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Abstract

Hydrogen peroxide can be found in human urine, not only in persons with
diseases, but also in healthy individuals. In the body, hydrogen peroxide plays
dual roles: on the one hand, it can produce more dangerous reactive oxygen
species — hydroxyl radicals, which cause damage to the cells; on the other hand,
it is considered as “a signaling molecule” to regulate the cellular processes. In
this chapter, we will review the literature linking H,O, excretion in urine of
healthy individuals and of persons with diseases and present the available
methods that have been used for detection of urinary H,O, in human. We also
give a brief overview on the association of urinary levels of H,O, with other
oxidative stress biomarkers and discuss the possibility whether urinary H,O,
could be a useful biomarker for the assessment of the oxidative status in human
and for the prediction of the pathogenesis and progression of diseases.

Definitions of Words and Terms

Acatalasemic Mouse A mouse strain with lower catalase activities in hemolysate
and tissues compared to that of wild type. A point mutation from glutamine to
histidine (CAG — CAT) at amino acid 11 of catalase gene has been identified in
acatalasemic mouse.

AQOPP AOPP is an abbreviation for advanced oxidation protein products that can
trigger the oxidative burst in neutrophils and monocytes. They are considered as
inflammatory mediators.

ARDS ARDS is an abbreviation for adult respiratory distress syndrome which
leads to insufficient oxygen levels in blood, and the cells cannot function well.

MDA MDA is an abbreviation for malondialdehyde, an end product of oxidative
damage to lipids. It is a biomarker for oxidative stress.

Odds ratio (OR) Odds ratio is a measure of strength of association between two
variables or sometimes between exposure and outcome. It is widely used to analyze
data of clinical and epidemiological researches.

Introduction

Hydrogen peroxide (H,0,), a by-product of oxidative metabolism, is produced by
superoxide dismutases (SOD) — catalyzed dismutation of superoxide radical (O, ")
and some enzyme systems in vivo such as p-amino acid oxidases, monoamine
oxidases, urate oxidase, glucose oxidase, and xanthine oxidase (Lynch and
Fridovich 1979; Naqui et al. 1986; Strolin and Tipton 1998; Halliwell and Gutteride
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2007; Veal et al. 2007). Hydrogen peroxide is considered one of the reactive
oxygen species (ROS); although H,O, itself is chemically less reactive, it is able
to diffuse across the cell membrane and form other highly reactive intermediates
like hydroxyl radical (OH') in the presence of trace amounts of iron or copper
(Halliwell and Gutteride 2007). If once OH'are generated, they can attack the
biological molecules such as DNA, protein, and lipid close to the site of their
generation and lead to cell damage and subsequent development of diseases (Sun
1990; Halliwell and Gutteride 2007).

On the other hand, H,0, is also considered an inter- and intracellular signaling
molecule acting as “second messengers” to regulate the cellular processes in signal
transduction cascades such as mitogen-activated protein (MAP) kinase and nuclear
factor-kB (NF-xB) signaling pathways (Schreck et al. 1991; Wang et al. 1998;
Allen and Tresini 2000; Wood et al. 2003; Veal et al. 2007). However, it is unclear
under what conditions a useful signal is switched over to a harmful oxidant and vice
versa, but some researchers have suggested the cytotoxicity induced by H,0, at
levels below 20-50 pM is “limited” (Halliwell et al. 2000, p. 10).

More than 20 years ago, Varma and Devamanoharan (1990) were the first to
investigate whether human urine contains H,0O,; they have found H,0, with
concentrations which ranged from 26 to 249 pM is excreted in human urine, and
thereafter many works have confirmed the presence of H,O, in urine of adults,
adolescents, and newborn infants (Kuge et al. 1999; Long et al. 1999b; Laborie
et al. 2000; Long and Halliwell 2000; Hiramoto et al. 2002; Kirschbaum 2002;
Yuen and Benzie 2003; Chandramathi et al. 2009a, b; Chatterjee and Chen 2012;
Sato et al. 2013). Investigation of the possibility whether urinary H,O, can serve as
a biomarker of oxidative stress in human has become a subject of scientific interest
because of its noninvasive character of sample collection and simple quantification
methods.

In this chapter, we will review the literature linking H,O, excretion in urine of
healthy individuals and of persons with diseases and present the available methods
that have been used for detection of urinary H,O, in human. We also give a brief
overview on the association of urinary levels of HO, with other oxidative stress
biomarkers and discuss the possibility whether urinary H,O, could be a useful
biomarker of oxidative stress in human.

Urinary H,0, in Healthy Population

Table 1 summarizes a number of studies that have measured urinary H,O, levels in
humans. Even healthy persons excrete considerable amount of urinary H,O, with
great variation among individuals (Dunn and Curtis 1985; Long et al. 1999b; Yuen
and Benzie 2003; Chatterjee and Chen 2012; Sato et al. 2013). Two studies (Varma
and Devamanoharan 1990; Yuen and Benzie 2003) have shown no gender differ-
ence in excretion of urinary H,O, among healthy individuals; the former examined
55 subjects (29 men, 26 women) 20-55 years old, and the latter examined 20 sub-
jects (11 men, 9 women) 20-35 years old; whereas a recent study with a relatively
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Fig. 1 The spot urinary 7 -
H,0, was evaluated in T
766 healthy Japanese adults 6 T
(323 men, 42.0 £ 10.2 years
old; 443 women, 42.7 + 10.9
years old). Data are expressed
as mean and SEM (as bars)
(Data are from Sato

et al. (2013), with permission
from the Publishers)
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Fig. 2 The spot urinary HO, was evaluated in 766 healthy Japanese adults (Data are from Sato
et al. 2013, unpublished)

large sample size in Japan has reported different results, it has found that there is a
significant gender difference in mean value of urinary H,O, (Fig. 1) (Sato
et al. 2013). It is interesting that women over 50 years of age tend to excrete
twofold amount of urinary H,O, than those under 50 (Iwanaga et al. 2013), and
there is an increased tendency in urinary H,O, excretion in women over 50 years in
comparison with that of the men (Fig. 2) (Sato et al. 2013), suggesting that urinary
H,O, levels increase among menopausal and postmenopausal women.
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Urinary H,0, and Lifestyle Parameters

