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Abstract
We investigated whether non-digestible saccharide fermentation-derived hydrogen molecules (H2) in rat colon could improve the in vivo
reduction–oxidation (redox) balance via regeneration of α-tocopherol, by assessing their effect on hydroxyl radicals, the α-tocopherol con-
centration and the redox balance. In Expt 1, a Fenton reaction with phenylalanine (0 or 1·37 mmol/l of H2) was conducted. In Expt 2, rats
received intraperitoneally maize oil containing phorone (400 mg/kg) 7 d after drinking ad libitum water containing 0 or 4 % fructo-oligo-
saccharides (FOS) (groups CP and FP, respectively). In Expt 3, rats unable to synthesise ascorbic acid drank ad libitum for 14 d water with
240 mg ascorbic acid/l (group AC), 20 mg of ascorbic acid/l (group DC) or 20 mg of ascorbic acid/l and 4 % FOS (group DCF). In the Fenton
reaction, H2 reduced tyrosine produced from phenylalanine to 72 % when platinum was added and to 92 % when platinum was excluded. In
Expt 2, liver glutathione was depleted by administration of phorone to rats. However, compared with CP, no change in them-tyrosine con-
centration in the liver of FP was detected. In Expt 3, net H2 excretion was higher in DCF than in the other rats after 3 d of the experiment.
Furthermore, the concentrations of H2 and α-tocopherol and the redox glutathione ratio in perirenal adipose tissue of rats were significantly
higher in DCF than in DC. To summarise, in rat colon, fermentation-derived H2 further shifted the redox balance towards a more reducing
status in perirenal adipose tissue through increased regeneration of α-tocopherol.
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Regulation of oxidative stress caused by dietary components is
crucial for promoting health because oxidative stress is a key
factor involved in the development of certain diseases such as
diabetes, ischaemia–reperfusion injury and arteriosclerosis(1–3).
However, a higher colonic production of hydrogen molecules
(H2) derived from fermentation in vivo of non-digestible saccha-
rides in the colon mitigates oxidative stress because H2 act as
electron donors(4). Although an in vitro study reported that H2

purportedly aim to specifically scavenge hydroxyl radicals, the
underlying mechanism remains unclear to date(5). Hydroxyl
radicals are the most detrimental reactive oxygen species and
have a high reduction–oxidation (redox) potential (2340 mV)(6).
However, it still remains unclear whether or not H2 exert an anti-
oxidative effect in vivo by directly donating electrons to hydroxyl
radicals. The difference in redox potential between H2 and
hydroxyl radicals is 2760 mV, as the potential of H2 is –420 mV.

As per the relationship between the redox potential and the
Gibbs free-energy change achieved in the Nernst equation, elec-
tron donation by H2 to hydroxyl radicals via one-step reaction
should be accompanied by an immense release of Gibbs free
energy (ΔG0 0 − 267 kJ/mol), which corresponds to the free
energy released by hydrolysis of about 9 mol of ATP
(ΔG0 0 − 30·5 kJ/mol)(7). Should this reaction occur in vivo,
cell damage could well be caused by electron donation from
H2. Therefore, it is generally assumed that electrons are not
directly donated by H2 to hydroxyl radicals.

H2 is a hydrophobic, non-polar molecule and has a
lower solubility in water (0·8 mmol/l at 20°C) than oxygen
(1·34 mmol/l at 20°C), a similar hydrophobic, non-polar mol-
ecule. Being more soluble in oil and organic solvents than in
water(8), H2 is likely localisedmore frequently in biological mem-
branes and adipose tissue. For example, in our previous study,
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we found that, in rats that were fed a diet of non-digestible sac-
charides, H2 was produced in the colon and its concentration
was greater in the adipose tissue than in other tissues. This phe-
nomenon resulted in a reduced pro-inflammatory cytokine
expression in fat tissues(9). Therefore, we theorised that H2 could
exert an antioxidative effect by interacting with fat-soluble
compounds.

α-Tocopherol is a compound with a redox potential of
370 mV(10). It also acts as an electron donor to lipid peroxyl rad-
icals produced in vivo by reactive oxygen species inmembranes,
resulting in α-tocopherol radicals(11). These radicals are regener-
ated to α-tocopherol by electrons donated by ascorbic acid
(redox potential of 80 mV(12)), which has a lower redox potential
than do α-tocopherol radicals. The sparing effect of ascorbic acid
on α-tocopherol can lead to effective mitigation of oxidative
stress(13,14). The difference in redox potential between H2 and
α-tocopherol radical is 790 mV, being the change in free energy
during this electron donation of –76·1 kJ/mol. By contrast, the
change in free energy during hydrolysis of phosphoenolpyruvic
acid, a high-energy compound and an intermediate glucolysis
product, is lower (–61·9 kJ/mol)(7). Hence, donation of electrons
by H2 to α-tocopherol radicals can occur in vivo.

In the present study, to confirm if H2 produced in the colon
could directly scavenge hydroxyl radicals in vivo, we used
glutathione-depleted rats fed fructo-oligosaccharides (FOS;
an enhancer of colonic H2 production) and measured the
concentration of hepatic tyrosine isomers produced from
phenylalanine by hydroxyl radicals. In addition, we analysed
the adipose tissue of ascorbic acid-deficient rats fed FOS
to assess if colonic H2 regenerated α-tocopherol radicals to
α-tocopherol.

Materials and methods

The present study was approved by the Shizuoka University
Animal Use Committee (approval numbers: 29A-15 and
2018A-9). Animals were kept and cared for as per the
Guidelines for the Care and Use of Laboratory Animals,
Shizuoka University.

