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Abstract

Pyrroloquinoline quinone (PQQ) is believed to be a new B vitamin-like compound, and

PQQ supplementation has received attention as a possible treatment for diseases including

dementia and diabetes. However, the distribution of PQQ in foods is unclear, due to the diffi-

culty in analyzing the compound. Therefore, in this study, enzymatic and LC-MS/MS meth-

ods were optimized to enable an accurate analysis of PQQ in foods. The optimized methods

were applied to the screening of foods, in which PQQ contents were identified in ng/g or ng/

mL levels. Furthermore, we newly found that some foods related to acetic acid bacteria con-

tain PQQ at 1.94~5.59 ng/mL higher than beer, which is known to contain relatively high

amounts of PQQ. These results suggest that the optimized methods are effective for the

screening of foods containing PQQ. Such foods with high PQQ content may be valuable as

functional foods effective towards the treatment of certain diseases.

Introduction

A water soluble quinone, pyrroloquinoline quinone (PQQ) (Fig 1), was first identified as an

enzymatic cofactor in bacteria in 1979 [1]. After vitamin B2 and niacin, PQQ is the third com-

pound that acts as a coenzyme of oxidoreductase such as alcohol dehydrogenase [1] and glu-

cose dehydrogenase (GDH) [1–4]. Subsequently, symptoms caused by PQQ deficiency [5]

and the coenzyme functions of PQQ [6, 7] were discovered in mouse studies. Based on these

results, PQQ has been considered as a new B vitamin like compound [5–8]. More recent stud-

ies have reported additional activities (e.g. antioxidative and neuroprotective effects) of PQQ

[9–12], and therefore, PQQ supplementation has received attention as a possible treatment for

certain diseases including dementia and diabetes [13–16].

The beneficial effects of PQQ may be associated with the presence of PQQ (at trace levels)

in human tissues and body fluids [17–21]. Because eukaryotic cells cannot synthesize PQQ
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[22], foods have been said to be the only source of PQQ for humans [23, 24]. However, the

distribution of PQQ in foods is still unclear, mainly due to the difficulty in analyzing the

compound.

So far, enzymatic and mass spectrometric (MS) methods have been applied to PQQ analysis

[17–21, 23–26]. In the enzymatic method, PQQ is quantified through enzyme (Escherichia coli
GDH) activity measurement [20, 21, 25, 26]. The enzymatic method has been utilized to evalu-

ate the absorption of PQQ into blood and tissues after oral administration to rats [20] and

humans [21]. However, the selectivity and accuracy of the method (i.e. whether the method

can discriminate PQQ from various PQQ derivatives) are still unclear, and to the best of

our knowledge, the method has never been applied for the analysis of PQQ in foods and raw

materials.

Fig 1. Structure of pyrroloquinoline quinone (PQQ).

https://doi.org/10.1371/journal.pone.0209700.g001
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Regarding MS methods, Kumazawa et al. utilized gas chromatography (GC)-MS with

selected ion monitoring mode, and confirmed the presence of trace levels of PQQ in human

and rat samples [17, 18]. Also, Noji et al. applied liquid chromatography-tandem MS (LC-MS/

MS) with multiple reaction monitoring (MRM) and analyzed PQQ and PQQ derivatives in

foods [24]. However, the quantitative values of PQQ were considerably different between the

GC-MS and LC-MS/MS methods [23, 24].

In this study, to address the aforementioned analytical concerns, several parameters of

both enzymatic and MS methods were optimized, and extraction conditions of PQQ from

food samples were also investigated. Upon these investigations, the PQQ contents in

medium determined by the enzymatic method well agreed with that of the LC-MS/MS

method, suggesting that the developed methods are useful for the screening of PQQ in foods

and raw materials. The results of this study may be valuable for the application of PQQ for

nutraceutical purposes.

Materials and methods

Materials

Pyrroloquinoline quinone disodium salt (PQQ2Na, commercially known as BioPQQ) and iso-

tope labeled PQQ2Na (13C-PQQ2Na) were provided by Mitsubishi Gas Chemical Company,

Inc. (Niigata, Japan). 13C-PQQ2Na consisted of three stable isotopes; 13C14H6N2O8 ([U-13]

C-PQQ), C13C13H6N2O8, and C2
13C12H6N2O8 were present in the ratio of 70:25:4 (mol%).