Many studies have reported coffee drinkers excrete higher levels of H,O, in urine
(Long et al. 1999a; Hiramoto et al. 2002; Yuen and Benzie 2003; Chatterjee and
Chen 2012), and salt loading also tends to increase mean excretion rate of urinary
H,O, that is highly correlated with sodium excretion, possibly by increased glo-
merular filtrate of sodium (Kuge et al. 1999), whereas green tea drinkers tend to
excrete lower levels of H,O, in urine (Halliwell et al. 2004). It is known that roasted
coffee beans contain 1,2,4-hydroxyhydroquinone (HQQ), a compound that gener-
ates H,O, (Hanham et al. 1983; Fujita et al. 1985; Hiramoto et al. 1998, 2001);
when a person drinks coffee beverage, the body can absorb this compound and
excrete it into the urine, and then autoxidation of HQQ in the urine can dose-
dependently generate H,O, (Rinkus and Taylor 1990; Tsuji et al. 1991; Halliwell
et al. 2004; Chatterjee and Chen 2012).

Not only coffee drinkers but also smokers excrete a higher amount of H,O,
in urine; when the Chinese hamster ovary cells were exposed to urine fractions
of smokers and coffee drinkers, the increased levels of urinary H,O, are
positively correlated with the ability of generating chromosome aberration (Dunn
and Curtis 1985).

A relation between alcohol consumption and urinary H,O, excretion was
reported only in men under 50 years who drank three times or less per week, in
which low urinary H,O, excretion was observed after adjustment for biomedical
parameters, markers, and lifestyle factors (Table 2) (Sato et al. 2013). More works
need to be done to confirm the relation between alcohol consumption and urinary
H,0, excretion by age and sex.

Urinary excretion rate of H,O, tends to be increased by exercise (Deskur
et al. 1998; Kuge et al. 1999; Sato et al. 2013). Men under 50 years who exercised
twice or less per week compared to those who did not exercise showed a more than
doubled risk of urinary H,O, excretion, even after controlling for the other lifestyle
factors and biochemical parameters (Table 3), whereas no elevated urinary H,O,
was found in men under 50 years who exercised three times or more per week (Sato
et al. 2013). It implies the levels of oxidative stress were higher in persons with low
frequency of exercise per week (twice or less per week) than that of three times or
more per week (Table 3). However, no information is available about whether those
who exercise less frequently are more likely to have longer and more intense
exercise each time. Exercise with higher intensity can result in the production of
superoxide generation by mitochondria, xanthine oxidase, neutrophils, etc.
(Sachdev and Davies 2008; Powers and Jackson 2008); it can also disturb reduced
glutathione/oxidized glutathione (GSH/GSSG) redox balances in the liver, blood,
and muscle tissues as well (Lew et al. 1985; Pyke et al. 1986; Gohil et al. 1988;
Sastre et al. 1992). Some scientists have indicated that regular exercise can
upregulate antioxidative enzymes like Mn-SOD, catalase, and glutathione peroxi-
dase, in which the exercise-induced ROS are possibly involved in the activation of
signaling pathways such as the NF-kB pathway, the transcriptional coactivators
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Table 2 Association of alcohol consumption with odds ratio of urinary H,O, according to
alcohol consumption

Alcohol consumption

No 3 times or less per week 4 times or more per week p for trend
Male (n = 323)
Age <50 (n =242)

Model 1* | 1.00  |0.45 (0.22-0.92)° 0.47 (0.23-0.97)" 0.042
Model 2° [ 1.00 |0.47 (0.22-0.99)° 0.47 (0.21-1.05) 0.066
Age >50 (n = 81)

Model 1* [ 1.00 | 1.38 (0.39-4.87) 1.25 (0.41-3.79) 0.693
Model 2° | 1.00 | 1.88 (0.35-10.26) 1.51 (0.31-7.26) 0.606

Female (n = 443)
Age <50 (n =304)

Model 1* [ 1.00 | 1.41 (0.87-2.28) 0.83 (0.39-1.77) 0.631
Model 2° | 1.00 | 1.32(0.79-2.21) 0.74 (0.32-1.70) 0.480
Age >50 (n = 139)

Model 1*  [1.00 | 1.69 (0.76-3.75) 1.23 (0.53-2.84) 0.635
Model 2° | 1.00 | 1.48 (0.63-3.49) 1.05 (0.41-2.67) 0.918

Data are expressed as odds ratio (95 % CI)

Data are from Sato et al (2013), with permission from the Publishers

*p < 0.05. Data were analyzed by multiple logistic regression analysis

“Not adjusted

bAdjusted for BMI, hs-CRP, systolic blood pressure, RBC, WBC, ALT, TC, HbAlc, insulin,
8-OHdG, smoking, and exercise

PGCla and PGCI1 B, and the transcriptional factor PPARYy in the cells
(Ohno et al. 1986; Gomez-Cabrera et al. 2008; Ristow et al. 2009; Barbieri and
Sestili 2012).

Association of Urinary H,0, and Other Biomarkers

8-Hydroxy-2'-deoxyguanosine (8-OHdG) is a product of oxidatively modified
DNA base guanine (Halliwell and Gutteride 2007). Elevated urinary levels of
8-OHdG are considered an indicator of ROS-induced DNA damage in biological
systems (Cooke et al. 2008). Sato et al. have observed the levels of fasting urinary
H,0, are positively correlated with the levels of urinary 8-OHdG in both men and
women (2013); even after controlling for demographic, lifestyle, and clinical vari-
ables, a gender-stratified multiple logistic regression analysis demonstrated the
excretion of H,O, is much more likely to increase in the highest quartile of urinary
8-OHdG in a dose-dependent manner (Table 4). In addition, a study of 685 adults in
Japan has suggested women over 50 years have elevated levels of urinary H,O,,
8-OHdG, serum ferritin, and hs-CRP in comparison with women under 50 (Iwanaga
et al. 2013). Fifty years for a woman is the age to reach the menopause or
postmenopause; the increased urinary H,O, excretion is in parallel with the
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Table 3 Association of exercise with odds ratio of urinary H,O,

