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Abstract

Objectives: Oxidative stress is hypothesized to contribute to age-related somatic deterioration.
Both reproductive and ecological context may necessitate tradeoffs that influence this outcome.
We examined whether measures of lifetime reproductive effort were related to levels of oxidative
stress biomarkers in peri- and post-menopausal women and whether associations were moderated
by rural or urban residence.

Methods: We surveyed 263 healthy women (age 62.1 + 10.0 SD) from rural (N=161) and

urban Poland (N=102), collecting sociodemographic data and urine samples to analyze biomarkers
of oxidative stress (8-0x0-2’-deoxyguanosine, 8-OHdG) and antioxidative defense (copper-zinc
superoxide dismutase, Cu-Zn SOD). Linear regression models, adjusted for residence, were used
to test for associations between reproductive effort and 8-OHdG and Cu-Zn SOD.

Results: Univariate models demonstrated significant associations between gravidity and the
biomarkers of oxidative stress (8-OHdG: R? = 0.042, p = <0.001 ; Cu-Zn SOD: R? = 0.123,

p = <0.001). Multivariate models incorporating potential confounding variables, as well as cross-
product interaction terms, indicated that gravidity was associated with 8-OHdG (p < 0.01, Rzadj
=0.067) and Cu-Zn SOD (p = 0.01, Rzadj =0.159). Residence (i.e urban v. rural) did not
significantly moderate the associations between the biomarkers and reproductive effort.
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Conclusions: Higher lifetime reproductive effort contributes to increases in oxidative stress
and antioxidative defenses. Our results provide evidence of potential mechanisms underlying

the physiological tradeoffs influencing senescence for women with high reproductive effort. We
illustrate the value of applying an evolutionary perspective to elucidate variation in human health
and senescence.

Keywords
Senescence; tradeoffs; oxidative stress; costs of reproduction; evolutionary theory

Background and objectives

A central conceptual framework in evolutionary biology is life history theory, stating that
natural selection favors organisms that allocate their finite somatic resources over the course
of their lives to optimize fitness (Bogin and Smith, 1996; Gadgil and Bossert, 1970;
Partridge and Barton, 1996; Stearns, 1989). When resources are limited, organisms may
face tradeoffs resulting from allocation challenges between reproductive effort and somatic
maintenance (Ellison, 2003; Jasienska, 2009; Prentice and Goldberg, 2000). Reproduction
exacts costs, as finite energetic resources can be diverted away from genetic, cellular,

and tissue repair, potentially contributing to somatic deterioration (Bell, 1980; Bell and
Koufopanou, 1986; Calow, 1979; Ellison, 2003; Harshman and Zera, 2007; Reznick, 1985;
Williams, 1966). In human females, the metabolic costs of reproduction are particularly
evident during pregnancy and lactation (Durnin, 1991; Goldberg and others, 1993; Jasienska,
2020; Prentice and Prentice, 1988). The manifestation of these costs has been investigated
in various ways, mostly by examining the relationship between lifetime investment in
reproductive effort and lifespan (Beise and Voland, 2002; Helle and others, 2002; Helle

and others, 2010; Jasienska and others, 2006) or disease risk (Prentice and Goldberg, 2000;
Prentice and others, 1983).

Predicted tradeoffs between reproductive effort and lifespan have been the focus of
considerable discussion (Kirkwood and Rose, 1991; Partridge and others, 2005). Expanding
on the Disposable Soma Theory, Kirkwood and colleagues proposed this tradeoff should
exist in humans, although the relationship between parity and lifespan in humans was noted
as early as 1900 (Beeton and others, 1900; Kirkwood and Rose, 1991; Westendorp and
Kirkwood, 1998). Using church records from the Mogielica Human Ecology Study Site

in rural Poland, Jasienska and colleagues (2006) reported results that were consistent with
predicted trade-offs, noting that women with higher parity had shorter lifespans.

With respect to tradeoffs, there are, however, mixed results in the literature. Among the Sami
of Finland as well as rural Ethiopians, maternal longevity was reported to be shorter with
number of sons but not daughters, implying that offspring sex may be an important variable
affecting maternal lifespan (Gibson and Mace, 2003; Helle and others, 2002). In contrast,

a study of two pre-modern populations of Germany (1720-1874) and Canada (1608-1760)
reported no significant effect of parity on lifespan (Beise and Voland, 2002). Similarly, no
parity effect on maternal lifespan was found among Swedish Sami women (Cesarini and
others, 2007). They argued that the earlier results of Helle et al. (2002) were a false positive
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due to small sample size (Cesarini and others, 2009). They also suggested that the Helle
results were unique to the Sami from Finland and not generalizable to other populations.
However, supplementary analyses of the original Sami dataset from Finland with increased
sample sizes and the addition of non-Sami Finnish women support the original conclusions
of the Helle group (Helle and others, 2010).

