltimore, Maryland, USA.

Alan B. Zonderman, Ph.D., is a Senior Scientist in the Laboratory of 
Epidemiology and Population Sciences, National Institute on Aging 
Intramural Research Program, Baltimore, Maryland, USA.

Ngozi Ezike, M.D., is a Sta- Clinician in the Laboratory of Epidemiology 
and Population Sciences, National Institute on Aging Intramural 
Research Program, Baltimore, Maryland, USA.

Michele K. Evans, M.D. is the Deputy Scienti*c Director of the National 
Institute on Aging and Acting Chief, Laboratory of Epidemiology and 
Population Sciences, National Institute on Aging Intramural Research 
Program, Baltimore, Maryland, USA.

ORCID

Jessica T. Smith  http://orcid.org/0000-0001-7884-923X
Nicole Noren Hooten  http://orcid.org/0000-0002-1683-3838
Nicolle A. Mode  http://orcid.org/0000-0002-8193-0554
Alan B. Zonderman  http://orcid.org/0000-0002-6523-4778
Ngozi Ezike  http://orcid.org/0009-0000-7382-9352
Michele K. Evans  http://orcid.org/0000-0002-8546-2831

Data sharing statement

Data are available to researchers a(er approval of a research proposal 
and a(er they have agreed to con*dentiality as required by the Nation-
al Institutes of Health Institutional Review Board. Policies and forms 
are available at: https://handls.nih.gov.

References
Arnold NS et  al. 2025. Living in poverty is associated with gene ex-

pression changes in immune cells. Genetics. 230(3):iyaf072. https://
doi.org/10.1093/genetics/iyaf072

Atilano SR et  al. 2022. Di-erential epigenetic status and responses to 
stressors between retinal cybrids cells with African versus European 
mitochondrial DNA: insights into disease susceptibilities. Cells. 
11(17):2655. https://doi.org/10.3390/cells11172655

Averbeck D, Rodriguez-Lafrasse C. 2021. Role of mitochondria in radi-
ation responses: epigenetic, metabolic, and signaling impacts. Int J 
Mol Sci. 22(20):11047. https://doi.org/10.3390/ijms222011047

Azqueta A et  al. 2019. DNA repair as a human biomonitoring tool: 
comet assay approaches. Mutat Res Rev Mutat Res. 781:71–87. 
https://doi.org/10.1016/j.mrrev.2019.03.002

Balaban RS, Nemoto S, Finkel T. 2005. Mitochondria, oxidants, and 
aging. Cell. 120(4):483–495. https://doi.org/10.1016/j.cell.2005.02.001

Beerman I. 2017. Accumulation of DNA damage in the aged hemato-
poietic stem cell compartment. Semin Hematol. 54(1):12–18. https://
doi.org/10.1053/j.seminhematol.2016.11.001

Bernardi S et  al. 2020. Sex di-erences in proatherogenic cytokine levels. 
Int J Mol Sci. 21(11):3861. https://doi.org/10.3390/ijms21113861

Bray AW, Ballinger SW. 2017. Mitochondrial DNA mutations and car-
diovascular disease. Curr Opin Cardiol. 32(3):267–274. https://doi.
org/10.1097/HCO.0000000000000383

Byappanahalli AM et  al. 2024. Extracellular vesicle mitochondrial DNA 
levels are associated with race and mitochondrial DNA haplogroup. 
iScience. 27(1):108724. https://doi.org/10.1016/j.isci.2023.108724

Cadet J, Douki T, Ravanat J-L. 2011. Measurement of oxidatively gen-
erated base damage in cellular DNA. Mutat Res. 711(1-2):3–12. 
https://doi.org/10.1016/j.mrfmmm.2011.02.004

Cann RL, Stoneking M, Wilson AC. 1987. Mitochondrial DNA and human 
evolution. Nature. 325(6099):31–36. https://doi.org/10.1038/325031a0

Chen YS, Torroni A, Exco,er L, Santachiara-Benerecetti AS, Wallace 
DC. 1995. Analysis of mtDNA variation in African populations re-
veals the most ancient of all human continent-speci*c haplogroups. 
Am J Hum Genet. 57(1):133–149.

