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Copyright © 2008 JCBNSummary The effects of pyrroloquinoline quinone (PQQ) and coenzyme Q10 (Co Q10), either

alone or together, on the learning ability and memory function of rats were investigated. Rats

fed a PQQ-supplemented diet showed better learning ability than rats fed a CoQ10-

supplemented diet at the early stage of the Morris water maze test. The combination of both

compounds resulted in no significant improvement in the learning ability compared with the

supplementation of PQQ alone. At the late stage of the test, rats fed PQQ-, CoQ10- and

PQQ + CoQ10-supplemented diets showed similar improved learning abilities. When all the

groups were subjected to hyperoxia as oxidative stress for 48 h, rats fed the PQQ- and CoQ10

supplemented diets showed better memory function than the control rats. The concurrent diet

markedly improved the memory deficit of the rats caused by oxidative stress. Although the

vitamin E-deficient rats fed PQQ or CoQ10 improved their learning function even when

subjected to hyperoxia, their memory function was maintained by PQQ rather than by CoQ10

after the stress. These results suggest that PQQ is potentially effective for preventing

neurodegeneration caused by oxidative stress, and that its effect is independent of either

antioxidant’s interaction with vitamin E.
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Introduction

Reactive oxygen species (ROS) generated through oxida-

tive stress experienced over a long period during aging

induce oxidative changes to proteins, lipids, and DNAs in

living tissues [1–5]. Since the brain is more vulnerable to

oxidative stress than other organs, ROS have been consid-

ered to attack neurons in the brain, thereby inducing neuro-

degenerative diseases including Alzheimer’s disease and

Parkinsonism. In a model system of neurodegeneration

caused by oxidative stress, hyperbaric oxygen significantly

induces deficits of cognitive performance; that is, deficits in

learning ability and memory retention, in rats accompanied

by the delayed-type apoptosis of pyramidal cells and the

accumulation of amyloid β-like substances in the CA 1

region of the hippocampus of the brain [6–8]. In association

with these changes caused by oxidative stress, the levels of
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thiobarbituric acid reactive substances (TBARS), lipid

hydroperoxides, F2-isoprostane and conjugated dienes in-

crease significantly with oxidative stress in the brain [2, 9],

and the activities of antioxidative enzymes and vitamin E

content in the brain decrease markedly [3]. These abnormal-

ities are also observed in both normal old rats and vitamin

E-deficient young rats not subjected to oxidative stress [6].

In contrast, young rats fed vitamin E-supplemented diet

show no such abnormalities even when placed in hyperbaric

atmosphere [8]. Therefore, these results suggest that the

impairment in cognitive function during aging is caused by

oxidative stress, and that vitamin E protects neurons from

oxidative damage.

The effect of antioxidants and antioxidant-rich extracts

from natural products such as coenzyme Q10 (CoQ10) [10],

vitamin C and β-carotene [11], lipoic acid [12], melatonin

[13], ginkgo biloba [14], apple juice [15], cocoa [16], and

green tea [17], on cognitive deficit have been widely inves-

tigated. On the basis of these findings, antioxidants have

been used in the treatment of various types of neuro-

degenerative disease. In fact, it has been revealed that long-

term high dose vitamin E supplementation in the elderly

significantly enhances cognitive function [18–19]. A clinical

trial on vitamin E supplementation in patients with

moderately severe Alzheimer’s disease showed delays in

institutionalization and the onset of severe dementia [20].

Thus, it seems likely that antioxidants prevent or improve

cognitive impairment.

Pyrroloquinoline quinone (PQQ), a cofactor of dehydro-

genase and amine oxidase, increases the production of the

nerve growth factor (NGF), and protects N-methyl-D-

aspartate (NMDA) receptors by a direct oxidation of the

receptor redox site [21]. PQQ also protects neurons from

NMDA toxicity by suppressing peroxynitrite and stimulates

NGF production [21–23]. Furthermore, PQQ acts as an

antioxidant against lipid peroxidation [24]. Thus, it is likely

that PQQ improves cognitive deficit caused by oxidative

stress, similarly to vitamin E [7]. To test this possibility,

here, we examined the effects of PQQ, CoQ10 and their

combination on the cognitive deficit of rats caused by hyper-

oxia using a Morris water maze test, because the concurrent

administration of vitamin E and CoQ10 has been shown to

improve learning in mice [10].