Jasienska (2009) argued that these varying results are due to methodological and population
differences. She suggested, for example that the energetic costs of lactation, which are
higher than gestation, are not fully incorporated into studies of reproduction and lifespan.
She also added that maternal energetic status needs to be taken into consideration. Lifespan
variation is subject to numerous factors outside of reproductive effort, including gene/
environment interactions, socioeconomic factors, and disease challenges (Bae and others,
2017; Dato and others, 2017). While associations between lifespan and reproductive effort
may be a useful test of the predicted life history tradeoff in semelparous and short-lived
organisms (Oakwood and others, 2001; Partridge and Farquhar, 1981; Partridge and others,
2005), variation in lifespan in association with reproductive effort may simply be too blunt
of a measure to test the expected tradeoffs between reproductive effort and aging, especially
in a long-lived iteroparous species such as Homo sapiens. A more nuanced and targeted
physiological assessment may be merited and more informative. Examining a physiological
cost that directly results from metabolic investment in reproduction such as oxidative stress
would be clarifying.

This study seeks to advance our understanding of the long-term costs of reproduction

by examining associations between reproductive effort and biomarkers of oxidative stress
and antioxidant response. This is because limited empirical research has investigated the
physiological mechanisms underlying the costs of reproduction during the lifetime of
individual women. We draw from a dataset collected in peri- and post-menopausal women
living in two distinct ecologies in Poland.

Oxidative stress

An established physiological contributor to senescence is oxidative stress (OS), which
refers to the imbalance between the production of damaging reactive oxidative species
(ROS), their utilization, and the detoxification of these agents via antioxidant defenses
(Finkel and Holbrook, 2000; Liguori and others, 2018). ROS results from electrons
escaping the mitochondrial transport chain during oxidative phosphorylation. Though they
are an inevitable aspect of aerobic metabolism and other vital cellular processes, excessive
concentrations of ROS can incur significant damage to cellular lipids, nucleic acids, and
proteins (Agarwal and others, 2005; Aruoma, 1998; Block and others, 2002; Finkel and
Holbrook, 2000).

To avoid and alleviate OS, organisms have the ability to neutralize ROS and repair their
damage via enzymatic and non-enzymatic agents (Beckman and Ames, 1997). Intracellular
antioxidant defense is provided largely by specific enzymes such as superoxide dismutase
(SOD) and glutathione peroxidase (Bannister and others, 1987). The effectiveness of

these protective mechanisms, and levels of ROS generated, determine whether there is an
imbalance in the body, and the extent of OS.
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Physical activity levels also contribute to metabolic rates since energy conversion and
mobilization will vary depending on the performance of different tasks. Variation in physical
activity is therefore expected to influence the rates of ROS production and OS. Compelling
evidence supports the link between activity, and OS (Alessio, 1993; Alessio and others,
2000; Finaud and others, 2006; Powers and Jackson, 2008). For example, studies have
shown that acute bouts of vigorous physical activity can increase ROS production and
oxidative damage, while moderate increases in metabolic rate can reduce or have no
significant effect on OS (Alessio and others, 2000; Campbell and others, 2010; Devries and
others, 2008; Elosua and others, 2003; Mori and others, 1999; Samjoo and others, 2013).
Thus, it is hypothesized that people differing in the level of vigorous activity may also differ
in their levels of OS.

Oxidative stress & senescence

OS is an appropriate biomarker of senescence due to its role as a key physiological
contributor to age-related somatic deterioration. While the impact and effects of OS on
aging can vary across species (Martinez-Moral and Kannan, 2019; Metcalfe and Monaghan,
2013; Pérez and others, 2009), the effects of oxidative stress on age-associated cellular,
genetic, and tissue damage are well-established. The link between OS and senescence

is supported by studies demonstrating increasing ROS-induced damage to DNA, lipids,
and proteins, with increasing age in many organisms, including humans, mice, Drosophila
melanogaster, and C. elegans (Beckman and Ames, 1997; Hamilton and others, 2001).
There is also well established evidence that oxidative damage is implicated in the
pathogenesis of several age-related diseases, including cardiovascular disease, cancer,
diabetes, hypertension, neurodegenerative and hepatic diseases, and chronic inflammation
(Aruoma, 1998; Frijhoff and others, 2015). Despite ongoing debate regarding the ultimate
relevance of this connection, together these studies suggest that oxidative stress is related
to physiological changes associated with senescence, including age-related pathologies
and mortality risk (Kasapoglu and Ozben, 2001). However, the ultimate relevance of this
connection - in terms of its effect on lifespan - is still under debate.