Samples

FOS (commercial name: Meioligo-P; 44 % 1-kestose, 46 %
nystose and 10 % 1 F-β-fructofuranosylnystose) were pur-
chased from Meiji Food Materia Co. Ltd.

Animals and diets

Five-week, male Sprague–Dawley (SD, mean body weight
130–150 g) and 6-week, male Osteogenic Disorder Shionogi
(ODS, mean body weight 100–130 g) rats were purchased from
Japan SLC (Haruno colony) and CLEA Japan, respectively. Rats
were housed in individual cages with screen bottoms made of
stainless steel and kept in a room maintained at 23 ± 2°C, with
50–70 % humidity, and in a 12 h light (07.00–19.00 hours)–
12 h dark cycle. For all experiments, rats were first acclimatised
for 7 d to the experimental settings. SD rats were given a basal,
25 % casein diet as previously reported(4) (online Supplementary
Tables S1–S3) and water ad libitum. Unlike a previously reported

work, inwhich rats were given a diet containing 300mg of ascorbic
acid/kg(15), ODS rats of the present work were fed the same diet
as that of SD rats, but were given water containing 240 mg of
ascorbic acid/l ad libitum for maximum growth.

In vitro effect of hydrogen molecule on hydroxyl radicals

In Expt 1, to determine if H2 directly scavenges hydroxyl radicals,
we examined the effect of H2 from water on phenylalanine-
derived tyrosine production, which is caused by hydroxyl radi-
cals generated in the Fenton reaction. Supersaturated H2 water
was prepared using H2 water 7.0 (ECOMO International)(16).
An aliquot of supersaturated H2 water (0·05 ml) was placed into
a 50-ml sealed vial for H2 analysis. After incubation at 37°C for
3 min and to measure the H2 concentration, 0·05 ml of the gas-
eous phase was withdrawn using a gas-tight syringe. Samples
were analysed by GC (lower detection limit 0·10 μl/l; quantifica-
tion range 0·30–50 μl/l; Biogas analyzer BAS-1000; Mitleben).
The concentration of supersaturated H2 water was found to
be 2·73 mmol/l. Hydroxyl radicals were generated by the
Fenton reaction described by Yoshimura et al.(17), with some
modifications. The reaction mixture (1 ml) was as follows:
1·37 mmol H2/l, 5 mmol HEPES buffer (pH 7·5)/l, 5 μmol
ammonium iron (II) sulphate/l, 0·5 mmol EDTA/l, 0·5 mmol
L-ascorbic acid/l and 1·25 mmol L-phenylalanine/l. To confirm
the effect of catalysis on occurrence of reducing power of H2,
a platinum colloid solution (10 mmol/l, particle size: 1–4 nm;
Renaissance Energy Research) was added to the above mix-
ture in a final concentration of 50 μmol/l. As a control, water
without H2 was used. The Fenton reaction was initiated by
adding H2O2 in a concentration of 2·5 mmol/l and kept at
25°C for 40 s. At 40 s post-initiation of reaction, the concen-
tration of tyrosine was measured using an HPLC method
reported by Kaur & Halliwell(18).

In vivo effect of hydrogen molecule on hydroxyl radicals

In Expt 2, to determine if colonic H2 scavenges hydroxyl radicals
in vivo, the effect of H2 produced by fermentation of FOS in
the colon of rats, during the conversion of phenylalanine to
m-tyrosine, was assessed. Phenylalanine is converted tom-tyrosine
by hydroxyl radicals generated when glutathione is depleted in
the liver of rats. A two-way factorial designwas not used because
we previously found that the antioxidative effect of colonic H2

was observed only in rats with oxidative stress(4). After acclima-
tisation, eighteen rats were divided into three groups with com-
parable body weight and given the basal diet ad libitum for 7 d.
Two rat groupswere given tapwater ad libitum, and the remain-
ing group was given water containing 4 % FOS, also ad libitum.
FOS was added to drinking water but not diet and given it to rats
to avoid a decrease in FOS intake due to decreased consumption
of diet. At the end of the experiment, the net H2 excretion was
measured for 5 min by the same method as we previously
reported(4). Rats in one of the groups given FOS-free tap water
were then administered an intraperitoneal injection of maize
oil (4 ml/kg, group CC). Separately, to deplete glutathione in
the body, rats in the remaining groups were intraperitoneally
injected 400 mg/kg of 2,6-dimethyl-2,5-heptadien-4-one
(phorone) in maize oil (4 ml/kg injection, groups CP and
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(4 %FOS water) FP)(19). Three hours post-phorone injection, all
rats were anaesthetised via inhalation with 2% isoflurane.
Under the effect of anaesthesia, 0·5ml of bloodwas collected from
the portal vein of rats into 5-ml sealed vials containing heparin,
for H2 analysis. In addition, 1 ml of blood from the portal vein
was collected into separate, sealed heparin microtubes for
plasma preparation. A 0·5 ml sample of the gaseous phase
in sealed vials was withdrawn using a gas-tight syringe.
Next, the concentration of portal H2 was measured by the
same method as we previously reported(4). The liver of rats
was perfused immediately after blood withdrawal with
20 ml of ice-cold saline solution through the portal vein.
After perfusion, the median lobe of the liver was removed
and rapidly dropped into liquid N2. All samples were stored
at –80°C until further analysis.