PQQ2Na and 13C-PQQ2Na were individually dissolved in 20 mM ammonium acetate aqueous

solution to prepare reference standards. GDH (PQQ-dependent; from microorganism,

EC1.1.5.2) was purchased from TOYOBO ENZYME (Düsseldorf, Germany) [27]. Other

chemicals were of the highest purity commercially available.

Samples

A methanol-utilizing bacterium (Hyphomicrobium sp. strain TK 0441), known to produce

PQQ [28,], was cultured in a suitable medium containing 1 μg/mL Fe, 150 μg/mL Mg, and

trace elements in an Erlenmeyer flask at 30˚C with shaking (220 rpm) for 14 days [29]. The

culture broth was centrifuged at 10,000 g for 10 min, and the supernatant was collected.

The supernatant (35 μL) was diluted with 965 μL water and subjected to PQQ extraction as

described below.

Foods previously analyzed by Kumazawa et al. and/or Noji et al. [23, 24] and 8 kinds of

vinegar (A–H) were purchased at a local supermarket in Sendai, Japan. Vinegar A was pur-

chased at KALDI COFFEE FARM Sendai store (Sendai, Japan) and Vinegar F was purchased

at SEIJO ISHII S-pal Sendai store (Sendai, Japan). Other foods were purchased at Miyagi Con-

sumer’s Cooperative Society Kimachi store (Sendai, Japan). Green tea, oolong tea, beer, and

8 kinds of vinegar were directly subjected to extraction. Other foods (fermented soybeans

(natto), green pepper, spinach, tomato, parsley, and rape blossoms) were freeze-dried followed

by powderization. The powder (2–5 g) was suspended in 20 mL water, vortexed for 5 min, and

sonicated for 30 min. After centrifugation at 1,500 g at 4˚C, for 15 min, the supernatants were

subjected to PQQ extraction [24].

PQQ extraction

The medium sample (1 mL) was mixed with or without 100 μL of internal standard (10 μM
13C-PQQ2Na) in a polypropylene tube. Similarly, each food sample (1 mL) was mixed with or

without 10 μL of 1 μM 13C-PQQ2Na. PQQ was extracted based on previous methods with
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modification [17, 24]. To the samples, 3 mL of ethyl acetate was added. This mixture was vor-

texed for 5 min, centrifuged at 1,500 g at 4˚C for 15 min, and the supernatant was removed for

delipidation. The lower water layer was mixed with 250 μL of 6 M HCl and 5 mL of ethyl ace-

tate. This mixture was vortexed for 5 min, centrifuged at 1,500 g at 4˚C for 15 min, and the

upper ethyl acetate layer (containing PQQ) was collected. The collected upper layer was mixed

with 500 μL of water, followed by evaporation under nitrogen gas. The remaining water layer

was mixed with 100 μL of 6 M HCl, and subjected to an Oasis HLB cartridge (Waters, Milford,

MA, USA) equilibrated with 1 mM HCl. PQQ was eluted with 500 μL of 0.5% (v/v) pyridine/

water, and the eluate was evaporated under nitrogen gas. The medium and food extracts were

dissolved in 1 mL and 100 μL of 20 mM ammonium acetate, respectively.

Enzymatic method

PQQ was measured by using previously described GDH-based enzymatic methods with modi-

fications [25, 26]. GDH (1 mg) was dissolved in 1 mL of 0.1 M phosphate buffer (containing 1

mM ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA) and 2 M KBr; pH 7.3). For inactiva-

tion of GDH, the solution was dialyzed against the buffer at 4˚C for 30 h to remove GDH-

bound PQQ [2, 30, 31]. The obtained apo-GDH was dialyzed against 20 mM 3-morpholino-

propanesulfonic acid (MOPS) buffer (pH 7.0) at 4˚C for 30 h. The protein concentration of

this solution was measured, and the solution was diluted with 20 mM MOPS buffer (contain-

ing 0.1% Triton X-100, 1 mM CaCl2, and 0.1% bovine serum albumin) to a concentration of

0.4 ng/mL. The apo-GDH solution (250 μL) was incubated with either 25 μL of sample extracts

or PQQ standards (0.25–1.5 ng/mL) at 25˚C for 30 min to reactivate GDH [31, 32]. Distilled

water was used as a blank. The resultant holo-GDH solution (40 μL) was mixed with 627 μL of

20 mM MOPS buffer (containing 2 mM CaCl2, 400 μM phenazine methosulfate, and 200 μM

2, 6-dichloroindophenol (DCIP) sodium salt). After adding 73 μL of 1.2 M glucose aqueous

solution, the GDH activity was determined by measuring the rate of discoloration of DCIP

blue at 600 nm with Infinite 200 PRO (Tecan Japan Co., Ltd., Kanagawa, Japan), and ΔABS

was calculated by (ABS 1 min, sample − ABS 21 min, sample) − (ABS 1 min, blank − ABS 21 min, blank).

