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A B S T R A C T

Iron promotes formation of hydroxyl radicals by the Fenton reaction, subsequently leading to potential oxida-
tively generated damage of nucleic acids. Oxidatively generated damage to RNA, measured as 8-oxo-7,8-dihy-
droguanosine (8-oxoGuo) in urine, is increased in patients with genetic iron overload, which have led us to test
the hypothesis that high iron status, assessed by iron biomarkers and genetic disposition, increases urinary
excretion of 8-oxoGuo. In a general Danish population study we used a Mendelian randomization design with
HFE genotypes as a proxy for iron status and supplemented with ex vivo experiments in mice muscle tissue
exposed to iron(II) sulfate to attempt to clarify this hypothesis.

The biomarkers ferritin, transferrin, and transferrin saturation (TS) were associated with 8-oxoGuo (in linear
univariable and multivariable regression analyses: P< 0.001). Mendelian randomization indicated a causal
pathway between genetically elevated iron biomarkers (assessed by ferritin and TS) and high levels of 8-oxoGuo.
The ex vivo experiments showed a monotonically increase in 8-oxoGuo with increased iron concentration
(ANOVA: P = 0.0008) that was prevented with iron chelation (P = 0.01).

Our results indicate a causal relationship between iron biomarkers and 8-oxoGuo. Furthermore, the ex vivo
experiment shows a mechanistic link between iron and 8-oxoGuo formation. Both iron overload and the bio-
marker 8-oxoGuo have been linked to e.g. diabetes, which merits future studies to investigate if iron induced 8-
oxoGuo is involved in disease development.

1. Introduction

Iron is required in multiple important cellular functions such as
oxygen binding and transport in red blood cells, and formation of mi-
tochondrial iron-sulfur clusters [1]. The many functions of iron are
based on its redox properties shifting between the ferrous (Fe2+) and
ferric (Fe3+) state. Yet, the metal has potential harmful effects and iron
overload may damage multiple organs. Untreated hereditary hemo-
chromatosis, an iron accumulating disease, can result in cardiomyo-
pathy, diabetes mellitus and hepatic cirrhosis [2,3]. General population
studies have shown that non-genetic iron overload also can lead to si-
milar conditions [4–6] and is associated with increased mortality [7,8].
Iron is known to form reactive oxygen species (ROS) via the Fenton
reaction in form of hydroxyl radicals (•OH). In turn, •OH can react with

and cause oxidative modification to a number of macromolecules, such
as lipids, proteins and nucleic acids, and influence numerous regulatory
cellular systems [1,9]. Our previous study showed that in individuals
with hereditary hemochromatosis, urinary excretion of the oxidative
modification to RNA 8-oxo-7,8-dihydroguanosine (8-oxoGuo), is in-
creased but normalized after regulation of the iron level by phlebotomy
[10]. Whether iron overload from non-genetic causes is associated with
oxidative RNA modifications is, however, unknown. We tested the hy-
pothesis that concentrations of plasma iron biomarkers (ferritin,
transferrin, transferrin saturation (TS) and total plasma-iron) and iron
proxies (blood donor status and menopause status) were associated
with altered concentrations of the urinary biomarker 8-oxoGuo. In-
vestigation of risk factors for high concentrations of 8-oxoGuo can
provide better understanding of underlying biological mechanisms and
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could be important from a public health perspective, since 8-oxoGuo is
associated with a range of diseases [11].

2. Material and methods

2.1. Study population

The study population consists of participants from the Danish
General Suburban Population Study (GESUS, conducted in 2010–2013).
GESUS is a cross-sectional study of adults living in Naestved
Municipality. Study design, health examination, and information re-
garding lifestyle/health from self-administered questionnaire is de-
scribed elsewhere [12]. Collection of urine samples for analysis of 8-
oxoGuo and 8-oxodGuo was conducted from May 2nd, 2011 to October
10th, 2013. About one third of the participants delivered a urine
sample, based on consecutive allocation to one of three examination
rooms, on selected days. Out of the total of 21,205 participants included
in GESUS, we had 3608 urine samples included in the final dataset
without any missing reports on concentration of 8-oxoGuo, 8-oxodGuo
or creatinine (Supplementary: Fig. S1). Three outliers were identified
and omitted; one participant with extremely high concentrations of
ferritin (> 6000 µg/L) and ALAT (> 1500 U/L), and two participants
with high concentration of both 8-oxoGuo (> 25 nmol/mmol creati-
nine) and 8-oxodGuo (> 20 nmol/mmol creatinine).

2.2. Measurement of 8-oxoGuo and 8-oxodGuo in spot urine samples

8-oxoGuo was measured in spot urine. For comparison and to in-
vestigate whether iron induces oxidation in a compartmentalization
aimed way in the cells, we simultaneously measured the corresponding
DNA modification by oxidation 8-oxo-7,8-dihydro-2′-deoxyguanosine
(8-oxodGuo). Analyses were performed by a validated liquid chroma-
tography-tandem mass spectrometry method [13] and creatinine cor-
rected. Sample preparation and UPLC-MS/MS analysis are described in
detail in Supplementary material.

