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Effect of Pyrroloquinoline Quinone on Osteoclast Generation 

and Activity

Seon-Yle Ko, D.D.S.,Ph.D., Dong-Ho Han, D.D.S.,Ph.D., 

Jung-Keun Kim, D.D.S.,Ph.D.

Department of Oral Biochemistry, School of dentistry, Dankook University

  We examined the effect of PQQ, as a scavenger of superoxide, on osteoclast-like cell formation and on mature 

osteoclast function. To determine whether PQQ scavenges the superoxide, nitroblue tetrazolium (NBT) staining, 

which is a method to detect superoxide, was performed on HD-11 cells which are a chick myelomonocytic cell 

line having tartrate-resistant acid phosphatase (TRAP) activity in response to 1,25-dihydroxyvitamin D3 

[1,25-(OH)2D3]. Histochemical study of TRAP was also performed on HD-11 cells. PQQ inhibited the 

TRAP-positive multinucleated cell formation of chicken bone marrow cells was also examined. The addition of 

20 μM PQQ inhibited the formation of TRAP-positive multinucleated cell. When chicken osteoclasts were cultured 

on dentin slices, treatment of 20 μM PQQ resulted in a significant decrease in dentin resorption by osteoclasts in 

terms of total resorption area and number of resorption pits. The present data suggest that PQQ, possibly as a 

scavenger of superoxide ion, inhibits the osteoclastic differentiation and bone resorption.
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1)Ⅰ. INTRODUCTION

  Pyrroloquinoline quinone (PQQ), which is the 

prosthetic group or coenzyme of quinoprotein 

enzyme
1,2)
, has been reported to be a growth factor 

or vitamin in mice3). PQQ is distributed in animals 

as well as in microorganisms and it serves as a 

growth stimulatant of a number of bacteria and 

animal cells4-6). PQQ, as a free radical scavenger, 

has been shown preventive effects on the 

carrageenin-induced rat paw edema
7)
 and on the 
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hydrocortisone-induced cataract8) which are 

probably associated with reactive oxygen species.

  It is generally accepted that osteoclasts, which 

are the principal cells responsible for physiological 

and pathological bone resorption, are regulated by a 

variety of osteotropic hormones and cytokines in its 

formation and function. However, it is becoming 

increasingly evident that the reactive oxygen 

species (ROS) produced by osteoclasts may also 

play a crucial role in bone resorption. It has been 

postulated that the respiratory activity of 

osteoclasts is related to bone resorptive activity by 

Fallon et al.9). In addition, Beard et al.10) reported 

that malignant infantile osteopetrosis, which is 

caused by a lack of normal osteoclastic function, is 

associated with defective superoxide production in 

neutrophils. Thereafter, Key et al.
11)
 have identified 

the superoxide anion between the external 

osteoclastic membrane and the bone, and Garrett et 
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al.
12)
 and Ries et al.

13)
 have suggested that 

oxygen-derived free radicals, especially the 

superoxide anion, are associated with osteoclastic 

bone resorption. Recently, Bai et al.
14)
 reported that 

ROS such as superoxide anion is involved in bone 

loss-related diseases by stimulating osteoclast 

differentiation and bone resorption and that receptor 

activator of NF-kappaB ligand (RANKL) is a 

critical osteoclastogenic factor expressed on 

osteoblastic cells.

  The present study was undertaken to investigate 

whether PQQ, as a scavenger of superoxide, affects 

on osteoclast-like cell formation and bone 

resorption. We demonstrate that PQQ decreases the 

NBT reduction and the TRAP activity of the chick 

myelomonocytic cell line HD-11. Likewise, we 

show that PQQ inhibits the formation of 

TRAP-positive multinucleated osteoclast-like cells 

from chicken bone marrow precursors. 

Furthermore, PQQ is observed to inhibit dentin 

resorption in in ovo and in vitro studies. These 

results suggest that PQQ, possibly as a scavenger 

of superoxide, inhibits the formation of osteoclasts 

and osteoclastic bone resorption. 

Ⅱ. MATERIALS AND METHODS

1. Isolation and culture of cells 

1) HD-11 cells

  HD-11 cells were kindly provided by Dr. J.S. 

