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Abstract

Pyrroloquinoline quinone (PQQ) is a novel redox cofactor recently found in human milk. It has been reported to function as an essential
nutrient, antioxidant and redox modulator in cell culture experiments and in animal models of human diseases. As mitochondria are
particularly susceptible to oxidative damage we studied the antioxidant properties of PQQ in isolated rat liver mitochondria. PQQ was an
effective antioxidant protecting mitochondria against oxidative stress-induced lipid peroxidation, protein carbonyl formation and
inactivation of the mitochondrial respiratory chain. In contrast, PQQ caused extensive cell death to cells in culture. This surprising
effect was inhibited by catalase, and was shown to be due to the generation of hydrogen peroxide during the autoxidation of PQQ in culture
medium. We conclude that the reactivities of PQQ are dependent on its environment and that it can act as an antioxidant or a pro-oxidant in

different biological systems.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Pyrroloquinoline quinone (PQQ) is a non-covalently
bound prosthetic group in some bacterial dehydrogenases
where it helps catalyze the oxidation of sugars and alcohols
[1]. This bacterially-synthesised quinone is a water-soluble
and heat-stable molecule that reacts readily with nucleo-
philes such as amino acids, thiols and ammonia [ 1]. Although
PQQ is not synthesised in mammals it can be rapidly
absorbed by the lower intestine after oral administration to
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young mice, and is subsequently excreted within 24 hr by
the kidneys [2]. Trace levels of PQQ have been found in
human and rat tissues [3-6], and recently PQQ and its
derivative imidazolopyrroloquinoline (IPQ) were found in
human milk at concentrations between 140 and 180 ng/mL
[7]. This level of PQQ suggests that it may be a micro-
nutrient with biological activity in mammals, although no
mammalian PQQ-requiring enzymes have yet been dis-
covered. Supporting a role for PQQ as a micronutrient,
PQQ-deficient diets cause impaired growth, immunologi-
cal defects and decreased fertility in mice [§—10]. While
the potential physiological role of PQQ in animals is
unclear, it may be acting as an antioxidant: PQQ was
shown to scavenge O,° and HO® efficiently [11]. A
variety of other in vitro effects of PQQ have been observed,
such as inhibiting lipid peroxidation [12], protecting the
isolated heart from reoxygenation injury [13], oxidizing
the NMDA receptor redox site [14,15], increasing thymi-
dine incorporation into fibroblasts [16], inhibiting mela-
nogenesis in a murine B16-F10 melanoma [17] and
increasing the production of nerve growth factor in cell
lines [18,19]. In animal models, high doses of PQQ
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protected tissues against hypoxic/ischaemic injury [20],
chemical agent-induced seizure [21], carrageenan-induced
inflammation [12], liver damage caused by ethanol [22] or
carbon tetrachloride [11,23], formation of cataracts and
depletion of glutathione in the chicken embryo admini-
strated with glucocorticoids [24,25] and the mortality
induced by endotoxin [11]. These protective effects of
PQQ seem to be generally attributed to its antioxidant
properties [26], but their precise mechanisms are unclear.
In addition, PQQ may alter mitochondrial function by
lowering respiration rate in mice [27]. Mitochondria are
a major source of reactive oxygen species (ROS) within
cells, and oxidative damage to mitochondria contributes to
a number of degenerative diseases by increasing cell death.
Therefore, PQQ may protect mitochondria from oxidative
damage and thereby decrease cell death. In this study, we
determined whether PQQ affects normal mitochondrial
function and tested its antioxidant properties. We found
that PQQ was an effective antioxidant against mitochon-
drial oxidative damage. However, when we extended this
work to determine whether PQQ could prevent cell death in
cultured cells, we found that PQQ could also act as a pro-
oxidant thereby increasing cell death.

2. Materials and methods
2.1. Materials

RPMI 1640 tissue culture medium supplemented with
L-glutamine, and heat-inactivated fetal calf serum were from
GIBCO-BRL (Life Technologies). Biotinylated N-acetyl-
Asp-Glu-Val-Asp-aminomethylcoumarin ~ (Ac-DEVD-
AMC) was from Calbiochem. PQQ was from Mitsubishi
Gas Chemical Co. and stock solutions were prepared in
water. All other chemicals used were of analytical reagent
grade quality or better and were obtained from the usual
commercial sources.

2.2. Mitochondrial incubations

Liver mitochondria from overnight fasted Wistar female
rats (150-250 g) were isolated by homogenisation and
subsequent differential centrifugation [28] and gently
resuspended in the homogenisation medium (STE) con-
sisting of 250 mM sucrose, 10 mM Tris—HCI and 0.1 mM
EGTA, (pH 7.4) [29]. For samples subjected to oxidative
stress, the final washing and resuspension of mitochondria
was in the homogenisation medium without EGTA. Protein
concentration was measured by the biuret protein assay
using bovine serum albumin as a standard [30].