Exercise

No 2 times or less per week 3 times or more per week p for trend
Male (n = 323)
Age <50 (n = 242)

Model 1* 1.00 1.90 (1.07-3.37)" 1.03 (0.52-2.06) 0.931
Model 2° 1.00 222 (1.17-4.20)" 1.29 (0.60-2.78) 0.521
Age >50 (n = 81)

Model 1* 1.00 0.62 (0.22-1.73) 0.82 (0.28-2.46) 0.728
Model 2° 1.00 0.63 (0.18-2.22) 0.76 (0.18-3.30) 0.718

Female (n = 443)
Age <50 (n = 304)

Model 1* 1.00 1.32 (0.75-2.31) 1.39 (0.50-3.87) 0.525
Model 2° 1.00 1.35 (0.74-2.46) 1.36 (0.46-3.98) 0.575
Age >50 (n = 139)

Model 1* 1.00 1.72 (0.76-3.90) 1.55 (0.68-3.55) 0.302
Model 2° 1.00 1.65 (0.67-4.08) 1.37 (0.56-3.32) 0.490

Data are expressed as odds ratio (95 % CI)

Data are from Sato et al (2013), with permission from the Publishers

“p < 0.05. Data were analyzed by multiple logistic regression analysis

“Not adjusted

bAdjusted for BMI, hs-CRP, systolic blood pressure, RBC, WBC, ALT, TC, HbAlc, insulin,
8-OHdG, smoking, and alcohol consumption

increased levels of markers of oxidative stress and inflammation in women over
50 years, possibly implying the contribution of excessive intracellular iron accu-
mulation to the formation of oxidative stress and inflammatory response.

Table 5 shows that the relation between H,O, in the urine and total cholesterol
(TC) in the serum of healthy population seems to be affected by age after control-
ling for demographic, lifestyle, and biochemical variables, in which higher odds
ratio of urinary H,O, has been observed in the highest quartile of blood TC in men
under 50 years old and in women under 50; whereas in men over 50, the tendency is
opposite — the lower quartile of TC levels is paralleled by an increased H,O,
excretion in urine of the body. A recent cohort study of 12,740 adults in Korea
has demonstrated that low serum cholesterol levels seem to increase mortality in
men (Bae et al. 2012); however, it is unclear whether low serum cholesterol-related
mortality is associated to the levels of H,O, or other oxidative stress in the body.

Urinary H,0, and Diseases

People may ask whether persons under pathological conditions would excrete more
H,0; in urine than healthy individuals. Many studies have found it is true of many
diseases. We will give some examples based upon the published data.
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Table 4 Association of urinary 8-OHdG concentrations with odds ratio of urinary H,O,

Quartiles of 8-OHdG concentrations p for
Ql Q2 Q3 Q4 trend
Male (n = 323)
Age <50 (n =242)
Model 1* | 1.00 |1.10 (0.54-2.27) |1.76 (0.86-3.62) 2.16 (1.05-4.46)" 0.018
Model 2° | 1.00 | 1.15(0.53-2.47) |2.11 (0.96-4.64) 2.26 (1.01-5.03)" 0.019
Age >50 (n = 81)
Model 1* | 1.00 |0.54 (0.14-2.07) |1.99 (0.57-6.90) 6.50 (1.59-26.51)" | 0.002
Model 2° | 1.00 |0.71 (0.14-3.75) | 4.37 (0.87-21.94) | 12.33 (2.07-73.40)"" | 0.001
Female (n = 443)
Age <50 (n = 304)
Model 1* | 1.00 |1.14 (0.61-2.16) | 1.20 (0.63-2.28) 2.07 (1.08-3.96)" 0.033
Model 2° | 1.00 |1.29 (0.65-2.56) | 1.29 (0.64-2.60) 2.44 (1.19-5.01)" 0.021
Age >50 (n = 139)
Model 1* | 1.00 |1.78 (0.69-4.60) |2.00 (0.77-5.18) 1.33 (0.51-3.46) 0.525
Model 2° | 1.00 |1.92 (0.68-5.42) |2.21 (0.79-6.23) 1.47 (0.53-4.10) 0.441
Data are expressed as odds ratio (95 % CI)
pata are frggl Sato et al (2013), with permission from the Publishers
"p <0.05, p <0.01. Data were analyzed by multiple logistic regression analysis
“Not adjusted

bAdjusted for BMI, hs-CRP, systolic blood pressure, RBC, WBC, ALT, TC, HbAlc, insulin,
smoking, alcohol consumption, and exercise

Urinary H,0, and Cancer

The urinary excretion of H,O, in cancer patients is two- to threefold higher (ten
carcinoma esophagus, nine laryngeal carcinoma, three cervical carcinoma, and
three breast carcinoma) than that of healthy controls (n = 45) (Table 1) (Banerjee
et al. 2003a), in which other oxidative stress-related parameters like plasma hydro-
peroxide, erythrocyte malondialdehyde (MDA), plasma glutathione S-transferase
(GST), erythrocyte GSH, and catalase increase among cancer patients as well
(Banerjee et al. 2003a), and the levels of urinary H,O, are significantly and
positively correlated with these oxidative stress-related parameters in cancer
patients.

Chandramathi et al. (2009a) have also reported that colorectal cancer patients
excrete a significantly higher urinary H,O, compared with that of healthy controls
and breast cancer patients (Table 1).

