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Abstract  It is unknown how the DNA repair enzyme 
OGG1 relates to healthy aging in humans, in particu-
lar to inflammaging, that is associated with increased 
levels of TNF-α. This study aimed (1) to investigate 
how 24-h profiles for OGG1 change during healthy 
aging and (2) to analyze the relationship of OGG1 with 
TNF-α, central body fat, cortisol and oxidative DNA/
RNA damage. In a cross-sectional study in 20 healthy 
older and 20 young women, salivary levels of OGG1, 
TNF-α, cortisol and oxidative DNA/RNA dam-
age were quantified by ELISAs every 4  h for a 24-h 
period. Trunk circumferences were taken as measures 
of central body fat. Older women, compared to young 
women, exhibited significantly lower protein levels of 
OGG1 throughout the whole 24-h period, a 2.5 times 
lower 24-h mean level for OGG1 (P < 0.00001) and 
loss of 24-h variation of OGG1. Both age groups dem-
onstrated significant 24-h variation for TNF-alpha, cor-
tisol and oxidative damage. The 24-h mean level for 
TNF-α was more than twice as high in older compared 
to young women (P = 0.011). Regression analysis 
detected that age, TNF-α and waist circumference were 
negative significant predictors of OGG1, explaining 
56% of variance of OGG1 (P < 0.00001), while levels 
of cortisol and oxidative damage were no predictors 

of OGG1. Results indicate a strong decrease of pro-
tein levels of OGG1 and a loss of 24-h variation dur-
ing natural cellular aging. The negative relationship, 
found between OGG1 and TNF-α and between OGG1 
and waist circumference, suggests involvement of pro-
inflammatory processes in DNA repair.
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Introduction

Aging is accompanied by increased levels of oxidative 
stress, which induces damage to genomic and mito-
chondrial DNA [1]. The most prevalent oxidatively 
induced DNA lesion is 8-oxoguanine (8-oxoG) [2]. 
The DNA repair enzyme 8-oxoguanine DNA glycosy-
lase (OGG1) removes 8-oxoG from oxidatively dam-
aged DNA by base excision repair [3]. The enzyme 
OGG1 is ubiquitously expressed in human tissues [4]. 
Animal studies demonstrated an age-related decrease 
in mRNA and protein levels of OGG1 [5]. In addition, 
there is evidence that gene expression and enzymatic 
activity of OGG1 follow a circadian (24-h) pattern in 
human blood lymphocytes [6]. Data on 24-h variation 
of OGG1 are restricted to young adults, while data 
from older adults are still missing. Knowledge on 24-h 
variation of OGG1 in older adults is needed because 
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aging is associated with alterations in 24-h rhythms 
[7] that may affect cellular homeostasis.

Reactive oxygen species (ROS), which cause dam-
age to DNA, are produced not only during metabolic 
processes, but also in response to inflammatory pro-
cesses [8, 9]. Inflammation is associated with higher 
circumferences of the trunk [10]. A chronic low-grade 
systemic inflammation has been related to natural 
aging, even in the absence of risk factors and diseases 
[11], termed inflammaging [12]. The proinflamma-
tory cytokine tumor necrosis factor alpha (TNF-α) can 
be used as a biomarker for inflammaging. The inflam-
matory activities of TNF-α are downregulated in part 
by the anti-inflammatory hormone cortisol [13]. Both 
TNF-α and cortisol have been related to the DNA repair 
enzyme OGG1. Animal findings showed that TNF-α 
inactivates via oxidation a common OGG1 variant 
[14]. A study in humans reported a positive relationship 
between plasma cortisol and OGG1 gene expression in 
lymphocytes [6].

Animal studies showed that TNF-α also suppresses 
the expression of clock genes, which are involved in the 
generation of circadian rhythms [15]. As yet, studies on 
the 24-h variation of protein levels of OGG1 in healthy 
older humans are missing. In addition, the 24-h relation-
ship of protein levels of OGG1 with TNF-α and with 
cortisol in saliva have not yet been examined in healthy 
older humans. Therefore, the first aim of this study was 
to analyse whether salivary protein levels of OGG1 
exhibit 24-h variation in healthy aged and whether the 
24-h profiles of older adults differ from those of young 
adults. A cross-sectional study design was applied to 
compare the 24-h patterns of OGG1 levels from older 
and young adults. The second aim was to explore the 
temporal relationships of OGG1 with TNF-α and other 
characters by correlation analyses and to determine pre-
dictors of OGG1 by regression analysis, including trunk 
circumferences. Deeper knowledge of how 24-h pro-
files of oxidative and inflammation markers and their 
relationship change during human aging may help to 
develop measures for promoting healthy aging.

Methods

Subjects

Forty healthy adult women of European ances-
try were enrolled in the study. They comprised 20 

young women (age 20–29  years, mean ± standard 
deviation, 24.25 ± 2.45  years) and 20 older women 
(60–82  years, 68.60 ± 5.68  years). The study was 
confined to women because sex differences have 
been shown for oxidative stress levels [16], TNF-α 
[17] and cortisol secretion [18]. The women were 
recruited through flyers, by word-of-mouth and in 
different clubs. Women were included in the study if 
they were healthy, nonsmokers, had C-reactive pro-
tein < 5.0  mg/L, BMI between 18.5 and 29.0  kg/m2, 
sleep duration between 6 and 9 h, bedtimes between 
21:00 and 01:00 h and a regular sleep–wake pattern. 
Exclusion criteria were acute and chronic illness, can-
cer, diabetes, psychiatric illness, oral diseases, canker 
sores, bleeding gums, dental treatment within the last 
month as well as anti-inflammatory, sleeping, and 
psychiatric medication. Additional exclusion crite-
ria were physical injury, sunburn, current diet, high-
performance sport, pregnancy, shift work, and jet-lag 
within the last three months. Inclusion and exclusion 
criteria were assessed by questionnaires, medical his-
tory and laboratory analysis. 38% of the women never 
drank alcohol and 62% only small amounts. None of 
the older women received hormone replacement ther-
apy. Seven of the young women took monophasic oral 
contraceptives for birth control. All participants gave 
written informed consent. The ethics committee at the 
Christian-Albrechts-University of Kiel approved the 
study protocol (D 535/19).