Concentrations of PQQ in sample extracts were calculated using the equation corresponding

to the external standard curve of ΔABS and were adjusted by the percentage recovery. The per-

centage recovery was calculated by [(Cp-C0) / Ip]×100, where Cp is concentration of sample

extract added with internal standard, C0 is concentration of sample extract added without

internal standard, and Ip is internal standard concentration.

LC-MS/MS method

PQQ was determined by LC-MS/MS based on our previous method with slight modifications

[33]. The LC system consisted of Shimadzu LC-20AD pumps (Shimadzu, Kyoto, Japan), Shi-

madzu CTO-20A column oven (Shimadzu, Kyoto, Japan) and a Shimadzu SIL-20AC autosam-

pler (Shimadzu, Kyoto, Japan) having a 100 μL sample loop. An ODS column (Atlantis T3

column, 3 μm, 2.1×100 mm, Waters, MA, USA) was used with a binary gradient consisting of

solvent A (water containing 10 mM dibutylammonium acetate) and solvent B (acetonitrile).

The gradient profile was as follows: 0–16 min, 0–60% B linear; 16–16.1 min, 60–100% B linear;

16.1–20 min, 100% B, 20–20.1 min, 100–0% B linear; 20.1–33 min, 0% B. The flow rate was 0.2

mL/min, and the column temperature was maintained at 40˚C. The column eluent was sent

to a hybrid triple quadrupole/liner ion-trapped tandem mass spectrometer (4000QTRAP,

SCIEX, Tokyo, Japan). Product ion scan and optimization of MS/MS parameters were con-

ducted with PQQ2Na and 13C-PQQ2Na standards under electro-spray ionization (ESI) (nega-

tive). Samples (1 μL for medium extract and 10 μL for food extracts) or PQQ standards (10 μL;
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15–650 pg on column) were injected and PQQ was determined using MRM transitions as

follows: PQQ, m/z 329> 241; 13C-PQQ, m/z 343 > 253. Concentrations of PQQ in sample

extracts were calculated using the equation corresponding to the external standard curve and

were adjusted by the percentage recovery of the added 13C-PQQ (the internal standard).

Results and discussion

Foods have been said to be the only source of PQQ for humans [23, 24], however, the distribu-

tion of PQQ in foods is still unclear, mainly due to the difficulty in analyzing the compound.

We therefore aimed to quantify PQQ by a GDH-based enzymatic method and by LC-MS/MS.

We tried to confirm the actual concentration of PQQ in foods, which may help clarify the nat-

ural distribution of PQQ.

Enzymatic analysis of PQQ

Analysis of PQQ via enzymatic methods have been attempted in previous studies [25–27].

By measuring the activity of GDH in its active holo-form (i.e. PQQ bound GDH) (Fig 2a),

Ameyama et al. tried to identify the role of PQQ as a coenzyme [4]. Geiger et al. made

improvements of the method to enable a more stable analysis of PQQ [26], and more recently,

Rucker et al. quantitatively analyzed PQQ contents in human plasma with the use of enzymatic

methods [20, 21]. We therefore aimed to analyze PQQ in food materials with the use of the

enzymatic method, but stable analysis of PQQ was difficult presumably due to the contamina-

tion of different PQQ enzymes during the preparation of GDH that caused a decrease in

enzyme activity [25, 26]. Also, since previous methods required the cultivation of bacteria and

the purification of enzymes from the bacterial membrane which were time-consuming [25,

26], we considered that it was necessary to simplify the method if we were to conduct a screen-

ing of foods containing PQQ.

To overcome such problems, we utilized a commercial GDH enzyme [27] with high activity

levels for the analysis of PQQ in foods [2, 25]. With regard to GDH enzymes, GDH can be clas-

sified into two types, membrane-bound GDH (mGDH) and soluble GDH (sGDH), which pos-

sess distinct structures and PQQ binding sites [28, 32, 34, 35]. The GDH utilized in previous

studies were isolated from bacterial membranes, and thus were considered to be mGDH [25,

26]. However, compared to mGDH, sGDH demonstrates a higher affinity to PQQ, and quickly

binds to PQQ [34]. We thus considered that the use of a commercially available sGDH will

allow for higher enzyme activity as well as quicker holo-GDH reconstitution than conventional

methods. To further enhance the above benefit, we also purified the commercial sGDH by

removing metal ions via EDTA treatment [31] and by dialysis to obtain a purified apo-GDH.