Catalase is an enzyme that decomposes H,O, into H,O and O,. In catalase-
deficient acatalasemic mice, their mean catalase activities of mammary glands
during pregnancy is 18.8 % of the wild-type mice (Ishii et al. 1996); increased
incidences of spontaneous mammary tumors have been observed at 15 months after
birth in acatalasemic mice, not in wild-type mice; in vitamin E-deprived
acatalasemic mice, the cumulative incidence of spontaneous mammary tumors
was higher compared with that in vitamin E-supplemented acatalasemic mice
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Table 5 Association of total cholesterol levels with odds ratio of urinary H,O,

Quartiles of total cholesterol concentrations

Ql Q2 Q3 Q4 p for trend
Male (n = 323)
Age <50 (n =242)
Model 1* | 1.00 | 1.65 (0.80-3.41) |2.07 (1.01-4.23)" 2.12 (1.01-4.42)" 0.037
Model 2° | 1.00 |1.75(0.81-3.79) |2.39 (1.09-5.25)" |2.57 (1.14-5.82)" | 0.017
Age >50 (n = 81)
Model 1* | 1.00 |0.31 (0.09-1.11) |0.25 (0.07-0.91)" 0.22 (0.06-0.82)" 0.025
Model 2° | 1.00 |0.29 (0.05-1.58) |0.11 (0.02-0.62)" 0.26 (0.04-1.63)" 0.078
Female (n = 443)
Age <50 (n = 304)
Model 1* | 1.00 | 1.60 (0.83-3.07) |2.52(1.33-4.79)"" |2.55 (1.33-4.86)"" | 0.002
Model 2° | 1.00 |1.33 (0.67-2.63) |2.34 (1.19-4.58)" 242 (1.22-4.78)" 0.004
Age >50 (n = 139)
Model 1* | 1.00 |0.65 (0.26-1.63) | 1.17 (0.44-3.09) 0.67 (0.26-1.72) 0.675
Model 2° | 1.00 |0.72 (0.27-1.91) | 1.17 (0.41-3.37) 0.60 (0.21-1.75) 0.548
Data are expressed as odds ratio (95 % CI)
pata are frggl Sato et al. (2013), with permission from the Publishers
"p <0.05, p <0.01. Data were analyzed by multiple logistic regression analysis
“Not adjusted
bAdjusted for BMI, hs-CRP, systolic blood pressure, RBC, WBC, ALT, HbAlc, insulin, 8-OHdG,
smoking, alcohol consumption, and exercise

(Ishii et al. 1996). These results may suggest the involvement of H,O, or OH-
generated from H,O, in the mechanism of -catalase-deficient mammary
carcinogenesis.

Urinary H,0, and Diabetes Mellitus

Superoxide dismutases are enzymes that accelerate the dismutation of O, into
H,0; and O;. In comparison with the healthy individuals, the levels of urinary
H,O, excretion are twofold higher in diabetic patients, but the SOD activity in
erythrocytes is about two-thirds of the healthy individuals (Banerjee et al. 2004;
Drews et al. 2010), and erythrocyte catalase activity is also somewhat decreased in
diabetic patients; these may suggest the contribution of endogenous O, to the
increased H,O, excretion in urine of diabetic patients. In addition, urinary H,O, is
inversely associated with fasting insulin in blood of healthy population (Szypowska
and Burgering 2011; Sato et al. 2013). Pancreatic islets seem more sensitive to
H,0, because catalase gene expression is undetectable in pancreatic islets (Lenzen
et al. 1996). Goth et al. have first reported a higher frequency of type 2 diabetes
mellitus among Hungarian with catalase deficiency compared with those with
normal catalase activity. Insufficient degradation of H,O, may damage pancreatic
B-cells and therefore increase the risk of diabetes (Goth and Eaton 2000; Pennathur
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et al. 2001; Goth et al. 2004; Monnier 2001; McClung et al. 2004; Houstis
et al. 2006; Ikemura et al. 2010; Goth and Nagy 2012). In alloxan-induced diabetic
mouse model, several works have demonstrated increased incidence of hypergly-
cemia in acatalasemic mice compared with the wild type (Takemoto et al. 2009;
Kikumoto et al. 2010; Kamimura et al. 2013).

Urinary H,0, and Respiratory Distress Syndrome

In patients with adult respiratory distress syndrome (ARDS), not only expired
(Kietzmann et al. 1993; Luczynska et al. 2003) but also urinary H,0O, levels
(Mathru et al. 1994) are increased, particularly in patients with combined ARDS
and sepsis, and urinary H,O; levels are much higher (Table 1); the urinary levels of
H,0, in ARDS patients are nearly 70 % of those who suffer from both ARDS and
sepsis. Changes in the urinary H,O, levels may act as an indicator of improvement
or aggravation in ARDS patients. It has been suggested that the possible sources of
urinary H,O, are some enzyme systems like NADPH oxidase and xanthine oxidase
in phagocyte and endothelial cells as well as sepsis-induced bacteria (Oettinger
et al. 1983; Mathru et al. 1994).

Urinary H,0, and Intestinal Parasitic Infection

The urinary excretion of H,O, is approximately fourfold higher in persons infected
with intestinal parasites compared to the healthy individuals (Table 1); the increase
of urinary H,O, levels is in parallel with the levels of other oxidative stress-
modulated products like MDA (an end product of lipid peroxidation) and AOPP
(advanced oxidation protein products) in urine (Chandramathi et al. 2009b), and
this may suggest a big amount of production of oxidative stress via phagocytosis-
induced ROS in persons infected with intestinal parasites. Similar results have been
proven in rats infected with intestinal parasite Blastocystis hominis (Chandramathi
et al. 2010; El-Taweel et al. 2007).

Urinary H,0, and Down’s Syndrome

Down’s syndrome (DS) is a genetic abnormality that causes intellectual and
morphological retardation. Urinary H,O, levels in persons with DS showed approx-
imately twofold higher than that in controls (Table 1) (Campos et al. 2011). Studies
have shown the Cu/Zn SOD activity among persons with DS is increased up to 50 %
in comparison with that of the control group, while no alteration in catalase and
reduced glutathione (GSH) activities has been observed (Gerli et al. 1990;
Jovanovic et al. 1998). Such an imbalance between enzymes that generate or
remove H,0O, possibly account for the elevated levels of H,O,, 8-OHdG, and
MDA in urine of DS patients (Jovanovic et al. 1998; Campos et al. 2011).
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In in vitro study, fetal DS neurons produce higher levels of ROS causing neuronal
apoptosis, whereas treatment of cortical neurons from fetal DS and normal brain
with catalase and vitamin E results in the prevention of DS neuron degeneration
(Busciglio and Yankner 1995). Elevated production of ROS in neurons is possibly
responsible for the intellectual retardation of DS patients.