Oxidative stress & reproduction

OS varies between and within individuals across the course of their lives, as external
conditions, behaviors, and life events influence the production of ROS and antioxidative
agents. For women, reproduction affects the generation of ROS, as well as protective
capacities through antioxidant defenses (Agarwal and others, 2005; Agarwal and others,
2003; Alonso-Alvarez and others, 2004; Speakman and Garratt, 2014). One reason for this
shift is the high energetic and aerobic requirements of pregnancy and lactation, increases
in the generation of ROS and potentially overtaxing physiological defense mechanisms,
shifting the balance of the system toward the accumulation of OS (Hung and others, 2010;
Sharma and others, 2011; Zheng and others, 2015). Pregnancy additionally alters lipid
metabolism and typically increases circulating cholesterol levels, conditions associated with
increased ROS production (Brizzi and others, 1999; Toescu and others, 2002). Increases

in body fat that are often associated with pregnancy weight-gain, particularly abdominal
fat, are further expected to drive an increase in the production of ROS during this period
(Martinez-Moral and Kannan, 2019). The systemic inflammatory response associated with
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normal pregnancy has also been demonstrated to lead to increased ROS production, and this
condition has been observed to an even greater degree in preeclamptic pregnancies (Brizzi
and others, 1999; Toescu and others, 2002).

Though the production of ROS is expected to increase as a result of the physiological
changes associated with investment in reproduction, there is limited evidence about whether
this alteration in the generation of ROS translates into an accumulated or long-lasting
increase in OS levels, representing a potential lifetime cost of reproduction (Ziomkiewicz
and others, 2017; Ziomkiewicz and others, 2016). Some studies have suggested both that
biomarkers of OS return to normal in the post-partum period, while others implied that

these indicators remain elevated long after gestation is complete (Mutlu and others, 2012;
Toescu and others, 2002). As aging results in the decline of physiological function, including
decreases in the efficiency of the management of oxidative stress, senescence may contribute
to variation in this persistence of OS. The accumulation of OS biomarkers such as 8-OHdG
with age has been well documented in rat models and humans (Kaneo and others, 1996;
Sakano and others, 2009a). In contrast, 8-OHdG levels were negatively associated with age
in female rhesus macaques (Georgiev and others, 2015). While it is thought that age-related
increases in mitochondrial and cellular ROS production are likely to contribute to the
persistence and presence of elevated biomarkers of OS, additional research is necessary to
parse out the impact of phylogenetic, environmental, and life history variables. This was one
of the motivating factors for the current investigation.

Furthermore, the degree to which OS accumulates with consecutive pregnancies appears
to vary across studies. For example, previous analyses of OS levels and reproductive
investment in rural Polish women have shown significant associations between OS
biomarkers and a composite measure of reproductive investment (Ziomkiewicz and
others, 2016). However, follow-up research that broadened the ecological context of
these studies with the investigation of urban American participants demonstrated no
significant association between biomarkers of OS and reproductive investment for post-
menopausal women (Ziomkiewicz and others, 2017). This revealed that ecological and
lifestyle conditions that contribute to women’s energetic status may contribute to variation
in vulnerability to OS in association with reproductive effort (Jasienska, 2009). This
investigation builds on these studies by interrogating the influence of ecological variation
and comparing OS biomarkers between rural and urban Polish women.

This study examines, for a sample of Polish women, whether reproductive effort is
associated with oxidative stress biomarkers and antioxidant levels. We hypothesize that
gravidity is positively associated with greater exposure to oxidative stress, whereby greater
OS would possibly contribute to accelerated senescence and greater somatic deterioration.
We further ask whether this association is moderated by lifestyle factors, represented here
vigresidence in rural or urban locales.

We tested relationships between reproductive effort, indicated by gravidity, and two urinary
biomarkers: 8-hydroxy-2’-deoxyguanosine (8-OHdG) - an indicator of oxidative DNA
damage - and copper-zinc superoxide dismutase (Cu-Zn SOD) - an endogenous antioxidant
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enzyme that catalyzes the breakdown of ROS. Our biomarkers were chosen because they are
easily measured from urine samples, which can be collected non-invasively and stored safely
under field conditions. These methods have also been validated by commercial ELISAS,

and are largely unaffected by potential confounding factors such as dietary composition,
specifically foods that contain antioxidants (Kashino and others, 2018; Kim and others,
2011; Zanolin and others, 2015). Our biomarkers are also widely used in the studies as
representing a direct assessment of excised and excreted guanine base-pair lesions resulting
from ROS within the whole body (Kim and others, 2011; Matsumoto and others, 2008;
Sakano and others, 2009b; Valavanidis and others, 2009; Zanolin and others, 2015).