2.3. Iron and other biochemical measurements

Non-fasting blood samples were drawn, spun and kept overnight at
4 °C. Biochemical analysis was completed the following morning. Iron
measurements consisted of plasma-ferritin (µg/L), plasma-transferrin
(µmol/L) and total plasma-iron (µmol/L), and were all measured with
Cobas-6000 (Roche). Transferrin saturation (TS, in %) is calculated as
100 × [iron]/(2 × [transferrin]) since each molecule of transferrin can
bind two iron atoms.

Alanine amino transferase (ALAT, U/L), total cholesterol (mmol/L)
and hsCRP (mg/L) were analyzed with Cobas-6000 (Roche).

2.4. Genotyping HFE

Participants were genotyped for the C282Y (rs1800562) and H63D
(rs1799945) variants in the HFE gene (call rate: 99%). Genotyping was
by Competitive Allele-Specific PCR-based assay (KASP allelic dis-
crimination, LGC Genomics, UK). Expected frequencies of the genotype
variants were calculated and compared to the observed frequencies.
The variants were found to be in Hardy Weinberg equilibrium
(Supplementary: Table S6).

2.5. Ex vivo experiment: iron incubation of mice muscle biopsies, RNA
extraction and hydrolysis

Female C57BL/6JRJ mice between 9 and 21 weeks old were used.
They were provided by JANVIER LABS, housed at the Department of
Experimental Medicine, Biocenter (Ole Maaloevs Vej 5, 2200
Copenhagen) and cared for by animal keepers. The cage contained
maximum eight mice that had food (Altromin no. 1319) and water ad

libitum. Light was on from 6 a.m. to 6 p.m., but with half lightning a
half an hour before and after. Animals were sacrificed by cervical dis-
location by a trained animal keeper and hereafter m. gastrocnemius was
immediately dissected and stored in BIOPS buffer (see Supplementary)
on ice. Within few hours muscle tissue were dissected into fibers, per-
meabilized with saponin (see Supplementary) and transferred into each
experimental chamber of an Oroboros oxygraph series F and G (Or-
oboros Instruments, Innsbruck, Austria) [14]. The standard amount of
tissue in each Oroboros chamber is 2–5 mg for measurement of mi-
tochondrial respiration, cf. Oroboros Manuals [15]. Since we used the
Oroboros oxygraph for the purpose of incubation of tissue with iron
prior to measuring oxidatively generated damage to RNA, we used a
larger amount of tissue (50 mg) to reduce artificial oxidation during
analysis [16]. The chambers contained mitochondrial respiration
medium MiR05 (see Supplementary) and the fibers were supplied with
substrates (malate, glutamate, ADP and succinate; see supplementary)
for the mitochondrial electron transport chain. Hereby, the mitochon-
drial respiration was fully activated which enabled H2O2 production.
Finally, the prepared muscle fibers were incubated with iron(II) sulfate,
or iron(II) sulfate and iron chelator DFOM, or sodium sulfate as control
(see Supplementary) for approximately one hour while concentration of
O2 was monitored. The tissue was incubated with three different iron
concentrations; 0.01, 0.1, or 1 mM iron(II) sulfate. The software DatLab
connected to the Oxygraph, shows real-time concentration of oxygen
(O2) in the chambers and the O2 concentration was sustained by in-
jection of oxygen when the oxygen declined due to mitochondrial
consumption. The O2 concentration declined fast because of the large
size of the biopsy and therefore we aimed to re-oxygenate each time the
O2 concentration dropped below 200 nmol/mL and added oxygen until
the concentration was around 400 nmol/mL (±100 nmol/mL).

At the end of iron / iron + DFOM incubation, the biopsies were
carefully collected from the Oroboros chambers and RNA extracted by a
slightly modified version of the method described by Hofer et al. [17].
The hydrolysis was performed by adding 100 µL DFOM 0.1 mM/Tris
10 mM and 10 µL nuclease P1 (stock of 1 U/µL in 300 mM sodium
acetate, 1 mM ZnCl2, pH 5.3) to the RNA and at the same time the
stable isotopic labeled internal standards were added. The mixture was
heated at 37 °C for one hour. Next 12 µL alkaline phosphatase (1 U/µL)
containing 2.5 mM DFOM was added and the mixture was again heated
at 37 °C for one hour. The samples were shaken up with 50 µL of
chloroform and centrifuged. The aqueous phase was filtered and cen-
trifuged before being analyzed by UPLC-MS/MS. UPLC-MS/MS ana-
lysis: 8-oxoGuo and guanosine (Guo) in the mice muscle tissue were
measured by isotope dilution tandem mass spectrometry preceded by
UPLC separation, by the same principles as described regarding the
analysis of the urine samples. The UPLC column was an Acquity UPLC™
HSS T3 column (2.1 × 100 mm, 1.8 µ) held at 1 °C in a cooling bath.
The loop size was 250 µL. The nucleosides were eluted by gradient
elution using a gradient of eluent A 0.5% acetic acid and B acetonitrile.
The gradient is shown in supplementary (Table S2). Electrospray tem-
perature was 600 °C. The used MRM pairs are shown in the supple-
mentary (Table S3). Usually the use of qualifier ions is recommended,
but since the RNA extracts were expected to be very clean it seemed
unlikely that there would could problems with overlapping peaks so the
use of qualifier ions were omitted. Each sample was analyzed twice
(technical replicates). First as an undiluted sample from which 50 µL
was injected for the measurement of 8-oxoGuo and afterwards 5 µL of a
100 times dilution of the sample was analyzed for Guo. Since the linear
dynamic range of the LC-MS system does not cover 6 orders of mag-
nitude it was necessary to analyze the two analytes separately.

