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Abstract
Glutathione (GSH) is a ubiquitous, redox active, small molecule that is critical to cellular and
organism health. In red blood cells (RBCs), the influence of the environment (e.g. diet and
lifestyle) on GSH levels has been demonstrated in numerous studies. However, it remains
unknown if levels of GSH are determined principally by environmental factors, or if there is a
genetic component, i.e. heritability. To investigate this we conducted a twin study. Twin studies
are performed by comparing the similarity in phenotypes between mono- and di-zygotic twin
pairs. We determined the heritability of GSH, as well as its oxidation product glutathione disulfide
(GSSG), the sum of GSH equivalents (tGSH), and the status of the GSSG/2GSH couple (marker
of oxidation status, Ehc) in RBCs. In our study population we found that the estimated heritability
for the intracellular concentration of GSH in RBCs is 57 %; GSSG is 51 %, tGSH is 63 %, and Ehc
is 70 %. We conclude that a major portion of the phenotype of these traits is controlled
genetically. We anticipate that these heritabilities will also be reflected in other cell types. The
discovery that genetics play a major role in the innate levels of redox active species in RBCs is
paradigm-shifting and opens new avenues of research in the field of redox biology. Inherited RBC
anti-oxidant levels may be important disease modifiers. By identifying the relative contributions of
genes and the environment to anti-oxidant variation between individuals, new therapeutic
strategies can be developed. Understanding the genetic determinants of these inherited traits may
allow personalized approaches to relevant therapies.
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Introduction
Glutathione (GSH) is an important redox active biomolecule critical in the maintenance and
regulation of cellular and organismal health. Significantly lower population-mean levels of
GSH in RBCs have been indicated in many disease states including but not limited to: acute
exposure to drugs and toxins [1, 2, 3], protein-malnutrition [4], hormonal imbalance [5],
genitourinary disease [6], gastrointestinal disease [6], cancer [6], cardiovascular disease [6],
musculoskeletal disease [6], Parkinson’s disease [7], adult respiratory distress syndrome [8],
diabetes mellitus [9, 10], liver disease [11], AIDS [12], cataracts [13], and aging [14, 15].
On the other hand, high availability of GSH in red blood cells (RBCs) has been correlated
with longevity in mosquitos [16] and mice [17], and good health in elderly humans [18].

Major hurdles remain before levels of GSH can be used as a therapeutic target or as a
diagnostic biomarker. Central questions remaining to be fully answered are: (a) does disease
alter the levels of GSH in RBCs; (b) does the level of GSH influence the risk for disease of a
population; and (c) what other factors determine the cellular and tissue levels of GSH. The
goal of this research is to determine if there is a heritable component to observed levels of
GSH in human RBCs.

Multiple studies of healthy individuals have observed a wide inter-individual range of GSH
levels in RBCs (0.4 to 3.0 mM, Table 1). This large inter-individual range (coefficient of
variation (CV) ≈ 36 % for the data in Table 1) is present regardless of age or method of
detection. In contrast, intra-individual (i.e. within an individual) levels of GSH in RBCs are
relatively stable over time (<10 % CV over a period of several months, 15 % over several
years) [19, 20]. This suggests that GSH levels are maintained at an innate level that is
distinct between individuals; leading to the hypothesis that: a major portion of the variability
observed in GSH, glutathione disulfide (GSSG) concentrations, and Ehc status in RBCs is
determined by genotypic differences.

To test this hypothesis we performed a classic twin study. Such a twin study compares the
similarity of a trait in mono-zygotic (MZ) and di-zygotic (DZ) twins [21, 22]. For twin
studies, this measure of similarity has been the intra-class correlation (ICC) [23]. With the
ICC values for MZ and DZ twins for a given trait, the proportion of the observable inter-
individual variation attributed to genotypic differences (i.e. heritability) can be estimated
[24].

