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NAD(P)H-dependent quinone oxidoreductase (NQO) is an essential
enzyme in living organisms and cells protecting them from
oxidative stress. NQO reduces coenzyme Q (CoQ) using NAD(P)H
as an electron donor. In the present study, we searched for
coenzyme Q10 reducing activity from fractions of gel filtration-
fractionated rat liver homogenate. In addition to the large-
molecular-weight fraction containing NQO, CoQ10 reducing
activity was also detected in a low-molecular-weight fraction.
Furthermore, dicumarol, a conventional inhibitor of NQO1 (DT
diaphorase), did not inhibit the reduction but quercetin did,
suggesting that the activity was not due to NQO1. After further
purification, the NADH-dependent CoQ10-reducing compound
was identified as riboflavin. Riboflavin is an active substituent of
other flavin compounds such as FAD and FMN. These flavin
compounds also reduced not only CoQ homologues but also
vitamin K homologues in the presence of NADH. The mechanism
was speculated to work as follows: NADH reduces flavin
compounds to the corresponding reduced forms, and subsequently,
the reduced flavin compounds immediately reduce bio-quinones.
Furthermore, the flavin-NADH system reduces CoQ10 bound with
saposin B, which is believed to function as a CoQ transfer protein
in vivo. This flavin-dependent CoQ10 reduction, therefore, may
function in aqueous phases such as the cell cytosol and bodily
fluids.

Key Words: NAD(P)H quinone oxidoreductase (NQO), riboflavin,
oxidative stress

NAD(P)H-dependent quinone oxidoreductase (NQO, EC
1.6.99.2) is believed to be an essential reducing enzyme that

reduces bio-quinones such as coenzyme Q (CoQ) and vitamin K
(VK) using NADH or NADPH as a hydrogen donor. The reduced
forms of these quinones play important roles as antioxidants and
as reductants in blood coagulation. NQO has two isozymes,
NQO1 (DT-diaphorase) and NQO2. These NQOs play important
roles in metabolic detoxification,(1–3) suppressing cancer,(4–6) and
protection from oxidative stress.(7–9) We have focused on the
biological function of protection from oxidative stress. Marine
organisms inhabiting shallow waters such as coral reefs are
exposed to strong sunlight, including UVA and UVB, and higher
concentrations of oxygen than those in other marine environ‐
ments, resulting in strong oxidative stress. We previously reported
that a marine bacterium, non-luminescent marine Vibrio spp.
isolated from the posterior gut of the holothurian Thelenota
ananas, which inhabits the shallow-water reef flat of the Great
Barrier Reef, has increased CoQ8H2 during UVA (peak emission
= 360 nm) irradiation.(10) We believe that CoQ8 reducing activities,
including those of NQO, were improved against oxidative stress

induced by UVA irradiation. In fact, we have observed that
dichlorophenolindophenol (DCPIP) reducing activity, which is a
conventional method for measuring NQO activity, is increased
during irradiation (unpublished data).
The biological importance of the reduced form of CoQ10

(CoQ10H2) has been given much attention since its tocopherol-
mediated peroxidation (TMP) mechanism was proposed by
Bowry and Stocker.(11) Lipid peroxidation is proceeded by a lipid
peroxyl radical-mediated chain reaction.(12) And α-tocopherol
(α-Toc) donates its phenolic hydrogen to the lipid peroxyl
radical, a mediator of the chain reaction, and eliminates it,
resulting in inhibition of lipid peroxidation by suppressing the
propagation of the chain reaction. The α-Toc becomes an α-Toc
radical with the donation of a hydrogen, and the α-Toc radical
scavenges another lipid peroxyl radical in vitro. However, in
vivo, where the concentration of lipid peroxyl radicals is thought
to be very low, it is postulated that the reaction between α-Toc
radicals and lipid peroxyl radicals is rare. Under such conditions,
unreacted α-Toc radicals accumulate in lipid-rich circumstances.
Then α-Toc radicals absorb hydrogens from lipid molecules to
form α-Toc and lipid radicals. Therefore, the chain propagation is
mediated by α-Toc radicals instead of lipid peroxyl radicals.
These processes are defined as the TMP and assumed to occur in
regions of atherosclerosis. To prevent the TMP, the reduction of
α-Toc radicals by other antioxidants is required, and reduced
CoQ10 and ascorbic acid are antioxidants with this function. In
fact, reduced CoQ10 suppresses lipid peroxidation in auto‐
oxidation of collected human plasma, and after reduced CoQ10 is
eliminated, the rate of lipid peroxidation is accelerated although
the α-Toc remains in the plasma.(13) This result suggests that
reduced CoQ10 is required to prevent lipid peroxidation in
human plasma, so maintaining reduced CoQ10 is biologically
essential.