Adams (UCLA School of Medicine, Los Angeles, 

California). Cells were maintained in 75 cm2 tissue 

culture flasks in Dulbecco's modification of Eagle's 

medium supplemented with 10% fetal calf serum 

and antibiotics (DMEM/FCS, Gibco, Grand Island, 

NY) at 37℃ in a humidified atmosphere of 5% CO2 

and 95% air.

2) Chicken osteoclasts and bone marrow cells

  The method used for the isolation of chicken 

osteoclasts and bone marrow cells was a 

modification of the methods described by 

Takahashi et al.15). Chicken osteoclasts were 

isolated from the bone marrow of the chick tibias 

between day 16 and day 19 of embryonic 

development. Fertile white leghorn chicken eggs 

were incubated at 37℃, 65% relative humidity in an 

egg incubator. Embryonic chick tibias were 

sectioned longitudinally and the bone marrow was 

mechanically curetted into cold serum-free 

HEPES-buffered Medium 199. The resulting cells 

in suspension were collected by centrifugation and 

resuspended in HEPES-buffered Medium 199 with 

10% fetal calf serum and antibiotics (M199/FCS, 

Gibco, Grand Island, NY). For the assay of dentin 

resorption, the cells were plated on pilot whale 

dentin slices and allowed to attach for 30 min. The 

remaining unattached cells were collected and 

replated in 60 mm culture dishes and then allowed 

to attach for 6 hours to exclude the mature cells. 

Finally, the unattached cells from the 6 hours 

attachment period were collected and cultured in 

M-199/FCS for the assay of osteoclast-like cell 

formation. 

2. Assay of NBT reduction by superoxide in 

HD-11 cell culture

  HD-11 cells were plated at a density of 4-5 × 

104/cm2
 in 96-well tissue culture plates and 

cultured in DMEM/FCS. Medium was changed 

with 100 nM 1,25-(OH)2D3 (Biomol, Plymouth 

Meeting, Pennsylvania) or vehicle (0.087% (v/v) 

final ethanol concentration) when the cells reached 

confleuncy. After 24 hours of culture, the cells were 

pretreated with PQQ (0-20 μM) in fresh 

DMEM/FCS for 45 min. And then the cells were 

washed with warm PBS and incubated for 2 hours 

in Hank's balanced salt solution (HBSS) containing 

1 mg/ml nitroblue tetrazolium (NBT). Stained cells 

were fixed with 2.5% formalin for 2 min and rinsed 

with PBS. Each well of the 96-well tissue culture 

plate was read at 595 nm by spectrophotometry 

(UVmax kinetic microplate reader, Molecular 

Devices, Menlo Park, California).



Effect of Pyrroloquinoline Quinone on Osteoclast Generation and Activity

  331

3. Quantitative histochemical TRAP assays 

of HD-11 cells

  HD-11 cells were cultured in DMEM/FCS on 13 

mm in diameter tissue culture coverslips (Lux, 

Nunc, Inc. Illinois) placed in 6-well tissue culture 

plates. When the cells reached 50-70% spread, the 

media was changed with 10 nM 1,25-(OH)2D3 or 

vehicle in the presence of absence of PQQ (20 μM) 

and incubated for 24 hours. After 24 hours of 

incubation, the HD-11 cells were washed with 

warm PBS, air-dried at 4℃, and fixed with 3.7% 

formalin fumes for 5 min. For the determination of 

TRAP positive cells, cultures were stained using a 

commercial kit (Sigma) according to the directions 

using naphthol AS-BI phosphate (0.125 mg/ml) as 

a substrate. After TRAP staining, the cells were 

counterstained with 0.02% aqueous Fast Green FCF 

for 2 min. TRAP-positive HD-11 cells were 

counted from five randomly selected fields and 

expressed as a percentage of the total cells counted 

in each field using light microscopy (Nikon, HFX).

4. Osteoclast-like cell formation of bone 

marrow cells

  Bone marrow cells, isolated from chick 

embryonic tibial bone marrow as described above, 

were plated in 8-well chamber slides (Nunc Inc., 

Naperville, Illinois) and cultured in 0.4 ml of 

M-199/FCS for 24 hours. After the nonadhered 

cells were removed by rinsing the well with 

M-199/FCS three times, the remaining cells were 

treated with 10 nM 1,25-(OH)2D3 containing the 

appropriate PQQ concentration (0-20 μM) and 

cultured for 7 days. Media was changed every other 

day by replacing 0.2 ml old media with fresh media 

containing the corresponding concentration of 

1,25-(OH)2D3 and PQQ. After 7 days of culture, the 

cells were stained for TRAP using the same 

method as described above. Total TRAP-positive 

multinucleated cells (containing three or more 

nuclei) which were formed from bone marrow cells 

were counted from the entire culture surface of the 

well. To exclude the possibility that PQQ could 

affect TRAP activity itself rather than TRAP 

expression, the culture was pretreated with 20 μM 

PQQ for 1 hour just before TRAP staining.