Chilunga FP et  al. 2020. Hyperuricaemia and its association with 
10-year risk of cardiovascular disease among migrant and 
non-migrant African populations: the RODAM study. Trop Med Int 
Health. 25(4):496–505. https://doi.org/10.1111/tmi.13362

Coates S et  al. 2020. Time- and race-speci*c haematological reference 
intervals for healthy volunteer trials: a retrospective analysis of 
pooled data from multiple phase I trials. Front Pharmacol. 11:314. 
https://doi.org/10.3389/fphar.2020.00314

Collins AR, Harrington V, Drew J, Melvin R. 2003. Nutritional modu-
lation of DNA repair in a human intervention study. Carcinogenesis. 
24(3):511–515. https://doi.org/10.1093/carcin/24.3.511

Cordelli E, Bignami M, Pacchierotti F. 2021. Comet assay: a versatile 
but complex tool in genotoxicity testing. Toxicol Res (Camb). 
10(1):68–78. https://doi.org/10.1093/toxres/tfaa093

Cornelissen A, Guo L, Sakamoto A, Virmani R, Finn AV. 2019. New in-
sights into the role of iron in in+ammation and atherosclerosis. 
EBioMedicine. 47:598–606. https://doi.org/10.1016/j.ebiom.2019.08.014

Crawford DR, Davies KJ. 1994. Adaptive response and oxidative stress. 
Environ Health Perspect. 102 (Suppl 10):25–28. https://doi.
org/10.1289/ehp.94102s1025

Dalecka A, Bartoskova Polcrova A, Pikhart H, Bobak M, Ksinan AJ. 
2024. Living in poverty and accelerated biological aging: evidence 
from population-representative sample of U.S. adults. BMC Public 
Health. 24(1):458. https://doi.org/10.1186/s12889-024-17960-w

De Martinis M, Franceschi C, Monti D, Ginaldi L. 2005. In+amm-ageing 
and lifelong antigenic load as major determinants of ageing rate and 
longevity. FEBS Lett. 579(10):2035–2039. https://doi.org/10.1016/j.
febslet.2005.02.055

Del Bo C et  al. 2021. Association between food intake, clinical and 
metabolic markers and DNA damage in older subjects. Antioxidants 
(Basel). 10(5):730. https://doi.org/10.3390/antiox10050730

Dela Cruz CS, Kang MJ. 2018. Mitochondrial dysfunction and damage 
associated molecular patterns (DAMPs) in chronic in+ammatory 
diseases. Mitochondrion. 41:37–44. https://doi.org/10.1016/j.
mito.2017.12.001

Deo SH, Holwerda SW, Keller DM, Fadel PJ. 2015. Elevated peripheral 
blood mononuclear cell-derived superoxide production in healthy 
young black men. Am J Physiol Heart Circ Physiol. 308(5):H548–
H552. https://doi.org/10.1152/ajpheart.00784.2014

Divekar S et  al. 2024. Systemic DNA damage and repair activity vary 
by race in breast cancer survivors. Cancers (Basel). 16(10):1807. 
https://doi.org/10.3390/cancers16101807

Dong M et  al. 2020. Sex di-erences in cancer incidence and survival: 
a pan-cancer analysis. Cancer Epidemiol Biomarkers Prev. 
29(7):1389–1397. https://doi.org/10.1158/1055-9965.EPI-20-0036

Duthie SJ, Dobson VL. 1999. Dietary +avonoids protect human colono-
cyte DNA from oxidative attack in vitro. Eur J Nutr. 38(1):28–34. 
https://doi.org/10.1007/s003940050043

http://orcid.org/0000-0001-7884-923X
http://orcid.org/0000-0002-1683-3838
http://orcid.org/0000-0002-8193-0554
http://orcid.org/0000-0002-6523-4778
http://orcid.org/0009-0000-7382-9352
http://orcid.org/0000-0002-8546-2831
https://handls.nih.gov
https://doi.org/10.1093/genetics/iyaf072
https://doi.org/10.1093/genetics/iyaf072
https://doi.org/10.3390/cells11172655
https://doi.org/10.3390/ijms222011047
https://doi.org/10.1016/j.mrrev.2019.03.002
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1053/j.seminhematol.2016.11.001
https://doi.org/10.1053/j.seminhematol.2016.11.001
https://doi.org/10.3390/ijms21113861
https://doi.org/10.1097/HCO.0000000000000383
https://doi.org/10.1097/HCO.0000000000000383
https://doi.org/10.1016/j.isci.2023.108724
https://doi.org/10.1016/j.mrfmmm.2011.02.004
https://doi.org/10.1038/325031a0
https://doi.org/10.1111/tmi.13362
https://doi.org/10.3389/fphar.2020.00314
https://doi.org/10.1093/carcin/24.3.511
https://doi.org/10.1093/toxres/tfaa093
https://doi.org/10.1016/j.ebiom.2019.08.014
https://doi.org/10.1289/ehp.94102s1025
https://doi.org/10.1289/ehp.94102s1025
https://doi.org/10.1186/s12889-024-17960-w
https://doi.org/10.1016/j.febslet.2005.02.055
https://doi.org/10.1016/j.febslet.2005.02.055
https://doi.org/10.3390/antiox10050730
https://doi.org/10.1016/j.mito.2017.12.001
https://doi.org/10.1016/j.mito.2017.12.001
https://doi.org/10.1152/ajpheart.00784.2014
https://doi.org/10.3390/cancers16101807
https://doi.org/10.1158/1055-9965.EPI-20-0036
https://doi.org/10.1007/s003940050043


INTERNATIONAL JOURNAL OF RADIATION BIOLOGY 11

Duthie SJ, Ma A, Ross MA, Collins AR. 1996. Antioxidant supplemen-
tation decreases oxidative DNA damage in human lymphocytes. 
Cancer Res. 56(6):1291–1295.