With the use of this apo-GDH, we evaluated PQQ analysis conditions. Consequently, the

required enzyme concentration for PQQ analysis was reduced to 0.4 ng/mL, compared to pre-

vious methods where the required enzyme concentration was 0.25 mg/mL. Moreover, the

reconstitution time of the holo-enzyme to enable a stable PQQ-concentration dependent

GDH activity was 30 min (conventional reconstitution times were 1–2 h). As a result of the

above measures, we were able to establish a sensitive and convenient enzymatic method that

can produce high-precision standard curve with correlation coefficient over 0.99 in the range

of 0.25–1.5 ng/mL (Fig 2b). Limit of detection (LOD) and limit of quantitation (LOQ) were

0.25 and 0.1 ng/mL, respectively.

LC-MS/MS analysis of PQQ

Along with the enzymatic method, analysis of PQQ has previously been pursued with MS

methods [18, 19, 23, 24]. Kumazawa et al. quantified PQQ in foods such as fermented soybeans
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(natto) and green tea by GC-MS [23], and reported that the PQQ levels in these foods were in

the range of 9.2–61.0 ng/g fresh weight or ng/mL, whereas with the use of LC-MS/MS, Noji

et al. reported that the PQQ levels in these foods range from 0.19–7.02 ng/g fresh weight or ng/

mL [24]. Because these values differed greatly, we therefore aimed to confirm the actual con-

centrations of PQQ in such foods with the use of LC-MS/MS with no derivatization. With

regard to the LC-MS/MS analysis of PQQ, previous methods have demonstrated certain limi-

tations such as low retention of PQQ on the column (Rt 2.2 min) [24]. Moreover, since the

detection limits were about 50 pg [24], we considered that it was necessary to construct a

method to analyze PQQ with high accuracy and sensitivity.

Fig 2. (a) The measurement mechanism of enzymatic activity. The GDH activity was determined by measuring the rate of

discoloration of DCIP blue at 600 nm with Infinite 200 PRO, and ΔABS was calculated by (ABS 1 min, sample − ABS 21 min, sample) −
(ABS 1 min, blank − ABS 21 min, blank). (b) Standard curve for PQQ determination by the enzymatic method. The reconstitution mixture

contained 20 mM MOPS buffer, pH 7.0, 0.1% TritonX-100, 1 mM CaCl2, 0.1% bovine serum albumin, variable concentrations of

PQQ, and 0.4 ng/mL GDH. The incubation period was 30 min. Detailed analytical procedures are described in Materials and

methods section.

https://doi.org/10.1371/journal.pone.0209700.g002
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The main difficulty in analyzing PQQ with LC-MS/MS is the fact that the structure and

electric charge of PQQ are significantly affected by pH [36], due to the presence of three car-

boxyl groups as well as pyridine and pyrrole rings in the chemical structure of PQQ. To over-

come such difficulties, we previously applied dibutylammonium acetate, an ion-pairing

reagent, to construct an isocratic LC-MS/MS method that enables the sufficient retention of

PQQ on the column [34]. Based on this method, in this study, we utilized a gradient flow

using acetonitrile which strongly elutes PQQ. As a result, PQQ was retained on the column

(Rt 9.8 min) and chromatograms demonstrated sharp peaks of PQQ. Also, consistent with our

previous reports, the precursor ion of PQQ (m/z 329 [M-H]-) provided the product ions of m/
z 285 [M-H-CO2]-, m/z 241 [M-H-2CO2]-, m/z 197 [M-H-3CO2]-, and the precursor ion of

[U-13]C-PQQ (m/z 343 [M-H]-) provided the product ions of m/z 298 [M-H-13CO2]-, m/z 253

[M-H-213CO2]-, m/z 208 [M-H-13CO2]. With the use of MRM pairs (PQQ, m/z 329> 241,
13C-PQQ, m/z 343> 253) based on product ion analysis (Fig 3a and 3b), we were able to con-

struct a LC-MS/MS method that can produce standard curve with correlation coefficient over

0.99 in the concentration range of 15–6,000 pg (Fig 3c). LOD and LOQ were 1.5 ng/mL (15 pg

on column) and 0.5 ng/mL (5 pg on column), respectively.