Study participants were healthy women (n = 263; mean age: 62.2, SD = 10.0) living in rural
(N = 161) and urban Poland (N = 102). Rural women were recruited from the Mogielica
Human Ecology Study Site. This field site consists of several villages in the Carpathian
Mountains where, due to the mountainous terrain, women typically engaged in intense
physical activity associated with seasonally demanding agricultural work during most of
their lives (Jasienska, 2013; Jasienska and Ellison, 2004). The urban study site consisted of
Krakow (population: 761,000) and Gliwice (population: 183,000), two cities 70 km and 175
km from the rural field site (respectively) (Gléwny Urzad Statystyczny, 2015). Participants
were recruited from the general population via door-to-door visits to their homes or via
referral through community groups.

Sample size for each sub-sample was determined a priori using a power analysis of 2013
data from 100 post-menopausal women residing at the Mogielica Human Ecology Study
Site, results that were published in Ziomkiewicz et al (2016). A power analysis indicated a
necessary sample size of 114 participants to demonstrate statistically significant correlative
results with a 1- B set at 0.80, using G*Power software (version 3.0.10). All sample and

data collection for the present study occurred in the summers between July 2014 and August
2016, and laboratory analyses in 2017-18. The study protocol was reviewed and approved
by the Bioethical Committee of Jagiellonian University and the Institutional Review Board
of Yale University (HIC/HSC Protocol # 1505015877).

Data collection

Upon obtaining written consent, female research assistants, trained by experienced
researchers from Jagiellonian University, collected sociodemographic and anthropometric
data in participants’ homes. Interview data included information about age, level of
education, marital status, current and previous employment, physical workload, long-term
health problems, medical history, use of medication, lifestyle factors such as smoking

and alcohol consumption, and reproductive history. Anthropometric measurements included
height, weight, body fat percentage, and waist circumference. Body height and sitting height
were measured using a stadiometer. Body mass, body fat percentage, and abdominal fat
were assessed by bioelectrical impedance analysis using a TANITA scale (Model BC 545),
measured to the nearest 0.1 kg (for body mass) and 0.1% (for body fat).
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Menopausal status was established based on information from self-reports of menopausal
age and timing of participants’ most recent menstruation. Women were determined to

be postmenopausal if they reported a year or more since their last menstruation, or had
undergone procedures that caused the cessation of regular menstrual cycles (Kaufert and
others, 1987). Previous research has demonstrated that cessation of menstruation of 12

or more months is associated with hormonal indicators of post-menopausal status, and

that self-report data on menopausal status have high reproducibility (Bertone-Johnson and
others, 2018; Colditz and others, 1987; Rodstrom and others, 2005; Sievert, 2005). Women
who had menstruation patterns that were irregular or who had their last menstrual period
within a year of data collection were classified as peri-menopausal.

Reproductive effort was quantified on the basis of total lifetime number of pregnancies
(gravidity), including number of live births, still births, and miscarriages. We did not analyze
recall data on lactation duration. Previous research with this population has shown that
number of pregnancies is highly correlated with time spent on lactation, suggesting that

the inclusion of this variable was not likely to improve statistical models (Ziomkiewicz and
others, 2016).

Participants collected a single first morning urine sample in sterile specimen containers on
the day following interviews. Samples were retrieved from participants at their homes on the
same morning, aliquoted into separate vials, and frozen at —80C within an hour of collection
according to the assay manufacturer and other published validated protocols (Matsumoto
and others, 2008).

The urine samples remained in Poland for the duration of data collection and were
transported on dry ice to the Yale Reproductive Ecology Laboratory (YREL) in the
Department of Anthropology at Yale University. Samples remained frozen at —80C until
laboratory analyses were conducted. These protocols were carried out in accordance with
recommendations and protocols from previous studies on the collection, storage, and
shipping protocols for urinary oxidative stress measurements (Matsumoto and others, 2008;
Ziomkiewicz and others, 2016).

Lab analyses

Two urinary biomarkers of OS were measured in these samples. Directly measuring ROS
levels is difficult due to their short half-life within the body (Halliwell and Whiteman,
2004; Poljsak and Jamnik, 2010). Consequently, human studies have typically used indirect
biomarkers to quantify ROS, particularly indicators of antioxidants, and of DNA and lipid
repair (Halliwell and Whiteman, 2004). We analyzed two biomarkers of OS: (1) repaired
oxidative damage to DNA via measurements of 8-hydroxy-2-deoxyguanosine (8-OHdG),
and (2) antioxidant defense via measurements of copper-zinc superoxide dismutase, an
antioxidant enzyme (Cu-Zn SOD).