Ershler WB, Keller ET. 2000. Age-associated increased interleukin-6 
gene expression, late-life diseases, and frailty. Annu Rev Med. 
51(1):245–270. https://doi.org/10.1146/annurev.med.51.1.245

Evans MK et  al. 2010. Healthy aging in neighborhoods of diversity 
across the life span (HANDLS): overcoming barriers to implement-
ing a longitudinal, epidemiologic, urban study of health, race, and 
socioeconomic status. Ethn Dis. 20(3):267–275.

Fang EF et  al. 2016. Nuclear DNA damage signalling to mitochondria in 
ageing. Nat Rev Mol Cell Biol. 17(5):308–321. https://doi.org/10.1038/
nrm.2016.14

Feairheller DL et  al. 2011. Racial di-erences in oxidative stress and in-
+ammation: in vitro and in vivo. Clin Transl Sci. 4(1):32–37. https://
doi.org/10.1111/j.1752-8062.2011.00264.x

Fenech MF, Bull CF, Van Klinken BJ. 2023. Protective e-ects of micro-
nutrient supplements, phytochemicals and phytochemical-rich bever-
ages and foods against DNA damage in humans: a systematic review 
of randomized controlled trials and prospective studies. Adv Nutr. 
14(6):1337–1358. https://doi.org/10.1016/j.advnut.2023.08.004

Fetterman JL, Ballinger SW. 2019. Mitochondrial genetics regulate nu-
clear gene expression through metabolites. Proc Natl Acad Sci U S 
A. 116(32):15763–15765. https://doi.org/10.1073/pnas.1909996116

Ge J et  al. 2014. CometChip: a high-throughput 96-well platform for 
measuring DNA damage in microarrayed human cells. J Vis Exp. 
(92):e50607. https://doi.org/10.3791/50607

Ge J, Wood DK, Weingeist DM, Bhatia SN, Engelward BP. 2012. 
Chapter 13 - CometChip: single-cell microarray for high-throughput 
detection of DNA damage. In: Conn PM, editor. Methods in cell 
biology. Academic Press; p 247–268.

Giordano L, Ware SA, Lagranha CJ, Kaufman BA. 2025. Mitochondrial 
DNA signals driving immune responses: why, How, Where? Cell 
Commun Signal. 23(1):192. https://doi.org/10.1186/s12964-025-02042-0

Hagström E, Freyer C, Battersby BJ, Stewart JB, Larsson NG. 2014. No 
recombination of mtDNA a(er heteroplasmy for 50 generations in 
the mouse maternal germline. Nucleic Acids Res. 42(2):1111–1116. 
https://doi.org/10.1093/nar/gkt969

Hällberg BM, Larsson NG. 2014. Making proteins in the powerhouse. 
Cell Metab. 20(2):226–240. https://doi.org/10.1016/j.cmet.2014.07.001

Herst PM, Rowe MR, Carson GM, Berridge MV. 2017. Functional mi-
tochondria in health and disease. Front Endocrinol (Lausanne). 
8:296. https://doi.org/10.3389/fendo.2017.00296

Hiebert JB, Shen Q, )immesch AR, Pierce JD. 2015. Traumatic brain 
injury and mitochondrial dysfunction. Am J Med Sci. 350(2):132–
138. https://doi.org/10.1097/MAJ.0000000000000506

Johnson DC et  al. 2015. Mitochondrial DNA diversity in the African 
American population. Mitochondrial DNA. 26(3):445–451. https://
doi.org/10.3109/19401736.2013.840591

Ju W, Yan B, Li D, Lian F, Xiang S. 2025. Mitochondria-driven in+am-
mation: a new frontier in ovarian ageing. J Transl Med. 23(1):1005. 
https://doi.org/10.1186/s12967-025-06966-6

Kadoglou NPE et  al. 2017. )e association of ferritin with cardiovascu-
lar and all-cause mortality in community-dwellers: the English lon-
gitudinal study of ageing. PLoS One. 12(6):e0178994. https://doi.
org/10.1371/journal.pone.0178994

Kay J, )adhani E, Samson L, Engelward B. 2019. In+ammation-induced 
DNA damage, mutations and cancer. DNA Repair (Amst). 83:102673. 
https://doi.org/10.1016/j.dnarep.2019.102673