PQQ extraction

As described above, studies on the analysis of PQQ in foods have been limited to only few

studies [23, 24], where the extraction of PQQ from foods have mainly been conducted in

the following two ways [17, 24]. Suzuki et al. extracted PQQ from foods using liquid-liquid

extraction with n-butanol followed by a reversed phase solid-phase extraction [17]. Since the

extraction method required many processes, Noji et al. constructed a simpler liquid-liquid

extraction method using ethyl acetate [24]. However, because this extraction method did not

apply any solid-phase extraction procedures, there were risks of matrix compounds interfering

with MS analysis. Therefore, we combined the liquid-liquid extraction method using ethyl ace-

tate introduced by Noji et al. [24] with the solid-phase extraction described by Suzuki et al.

[17] and improved certain aspects of the extraction method.

Since the electric charge of PQQ is significantly affected by pH [36], the extraction with

ethyl acetate, water, and HCl highly affects the recovery of PQQ. We thus evaluated the recov-

ery of PQQ to the ethyl acetate phase when the pH of the water phase was set between 0.5–4.0

using HCl. As a result, between pH 3–4, PQQ mostly retained on the water phase, while at

lower pH, PQQ was mostly transferred to the ethyl acetate phase. Therefore, we decided to

first remove lipids from the sample under neutral conditions, and then recover PQQ to the

ethyl acetate layer under strong acidic conditions.

With regard to solid-phase extraction, we used the Oasis HLB cartridge which can be used

in a wide range of pH, and has a unique hydrophile-lipophile balance. As a result, we were able

to efficiently recover PQQ even when applying samples under acidic conditions. A recovery

test using PQQ2Na and/or 13C-PQQ2Na confirmed that the aforementioned extraction

method can recover 70–80% of each standard.

Determination of PQQ from medium and foods by the enzymatic and

LC-MS/MS methods

In order to evaluate the selectivity and accuracy of the enzymatic method and LC-MS/MS

method, we analyzed PQQ contents in medium that was known to definitely contain PQQ

(detailed information of the sample was described in Samples section) [29] via each method

(Fig 4a). The PQQ contents in the medium were determined as 11.2 ± 2.12 μg/mL by the enzy-

matic method, and 10.4 ± 0.37 μg/mL by the LC-MS/MS method (Fig 4b). The fact that the
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measured values were close suggests the reliability of each method. Due to the high reactivity

of PQQ with amino acids [19, 37, 38], there were concerns of PQQ reacting with amino acids

contained in the medium and the resultant PQQ derivatives being detected by the enzymatic

method. However, since both values were similar, we considered that the enzymatic method

allows for the selective detection of only PQQ. Additionally, the recovery rates were 74.1% in

Fig 3. (a) Product ion mass spectrum and ESI chromatograms of PQQ and 13C-PQQ. PQQ and 13C-PQQ standards (10 μM in 30%

(v/v) acetonitrile/10 mM DBAA aqueous solution) were each infused directly into the MS/MS apparatus at a flow rate of 5 μL/min. A

mixture of standards (2 pmol each) was analyzed by LC-MS/MS. (b) The proposed fragmentation pattern of PQQ and [U-13]

C-PQQ. (c) Calibration curve of PQQ by LC-MS/MS. Different amounts of PQQ (15–650 ng) were analyzed in the ESI mode.

Detailed analytical procedures are described in Materials and methods section.

https://doi.org/10.1371/journal.pone.0209700.g003
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Fig 4. (a) The scheme of PQQ extraction. (b) Chromatogram peaks of PQQ and 13C-PQQ (internal standard) from

medium extraction. Detailed analytical procedures are described in Materials and methods section.

https://doi.org/10.1371/journal.pone.0209700.g004

Determination of PQQ in foods by enzymatic and LC-MS/MS methods

PLOS ONE | https://doi.org/10.1371/journal.pone.0209700 December 21, 2018 9 / 14

https://doi.org/10.1371/journal.pone.0209700.g004
https://doi.org/10.1371/journal.pone.0209700


the enzymatic method and 79.2% in the LC-MS/MS method, suggesting the high accuracy of

each method. Given the above results, we considered that the optimized extraction method as

well as the enzymatic and LC-MS/MS methods could be applied to quantify the amounts of

PQQ in various samples.