In healthy humans, plasma CoQ10 is maintained in a reduced
form, and the proportion of oxidized to total CoQ10 (%CoQ10)
is under 5.0%.(14,15) However, we have found that %CoQ10 values
are elevated in oxidative stress-related diseases such as ischemic
heart infarction-percutaneous transluminal coronary angio‐
plasty,(14) severe chronic liver damage,(15) and amyotrophic lateral
sclerosis.(16)

In this study, we searched for aqueous CoQ10 reducing
activity that is different from NQO. Takahashi et al.(17) described
that intact Hep G2 cells show extracellular CoQ10 reducing
activity located on the plasma membrane. However, the active
compound has not been identified. We conducted CoQ10 reduc‐
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tion by rat liver homogenate and its gel-filtrated fractions in the
presence of NADH. CoQ10 reducing activity was observed in the
homogenate and in high-molecular-weight fractions due to NQO
as expected. To our surprise, we also observed high NADH-
dependent CoQ10 reducing activity in low-molecular-weight
fractions under 1,000 Da. The activity was not inhibited by
dicumarol, which is a conventional inhibitor of NQO1 (DT-
diaphorase), but it was inhibited by quercetin. We confirmed that
the NADH-dependent CoQ10 reducing compound is riboflavin
(RF) by using time-of-flight mass spectrometry (TOFMS), and
further confirmed that the RF derivatives flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) also showed
NADH-dependent CoQ reducing activity. Furthermore, the
combination of these RF derivatives and NADH reduced not
only CoQ10 but also CoQ homologues (CoQ9 and 8) and VK
homologues (VK1 and 2).

Since CoQ10 is lipophilic and RF is hydrophilic, CoQ10
should be water-solubilized to interact with RF. For this purpose,
water-soluble saposin B (SapB) is useful, because SapB can bind
CoQ10 and make it water-soluble.(18) We demonstrated that RF
induced the NADH-dependent reduction of CoQ10 bound with
SapB in water.

Materials and Methods

Chemicals. RF, FMN, FAD, and other chemicals were
purchased from FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan). Rat liver was purchased from COSMO-BIO CO.
Ltd. (Tokyo, Japan).

Preparation of rat liver homogenate. Four grams of rat
liver was homogenized using a polytetrafluoroethylene head
pestle and a glass homogenizer by gradually adding 40 ml of
phosphate-buffered saline (PBS). Then the crude homogenate
was centrifuged at 3,000 rpm under 4°C for 10 min to remove
insoluble precipitate. The supernatant was collected as a
homogenate and stored at 4°C until use.

Fractionation of rat liver homogenate by gel filtration.
A gel filtration column was previously prepared. Ten grams of
polyacrylamide beads (Bio-Gel P-30; BIO-RAD, Hercules, CA)
were suspended with 100 ml of 40 mM phosphate buffer (pH
7.4), and the swelled beads were loaded to an empty column
(60 ml, polypropylene; Supelco, St. Louis, MO). Forty milliliters
of the rat liver homogenate were poured gently into the column
and retained. Elution was carried out with PBS, pH 7.4, and five
fractions of 40 ml each were collected.
Then, fractions 3 and 4 containing low-molecular-weight

compounds were concentrated by C18 solid phase extraction
(SPE). A C18 SPE tube (DSC-C18, 2 g/12 ml; Supelco, Sigma-
Aldrich Japan, Tokyo, Japan) was loaded with 20 ml of a fraction
and subsequently washed with an equal volume of water. Elution
was then carried out with 0.8% Triton X-100 containing PBS
(5 ml).