Kenney MC et  al. 2014a. Inherited mitochondrial DNA variants can 
a-ect complement, in+ammation and apoptosis pathways: insights 
into mitochondrial-nuclear interactions. Hum Mol Genet. 
23(13):3537–3551. https://doi.org/10.1093/hmg/ddu065

Kenney MC et  al. 2014b. Molecular and bioenergetic di-erences be-
tween cells with African versus European inherited mitochondrial 
DNA haplogroups: implications for population susceptibility to dis-
eases. Biochim Biophys Acta. 1842(2):208–219. https://doi.
org/10.1016/j.bbadis.2013.10.016

Kopinski PK et  al. 2019. Regulation of nuclear epigenome by mito-
chondrial DNA heteroplasmy. Proc Natl Acad Sci U S A. 
116(32):16028–16035. https://doi.org/10.1073/pnas.1906896116

Kraja AT et  al. 2019. Associations of mitochondrial and nuclear mito-
chondrial variants and genes with seven metabolic traits. Am J Hum 
Genet. 104(1):112–138. https://doi.org/10.1016/j.ajhg.2018.12.001

Krzywanski DM et  al. 2016. Endothelial cell bioenergetics and mito-
chondrial DNA damage di-er in humans having African or West 
Eurasian maternal ancestry. Circ Cardiovasc Genet. 9(1):26–36. 
https://doi.org/10.1161/CIRCGENETICS.115.001308

Kumari N, Dwarakanath BS, Das A, Bhatt AN. 2016. Role of interleukin-6 
in cancer progression and therapeutic resistance. Tumour Biol. 
37(9):11553–11572. https://doi.org/10.1007/s13277-016-5098-7

Kuo CF, Grainge MJ, Zhang W, Doherty M. 2015. Global epidemiology 
of gout: prevalence, incidence and risk factors. Nat Rev Rheumatol. 
11(11):649–662. https://doi.org/10.1038/nrrheum.2015.91

Lam PH, Chiang JJ, Chen E, Miller GE. 2021. Race, socioeconomic 
status, and low-grade in+ammatory biomarkers across the lifecourse: 
a pooled analysis of seven studies. Psychoneuroendocrinology. 
123:104917. https://doi.org/10.1016/j.psyneuen.2020.104917

Li H, Slone J, Fei L, Huang T. 2019. Mitochondrial DNA variants and 
common diseases: a mathematical model for the diversity of 
age-related mtDNA mutations. Cells. 8(6):608. https://doi.
org/10.3390/cells8060608

Li T, Chen ZJ. 2018. )e cGAS-cGAMP-STING pathway connects 
DNA damage to in+ammation, senescence, and cancer. J Exp Med. 
215(5):1287–1299. https://doi.org/10.1084/jem.20180139

Li X et  al. 2017. Serum uric acid levels and multiple health outcomes: 
umbrella review of evidence from observational studies, randomised 
controlled trials, and Mendelian randomisation studies. BMJ. 
357:j2376. https://doi.org/10.1136/bmj.j2376

Lonkar P, Dedon PC. 2011. Reactive species and DNA damage in 
chronic in+ammation: reconciling chemical mechanisms and biolog-
ical fates. Int J Cancer. 128(9):1999–2009. https://doi.org/10.1002/
ijc.25815

Meira LB et  al. 2008. DNA damage induced by chronic in+ammation 
contributes to colon carcinogenesis in mice. J Clin Invest. 
118(7):2516–2525. https://doi.org/10.1172/JCI35073

Milić M et  al. 2021. )e hCOMET project: international database com-
parison of results with the comet assay in human biomonitoring. 
Baseline frequency of DNA damage and e-ect of main confounders. 
Mutat Res Rev Mutat Res. 787:108371. https://doi.org/10.1016/j.mr-
rev.2021.108371

Miller GE, Chen E. 2013. )e biological residue of childhood poverty. 
Child Dev Perspect. 7(2):67–73. https://doi.org/10.1111/cdep.12021

Mills EL, Kelly B, O’Neill LAJ. 2017. Mitochondria are the powerhous-
es of immunity. Nat Immunol. 18(5):488–498. https://doi.org/10.1038/
ni.3704

Møller P. 2019. E-ect of age and sex on the level of DNA strand breaks 
and oxidatively damaged DNA in human blood cells. Mutat Res 
Genet Toxicol Environ Mutagen. 838:16–21. https://doi.org/10.1016/j.
mrgentox.2018.11.010

Morris AA et  al. 2012. Di-erences in systemic oxidative stress based on 
race and the metabolic syndrome: the Morehouse and Emory Team 
up to Eliminate Health Disparities (META-Health) study. Metab 
Syndr Relat Disord. 10(4):252–259. https://doi.org/10.1089/met.2011. 
0117

Murphy JE, Nugent S, Seymour C, Mothersill C. 2005. Mitochondrial 
DNA point mutations and a novel deletion induced by direct 
low-LET radiation and by medium from irradiated cells. Mutat Res. 
585(1-2):127–136. https://doi.org/10.1016/j.mrgentox.2005.04.011