To induce oxidative stress, mitochondria (4 mg protein)
were resuspended in 2 mL KCl-Tris medium (120 mM
KCl and 50 mM Tris—HCI, pH 7.4) at 37° or room tem-
perature with gentle shaking [31] and FeSO,4 (10 pM) and
ascorbate (300 pM) were added. Five microliters 10%

BHT in ethanol (0.01% final concentration) was added
at the end of the incubation to inhibit further oxidation.
Aliquots of the mitochondrial suspension (200 pL) were
then removed and lipid peroxidation was measured by the
TBARS assay. For protein carbonyls, a 1 mL mitochon-
drial sample was stored at —80°. To measure mitochondrial
respiration rate, the mitochondrial suspension was incu-
bated with FeSO, and ascorbate as above for 7 min, then
pelleted by centrifugation (10,000 g for 2 min) and the
mitochondrial pellet was gently resuspended in 1 mL KCl—
Tris buffer and the respiration rate was measured.

Oxygen consumption rate was measured using a Clark-
type oxygen electrode (Rank Brothers, Bottisham, Cam-
bridge, UK) in a magnetically stirred thermostatted cham-
ber in a buffer containing 100 mM KCI, 75 mM mannitol,
25 mM sucrose, 5 mM Tris phosphate (pH 7.4), 10 mM
Tris—HCI (pH 7.4), and 0.05 mM EDTA [32]. Mitochon-
dria (2 mg protein) were added to 2 mL of respiration
buffer + PQQ. For the study of mitochondria subjected
to oxidative damage, 1 mL mitochondrial suspension
(1 mg protein mL ") was transferred to the chamber along
with 1 mL KCI-Tris buffer. The respiratory substrates and
inhibitors used were: glutamate and malate (10 mM each)
or succinate (10 mM) in the presence of rotenone (10 pM).
Mitochondrial respiration was initiated by the addition of
substrate, state 3 respiration was induced by the addition
300 uM ADP, which was followed by the state 4 respiration
upon depletion of ADP. For uncoupled respiration, 1 pM
FCCP was added after state 4 respiration had been attained.
The output from the electrode was recorded automatically
by a MacLab™ data acquisition system and the rate of
oxygen consumption was determined. The respiratory
control ratio (RCR) was calculated as the ratio of the state
3 to state 4 respiration [33].

2.3. Cell incubations

Jurkat cells were grown at 37° in a humidified atmo-
sphere of 95% air and 5% CO, in RPMI medium 1640 (pH
7.4) supplemented with 100 mg streptomycin, 60 mg peni-
cillin G and 10% fetal calf serum. For experiments, the
cells were harvested by centrifugation (800 g for 5 min),
suspended in fresh medium and adjusted to 10° cells mL ™.

Cell viability was estimated from the amount of lactate
dehydrogenase (LDH) retained in the cells. LDH (EC
1.1.1.28) activity was measured as the rate of NADH
oxidation at 340 nm (ez40 = 6.22 x 10° M~ ' em™) [34].
To evaluate the toxicity of PQQ, Jurkat cells (1 mL,
1 x 10° cells) were treated with PQQ = catalase at 37°
for 24 hr. At the end of this incubation, cells were pelleted
by centrifugation (10,000 g for 2 min), resuspended in
100 pL. PBS buffer and stored at —20°. After freeze-
thawing (x3) and centrifugation (10,000 g for 2 min),
the supernatants were used to measure LDH activity. To
do this, 30 pL supernatant was added to 1 mL KH,PO,
buffer (50 mM at pH 7.5) containing 0.63 mM potassium
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pyruvate and 0.25 mM NADH at 30°. The oxidation of
NADH was monitored using a spectrophotometer. PQQ-
induced cytotoxicity is expressed as percentage LDH
activity in treated cells compared to vehicle-treated cells.

Apoptosis of Jurkat cells was monitored by measuring
caspase-3 activity [35]. Jurkat cells (5 mL, 5 x 10° cells)
were incubated with various concentrations of PQQ +
catalase at 37° with gentle shaking. Cells were then
pelleted by centrifugation (1000 g for 5 min) and either
analysed immediately, or snap frozen and stored at —80°
for later analysis. Cells were lysed in 100 pL lysis buffer
[100 mM HEPES, 10% sucrose, 5 mM dithiothreitol and
0.1% CHAPS at pH 7.25] containing 50 uyM Ac-DEVD-
AMC and placed in a 96-well microtiter plate. Substrate
cleavage to produce fluorescent AMC was monitored
continuously at room temperature using a Cary Eclipse
fluorescence spectrophotometer (Varian Inc., Mulgrave,
Victoria, Australian) with  Aeycitation = 355 nm  and
Aemission = 460 nm. The caspase-3 activity was calculated
from the initial rate of increase in fluorescence intensity
using the Cary Eclipse software and data are presented in

. . .|
arbitrary fluorescence units per 10° cells min~"'.