Measurement of DCPIP reducing activity. DCPIP was
dissolved in PBS containing 0.8% Triton X-100 (DCPIP concen‐
tration, 200 μM). An NADH (10 mM) solution in PBS with 0.8%
Triton X-100 was also prepared. The DCPIP solution (500 μl),
the NADH solution (200 μl), and the rat liver homogenate or
fractions (300 μl) were quickly added into a plastic cuvette (final
concentrations, DCPIP: 100 μM, NADH: 2.0 mM), and subse‐
quently the change in absorbance at 613 nm was immediately
measured with a spectrophotometer.

Measurement of CoQ and VK homologue reducing
activity. CoQ or VK aqueous solution was prepared. Each
CoQ homologue (CoQ10, 9, and 8) was suspended in PBS
containing 0.8% Triton X-100, and the suspension was shaken
vigorously for 5 min. Each supernatant was collected as a CoQ
solution after centrifugation at 2,000 rpm for 10 min. Each
vitamin K homologue (VK1 and VK2) was also similarly

suspended in PBS and centrifuged. After removing the upper
layer of undissolved VKs, the aqueous phase was taken as the
VK solution. The concentration of each CoQ or VK homologue
was adjusted to 400 μM by the addition of PBS containing 0.8%
Triton X-100.

Next, reaction mixtures containing CoQ (200 μM or 100 μM)
or VK (100 μM) homologues, NADH (2.0 mM), and the rat liver
homogenate, or each fraction, or flavin compounds (5–20 μM)
were prepared in PBS and incubated at 37°C. Changes in concen‐
trations of CoQ or VK homologues were determined with an
HPLC system equipped with an electrochemical detector (HPLC-
ECD) as described below.

Isolation of CoQ10-SapB complexes from human urine.
Purification of CoQ10-SapB complexes from human urine was
performed using a modified method described by Jin et al.(18)

Briefly, 500 ml of human urine collected from a healthy volun‐
teer was reduced to a pH under 3.0 with the addition of 1.0 M
phosphoric acid. Then, 20 g of silica gel was added to the urine
to adsorb the complexes. After stirring well for 20 min to
completely adsorb the complexes to the silica gel, the gel was
collected by filtration. After washing the gel with approximately
20 ml of water adjusted to pH 2.0 with phosphoric acid, the
complexes were eluted with 50 ml of phosphate buffer (40 mM,
pH 8.0).

SapB analysis with polyacrylamide gel electrophoresis
and western blotting. Urine and CoQ10-SapB complex
elution (1 ml) were applied to C-18 columns (Empore Extraction
Disk Cartridges, 4 mm/1 ml; CDS Analytical Inc., Oxford, PA)
respectively, and the adsorbed SapB eluted with 60% acetonitrile
solution (1 ml). After drying with nitrogen gas, these were redis‐
solved in SDS-PAGE loading buffer (2% SDS, 10% glycerol,
50 mM Tris-HCl buffer pH 6.8, 6% 2-mercaptoethanol) (20 μl)
and heated at 100°C for 3 min. Samples were separated by elec‐
trophoresis through a polyacrylamide gradient gel (5–20% acry‐
lamide; ATTO, Tokyo, Japan). Proteins were transferred to a
PVDF membrane and incubated with mouse anti-human SapB
monoclonal antibodies for 45 min at room temperature. Anti-
human SapB monoclonal antibodies were purified from mouse
ascites. Proteins were visualized with HRP-conjugated secondary
antibodies (Bio-Rad Japan, Tokyo, Japan).