8-OHdG is a modified nucleotide base and a byproduct of guanine base pair damage
caused by ROS, excreted in the urine upon repair (Chiou and others, 2003). Measurements
of 8-OHdG are frequently utilized to indirectly quantify OS levels, as it is one of the
predominant forms of free radical-induced oxidative lesions (Chiou and others, 2003;
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Valavanidis and others, 2009). 8-OHdG has been used widely both for the measurement
of endogenous oxidative DNA damage, and as a tool of risk assessment of various aging-
related degenerative diseases and cancers (Chiou and others, 2003; Valavanidis and others,
2009).

Cu-Zn superoxide dismutase (Cu-Zn SOD) is an endogenously produced antioxidant
enzyme that catalyzes the breakdown of toxic superoxide radicals to free oxygen and
hydrogen peroxide (Bannister and others, 1987). Three major superoxide dismutase families
exist, and these enzymes are classified based on their protein structure and the metal cofactor
with which it must bind to enable the enzyme’s activity (Sheng and others, 2014). Cu-Zn
SOD, which binds to both copper and zinc and is the most common form of the enzyme

in eukaryotes, has been demonstrated to be induced by ROS production and detoxify ROS,
affecting lifespan in multiple organisms (Sheng and others, 2014).

Urine concentration was determined using specific gravity measurements using an Atago
4410 PAL-10S digital pocket refractometer (range: 1.000-1.060). All samples were

then analyzed for levels of 8-OHdG and Cu-Zn SOD using commercial enzyme-linked
immunosorbent assay (ELISA) Kits in accordance with manufacturer directions and
procedures at the Yale Reproductive Ecology Laboratory at Yale University (YREL). A
DNA damage EIA kit (Enzo Life Sciences, catalogue number ADI-EKS-350) was used to
measure levels of 8-OHAG. The sensitivity of this assay kit reported by the manufacturer is
0.59 ng/mL. Levels of the antioxidant enzyme Cu-Zn superoxide dismutase were measured
using the human Cu-Zn SOD EIA (Enzo Life Sciences, catalog number ALX-850-033),
which has a manufacturer-reported sensitivity level of 0.04 ng/mL. All samples were run

in duplicates and the mean measurements of the biomarkers were calculated. Biomarker
measurements were corrected for urine concentration based on urine sample specific gravity.
The average quality control inter-assay variability was 17.1 % for 8-OHdG and 13.7% for
Cu-Zn-SOD, and the average intra-assay variability for 8-OHdG was 5.9% and 10.3% for
Cu-Zn-SOD.

Statistical analyses

All analyses were conducted using R Statistical Software (R Core Team, 2018). Alpha was
set at 0.05. Though there are well-documented effects of smoking on oxidative stress levels,
the 17 current smokers in this study did not demonstrate significantly different biomarker
levels than non-smoking participants of similar ages and reproductive histories, so were
included in all analyses (results not shown). Because of the advanced age of much of the
study sample, 61% of participants reported some sort of long-term health problem (e.g. high
cholesterol or cancer). 19% of participants had undergone hormone replacement therapy at
some point in their lives, for an average of 3.17 years.

Linear regression models were used to separately test for associations between reproductive
effort (defined based on gravidity levels) and levels of each biomarker of oxidative stress (8-
OHdG) and antioxidative defense (Cu-Zn SOD). Univariate linear regression models were

employed to assess the associations between the biomarkers of oxidative damage (8-OHdG)
and antioxidative defense (Cu-Zn SOD). Further, we utilized polynomial regression models
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to test whether there was a U-shaped association between oxidative stress biomarkers and
gravidity.

Additionally, a range of variables considered a priori as potential confounders were added to
the models. These variables were included in the analyses because they have been shown to
independently influence oxidative stress levels (Martinez-Moral and Kannan, 2019). Models
were used to assess the contributions of independent variables, as well as cross-product
interaction terms for gravidity and rural/urban location, on outcome variables reflecting
oxidative stress.

Sample characteristics

Our total sample population included 263 women (Table 1), namely 161 rural and 102 urban
participants. Average age was 62.1 (SD = 10.0). Number of pregnancies ranged from zero to
fourteen. A high average body mass index (30.0 kg/m?; SD = 5.6) indicates that participants
were not likely energetically challenged at the time of sampling.

Of this sample, 217 women were post-menopausal, and 46 peri-menopausal. Biomarker
levels did not significantly differ between post- and peri-menopausal women (p = 0.12
for 8-OHAG; p = 0.88 for Cu-Zn SOD), thus, samples from all women were included in
subsequent analyses.