Urinary Sample Collection and Storage

A slow increase of H,O, level in urine has been observed when the urine is exposed
to air (Hiramoto et al. 2002) or stored at room temperature over a few hours (Long
et al. 1999b; Hiramoto et al. 2002; Yuen and Benzie 2003). Hydrogen peroxide
levels in freshly voided urine at 4 °C are stable for up to 48 h (Yuen and Benzie
2003). Therefore, immediate measurement of H,O, right after urine collection is of
critical importance. The H,O, levels are influenced by long-term storage of urine
specimens at —80 °C (Yuen and Benzie 2003). Even if it is nearly impossible to
immediately assay all samples for the population-based large studies, urinary H,O,
levels should be determined as early as possible when storing the samples at —80 °C
to minimize artifactual generation of H,O,.

In addition, excretion of H,O, in urine is affected by diet (Long and Halliwell
2000; Kuge et al. 1999; Halliwell et al. 2000, 2004; Hiramoto et al. 2002; Yuen and
Benzie 2003; Chatterjee and Chen 2012); therefore, fasting urine specimen is
essential for accurate evaluation of H,O, levels in urine.

Methods for Detection of Urinary H,0,

Urinary H,O, can be detected in healthy individuals (Varma and Devamanoharan
1990; Kuge et al. 1999; Long et al. 1999b; Laborie et al. 2000; Long and Halliwell
2000; Hiramoto et al 2002; Kirschbaum 2002; Yuen and Benzie 2003; Chatterjee
and Chen 2012; Sato et al. 2013) as well as in persons under pathological conditions
(Mathru et al. 1994; Banerjee et al. 2003b; Chandramathi et al. 2009b; Campos
et al. 2011). In the literature, several methods have been reported for measurement
of H,O, in human urine. Among them, the FOX assay has become a widely used
method of urinary H,O, determination (Long et al. 1999b; Halliwell et al. 2000;
Hiramoto et al. 2002; Banerjee 2003a, b; Banerjee et al. 2004; Yuen and Benzie
2003; Chandramathi et al. 2009a, b; Campos et al. 2011; Sato et al. 2013) because
of its low cost and ease of use (Long et al. 1999b; Halliwell et al. 2000). The FOX
assay involves oxidation of Fe** to Fe** by H,0, and then subsequent formation of
a chromophore (Fe**—xylenol orange complex) that can be measured at 560 nm
(Nourooz-Zadeh et al. 1995). Earlier studies for detection of urinary H,O, have
mainly employed FOX-2 assay (Long et al. 1999b; Long and Halliwell 2000;
Chandramathi et al. 2009a, b; Campos et al. 2011) that is usually used to measure
plasma hydroperoxides level (Nourooz-Zadeh and Wolff 1994; Banerjee
et al. 2003a) and seems to be not suitable for urine sample (Frei et al. 1988;
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Banerjee et al. 2004), whereas a pH-adjusted FOX-1 assay (pH 1.7-1.8) in the
presence of catalase has been suggested as a method with high sensitivity and
specificity for urinary H,O, detection (Banerjee et al. 2004). The intra-assay and
inter-assay coefficients of variation (CV) have been reported as 4.3 % and 9.7 %,
respectively (Sato et al. 2013).

The oxygen electrode assay is a simplest method for measurement of H,O, in
human urine (Long et al. 1999b; Halliwell et al. 2000); this method is based on
reduction of O, at an O, electrode, and H,0O, levels are measured as O, release by
adding catalase to the sample (Salazara et al. 2010). The drawback of this technique
is less sensitive for urinary H,O, detection (Halliwell and Gutteride 2007).

Varma and Devamanoharan (1990) first identified H,O, excretion in human
urine by using ['*Cla-ketoglutarate decarboxylation assay; this technique is based
upon the ability of H,O, to decarboxylate '*C-labeled a-ketoglutarate to '*CO,, and
then '*CO, formation can be determined. The method is considered very sensitive
for urinary H,O, detection (Varma and Devamanoharan 1990; Kuge et al. 1999)
although it uses radioactive technique.

Recently, nanomaterials have been used for determination of urinary H,O,
(Chatterjee and Chen 2012; Jiang et al. 2013). Chatterjee and Chen (2012) have
employed titanium interfaced buckypaper biosensor for H,O, determination in
human urine; this technique is based upon “the co-immobilization of horseradish
peroxidase and methylene blue on the functionalized carbon buckypaper.” Jiang
et al. (2013) recently developed a nonenzymatic biosensor based upon palladium/
poly(3,4-ethylenedioxythiophene) nanocomposite-modified glassy carbon elec-
trode for the detection of urinary H,O, in human (Sanford et al. 2010). Although
the approach using nanomaterials and electrocatalytic compounds for measurement
of urinary H,O, is considered very sensitive with good reproducibility (Chatterjee
and Chen 2012; Jiang et al. 2013), these studies are conducted using small numbers
of subjects, and more convincing evidence with increased sample size from human
studies is needed.

For many years, the researchers have kept asking the question whether urinary
H,0, is capable of being used as a biomarker of oxidative stress in human. There is
still uncertainty concerning the role of urinary H,O, in assessment of oxidative
status in population study because the excretion of urinary H,O, varies among
individuals and it can be affected by many factors. Factors like diet, smoking, and
other lifestyle factors should be considered when designing a study on the associ-
ation of urinary H,O, with the diseases as well as when performing data analysis to
avoid overestimation or underestimation of the association between urinary H,O,
excretion and the diseases. In the literature, most of the studies used a small sample-
sized cross-sectional design to determine the relationship between urinary H,O,
excretion and the diseases because it is the easiest way to perform in human study.
However, in order to examine the causal relations between urinary H,O, levels and
the generation of other oxidative biomarkers or between urinary H,O, levels and
disease development, it is worth performing prospective cohort studies (Albertini
1999; Bonassi et al. 2001), as well as examining the consistency of the findings
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among studies, although such studies are costly and time-consuming and require a
large number of participants.

Summary Points

» Urinary H,O,; can be detected in healthy individuals as well as in persons under
pathological conditions.

¢ Healthy individuals excrete considerable amount of urinary H,O, with great
variation among individuals.

* In comparison with women under 50 years old, the urinary H,O, excretion is
twofold higher in women over 50, in parallel with the increased levels of markers
of oxidative stress (urinary 8-OHdG, serum ferritin) and inflammation (hs-CRP).