5. Dentin resorption assays

  Pilot whale (Globicephala melaena) teeth were 

kindly provided by Dr. G. Early (Director of the 

New England Aquarium Marine Mammal Stranding 

Program) with U.S. Government permission. Teeth 

were cut into uniform dentin slices (4×4 mm), and 

the dentin slices were washed with 70% ethanol 

and sterilized by ultraviolet irradiation. Chick 

osteoclasts, isolated from embryonic tibiae, were 

seeded on the dentin slices, allowed to attach for 30 

min, and cultured in the presence or absence 

(control) of 20 μM PQQ for 18 hours. After culture, 

cells were removed from the dentin slices by 

treatment with 1 M ammonium hydroxide for 30 

min and sonication for 3 min. Dentin slices were 

rinsed with absolute ethanol, air dried, and gold 

sputter coated for inspection by scanning electron 

microscopy (SEM, JEOL, T-200). The dentin 

resorption area was traced out from the SEM 

monitor and the area of each resorption pit was 

measured using a computer program named Image 

1.40 (produced by Wayne Rasbadn, NIH).

6. Statistical analysis

  The mean ± SE was calculated for all data. The 

statistical significance of the difference was 

determined by a paired Student's t test.

Ⅲ. RESULTS

1. Assay of NBT reduction in HD-11 cell 

culture

  NBT reduction was measured in HD-11 cells 

which had been cultured in the presence or absence 

of 100 nM 1,25-(OH)2D3 for 24 hours. Fig. 1 shows 

that 1,25-(OH)2D3 stimulated the superoxide 
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Fig. 1. Effects of PQQ on PMA-induced NBT 

reduction in HD-11 cell culture.

production of HD-11 cells in response to PMA (1.77 

times to the control) and that PQQ inhibited the 

1,25-(OH)2D3-induced NBT reduction in a 

dose-dependent manner. The maximal effect of 

PQQ (20 μM) on NBT reduction was 42% inhibition 

in the nontreated group and 52% inhibition in the 

1,25-(OH)2D3-treated group.

2. Quantitative histochemical TRAP assays 

of HD-11 cells

  TRAP activity of HD-11 cells was measured in 

the presence of 10 nM 1,25-(OH)2D3 and 20 μM 

PQQ using a histochemical assay. Fig. 2 shows the 

effects of PQQ on histochemical TRAP staining. 

The percentage of TRAP positive cells was reduced 

prominently by the addition of PQQ in the 

1,25-(OH)2D3-treated group (34.1%, control ; 13.7%, 

29 μM PQQ). 

Fig. 2. Effects of PQQ on vit. D3-induced TRAP (+) 

cell formation in HD-11 cell culture. 

Fig. 3. Effects of PQQ on TRAP(+) MNCs formation 

in chicken bone marrow cell culture. 

3. Osteoclast-like cell formation of bone 

marrow cells

  Chicken bone marrow cells, which were isolated 

from tibiae as described above, were cultured with 

PQQ (0-20 μM) in the presence of 10 nM 

1,25-(OH)2D3. Fig. 3 shows the effect of PQQ on 

TRAP-positive MNC formation dose-dependently. 

There was no discernable effect of PQQ on TRAP 

staining when the bone marrow cells were 

pretreated with 20 μM PQQ for 1 hour at the end 

of the culture.

4. Dentin resorption assays

  As shown in Fig. 4, treatment of 20 μM PQQ 

resulted in a significant decrease in dentin resorption 

by mature chicken osteoclasts compared to the 

control in terms of the total resorption area (23678 

Fig. 4. Effect of PQQ on dentin resorption in 

chicken osteoclast culture. 
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± 4937 ㎛
2
, control ; 8148 ± 1373 ㎛

2
, 20 μM PQQ) 

and the number of resorption pits per 16 mm2 dentin 

slice (103.50 ± 29.32, control ; 38.33 ± 5.18 ㎛2, 20 μM 

PQQ). However, the mean area of each resorption pit 

was not changed by the addition 20 μM PQQ (229 

± 20, control ; 213 ± 24 ㎛2, 20 μM PQQ).