2.4. Complex I activity

Isolated mitochondria were pelleted by centrifugation
and resuspended in ice-cold KCl medium (150 mM KCl,
25 mM NaHCO3, 1 mM MgClz, 3 mM KH2P04, 20 mM
HEPES, pH 7.4) [36] at 10 mg protein mL~". Then 100 pL
mitochondrial suspension was added to 300 pLL KC1 buffer
containing 10 mM each of glutamate and malate (=PQQ)
and incubated at room temperature for 1 hr. Since PQQ
directly oxidises NADH, interfering with the Complex I
assay, the mitochondria were then washed twice with 500 pL
KCI buffer, adjusted to 3 mg proteinmL~"' and aliquots
were stored at —80°. Mitochondrial samples were freeze-
thawed (x3) and Complex I activity was measured as the
rotenone-sensitive rate of NADH oxidation [37,38]. The
assay was performed at 30° in 1 mL KCI buffer (50 mM
KCl, 10 mM Tris and 1 mM EDTA at pH 7.4) containing
2mM KCN, 300 nM antimycin, 0.125 mM NADH, and
50 uM ubiquinone-1. The reaction was initiated by the
addition of mitochondrial protein (25-50 pg) and the linear
decrease in absorbance of NADH was monitored at 340 nm
for 2 min. Rotenone (5 pg) was then added and the rotenone-
insensitive activity was measured and expressed as nmol
NADH min~' mg mitochondrial protein™'.

2.5. Oxidative stress assays

Lipid peroxidation in isolated mitochondria was mea-
sured from the formation of thiobarbituric acid-reactive
substances (TBARS) [39]. The mitochondrial suspension
(200 pL) was mixed with 200 pL 1% TBA (dissolved in
50 mM NaOH), 100 uL. 20% H;PO,, and 20 uL. 10 M
NaOH. The mixture was heated at 90° for 15 min, rapidly

cooled on ice and butanol (750 uL) was added. The
mixture was shaken and then centrifuged (2750 g for
5 min). TBARS fluorescence of 500 pL of the butanol
layer was determined using a fluorescence spectrophot-
ometer (Aexcitation = 315 nm and Jemission = 353 nm) and
the TBARS concentration was expressed as arbitrary fluor-
escence units per milligram protein.

Protein carbonyls were measured by a spectrophoto-
metric method [40,41]. Two 150 pLL samples containing
0.3 mg Fe**-oxidised mitochondrial protein were analysed
in parallel. One was incubated with 600 pL. 10 mM 2,4-
dinitrophenylhydrazine (DNPH) in 2.5 M HCI, the other
was incubated with 2.5 M HCI without 2,4-dinitrophenyl-
hydrazine to estimate protein loss during analysis by
measuring the protein concentration in the pellets by
reading the absorption at 278 nm. Following 1 hr incuba-
tion at room temperature with vortexing every 15 min,
750 puLL 20% (w/v) trichloroacetic acid (TCA) was added,
the samples were placed on ice for 10 min and then
precipitated protein was pelleted by centrifugation
(11,000 g for 5 min). The protein pellet was washed
(x4) with 1 mL ethanol:ethyl acetate (1:1, v/v) for
10 min at room temperature, followed by centrifugation
as above. The washed protein pellet was then dried at room
temperature and dissolved in 1 mL. 6 M guanidinium
hydrochloride, 20 mM potassium phosphate (pH 2.3) at
37° for 15 min. DNPH derivatives of protein carbonyls
were quantified at 375 nm (e = 22,000 M~ em™1) [40].

The production of H,O, in cell-free culture medium
(RPMI 1640) was measured using an oxygen electrode
[42]. To do this, the oxygen electrode response was sta-
bilised for 30 min with 2 mL air-saturated PBS (pH 7.4)
while RPMI 1640 medium was stirred at room temperature
for 30 min to saturate with air. The response of the oxygen
electrode to oxygen saturated medium was adjusted to 50%
full-scale deflection. To create a H,O, calibration curve,
2 mL RPMI 1640, pre-warmed at 37°, was loaded into the
oxygen electrode chamber and freshly prepared H,O, was
added 30 s later, then catalase (2000 units in 20 pL) was
injected to give a spike of O, evolution. To measure H,O,
production by PQQ, 2 mL RPMI 1640 medium containing
250 uM PQQ was incubated at 37° for designated time
periods and then transferred to the oxygen electrode
chamber. The concentrations of H,O, in PQQ-containing
culture media were measured by the addition of catalase as
above and calculated from the H,O, standard curve.

2.6. Statistical analysis

All statistical calculations were carried out using the
SPSS software program (version 9.0 for Windows). The
data were expressed as means =+ standard error of the
means (SEM) from at least three independent experiments
with different sample preparations. Statistical comparison
on the experimental data was analysed with either Student’s
t-test (two-tailed unpaired group) or a one-way ANOVA
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test followed by the Bonferroni test, as appropriate.
Differences between means were considered statistically
significant at P < 0.05.