We therefore applied the more convenient enzymatic method to the screening of foods that

were previously reported to contain PQQ (Fig 4a) [23, 24]. Consistent with previous studies, it

was confirmed that the PQQ level in foods was ng level (Table 1). The fact that the PQQ con-

tents in certain foods were either trace amounts or below detection limits may be due to the

difference in types or harvest times of foods. As a point of reference, the PQQ contents in

foods measured by our enzymatic method were closer to that of the previously reported

LC-MS/MS method [24] than the GC-MS method [23].

In addition to the foods that were previously reported to contain PQQ, with the use of the

enzymatic method, we conducted a screening of foods related to acetic acid bacteria, because

previous studies have shown that acetic acid bacteria possess PQQ biosynthetic genes [39, 40].

As a result, some of the foods that we conducted screening of contained high amounts of PQQ.

The concentrations of PQQ in Vinegar E–H were 1.94~5.59 ng/mL and more than three-fold

higher than beer which has previously been reported to contain relatively high amounts of

PQQ [24]. Since it was identified by the enzymatic method that vinegar F and H contained

especially high amounts of PQQ, we then tried to confirm the PQQ contents in these foods

with the use of the LC-MS/MS method (Fig 5a and 5b). Consequently, the PQQ contents in the

vinegar F and H were determined as 2.45 ± 0.06 ng/mL, and 4.34 ± 0.15 ng/mL by the LC-MS/

MS method. Clear peaks corresponding to PQQ were also identified, and hence confirmed that

these foods certainly contain a three-fold higher amount of PQQ compared to beer.

Given the above result, it was suggested that these methods were effective for screening of

foods. The LOD and LOQ of the enzymatic method were more sensitive compared with

Table 1. Concentration of PQQ in food samples determined by the enzymatic method.

Sample PQQ contents (ng/g fresh weight or ng/mL)

measured by the enzymatic method

Green Tea < 0.1

Oolong tea < 0.1

Beer 0.77 ± 0.17

Fermented soybeans N.D.

Green pepper 0.47 ± 0.03

Parsley < 0.1

Rape blossoms < 0.1

Spinach < 0.1

Tomato N.D.

Vinegar A < 0.1

Vinegar B 0.23 ± 0.02

Vinegar C 0.20 ± 0.00

Vinegar D 0.80 ± 0.04

Vinegar E 2.63 ± 0.15

Vinegar F 2.48 ± 0.10

Vinegar G 3.25 ± 0.22

Vinegar H 5.41 ± 0.42

Means ± SD (n = 3), N.D. = Not detected.

Detailed analytical procedures are described in Materials and methods section.

https://doi.org/10.1371/journal.pone.0209700.t001
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LC-MS/MS analysis, and the enzymatic method additionally allowed for the simultaneous

analysis of multiple samples. Also, given that the PQQ concentrations in medium determined

by the enzymatic and LC-MS/MS methods were similar, we considered that both methods

allow for the selective detection of only PQQ. As such, for the screening of PQQ in foods, the

enzymatic method was considered more beneficial than LC-MS/MS analysis. On the other

hand, LC-MS/MS MRM analysis was able to recognize PQQ specific structure and enabled to

use [U-13]C-PQQ as an internal standard. Moreover, the PQQ values in medium and vinegar

determined by LC-MS/MS analysis demonstrated smaller values of the coefficient of variation

than that of the enzymatic method. Therefore, LC-MS/MS analysis could be considered more

beneficial for precise quantification. Also, the LC-MS/MS method can allow for the determina-

tion of not only PQQ but also PQQ amino acid derivatives (formed by reaction of PQQ and

amino acids). In order to further elucidate the distribution of PQQ in foods, simultaneous

analysis of such PQQ derivatives may be necessary, and thereby LC-MS/MS analysis may be

useful to conduct such analysis in future studies. Moreover, adapting the developed method to

the analysis of biological samples may further enable the clarification of the absorption, metab-

olism, and physiological effects of PQQ.