2.6. Statistical analyses

Statistical analyses were performed using R version 3.2.2 [18].
Statistical tests were two-sided with alfa level of 0.05. For numerical
variables with normal distribution mean and standard deviation (SD)
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are presented and differences tested by parametric tests (t-test
/ANOVA). For non-normally distributed numerical variables median
and interquartile range (IQR) are presented and differences tested with
non-parametric tests (Mann-Whitney U/ Kruskal-Wallis). Number and
frequencies are presented for categorical variables and differences be-
tween groups tested by chi-squared test.

Primary outcomes were urinary biomarkers (8-oxoGuo and 8-
oxodGuo), and for the observational associations we accounted for
multiple comparisons by using Bonferroni correction (Bonferroni cor-
rected alfa level = 0.05/number of test). Bonferroni correction was
performed separately for each outcome. In crude analyses, ferritin was
grouped in 5 groups (< 50, 50–199, 200–399, 400–599 and ≥ 600 µg/
L), TS grouped in 2 groups (< 50, ≥ 50%), and transferrin and plasma
iron grouped according to quartiles. We performed linear regression for
the continuous outcomes 8-oxoGuo and 8-oxodGuo. Each regression
analysis was performed as a complete case analysis, since number of
missing data was small (see Table 1). Regression models were per-
formed for all participants and additionally gender stratified in the
analyses of 8-oxoGuo and 8-oxodGuo regressed on iron biomarkers
(ferritin / transferrin / TS / total plasma-iron). Ferritin was non-nor-
mally distributed and therefore log-transformed in the linear

regressions. We chose to perform regressions on the iron biomarkers
with log2-transformed ferritin /transferrin /TS/ total plasma-iron, re-
spectively, in order to get the increase/decrease in outcome per dou-
bling of the corresponding iron biomarker. Regression models were
performed unadjusted and adjusted for possible confounders, except for
models with HFE as predictor, which were only performed unadjusted.
Fully adjusted models included all co-variates chosen based on
knowledge on possible confounders on the subject of matter and con-
sisted of; gender (female/male), age (years), systolic blood pressure
(mmHg), waist circumference (WC, cm), smoking status (never, former,
current), total cholesterol (mmol/L), hsCRP (mg/L), alcohol intake
(units per week, 1 unit = 12 g pure alcohol) and ALAT (U/L). A sen-
sitivity analysis was performed for ferritin with a subset of participants
only including those with hsCRP<8 mg/L. For linear regressions the
assumption of normality of residuals was tested by quantile-normal
standardized Q-Q plot and homoscedasticity by residual plots and we
found no major violations.

2.7. Mendelian randomization and Instrumental variable (IV) analysis

We used HFE variant C282Y as genetic instrument/proxy for iron

Table 1
Basic characteristics overall and according to the HFE genotype.

NA All WT/WT H63D/WT H63D/H63D C282Y/WT C282Y/H63D C282Y/C282Y P value
n = 3605 n = 2336

(65.6%)
n = 733
(20.6%)

n = 65 (1.8%) n = 349 (9.8%) n = 63 (1.8%) n = 15 (0.4%)

Age, years 0
Mean (SD) 57.6 (13.1) 57.6 (13.1) 57.6 (13.1) 56.3 (13.8) 57.4 (13.1) 57.1 (13.2) 52.2 (11.8) 0.65
Gender, n (%) 0 0.68
Female 2130 (59.1) 1375 (58.9) 433 (59.1) 36 (55.4) 217 (62.2) 36 (57.1) 11 (73.3)
Male 1475 (40.9) 961 (41.1) 300 (40.9) 29 (44.6) 132 (37.8) 27 (42.9) 4 (26.7)
8-oxoGuo, nmol/mmol

creatinine
0 2.4 (0.9) 2.4 (0.9) 2.4 (0.8) 2.5 (0.8) 2.5 (0.8) 2.7 (1.1) 4.1 (2.8) < 0.0001

Mean (SD)
8-oxodGuo nmol/mmol

creatinine
0 1.9 (0.8) 1.9 (0.7) 1.9 (0.8) 2.0 (0.9) 1.9 (0.7) 1.9 (0.9) 2.0 (0.7) 0.25

Mean (SD)
Ferritin, µg/L 2 120 (63–204) 115 (61–196) 124 (66–211) 143 (63–210) 130 (72–213) 200 (110–307) 340 (188–489) < 0.0001
Median (IQR)
Transferrin,µmol/L 2 33.0 (4.9) 33.6 (4.8) 32.9 (4.9) 30.6 (3.8) 31.3 (4.6) 29.1 (4.3) 24.9 (5.2) < 0.0001
Mean (SD)
TS, % 3 20.3 (7.0) 20.3 (7.1) 22.1 (7.7) 25.6 (8.6) 23.8 (7.2) 30.3 (9.7) 50.1 (21.1) < 0.0001
Mean (SD)
Iron, µmol/L 3 13.4 (4.6) 13.4 (4.7) 14.4 (5.3) 15.6 (5.4) 14.8 (4.4) 17.4 (5.5) 23.4 (7.6) < 0.0001
Mean (SD)
Blood donor status, n (%) 65 0.86
Never 2370 (66.9) 1540 (67.1) 477 (66.2) 38 (58.5) 233 (68.1) 45 (73.8) 11 (73.3)
Former 843 (23.8) 536 (23.3) 179 (24.9) 19 (29.3) 80 (23.4) 13 (21.3) 3 (20.0)
Current 327 (9.2) 218 (9.5) 64 (8.9) 8 (12.3) 29 (8.5) 3 (4.9) 1 (6.7)
Menopause status, n (%)