3. Results and discussion
3.1. Effect of POQ on mitochondrial function

Before analysing any antioxidant effects of PQQ it was
first important to determine whether it disrupted mitochon-
drial function. The enzyme activity of Complex I in PQQ-
treated isolated rat liver mitochondria was measured
because this enzyme is sensitive to oxidative damage. In
an initial experiment, PQQ was found to interfere with
the Complex I assay (data not shown) due to its direct
oxidation of NADH [43]. Therefore, to avoid artifactual
oxidation of NADH, mitochondria were washed after
treatment to remove PQQ and then the rotenone-sensitive
activity of Complex I was determined. The Complex I
activity was not affected by 500 uM PQQ treatment
(36.3 + 2.0 nmol NADH min~' mg protein™') when com-
pared with controls (33.7 & 7.0 nmol NADH min~ ' mg
protein~'). To investigate any direct interference of
PQQ with the mitochondrial respiratory chain, the
uncoupled respiration rate of isolated mitochondria was
measured in the presence of 500 pM PQQ (Fig. 1A). PQQ
did not change uncoupled respiration on different sub-
strates. The effects of 500 pM PQQ on coupled mitochon-
drial respiration and on the respiratory control ratio (RCR)
were measured to indicate effects on mitochondrial mem-
brane integrity and ATP synthesis. PQQ did not affect the
RCR in mitochondria energised with either glutamate and
malate (Fig. 1B), or succinate (Fig. 1C). These experiments
indicate that PQQ concentrations up to at least 500 uM are
not damaging to mitochondria and can therefore be used
to investigate the potential protective properties of PQQ
against oxidative damage to mitochondria.

3.2. Antioxidant effects of POQ on
isolated mitochondria

To study the antioxidant properties of PQQ, mitochon-
dria were exposed to oxidative stress by the addition of
ferrous iron/ascorbate [44,45]. The level of TBARS was
measured as an indicator of lipid peroxidation and this
increased significantly on incubation of mitochondria with
ferrous iron/ascorbate (Fig. 2A). When mitochondria were
incubated with PQQ (2.5-50 pM) and then subjected to
this oxidative stress, PQQ significantly prevented lipid
peroxidation in a dose-dependent manner (Fig. 2A), with
50 uM PQQ completely inhibiting lipid peroxidation. To
eliminate the possibility that inhibition by PQQ was due to
interference with the TBARS assay, control experiments
were carried out in which PQQ (50 pM) was added to the
mitochondria at the end of the incubation which was then
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Fig. 1. Mitochondrial respiration in the presence of PQQ. Panel A:
mitochondria (2 mg protein) were added into the respiration buffer (2 mL).
Where indicated (arrows), 500 uM PQQ (or vehicle control), 10 mM
glutamate and 10 mM malate, 1 pM FCCP, 2 uM rotenone and 10 mM
succinate were added; Panels B and C: experimental conditions were
similar to panel A except that FCCP was omitted. The respiratory
substrates are glutamate and malate in panel B and succinate in panel C,
and state 3 respiration was stimulated by the addition of ADP (300 uM).
The data here are a representative experiment and the numbers along the
traces are the RCR measured as described in Section 2.
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Fig. 2. Antioxidant effect of PQQ in mitochondria exposed to oxidative stress. Panel A shows the effect of PQQ on lipid peroxidation induced by FeSO,
(10 uM) and ascorbic acid (300 uM) at 37° for 30 min. Mitochondria were energized with glutamate and malate (10 mM each) in the presence of PQQ (2.5—
50 uM). Control samples (filled bar) were not treated with either Fe?*/ascorbate or with PQQ. ™P < 0.05, compared with control samples (filled bar) and
“P < 0.05, compared with oxidatively stressed samples without PQQ treatment; Panel B: the effect of the timing for addition of PQQ on lipid peroxidation.
Experimental conditions were the same as in panel A. Open bar indicates that mitochondrial samples were treated with PQQ at the completion of a 30 min
incubation with iron, whereas for the other (filled bars) PQQ was added at the beginning of the incubations. The data are from two independent experiments;
Panel C: the effect of PQQ on protein carbonyl formation in mitochondria. “*P < 0.05, compared with untreated controls (filled bar), “P < 0.05, compared
with oxidatively stressed samples without PQQ treatment; Panel D: PQQ protection against the effect of oxidative stress on mitochondrial coupling. Sample
preparation and the measurement of state 3 and state 4 respiratory rates were described in Section 2. Open bars show data from mitochondrial samples treated
with FeSO,, whereas non-Fe*" treated samples shown as filled bars. P < 0.05, compared to control samples without FeSO, treatment (filled bar, 0 uM).

processed as before. This control showed that the level of
TBARS was the same as for mitochondria which had not
been treated with PQQ (Fig. 2B), indicating that PQQ did
not affect the TBARS measurement.