  Cells were cultured with and without vit. D3 (100 

nM) in 96-well plate for 24 hrs and stained with 1 

mg/ml NBT in HBSS for 2 hrs. Stained cells were 

read directly after fixation with formalin at the 595 

nm. Qx :xmM PQQ Data are Mean of 4wells. 

  Cells were incubated with (+/-) 10 nM vit. D3 

and (+/-) 20 mM PQQ for 24 hrs. TRAP (+) cells 

were counted at randomly selected five sites.

  Chicken bone marrow cells were cultured with 

PQQ in the presence of 10 nM Vit. D3 for 7 days. 

TRAP (+) multinucleated cells were counted from 

the entire surface of 8-well chamber slides. Data 

are Mean + S.E.

  Data are from dentin slice (4X4 mm2) on which 

chicken osteoclasts were cultured for 18 hours. 

Data are Mean + S.E.M. * : P < 0.05, compared to 

control.

Ⅳ. DISCUSSION

  PQQ, which is a cofactor of several bacterial 

dehydrogenase
16)
, has been identified in mammalian 

tissues and fluids in nanomolar concentrations17). It 

has been shown that when PQQ is deprived from a 

diet, growth impairment is observed in mice.

  As one model for the study of superoxide 

production and TRAP activity, we used the v-myc 

transformed chick myelomonocytic cell line HD-11, 

which was developed by the infection of chick bone 

marrow cells with the MC29 leukemia virus18). 

Steinbeck et al.
19)
 have shown that HD-11 cells 

have the potential to differentiate into 

osteoclast-like cells possessing, and the ability to 

degrade particles when induced by 1,25-(OH)2D3. 

Thus the HD-11 cell line may mimic some of the 

phenotypic transformations occurring in the 

monocyte/macrophage lineage leading to the fully 

differentiated osteoclast.

  HD-11 cells, activated by 100 ng/ml PMA, reduce 

yellow NBT dye to an insoluble purple formazan by 

means of the superoxide generated during the 

respiratory burst. NBT reduction of HD-11 cells is 

increased by the addition of 100 nM 1,25-(OH)2D3 

which is a known activator of NADPH oxidase20). 

Our previous work had shown that cyanide 

resistant oxygen consumption of HD-11 cells in 

response to PMA was increased by the 

pretreatment of 100 nM 1,25-(OH)2D3 for 24 hours 

(non-treated, 2.08 nmole O2/106 cells/10 min vs. a 

treated value of 6.08). These results are also 

consistent with a previous finding that peritoneal 

macrophages exposed to 1,25-(OH)2D3 demonstrate 

a two-fold increased in superoxide generation21) and 

that 1,25-(OH)2D3 modulates superoxide generation 

by inducing the p47 cytosolic phosphoprotein which 

determine the activity of HADPH-oxidase. 

Generally, PQQ has been known to have dual 

functions in both generating and scavenging 

superoxide by catalyzing the interconversion of 

dioxygen and superoxide. In this study PQQ shows 

the inhibitory effect of the 1,25-(OH)2D3-induced 

NBT reduction in a dose-dependent manner. Thus, 

the prominent inhibitory effect of PQQ on 

1,25-(OH)2D3-induced NBT reduction seems to be 

associated with the superoxide production by this 

enzyme.

  PQQ shows an inhibitory effect on TRAP 

expression in histochemical study of HD-11 cells 

(Fig. 2). PQQ also shows an inhibitory effect of 

TRAP-positive osteoclast-like multinucleated cell 

formation in chick embryonic bone marrow cells in 

vitro (Fig. 3). There is no discernable effect of PQQ 

on TRAP staining when the bone marrow cells 

were pretreated with 20 μM PQQ for 1 hour at the 

end of the culture. Therefore, the inhibitory action 

of PQQ on the TRAP-positive staining seems to be 

caused not by the inhibition of TRAP activity but 

by the inhibition of TRAP expression. These 

observations shows one possibility that PQQ may 

modulate TRAP expression and osteoclast-like 

multinucleated cell formation.