(women)
12 1383 (65.3) 900 (65.9) 284 (65.9) 23 (63.9) 136 (62.9) 19 (52.8) 9 (81.8) 0.46

WC, cm 3 91.7 (13.1) 91.3 (13.2) 92.8 (13.1) 93.6 (13.9) 91.0 (12.2) 91.3 (14.1) 86.9 (12.3) 0.05
Mean (SD)
Alcohol, units/week 0 6.9 (1.7–17.1) 6.9 (1.7–17.1) 8.6 (1.7–17.1) 6.9 (1.7–15.4) 8.6 (1.7–18.9) 8.6 (2.6–18.9) 5.1 (0.0–18.0) 0.57
Median (IQR)
Smoking status, n (%) 0
Never 1605 (44.5) 1047 (44.8) 317 (43.2) 34 (52.3) 154 (44.1) 27 (42.9) 5 (33.3) 0.82
Former 1379 (38.3) 894 (38.3) 283 (38.6) 19 (29.2) 141 (40.4) 23 (36.5) 6 (40.0)
Current 621 (17.2) 396 (16.9) 133 (18.1) 12 (18.5) 54 (15.5) 13 (20.6) 4 (26.7)
hsCRP, mg/LMedian (IQR) 3 1.3 (0.7–2.9) 1.3 (0.6–2.8) 1.4 (0.7–3.0) 1.6 (0.8–4.0) 1.2 (0.7–2.7) 1.4 (0.9–2.7) 1.1 (0.8–2.7) 0.16
Systolic BP, mmHg 5 140.7 (21.1) 140.5 (21.3) 141.5 (20.9) 142.1 (20.6) 139.9 (21.3) 139.5 (19.2) 134.9 (17.9) 0.64
Mean (SD)
Total cholesterol, mmol/L 2 5.4 (1.0) 5.4 (1.1) 5.5 (1.0) 5.1 (0.8) 5.4 (1.1) 5.3 (1.0) 5.3 (0.7) 0.20
Mean (SD)
ALAT, U/L 4 22.0

(17.0–29.0)
22.0 (17.0–29.0) 22.0

(17.0–29.0)
21.0
(16.0–30.0)

21.0
(17.0–30.0)

21.0
(17.0–31.5)

27.0
(22.5–42.0)

0.28

Median (IQR)

P values are from tests for difference between the 6 different genotypes (continuous variable and normally distributed: ANOVA, continuous variable and non-normally distributed:
Kruskal-Wallis, categorical variables: chi squared test). For HFE there were 44 missing values. 8-oxodGuo: 8-oxo-7,8-dihydro-2′-deoxyguanosine (urine biomarker for oxidative modifications
of DNA), 8-oxoGuo: 8-oxo-7,8-dihydroguanosine (urine biomarker for oxidative modifications of RNA), ALAT: Alanine amino transferase, BP: blood pressure, hsCRP: high-sensitivity C-reactive
protein, NA: not available (= missing values), TS: Transferrin saturation, WC: waist circumference, WT: wild type.
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overload in stepwise analyses [19]. After the observational association
between iron (by ferritin and TS) and 8-oxoGuo was confirmed (part 1
in Fig. 6), we investigated whether the assumptions for the Mendelian
randomization were met (listed in Fig. 5), which included an in-
vestigation of the gene-exposure association (part 2 in Fig. 6). We then
proceeded to investigate the gene-outcome association (part 3 in
Fig. 6), which will serve as an indication of whether the observed as-
sociation between the exposure and outcome in the observational
analyses are causal. Finally, we estimated the causal effect using IV
analyses (two-stage least squares regression (2SLS)). In 2SLS two re-
gressions are performed; the first least-square regression is of ferritin/
TS on C282Y, and the second least-square regression is of 8-oxoGuo on
the predicted values from the first regression. The beta coefficient from
the second regression is the causal estimate. We used the R package
AER and the command ivreg() thereby obtaining the estimate for a
doubling in ferritin and TS, respectively. The IV analysis reflected a per
allele model, meaning that C282Y was included in the model as a
continuous variable. Furthermore, we performed IV analyses with a
dominant genetic model (wild type/C282Y + C282Y/C282Y versus
wild type/wild type) and a recessive genetic model (C282Y/C282Y
versus wild type/wild type + wild type/C282Y); these are shown in the
Supplementary material.

IV analysis was not performed for 8-oxodGuo, since there was no
association between HFE and 8-oxodGuo.