Materials and Methods
IRB Approval

The study was approved by the Human Subjects Office of The University of Iowa. Subjects
were qualified for participation by meeting criteria for autologous blood donation according
to standard operating procedures of The University of Iowa DeGowin Blood Center.
Standard health history and demographic information were obtained at the time of
enrollment and informed consent.

Recruitment
Twins (19 pairs; 14 MZ and 5 DZ pairs) were recruited to donate blood at the DeGowin
Blood Center at the University of Iowa Hospitals and Clinics. Prior to standard blood
donation, samples of whole blood for this study were collected. Twins were not required to
come in as a pair, nor were there restrictions on the time of day for donations. This resulted
in individuals within pairs to donate weeks apart and at different times of the day.
Information on ethnicity or smoking status of subjects enrolled in the trial is not available;
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these topics are not queried on the standard health history form used to determine eligibility
for donation of whole blood.

Zygosity testing
The zygosity of twin pairs was determined by isolating DNA from white blood cells
(WBCs). White blood cells were obtained from leuko-reduction filters, utilized during the
processing of the whole blood donation into components. Dulbecco's Phosphate-Buffered
Saline (DPBS, 15 mL) was pushed through the filter to extract the WBCs. The DPBS with
WBCs was collected into a 50 mL centrifuge tube. The 50 mL tube was centrifuged at 500 g
for min. WBCs are resuspended in 2 mL of DPBS. DNA was extracted using the AutoGen
(Holliston, MA) QuickGene-610L nucleic acid extraction machine with the Fuji QuickGene
DNA Whole Blood Kit (AutoGen), following manufacturer’s instructions. Genotype was
determined by probing for 24 single nucleotide polymorphisms (SNPs). SNP genotyping
was performed with TaqMan assays (Applied Biosystems, Foster City, CA) on the EP1 SNP
Genotyping System and GT48.48 Dynamic Array Integrated Fluidic Circuits (Fluidigm, San
Francisco, CA). MZ twins had 90 % or greater genotype concordance out of 24 total SNPs.
All other twin pairs were considered DZ. At least two independent determinations were
performed on all twin pairs.

Sample preparation
Whole blood (EDTA, Vacutainer® purple top blood collection tube, 8 mL) was collected
from donors prior to blood donation. The sample was centrifuged at 500 g for 5 min,
followed by removal of the plasma and buffy coat. RBCs were washed twice with cold
isotonic saline solution. After washing, a 30 µL aliquot of the packed red blood cells
(pRBCs) was removed for complete blood count (CBC) analysis (Sysmex XE-2100™
Automated Hematology System); included in the CBC results are number per microliter,
hemoglobin content, and mean volume of the RBCs. Three, 400 µL aliquots of pRBCs were
each lysed with 500 µL of a 5 % perchloric acid/100 µM diethylenetriaminepentaacetic acid
solution; this precipitates the protein and preserves glutathione (GSH) and glutathione
disulfide (GSSG). Samples were thoroughly mixed and stored at −80 °C for a minimum of 1
day and a maximum of 2 months prior to HPLC analysis; control experiments demonstrated
no significant changes in GSH or GSSG in this time. On the day of analysis, the three
samples were thawed at room temperature (30 min) and centrifuged to pellet the protein
(4000 g, 5 min). The supernatant (≈ 800 µL) for each sample was transferred to a separate
Eppendorf tube. After an aliquot was removed for analysis, the remaining sample was stored
at −80 °C.