Effect of colonic hydrogen molecule on regeneration
of α-tocopherol

In Expt 3, to determine if colonic H2 exerts a suppressive effect
on the oxidative stress via regeneration of α-tocopherol, we
examined the α-tocopherol concentration and the redox balance
in adipose tissue of ascorbic acid-deficient ODS rats as follows.
After acclimatisation, rats were placed inside a sealed polypro-
pylene chamber for 5 min and the excreted H2 was captured.
Next, GC (Biogas analyzer BAS-1000; Mitleben) was then used
to determine the net H2 excretion. Twenty-four ODS rats were
divided into three groups with comparable body weight and
net H2 excretion. As in Expt 2, a two-way factorial design was
not used. All rats were given the basal diet ad libitum for
14 d. In addition, rats were given water ad libitum for 14 d as
follows: (1) water containing 240 mg of ascorbic acid/l (physio-
logically adequate ascorbic acid level; AC group), (2) water
containing 20 mg of ascorbic acid/l (ascorbic acid-deficient;
DC group), or (3) water containing 20 mg of ascorbic acid/l
and 4 % FOS (ascorbic acid-deficient plus FOS; DCF group).
FOS and ascorbic acid were added to drinking water but not diet
and given them to rats to avoid a decrease in the intake of FOS
and ascorbic acid due to decreased consumption of diet. After
the start of the experiment, net H2 excretion wasmeasured again
at days 3, 7, 10 and 14. At the end of the experiment and after
measuring net H2 excretion, all rats were anaesthetised via inha-
lation with 2 % isoflurane. Laparotomy was carried out on rats
and the livers of the rats were perfused immediately after blood
withdrawal with 20 ml of ice-cold saline solution through the
portal vein. After perfusion, the median lobe of the liver was
removed and rapidly dropped into liquid N2. Liver samples were
then stored at –80°C until further analysis. To analyse the con-
centrations of H2, α-tocopherol and ascorbic acid, and the
redox parameters, the perirenal adipose tissue was removed
immediately. Approximately 0·5 g of perirenal adipose tissue
was placed into 5-ml sealed vials for H2 analysis. After incu-
bation at 37°C for 3 min and to measure the H2 concentration,
a volume of 0·5 ml of the gaseous phase was withdrawn using
a gas-tight syringe. Next, the concentration of H2 in adipose
tissue was measured using the above-mentioned GC method.
The remaining of the adipose tissue was stored at –80°C until
further analysis.

m-Tyrosine analysis

Liver samples (0·25 g) were homogenised with three volume
of 5 % trichloric acid and centrifuged. The concentration of
m-tyrosine in the resulting supernatant was determined by the
method of Kaur & Halliwell(18).

Determination of ascorbic acid and α-tocopherol

The concentrations of ascorbic acid and α-tocopherol in the liver
and adipose tissue were determined by the methods of Kishida
et al.(20) and Abe et al.(21), respectively.

Glutathione analysis

The levels of GSH and GSSG in the liver and adipose tissue were
determined by the method of Rahman et al.(22).

Antioxidant enzyme activity

The activity of glutathione peroxidase, glutathione reductase
and superoxide dismutase in the adipose tissue was assessed
by the method of Flohe & Gunzler(23), Carlberg & Mannervik(24)

and Ukeda et al.(25), respectively.

Statistical analysis

To determine an adequate sample size to identify significant
differences in the concentrations of liver m-tyrosine (Expt 2)
and adipose α-tocopherol (Expt 3), a Student’s t test power
analysis was carried out using the G*Power statistical package
version 3.1.9.3. The sample size was then calculated considering
an α probability of 0·05 with a power of 0·80. The effect size was
estimated using the results from a preliminary study at these
premises (unpublished results). From the power analysis, it
was determined that the required sample size per group was
six (Expt 2) and eight (Expt 3) rats. Datawere analysed for homo-
geneity of variances with Bartlett’s test. To compare between DC
andDCF groups, for datawith equal variances, one-way ANOVA
was used, followed by Student’s t test. Data with unequal varian-
ces were first log-transformed. For data with unequal variances
even after log-transformation, Welch’s t test was used instead.
Apart from the power analysis, all statistical analyses were
carried out using SAS JMP software (version 13.2.1). Values
obtained from the experiments are expressed as mean values
with their standard errors, and statistical significancewas defined
as P< 0·05.

Results

In vitro effect of hydrogen molecule on hydroxyl radicals

In Expt 1, when H2 was added to the reaction, total tyrosine
produced in 40 s via the Fenton reaction from phenylalanine,
with or without platinum, was 72 and 92 %, respectively, of that
produced in a Fenton reaction with neither H2 nor Pt (Table 1).
It was then observed that, if maintaining the reactants at 25°C
for 60 min during the Fenton reaction without Pt, unknown
pink pigments, perhaps oxidised compounds, were produced,
whereas when Pt was added to the reaction, these pigments
were not detected (online Supplementary Fig. S1).
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In vivo effect of hydrogen molecule on hydroxyl radicals

In Expt 2, although neither food intake nor body weight differed
between rat groups (Table 2), net H2 excretion and portal H2

concentration were significantly higher in FP than in CP.
Nonetheless, no significant differences in liver weight were
observed between rat groups, and administration of phorone
to rats almost completely depleted glutathione in their liver.
Moreover, although the concentration of m-tyrosine in the liver
tended to be greater in CP than in CC (P= 0·0793), no significant
differences were observed between treatment groups.

In vivo effect of colonic hydrogen molecule on
regeneration of α-tocopherol

In Expt 3, neither food nor α-tocopherol intake differed between
AC and DC, but food and α-tocopherol intake were significantly
lower in DCF than in DC (Table 3). Ascorbic acid intake was sig-
nificantly lower in DC than in AC, but did not differ between the
DC and DCF. Compared with that of AC, the body weight gain of
DCF was the lowest, followed by that of DC. Net H2 excretion in

DCF was higher than that in DC after 3 d of the experiment
(Fig. 1). Furthermore, the AUC for 14 d for net H2 excretion of
DCF was 350 % that of DC (Table 3). Liver weight and the con-
centration of ascorbic acid were significantly lower in DC than in
AC, but no significant differences were found between ascorbic
acid-deficient groups. In addition, administration of FOS had no
effect on the concentration of α-tocopherol in the liver of rats
(Table 3).