2.8. Study approvals

All participants gave informed written consent and the study was
performed in agreement with the Helsinki declaration. The study was
approved by the regional ethics committee for region Zealand (SJ-113
and SJ-114) and the Danish Data Protection Agency (REG-27-2014),
and followed Danish law on personal data protection. Animal experi-
ments were approved by Department of Experimental Medicine,
University of Copenhagen (project plan no. 14-238 and 16-148).

3. Results

Characteristics of the 3605 participants are presented in Table 1.
Mean age was 57.6 years and 2130 (59.1%) were women. Mean 8-ox-
oGuo, ferritin, TS and total plasma-iron differed across HFE subgroups
(all P values< 0.0001) and were highest for the C282Y/C282Y geno-
type. Mean transferrin also differed across the HFE subgroups
(p<0.0001) with the lowest value for C282Y/C282Y. There were no
differences in the HFE subgroups with respect to the remaining co-
variates.

3.1. 8-oxoGuo and iron – observational associations

Mean 8-oxoGuo increased with higher ferritin quantiles
(P< 0.0001) and was higher in the TS≥50% group versus the
TS<50% group (P< 0.0001) but did not differ across quartiles of total
plasma-iron (Table 2). These findings are consistent with the trend from
unadjusted and adjusted linear regression analyses of the association
between 8-oxoGuo and iron biomarkers (Fig. 1). Gender stratified re-
gression analyses showed the same pattern, although the association
between 8-oxoGuo and TS was stronger for women (Fig. 1). We per-
formed sensitivity analyses for ferritin with a subset of individuals with
high-sensitivity C-reactive-protein (hsCRP)<8 mg/L (n = 3399); the
association between 8-oxoGuo and ferritin remained (unadjusted
model: β-coefficient = 0.222 (95% CI: 0.201–0.243), P< 0.0001. Ad-
justed model: β-coefficient = 0.243 (95% CI: 0.221–0.265),
P< 0.0001).

Across the three blood donor status groups (never, former, current),
median ferritin concentration differed (P< 0.0001) and was lowest in
current blood donors (supplementary: Table S1). Mean plasma-iron also
differed across blood donor groups (p = 0.004), but was highest among

current blood donors. TS did not differ (supplementary: Table S1).
Mean 8-oxoGuo differed across blood donor status groups (P< 0.0001)
and was the highest in never blood donors (Table 2). Linear regression
analyses (unadjusted, adjusted and gender stratified) showed that only
current blood donor status had inverse relationship with 8-oxoGuo,
while former blood donor status did not after Bonferroni correction
(Fig. 1). Post-menopausal women had higher median ferritin, mean TS
concentration (both P<0.0001, supplementary: Table S1) and mean 8-
oxoGuo (P< 0.0001, Table 2) compared to pre-menopausal women;
the latter in agreement with unadjusted and adjusted linear regression
analyses (Fig. 1).

Mean 8-oxodGuo increased across ferritin quantiles (P<0.0001),
which was in accordance with the unadjusted and adjusted regression
analyses (Table 2, Fig. 2). 8-oxodGuo did not differ between the TS ≥
50% group versus the TS<50% (P = 0.1, Table 2), while linear re-
gressions showed an association between 8-oxodGuo and TS; however
the gender stratified regression analyses showed an association only for
women (Fig. 2). A difference in mean 8-oxodGuo was seen across total
plasma-iron quartiles, but was not confirmed in the regression models
(after Bonferroni correction). Mean 8-oxodGuo differed across blood
donor status groups (P< 0.0001) with highest values in never and
former blood donors (Table 2). Linear regression analyses revealed that

Table 2
8-oxoGuo and 8-oxodGuo according to iron biomarkers and iron proxies.

Iron biomarkers and
iron proxies

8-oxoGuo
nmol/mmol
creatinine

P value 8-oxodGuo
nmol/mmol
creatinine

P value

Mean (SD) Mean (SD)

Ferritin, µg/L
<50, n = 659 2.0 (0.8) < 0.0001 1.4 (0.6) < 0.0001
50–199, n = 1989 2.4 (0.7) 1.9 (0.7)
200–399, n = 791 2.6 (0.8) 2.0 (0.9)
400–599, n = 122 2.8 (0.9) 2.1 (0.9)
≥ 600, n = 42 4.1 (3.2) 2.5 (1.2)
Transferrin
1st quartile: < 30,

n = 854
2.7 (1.1) < 0.0001 2.1 (0.8) < 0.0001

2nd quartile: 30–32.9,
n = 941

2.5 (0.8) 2.0 (0.7)

3rd quartile: 33–35.9,
n = 853

2.4 (0.8) 1.8 (0.7)

4th quartile: ≥36,
n = 955

2.1 (0.8) 1.6 (0.7)

Transferrin
saturation, %

<50, n = 3582 2.4 (0.9) < 0.0001 1.9 (0.8) 0.09
≥ 50, n = 20 3.8 (2.5) 2.1 (0.9)
Iron, µmol/L
1st quartile: < 10.9,

n = 865
2.5 (0.9) 0.09 1.9 (0.8) < 0.0001

2nd quartile: 11–12.9,
n = 618

2.4 (0.8) 1.9 (0.8)

3rd quartile: 13–16.9,
n = 1187

2.4 (0.8) 1.9 (0.8)

4th quartile: ≥ 17,
n = 932

2.4 (1.0) 1.8 (0.7)