Muscatell KA, Brosso SN, Humphreys KL. 2020. Socioeconomic status 
and in+ammation: a meta-analysis. Mol Psychiatry. 25(9):2189–2199. 
https://doi.org/10.1038/s41380-018-0259-2

Nakahira K, Hisata S, Choi AM. 2015. )e roles of mitochondrial 
damage-associated molecular patterns in diseases. Antioxid Redox 
Signal. 23(17):1329–1350. https://doi.org/10.1089/ars.2015.6407

Nakayama H, Otsu K. 2018. Mitochondrial DNA as an in+ammatory 
mediator in cardiovascular diseases. Biochem J. 475(5):839–852. 
https://doi.org/10.1042/BCJ20170714

Ndrepepa G. 2018. Uric acid and cardiovascular disease. Clin Chim 
Acta. 484:150–163. https://doi.org/10.1016/j.cca.2018.05.046

Neri M et  al. 2015. Worldwide interest in the comet assay: a bibliometric 
study. Mutagenesis. 30(1):155–163. https://doi.org/10.1093/mutage/geu061

https://doi.org/10.1146/annurev.med.51.1.245
https://doi.org/10.1038/nrm.2016.14
https://doi.org/10.1038/nrm.2016.14
https://doi.org/10.1111/j.1752-8062.2011.00264.x
https://doi.org/10.1111/j.1752-8062.2011.00264.x
https://doi.org/10.1016/j.advnut.2023.08.004
https://doi.org/10.1073/pnas.1909996116
https://doi.org/10.3791/50607
https://doi.org/10.1186/s12964-025-02042-0
https://doi.org/10.1093/nar/gkt969
https://doi.org/10.1016/j.cmet.2014.07.001
https://doi.org/10.3389/fendo.2017.00296
https://doi.org/10.1097/MAJ.0000000000000506
https://doi.org/10.3109/19401736.2013.840591
https://doi.org/10.3109/19401736.2013.840591
https://doi.org/10.1186/s12967-025-06966-6
https://doi.org/10.1371/journal.pone.0178994
https://doi.org/10.1371/journal.pone.0178994
https://doi.org/10.1016/j.dnarep.2019.102673
https://doi.org/10.1093/hmg/ddu065
https://doi.org/10.1016/j.bbadis.2013.10.016
https://doi.org/10.1016/j.bbadis.2013.10.016
https://doi.org/10.1073/pnas.1906896116
https://doi.org/10.1016/j.ajhg.2018.12.001
https://doi.org/10.1161/CIRCGENETICS.115.001308
https://doi.org/10.1007/s13277-016-5098-7
https://doi.org/10.1038/nrrheum.2015.91
https://doi.org/10.1016/j.psyneuen.2020.104917
https://doi.org/10.3390/cells8060608
https://doi.org/10.3390/cells8060608
https://doi.org/10.1084/jem.20180139
https://doi.org/10.1136/bmj.j2376
https://doi.org/10.1002/ijc.25815
https://doi.org/10.1002/ijc.25815
https://doi.org/10.1172/JCI35073
https://doi.org/10.1016/j.mrrev.2021.108371
https://doi.org/10.1016/j.mrrev.2021.108371
https://doi.org/10.1111/cdep.12021
https://doi.org/10.1038/ni.3704
https://doi.org/10.1038/ni.3704
https://doi.org/10.1016/j.mrgentox.2018.11.010
https://doi.org/10.1016/j.mrgentox.2018.11.010
https://doi.org/10.1089/met.2011.0117
https://doi.org/10.1089/met.2011.0117
https://doi.org/10.1016/j.mrgentox.2005.04.011
https://doi.org/10.1038/s41380-018-0259-2
https://doi.org/10.1089/ars.2015.6407
https://doi.org/10.1042/BCJ20170714
https://doi.org/10.1016/j.cca.2018.05.046
https://doi.org/10.1093/mutage/geu061


12 J. T. SMITH ET AL.

Noren Hooten N, Evans MK. 2019. Age and poverty status alter the 
coding and noncoding transcriptome. Aging (Albany NY). 
11(4):1189–1203. https://doi.org/10.18632/aging.101823

Noren Hooten N, Pacheco NL, Smith JT, Evans MK. 2022. )e accel-
erated aging phenotype: the role of race and social determinants of 
health on aging. Ageing Res Rev. 73:101536. https://doi.org/10.1016/j.
arr.2021.101536

Ostling O, Johanson KJ. 1984. Microelectrophoretic study of 
radiation-induced DNA damages in individual mammalian cells. 
Biochem Biophys Res Commun. 123(1):291–298. https://doi.
org/10.1016/0006-291x(84)90411-x

Pálmai-Pallag T, Bachrati CZ. 2014. In+ammation-induced DNA dam-
age and damage-induced in+ammation: a vicious cycle. Microbes 
Infect. 16(10):822–832. https://doi.org/10.1016/j.micinf.2014.10.001

Payne S. 2007. Not an equal opportunity disease–a sex and gender-based 
review of colorectal cancer in men and women: part I. J Men’s Health 
Gender. 4(2):131–139. https://doi.org/10.1016/j.jmhg.2007.03.005

R Core Team. 2025. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing.