Materials and Methods

Animals

All animal experiments were performed with the permis-

sion of the Animal Protection and Ethics Committee of the

Shibaura Institute of Technology. Male Wistar rats (3

months old, Japan SLC Co., Hamamatsu, Japan) and rats fed

an antioxidant-supplemented diet (3 months old, fed 20 mg

of PQQ, 300 mg of Co Q10, 200 mg of R,R,R-α-tocopherol

or 20 mg of PQQ + 300 mg of Co Q10/kg ⋅ body weight/day

for 9 weeks from 4 weeks of age) were used in this study. To

assess the effect of oxidative stress on memory function,

each rat was subjected to hyperoxia as oxidative stress in a

100% oxygen chamber at room temperature for 48 h, as

described previously [8]. Vitamin E-deficient rats (3 months

old, fed vitamin E-deficient diet for 9 weeks from 4 weeks of

age; no tocopherols were detected by HPLC, Funabashi

Nojyo, Chiba, Japan) were fed 20 mg of PQQ, 300 mg Co

Q10, 200 mg of R,R,R-α-tocopherol or 20 mg of PQQ +

300 mg of Co Q10/kg ⋅ body weight/day for 5 weeks, and

subjected to hyperoxia before the behavioral test.

Chemicals

PQQ and coenzyme Q10 were kindly supplied from

Mitsubishi Gas Chemical Company, Inc. (Tokyo, Japan).

Behavioral testing

The rats were tested of their learning ability and memory

using a Morris water maze apparatus (140 cm in diameter

and 45 cm in height) [25]. The bottom of the pool was

divided into quadrant using white lines, and the transparent

platform was submerged 2 cm below the surface of the water

at the center of one of the quadrants; the water was

maintained at 21 ± 1°C. For pre-training, the rats were

allowed to swim freely in the pool for 60 s without the

platform. Daily training consisted of one trial in which the

rats swam from the start point to a fixed goal; this was

conducted for 20 consecutive days. Goal time and swim-

ming distance were measured, and the rates of decreases in

swimming time and distance from the start point to the

platform from their values in the first trial were expressed as

learning ability. After all the groups had learned the task

completely, the control rats and the rats fed the antioxidant-

supplemented diet were kept in 100% oxygen atmosphere as

oxidative stress at 21 ± 1°C for 48 h in an oxygen chamber.

The platform was removed, and the rats were placed

opposite the quadrant where the platform had been located.

The percentage of time spent in the quadrant where the

platform had been was used as an assessment of memory

retention.

Statistical analysis

The results are presented as mean ± SE. All data were

assessed by ANOVA analysis and a p-value less than 0.05

was considered to be statistically significant.

Results

As shown in Fig. 1, although the mean learning rate of the

control rats was only 67% until 5th trial, that of the rats fed

a PQQ-supplemented diet was significant high at the early

stage of trials. CoQ10 did not improve the learning function
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of the rats, so that no synergistic efficacy was observed by

the concurrent supplementation of PQQ and CoQ10. At the

late stage of the trials, the rats fed a PQQ-, CoQ10- and

(PQQ + CoQ10)-supplemented diets showed higher learning

rates than the control rats. However, the efficacies of the

supplementations showed no significant difference. From

these results, PQQ is likely more effective in improving the

learning ability of the rats using space cognition than CoQ10

itself.

After the rats learned the location of the platform in the

pool, the effect of hyperoxia as oxidative stress on memory

function was assessed. When the rats were subjected to

hyperoxia as oxidative stress for 48 h, they retained their

memories within four days after the oxidative stress treat-

ment. However, their memories suddenly declined five days

after the oxidative stress treatment, as previously reported

[8]. The rats fed either the PQQ- or CoQ10-supplemented

diet showed memory retention even after the oxidative stress

treatment for 48 h. Furthermore, the rats fed the concurrent

diet of PQQ and CoQ10 showed marked the memory reten-

tion (Fig. 2).