» Coffee drinkers and smokers excrete relatively higher levels of H,O,, and green
tea drinkers tend to excrete lower levels of H,O» in urine.

e The levels of urinary H,O, are positively correlated with that of urinary
8-OHdG, blood WBC, AST, ALT, TC, LDL-c, ferritin, age, and exercise,
inversely correlated with that of blood insulin in healthy individuals.

¢ Excretion of urinary H,O, is increased in patients with cancer, diabetes mellitus,
hypertension, respiratory distress syndrome, intestinal parasitic infection, and
Down’s syndrome.

» Fasting urine specimen is essential for accurate evaluation of H,O, levels in
urine because excretion of H,O, in urine is affected by diet.

¢ Urinary H,O, levels should be determined as early as possible when storing the
samples at —80 °C to minimize artifactual generation of H,O,.

» A pH-adjusted FOX-1 assay in the presence of catalase has been suggested as a
method with high sensitivity and specificity for urinary H,O, detection.

References

Albertini RJ (1999) Biomarker responses in human populations: towards a worldwide map. Mutat
Res 428:217-26

Allen RG, Tresini M (2000) Oxidative stress and gene regulation. Free Radic Biol Med 28:463-99

Bae JM, Yang YJ, Li ZM, Ahn YO (2012) Low cholesterol is associated with mortality from
cardiovascular diseases: a dynamic cohort study in Korean adults. J Korean Med Sci 27:58-63

Banerjee D, Kumar PA, Kumar B, Madhusoodanan UK, Nayak S, Jacob J (2002) Determination of
absolute hydrogen peroxide concentration by spectrophotometric method. Curr Sci 83:1193—4

Banerjee D, Madhusoodanan UK, Nayak S, Jacob J (2003a) Urinary hydrogen peroxide: a
probable marker of oxidative stress in malignancy. Clin Chim Acta 334:205-9

Banerjee D, Madhusoodanan UK, Sharanabasappa M, Ghosh S, Jacob J (2003b) Measurement of
plasma hydroperoxide concentration by FOX-1 assay in conjunction with triphenylphosphine.
Clin Chim Acta 337:147-52

Banerjee D, Jacob J, Kunjamma G, Madhusoodanan UK, Ghosh S (2004) Measurement of urinary
hydrogen peroxide by FOX-1 method in conjunction with catalase in diabetes mellitus — a
sensitive and specific approach. Clin Chim Acta 350:233-6



328 D.-H. Wang et al.

Barbieri E, Sestili P (2012) Reactive oxygen species in skeletal muscle signaling. J Signal
Transduct 2012:982794

Bonassi S, Neri M, Puntoni R (2001) Validation of biomarkers as early predictors of disease. Mutat
Res 480-481:349-58

Busciglio J, Yankner BA (1995) Apoptosis and increased generation of reactive oxygen species in
Down’s syndrome neurons in vitro. Nature 378:776-9

Campos C, Guzman R, Lopez-Fernandez E, Casado A (2011) Evaluation of urinary biomarkers of
oxidative/nitrosative stress in adolescents and adults with Down syndrome. Biochim Biophys
Acta 1812:760-8

Chandramathi S, Suresh K, Anita ZB, Kuppusamy UR (2009a) Comparative assessment of urinary
oxidative indices in breast and colorectal cancer patients. J Cancer Res Clin Oncol 135:319-23

Chandramathi S, Suresh K, Anita ZB, Kuppusamy UR (2009b) Elevated levels of urinary
hydrogen peroxide, advanced oxidative protein product (AOPP) and malondialdehyde in
humans infected with intestinal parasites. Parasitology 136:359-63

Chandramathi S, Suresh K, Shuba S, Mahmood A, Kuppusamy UR (2010) High levels of
oxidative stress in rats infected with Blastocystis hominis. Parasitology 137:605-11

Chatterjee S, Chen A (2012) Functionalization of carbon buckypaper for the sensitive determina-
tion of hydrogen peroxide in human urine. Biosens Bioelectron 35:302-7

Cooke MS, Olinski R, Loft S (2008) Measurement and meaning of oxidatively modified DNA
lesions in urine. Cancer Epidemiol Biomarkers Prev 17:3-14

Deskur E, Przywarska I, Dylewicz P, Szczesniak L, Rychlewski T, Wilk M, Wysocki H (1998)
Exercise-induced increase in hydrogen peroxide plasma levels is diminished by endurance
training after myocardial infarction. Int J Cardiol 67:219-24

Drews G, Krippeit-Drews P, Diifer M (2010) Oxidative stress and beta-cell dysfunction. Pflugers
Arch 460:703-18

Dunn BP, Curtis JR (1985) Clastogenic agents in the urine of coffee drinkers and cigarette
smokers. Mutat Res 147:179-88

El-Taweel HA, El-Zawawy LA, Said DE, Sharara GM (2007) Influence of the antioxidant drug
(Antox) on experimental giardiasis and microsporidiosis. J Egypt Soc Parasitol 37:189-204

Frei B, Yamamoto Y, Niclas D, Ames BN (1988) Evaluation of an isoluminol chemiluminescence
assay for the detection of hydroperoxides in human blood plasma. Anal Biochem 175:120-30

Fujita Y, Wakabayashi K, Nagao M, Sugimura T (1985) Implication of hydrogen peroxide in the
mutagenicity of coffee. Mutat Res 144:227-30

Gerli G, Zenoni L, Locatelli GF, Mongiat R, Piattoni F, Orsini GB, Montagnani A, Gueli MR,
Gualandri V (1990) Erythrocyte antioxidant system in Down syndrome. Am J Med Genet
Suppl 7:272-3

Gohil K, Viguie C, Stanley WC, Brooks GA, Packer L (1988) Blood glutathione oxidation during
human exercise. J Appl Physiol 64:115-19

Gomez-Cabrera MC, Domenech E, Vina J (2008) Moderate exercise is an antioxidant:
upregulation of antioxidant genes by training. Free Radic Biol Med 44:126-31

Goth L, Eaton JW (2000) Hereditary catalase deficiencies and increased risk of diabetes. Lancet
356:1820-1

Goth L, Nagy T (2012) Acatalasemia and diabetes mellitus. Arch Biochem Biophys 525:195-200