Of the 263 urine samples, 252 provided reliable within-range measurements detectable by
the ELISA kit for the measurement of DNA damage caused by ROS, 8-OHdG, and 204
samples provided within-range measurements v/athe ELISA kit for the antioxidant enzyme
Cu-Zn SOD, and 201 provided within-range measurements for both. Average levels of
oxidative stress biomarkers in the sample populations were 49.04 ng/ml (SD = 27.79) for
8-OHdG and 2.82 ng/ml (SD = 3.49) for Cu/zZn SOD.

The two biomarkers (8-OHdG and Cu-Zn SOD) were significantly positively associated
(R2=0.10, p < 0.001).

Oxidative stress & reproductive effort

Univariate models demonstrated significant associations between gravidity and the
biomarkers of oxidative stress (8-OHdG: p Estimate = 0.21, R2 = 0.042, p = <0.001 ;
Cu-Zn SOD: B Estimate = 0.36, RZ = 0.123, p = <0.001) (Figure 1a & 1b). These results
indicate that women with higher gravidity had higher levels of oxidative stress biomarker
and antioxidant enzyme levels than women with lower gravidity.

Expanded models (including additional age, BMI, marital status, education, menopausal
status, smoking status, long-term health concerns, and alcohol use) also demonstrated
significant association between gravidity and the biomarkers of oxidative stress. Sensitivity
analyses indicated that the results of these expanded models did not significantly differ from
the univariate models (p > 0.05 for both 8-OHdG and Cu-Zn SOD). Robustness checks
confirmed this significance when below-curve out-of-range samples were assigned low
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values and included in analyses. Second order polynomial regression analyses demonstrated
no evidence for U-shaped associations between gravidity and levels of oxidative stress
biomarkers.

Oxidative stress, reproductive effort, & residence location

For the overall sample, there were statistically significant associations between gravidity
and the biomarkers of oxidative stress when models included the interaction term (residence
and gravidity) and additional potential confounding variables. Controlling for additional
independent variables, 8-OHdG (p = 0.23, p < 0.01, Rzadj =0.067) and Cu-Zn SOD (B =
0.26, p <0.01, Rzadj = 0.159) were associated with gravidity (Table 2). However, though
means of 8-OHdG and Cu-Zn SOD differed between urban/rural women (Table 1), neither
the interaction term nor residence were associated with 8-OHdG or Cu-Zn SOD (Table 2).

Discussion

This study demonstrated modest positive associations between measures of reproductive
effort and biomarkers of oxidative damage (8-OHdG) and antioxidative defense (Cu-Zn
SOD) in a sample of peri- and post-menopausal Polish women. Women residing in rural
areas had, on average, higher levels of 8-OHdG and SOD than urban women. Residence (i.e.
urban v. rural) was not significantly associated with the biomarkers, nor did it significantly
moderate the associations between the biomarkers and reproductive effort.

Positive associations between gravidity and levels of oxidative damage lend support to

the hypothesis that, for women, increased reproductive effort contributes to long-lasting

OS due to increased ROS production; however, the fraction of the variance explained in

the data is small. In turn, higher reproductive effort was associated with higher levels of
protective factors, as signaled by positive associations with antioxidant enzyme, even after
menopause. Taken together, these results indicate that an imbalance between damaging ROS
and protective mechanisms remains, even though levels of antioxidant enzymes increase

to help minimize the accumulation of somatic damage associated with reproduction. This
imbalance leads to the accumulation of oxidative damage in association with increased
reproductive effort.

The biological significance of positive associations between OS levels and reproductive
effort remains undetermined. Notably, previous research has demonstrated that increased
OS levels are associated with increased mortality and the development of many age-related
diseases, independent of baseline health status (Schottker and others, 2014). These findings
suggest that the increased oxidative stress biomarkers may represent costs of reproduction,
potentially leading to accelerated senescence, and therefore decreased lifespan through
accumulation of cellular and tissue damage.

By measuring two complementary biomarkers, this study elucidated ways in which these
potential trade-offs might be mitigated. They allowed us to investigate whether the tradeoffs
between reproductive effort and somatic deterioration have occurred in this population, as
predicted by life history theory (Bell, 1980; Calow, 1979; Dowling and Simmons, 2009;
Ellison, 2003; Jasienska, 2009). We demonstrated an increase in oxidative damage in
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association with reproductive effort, as well as an increase in protective factors, indicating
that women may have been able to simultaneously devote resources to both reproduction
and somatic maintenance. The combined biomarker results indicate that women may have
minimized the costs of increased investment in reproductive effort, mitigating potential
physiological tradeoffs, while still experiencing some associated damage.