Blood donor status
Never, n = 2370 2.5 (0.9) < 0.0001 1.9 (0.8) < 0.0001
Former, n = 843 2.4 (0.8) 1.9 (0.7)
Current, n = 327 1.8 (0.6) 1.4 (0.6)
Menopause status

(women)
No, n = 735 2.0 (0.7) < 0.0001 1.7 (0.8) < 0.0001
Yes, n = 1383 2.8 (0.9) 2.1 (0.8)

Mean creatinine-corrected concentrations and standard deviations (SD) of 8-oxoGuo and
8-oxodGuo according to iron levels measured as ferritin, transferrin, transferrin saturation
(TS), iron, blood donor status (never/former/current) and menopause status for women
(no/yes). Mean creatinine-corrected 8-oxoGuo and 8-oxodGuo concentrations in HFE
subgroups appear in Table 1. P values are from ANOVA/t-test. There are 12 statistical
tests in total, resulting in a Bonferroni corrected alfa level of< 0.004.
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Fig. 1. Associations between iron biomarkers and proxies and 8-oxoGuo. Beta coefficients with 95% confidence intervals (95% CI) and P values from linear regression analyses
(unadjusted and adjusted for possible confounders) are shown for 8-oxoGuo as outcome. The beta coefficients in the figure to the left are unit changes in 8-oxoGuo per doubling
(corresponding to the log2 function) of ferritin, transferrin saturation (TS) or iron. Figure in the right margin shows beta coefficients for effect on 8-oxoGuo in former and current blood
donors compared to participants who have never been blood donors, and in post-menopausal women compared to pre-menopausal women. Adjusted analyses included the co-variates
gender (female/male), age (years), systolic blood pressure (mmHg), WC (cm), smoking status (never, former, current), total cholesterol (mmol/L), hsCRP (mg/L), alcohol intake (units per
week) and ALAT (U/L). There are 38 statistical tests in total, resulting in a Bonferroni corrected alfa level of< 0.001.

Fig. 2. Associations between iron biomarkers and proxies and 8-oxodGuo. Showing the results for the same analyses for 8-oxodGuo (see legend for Fig. 1).
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only current blood donor status had inverse relationship with 8-ox-
odGuo after Bonferroni correction (Fig. 2). Post-menopausal women
had higher mean 8-oxodGuo (P< 0.0001) compared to pre-meno-
pausal women, also shown in the unadjusted and adjusted linear re-
gression analyses (Table 2 and Fig. 2).

3.2. Mendelian randomization and Instrumental variable analyses
(assessing causality and obtaining causal effect estimates)

The HFE genotype was associated with 8-oxoGuo and both ferritin
and TS had highest concentrations in C282Y homozygotes (Table 1).
Furthermore, regression analysis showed that primarily the C282Y
variant was associated with 8-oxoGuo (Fig. 3), thus indicating a causal
effect of iron on 8-oxoGuo. Instrumental variable (IV) analyses were
therefore performed to obtain causal estimate of ferritin and TS on 8-
oxoGuo by using C282Y as genetic instrument. From the IV analyses (2-
stage least squares regression; 2SLS) using a per-allele genetic model
with HFE variant C282Y as the genetic instrument for iron, we esti-
mated an increase in 8-oxoGuo of 0.74 nmol/mmol creatinine (95% CI:
0.40–1.07) per doubling of ferritin, and an increase of 0.62 nmol/mmol
creatinine (95% CI: 0.38–0.86) per doubling of TS. The estimates were
similar when performing the IV analysis with a dominant genetic model
(wild type/C282Y + C282Y/C282Y versus wild type/wild type) and
larger when performed as recessive genetic model (C282Y/C282Y
versus wild type/wild type + wild type/C282Y) (see Supplementary:

Results for Instrumental variable analyses).
No difference in 8-oxodGuo was observed across HFE variants

(Table 1), in accordance with the regression analyses (Fig. 4).

Fig. 3. Associations between HFE genotypes and 8-
oxoGuo. Beta coefficients with 95% confidence in-
tervals (95% CI) and P values from simple linear
regression analyses for 8-oxoGuo regressed on the
HFE genotypes (wildtype/ wildtype genotype as re-
ference).

Fig. 4. Associations between HFE genotypes and 8-
oxodGuo. Showing the results for the same analyses
for 8-oxodGuo (see legend for Fig. 3).

Table 3
Ex vivo experiment: incubation of mice tissue with iron(II) sulfate.

Iron(II) sulfate n Ratio 8oxoGuo/106 Guo P value
Concentration (mM) in chamber Mean (se)

0 (control) 4 8.4 (1.0) 0.0008
0.01 10.6 (2.3)
0.1 12.0 (1.7)
1 37.9 (7.6)

Muscle tissue (m.gastrocnemius) from female mice were incubated with different iron(II)
sulfate concentrations after being dissected, permeabilized and fed with substrates for the
mitochondrial electron transportation chain, whereby H2O2 production from mitochon-
dria was ongoing. Incubation lasted for approximately 1 h while the chambers were re-
oxygenated when O2 concentration declined below 200nmol/mL. Hereafter, the ratio of
8-oxoGuo/106 Guo was measured. Table 3 shows mean and standard error (se) of the 8-
oxoGuo/106 Guo ratio after incubation. Tissue derived from the same mouse was in-
cubated with one of four possible different conditions: control (sodium sulfate, 1 mM in
the chamber) or iron with concentration of 0.01, 0.1 or 1 mM in the chamber. Four in-
dependent experiments were performed in total. P value is from ANOVA.
Control: sodium sulfate (1 mM).
n = 4 is the number of independent biological samples.
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3.3. Ex vivo experiment: 8-oxoGuo in mammalian tissue incubated with
iron