Measurement of GSH and GSSG in RBCs with HPLC-BDD
To determine the amount of GSH and GSSG in RBCs, HPLC (ESA Coularray) with
electrochemical detection (ECD) was used following the protocol outlined by Park et al.
[25]. The method is based on an electrochemical detection system using a boron-doped
diamond disc (BDD) electrode (Model 5040, ESA Biosciences, Chelmsford, MA, USA).
Samples (65 µL) were loaded into auto sampler vials with a 100 µL glass insert. Samples
were stored in the temperature controlled (+4 °C) auto sampler until analysis. At time of
analysis the sample (10 µL) was loaded on the column and eluted for 60 min (number of
RBCs on column = 10 – 40 million). With each set of samples, four standards containing
GSH (500 – 8000 pmole on column) and GSSG (200 – 2000 pmole on column) were
included; standard curves generated with each run were used to quantify the analytes for
each sample set. Quantitation was performed by integrating the GSH and GSSG peaks in the
BDD electrode channel with ESA Coularray® for Windows version 1.12.
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Calculation of intracellular concentration for GSH and GSSG in RBCs
For each sample, the amount (mole) of GSH and GSSG per RBC was determined via the
standard curve specific to each run. First, the GSH amount was divided by the number of
RBCs associated with each sample (number obtained from CBC) giving a value of mole
cell−1. The mole cell−1 value was then divided by the mean cell volume (MCV; value
obtained from CBC) resulting in an intracellular concentration of mole L−1 for GSH and
GSSG. The median of the three independently processed samples was taken to reflect the
intracellular GSH and GSSG concentration of an individual. From these molar
concentrations the status of the GSSG/2GSH couple was calculated using the Nernst
equation Ehc = −255 – 30 log ([GSH]2/ [GSSG]) in mV [26], assuming an intracellular pH
of 7.25 for RBCs and a temperature in vivo of 37 °C [27].

Calculation of ICC and Heritability
For twin studies the one-way model of intra-class correlation (ICC) is used to determine the
similarity of a measure in a twin pair, ICC = (MSbetween − MSwithin) / (MSbetween +
MSwithin), where MSbetween is the estimate of the mean-square variance between all twin-
pairs and MSwithin is the estimate of the mean-square variance within the sets of pairs in that
group [23]. The ICC is a variant of ANOVA analysis and is described on a scale of +1 to −1.
An ICC that approaches +1 would be a near perfect one-to-one correlation within twin pairs
and a large variation between twin pairs; an ICC of 0 would result from a set of data-points
spread far apart between twin pairs with no one-to-one correlation within pairs; and an ICC
of −1 would result from a data set with no one-to-one correlation within twin pairs and a
small variation between twin pairs. An intra-class correlation approaching +1 is expected in
MZ twins for a strongly heritable trait. The ICC of MZ and DZ pairs for GSH, GSSG and
Ehc were calculated using IBM® SPPS® Statistics version 20. Heritability was estimated
from the ICC values using the method derived by Newman, Freeman, and Holzinger, h2 =
(ICCmz − ICCDZ) / (1 − ICCDZ) [24].

Results
Characterization of study population

Adult twins (aged 18 – 48 y) were recruited to The University of Iowa DeGowin Blood
Center, Table 2. To be included, volunteers had to meet the requirements for donation of a
standard unit of whole blood. Prior to donation, a blood sample was drawn as described in
Materials and Methods. Fourteen MZ twin pairs (median age 24 ± 8 y; range, 18 – 48 y) and
5 DZ twin pairs (median age 22 ± 6 y; range, 18 – 33 y) were included in the study. There
were no statistically significant differences in the mean height, weight or age between the
MZ and DZ groups, Table 2. Zygosity was determined by DNA-based testing (See Materials
and Methods.).