In the perirenal adipose tissue, the tissue weight, and the con-
centrations of H2 and α-tocopherol were significantly lower and
higher, respectively, in DCF than in DC. Expectedly, no ascorbic
acid was detected in the adipose tissue of ascorbic acid-deficient
rats (Table 3). In addition, whilst the total and reduced concen-
trations of glutathione were significantly greater in DCF than in
DC, the GSH:GSSG ratio was significantly lower in DC than in AC
(Table 4) but tended to be higher in DCF compared with that in
DC (P= 0·0960). Finally, although administration of FOS did not
significantly affect the activity of antioxidative glutathione per-
oxidase and superoxidase dismutase, glutathione reductase
was significantly lower in DCF when compared with that in DC.

Discussion

Although it was previously reported that, in vitro, electrons are
donated by H2 to hydroxyl radicals(5), no evidence of such don-
ation was found in the present study, neither in vitro nor in vivo.

Table 1. Effect of hydrogen molecules (H2) on hydroxyl radical-produced
tyrosine originated from phenylalanine by the Fenton reaction (n 6) (nmol)*†
(Mean values with their standard errors)

H2 (–) H2 (þ)

Pt (–) Pt (þ) Pt (–)

Mean SEM Mean SEM Mean SEM

Total tyrosine 7·06 1·48 5·10 0·86 6·47 1·04
Para form 2·33 0·46 1·85 0·29 2·08 0·34
Meta form 1·61 0·35 1·11 0·18 1·54 0·25
Ortho form 3·10 0·65 2·14 0·39 2·85 0·46

* The Fenton reaction for H2 (–) was carried out without H2. Fenton reaction for H2 (þ)
was carried out with a reaction system containing 1·37 mmol H2 /l. Colloid Pt was
added to the reaction system in a final concentration of 50 μmol/l.

† Data are indicated as the quantities of tyrosine produced in 40 s via the Fenton
reaction.

Table 2. Effect of colonic hydrogen molecules (H2) on tyrosine produced
from phenylalanine by hydroxyl radicals in glutathione-depleted rats (n 6)
(Mean values with their standard errors)

CC CP FP

Mean SEM Mean SEM Mean SEM

Food intake (g/7 d) 142 6 137 8 122 4
Body weight gain

(g/7 d)
65 5 62 5 59 3

Final body weight (g) 261 9 257 8 256 5
Net H2 excretion

(μmol/5 min)
0·118 0·034 0·158 0·035 7·51† 2·20

Portal H2 (μmol/l) 1·36 0·31 1·79 0·58 7·39† 1·1
Liver
Weight (g/100 g of

body weight)
4·40 0·08 3·94 0·06 4·06 0·07

Total glutathione
(mmol/kg)

7·53 0·26 0·05* 0·01 0·14 0·03

m-Tyrosine
(μmol/kg)

1·54 0·16 1·91‡ 0·10 1·97 0·03

CC, untreated rat group given tap water only; CP, phorone-treated rat group given tap
water only; FP, phorone-treated group given water containing 4 % fructo-
oligosaccharides.
* Mean values were significantly different from those of CC (P< 0·05).
†Mean values were significantly different from those of CP (P< 0·05).
‡Mean values tended to be different from those of CC (P= 0·0793).

Table 3. Food, ascorbic acid and α-tocopherol intake, body weight, net
hydrogen molecules (H2) excretion and condition parameters of perirenal
adipose tissue in rats given different levels of ascorbic acid in tap water or
tap water containing 4 % fructo-oligosaccharides (n 8)
(Mean values with their standard errors)

AC DC DCF

Mean SEM Mean SEM Mean SEM

Food intake (g/14 d) 217 6 215 4 165† 8
Days 1–7 (g/7 d) 113 3 122 2 84† 4
Days 8–14 (g/7 d) 104 3 93 3 81 5

Ascorbic acid intake
(mg/14 d)

71·6 2·0 5·82* 0·24 5·08 0·37

α-Tocopherol intake
(mg/14 d)

15·1 0·4 15·0 0·3 11·5† 0·6

Body weight gain
(g/14 d)

62 3 44* 3 29† 4

Final body weight 210 7 190 3 175 5
AUCdays 0–14 for net H2

excretion (mmol)
10·5 1·6 7·53 1·36 26·0† 3·2

Liver
Weight (g/100 g of body
weight)

4·31 0·05 3·90* 0·05 4·09 0·15

Ascorbic acid (nmol/g) 68·9 4·7 9·19* 0·49 10·3 0·7
α-Tocopherol (nmol/g) 117 4 114 5 99·7 6·2

Perirenal adipose tissue
Weight (g/100 g of body
weight)

1·72 0·09 1·88 0·06 1·13† 0·09

H2 (nmol/g) 1·41 0·31 0·73 0·13 3·26† 0·51
Ascorbic acid (nmol/g) 19·4 1·9 ND ND
α-Tocopherol (nmol/g) 18·3 5·3 16·6 4·9 68·9† 10·5