Table 3 shows the ratio of 8-oxoGuo per 106 Guo in mice muscle
tissue (n = 4) incubated for 1 h with increasing concentrations of iron
(II) sulfate (0.01, 0.1, and 1 mM). There was a monotonically increasing
ratio of 8-oxoGuo /106 Guo in the tissue with increasing concentration
of iron(II) sulfate and the mean ratio differed across the groups (P =
0.0008). When iron(II) sulfate was followed by addition of the iron
chelator desferrioxamine (DFOM) after 5 min, the ratio of 8-oxoGuo per
106 Guo was comparable to the control experiments (Table 4).

4. Discussion

In this study we used the RNA oxidation product 8-oxoGuo as a
measure of RNA oxidation, and in analogy 8-oxodGuo as a measure of
DNA oxidation, often more generally termed as measures for oxidative
stress.

We found a robust association between high levels of ferritin and
TS, respectively, and high urinary excretion of 8-oxoGuo, and an in-
verse association between transferrin and excretion of 8-oxoGuo. We
did not observe an association between total plasma-iron and 8-
oxoGuo. Total plasma-iron exhibits circadian variability and is there-
fore evaluated in combination with the iron biomarkers ferritin and TS
in the clinic [20]. The ferritin protein binds iron intracellularly and it is
the best measure of total body iron storage in iron overload [21].
Ferritin is however also an acute phase reactant, i.e. it increases during
inflammation/infection [20,22], which is why our adjusted observa-
tional analyses included hsCRP. Furthermore, we performed a sensi-
tivity analysis with a subset including only individuals with hsCRP<
8 mg/L. Results were similar, thus indicating that the association be-
tween ferritin and 8-oxoGuo is not just a result of inflammation.
Transferrin is a protein specialized in transportation of iron [23], and
TS is the ratio of transferrin occupied by iron. TS increases as well in
conditions with iron overload, and often preceding ferritin elevation
[23]. Both ferritin and TS have different normal range in men and

women, thus we stratified our regression analyses by gender; the as-
sociations for men and women remained similar to those observed for
the overall population.

It is well established that iron levels decrease after phlebotomy
[24], and we speculate that the observed lower mean 8-oxoGuo and
inverse relationship with 8-oxoGuo among current blood donors com-
pared to never donors could be mediated via a decreased body iron
storage. However, even though we adjusted for possible confounders
there still might be bias from the healthy donor effect on the association
between 8-oxoGuo and current blood donor status [25,26]. We ob-
served that total plasma-iron was elevated in current blood donors, but
this may be due to intake of oral iron supplementation and/or to in-
creased intestinal iron absorption after phlebotomy.

Lower body iron in pre-menopausal women compared to men, is
mainly due to the monthly loss of blood and thereby iron [23,24]. The
observed higher 8-oxoGuo in post-menopausal compared to pre-me-
nopausal women might be mediated through iron, although we cannot
rule out contribution from other risk factors for high 8-oxoGuo.

Due to the observational study design, we performed Mendelian
randomization analyses, using the HFE-genotype as a proxy for long-
term iron exposure. Because of the random allocation of genes at con-
ception, the Mendelian randomization study mimics a randomized,
controlled trial [19]. In our study, the gene-outcome association was
observed for the C282Y variant (and not for H63D), and the C282Y
genotypes were therefore used as the genetic instrument/proxy for iron
in the IV analyses. When certain assumptions are met (listed in Fig. 5),
the results from the Mendelian randomization analysis can serve as
indications of a causal pathway between the exposure (iron) and out
outcome (8-oxoGuo) [27]. The assumptions for the Mendelian rando-
mization analysis were considered met: the HFE genotype is strongly
associated with ferritin and TS (well established in other studies [28]
and confirmed in the present, see Table 1) and is not associated with the
known and measured confounders of the association between iron and
8-oxoGuo (Table 1). To our knowledge, the HFE gene mediates its ef-
fects on 8-oxoGuo only through iron (here assessed by measures of
ferritin and TS), although this cannot be tested directly (Fig. 6).

The experimentally added iron in the ex vivo experiment is most
likely much higher than the in vivo achievable concentration.
Nevertheless, the results supports the causal link between iron and 8-
oxoGuo as the 8-oxoGuo/106 Guo ratio increased in a monotonically
fashioned way with increasing iron concentration, and chelation of iron
after overload led to decreased formation of 8-oxoGuo.