Procedure

Data was collected from June to August 2022. Par-
ticipants visited the Department of Human Biology 
at Kiel University two times. At the first appointment, 
each participant received personally oral and written 
instructions on the study procedure. The participants 
were told to follow a regular sleep–wake pattern for 
seven days prior to the study day to stabilize their bio-
logical rhythms. They noted bedtimes for each of the 
7 days. The second appointment was on study day. The 
participants arrived after an overnight fast at 07:30 h 
at the university and completed several questionnaires. 
The concentrations of hs-CRP and vitamin D were 
measured before 08:00 h and anthropometric measure-
ments were taken. The participants stayed in a sepa-
rate room for saliva collection. During the 24-h sam-
pling period, whole unstimulated saliva was collected 
at 4-h intervals at 08:00, 12:00, 16:00, 20:00, 24:00, 
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04:00 and 08:00  h into specific sampling devices 
(SaliCaps, IBL, Hamburg, Germany). Saliva was col-
lected from 08:00 to 20:00  h by one of the authors 
(P.A.) and from 24:00 to 08:00 h by the participants 
themselves, who were carefully trained and equipped 
with collecting devices. Within one hour before each 
saliva sampling, the participants refrained from brush-
ing teeth, drinking, eating and chewing gum. Saliva 
samples were cleared by centrifugation at 1000  rpm 
for 15  min to pellet bacteria, food debris and cells. 
The supernatant was immediately stored in aliquots at 
-80 °C until analysis. The aliquots were used for deter-
mining concentrations of OGG1, DNA/RNA oxidative 
damage, TNF-α and cortisol. Core body temperature 
was measured twice at the same time-points. During 
the study day, the participants were not allowed to do 
sports, nap, drink alcohol and caffeinated drinks. All 
participants had breakfast, lunch and dinner, respec-
tively, between 08:30–10:00  h, 12:30–14:00  h and 
18:00–19:00 h. From 19:00 h until bedtime, no meals 
were allowed. From 16:00 h until bedtime, the partici-
pants wore blue light blocking glasses (400–500 nm, 
Prisma blue-light protect Amber PRO, Innovative eye-
wear, Weilheim, Germany), because blue light expo-
sure inhibits endogenous melatonin secretion, which 
is important for generating robust circadian 24-h 
rhythms [19].

Anthropometry, bioelectrical impedance analysis, 
questionnaires

Body weight, body height, body circumferences (waist 
circumference, abdomen circumference, hip circum-
ference), and body composition, respectively, were 
determined using an electronic scale (TGF 302H, 
Rossmann, Burgwedel), a wall-mounted measuring 
device (Seca 206, Seca, Hamburg), a measuring tape, 
and a whole-body tetrapolar bioelectrical imped-
ance analyzer (Nutriguard-M, Data Input, Pöcking, 
Germany). Body mass index (BMI) was calculated 
as body weight (kg) divided by the square of body 
height (m2). Morningness-eveningness preference, 
sleep quality and daytime sleepiness, respectively, was 
estimated using the Morningness-Eveningness-Ques-
tionnaire ([20], German validated version by [21]), the 
Pittsburgh Sleep Quality Index [22], and the Epworth 
Sleepiness Scale [23].

Measurement of hs‑CRP and vitamin D

The C-reactive protein (CRP) is an acute-phase 
protein, whose concentration increases in blood in 
response to inflammation. CRP was quantified to rule 
out the presence of acute or chronic inflammation in 
the body of the participants. Any participant having 
CRP > 5.0 mg/L was excluded from the study. High-
sensitive CRP (hs-CRP) was quantified in capillary 
blood of the finger using the hs-CRP assay on Euro-
lyser CUBE-S laboratory photometer (Hitado, Drei-
hausen, Germany). This quick test is controlled for 
hematocrit. The assay range is 0.8–20 mg/L blood.

Vitamin D was quantified because a deficiency 
may increase levels of OGG1, DNA damage and 
TNF-α [24]. Vitamin D was measured using the 
“Vitamin D quantitative test” assay on VHC reader 
(Hitado, Dreihausen, Germany). This immunochro-
matography-based one step quick test quantifies the 
total 25-hydroxy vitamin D (25-OH vitamin D) in fin-
ger capillary blood. It can be used for screening for 
vitamin D deficiency. The assay range was 4–100 ng/
ml and its sensitivity was 3.3 ng/ml.