Distribution and ranges of GSH, GSSG, tGSH, and Ehc in MZ and DZ twins
The GSH and GSSG levels in freshly collected RBCs from MZ and DZ twins were
determined using high performance liquid chromatography with electrochemical detection.
The median intracellular concentration of GSH in RBCs was 1.4 ± 0.7 mM with a range of
0.6 – 3.6 mM in the study population, Figure 1. This corresponds well with previous
observations in healthy human RBCs (Table 1, intracellular GSH = 1.4 ± 0.5 mM, range =
0.4 – 3.0 mM). The median concentration of GSSG was 214 ± 114 µM with a range of 25 –
611 µM, Figure 1. These values for GSSG are somewhat higher, but within the range
previously reported, 77 ± 38 µM [20]; observation of higher levels of GSSG may be due to
the use of PCA as the precipitating acid as well as the detection methods. Total GSH
equivalents (tGSH) is given by [tGSH] = [GSH] + 2[GSSG]. The median intracellular
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concentration of tGSH in RBCs was 2.0 ± 0.8 mM with a range of 0.7 – 4.4 mM in the study
population. To determine the overall state of the GSH redox buffer in RBCs, the half-cell
reduction potential (Ehc) for the GSSG/2GSH couple was determined. The median value for
Ehc in RBCs was −199 ± 11 mV with a range of −173 to −223 mV, Figure 1. There were no
statistically significant differences between the mean GSH, GSSG, and Ehc values for MZ
and DZ twin groups.

Intra-class correlation of GSH, GSSG, tGSH, and Ehc for MZ and DZ twins
The ICC values for MZ twins were: 0.56 (95 % confidence interval 0.11–0.83) for GSH,
0.36 (95 % confidence interval −0.15–0.73) for GSSG, 0.56 (95 % confidence interval 0.10–
0.83) for tGSH, and 0.63 (95 % confidence interval 0.2–0.86) for Ehc, while the ICC values
for DZ twins were: −0.03 (95 % confidence interval −0.77–0.8) for GSH, −0.3 (95 %
confidence interval − 0.86–0.67) for GSSG, −0.17 (95 % confidence interval −0.77–0.80)
for tGSH and −0.26 (95 % confidence interval −0.85–0.70) for EhcFigure 2. The consistently
stronger correlation for MZ twins over DZ twins is consistent with a heritable trait, Table 3.

Heritability of GSH, GSSG, tGSH, and Ehc in RBCs
Heritability was estimated using the ICC values determined for GSH, GSSG, and Ehc (See
Materials and Methods.). Figure 3 depicts the estimated heritabilities: GSH, 57 %; GSSG,
51 %; tGSH, 63 %, and Ehc, 70 %. These values for heritability indicate that a significant
portion of the inter-individual variation can be explained by genotypic differences. For
example, the range for inter-individual variation in GSH levels is 2.6 mM, Table 1. With
heritability of GSH = 57 %, then 1.5 mM of the 2.6 mM range in inter-individual variation is
due to genetic differences. The remainder is due to differences in environmental influences,
e.g. diet and life style.

Heritability of established heritable traits in this study population
To provide conformation that this study population is representative to allow reasonable
heritability estimates, we determined the ICC and heritability of height as well as body-mass
index, BMI. Height is a well-studied heritable trait that in affluent societies shows very high
heritability, while BMI has a heritable component but will also have a significant
environmental component. The ICC values for height in our study population are MZ = 0.94
and for DZ = −0.37, resulting in an estimated heritability of 96 %, Figure 3; this corresponds
exceptionally well with previous reports of heritability (87 – 93 %) in the affluent societies
of Western Europe [28]. The ICC values for BMI in our study population are MZ = 0.97 and
for DZ = 0.92, which yields a heritability of 63 %, i.e. environmental influence is
approximately 37%. Results from many studies on the heritability of body mass index yield
a range of ICC from 0.39 to 0.91 in MZ twins with a weighted mean of 0.74 while the
weighted mean for DZ twins is 0.32, yielding a heritability of 62 % [29].