To test the possibility that the high potential of PQQ to

improve cognitive function is caused by the interaction with

vitamin E, because vitamin E is known to act as an anti-

oxidant in vivo synergistically with other antioxidants such

as CoQ10 and vitamin C, the learning function of the rats was

assessed after PQQ or CoQ10 was supplemented to the

vitamin E-deficient rats. As shown in Fig. 3, although the

vitamin E-deficient rats had poor learning ability, either

PQQ or CoQ10 supplementation improved their cognitive

performance. The learning rates obtained were similar to

those in the rats fed either concurrent diet of PQQ and CoQ10

or the vitamin E-supplemented diet [8], so that the efficacy

of the concurrent diet on the improvement of learning func-

tion was not synergistic.

The memory function of the vitamin E-deficient rats kept

in normal atmosphere for 48 h declined markedly. When the

vitamin E-deficient rats were subjected to hyperoxia, their

memory much more deteriorated as reported previously [8].

Moreover, PQQ, CoQ10 and its concurrent diet improved the

memory deficit of the vitamin E-deficient rats even after

they were subjected to hyperoxia. The inhibitory effect of

PQQ on the memory deficit of the vitamin E-deficient rats

was more effective than that of CoQ10 (Fig. 4). However, the

memory function of the vitamin E-deficient rats fed the

CoQ10-supplemented diet declined after 5 days. The vitamin

E-deficient rats fed the concurrent diet did not showed an

improvement of their memory deficit.

Thus, the effect of PQQ on the improvement of cognitive

deficit was independent of the synergistic effect on the

interaction with vitamin E.

Fig. 1. Effects of PQQ, CoQ10 and their combination on learn-

ing function of rats in a Morris water maze. Swimming

frequency, once a day for 15 days for each group. Learn-

ing ability, expressed as average rate of decrease in

latency time (days 2–5, 6–10 and 11–15) to find hidden

platform from their values in the first trial. Open column,

control rats fed normal diet; black column, rats fed PQQ-

supplemented diet; dotted column, rats fed CoQ10-

supplemented diet; and slashed column, rats fed

concurrent diet of both antioxidants. *p<0.05 versus

normal control rats at early stage, **p<0.02 versus

normal control at late stage; means ± SE, n = 9 for each

group of rats.

Fig. 2. Changes in memory retention of control rats fed normal

diet (closed circle), and rats fed PQQ-supplemented diet

(closed square), CoQ10-supplemented diet (opened

triangle), and concurrent diet of both antioxidants

(opened circle). Each group was subjected to hyperoxia

as oxidative stress for 48 h. The arrowhead shows the

endpoint of hyperoxia, and -2 day shows the start point

of such stress. *p<0.05 versus normal control rats,

**p<0.01 versus normal control rats, #p<0.05 versus rats

fed PQQ-supplemented diet; means ± SE, n = 9 for each

group for rats.
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Discussion

ROS generated by oxidative stress have been proposed to

be one of the causes of neurodegenerative diseases [26]. An

oxidatively damaged nervous system caused by ROS

implies the induction of cognitive deficit by dysfunction in

neurotransmission. Vitamin E is a potential antioxidant and

can be used as a complementary intervention substance for

patients with cognitive dysfunction [20, 27–28], in the same

way, learning and memory deficit in rats can be prevented by

antioxidants, such as vitamin E, β-carotene, and vitamin C

[8, 11, 29].

In the present study, we investigated the inhibitory effects

of the antioxidants PQQ and CoQ10, and their combination

on the effect elicited by oxidative stress on rat cognitive

performance, as assessed using a Morris water maze. From

the results in this study, it is evident that the rats fed the

PQQ-supplemented diet had a greater improvement in

learning ability than the control rats fed normal diet, and that

the rats fed the CoQ10-supplemented diet had less improve-

ment in learning ability at early stage of the trial. The com-

bination of PQQ and CoQ10 showed no synergistic effect

throughout the trial, as shown in Fig. 1. These results sug-

gest that although both compounds have a potent effect of

improving the learning ability of the rats, PQQ does not

interact synergistically with CoQ10 to induce an anti-

oxidative event in vivo. It has been reported that vitamin E

acts as a potent radical scavenger synergistically with CoQ10

for its regeneration back to reduced vitamin E, and that it

improves cognitive deficit [26]. To elucidate whether PQQ

and CoQ10 interact synergistically with native vitamin E in

tissue to improve the learning function, the learning ability

of the vitamin E-deficient rats fed PQQ or CoQ10 or their

concurrent diet was assessed. Although vitamin E deficiency

reduced the maximum learning ability similarly to that in the

case of aged rats [8], the vitamin E-deficient young rats fed

PQQ or CoQ10 or their combination showed a marked

improvement in their learning ability, as shown in Fig. 3.