Goth L, Rass P, Pay A (2004) Catalase enzyme mutations and their association with diseases. Mol
Diagn 8:141-9

Halliwell B, Gutteride JMC (2007) Oxidative stress. In: Halliwell B, Gutteride JMC (eds) Free
radicals in biology and medicine, 4th edn. Oxford University Press, New York, pp 297-9

Halliwell B, Clement MV, Long LH (2000) Hydrogen peroxide in the human body. FEBS Lett
486:10-13

Halliwell B, Long LH, Yee TP, Lim S, Kelly R (2004) Establishing biomarkers of oxidative stress:
the measurement of hydrogen peroxide in human urine. Curr Med Chem 11:1085-92

Hanham AF, Dunn BP, Stich HF (1983) Clastogenic activity of caffeic acid and its relationship to
hydrogen peroxide generated during autoxidation. Mutat Res 116:333-9



13 Urinary Hydrogen Peroxide as Biomarker 329

Hiramoto K, Li X, Makimoto M, Kato T, Kikugawa K (1998) Identification of hydroxy- hydro-
quinone in coffee as a generator of reactive oxygen species that break DNA single strands.
Mutat Res 419:43-51

Hiramoto K, Mochizuki R, Kikugawa K (2001) Generation of hydrogen peroxide from
hydroxyhydroquinone and its inhibition by superoxide dismutase. J Oleo Sci 50:21-8

Hiramoto K, Kida T, Kikugawa K (2002) Increased urinary hydrogen peroxide levels caused by
coffee drinking. Biol Pharm Bull 25:1467-71

Houstis N, Rosen ED, Lander ES (2006) Reactive oxygen species have a causal role in multiple
forms of insulin resistance. Nature 440:944-8

Ikemura M, Nishikawa M, Hyoudou K, Kobayashi Y, Yamashita F, Hashida M (2010) Improve-
ment of insulin resistance by removal of systemic hydrogen peroxide by PEGylated catalase in
obese mice. Mol Pharm 7:2069-76

Ishii K, Zhen LX, Wang DH, Taketa K (1996) Prevention of mammary tumorigenesis in
acatalasemic mice by vitamin E supplementation. Jpn J Cancer Res 87:680—4

Iwanaga S, Sakano N, Taketa K, Takahashi N, Wang DH, Takahashi H, Kubo M, Miyatake N,
Ogino K (2013) Comparison of serum ferritin and oxidative stress biomarkers between
Japanese workers with and without metabolic syndrome. Obes Res Clin Pract (in press)

Jiang F, Yue R, Du Y, Xu J, Yang P (2013) A one-pot ‘green’ synthesis of Pd-decorated
PEDOT nanospheres for nonenzymatic hydrogen peroxide sensing. Biosens Bioelectron
44:127-31

Jovanovic SV, Clements D, MacLeod K (1998) Biomarkers of oxidative stress are significantly
elevated in Down syndrome. Free Radic Biol Med 25:1044-8

Kamimura W, Doi W, Takemoto K, Ishihara K, Wang DH, Sugiyama H, Oda SI,
Masuoka N (2013) Effect of vitamin E on alloxan-induced mouse diabetes. Clin Biochem
46:795-8

Kietzmann D, Kahl R, Miller M, Burchardi H, Kettler D (1993) Hydrogen peroxide in expired
breath condensate of patients with acute respiratory failure and with ARDS. Intensive Care
Med 19:78-81

Kikumoto Y, Sugiyama H, Inoue T, Morinaga H, Takiue K, Kitagawa M, Fukuoka N, Saeki M,
Maeshima Y, Wang DH, Ogino K, Masuoka N, Makino H (2010) Biochim Biophys Acta
1802:240-6

Kirschbaum B (2002) Correlative studies of urine fluorescence and free radical indicators. Clin
Nephrol 58:344-9

Kuge N, Kohzuki M, Sato T (1999) Relation between natriuresis and urinary excretion of
hydrogen peroxide. Free Radic Res 30:119-23

Laborie S, Lavoie JC, Chessex P (2000) Increased urinary peroxides in newborn infants receiving
parenteral nutrition exposed to light. J Pediatr 136:628-32

Lenzen S, Drinkgern J, Tiedge M (1996) Low antioxidant enzyme gene expression in pancreatic
islets compared with various other mouse tissues. Free Radic Biol Med 20:463-6

Lew H, Pyke S, Quintanilha A (1985) Changes in the glutathione status of plasma, liver and
muscle following exhaustive exercise in rats. FEBS Lett 185:262-6

Long LH, Halliwell B (2000) Coffee drinking increases levels of urinary hydrogen peroxide
detected in healthy human volunteers. Free Radic Res 32:463-7

Long LH, Lan ANB, Hsuan FTY, Halliwell B (1999a) Generation of hydrogen peroxide by
“antioxidant” beverages and the effect of milk addition. Is cocoa the best beverage? Free
Radic Res 31:67-71

Long LH, Evans PJ, Halliwell B (1999b) Hydrogen peroxide in human urine: implications for
antioxidant defense and redox regulation. Biochem Biophys Res Commun 262:605-9

Luczyiiska M, Szkudlarek U, Dziankowska-Bartkowiak B, Waszczykowska E, Kasielski M, Sysa-
Jedrzejowska A, Nowak D (2003) Elevated exhalation of hydrogen peroxide in patients with
systemic sclerosis. Eur J Clin Invest 33:274-9

Lynch RE, Fridovich I (1979) Autoinactivation of xanthine oxidase: the role of superoxide radical
and hydrogen peroxide. Biochim Biophys Acta 571:195-200



330 D.-H. Wang et al.

Mathru M, Rooney MW, Dries DJ, Hirsch LJ, Barnes L, Tobin MJ (1994) Urine hydrogen
peroxide during adult respiratory distress syndrome in patients with and without sepsis.
Chest 105:232-6

McClung JP, Roneker CA, Mu W, Lisk DJ, Langlais P, Liu F, Lei XG (2004) Development of
insulin resistance and obesity in mice overexpressing cellular glutathione peroxidase. Proc Natl
Acad Sci U S A 101:8852-7