The effect of PQQ on protein carbonyl formation, an
indicator of oxidative damage to proteins, was then inves-
tigated. Mitochondrial samples treated with ferrous iron
significantly increased their protein carbonyl content, and
addition of PQQ decreased protein carbonyl formation in a
dose-dependent manner, with 50 pM PQQ inhibiting

protein carbonyl formation by more than 85% (Fig. 2C).
Finally, to determine whether the antioxidant activity of
PQQ protected mitochondrial function, the respiratory
control ratio (RCR) of mitochondrial samples was mea-
sured. As seen in Fig. 2D, incubation with ferrous iron
decreased the RCR significantly by ~42% to 4.64 £+ 0.68
compared to the control value of 8.02 & 0.55. In contrast,
PQQ treatment completely protected mitochondria from
this oxidative damage, with the RCR of PQQ-treated
mitochondria (8.85 4= 0.65) being indistinguishable from
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controls (8.32 £ 0.43). This protection by PQQ was due to
prevention of both the increase in state 4 respiration and the
decrease in state 3 respiration on exposure to ferrous iron.
Thus, PQQ prevents oxidative damage to mitochondrial
lipid and proteins, and also protects the physiological
function of the organelle from oxidative damage.

3.3. Pro-oxidant effects of PQQ on cells in culture

PQQ was effective in protecting mitochondria from
oxidative damage. As mitochondrial dysfunction contributes

(A) 100 —

75 4

50

LDH Activity
(% of Control)

25 —

0 2.5 5 10 25 50 100 250

PQQ Concentration (uM)

(C) 100 —
75 -

>N

=0

S5

+—

0 Q 50

<2

T ©

58
25 - *
0

0 10 100
Catalase (units/ml)

to cell death we were interested to see whether PQQ would
also prevent oxidant-induced cell death. To do this, we
used Jurkat cells, which are a widely used model for
oxidant-induced cell death [35,46]. To our surprise, when
we treated Jurkat cells with PQQ it was toxic to the cells
and after 24 hr incubation there was clear concentration-
dependent cytotoxicity (Fig. 3A). Significantly, the con-
centrations that caused extensive cell death (50-250 pM
PQQ) did not damage isolated mitochondria and were in
fact protective against oxidative damage. Caspase-3 acti-
vation, a hallmark of apoptosis and a more sensitive marker
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Fig. 3. Hydrogen peroxide is responsible for PQQ-induced Jurkat cell death. Panel A: PQQ caused concentration-dependent cell death after 24 hr incubation
by the measurement of the loss of intracellular LDH activity. “P < 0.05 is for comparison with untreated control samples; Panel B: PQQ (25 uM) induced
apoptotic cell death after incubation at 37° for 5 hr and increased caspase-3 activity was detected as described in Section 2. “P < 0.05 is for comparison with
untreated control samples; Panel C: Inhibitory effect of catalase on PQQ-induced cytotoxicity in Jurkat cells. Jurkat cells were cultured with PQQ
(250 uM) = catalase for 24 hr and then the intracellular LDH activity was measured. Data are a percentage of the total amount of LDH present in control
Jurkat cells (filled bars labelled zero). Open bars represent Jurkat cells treated with PQQ, filled bars are not treated with PQQ. "P < 0.05 is for comparison
with untreated controls (vehicle, filled bar) and *"P < 0.05 is for comparison with control samples treated with PQQ only (open bar); Panel D: the protection
by catalase on PQQ-induced apoptosis. Jurkat cells were incubated with PQQ (25 pM) =+ catalase at 37° for 5 hr and then caspase-3 activity was measured.
Open bars represent Jurkat cells treated with PQQ, filled bars are for cells not treated with PQQ. “P < 0.05 is for comparison with untreated controls (vehicle,
filled bars), whereas P < 0.05 is for comparison with control samples treated with PQQ only (open bars).
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Fig. 4. Time-dependent generation of hydrogen peroxide in PQQ-containing
RPMI 1640 medium. PQQ (250 uM) was added to the RPMI 1640 medium
and incubated at 37° for various time periods (0—120 min). At the designated
time points, the medium was collected and the level of hydrogen peroxide
was measured using the assay as described in Section 2. No hydrogen
peroxide was detected at the beginning of the PQQ incubation (0 min).