Richter C, Park JW, Ames BN. 1988. Normal oxidative damage to mi-
tochondrial and nuclear DNA is extensive. Proc Natl Acad Sci U S 
A. 85(17):6465–6467. https://doi.org/10.1073/pnas.85.17.6465

Rodier F et  al. 2009. Persistent DNA damage signalling triggers 
senescence-associated in+ammatory cytokine secretion. Nat Cell 
Biol. 11(8):973–979. https://doi.org/10.1038/ncb1909

Roy A, Kandettu A, Ray S, Chakrabarty S. 2022. Mitochondrial DNA 
replication and repair defects: clinical phenotypes and therapeutic 
interventions. Biochim Biophys Acta Bioenerg. 1863(5):148554. 
https://doi.org/10.1016/j.bbabio.2022.148554

Rübe CE et  al. 2011. Accumulation of DNA damage in hematopoietic 
stem and progenitor cells during human aging. PLoS One. 
6(3):e17487. https://doi.org/10.1371/journal.pone.0017487

Scelo G, Li P, Chanudet E, Muller DC. 2018. Variability of sex disparities 
in cancer incidence over 30 years: the striking case of kidney cancer. 
Eur Urol Focus. 4(4):586–590. https://doi.org/10.1016/j.euf.2017.01.006

Shen B et  al. 2023. Association of race and poverty status with DNA 
methylation–based age. JAMA Netw Open. 6(4):e236340-e236340. 
https://doi.org/10.1001/jamanetworkopen.2023.6340

Shimura T et  al. 2025. Ionizing radiation triggers the release of mito-
chondrial DNA into the cytosol as a signal of mitochondrial dam-
age. Sci Rep. 15(1):23191. https://doi.org/10.1038/s41598-025-04845-0

Singh NP, McCoy MT, Tice RR, Schneider EL. 1988. A simple technique 
for quantitation of low levels of DNA damage in individual cells. Exp 
Cell Res. 175(1):184–191. https://doi.org/10.1016/0014-4827(88)90265-0

Smith JT et  al. 2023. Frailty, sex, and poverty are associated with DNA 
damage and repair in frail, middle-aged urban adults. DNA Repair 
(Amst). 129:103530. https://doi.org/10.1016/j.dnarep.2023.103530

Soares JP et  al. 2014. Aging and DNA damage in humans: a meta.anal-
ysis study. Aging (Albany NY). 6(6):432–439. https://doi.org/10.18632/
aging.100667

Soares P et  al. 2009. Correcting for purifying selection: an improved 
human mitochondrial molecular clock. Am J Hum Genet. 84(6):740–
759. https://doi.org/10.1016/j.ajhg.2009.05.001

Strath LJ, Sorge RE. 2022. Racial di-erences in pain, nutrition, and 
oxidative stress. Pain )er. 11(1):37–56. https://doi.org/10.1007/
s40122-022-00359-z

Sykora P et  al. 2018. Next generation high throughput DNA damage 
detection platform for genotoxic compound screening. Sci Rep. 
8(1):2771. https://doi.org/10.1038/s41598-018-20995-w

Szanton SL et  al. 2012. Racial discrimination is associated with a mea-
sure of red blood cell oxidative stress: a potential pathway for racial 
health disparities. Int J Behav Med. 19(4):489–495. https://doi.
org/10.1007/s12529-011-9188-z

Taylor SE. 2010. Mechanisms linking early life stress to adult health 
outcomes. Proc Natl Acad Sci USA. 107(19):8507–8512. https://doi.
org/10.1073/pnas.1003890107

Ter Horst R et  al. 2016. Host and environmental factors in+uencing 
individual human cytokine responses. Cell. 167(4):1111–1124.e1113. 
https://doi.org/10.1016/j.cell.2016.10.018

Torres-Gonzalez E, Makova KD. 2022. Exploring the e-ects of mitonucle-
ar interactions on mitochondrial DNA gene expression in humans. 
Front Genet. 13:797129. https://doi.org/10.3389/fgene.2022.797129

Trzeciak AR, Barnes J, Evans MK. 2008. A modi*ed alkaline comet 
assay for measuring DNA repair capacity in human populations. 
Radiat Res. 169(1):110–121. https://doi.org/10.1667/RR1101.1