AC, rats given a physiologically adequate ascorbic acid level in water (240 mg of
ascorbic acid/l); DC, rats given water containing 20 mg of ascorbic acid/l; DCF, rats
given water containing 20 mg of ascorbic acid/l and 4 % fructo-oligosaccharides;
AUCdays 0–14, AUC for 14 d; ND, not detected.
* Mean values were significantly different from those of AC (P< 0·05).
†Mean values were significantly different from those of DC (P< 0·05).
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Nonetheless, in the present work, we found that the concen-
tration of α-tocopherol in perirenal adipose tissue was higher
in ascorbic acid-deficient rats, which experienced enhanced
H2 production in the large intestine due to administration of
FOS. In a previous study, we also reported an elevated con-
centration of H2 in perirenal adipose tissue of rats given
FOS(9). A similar result was observed in the present study.
Fat-soluble α-tocopherol donates electrons to lipid peroxyl
radicals produced by reactive oxygen species in adipose tissue
and biological membranes, which results in α-tocopherol radi-
cals(11,26). However, these α-tocopherol radicals are usually
reconverted to α-tocopherol by ascorbic acid(13,14). Therefore,
the results in the present study likely demonstrate that not ascor-
bic acid, but H2 derived from colonic fermentation contributed
to regenerate α-tocopherol as an electron donor in ascorbic

acid-deficient rats. Although glutathione acts as an electron
donor in many types of cells, which is crucial for maintaining
the redox balance, in rats of the present study, glutathione in
perirenal adipose tissue was only about 5 % compared with that
in the liver that we previously reported(4). This result seems to
imply that α-tocopherol, but not glutathione, is an important
compound to maintain the balanced redox in the adipose tissue.
Thus, since oxidative stress has been implicated in a number of
adipose tissue accumulation-related conditions, an increased
regeneration of α-tocopherol in the adipose tissue by H2 pro-
duced in the colon via fermentation will likely help prevent from
developing diabetes and atherosclerosis, for example(1,27).

Previous studies showed the possibility that chitosan
oligosaccharides and inulin may suppress hepatic cytochrome
P450 enzymes(28,29). The decreased activities of these enzymes
could shift the redox balance toward a more reducing status as
cytochrome P450 enzymes are involved in increased oxidative
stress. α-Tocopherol is metabolised by cytochrome P450
enzymes to be excreted(30). Therefore, higher α-tocopherol
concentration in the adipose tissue in ascorbic acid-deficient
rats given FOS may be attributed to inhibited catabolism of
α-tocopherol due to decreased activities of cytochrome
P450 enzymes. However, whether this is caused by FOS intake
and H2 produced by colonic fermentation remains unclear.
Further study needs to be performed to elucidate the involve-
ment of colonic H2 in α-tocopherol degradation.

Hydroxyl radicals react with many types of biological com-
pounds such as lipids, proteins and DNA, leading to metabolic
dysfunction. In addition, hydroxyl radicals also react with
phenylalanine to produce p-, m- and o-tyrosine isomers. Apart
from p-tyrosine, tyrosine isomers are not normally produced
in vivo; thus, increased concentrations of m- and o-tyrosines
result from overproduction of hydroxyl radicals. Glutathione
depletion can increase oxidative stress and hence generate
hydroxyl radicals(31,32). Therefore, in the present study, adminis-
tering phorone, a glutathione depletor, to rats, elevated the con-
centration of m-tyrosine, which expectedly increased hydroxyl
radicals production. Interestingly, a high production of colonic
H2 did not reduce the m-tyrosine concentration. These results
seem to suggest that H2 derived from colonic fermentation are

Table 4. Redox parameters in perirenal adipose tissue of rats given different levels of ascorbic acid in tap water or tap water
containing 4 % fructo-oligosaccharides (n 8)
(Mean values with their standard errors)

AC DC DCF

Mean SEM Mean SEM Mean SEM

Total glutathione (nmol/g) 245 23 228 20 338† 31
Reduced form (nmol/g) 187 22 136 17 245† 21
Oxidised form (nmol/g) 43·9 3·9 59·6 6·8 70·9 13·5
Reduced:oxidised glutathione ratio 4·42 0·55 2·59* 0·50 4·64‡ 1·00
Antioxidative enzyme activity
Glutathione peroxidase (nmol/min/mg protein) 76·1 9·6 77·1 5·8 79·3 7·2
Glutathione reductase (nmol/min/mg protein) 66·3 7·8 73·6 4·3 58·1† 2·8
Superoxide dismutase (units/mg protein) 234 22 217 21 229 31

AC, rats given a physiologically adequate ascorbic acid level in water (240mg of ascorbic acid/l); DC, rats givenwater containing 20mg of ascorbic
acid/l; DCF, rats given water containing 20 mg of ascorbic acid/l and 4 % fructo-oligosaccharides.
* Mean values were significantly different from those of AC (P< 0·05).
†Mean values were significantly different from those of DC (P< 0·05).
‡Mean values tended to be different from those of DC (P= 0·0960).
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Fig. 1. Changes in net H2 excretion of rats given water containing 0 and 4%
fructo-oligosaccharides and rats with normal intake of ascorbic acid. AC, rats
given a physiologically adequate ascorbic acid level inwater (240mg of ascorbic
acid/l); DC, rats given water containing 20 mg of ascorbic acid/l; DCF, rats given
water containing 20 mg of ascorbic acid/l and 4 % fructo-oligosaccharides.
* Mean values were significantly different from those of DC (P< 0·05). ,
AC; , DC; , DCF.
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unlikely to directly scavenge hydroxyl radicals accumulated after
depletion of glutathione in the liver of rats. In a previous study,
we showed that H2 improved the redox balance of glutathione in
hepatic ischaemia–reperfusion injured rat, which is an oxidative
stress model(4). Our previous data and those reported elsewhere
showed that, compared with that in other tissues, the content of
glutathione in the liver was substantially higher(9,33). In addition,
in the present work, the concentration of liver α-tocopherol did
not change in rats experiencing a high production of colonic H2.
Therefore, unlike that in adipose tissue, glutathione in the liver
likely plays a pivotal role in the regulation of the redox balance
by H2. Nonetheless, whilst the results of the present work are
solid and promising, it cannot entirely be ruled out that there
may be other pathways for direct reduction of hydroxyl radicals.