of cell death than LDH release, was also measured after
treating Jurkat cells with low concentrations of PQQ (1—
25 uM) (Fig. 3B). At 25 uM PQQ, there was 2.7-fold
increase in caspase-3 activity compared with controls. This
toxicity of PQQ was in contrast to the protective effects of
PQQ with isolated mitochondria. We suspected that PQQ
might be producing hydrogen peroxide as an end product
of PQQ redox cycling. This was confirmed by showing that
the hydrogen peroxide scavenger catalase protected cells
from PQQ toxicity (Fig. 3C and D). Furthermore, treating
Jurkat cells with hydrogen peroxide (25-100 uM) for 5 hr
caused similar levels of apoptotic cell death as that induced
by PQQ (data not shown). We found that hydrogen per-
oxide production by PQQ-containing RPMI 1640 medium
was time-dependent and that its concentration reached
125 uM after 120 min (Fig. 4). These data indicate that
PQQ interacts with the cell culture medium to generate
hydrogen peroxide and that the PQQ-induced cell death
was due to the extracellular generation of this oxidant.
However, other mechanisms could also contribute to cell
death, such as the production of superoxide, and these
possibilities cannot be excluded. As PQQ can react with
thiols [47,48], amines, amino acids [7,49,50] and NAD(P)H
[51,52] to produce hydrogen peroxide the cell culture
component responsible for this reaction is uncertain.

3.4. Summary

Here we have tested the effects of PQQ on Complex I
activity and mitochondrial function and found that these
were unaffected up to at least 500 uM PQQ. We then
investigated the antioxidant effects of PQQ in isolated

mitochondria subjected to oxidative stress and found that
lipid peroxidation and protein carbonyl formation were
significantly inhibited by PQQ. PQQ also protected mito-
chondrial respiratory function from oxidative inactivation.
However, when PQQ was tested in oxidant-sensitive Jurkat
cells these cells underwent cell death due to PQQ reacting
with components of the culture medium to generate toxic
levels of hydrogen peroxide. Therefore, hydrogen peroxide
production may contribute to PQQ toxicity in cell culture
experiments, unless scavengers such as catalase are used.

In summary, we have shown that PQQ can be either an
antioxidant or a pro-oxidant, dependent on the experimen-
tal conditions. PQQ is non-toxic to isolated mitochondria
and is an effective antioxidant, consistent with a role for
PQQ as an antioxidant in vivo.

Acknowledgments

This work was supported by a grant to HN from the New
Zealand Neurological Foundation.

References

[1] Goodwin PM, Anthony C. The biochemistry, physiology and genetics
of PQQ and PQQ-containing enzymes. Adv Microbiol Physiol
1998;40:1-80.

Smidt CR, Unkefer CJ, Houck DR, Rucker RB. Intestinal absorption

and tissue distribution of ['*C]pyrroloquinoline quinone in mice. Proc

Soc Exp Biol Med 1991;197:27-31.

[3] Kumazawa T, Seno H, Urakami T, Matsumoto T, Suzuki O. Trace
levels of pyrroloquinoline quinone in human and rat samples detected
by gas chromatography/mass spectrometry. Biochim Biophys Acta
1992;1156:62-6.

[4] Kumazawa T, Seno H, Suzuki O. Failure to verify high levels of
pyrroloquinoline quinone in eggs and skim milk. Biochem Biophys
Res Commun 1993;193:1-5.

[5] Kumazawa T, Sato K, Seno H, Ishii A, Suzuki O. Levels of pyrrolo-
quinoline quinone in various foods. Biochem J 1995;307:331-3.

[6] Suzuki O, Kumazawa T. Gas chromatographic-mass spectrometric

analysis of pyrroloquinoline quinone. Meth Enzymol 1997;280:150-8.

Mitchell AE, Jones AD, Mercer RS, Rucker RB. Characterization of

pyrroloquinoline quinone amino acid derivatives by electrospray

[2

—

[7

—

ionization mass spectrometry and detection in human milk. Anal

Biochem 1999;269:317-25.

Killgore J, Smidt C, Duich L, Romero-Chapman N, Tinker D, Reiser

K, Melko M, Hyde D, Rucker RB. Nutritional importance of pyrro-

loquinoline quinone. Science 1989;245:850-2.

Steinberg FM, Gershwin ME, Rucker RB. Dietary pyrroloquinoline

quinone: growth and immune response in BALB/c mice. J Nutr

1994;124:744-53.

[10] Rucker RB. Pyrroloquinoline quinone (PQQ) improves growth and
reproductive performance. FASEB J 2002;16:A640.

[11] Urakami T, Yoshida C, Akaike T, Maeda H, Nishigori H, Niki E.
Synthesis of monoesters of pyrroloquinoline quinone and imidazo-
pyrroloquinoline, and radical scavenging activities using electron spin
resonance in vitro and pharmacological activity in vivo. J Nutr Sci
Vitaminol (Tokyo) 1997;43:19-33.

[12] Hamagishi Y, Murata S, Kamei H, Oki T, Adachi O, Ameyama M.
New biological properties of pyrroloquinoline quinone and its related
compounds: inhibition of chemiluminescence, lipid peroxidation and
rat paw edema. J Pharmacol Exp Ther 1990;255:980-5.

[8

—

[9

—



74

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

K. He et al./Biochemical Pharmacology 65 (2003) 67-74

Xu F, Mack CP, Quandt KS, Shlafer M, Massey V, Hultquist DE.
Pyrroloquinoline quinone acts with flavin reductase to reduce ferryl
myoglobin in vitro and protects isolated heart from re-oxygenation
injury. Biochem Biophys Res Commun 1993;193:434-9.