Oxoguanine glycosylase (OGG1) assay

The protein level of OGG1 was quantified in human 
saliva samples that were collected at seven time-
points (08, 12, 16, 20, 24, 04, and 08 h). The OGG1 
concentrations were measured using a human 
enzyme-linked immunosorbent assay (ELISA kit 
ELK3235, ELK Biotechnology, Wuhan, Hubei, 
China), as described by the manufacturer. The test 
principle is based upon a quantitative sandwich 
enzyme immunoassay technique. Streptavidin-HRP 
binds to biotinylated antibodies and provides enzyme 
activity for detection with a substrate system. The 
reaction between enzyme (HRP) and substrate (TMB) 
resulted in colour change. The optical density was 
measured with a microtiter plate reader (Multis-
kan FC, ThermoScientific, Darmstadt, Germany) 
at 450  nm. The concentrations of the samples were 
determined from a standard curve with seven stand-
ards, adapted to the software of the microtiter plate 
reader. All samples were analyzed in duplicate. The 
assay range was 0,16–10,00 ng/ml and the sensitivity 
of the assay was 0.058 ng/ml.
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Oxidative DNA/RNA damage assay

The level of oxidative damage to DNA/RNA was meas-
ured in human saliva samples that were collected at seven 
time-points (08, 12, 16, 20, 24, 04 and 08 h) and stored 
at -80 °C. A competitive enzyme-linked immunosorbent 
assay (ELISA kit no. 589320, Cayman Chemical, Ann 
Arbor, MI, USA) was used to quantify all three oxidized 
guanine species from DNA and RNA (8-hydroxy-2’-de-
oxyguanosine, 8-OHdG; 8-hydroxyguanosine, 8-OHG; 
8-oxoguanine, 8-OxoG), following the manufacturer’s 
instructions. This quantitative assay is based on the com-
petition between the oxidatively damaged guanine spe-
cies and an 8-OH-dG-acetylcholinesterase conjugate for 
an DNA/RNA oxidative damage monoclonal antibody. 
An enzymatic reaction using Ellman’s reagent lead to a 
yellow product whose optical density was measured with 
a microtiter plate reader (Multiskan FC, ThermoScien-
tific, Darmstadt, Germany) at 405 nm. Sample concen-
trations were calculated by means of the manufacturer’s 
table in Microsoft Excel 2016. The sensitivity of the 
assay approximated 30 pg/ml.

Tumor necrosis factor alpha (TNF‑α) high‑sensitivity 
assay

The protein level of TNF-α was determined in human 
saliva samples that were collected at seven time-
points (08, 12, 16, 20, 24, 04, and 08 h). The TNF-α 
concentration was measured using the high-sensitiv-
ity human Quantikine™ enzyme-linked immuno-
sorbent assay (ELISA kit HSTA00E, R&D Systems, 
Minneapolis, USA), according to the manufacturer’s 
instructions. The test principle of the assay employs 
a quantitative sandwich enzyme immunoassay tech-
nique using a monoclonal antibody specific for human 
TNF-α, coated on a 96-well plate. After washing of 
the wells, a polyclonal antibody specific for TNF-α, 
was added to the plate. After adding enzyme-linked 
streptavidin and substrate solution, a colour reaction 
developed, which was proportional to the amount 
of TNF-α in the sample. Optical density was read at 
570 nm and a reference wavelength of 620 nm with 
a microtiter plate reader (Multiskan FC, ThermoSci-
entific, Darmstadt, Germany). The concentration of 
TNF-α was determined from a standard curve, which 
was created using the software of the microtiter plate 
reader. All samples were analyzed in duplicate. The 
sensitivity of the assay approximated 0.022 pg/ml.

Cortisol assay

The concentration of cortisol was determined in human 
saliva samples, which were collected at seven time-points 
(08, 12, 16, 20, 24, 04, and 08  h). After screening for 
blood contamination, concentrations of free cortisol in 
saliva were measured with a quantitative enzyme-linked 
immunosorbent assay (ELISA kit RE52611, IBL, Ham-
burg, Germany), following the manufacturer’s instruc-
tions. The test principle is based upon the competition 
between the unknown amount of cortisol in the sample 
and a fixed amount of enzyme-labelled cortisol for anti-
bodies coated onto a 96-well plate. The cortisol concen-
tration is inversely proportional to the intensity of color 
change. Optical density was measured at 450 nm with a 
reference wavelength of 620 nm using a microtiter plate 
reader (Multiskan FC, ThermoScientific, Darmstadt, 
Germany). The cortisol concentrations were calculated 
from a standard curve with the software of the microtiter 
plate reader. The assay range was 0.005–3.00 µg/dl.

Determination of core body temperature

Core body temperature (CBT) was measured in the 
right posterior sublingual pocket of the mouth with a 
digital thermometer (Thermoval, Hartmann, Heiden-
heim, Germany) at 08, 12, 16, 20, 24, 04 and 08 h. 
Temperature measurements were done in duplicate 
and the mean value was used for analysis.

Statistical analyses

Statistical analyses were performed by means of IBM 
SPSS software for MS Windows, release 29.0 (IBM, 
Armonk, NY, USA). Data are shown as mean ± stand-
ard deviation (SD) or standard error of the mean (SEM). 
Outliers beyond three standard deviations from the mean 
were excluded from data analysis following Snedecor 
and Cochran [25]. Normal distribution of data was ana-
lyzed by Shapiro–Wilk test. Differences between age 
groups were tested using the two-tailed Student’s t test 
or Mann–Whitney-U-test, depending on normal distribu-
tion of data. Friedman tests were applied to test for 24-h 
variation of levels for OGG1, oxidative DNA/RNA dam-
age, TNF-alpha and cortisol, separately for young and 
older women. Differences between day levels and night 
levels of the circadian parameters were compared using 
t tests for dependent samples or Wilcoxon tests, were 
appropriate. Mixed linear models were applied to test the 
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interaction between time (day vs. night) and age (young 
vs. older women). The dependent variables were the lev-
els for OGG1, oxidative DNA/RNA damage, TNF-alpha 
and cortisol as well as CBT. Log-transformed values 
were used for OGG1, TNF-alpha and cortisol. The fixed 
factors were time and age. The amplitude of the circadian 
cycle of CBT was calculated as amplitude percent mean 
(A%Mean) as follows: highest CBT value of the 24-h 
day minus lowest CBT value of the 24-h day, divided 
by the mean CBT value of the 24-h day and multiplied 
with 100 [26]. Pearson or Spearman rank correlation 
coefficients were used to explore relationships between 
variables, where appropriate. Multiple regression analy-
sis was applied to examine the influence of age, oxidative 
DNA/RNA damage, TNF-α, cortisol and anthropometric 
measures (independent variables) on the 24-h mean level 
of OGG1 (dependent variable). Log-transformed values 
for OGG1, oxidative DNA/RNA damage, TNF-alpha 
and cortisol levels were used in the regression analysis. A 
two-sided P value of < 0.050 was considered statistically 
significant.