The rats fed the vitamin E-supplemented diet revealed a

similar learning ability to the respective vitamin E-deficient

young rats fed the PQQ or CoQ10 or their concurrent diet [8].

These results suggest that the efficacies of PQQ and CoQ10

in improving learning ability are independent of the interac-

tion of either antioxidant with vitamin E, and that either

PQQ or CoQ10 acts individually as an effective substance for

improving learning ability without interacting with each

other.

To assess the change in another cognitive function, that is,

memory function, the rats were kept in 100% oxygen for

Fig. 3. Effects of PQQ, CoQ10 and their combination on impair-

ment of learning function of vitamin E-deficient rats.

Swimming frequency, once a day for 15 days for each

group. Solid circle, vitamin E-deficient rats; open circle,

vitamin E-deficient rats fed PQQ-supplemented diet;

open square, vitamin E-deficient rats fed CoQ10-supple-

mented diet; and triangle, vitamin E-deficient rats fed

concurrent diet of both antioxidants. *p<0.001 versus

vitamin E-deficient rats; means ± SE, n = 9 for each

group of rats.

Fig. 4. Effects of PQQ, CoQ10 and its combination diets on

memory deficit of vitamin E-deficient rats. Closed cir-

cle, vitamin E-deficient rats without hyperoxia; closed

square, vitamin E-deficient rats subjected to hyperoxia;

open circle, vitamin E-deficient rats fed PQQ-supple-

mented diet and subjected to hyperoxia; open triangle,

vitamin E-deficient rats fed CoQ10-supplemented diet

and subjected to hyperoxia; closed triangle, vitamin E-

deficient rats fed the concurrent diets and subjected

hyperoxia. *p<0.01, **p<0.05 versus the vitamin E-

deficient rats; #p<0.005 versus rats fed CoQ10-supple-

mented diet. The arrowhead shows the endpoint of

hyperoxia, and -2 day shows the start point of such

stress; means ± SE, n = 9 for each group of rats. The

arrowhead shows the endpoint of hyperoxia, and -2 day

shows the start point of such stress; means ± SE, n = 9

for each group of rats.
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48 h as a model of oxidative stress. Although it has been

criticized questionably that hyperoxia induces ROS in living

tissues, there are several reports on ROS being generated by

hyperoxia in the lungs, heart muscle, brain and erythrocytes

of several animals, and on the rate of ROS generation being

proportional to the concentration of oxygen inhaled [30–31].

Thus, it is reasonable to consider that the hyperoxia used in

this study induced ROS in the rat brain. It has also been

reported that the activity of antioxidative enzymes for

scavenging ROS changes in the brain through hyperoxia;

hence, the level of lipid peroxides produced by ROS

increases in the brain [20, 21, 29].

As shown in Fig. 2, the decline in the memory function of

the control rats caused by the oxidative damage of the

nervous system has been observed 5 days after hyperoxia as

the oxidative stress. This impairment in memory function

was inhibited by PQQ and CoQ10 supplementations. Inter-

estingly, although the rats did not improved their learning

ability with a concurrent diet of PQQ and CoQ10 (Fig. 1),

their memory function was maintained by this combination

even after they were subjected to hyperoxia. These results

suggest that PQQ suppresses the impairment in memory

function caused by oxidative stress synergistically with

CoQ10 through its antioxidant effect. Accordingly, it seems

likely that PQQ antioxidatively prevents the oxidative

damage of the nervous system, and hence maintain its

cognitive function. This possibility is supported by previous

reports that PQQ acts as a neuroprotector that suppresses

peroxynitrite formation and the redox modulation of NMDA

receptor [21, 23]. However, it is impossible at present to

define the mechanism of the improvement in the learning

ability of rats induced by PQQ, because such improvement

in learning function is implied to be independent of the

antioxidant/radical scavenging ability. To determine the

essential contribution of PQQ to improvement in cognitive

deficit, further studies are necessary.
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