Discussion
We present here compelling evidence that the intracellular concentrations of GSH, GSSG,
tGSH, and Ehc in RBCs are heritable traits in our study population, i.e. the major portion of
the phenotype of these traits is controlled genetically. The heritable genetic sequence of an
individual will determine the specific activity and how many copies of enzymes controlling
the level of GSH and GSSG are present in each cell, Figure 4. Enzymes that could be
involved are: γ-glutamylcysteine synthetase, glutathione synthetase, glutathione peroxidase,
glutathione disulfide reductase, glutathione-S-transferase, GSH or GSSG transport protein,
cysteine or cystine transport proteins, glycine transport proteins, glutamate transport
proteins, glucose-6-phosphate dehydrogenase, and many others.
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In RBCs damaged proteins and enzymes are not discarded and replaced as the biochemical
machinery for these tasks was lost upon differentiation of the progenitor cells to mature
erythrocytes. However, glutathione is replaced with an estimated turnover time on the order
of 4–6 days [30, 31, 32]. The intracellular concentration of GSH in RBCs will be a function
of the rate of synthesis and rate of “loss” as well as associated recycling, control, and
feedback mechanisms. Rate-limiting reactions involved in the turnover of GSH, such as
investigated in [31, 32], would be logical starting points to probe for genetic mechanisms
that lead to the observed heritability of the levels of GSH, GSSG, tGSH, and Ehc in RBCs.

Therapeutic implications
Identifying the genes regulating GSH levels in RBCs and possibly other tissues will be very
important for clinical use of our finding. We would hypothesize that, since levels of GSH in
RBCs are under substantial genetic control, that genes that regulate GSH may be important
disease modifiers. Polymorphisms in these genes could be screened for early in life; this
information could be coupled to other biomarkers of disease, informing patients on their risk
for disease as well as the potential severity or progression. Based on this information,
physicians can prioritize the monitoring of patients with the most substantial risk for severe,
rapidly progressing disease.

Also personalized strategies to modify the levels of GSH could be implemented based on
polymorphism profiles in these critical genes. By understanding the mechanism on how
GSH levels are altered by disease, xenobiotic exposure, and environmental factors the
variance between the innate (i.e. genetically determined) GSH level and the phenotypic
GSH level could be used as a biomarker for general health and risk for secondary stresses.
The levels of GSH in RBCs could be uniquely suited to reflect the status of the total GSH
pool in an entire organism since it is such a diffuse organ reaching every corner of a body.
This would eliminate the use of targeted approaches by e.g. biopsies.

Research implications
The heritability of GSH, GSSG, Ehc, and tGSH levels in RBCs could evolve the
understanding of many more issues in human health besides direct therapeutic implications.
The observed heritabilities could in part explain:

• Why individuals are affected differently by aging, disease and other daily insults to
our bodies;

• Mechanisms of drug efficacy and adverse reactions on an individual basis
(pharmacogenomics); and

• Individual outcomes upon exposure to toxins and xenobiotics (toxicogenomics).

We hypothesize that the discovery of heritability will not be limited to only RBCs, but that
these heritability estimates will be similar in other tissues.

Support for heritability of GSH in RBCs
There is support for our observations on heritability in published studies that determined
GSH levels in RBCs. For instance, in a study of GSH in whole blood from two distinct
Jewish populations, the distributions and ranges of GSH observed were quite different
between the two populations but similar within the populations, consistent with a heritable
trait [33]. In a twin study of toddlers (≈ 4 years old) Lang et al. estimated total GSH (GSH +
GSSG) in RBCs to be 23 % heritable [34]. In a study of newborn infants, Küster et al. found
an excellent correlation (R2 = 0.62) between the GSH concentration in RBCs from cord
blood of newborns with the GSH concentration in the RBCs from their mothers; again,
suggesting heritability of GSH in RBCs [35].
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Heritability of other oxidative stress related species
Other researchers have looked at the heritability of markers of oxidative stress and
compounds related to it. Broedbaek et al. investigated the influence of genetics on F2-
isoprostanes, 8-oxo-7, 8-dihydro-2′-deoxyguanosine, and 8-oxo-7, 8-dihydroguanosine
(lipid-, DNA-, and RNA-derived oxidation products) in a population of elderly Danish twins
[36]. This study found little to no influence of genes on these markers of oxidative stress.