Results

General characteristics of study participants

Table 1 summarizes anthropometric and other charac-
teristics of the study participants. There were no sig-
nificant differences between young and older women 
for sleep quality, daytime sleepiness, morningness-
eveningness score and BMI. By contrast, older 
women had a significantly higher waist circumfer-
ence, higher abdomen circumference and lower body 
cell mass than young women. A comparison between 
older women aged 60–68  years vs. 70–82  years 
showed no significant differences for BMI (23.9 vs. 
23.3  kg/m2), fat mass (22.2 vs. 19.6  kg), body cell 
mass (23.0 vs. 20.6 kg), waist circumference (83.8 vs. 
83.0 cm), abdomen circumference (89.0 vs. 88.9 cm), 
and hip circumference (96.7 vs. 98.7  cm). Both 
young and older women did not significantly differ in 
sleep–wake timing, level of hs-CRP and level of vita-
min D on the study day.

Table 1   General 
characteristics of the study 
participants

BMI, body mass index; ME, 
morningness-eveningness; 
SD, standard deviation
a  Standard deviation is 
given in minutes
Significant differences 
between age groups are 
shown in bold

Character Young women Older women Group comparison
(n = 20) (n = 20)

Mean ± SD Mean ± SD P value

General characteristics
  Weight (kg) 67.11 ± 10.61 68.45 ± 8.69 0.665
  Height (m) 1.68 ± 0.05 1.70 ± 0.06 0.364
  BMI (kg/m2) 23.65 ± 2.95 23.72 ± 2.51 0.936
  Fat mass (kg) 21.04 ± 6.56 21.28 ± 6.27 0.906
  Body cell mass (kg) 24.49 ± 2.92 22.20 ± 2.48 0.011
  Waist circumference (cm) 72.90 ± 7.99 83.55 ± 9.44 < 0.001
  Abdomen circumference (cm) 80.70 ± 9.04 88.95 ± 9.75 0.005
  Hip circumference (cm) 92.05 ± 9.29 97.40 ± 8.26 0.062
  Sleep quality (score) 5.90 ± 1.97 5.85 ± 2.50 0.944
  Daytime sleepiness (score) 6.45 ± 3.17 6.00 ± 3.23 0.659
  ME (score) 53.70 ± 11.73 58.90 ± 11.69 0.168

Study day
  hs-CRP (mg/l) 1.39 ± 0.94 1.60 ± 1.11 0.525
  Vitamin D (ng/ml) 36.07 ± 19.93 40.11 ± 16.53 0.490
  Awakening time (hh:mm) a 06:14 ± 24 06:34 ± 19 0.154
  Sleep onset time (hh:mm)a 23:10 ± 52 23:03 ± 74 0.709
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Age group comparisons concerning 24‑h variation 
of OGG1, oxidative DNA/RNA damage, TNF‑α, 
cortisol, and CBT

Salivary protein levels of OGG1 exhibited a signifi-
cant 24-h variation in young women, but not in older 
women (young women: χ2 = 21.7, P = 0.001; older 
women: χ2 = 11.7, P = 0.070; Friedman tests). In 
both age groups, salivary levels of oxidative DNA/
RNA damage, TNF-α and cortisol varied significantly 
within 24 h (young women: χ2 = 26.4, P < 0.001 for 
oxidative damage; χ2 = 17.9, P = 0.006 for TNF-
α; χ2 = 89.3, P < 0.001 for cortisol; older women: 
χ2 = 34.4, P < 0.001 for oxidative damage; χ2 = 55.4, 
P < 0.001 for TNF-α; χ2 = 89.5, P < 0.001 for corti-
sol). CBT also demonstrated significant 24-h vari-
ation in both age groups (young women: χ2 = 58.9, 
P < 0.001; older women: χ2 = 82.6, P < 0.001). 
Since the age range of the older group was large 
(60–82  years), additional analyses were performed 
by splitting the older group into two subgroups, aged 
60–68 years and 70–82 years. As well as the whole 
older group, both older subgroups showed no signifi-
cant 24-h variation for OGG1 levels, but significant 
24-h variation for the other diurnal traits (Fig. 1).

Table 2 displays for each circadian parameter the 
mean day level and mean night level, corresponding 
to the waking time and sleeping time of the women. 
The levels for OGG1 did not significantly differ 
between day and night, neither in young nor in older 
women. In contrast, both age groups exhibited sig-
nificantly lower day levels than night levels for oxi-
dative DNA/RNA damage and TNF-α (Fig.  1). The 
reverse was observed for cortisol and CBT, where 
the day levels were significantly higher than the night 
levels. With respect to the older women, only women 
aged 60–68  years showed significant different corti-
sol levels between day and night, while women aged 
70–82  years did not. Mixed model analyses found 
no interaction between time (day vs. night level) and 
age (young vs. older women) for OGG1 (P = 0.609), 
TNF-α (P = 0.072), cortisol (P = 0.482) and CBT 
(P = 0.773), while a significant interaction occurred 
for oxidative DNA/RNA damage (P = 0.002).