Ohsawa et al.(5) demonstrated that hydroxyphenyl fluores-
cein could be used to detect hydroxyl radicals and that H2 spe-
cifically scavenged hydroxyl radicals in vitro. However, the
results from both in vitro and in vivo experiments of the present
work do not agree with those reported by Ohsawa et al.Whilst it
remains unclear the reason for this discrepancy between the
results, we can cautiously speculate that the use of different
markers in the analysis may have biased the results. Indeed,
hydroxyphenyl fluorescein is a highly specific probe for
hydroxyl radical in vitro(34), but it is difficult to quantitatively
use it as amarker in in vivo studies. In the present work, to assess
the effect of colonic H2 on hydroxyl radicals, we used instead
tyrosine isomers as in vivo markers for hydroxyl radical detec-
tion. Although p-tyrosine is produced by phenylalanine hydrox-
ylase in vivo, hydroxyl radicals randomly attack the aromatic ring
of phenylalanine at different positions, resulting in production of
m- and o-tyrosine in addition to p-tyrosine(35). Using the same
marker, the hydroxyl radical scavenging activity of certain
antioxidative compounds has been evaluated in rats(36) and
humans(37). However, to the best of our knowledge, no study,
thus far, has confirmed the ability of H2 to scavenge hydroxyl
radicals in vivo. Therefore, we believe that the present work is
the first investigation to demonstrate the effect of colonic H2

on hydroxyl radicals in vivo. Nonetheless, we suggest that fur-
ther investigation in vivo on the direct scavenging of hydroxyl
radicals by H2 should be conducted.

According to the Nernst equation, the difference in redox
potential between H2 and hydroxyl radicals is 2760 mV and
the electron donation between these molecules is likely accom-
panied by an exergonic reaction of 267 kJ/mol. In addition, the
free energy occurring during the electron donation is estimated
to produce approximately 9 mol ATP. Thus, the total energy
released via direct donation of electrons by H2 to hydroxyl rad-
icals would likely cause tissue damage. Nonetheless, no detri-
mental effect of electron donation by H2 has been reported in
the literature to date. In vivo electron donation causing such
an immense potential difference usually occurs multiple step-
wise, not one stepwise, as the electron is transported from
NADH to the oxygen molecule in the electron transport chain
(ΔG0 0 − 220 kJ/mol through five reaction steps(38)). By contrast,
the difference in redox potential between H2 and α-tocopherol
radical is merely 790mV,which corresponds to a relatively lower
change in Gibbs free energy (ΔG0 0 − 76·1 kJ/mol). This change
in energy is similar to the amount of energy produced in the

reaction from phosphoenolpyruvate to pyruvate. Therefore,
H2 likely donates electrons directly to α-tocopherol radicals in
vivo. Moreover, in the present study, an increased α-tocopherol
concentration in perirenal adipose tissue of FOS-fed rats seems
to confirm this possibility. Considering the physiological concen-
trations of H2, α-tocopherol radicals and α-tocopherol occurring
during the electron donation to α-tocopherol radicals, the ΔG
produced during this phenomenon is estimated to be about
10 kJ/mol, which seems to be physiologically acceptable.

In the present study, two strains (SD and ODS) of male rats
were used. These were purchased from different breeders.
Previous studies have shown differences in microbiota compo-
sition among breeders(39). Therefore, the microbiota composi-
tion in the large intestine is estimated to be different between
the SD and ODS rats used. Although H2 was more produced
by FOS intake in both rat strains in the present study, it remains
unclear how much other fermentation products were produced.
The involvement of these fermentation products in oxidative
stress may not also be negligible. Different microbiota composi-
tions could alter the fermentation pattern even when rats are fed
the same diet. Several products from colon fermentation have
been reported to have physiological effects. Among products
by colonic fermentation, SCFA have been investigated exten-
sively. In our previous study, increased caecal concentrations
of these acids were observed by FOS intake in rats given the
high-fat diet(9). Butyrate is the primary energy source of colon
cells and prevents inflammation(40). Also, butyrate has been
shown to protect against oxidative stress by modulating the
activity of antioxidant enzymes such as catalase and glutathione
S-transferase(41). Therefore, the possibility that other products
such as butyrate contribute to reducing α-tocopherol radical can-
not be denied.

Finally, although redox balance was improved in rats given
FOS in the present study, food intake and body weight gain
for 14 d were slower in rats given the ascorbic acid-deficient diet
and FOS (DCF group) than in those given the ascorbic acid-
deficient diet (DC group). The administration of FOS with a
low degree of polymerisation is assumed to increase the osmotic
pressure in the stomach content. Higher osmotic pressure in
the stomach content decreases food intake(42,43). Therefore,
increased osmotic pressure in the stomach content due to FOS
intake may decrease food intake, resulting in slower growth.

In summary, our results show that H2 derived from fermen-
tation of non-digestible saccharides in the colon of rats, but
not ascorbic acid, shifted the redox balance towards a more
reducing status in adipose tissue via increased regeneration of
α-tocopherol. In addition, the present work seems to suggest that
H2 do not directly scavenge hydroxyl radicals in the liver.
Although the effect of H2 on the regulation of the redox balance
may not seem as strong as that of other antioxidative compounds
such as glutathione, α-tocopherol and ascorbic acid, H2 derived
from colonic fermentation could well play an important role in
maintaining a balanced redox via electron donation, that is,
the regeneration of α-tocopherol. The present work should help
advance our understanding of how non-digestible saccharides,
including dietary fibre and resistant starch, prevent occurrence
of lifestyle-related diseases, which are associated with redox
imbalances.