HPLC analysis. To observe changes in concentrations of
reduced and oxidized forms of CoQ homologues, including
CoQ10, 9, and 8, a reverse phase HPLC-ECD was used.
Methanol/2-propanol [70/30 (v/v)] containing NaClO4 (50 mM)
was delivered at 1.0 ml/min as a mobile phase. A CAPCELL
PAK C18 (5 μm, 250 mm × 4.6 mm; Shiseido, Tokyo, Japan)
was used for separation. Simultaneous detection of the CoQ
homologue oxidized form was carried out by a tandemly
connected RC-10 (15 mm × 4.0 mm; Osaka-soda, Osaka, Japan)
on the downstream of the separation column. The applied voltage
of the ECD against an Ag/AgCl reference electrode was 600 mV.
Another HPLC system was used for analysis of the CoQ10

reducing compound (RF). The mobile phase and a separation
column were a 35% methanol aqueous solution containing
ammonium acetate (100 mM) delivered at 0.8 ml/min and a
CAPCELL PAK C18 (5 μm, 250 mm × 4.6 mm; Shiseido),
respectively. Detection was carried out with a UV detector
monitoring absorption at 220 nm.

LC/TOFMS analysis. To obtain mass-to-charge ratios (m/z)
of an unknown NADH-dependent CoQ10 reducing compound,
HPLC combined with TOFMS (LC/TOFMS, JMS-T100LC;
JEOL Ltd., Tokyo, Japan) was used. Positive electrospray ioniza‐
tion (ESI) was performed at an ionization potential of 2,000 V.
The optimized applied voltages to the ring lens, outer orifice,
inner orifice, and ion guide were 20 V, 30 V, 20 V, and 750 V,
respectively.
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Results

Measuring DCPIP or CoQ10 reducing activity in rat liver
fractions. To examine the CoQ10 reducing activity in prepared
rat liver homogenate, the homogenate was added to a CoQ10
(approximately 200 μM) suspension in PBS containing 0.8%
Triton X-100. The CoQ10 was reduced to CoQH210 during a
60-min incubation in the presence of 2.0 mM NADH (Fig. 1A).
Since CoQ10 reducing activity was confirmed, the homogenate
was fractionated into five fractions by a gel filtration column
loaded with acrylamide gel particles as described in the Materials
and Methods. The five collected fractions were examined for
DCPIP and CoQ10 reducing activities in the presence of NADH
(2.0 mM), respectively (Fig. 1B and C), while the reductions did
not occur in the absence of NADH (Fig. 1). The DCPIP and
CoQ10 reduction rates of all fractions are summarized in Table 1.
DCPIP reducing activity was observed in fractions 1 and 2, but
not in fractions 3–5 (Fig. 1B). Considering that the DCPIP assay
is a conventional NQO detection method, and the molecular
weights of NQO1 and NQO2 are approximately 55 kDa and
52 kDa, respectively, the reducing activity in fractions 1 and 2
was thought to be from NQO. In contrast, the profile of CoQ10
reduction activity was different from that of DCPIP. Only slight
CoQ10 reduction activity was observed in fractions 1 and 2,

whereas the homogenate showed strong CoQ10 reducing activity;
however, fractions 3 and 4, which contained no protein but had
low-molecular-weight compounds (<1 kDa), showed CoQ10
reducing activity similar to the homogenate (Fig. 1C). These
fractions did not show any reducing activity without NADH
(Fig. 1D), so the reduction activity was dependent on NADH as
with NQO. Furthermore, 2.0 mM NADH did not reduce CoQ10
without the homogenate fractions (data not shown). These results
suggest that the CoQ10 reducing activity needs a low-molecular-
weight compound found in fractions 3 and 4.