The highest levels of OGG1 appeared in older 
women at 04:00  h and in young women at 24:00  h. 
The highest levels of oxidative DNA/RNA damage 
and TNF-α occurred in both age groups at 04:00  h. 
A separate analysis of the older subgroups revealed 

Fig. 1   The 24-h profiles for salivary levels of (a) OGG1, (b) oxi-
dative DNA/RNA damage, (c) TNF-α, (d) cortisol and (e) core 
body temperature (CBT) in 20 young women (grew lines) and 20 
older women (black lines) for comparison. The older women were 
separated in women aged 60–68 years (dashed black lines, N = 13) 
and 70–82 years (solid black lines, N = 7). Salivary samples were 
collected in 4-h intervals at seven time-points (8, 12, 16, 20, 24, 4, 
and 8 h). All data represent mean values and standard errors of the 
mean (shown as half bars). The gray shaded area represents mean 
sleep time. Asterisks indicate significance of 24-h variation (Fried-
man tests), ** P < 0.010; *** P < 0.001; n.s. not significant
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that the maximum level for TNF-α at 04:00  h was 
much higher in the oldest group (70–82 years) than in 
the group aged 60–68 years (3.79 pg/ml vs. 2.28 pg/
ml), but differences were not significant. Both young 
and older women reached highest cortisol levels after 
awakening at 08:00 h in the morning, followed by a 
strong decline until 12:00  h, subsequently a slight 
decline until minimum levels at 20:00  h in older 
women and at 24:00 h in young women. The lowest 
levels of cortisol thus appeared 4  h earlier in older 
women compared to young women. The 24-h profiles 
for cortisol were similar in young and older women.

The 24-h mean level for OGG1 was strongly 
and significantly lowered in older women com-
pared to young women (0.90  ng/ml vs. 2.41  ng/ml, 
P < 0.00001). At each time-point of the 24-h period, 
older women exhibited significantly lower levels of 
OGG1 than young women did (08:00  h: P < 0.001; 
12:00  h: P < 0.001; 16:00  h: P = 0.007; 20:00  h: 
P = 0.015; 24:00  h: P < 0.001; 04:00  h: P = 0.001; 
08:00  h: P < 0.001). Unlike OGG1, the 24-h mean 
level for TNF-α was significantly and strongly raised 
in the older women relative to the young women 
(0.91 ng/ml vs. 0.43 ng/ml, P = 0.011). Older women 
demonstrated at each time-point of the 24-h period 
higher protein levels of TNF-α than young women; 

the age group differences were significant at 16:00 h, 
24:00  h, 04:00  h and 08:00  h (16:00  h: P = 0.009; 
24:00  h: P < 0.001; 04:00  h: P < 0.001; 08:00  h: 
P = 0.003). The 24-h mean levels for oxidative DNA/
RNA damage and cortisol did not differ between age 
groups. A separate comparison of 24-h mean levels 
between the older subgroups demonstrated a lower 
24-h mean level for OGG1 (0.70  ng/ml vs. 0.99  ng/
ml) and a higher 24-h mean level for TNF-α (1.25 pg/
ml vs. 0.78 pg/ml) in the very old group (70–82 years) 
compared to the group aged 60–68 years, although dif-
ferences were not statistically significant. In contrast, 
the 24-h mean levels for oxidative DNA/RNA damage 
(10.25 ng/ml vs. 10.09 ng/ml) and cortisol (0.28 µg/dl 
vs. 0.28 µg/dl) were similar in both older subgroups.

The 24-h mean for CBT was slightly and signifi-
cantly lower in older women compared to young women 
(36.45 °C vs. 36.59, P = 0.022). The diurnal amplitude 
(% mean) for CBT did not differ between older and 
young women (2.09% mean vs. 1.93% mean, P = 0.397).

Temporal relationships of OGG1 with oxidative 
DNA/RNA damage, TNF‑α and cortisol

In both age groups, the protein levels of OGG1 exhib-
ited similar 24-h variation as levels of oxidative 

Table 2   Comparison of the 
mean day and night levels 
for OGG1, oxidative RNA/
DNA damage, TNF-α, 
cortisol and core body 
temperature

CBT, core body 
temperature; SEM, standard 
error of the mean
a  The day level corresponds 
to the waking time and the 
night level to the sleeping 
time of the women
Significant difference 
between day level and night 
level is shown in bold

Parameter Day level a Night level a Time comparison

Mean SEM Mean SEM P value

Young women (n = 20)
  OGG1 (ng/ml) 2.24 0.26 2.96 0.56 0.117
  Oxid. DNA/RNA damage (ng/ml) 12.55 1.21 36.34 0.06  < 0.001
  TNF-α (pg/ml) 0.21 0.07 0.58 0.21 0.011
  Cortisol (µg/dl) 0.40 0.03 0.12 0.02  < 0.001
  CBT (°C) 36.70 0.05 36.34 0.06  < 0.001

Older women, 60–68 y (n = 13)
  OGG1 (ng/ml) 0.90 0.18 1.23 0.35 0.311
  Oxid. DNA/RNA damage (ng/ml) 7.24 1.00 36.25 0.04  < 0.001
  TNF-α (pg/ml) 0.37 0.08 1.84 0.34  < 0.001
  Cortisol (µg/dl) 0.36 0.06 0.10 0.02 0.001
  CBT (°C) 36.56 0.04 36.25 0.04  < 0.001

Older women, 70–82 y (n = 7)
  OGG1 (ng/ml) 0.63 0.09 1.08 0.26 0.237
  Oxid. DNA/RNA damage (ng/ml) 8.25 1.62 36.13 0.09 0.018
  TNF-α (pg/ml) 0.63 0.21 3.26 1.02 0.018
  Cortisol (µg/dl) 0.34 0.07 0.12 0.03 0.063
  CBT (°C) 36.51 0.08 36.13 0.09 0.018
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DNA/RNA damage, but both characters showed 
mainly weak and non-significant correlations.