Aizenman E, Hartnett KA, Zhong C, Gallop PM, Rosenberg PA.
Interaction of the putative essential nutrient pyrroloquinoline quinone
with the N-methyl-p-aspartate receptor redox modulatory site. J
Neurosci 1992;12:2362-9.

Aizenman E, Jensen FE, Gallop PM, Rosenberg PA, Tang LH. Further
evidence that pyrroloquinoline quinone interacts with the N-methyl-p-
aspartate receptor redox site in rat cortical neurons in vitro. Neurosci
Lett 1994;168:189-92.

Naito Y, Kumazawa T, Kino I, Suzuki O. Effects of pyrroloquinoline
quinone (PQQ) and PQQ-oxazole on DNA synthesis of cultured
human fibroblasts. Life Sci 1993;52:1909-15.

Kosano H, Setogawa T, Kobayashi K, Nishigori H. Pyrroloquinoline
quinone (PQQ) inhibits the expression of tyrosinase mRNA by alpha-
melanocyte stimulating hormone in murine B16 melanoma cells. Life
Sci 1995;56:1707-13.

Murase K, Hattori A, Kohno M, Hayashi K. Stimulation of nerve
growth factor synthesis/secretion in mouse astroglial cells by coen-
zymes. Biochem Mol Biol Int 1993;30:615-21.

Urakami T, Tanaka A, Yamaguchi K, Tsuji T, Niki E. Synthesis of
esters of coenzyme PQQ and IPQ, and stimulation of nerve growth
factor production. Biofactors 1995;5:139-46.

Jensen FE, Gardner GJ, Williams AP, Gallop PM, Aizenman E,
Rosenberg PA. The putative essential nutrient pyrroloquinoline qui-
none is neuroprotective in a rodent model of hypoxic/ischemic brain
injury. Neuroscience 1994;62:399-406.

Sanchez RM, Wang C, Gardner G, Orlando L, Tauck DL, Rosenberg
PA, Aizenman E, Jensen FE. Novel role for the NMDA receptor redox
modulatory site in the pathophysiology of seizures. J Neurosci
2000;20:2409-17.

Hobara N, Watanabe A, Kobayashi M, Tsuji T, Gomita Y, Araki Y.
Quinone derivatives lower blood and liver acetaldehyde but not
ethanol concentrations following ethanol loading to rats. Pharmacol-
ogy 1988;37:264-7.

Tsuchida T, Yasuyama T, Higuchi K, Watanabe A, Urakami T, Akaike
T, Sato K, Maeda H. The protective effect of pyrroloquinoline quinone
and its derivatives against carbon tetrachloride-induced liver injury of
rats. J Gastroenterol Hepatol 1993;8:342-7.

Nishigori H, Yasunaga M, Mizumura M, Lee JW, Iwatsuru M.
Preventive effects of pyrroloquinoline quinone on formation of catar-
act and decline of lenticular and hepatic glutathione of developing
chick embryo after glucocorticoid treatment. Life Sci 1989;45:593-8.
Nishigori H, Ishida O, Ogihara-Umeda I. Preventive effect of pyrrolo-
quinoline quinone (PQQ) on biliverdin accumulation of the liver of chick
embryo after glucocorticoid administration. Life Sci 1993;52:305-12.
Bishop A, Gallop PM, Karnovsky ML. Pyrroloquinoline quinone: a
novel vitamin? Nutr Rev 1998;56:287-93.

Stites TE, Mah J, Fluckiger R, Paz MA, Gallop PM, Rucker RB.
Dietary deficiency of pyrroloquinoline quinone (PQQ) alters mito-
chondrial function in young mice. FASEB J 1996;10:A800.
Chappell JB, Hansford RG. Preparation of mitochondria from animal
tissues and yeasts in subcellular components: preparation and frac-
tionation. London: Butterworths; 1972, p. 77-91.

Walter L, Nogueira V, Leverve X, Heitz MP, Bernardi P, Fontaine
E. Three classes of ubiquinone analogs regulate the mitochondrial
permeability transition pore through a common site. J Biol Chem
2000;275:29521-7.

Gornall AG, Bardawill CJ, David MM. Determination of serum protein
by means of the biuret reaction. J Biol Chem 1949;177:751-66.

Lee CS, Han ES, Jang Y'Y, Han JH, Ha HW, Kim DE. Protective effect
of harmalol and harmaline on MPTP neurotoxicity in the mouse and
dopamine-induced damage of brain mitochondria and PC12 cells. J
Neurochem 2000;75:521-31.

[32]

[33]

[34]

[35]

[36]

[37]

[38

[39]

[40]

[41]

[42]

[43]

[44]

[45

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Kantrow SP, Tatro LG, Piantadosi CA. Oxidative stress and adenine
nucleotide control of mitochondrial permeability transition. Free
Radic Biol Med 2000;28:251-60.