Results of this nature have prompted a potentially complementary hypothesis to explain the
association between reproductive effort and biomarkers of antioxidative defenses, termed
the ‘oxidative shielding hypothesis’ (Blount and others, 2016). This hypothesis states that
women actively protect gametes and their offspring during pregnancy by increasing their
antioxidative defense levels in order to lessen the potential costs of reproduction that can
cause physiological harm to themselves and their offspring (Blount and others, 2016).
Research demonstrating significantly lower levels of oxidative stress in females during
reproductive periods, relative to females in non-reproductive states, is cited as support for
this hypothesis (Blount and others, 2016). Our findings indicate that antioxidative defenses
are positively associated with reproductive effort, consistent with predictions stemming from
this hypothesis. However, the demonstrated imbalance between damaging and protective
factors indicates that the costs of reproductive effort have not been fully mitigated within
this population.

We demonstrate these costs using urinary biomarkers of OS and antioxidant enzymes,
which were measured because they allow for whole-body assessment of damage and
defense. Excised damage and antioxidant enzyme levels in urine reflect circulating levels
of these biomarkers (Halliwell and Whiteman, 2004). Urinary 8-OHdG and Cu-Zn SOD
were also chosen because the collection and analysis of urine is relatively non-invasive

and field-friendly. This facilitated the collection of samples and data in this population of
interest, despite its relatively remote location to laboratory where analyses were conducted
(PoljSak and Jamnik, 2010). Despite its advantages, the use of biomarkers limits our ability
to make statements about the long-lasting physiological effects of reproductive effort on
the areas of the body that are most likely to be affected by the process of pregnancy,

as urinary biomarkers employed here are not tissue- or system-specific. Moreover, while
the metabolic clearance pathway and assessment of urinary 8-OHdG is well established
and widely deployed, measurements of Cu Zn SOD in urine should be interpreted with
caution since the clearance mechanism and association between urinary, serum, and cellular
assessments of Cu Zn SOD are less well understood (Adachi and others, 1992; Adachi and
others, 1988; Adachi and others, 1999; Gyuraszova and others, 2018).

Another study limitation is that research with a post-menopausal sample population is
unable to determine how consecutive pregnancies affected women’s oxidative stress levels
in the short-term, and therefore assess the costs of their reproductive effort during their
reproductive lifespans. However, from an evolutionary perspective, research with post-
menopausal women provides the ability to assess variation in the long-term accumulated
costs that have resulted from tradeoffs women have made across the course of their lives
(Vitzthum, 2008). Future research with pre-menopausal or pregnant women — and, ideally,
longitudinal research across the reproductive episodes through menopause — would help to
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elucidate the shorter-term costs of potential tradeoffs and complement the work we present
here.

These results replicate and build upon previous research conducted in post-menopausal rural
Polish women (Ziomkiewicz and others, 2016). The present study includes urban women
and thus allow to generalized conclusion on the whole population of postmenopausal women
regardless of place of residence. It also has a larger sample size than our 2016 study,

which facilitated the use of linear regression models that incorporated more confounding
variables than the previous study, and were able to directly demonstrate the associations
between the continuous variables of reproductive effort and the biomarkers of oxidative
stress and defense. It also used an analytical method that could better capture variation in
gravidity data, improving on the 2016 study which integrated gravidity into linear models as
a categorical variable of “high” and “low” groups (< 4 and = 4 pregnancies). Because the
variation in the measurements of reproductive effort employed here is not categorized into
high and low gravidity groups, we are able to demonstrate the degree to which oxidative
stress and defense levels might accrue with increased number or months of pregnancy. Given
the results obtained with a larger sample collected in two locales and a more sensitive
analysis of data, the present study lends further support to the primary finding of the 2016
study, that reproductive effort is significantly associated with biomarkers of oxidative stress
and defense.

Other previous studies examining OS as a physiological cost of reproductive effort have
typically pointed to the high metabolic costs of pregnancy and lactation as a likely
driving force contributing to the imbalance between the production and protection from
ROS (Alonso-Alvarez and others, 2004; Butte and King, 2005). The sustained increase

in metabolic rate associated with these processes may necessitate that energetic resources
are allocated away from somatic maintenance and toward reproductive effort, particularly
in environmental contexts of limited resources (Ellison, 2003). Limited energy intake and
energy stores are unlikely to be the primary factors eliciting a tradeoff between OS and
reproductive investment among women in this sample, as this and previous studies have
indicated that women at this field site have relatively high and stable amounts of energy
stored in their bodies (Jasienska and Ellison, 1998). Rather, factors such as high physical
activity demands during their reproductive periods, which are expected to influence ROS
production, are likely to have more saliently contributed to the ways in which reproductive
costs have been manifested within this sample (Powers and Jackson, 2008).