The curve for OGG1 of young women was advanced 
by four hours relative to the curve for TNF-α, reaching 
highest levels at 24:00 h (Fig. 2). The curves for OGG1 
and TNF-α of older women were in phase exhibiting 
highest levels at equal time-points (04:00 h). There were 
negative and significant correlations between OGG1 
levels at later daytime (12:00 h, 16:00 h, 20:00 h) and 
TNF-α levels at early daytime (04:00  h, 08:00  h) in 
young women (rs = -0.49 to rs = -0.59, P < 0.050 to 
P < 0.010), but not in older women.

The curve for OGG1 was phase-advanced against 
the curve of cortisol by 4 h in older women and by 
8 h in young women. Positive and significant correla-
tions between the levels of OGG1 and cortisol were 
observed especially at 12:00 h, 20:00 h and 24:00 h in 
young women (rs = 0.56, 0.54, 0.63; P = 0.011, 0.014, 
0.003). Older women showed less significant relation-
ships, except for a positive correlation between the 
OGG1 levels at 20:00 h and cortisol levels at 08:00 h 
(rs = 0.63, P = 0.003).

In both age groups, the curve for TNF-α was time-
shifted against the curve for cortisol; highest levels of 
TNF-α occurred four hours earlier (04:00 h) than high-
est levels of cortisol (08:00 h). Between 04:00 h and 
08:00  h, the TNF-α level strongly decreased, while 
the cortisol level strongly increased. There were nega-
tive and significant correlations between cortisol lev-
els at 04:00 h and TNF-α levels at 08:00 h (rs = -0.53, 
P = 0.017) as well as between cortisol levels at 12:00 h 
and TNF-α levels at 08:00 h the day after (rs = -0.67, 
P = 0.001) in young women, but not in older women.

Predictors of the 24‑h mean level of OGG1

Regressions analysis detected, that age, the 24-h mean 
level of TNF-α and waist circumference were negative 
and significant predictors of the 24-h mean level of 
OGG1, explaining together 56% of variance of OGG1 
(R2 = 0.61, adjusted R2 = 0.56; F = 10.74, P < 0.00001, 
Table 3). In contrast, the 24-h mean levels of oxidative 
DNA/RNA damage and cortisol were no significant 
predictors of OGG1. Figure  3 displays the negative 
relationship between OGG1 and waist circumference. 
The older women had significantly higher waist cir-
cumference than young women, although no differ-
ences in BMI were observed between age groups. The 
older subgroups (60–68 years and 70–82 years), who 
are indicated by different signs in the figure, were 
equally distributed along the regression line.

Discussion

Age‑related differences in 24‑h profiles for OGG1, 
TNF‑α and cortisol and CBT

For the first time, the present study provided 24-h-pro-
files for protein levels of OGG1 in healthy older 
humans. The older women exhibited throughout the 
whole 24-h period strongly and significantly lowered 
salivary protein levels of OGG1 than young women. 
The lowered levels of OGG1 in the older women 
are in line with results of human and animal stud-
ies, which analyzed OGG1 levels at a single time-
point. Picca and colleagues [27] noted lower protein 

Fig. 2   Temporal relationships between the 24-h profiles for sali-
vary levels of OGG1, TNF-α and cortisol in (a) 20 young women 
and (b) 20 older women for comparison. Mean values are given 

as double-plots, provided as spline curves, to show rhythmicity. 
The gray-shaded area represents mean sleeping time
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levels of OGG1 in muscles of older adults, compared 
to young adults. Chen and colleagues [28] reported a 
significant age-dependent decrease of OGG1 activity 
in vitro in human blood lymphocytes. Animal results 
demonstrated a decrease in protein and mRNA levels 
of OGG1 with age [5]. The present findings in healthy 
women suggest a strong decrease of protein levels of 
OGG1 during healthy cellular aging. The lowered 
enzyme levels of OGG1 may affect repair of oxidative 
DNA damage during aging, because results of Imam 
and colleagues [29] demonstrated in animals a signifi-
cant age-dependent decrease in incision activities of 

OGG1. Future studies are needed to clarify the under-
lying age-related mechanisms.

A previous study demonstrated a 24-h rhythmic-
ity for gene expression and enzymatic activity of 
OGG1 in blood lymphocytes of young adults [6]. 
We confirmed for protein levels of OGG1 a highly 
significant 24-h variation in saliva of young women. 
In contrast to young women, we found no signifi-
cant 24-h variation of protein levels of OGG1 in 
older women. This is attributable to their lowered 
protein levels of OGG1. Additional studies should 
explore whether the absence of 24-h variation may 
impair the maintenance of cellular homeostasis in 
DNA repair in the aged.

The present study found a significant 24-h varia-
tion of protein levels for TNF-α in the saliva of both 
young and older women. Highest levels of TNF-α 
occurred consistently in both age groups at 04:00 h. 
This timing agrees with previous results in young 
male adult dayworkers who reached highest TNF-α 
levels in blood at 04:00  h [30]. We found higher 
TNF-α levels in older women than in young women 
throughout the whole 24-h period; age group differ-
ences were significant at four of seven time-points. 
The age group differences were not attributable to 
differences in vitamin D levels [24], which were 
similar in older and young women. The increased 
TNF-α levels in the older women are in line with 
studies reporting a general increase in TNF-α levels 
during aging [31]. Thus, the raised levels of TNF-α 
in the healthy older women agree with the concept 
of inflammaging, that healthy aging is accompanied 
by a chronic low-grade inflammation, even in the 
absence of diseases [11, 12].