Conclusion

In this study, enzymatic and LC-MS/MS methods were optimized to achieve an accurate anal-

ysis of PQQ in foods. By measuring the PQQ content in various foods with two methods, we

were able to identify that certain foods surely contain PQQ. The optimized methods were also

applied to the screening of foods containing large amounts of PQQ. As a result, we were able

to confirm that some foods related to acetic acid bacteria contain PQQ at relatively high con-

centrations. As mentioned above, PQQ supplementation has received attention as a possible

treatment for certain diseases including dementia and diabetes. Therefore, these foods with

high content of PQQ may further be applied as functional foods. Moreover, the methods

Fig 5. Chromatogram peaks PQQ and 13C-PQQ (internal standard) from extraction of vinegar F (a) and H (b). Detailed

analytical procedures are described in Materials and methods section.

https://doi.org/10.1371/journal.pone.0209700.g005
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optimized in this study may be applied to clarify the absorption, metabolism, and physiological

effects of PQQ.

Supporting information

S1 Fig. The measurement date of the medium and foods.

(XLSX)

Acknowledgments

We thank Junya Ito and Yurika Otoki (Food and Biodynamic Chemistry Laboratory, Graduate

School of Agricultural Science, Tohoku University, Sendai, Miyagi, 980–0845, Japan), and

Shunji Kato (Department of Cell Biology, Division of Host Defense Mechanism, Tokai Uni-

versity School of Medicine, Isehara, Kanagawa, 259–1193, Japan) for their technical assistance

in this study.

Author Contributions

Conceptualization: Chikara Kato, Kiyotaka Nakagawa.

Investigation: Chikara Kato, Emiko Kawai.

Methodology: Chikara Kato, Fumiko Kimura, Kiyotaka Nakagawa.

Project administration: Teruo Miyazawa, Kiyotaka Nakagawa.

Resources: Tsuyoshi Mikekado, Fumiko Kimura, Teruo Miyazawa, Kiyotaka Nakagawa.

Supervision: Teruo Miyazawa, Kiyotaka Nakagawa.

Validation: Chikara Kato, Emiko Kawai.

Visualization: Chikara Kato, Emiko Kawai.

Writing – original draft: Chikara Kato, Emiko Kawai, Naoki Shimizu, Kiyotaka Nakagawa.

Writing – review & editing: Tsuyoshi Mikekado, Fumiko Kimura, Teruo Miyazawa.

References

1. Salisbury S. A., Forrest H. S., Cruse W. B. T., Kennard O. A novel coenzyme from bacterial primary

alcohol dehydrogenases. Nature 1979; 280: 843–844. PMID: 471057

2. Duine J. A., Jzn J. F., Van Zeeland J. K. Glucose dehydrogenase from Acinetobacter calcoaceticus.

FEBS Letters 1979; 108: 443–446. PMID: 520586

3. Ameyama M., Matsushita K., Ohno Y., Shinagawa E., Adachi O. Existence of a novel prosthetic group,

PQQ, in mebrane-bound, electron transport chain-linked, primary dehydrogenases of oxidative bacte-

ria. FEBS Letters 1981; 130: 179–183. PMID: 6793395

4. Ameyama M., Shinagawa E., Matsushita K., Adachi O. D-glucose dehydrogenase of gluconobacter

suboxydans: solubilization, purification and characterization. Agricultural and Biological Chemistry

1981; 45: 851–861.

5. Killgore J., Smidt C., Duich L., Romero-Chapman N., Tinker D., Reiser K., et al. Nutritional importance

of pyrroloquinoline quinone. Science 1989; 245: 850–852. PMID: 2549636

6. Kasahara T., Kato T. Nutritional biochemistry: a new redox-cofactor vitamin for mammals. Nature 2003;

422: 832. https://doi.org/10.1038/422832a PMID: 12712191

7. Akagawa M., Minematsu K., Shibata T., Kondo T., Ishii T., Uchida K. Identification of lactate dehydroge-

nase as a mammalian pyrroloquinoline quinone (PQQ)-binding protein. Scientific Reports 2016; 6: 1–

19.

8. Felton L. M., Anthony C., Biochemistry: Role of PQQ as a mammalian enzyme cofactor? Nature 2005;

433: E10.