Though our results did not indicate that residence location moderated the association
between OS and gravidity, continued research should investigate how lifestyle factors,
including habitual levels of energy expenditure, influence women’s tradeoffs during their
reproductive lifetime. Future work should intentionally incorporate and analyze data on
physical activity level as a potential moderator of the association between reproductive effort
and oxidative stress. These data might be collected retrospectively with post-reproductive
individuals, or directly, as an aspect of research with pre-menopausal women. Meta-analyses
on this topic have also called for increased research with model organisms in laboratory
settings in which reproductive environments are manipulated so that energetic resources are
limited, necessitating life history tradeoffs within these artificial settings (Speakman and
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Garratt, 2014). These approaches would amplify and elucidate the allocation decisions faced
by individuals during their reproductive lives.

This study lends support to the hypothesis that increased reproductive effort contributes

to increased oxidative stress in women. Our hypotheses were informed by life history
theory and based on the expectation that the investment in reproductive effort would
necessitate tradeoffs requiring the allocation of resources away from somatic maintenance.
Reproduction exacts costs, as finite energetic resources are diverted away from the soma,
resulting in tradeoffs with consequences such as increased risks of morbidity and mortality.
Our results contribute to understanding of occurrence of tradeoffs by providing evidence
of potential mechanisms through which the physiological conditions of women with high
reproductive effort is influenced. We illustrate the value of applying an evolutionary
perspective to elucidate variation in human health and senescence.
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Figure 1.

Scatter plots depicting the association between gravidity and 8-Oxo-2’-deoxyguanosine,
A, (y = 39.25 + 2.73(gravidity)) and copper-zinc superoxide dismutase, B, (y = 0.95 +
0.55(gravidity))
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Anthropometric, demographic, and reproductive characteristics of Polish women in the study group.

Table 1.

Antioxidant enzyme

N =263 Rural N=161 | Urban N =102 Total
Mean SD Mean SD p Mean SD
Age (years) 62.5 101 | 613 103 | 029 621 100
Age at menopause (years) 50.6 43 49.3 4.8 0.04 50.1 45
Height (cm) 157.8 6.0 159.7 5.7 0.01 1585 6.0
Weight (kg) 76.7 151 | 736 133 | 011 754 146
BMI (kg/m?) 30.8 5.7 28.9 51 0.01 30.0 5.6
Body fat (%) 37.7 7.0 37.3 6.4 0.89 37.4 7.0
Abdominal fat (%) 10.3 35 9.3 3.0 003 99 34
Education (years) 10.1 3.2 13.3 3.0 133 11.4 35
Gravidity 4.1 21 19 1.2 <0.01 34 2.2
Parity 4.1 2.0 2.0 0.9 <0.01 33 2.0
Lifetime number of months spent pregnant ~ 37.7 179 | 16.8 11.9 <0.01 29.6 18.9
E;‘—OH dG 53.1 30.2 | 420 21.6 <0.01 488 217
(ng/mL)
Biomarker of oxidative damage
(;U—Zn SOD 4.0 4.1 13 15 <0.01 28 35
(ng/mL)

TB—Oxo—Z’—deoxyguanosine;

’tCopper—zinc superoxide dismutase
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Regression analyses for gravidity and biomarkers (oxidative stress and antioxidant defense, 8-OHdG and

Table 2.
Cu-Zn SOD).
8-oHdGT B Coeff (SE) | Pvalue | Modd R2
Intercept 0 0.004 0.067
Age -0.076 (0.23) | 0.387
BMI -0.096 (0.32) | 0.140
Marital status -0.038 (4.15) | 0.595
Education (years) -0.047 (2.19) | 0.572
Menopausal status -0.108 (5.50) | 0.155
Smoking 0.029 (5.18) | 0.660
Long-term Health Problems -0.048 (3.78) | 0.474
Gravidity 0.231(1.10) | 0.008
Rural/urban sample -0.027 (7.61) | 0.841
Alcohol use -0.092 (3.77) | 0.156
Gravidity * Rural/urban sample | —0.120 (2.47) | 0.278
cu-zn sopf B Coeff (SE) | Pvalue | Modd R?
Intercept 0 <0.001 0.159
Age 0.027 (0.03) | 0.766
BMI 0.006 (0.042) | 0.925
Marital status -0.070 (0.54) | 0.361
Education (years) -0.052 (0.29) | 0.560
Menopausal status -0.117 (0.76) | 0.146
Smoking -0.050 (0.72) | 0.468
Long-term Health Problems -0.004 (0.49) | 0.954
Alcohol use -0.071 (0.51) | 0.303
Gravidity 0.263 (0.15) | 0.006
Rural/urban sample -0.094 (0.97) | 0.499
Gravidity * Rural/urban sample | —0.188 (0.31) | 0.091

78—0x0—2’—deoxyguanosine;

’tCopper—zinc superoxide dismutase Presents association between biomarkers and gravidity, possible confounding variables, and residence location.

N =263.
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