One theory explaining the association between iron overload and
development of diseases is ferrotoxicity mediated through Fenton
chemistry producing •OH [1]:

Fe2+ + H2O2 → Fe3+ + OH- + •OH

Subsequently, •OH can damage cellular components such as DNA
and RNA by oxidative modifications. Our previous study showed that 8-
oxoGuo was 2.5-fold elevated in hereditary hemochromatosis patients
(with the C282Y mutation) compared to controls. After intervention by

Table 4
Ex vivo experiment: incubation of mice tissue with iron(II) sulfate and DFOM.

n Ratio 8oxoGuo/106 Guo P value
Mean (se)

Iron(II) sulfate (1 mM) 4 30.6 (4.6) 0.01
Iron(II) sulfate (1 mM) + DFOM

(0.1 mM)
8.1 (1.6)

Table 4 shows incubation with iron(II) sulfate (1 mM in chamber) alone or with addition
of the iron chelator desferrioxamine, DFOM (0.1 mM in chamber), which was added
approximately five minutes after iron(II) sulfate. Tissue derived from the same mouse was
incubated with one of the two possibilities; experiments were performed with 4 in-
dependent biological samples in total (n = 4). P value is from t-test.
DFOM: Desferrioxamine.
Concentrations are shown for the chamber concentration.

Fig. 5. Main assumptions in Mendelian randomiza-
tion. The following three assumptions must be met
when performing Mendelian randomization studies.
Assumption 1 and 2 can directly be tested, while
assumption 3 cannot.
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phlebotomy, which is the common treatment for removal of excess iron
in hereditary hemochromatosis, the 8-oxoGuo levels decreased to va-
lues comparable with controls [10]. In contrast, there was no difference
in the urinary excretion of the corresponding DNA oxidative mod-
ification, 8-oxodGuo, between hereditary hemochromatosis and con-
trols. Since other studies also have shown differences in oxidation to
RNA and DNA [29–31], for comparison we tested if DNA oxidation,
measured as 8-oxodGuo, was affected by iron as well. In agreement
with the previous study, we found only 8-oxoGuo and not 8-oxodGuo to
be associated with the HFE genotype. However, we did observe an as-
sociation between 8-oxodGuo and ferritin and between 8-oxodGuo and
TS in women only. Also, there was an association between 8-oxodGuo
and current blood donor status and menopause. Whether this is true
associations or chance findings due to bias or unidentified confounders,
remains unknown. As there was no association between the HFE gen-
otype and 8-oxodGuo it was not relevant to obtain a causal estimate by
IV analysis. The lack of indication of a causal pathway between in-
creased ferritin and transferrin saturation and DNA oxidation (as op-
pose to the observed relationship for RNA oxidation) could be due to
the fact that RNA is more prone to iron induced oxidative modification
because of its cytosolic localization in the cells and the less developed
protection mechanism compared to DNA. This theory stays speculative
as our study unfortunately is not designed to evaluate the underlying
biological mechanisms.

The shown associations between 8-oxoGuo and diseases such as
Alzheimer's disease [32], and the association we previously found with
mortality in type 2 diabetes patients [31], institute a need for dis-
covering risk factors for increased 8-oxoGuo. Both iron overload and 8-
oxoGuo have been linked to similar diseases, e.g. diabetes, and future
studies will be needed to elucidate if iron induced formation of 8-ox-
oGuo contributes to disease development.

The biomarkers 8-oxoGuo and 8-oxodGuo can be interpreted as a
measure of RNA and DNA oxidation, respectively. However, the me-
chanism regarding release and transportation of the RNA and DNA
products into urine is not established. Probably, RNA degradation
mechanisms, and maybe unknown RNA repair mechanisms, are ac-
countable for the excretion of 8-oxoGuo into urine [11]. The me-
chanism leading to release of the DNA oxidation product 8-oxodGuo
into urine is thought to be DNA repair, although a recent study could
not show involvement of some likely repair mechanisms [33]. Perhaps,
other repair mechanisms that were not investigated are involved.
Contribution from diet and cell turnover do not seem to be of sig-
nificance [34–37]

5. Limitations

The observational associations do not necessarily reflect causal
pathways and there may be residual confounding and/or reverse cau-
sation bias. Featured benefits of the Mendelian randomization analysis
are that confounders/revers causation does not influence the results.
However, Mendelian randomization relies on assumptions concerning
biological mechanisms; we assume that there is no canalization and no
pleiotropy. Another limitation is the complexity of assessing body iron

and thereby the use of biomarkers ferritin and TS and not iron per se.
However, it is well known that these iron biomarkers increase in he-
mochromatosis. The ex vivo study was performed on animal tissue and
only in one type of tissue; therefore we cannot conclude that the same
mechanism is present in vivo in humans and the experiments do not
allow interpretation of e.g. a quantitative meaning in human subjects.
However, the experiment do add evidence of a causal link between iron
and formation of 8-oxoGuo. An alternative study design with animals
with iron overload (genetic or diet induced) with measurement of 8-
oxodGuo in different tissues and also in urine could contribute with
further evidence.
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Fig. 6. Mendelian randomization: 'Triangle of asso-
ciation'. The figure illustrates the steps in Mendelian
randomization studies. 1) The observational asso-
ciation between exposure and outcome (with po-
tential bias from residual confounding and reverse
causation). 2) Gene-exposure association (must be
strong in order for the genotype to function as in-
strument/proxy for the exposure of interest). 3)
Gene-outcome (an association will be an indication
of a causal relationship between the exposure and
outcome found in the observational analyses). 4)
Instrumental variable analysis (to obtain an estimate
of the causal effect of the exposure on the outcome).
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