  As a possible mechanism, one recent study 
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reports that superoxide is involved as a second 

messenger in the induction of colony stimulating 

factor (CSF)22). CSF is in turn a promoter of 

hematopoietic cell proliferation and differentiation, 

and is also an essential factor in osteoclast 

formation23,24). Likewise, it has also been shown that 

hydrogen peroxide, which is converted from 

superoxide, can be involved in the regulation of 

osteoclast formation25).

  In our assay of dentin resorption by mature 

osteoclasts in in vitro, total resorption area as well 

as number of resorption pits was reduced by 20 μM 

PQQ without change of individual mean pit size. In 

these regards, PQQ seems to show inhibitory 

effects on dentin resorption by mature chicken 

osteoclasts. Although it is unclear which 

mechanisms are involved in the inhibitory action of 

PQQ on osteoclastic dentin resorption, it can be 

possibly explained in several ways. First, as it has 

been reported by Bax et al.26) nanomolar 

concentrations of hydrogen peroxide, which is 

dismutated from superoxide, stimulates the motility 

of osteoclasts. This is one of crucial factors in bone 

resorption activity. Second, numerous investigators 

have been demonstrated that reactive oxygen 

species degrade collagen directly27-29). Recently, 

Gallop et al.30) have postulated that PQQ (or 

PQQ-ascorbate) is important in the generation of 

the nitric oxide which exerts a powerful inhibitory 

effect on the bone resorbing activity of the 

osteoclasts
31)
. PQQ is also able to catalyze the 

oxidation of cysteinyl residues to generate disulfide 

bond32) which probably results in conformational 

change of proteolytic enzyme.

  Superoxide, the primary compound formed in the 

respiratory burst, can be converted to another form 

of potent oxidant. Part of the superoxide dismutes 

to form hydrogen peroxide by the action of SOD, 

and subsequently a hydroxyl radical is generated 

from a reaction between superoxide and hydrogen 

peroxide33). Therefore, it is unclear which reactive 

oxygen species are involved specifically in these 

studies. Nevertheless, it is perhaps possible to 

inhibit these various action of reactive oxygen 

species indirectly by blocking the superoxide in the 

first place.

  In conclusion, although the precise action of PQQ 

remains to be elucidated in detail, the inhibitory 

action of PQQ in osteoclast-like cell formation and 

bone resorption in our study seems to be 

associated, at least in part, with the superoxide 

scavenging action.
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국문요약

Pyrroloquinoline quinone이 골세포의 생성  활성에 미치는 향

단국 학교 치과 학 생화학교실

고선일․한동호․김정근

  본 연구는 superoxide의 제거물질로 알려진 pyrroloquinoline quinone (PQQ)이 골세포의 분화  성숙한 

골세포의 활성에 미치는 향을 알아보고자 시행하 다. Superoxide를 인지하는 방법인 nitroblue tetrazolium 

(NBT) 염색방법을 이용하여 PQQ가 HD-11 세포가 생성한 superoxide를 제거하는지 확인하 다. 본 연구에서 

이용된 HD-11세포는 닭 myelomonocytic 세포주로써 1,25-dihydroxyvitamin D3 [1,25(OH)2D3]로 처리시 

tartrate- 항성 산성인산분해효소 (tartrate-resistant acid phosphatase, TRAP)의 활성을 나타내는 등 골세포

의 특성을 지니는 세포로 알려져 있다. HD-11세포에서 TRAP 활성을 확인하기 하여 조직화학  염색을 시행

하 다. PQQ는 NBT의 환원을 감소시켰으며 1,25(OH)2D3에 의해 유도된 TRAP 활성을 억제하 다. 한 PQQ

가 닭 골수세포에서 TRAP 양성 다핵세포의 형성에 미치는 향도 찰한 결과 20 μM의 PQQ는 TRAP 양성 

다핵세포의 형성을 히 억제하 다. 닭 골세포를 상아질 편에서 배양하면서 20 μM의 PQQ를 처치한 경

우 골세포에 의한 상아질 흡수가 히 억제되었다. 따라서 본 연구결과 PQQ가 superoxide의 제거물질로 

작용하여 골세포의 분화  활성도에 향을 미칠 것으로 사료되며, 이는 생리  혹은 병  골흡수에 억제 인 

작용을 할 물질로의 가능성을 시사한다.

주제어 : 골세포, Superoxide, Pyrroloquinoline quinone, TRAP
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