Tylutka A, Walas /, Zembron-Lacny A. 2024. Level of IL-6, TNF, and 
IL-1β and age-related diseases: a systematic review and meta-analysis. 
Front Immunol. 15:1330386. https://doi.org/10.3389/*mmu.2024. 
1330386

US Department of Health and Human Services. 2004. Annual update 
of the HHS poverty guidelines. Federal Register. p 7336–7338.

van Oven M, Kayser M. 2009. Updated comprehensive phylogenetic 
tree of global human mitochondrial DNA variation. Hum Mutat. 
30(2):E386–394. https://doi.org/10.1002/humu.20921

Venter M, Malan L, Elson JL, van der Westhuizen FH. 2019. 
Implementing a new variant load model to investigate the role of 
mtDNA in oxidative stress and in+ammation in a bi-ethnic cohort: 
the SABPA study. Mitochondrial DNA A DNA Mapp Seq Anal. 
30(3):440–447. https://doi.org/10.1080/24701394.2018.1544248

Wang L et  al. 2023. Dose-dependent e-ects of radiation on mitochon-
drial morphology and clonogenic cell survival in human microvas-
cular endothelial cells. Cells. 13(1):39. https://doi.org/10.3390/
cells13010039

Watters JL et  al. 2007. Associations of antioxidant nutrients and oxida-
tive DNA damage in healthy African-American and white adults. 
Cancer Epidemiol Biomarkers Prev. 16(7):1428–1436. https://doi.
org/10.1158/1055-9965.EPI-06-1030

Watters JL et  al. 2009. Comparison of three oxidative stress biomarkers 
in a sample of healthy adults. Biomarkers. 14(8):587–595. https://doi.
org/10.3109/13547500903183954

Wautier M-P et  al. 2001. Activation of NADPH oxidase by AGE links 
oxidant stress to altered gene expression via RAGE. Am J Physiol 
Endocrinol Metab. 280(5):E685–E694. https://doi.org/10.1152/ajpen-
do.2001.280.5.E685

Wood DK, Weingeist DM, Bhatia SN, Engelward BP. 2010. Single cell 
trapping and DNA damage analysis using microwell arrays. Proc 
Natl Acad Sci U S A. 107(22):10008–10013. https://doi.org/10.1073/
pnas.1004056107

Xu X, Pang Y, Fan X. 2025. Mitochondria in oxidative stress, in+am-
mation and aging: from mechanisms to therapeutic advances. Signal 
Transduct Target )er. 10(1):190. https://doi.org/10.1038/s41392-025- 
02253-4

Yakes FM, Van Houten B. 1997. Mitochondrial DNA damage is more 
extensive and persists longer than nuclear DNA damage in human 
cells following oxidative stress. Proc Natl Acad Sci U S A. 94(2):514–
519. https://doi.org/10.1073/pnas.94.2.514

Zaidi AA, Makova KD. 2019. Investigating mitonuclear interactions in 
human admixed populations. Nat Ecol Evol. 3(2):213–222. https://
doi.org/10.1038/s41559-018-0766-1

Zaidi AA, Verma A, Morse C, Ritchie MD, Mathieson I. 2023. )e 
genetic and phenotypic correlates of mtDNA copy number in a 
multi-ancestry cohort. Hum Genet Genomics Adv. 4(3):100202. 
https://doi.org/10.1016/j.xhgg.2023.100202

Zheng C et  al. 2025. A pooled analysis of host factors that a-ect nu-
cleotide excision repair in humans. Mutagenesis. 40(2):137–144. 
https://doi.org/10.1093/mutage/geae028