542 Y. Ishida et al.

https://doi.org/10.1017/S0007114519003118  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114519003118


Acknowledgements

The authors thank editors at BioScience Proofreaders (Tokyo,
Japan) for their assistance in the manuscript editing.

This research was supported in part by a Grant-in-Aid for
Scientific Research (B) (Japan Society for the Promotion of
Science; grant number 16H03036) from the Japan Society for
the Promotion of Science, Japan.

N. N. designed the research; Y. I., S. H., T. M. and N. N. con-
ducted the research; S. I gave suggestions and information on α-
tocopherol analysis. N. N. andY. I. analysed the data; N. N. wrote
the manuscript and was responsible for the final content. All
authors were involved in designing the study, reviewing and
interpreting the results and drafting the manuscript. In addition,
all authors have read and approved the final document.

The authors declare that there are no conflicts of interest.

Supplementary material

For supplementary materials referred to in this article, please
visit https://doi.org/10.1017/S0007114519003118

References

1. Maritim AC, Sanders RA & Watkins JB 3rd (2003) Diabetes,
oxidative stress, and antioxidants: a review. J Biochem Mol
Toxicol 17, 24–38.

2. Kaminski KA, Bonda TA, Korecki J, et al. (2002) Oxidative
stress and neutrophil activation–the two keystones of ischemia/
reperfusion injury. Int J Cardiol 86, 41–59.

3. Forstermann U, Xia N & Li H (2017) Roles of vascular oxidative
stress and nitric oxide in the pathogenesis of atherosclerosis.
Circ Res 120, 713–735.

4. Nishimura N, Tanabe H, Sasaki Y, et al. (2012) Pectin and high-
amylosemaize starch increase caecal hydrogen production and
relieve hepatic ischaemia–reperfusion injury in rats. Br J Nutr
107, 485–492.

5. Ohsawa I, IshikawaM, Takahashi K, et al. (2007)Hydrogen acts
as a therapeutic antioxidant by selectively reducing cytotoxic
oxygen radicals. Nat Med 13, 688–694.

6. Collin F (2019) Chemical basis of reactive oxygen species
reactivity and involvement in neurodegenerative diseases. Int
J Mol Sci 20, 2407.

7. Bodner GM (1986) Metabolism part I: glycolysis for the
Embden–Meyerhoff pathway. J Chem Educ 63, 566–570.

8. Vibrans FC (1935) The solubility of gases in edible fats and oils.
Oil Soap 12, 14–15.

9. Nishimura N, Tanabe H, Adachi M, et al. (2013) Colonic hydro-
gen generated from fructan diffuses into the abdominal cavity
and reduces adipose mRNA abundance of cytokines in rats. J
Nutr 143, 1943–1949.

10. Vasdev S, Gill VD & Singal PK (2006) Modulation of oxidative
stress-induced changes in hypertension and atherosclerosis by
antioxidants. Exp Clin Cardiol 11, 206–216.

11. Liebler DC (1993) The role of metabolism in the antioxidant
function of vitamin E. Crit Rev Toxicol 23, 147–169.

12. Asard H, Horemans N & Caubergs RJ (1992) Transmembrane
electron transport in ascorbate-loaded plasma membrane
vesicles from higher plants involves a b-type cytochrome.
FEBS Lett 306, 143–146.

13. Packer JE, Slater TF &Willson RL (1979) Direct observation of a
free radical interaction between vitamin E and vitamin C.
Nature 278, 737–738.

14. Scarpa M, Rigo A, Maiorino M, et al. (1984) Formation of
alpha-tocopherol radical and recycling of alpha-tocopherol
by ascorbate during peroxidation of phosphatidylcholine
liposomes. An electron paramagnetic resonance study. Biochim
Biophys Acta 801, 215–219.

15. Horio F, Ozaki K, Yoshida A, et al. (1985) Requirement for
ascorbic acid in a rat mutant unable to synthesize ascorbic acid.
J Nutr 115, 1630–1640.

16. Liu C, Kurokawa R, Fujino M, et al. (2014) Estimation of the
hydrogen concentration in rat tissue using an airtight tube
following the administration of hydrogen via various routes.
Sci Rep 4, 5485.

17. YoshimuraY,Matsuzaki Y, UchiyamaK, et al. (1993) Formation
of 8-hydroxydeoxyguanosine from deoxyguanosine by Fe2þ/
ascorbic acid/EDTA/H2O2 system. J Clin Biochem Nutr 15,
155–162.

18. Kaur H &Halliwell B (1994) Aromatic hydroxylation of phenyl-
alanine as an assay for hydroxyl radicals. Measurement of
hydroxyl radical formation from ozone and in blood from
premature babies using improved HPLC methodology. Anal
Biochem 220, 11–15.

19. Gao W, Mizukawa Y, Nakatsu N, et al. (2010) Mechanism-
based biomarker gene sets for glutathione depletion-
related hepatotoxicity in rats. Toxicol Appl Pharmacol
247, 211–221.

20. Kishida E, Nishimoto Y & Kojo S (1992) Specific determination
of ascorbic acid with chemical derivatization and high-
performance liquid chromatography. Anal Chem 64,
1505–1507.

21. Abe C, Ikeda S, Uchida T, et al. (2007) TritonWR1339, an inhibitor
of lipoprotein lipase, decreases vitamin E concentration in
some tissues of rats by inhibiting its transport to liver. J Nutr
137, 345–350.

22. Rahman I, Kode A & Biswas SK (2006) Assay for quantitative
determination of glutathione and glutathione disulfide levels
using enzymatic recycling method. Nat Protoc 1, 3159–3165.