Inhibition of CoQ10 reduction activity with dicumarol or
quercetin. NQO is inhibited by flavonoids, and dicumarol and
quercetin are established inhibitors of NQO1 and NQO2, respec‐
tively. Thus, we examined the inhibition of DCPIP and CoQ10
reduction by dicumarol and quercetin. DCPIP reductions in the
homogenate (Fig. 2A), fraction 1 (Fig. 2B), and fraction 2 (data
not shown) were inhibited by 100 μM dicumarol or 100 μM
quercetin, indicating that NQO1 and NQO2 were eluted in frac‐
tions 1 and 2. Consistent with these results, CoQ10 reductions in
the homogenate (Fig. 2C), fraction 1 (Fig. 2D), and fraction 2
(data not shown) were also inhibited by dicumarol or quercetin
(100 μM each). In contrast, CoQ10 reductions in fraction 3 (Fig.
2E) and fraction 4 (Fig. 2F) were almost completely suppressed
by 100 μM quercetin, whereas the addition of 100 μM dicumarol
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Fig. 1. Reduction of CoQ10 and DCPIP with rat liver homogenate or isolated fractions. (A) HPLC chromatograms of reaction mixtures containing
CoQ10 (200 μM), NADH (2.0 mM), and rat liver homogenate at 0 min (upper) and 60 min (lower) during incubation at 37°C. (B) Time course of
DCPIP reduction with rat liver homogenate (■) or isolated fraction 1 (□), 2 (△), 3 (◇), 4 (○), and 5 (×). (C) Time course of CoQ10 reduction with rat
liver homogenate (■) or isolated fraction 1 (□), 2 (△), 3 (◇), 4 (○), and 5 (×). (D) Time course of CoQ10 reduction in the absence of NADH with rat
liver homogenate (■) or isolated fraction 1 (□), 2 (△), 3 (◇), 4 (○), and 5 (×).
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had no effect. These data clearly indicate that NADH-dependent
CoQ10 reduction was induced by a low-molecular-weight
compound other than NQO.

Identification of the low-molecular-weight CoQ reducing
activity in rat liver homogenate. Since the CoQ10 reduction
activity in fractions 3 and 4 was postulated to be a low-

molecular-weight compound, the compound was concentrated
using a C18 SPE tube and eluted with PBS containing 0.8%
Triton X-100 as described in the Materials and Methods. The
concentrated eluate was analyzed by an HPLC system equipped
with a UV detector monitoring at 210 nm. Three major peaks
were observed on the chromatogram (Fig. 3A). After collecting

Table 1. NADH-dependent reduction rate of DCPIP and CoQ10 with a rat liver homogenate and fraction 1–5

Substrate
Reduction rate (μM/min)

Homogenate Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5

DCPIP 28.8 48.8 43.8 — — —

CoQ10 2.95 0.30 0.90 4.05 3.25 —
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individual peaks, CoQ10 reducing activity in each peak was
examined. A peak detected at 6.3–7.0 min of retention time
showed CoQ10 reducing activity.

Then, the peak was analyzed by optimized LC/TOFMS with
positive ESI to determine the molecular formula of the unknown
compound. Two related ions were detected on the MS spectrum
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of the unknown peak, and their mass-to-charge ratios were
determined as 377.1429 and 399.1282, respectively (Fig. 3B,
upper). Both ions were thought to be H+ and Na+ adducts ion
of the compound. From the m/z values, the formula of the
compound was determined as C17H20N4O6 [Theoretical m/z value
377.1456 (+H+) and 399.1275 (+Na+)]. Since the molecular
formula matched RF {7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5-
tetrahydroxypentyl]benzo[g]pteridine-2,4-dione}, an authentic
standard was also analyzed by LC/TOFMS. The chromatographic
retention (data not shown) and MS spectrum (Fig. 3B lower)
were identical with those of the compound. These results
suggest that the NADH-dependent CoQ10 reducing activity in
the low-molecular-weight fraction of rat liver homogenate was
due to RF. The content of RF in rat liver has been determined as
approximately 35 μg/g.(19–21) Considering the treated rat liver
weight of 4.0 g and the volume of the prepared homogenate, the
RF concentration of the homogenate was estimated to be approx‐
imately 9.3 μM.
Then, we conducted the NADH-dependent CoQ10 reduction

catalyzed by authentic RF. RF (10 μM) reduced approximately
70 μM CoQ10 during a 60-min incubation in the presence of
NADH (2.0 mM) (Fig. 3C); however, CoQ10 was not reduced in
the absence of NADH or RF (Fig. 3F). One mole of RF reduced
approximately 7 moles of CoQ10, suggesting that RF works as a
catalyst in CoQ10 reduction. Furthermore, the CoQ10 reduction
activities of two biologically essential derivatives of RF, FMN,
and FAD (Fig. 3D), were also examined. Both FMN (10 μM) and
FAD (10 μM) also catalyzed strong NADH-dependent CoQ10
reducing activity like RF did (Fig. 3E). Further, we examined
dependency of CoQ10 reduction on the concentration of RF