Monnier VM (2001) Transition metals redox: reviving an old plot for diabetic vascular disease.
J Clin Invest 107:799-801

Naqui A, Chance B, Cadenas E (1986) Reactive oxygen intermediates in biochemistry. Annu Rev
Biochem 55:137-66, Review

Nourooz-Zadeh J, Wolff SP (1994) Measurement of plasma hydroperoxide concentrations by the
ferrous oxidation-xylenol orange assay in conjunction with triphenylphosphine. Anal Biochem
220:403-9

Nourooz-Zadeh J, Tajaddini-Sarmadi J, Birlouez-Aragon I, Wolff SP (1995) Measurement of
hydroperoxides in edible oils using the ferrous oxidation in xylenol orange assay. J Agric Food
Chem 43:17-21

Oettinger WK, Walter GO, Jensen UM, Beyer A, Peskar A (1983) Endogenous prostaglandin F2
alpha in the hyperdynamic state of severe sepsis in man. Br J Surg 70:237-9

Ohno H, Sato Y, Yamashita K, Doi R, Arai K, Kondo T, Taniguchi N (1986) The effect of brief
physical exercise on free radical scavenging enzyme systems in human red blood cells. Can J
Physiol Pharmacol 64:1263-5

Pennathur S, Wagner JD, Leeuwenburgh C, Litwak KN, Heinecke JW (2001) A hydroxyl
radical-like species oxidizes cynomolgus monkey artery wall proteins in early diabetic vas-
cular disease. J Clin Invest 107:853-60

Powers SK, Jackson MJ (2008) Exercise-induced oxidative stress: Cellular mechanisms and
impact on muscle force production. Physiol Rev 88:1243-76

Pyke S, Lew H, Quintanilha A (1986) Severe depletion in liver glutathione during physical
exercise. Biochem Biophys Res Commun 139:926-31

Rinkus SJ, Taylor RT (1990) Analysis of hydrogen peroxide in freshly prepared coffee. Food
Chem Toxicol 18:323-31

Ristow M, Zarse K, Oberbach A, Kl o ting N, Birringer M, Kiehntopf M et al (2009) Antioxidants
prevent health-promoting effects of physical exercise in humans. Proc Natl Acad Sci U S A
106:8665-70

Sachdev S, Davies KJ (2008) Production, detection, and adaptive responses to free radicals in
exercise. Free Radic Biol Med 44:215-23

Salazara P, Martina M, Rochea R, O’Neill RD, Gonzalez-Mora JL (2010) Prussian Blue-modified
microelectrodes for selective transduction in enzyme-based amperometric microbiosensors for
in vivo neurochemical monitoring. Electrochim Acta 55:6476-84

Sanford AL, Morton SW, Whitehouse KL, Oara HM, Lugo-Morales LZ, Roberts JG, Sombers LA
(2010) Voltammetric detection of hydrogen peroxide at carbon fiber microelectrodes. Anal
Chem 82:5205-10

Sastre J, Asensi M, Gasco E, Pallardo FV, Ferrero JA, Furukawa T, Vifia J (1992) Exhaustive
physical exercise causes oxidation of glutathione status in blood: prevention by antioxidant
administration. Am J Physiol 263:R992-5

Sato Y, Ogino K, Sakano N, Wang DH, Yoshida J, Akazawa Y, Kanbara S, Inoue K, Kubo M,
Takahashi H (2013) Evaluation of urinary hydrogen peroxide as an oxidative stress biomarker
in a healthy Japanese population. Free Radic Res 47:181-91

Schreck R, Rieber P, Baeuerle PA (1991) Reactive oxygen intermediates as apparently widely
used messengers in the activation of the NF-kappa B transcription factor and HIV-1. EMBO J
10:2247-58

Strolin Benedetti M, Tipton KF (1998) Monoamine oxidases and related amine oxidases as phase I
enzymes in the metabolism of xenobiotics. J Neural Transm Suppl 52:149-71



13 Urinary Hydrogen Peroxide as Biomarker 331

Sun Y (1990) Free radicals, antioxidant enzymes, and carcinogenesis. Free Radic Biol Med
8:583-99

Szypowska AA, Burgering BMT (2011) The peroxide dilemma: opposing and mediating insulin
action. Antioxid Redox Signal 15:219-32

Takemoto K, Tanaka M, Iwata H, Nishihara R, Ishihara K, Wang DH, Ogino K, Taniuchi K,
Masuoka N (2009) Low catalase activity in blood is associated with the diabetes caused by
alloxan. Clin Chim Acta 407:43-6

Tsuji S, Shibata T, Ohara T, Okada N, Ito Y (1991) Studies on the factors affecting the formation
of hydrogen peroxide in coffee. ] Food Hyg Soc Jpn 32:504—12

Varma SD, Devamanoharan PS (1990) Excretion of hydrogen peroxide in human urine. Free
Radic Res Commun 8:73-8

Veal EA, Day AM, Morgan BA (2007) Hydrogen peroxide sensing and signaling. Mol Cell
26:1-14

Wang X, Martindale JL, Liu Y, Holbrook NJ (1998) The cellular response to oxidative stress:
influences of mitogen-activated protein kinase signalling pathways on cell survival. Biochem J
333:291-300

Wood ZA, Poole LB, Karplus PA (2003) Peroxiredoxin evolution and the regulation of hydrogen
peroxide signaling. Science 300:650-3

Yuen JW, Benzie IF (2003) Hydrogen peroxide in urine as a potential biomarker of whole body
oxidative stress. Free Radic Res 37:1209-13



	13 Urinary Hydrogen Peroxide as Biomarker
	Definitions of Words and Terms
	Introduction
	Urinary H2O2 in Healthy Population
	Urinary H2O2 and Lifestyle Parameters
	Association of Urinary H2O2 and Other Biomarkers
	Urinary H2O2 and Diseases
	Urinary H2O2 and Cancer
	Urinary H2O2 and Diabetes Mellitus
	Urinary H2O2 and Respiratory Distress Syndrome
	Urinary H2O2 and Intestinal Parasitic Infection
	Urinary H2O2 and Down´s Syndrome

	Urinary Sample Collection and Storage
	Methods for Detection of Urinary H2O2
	Summary Points
	References