Chance B, Williams JR. A method for the localization of sites for
oxidative phosphorylation. Nature 1955;176:250-4.

Koh JY, Choi DW. Quantitative determination of glutamate mediated
cortical neuronal injury in cell culture by lactate dehydrogenase efflux
assay. J Neurosci Meth 1987;20:83-90.

Hampton MB, Orrenius S. Dual regulation of caspase activity by
hydrogen peroxide: implications for apoptosis. FEBS Lett 1997;
414:552-6.

Pastorino JG, Tafani M, Rothman RJ, Marcinkeviciute A, Hoek JB,
Farber JL, Marcineviciute A. Functional consequences of the sus-
tained or transient activation by Bax of the mitochondrial permeability
transition pore. J Biol Chem 1999;274:31734-9.

Hatefi Y. Preparation and properties of NADH:ubiquinone oxidore-
ductase (complex) I, EC 1.6.5.3. Meth Enzymol 1978;53:11-4.
Estornell E, Fato R, Pallotti F, Lenaz G. Assay conditions for the
mitochondrial NADH:coenzyme Q oxidoreductase. FEBS Lett 1993;
332:127-31.

Kowaltowski AJ, Castilho RF, Grijalba MT, Bechara EJ, Vercesi AE.
Effect of inorganic phosphate concentration on the nature of inner
mitochondrial membrane alterations mediated by Ca®" ions. A pro-
posed model for phosphate-stimulated lipid peroxidation. J Biol Chem
1996;271:2929-34.

Levine RL. Oxidative modification of glutamine synthetase. I. In-
activation is due to loss of one histidine residue. J Biol Chem
1983;258:11823-7.

Reznick AZ, Packer L. Oxidative damage to proteins: spectrophoto-
metric method for carbonyl assay. Meth Enzymol 1994;233:357-63.
Long LH, Clement MV, Halliwell B. Artifacts in cell culture: rapid
generation of hydrogen peroxide on addition of (—)-epigallocatechin,
(—)-epigallocatechin gallate, (+)-catechin, and quercetin to com-
monly used cell culture media. Biochem Biophys Res Commun
2000;273:50-3.

Palmeira CM, Wallace KB. Benzoquinone inhibits the voltage-depen-
dent induction of the mitochondrial permeability transition caused
by redox-cycling naphthoquinones. Toxicol Appl Pharmacol 1997;
143:338-47.

Amici A, Levine RL, Tsai L, Stadtman ER. Conversion of amino acid
residues in proteins and amino acid homopolymers to carbonyl
derivatives by metal-catalyzed oxidation reactions. J Biol Chem
1989;264:3341-6.

Halliwell B, Gutteridge JM. Free radicals in biology and medicine.
Oxford: Clarendon Press; 1999.

Kelso GF, Porteous CM, Coulter CV, Hughes G, Porteous WK,
Ledgerwood EC, Smith RA, Murphy MP. Selective targeting of a
redox-active ubiquinone to mitochondria within cells: antioxidant and
antiapoptotic properties. J Biol Chem 2001;276:4588-96.

Itoh S, Kato N, Ohshiro Y, Agawa T. Catalytic oxidation of thiols by
coenzyme PQQ. Chem Lett 135-6:1985.

Itoh S, Kato N, Mure M, Ohshiro Y. Kinetic studies on the oxidation of
thiols by coenzyme PQQ. Bull Chem Soc Jpn 1987;60:420-2.

van Kleef MA, Jongejan JA, Duine JA. Factors relevant in the reaction
of pyrroloquinoline quinone with amino acids. Analytical and me-
chanistic implications. Eur J Biochem 1989;183:41-7.

Paz MA, Fluckiger R, Boak A, Kagan HM, Gallop PM. Specific
detection of quinoproteins by redox-cycling staining. J Biol Chem
1991;266:689-92.

Itoh S, Kinugawa M, Mita N, Ohshiro Y. Efficient NAD*—regeneration
system with heteroaromatic o-quinones and molecular oxygen. J
Chem Soc, Chem Commun 1989:694-5.

Casini A, Finazzi-Agro A, Sabatini S, El-Sherbini ES, Tortorella S,
Scipione L. Role of calcium in the reaction between pyrroloquinoline
quinone and pyridine nucleotides monomers and dimers. Arch Bio-
chem Biophys 1999;368:385-93.



	Antioxidant and pro-oxidant properties of pyrroloquinoline quinone (PQQ): implications for its function in biological systems
	Introduction
	Materials and methods
	Materials
	Mitochondrial incubations
	Cell incubations
	Complex I activity
	Oxidative stress assays
	Statistical analysis

	Results and discussion
	Effect of PQQ on mitochondrial function
	Antioxidant effects of PQQ on isolated mitochondria
	Pro-oxidant effects of PQQ on cells in culture
	Summary

	Acknowledgements
	References