Chakraborty and Chaudhuri investigated the heritability of glucose-6-phosphate
dehydrogenase, catalase, and glutathione peroxidase in RBCs [37]. In their study population
these redox enzymes have significant heritabilities, 93, 72, and 60 % percent, respectively.
These reports indicate that there might be a major genetic component to the anti-oxidant
defense systems of cells; however the manifestation of oxidative stress could still be mostly
dependent on environmental challenges.

Ehc in RBCs
The value of Ehc of the GSSG/2GSH couple, the principal component of the intracellular
redox buffer, has been proposed as a key parameter associated with the fundamental biology
of cells and tissues [26, 38]. For proliferating cells Ehc is approximately −240 mV (or more
negative). Quiescent or differentiated cells have an Ehc ≈ −200 mV; cells undergoing
apoptosis will have an Ehc ≈ −170 mV. If Ehc is more positive (more oxidized) than −160
mV, cells are considered necrotic. These values for Ehc and associated biology are
conserved across many forms of life: from yeast [39]; to plants (including seeds) [40, 41, 42,
43, 44]; to mammals [38, 45]. The measured median value of −199 mV for Ehc is consistent
with RBCs being a terminally differentiated cell; in addition the strong apparent heritability
of Ehc is consistent with a fundamental biochemical parameter that is constant across
individuals, as would be expected for Ehc.

Variations in human population compared to animals
Since errors of measurement in samples from individuals are relatively small (CV = 13 %
across triplicate, independently processed samples), the large observed inter-individual
range (GSH, CV = 37 %; GSSG, CV = 51 %) reflects the genetic diversity in this study
population. Observed intra-individual variations in GSH levels are typically much smaller in
animals utilized in laboratory research (CV =13 % in mosquitos and 8 % in mice) [14, 15,
17]. This smaller CV can be explained by the genetic similarity of the various strains of
research animals [46].

Limitations
The estimates of heritability found here may not be reflected in all population groups. In
addition, our estimates have been made on a relatively small sample size. However,
estimates of heritability for two well-studied heritable traits match exceptionally well
published estimates: height (estimated heritability of 96 % in this study compared to the
published range of 87 – 93 % [28] and BMI (63 % in this study, published range 39 – 93 %
with a weighted mean of 62 % [29]). Both papers present analyses of many studies that were
carried out across many different populations, which included over 100,000 individuals. The
high degree of similarity between these published values and our values for these two well-
established heritable traits engender considerable confidence in our estimates on the
heritability of GSH, GSSG, Ehc, and tGSH in RBCs.
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Abbreviations

BDD boron-doped diamond electrode

CV coefficient of variation

DZ dizygotic

Ehc half-cell reduction potential

GSH glutathione

GSSG glutathione disulfide

ICC intraclass correlation coefficient

MZ monozygotic

RBC red blood cell

tGSH total GSH equivalents, i.e. [tGSH] = [GSH] + 2[GSSG]
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Highlights

• The concentrations of GSH and GSSG in human red blood cells are genetically
determined