compounds. Initial reduction rate (0–30 min) increased with
increasing concentrations of RF compounds in NADH (2.0 mM)-
dependent CoQ10 (100 μM) reduction (Fig. 3F). Interestingly,
RF showed the highest reduction activity among RF compounds.
It is speculated to be due to the strong electron-withdrawing
effect of phosphate groups in FMN and FAD molecules.
However, the further investigation is needed to confirm the
speculation. Nonetheless, it was suggested that intact RF may be
biologically important as not only a substrate for FMN and FAD
biosynthesis, but also a reductant of CoQ10 for protection from
oxidative stress.

Reduction of CoQ homologues and VK by RF. The
substrate for reduction by the system of RF compounds and
NADH was investigated. CoQ8 and 9, which are homologues of
CoQ10 that have different isoprene side-chain lengths, were
examined. A combination of 20 μM RF and 2.0 mM NADH
reduced CoQ8 and CoQ9 suspended in a homogeneous solution
similar to CoQ10 (Fig. 4A). FMN (Fig. 4B) and FAD (Fig. 4C)
also reduced these CoQ homologues. We also examined the
reduction of vitamin K (VK) homologues VK1 and VK2. Both
VKs are also substrates for NQO, and the reduced forms are
biologically active. RF (20 μM) with 2.0 mM NADH reduced
VK1 and VK2; however, the reduction rates were smaller than
those of the CoQ homologues (Fig. 4D). VKs have far lower
oxidation potentials than CoQ homologues do. Therefore,
simultaneous oxidation of VKs might have occurred during the
reduction.

A mechanism for quinone reduction with RF and NADH.
As shown above, the combination of RF derivatives and NADH
reduces biological quinones such as CoQ and VK. It is believed
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that NQO plays a principal role in quinone reduction in vivo, and
the mechanism has been characterized.(22–24) NAD(P)H reduces
FAD, which is an active center of NQO, to FADH2, and the
FADH2 subsequently reduces quinone to hydroquinone. The
combination of RF compounds and NADH is thought to reduce
bio-quinones, similar to NQO (Fig. 5A). The oxidation potentials
of NADH, RF, VK3, and CoQ10 have been determined as
−0.54 V,(25) −0.259 V,(26) 0.930 V,(27) and 0.770 V(27) vs a standard
calomel electrode, respectively. Considering these values, elec‐
tron transfer may spontaneously occur from NADH to CoQ10 or
VKs via RF despite the absence of an enzyme. Since NADH
cannot reduce CoQ10 directly, RF should play an important role
in the reduction.
Considering the potential of RF as −0.259 V, the reduced RF

should be extremely unstable. We examined the reduced RF from
an NADH and RF mixture using LC/TOFMS. We detected a
small peak of possible reduced RF, and simultaneously observed
a proton adduct ion (m/z +379.1) and a sodium adduct ion
(m/z +401.1) on its MS spectrum in positive ionization mode
(Fig. 5B). The peak decreased by the addition of CoQ10 to the
solution, suggesting that the reduced RF reacted with CoQ10
(Fig. 5C). However, we failed to isolate the reduced RF,
indicating that the equilibrium of Eq. 1 is to the left. Thus, the
reduced RF reduces bio-quinones to their reduced forms (Eq. 2),
and RF derivatives work as catalysts in this mechanism.

RF + NADH + H+ RFH2 + NAD+ (1)

RFH2 + BQ RF + BQH2 (2)

Reduction of CoQ10 associated with SapB in the aqueous
phase. Our results indicated that CoQ homologues (CoQ8, 9,
and 10) can be reduced with the RF-NADH system in a 0.8%

Triton X-100 suspension. However, the interaction of CoQ with
the RF-NADH system is generally difficult, because CoQ homo‐
logues are strongly hydrophobic, whereas both RF and NADH
are hydrophilic. Therefore, for the reduction of CoQ homologues
by this system, it is necessary for them to be stably distributed in
the aqueous phase. Recently, we found that a water-soluble
protein, SapB, binds CoQ10, and a complex of CoQ10 and SapB
can stably exist in aqueous solution.(18) We also found that SapB
and its precursor prosaposin (Psap) enable the stabilization of
CoQ10 in the aqueous phase when bound to CoQ10 in vivo.(28)