https://doi.org/10.18632/aging.101823
https://doi.org/10.1016/j.arr.2021.101536
https://doi.org/10.1016/j.arr.2021.101536
https://doi.org/10.1016/0006-291x(84)90411-x
https://doi.org/10.1016/0006-291x(84)90411-x
https://doi.org/10.1016/j.micinf.2014.10.001
https://doi.org/10.1016/j.jmhg.2007.03.005
https://doi.org/10.1073/pnas.85.17.6465
https://doi.org/10.1038/ncb1909
https://doi.org/10.1016/j.bbabio.2022.148554
https://doi.org/10.1371/journal.pone.0017487
https://doi.org/10.1016/j.euf.2017.01.006
https://doi.org/10.1001/jamanetworkopen.2023.6340
https://doi.org/10.1038/s41598-025-04845-0
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.1016/j.dnarep.2023.103530
https://doi.org/10.18632/aging.100667
https://doi.org/10.18632/aging.100667
https://doi.org/10.1016/j.ajhg.2009.05.001
https://doi.org/10.1007/s40122-022-00359-z
https://doi.org/10.1007/s40122-022-00359-z
https://doi.org/10.1038/s41598-018-20995-w
https://doi.org/10.1007/s12529-011-9188-z
https://doi.org/10.1007/s12529-011-9188-z
https://doi.org/10.1073/pnas.1003890107
https://doi.org/10.1073/pnas.1003890107
https://doi.org/10.1016/j.cell.2016.10.018
https://doi.org/10.3389/fgene.2022.797129
https://doi.org/10.1667/RR1101.1
https://doi.org/10.3389/fimmu.2024.1330386
https://doi.org/10.3389/fimmu.2024.1330386
https://doi.org/10.1002/humu.20921
https://doi.org/10.1080/24701394.2018.1544248
https://doi.org/10.3390/cells13010039
https://doi.org/10.3390/cells13010039
https://doi.org/10.1158/1055-9965.EPI-06-1030
https://doi.org/10.1158/1055-9965.EPI-06-1030
https://doi.org/10.3109/13547500903183954
https://doi.org/10.3109/13547500903183954
https://doi.org/10.1152/ajpendo.2001.280.5.E685
https://doi.org/10.1152/ajpendo.2001.280.5.E685
https://doi.org/10.1073/pnas.1004056107
https://doi.org/10.1073/pnas.1004056107
https://doi.org/10.1038/s41392-025-02253-4
https://doi.org/10.1038/s41392-025-02253-4
https://doi.org/10.1073/pnas.94.2.514
https://doi.org/10.1038/s41559-018-0766-1
https://doi.org/10.1038/s41559-018-0766-1
https://doi.org/10.1016/j.xhgg.2023.100202
https://doi.org/10.1093/mutage/geae028


Sup Table 1. Regression result p-values from final models after removal of non-significant interaction terms 

A. 

Outcome Haplogroup 
(African) 

Sex 
(Men) 

Poverty Status 
(Below) Age†† 

Baseline DNA damage 0.769 0.364 0.556 0.223 
H2O2-induced DNA 
damage 0.124 0.006 0.510 0.375 

††Age is expressed as decade units from age 50 ( (age – 50)/10 ) 

B. 

Outcome 
Marker 
Name Marker 

Haplogroup 
(African) 

Sex 
(Men) 

Poverty 
Status 

(Below) Age 
Haplogroup* 

Marker 
Sex* 

Marker 

Poverty 
Status* 
Marker 

Age* 
Marker 

Baseline DNA 
damage IFN-γ† 0.342 0.786 0.361 0.635 0.276 - - - - 

Baseline DNA 
damage IL-6† 0.622 0.655 0.250 0.061 0.233 - - 0.020 - 

Baseline DNA 
damage IL-8† 0.016 0.669 0.293 0.672 0.249 - - - - 

Baseline DNA 
damage IL-10† 0.591 0.857 0.374 0.634 0.210 - - - - 

Baseline DNA 
damage TNF-α† 0.063 0.650 0.449 0.521 0.521 - - - - 

Baseline DNA 
damage hsCRP† 0.416 0.890 0.291 0.559 0.190 - - - - 

Baseline DNA 
damage Ferritin† 0.837 0.779 0.457 0.564 0.222 - - - - 

Baseline DNA 
damage 

Uric 
Acid 0.361 0.045 0.456 0.704 0.165 0.033 - - - 



Baseline DNA 
damage 

WBC 
level 

(high) 
0.528 0.561 0.532 0.360 0.770 - 0.014 0.016 0.012 

 

C. 

Outcome 
Marker 
Name Marker 

Haplogroup 
(African) 

Sex 
(Men) 

Poverty 
Status 

(Below) Age 
Haplogroup* 

Marker 
Sex* 

Marker 

Poverty 
Status* 
Marker 

Age* 
Marker 

H2O2-induced 
DNA damage IFN-γ† 0.793 0.182 0.008 0.404 0.425 - - - - 

H2O2-induced 
DNA damage IL-6† 0.013 0.419 <0.001 0.146 0.026 - - - 0.026 

H2O2-induced 
DNA damage IL-8† 0.579 0.258 0.007 0.396 0.416 - - - - 

H2O2-induced 
DNA damage IL-10† 0.930 0.185 0.008 0.419 0.419 - - - - 

H2O2-induced 
DNA damage TNF-α† 0.411 0.342 0.009 0.437 0.570 - - - - 

H2O2-induced 
DNA damage hsCRP† 0.148 0.209 0.003 0.504 0.285 - - - - 

H2O2-induced 
DNA damage Ferritin† 0.789 0.079 0.023 0.573 0.267 0.024 - - - 

H2O2-induced 
DNA damage 

Uric 
Acid 0.360 0.134 0.015 0.505 0.353 - - - - 

H2O2-induced 
DNA damage 

WBC 
level 

(high) 
0.036 0.159 0.005 0.039 0.296 - - 0.005 - 

† Values were log base 10 transformed for analysis due to positively skewed distribution 