Previous studies analyzed 24-h profiles for corti-
sol levels in blood plasma of older humans [32–34] 
and in saliva of frailty older humans [35]. This study 
provided 24-h profiles for salivary levels of cortisol 
in healthy older women. We observed a significant 
24-h variation in older women and their 24-h pro-
files were similar to those of young women. Consist-
ent with a previous study in young adults in blood, 
the present study found in saliva of older and young 
women highest levels of cortisol in the morning after 
awakening around 08:00 h and lowest levels between 
20:00 h and 24:00 h [6]. In line with another human 
study, which analyzed cortisol levels in blood plasma 
[34], we observed in saliva, that the minimum levels 
of cortisol appeared in older women about four hours 

Table 3   Regression analysis showing relationship between the 
24-h mean protein level of OGG1 (dependent variable) with 
24-h mean levels of TNF-α, oxidative RNA/DNA damage and 
cortisol as well as age and waist circumference in 40 healthy 
women (F = 10.74, P < 0.00001, adjusted R2 = 0.56)

B, regression coefficient
a  Log-transformed values were used
Significant predictors of OGG1 level are shown in bold

Independent variables B P value

Age (years) -0.005 0.023
Waist circumference (cm) -0.012 0.003
TNF-α (pg/ml)a -0.151 0.039
Oxidative DNA/RNA damage (ng/

ml) a
-0.104 0.384

Cortisol (µg/dl)a 0.142 0.411

Fig. 3   Correlation between 24-h mean level of OGG1 and 
waist circumference (r = -0.627, P = 0.00001) in healthy 
women (N = 40; young women: grew circles; older women 
60–68  years: black circles; older women 70–82  years: black 
triangles)
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earlier than in young women, indicating a time shift 
by four hours between age groups. This time shift 
was not attributable to sleep–wake times, because 
bedtimes did not differ between age groups in the 
present study.

In the present study, the 24-h amplitude for the 
CBT rhythm did not differ between the older and 
young women. This agrees with results of Monk and 
colleagues [36] who found no evidence that older 
subjects had generally lower temperature rhythm 
amplitudes than younger adults. Although some ear-
lier studies observed a decrease of amplitude of CBT 
in older men [37], this was not consistently found in 
older women. The absence of a decreased amplitude 
in the older women of the present study may be due to 
the fact that the older group was healthy and did not 
differ in their sleep quality from the young women. 
Thus, pathological processes as well as sleep disor-
ders did not affect the rhythm of temperature regula-
tion in the older women.

Relationship of the 24‑h profile of OGG1 with 
profiles of oxidative DNA/RNA damage, TNF‑α and 
cortisol

The salivary protein levels of OGG1 correlated over 
the 24-h period in both age groups weakly and mostly 
non-significantly with levels of oxidative DNA/
RNA damage. This agrees with studies reporting that 
the expression of the Ogg1 gene is not modulated 
in response to DNA damage [38], but more likely 
exhibits a circadian variation that is regulated by the 
endogenous biological clock [6].

The present study compared for the first time 24-h 
protein levels of OGG1 and TNF-α in healthy humans. 
The 24-h curve for OGG1 of young women was phase-
advanced by four hours against the curve of TNF-α. 
This was not observed in the older women displaying 
both curves in phase. One explanation could be the 
raised TNF-α levels in the older women. It is known 
that TNF-α modulates the functioning of the central 
biological clock, which is located within the hypo-
thalamic suprachiasmatic nuclei (SCN) [39]. TNF-α 
also modifies the expression of clock genes, which 
are involved in the generation of 24-h rhythms [40]. 
A previous study showed that a deregulated molecular 
biological clock resulted in an abolishment of circa-
dian variation of Ogg1 gene expression [6]. This may 

explain the reduced levels of OGG1 together with the 
increased levels of TNF-α in the older women.

This study firstly compared the 24-h time courses 
for protein levels of OGG1 and cortisol in saliva. 
In both age groups, the curve for OGG1 was phase-
advanced against the curve of cortisol. The young 
women demonstrated positive and significant corre-
lations between protein levels of OGG1 and cortisol. 
This is consistent with previous findings reporting a 
positive correlation between Ogg1 gene expression 
and plasma cortisol concentration in lymphocytes of 
healthy young adults [6]. The positive relationship is 
in line with in vitro results of O’Brian and colleagues 
[41] that cortisol concentrations < 10 µg/dl increased 
DNA repair capacity. Contrary to young women, the 
older women showed less significant relationships 
between OGG1 and cortisol. This could be explained 
by a diminished cellular responsiveness to glucocorti-
coids in older age [42].

Salivary protein levels of TNF-α and cortisol were 
compared over the course of a 24-h day. In both age 
groups, the curve for TNF-α was phase-advanced 
by 4 h against the curve for cortisol, reaching high-
est levels at 04:00 and 08:00 h, respectively. Higher 
cortisol levels at 04:00  h were significantly related 
to lower TNF-α levels at 08:00  h in young women, 
but weaker and non-significant in older women. The 
negative and significant relationship in young women 
is in line with a previous study, in which patients 
with cardiovascular diseases with lower cortisol lev-
els upon waking showed higher levels of TNF-α [43]. 
This time relationship can be explained by the anti-
inflammatory effect of the hormone cortisol, which 
downregulates the inflammatory activities of the 
pro-inflammatory cytokine TNF-α [44]. The authors 
showed that both a physiological dose of hydrocor-
tisone as well as stress-induced levels of glucocorti-
coids suppressed the production of TNF-α in human 
blood plasma. The non-significant relationship, that 
we observed in older women, could be explained by a 
lower glucocorticoid sensitivity of pro-inflammatory 
cytokines, which has been reported for older men 
compared to young men [45].