We therefore tested the reduction of CoQ10 bound to SapB by
the RF-NADH system. The CoQ10-SapB complex was isolated
from human urine, and the collected fraction of the complex was
confirmed to contain both SapB and CoQ10 (Fig. 6A). The frac‐
tion was incubated with RF (1.0 μM) and NADH (1.0 mM), and
CoQ10 bound to SapB was reduced to CoQ10H2, similar to that
in a 0.8% Triton X-100 suspension (Fig. 6B). This suggests that
CoQ10 reduction can occur in the aqueous phase if CoQ10 is
bound to SapB.

Discussion

Quinone reduction is essential in vivo. The reduced form of
CoQ plays important roles not only as a simple antioxidant for
scavenging free radicals, but also as a reductant of α-Toc radicals
for anti-TMP activity. And reduced VK, another bio-quinone, is
also necessary for blood coagulation.

In the present study, we focused on aqueous CoQ reducing
activity. Generally, it is difficult for such reduction to occur,
because CoQ is strongly hydrophobic whereas RF and its
derivatives and NADH are water soluble. It is necessary to
stabilize CoQ homologues in the aqueous phase for that reduc‐
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tion. We demonstrated that a flavin compound-NADH system
can reduce CoQ10 bound with SapB isolated from human urine.
We believe that this system serves as a CoQ10 reduction pathway
along with NQO in aqueous environments, including the cytosol
and bodily fluids.
RF is dietarily taken up as water-soluble vitamin B2 in the

intestine by RF transporters, i.e., human riboflavin transporter
(hRFVT)-1, -2, and -3 in humans,(29) and is widely distributed in
vivo not only in cytosol, but also in bodily fluids. Cytosolic RF is
enzymatically modified to FMN and FAD by RF kinase and FAD
synthetase, respectively. FMN and FAD are then used as an
active center and a cofactor in many enzymes.(30) In contrast, the
concentration of non-modified RF is estimated to be more than
100 μM in hepatic cytosol, considering that the RF content in
liver is approximately 35 μg/g. Therefore, the present study
suggests that these cytosolic RF compounds may not only enzy‐
matically but also chemically contribute to the preservation of
intracellular quinone reduction homeostasis.
The concentrations of RF in human bodily fluids have been

also investigated in plasma (3.1–10.4 nM),(31) milk (13.3–
19.7 nM),(32) and spermoplasm (79.7–183.8 nM).(33) Among these
fluids, spermoplasm clearly shows a significantly high RF
content, suggesting major biological importance. We previously
demonstrated that the CoQ10-SapB complex is present in human
sperm.(18) It has been reported that the redox state of NAD+/
NADH is significantly lower in seminal plasma of infertile men
than in that of fertile men,(34) suggesting that NADH-dependent
CoQ10 reduction might not work effectively in these fluids. In
fact, there have been many reports indicating that CoQ10 admin‐

istration improves male infertility, and that the mechanism is due
to its antioxidant activity in addition to energy production.(35–38)

Furthermore, oral uptake of reduced CoQ10 (ubiquinol 10) effec‐
tively improves sperm density, sperm motility, and sperm
morphology.(39) Therefore, the non-enzymatic reduction of bio-
quinones may play an important role in the maintenance of their
redox status in vivo.

Abbreviations

CoQ coenzyme Q
DCPIP dichlorophenolindophenol
ECD electrochemical detector
ESI electrospray ionization
FAD flavin adenine dinucleotide
FMN flavin mononucleotide
hRFVT human riboflavin transporter
NQO NAD(P)H-dependent quinone oxidoreductase
Psap prosaposin
RF riboflavin
SapB saposin B
SPE solid phase extraction
TMP tocopherol-mediated peroxidation
TOFMS time-of-flight mass spectrometry
VK vitamin K
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