• There is a large variation between individuals in their GSH and GSSG levels

• The half-cell reduction potential of the GSSG/2GSH couple is heritable

• Individuals could respond differently to oxidative stress due to their genotype
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Figure 1. The distributions of GSH, GSSG, and Ehc are very similar between MZ and DZ twins
The intracellular concentration of GSH for MZ and DZ twins combined is: median = 1.4
mM; mean = 1.5 mM; standard deviation = 0.7 mM; and range = 0.6 – 3.6 mM. GSSG is:
median = 214 µM; mean = 224 µM; standard deviation = 114 µM; and range = 25 – 611 µM.
The halfcell reduction potential is: median = −199 mV; mean = −197 mV; standard
deviation = 11 mV; and range = −173 to −223 mV. Bins were equally distributed between
the highest and lowest values of the whole study population (MZ + DZ). The difference was
divided by 5 to assign the size of the bins (e.g. GSH bin “0.6 mM” contains those
individuals with a GSH concentration between 0.6 mM and 1.2 mM). There is no
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statistically significant difference (Students t-test) between the means of the two groups for
all three analytes. This indicates that the only difference between the MZ and DZ groups is
the genetic similarity of pairs within the study population.
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Figure 2. The intra-class correlation is greater between MZ twins than DZ twins for GSH,
GSSG, and Ehc
(♦) are the measured values for GSH, GSSG or Ehc. (−) is the mean value for a twin pair. In
our population, the ICC values for MZ twins were: 0.56 for GSH, 0.36 for GSSG, and 0.63
for Ehc. The ICC values for DZ twins were: −0.03 for GSH, −0.3 for GSSG, and −0.26 for
Ehc. The consistently stronger correlation for MZ twins over DZ twins is consistent with a
heritable trait. Values are the median of independently processed samples (n = 3).
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Figure 3. The concentrations of GSH, GSSG, Ehc and tGSH within RBCs behave as heritable
traits
Heritability was estimated using the method of Newman, Freeman, and Holzinger. The
estimated heritability for GSH is 57 %, for GSSG 51 %, tGSH 63 %, and Ehc 70 van ‘t Erve
et al. GSH is heritable in RBCs Page 20 of 29 %. The heritability for height (96 %) and BMI
(63 %) were used as markers to compare our study population to other published reports on
this established heritable trait (dashed boxes, height 87 – 93 %, BMI 39 – 91 %) [28].
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Figure 4. Potential mechanisms of genetic influence for determining the levels of GSH and GSSG
in RBCs
In the progenitor cells for RBCs of each individual, specific inherited sequences of DNA are
transcribed into proteins and enzymes. These enzymes have a specific activity and copy
number as defined by the inherited DNA sequence. These many enzymes will directly or
indirectly affect the level of GSH and GSSG. When the progenitor cells differentiate to
RBCs these enzymes can no longer be renewed because the machinery for protein synthesis
has been eliminated. This provides the mature RBC with a mostly locked enzyme
environment. However, the set of enzymes needed to maintain the GSSG/2GSH system is
fully functional; GSH turnover time is approximately 4–6 days [30, 31, 32]. The kinetic rate
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constants, copy number of active enzymes, and the availability of GSH precursors are at that
point responsible for the steady-state levels of GSH and other small molecules.
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Table 2

Characterization of study population

Trait Monozygotic (MZ) Dizygotic (DZ) p valuea

Age / y 24 ± 8b 22 ± 5 0.8

Weight / kg 64 ± 14 64 ± 8.6 0.6

Height / m 1.68 ± 0.07 1.73 ± 0.08 0.7

Female pairs 12 2 -

Male pairs 2 2 -

Male/female pairs - 1 -

a
Dizygotic versus monozygotic

b
Median ± SD
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Table 3

Intra-class correlation coefficients for GSH, GSSG, tGSH, and Ehc

Trait Monozygotic (MZ)
(n=14)a

Dizygotic (DZ)
(n=5)a

p valueb Heritability
(h2)c

GSH 0.56 (0.11–0.83) −0.03 (−0.78–0.80) 0.39 57

GSSG 0.36 (−0.15–0.73) −0.30 (−0.86–0.67) 0.37 51

tGSH 0.56 (0.09–0.83) −0.17 (−0.77–0.80) 0.29 63

Ehc 0.63 (0.20–0.86) −0.26 (−0.85–0.70) 0.19 70

Height 0.94 (0.83–0.98) −0.37 (−0.88–0.62) 0.01 96

BMI 0.97 (0.93–0.99) 0.92 (0.54–0.99) 0.18 63

a
Intra-class correlation coefficients, values in parentheses are 95 % confidence intervals.

b
Two-tailed value for Fisher r-z transformation.

c
h2 = (ICCmz - ICCDZ) / (1 - ICCDZ) [24]
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