TNF‑α and waist circumference as predictors of 
OGG1

This study found that age, 24-h mean level of the inflam-
mation marker TNF-α and waist circumference were 
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negative predictors of the 24-h mean level of OGG1, 
while oxidative DNA/RNA damage and cortisol were no 
significant predictors. The negative relationship between 
OGG1 and TNF-α is in line with previous results dem-
onstrating that OGG1 might contribute to the down-
regulation of the TNF-α level [46]. Moreover, a recent 
study showed that mitochondrial OGG1 confers a pro-
tective role in age-associated inflammation [47]. In addi-
tion, elevated levels of mitochondrial OGG1 can reverse 
aging-associated inflammation in transgenic mice [47].

There might be a direct role of TNF-α on OGG1. 
This is supported by a mechanistic cellular study 
showing that exposure to physiologically relevant 
levels of TNF-α inactivates a common OGG1 allelic 
variant (rs1052133, S326C) in mammalian cells [14]. 
This variant predominates in 40–60% of Asian and 
in 25–40% of Caucasian populations [48]. However, 
there might be additional mechanisms. Future mecha-
nistic studies should therefore test whether there is an 
epigenetic repression of OGG1 by TNF-α.

Inflammation is associated with higher central 
body fat mass [10]. We found a negative associa-
tion between the protein level of OGG1 and waist 
circumference, which is indicative of central body 
fat. This demonstrates that women with higher waist 
circumference had lower protein levels of OGG1 and 
vice versa. This finding is in line with animal results 
reporting increased adiposity in OGG1-deficient 
mice [49]. It can be explained by a recent finding that 
OGG1 alters energetics in adipose tissue and higher 
levels of OGG1 protect against obesity [50].

Inflammaging occurs in aged adipose tissue, where 
it contributes to adipocyte hypertrophy and dysfunc-
tion; there is also an increased infiltration of immune 
cells in adipose tissue and these immune cells 
secreted proinflammatory cytokines [51]. Animal 
studies showed that adipose-tissue derived TNF-α 
(AT-TNF) activity was elevated in older animals, 
while AT-TNF protein levels where higher in young 
animals, suggesting that they may secrete an inhibi-
tor that reduces AT-TNF activity [52]. A high fat diet 
elevated the AT-TNF activity in animals [53]. Moreo-
ver, the circulating levels of TNF-α can be nutrition-
ally regulated and they decrease after weight loss in 
obese humans [54]. Future studies should explore the 
effect of diet on AT-TNF in older and young humans.

The circadian variation in circulating TNF-α origi-
nates from a combined influence of the circadian 
system and sleep [55]. The circadian oscillation of 

TNF-α gene expression is regulated by a molecular 
clock, generated by intracellular feedback loops of 
core clock genes and proteins [56]. The clock protein 
CLOCK acetylates a subunit of NF-kB to induce sup-
pression of TNF and its rhythmic sequestration by the 
clock protein BMAL1 can drive oscillations in TNF 
expression [57]. In addition, the rhythm of TNF-α is 
dependent on sleep. TNF-α peaks in healthy humans 
during nighttime, is classified as somnogenic and 
is involved in sleep regulation [58]. The difference 
between the TNF-α peak levels of older and younger 
women in the present study was not due to differences 
in sleep, because both age groups did not differ in 
their bedtimes, sleep quality and daytime sleepiness.

Limitations of the study

The present findings are limited by some factors. A 
first limitation pertains to the observational nature of 
the present study and the lack of mechanistic data that 
support the present results. Future experimental and 
interventional studies are needed to get more insight 
into mechanisms related to how TNF-α can suppress 
OGG1 expression, for example by testing in vitro epi-
genetic repression. A second limitation refers to con-
sider only TNF-α as a biomarker for inflammaging. 
Since TNF-α alone is not representative of the whole 
inflammaging, a panel of other cytokines, including 
IL-6 and IL1b, should be additionally analyzed to 
get a deeper insight into the complex way of inflam-
maging. A third limitation of this study is that the 
diet consumed by the participants and the effect of 
diet on TNF-α levels was not analyzed. Animal stud-
ies showed that high fat diet elevates adipose-tissue 
derived TNF-α (AT-TNF) activity [53] and that AT-
TNF activity is elevated in older animals. Moreover, 
AT-TNF-α activity increased in mature animals in 
relation to adipose cell size [52]. In humans, a Medi-
terranean diet (olive oil, fiber, fruit or vegetables) as 
well as the consumption of olive oil as a single item 
were inversely and significantly associated with 
TNF-α in coronary venous blood [58]. Therefore, fur-
ther research is necessary to compare the effects of 
dietary components as well as the effects of low and 
high fat diet on adipose tissue-derived TNF-α in older 
and young humans. A fourth limitation concerns the 
restriction to female participants that limits the gener-
alizability of the study. However, Chen and colleagues 
[28] reported absence of sex differences in human 
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OGG1 repair capacity. Nevertheless, additional stud-
ies may extend the investigation on male participants 
in order to find out whether women and men differ in 
their relationship of OGG1 with TNF-α.

Conclusions

This study examined in humans the 24-h variation of 
salivary protein levels of OGG1 and its relationship 
with other characters. The first main finding was a 
strong age-related decrease of protein levels of OGG1 
throughout the whole 24-h period and a loss of 24-h 
variation during healthy aging. Whether the absence 
of 24-h variation impairs the maintenance of cellular 
homeostasis in the aged should investigate future stud-
ies. The second main finding of this study was that 
TNF-α and waist circumference were negative predic-
tors of OGG1. This provides evidence that proinflam-
matory processes may be related to DNA repair. The 
result that the 24-h mean level of TNF-α was more 
than twice as high in healthy older relative to young 
women, confirms the concept of inflammaging.
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