23. Flohe L &GunzlerWA (1984) Assays of glutathione peroxidase.
Methods Enzymol 105, 114–121.

24. Carlberg I & Mannervik B (1985) Glutathione reductase.
Methods Enzymol 113, 484–490.

25. UkedaH, KawanaD, Maeda S, et al. (1999) Spectrophotometric
assay for superoxide dismutase based on the reduction of
highly water-soluble tetrazolium salts by xanthine–xanthine
oxidase. Biosci Biotechnol Biochem 63, 485–488.

26. Sohet FM, Neyrinck AM, Dewulf EM, et al. (2009) Lipid
peroxidation is not a prerequisite for the development of
obesity and diabetes in high-fat-fed mice. Br J Nutr 102,
462–469.

27. Kattoor AJ, Pothineni NVK, Palagiri D, et al. (2017) Oxidative
stress in atherosclerosis. Curr Atheroscler Rep 19, 42.

28. Sugatani J, Wada T, Osabe M, et al. (2006) Dietary inulin
alleviates hepatic steatosis and xenobiotics-induced liver injury
in rats fed a high-fat and high-sucrose diet: association with the
suppression of hepatic cytochrome P450 and hepatocyte
nuclear factor 4alpha expression. Drug Metab Dispos 34,
1677–1687.

29. Yao HT, Luo MN, Hung LB, et al. (2012) Effects of chitosan
oligosaccharides on drug-metabolizing enzymes in rat liver
and kidneys. Food Chem Toxicol 50, 1171–1177.

30. Johnson CH, Slanar O, Krausz KW, et al. (2012) Novel metab-
olites and roles for alpha-tocopherol in humans and mice
discovered by mass spectrometry-based metabolomics. Am J
Clin Nutr 96, 818–830.

31. Han D, Hanawa N, Saberi B, et al. (2006) Mechanisms of liver
injury. III. Role of glutathione redox status in liver injury. Am J
Physiol Gastrointest Liver Physiol 291, G1–G7.

Colonic hydrogen and α-tocopherol 543

https://doi.org/10.1017/S0007114519003118  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114519003118
https://doi.org/10.1017/S0007114519003118


32. Liu C, Wang D, Zhang S, et al. (2019) Biodegradable
biomimic copper/manganese silicate nanospheres for che-
modynamic/photodynamic synergistic therapy with simulta-
neous glutathione depletion and hypoxia relief. ACS Nano
13, 4267–4277.

33. Halliwell B & Gutteridge JM (2007) Free Radicals in Biology
and Medicine, 4th ed. Oxford: Oxford University Press.

34. Tomizawa S, Imai H, Tsukada S, et al. (2005) The detection and
quantification of highly reactive oxygen species using the novel
HPF fluorescence probe in a rat model of focal cerebral
ischemia. Neurosci Res 53, 304–313.

35. Ipson BR& Fisher AL (2016) Roles of the tyrosine isomers meta-
tyrosine and ortho-tyrosine in oxidative stress. Ageing Res Rev
27, 93–107.

36. Henze C, Earl C, Sautter J, et al. (2005) Reactive oxidative
and nitrogen species in the nigrostriatal system following
striatal 6-hydroxydopamine lesion in rats. Brain Res 1052,
97–104.

37. Nair UJ, Nair J, Friesen MD, et al. (1995) Ortho- and meta-
tyrosine formation from phenylalanine in human saliva as a

marker of hydroxyl radical generation during betel quid chew-
ing. Carcinogenesis 16, 1195–1198.

38. Hull RV, Conger PS III & Hoobler RJ (2001) Conformation
of NADH studied by fluorescence excitation transfer spectros-
copy. Biophys Chem 90, 9–16.

39. Ericsson AC, Davis JW, Spollen W, et al. (2015) Effects of ven-
dor and genetic background on the composition of the fecal
microbiota of inbred mice. PLOS ONE 10, e0116704.

40. Flint HJ, Scott KP, Louis P, et al. (2012) The role of the gutmicro-
biota in nutrition and health. Nat Rev Gastroenterol Hepatol 9,
577–589.

41. Walsh ME, Bhattacharya A, Sataranatarajan K, et al. (2015) The
histone deacetylase inhibitor butyrate improves metabolism and
reduces muscle atrophy during aging. Aging Cell 14, 957–970.

42. Schwartzbaum JS & Ward HP (1958) An osmotic factor in the
regulation of food in-take in the rat. J Comp Physiol Psychol
51, 555–560.

43. Itoh H, Kishi T, Ema M, et al. (1976) Nitrogen source primarily
supplied by amino acids and the efficacy for maximal growth of
rats. J Nutr Sci Vitaminol 22, 457–466.

544 Y. Ishida et al.

https://doi.org/10.1017/S0007114519003118  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114519003118

	Hydrogen produced in rat colon improves in vivo reduction-oxidation balance due to induced regeneration of &alpha;-tocopherol
	Materials and methods
	Samples
	Animals and diets
	In vitro effect of hydrogen molecule on hydroxyl radicals
	In vivo effect of hydrogen molecule on hydroxyl radicals
	Effect of colonic hydrogen molecule on regeneration of &alpha;-tocopherol
	m-Tyrosine analysis
	Determination of ascorbic acid and &alpha;-tocopherol
	Glutathione analysis
	Antioxidant enzyme activity
	Statistical analysis

	Results
	In vitro effect of hydrogen molecule on hydroxyl radicals
	In vivo effect of hydrogen molecule on hydroxyl radicals
	In vivo effect of colonic hydrogen molecule on regeneration of &alpha;-tocopherol

	Discussion
	Acknowledgements
	Supplementary material
	References