Determination of PQQ in foods by enzymatic and LC-MS/MS methods

PLOS ONE | https://doi.org/10.1371/journal.pone.0209700 December 21, 2018 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209700.s001
http://www.ncbi.nlm.nih.gov/pubmed/471057
http://www.ncbi.nlm.nih.gov/pubmed/520586
http://www.ncbi.nlm.nih.gov/pubmed/6793395
http://www.ncbi.nlm.nih.gov/pubmed/2549636
https://doi.org/10.1038/422832a
http://www.ncbi.nlm.nih.gov/pubmed/12712191
https://doi.org/10.1371/journal.pone.0209700


9. Mukai K., Ouchi A., Nakano M. Kinetic study of the quenching reaction of singlet oxygen by pyrrolo-

quinolinequinol (PQQH2, a reduced form of pyrroloquinolinequinone) in micellar solution. Journal of

Agricultural and Food Chemistry 2011; 59: 1705–1712. https://doi.org/10.1021/jf104420y PMID:

21309575

10. Kimura K., Takada M., Ishii T., Tsuji-Naito K., Akagawa M. Pyrroloquinoline quinone stimulates epithe-

lial cell proliferation by activating epidermal growth factor receptor through redox cycling. Free Radical

Biology and Medicine 2012; 53: 1239–1251. https://doi.org/10.1016/j.freeradbiomed.2012.07.015

PMID: 22824864

11. Zhang Q., Ding M., Gao X. R., Ding F. Pyrroloquinoline quinone rescues hippocampal neurons from glu-

tamate-induced cell death through activation of Nrf2 and up-regulation of antioxidant genes. Genetics

and Molecular Research 2012; 11: 2652–2664. https://doi.org/10.4238/2012.June.27.3 PMID:

22843070

12. Nunome K., Miyazaki S., Nakano M., Iguchi-Ariga S., Ariga H. Pyrroloquinoline quinone prevents oxida-

tive stress-induced neuronal death probably through changes in oxidative status of DJ-1. Biological and

Pharmaceutical Bulletin 2008; 31: 1321–1326. PMID: 18591768

13. Ohwada K., Takeda H., Yamazaki M., Isogai H., Nakano M., Shimomura M., et al. Pyrroloquinoline Qui-

none (PQQ) prevents cognitive deficit caused by oxidative stress in rats. Journal of Clinical Biochemis-

try and Nutrition 2008; 42: 29–34. https://doi.org/10.3164/jcbn.2008005 PMID: 18231627

14. Kim J., Kobayashi M., Fukuda M., Ogasawara D., Kobayashi N., Han S. W., et al. Pyrroloquinoline qui-

none inhibits the fibrillation of amyloid proteins. Prion 2010; 4: 26–31. PMID: 20083898

15. Takada M., Sumi M., Maeda A., Watanabe F., Kamiya T., Ishii T., et al. Pyrroloquinoline quinone a

novel protein tyrosine phosphatase 1B inhibitor activates insulin signaling in C2C12 myotubes and

improves impaired glucose tolerance in diabetic KK-Ay mice. Biochemical and Biophysical Research

Communications 2012; 428: 315–320. https://doi.org/10.1016/j.bbrc.2012.10.055 PMID: 23085227

16. Kumar N., Kar A. Pyrroloquinoline quinone (PQQ) has potential to ameliorate streptozotocin-induced

diabetes mellitus and oxidative stress in mice: A histopathological and biochemical study. Chemico-Bio-

logical Interactions 2015; 240: 278–290. https://doi.org/10.1016/j.cbi.2015.08.027 PMID: 26343954

17. Suzuki O., Kumazawa T., Seno H., Urakami T., Matsumoto T. Extractions of pyrroloquinoline quinone

from crude biological samples. Life Sciences 1990; 47: 2135–2141. PMID: 2176260

18. 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. Biochimica et biophy-

sica Acta—General Subjects 1992; 1156: 62–66.

19. Mitchell A. E., Jones A. D., Mercer R. S., Rucker R. B. Characterization of pyrroloquinoline quinone

amino acid derivatives by electrospray ionization mass spectrometry and detection in human milk. Ana-

lytical Biochemistry 1999; 269: 317–325. https://doi.org/10.1006/abio.1999.4039 PMID: 10222004

20. Bauerly K., Harris C., Chowanadisai W., Graham J., Havel P. J., Tchaparian E., et al. Altering pyrrolo-

quinoline quinone nutritional status modulates mitochondrial lipid and energy metabolism in rats. PLoS

ONE 2011; 6: e21779. https://doi.org/10.1371/journal.pone.0021779 PMID: 21814553

21. Harris C. B., Chowanadisai W., Mishchuk D. O., Satre M. A., Slupsky C. M., Rucker R. B. Dietary pyrro-

loquinoline quinone (PQQ) alters indicators of inflammation and mitochondrial-related metabolism in

human subjects. Journal of Nutritional Biochemistry 2013; 24: 2076–2084. https://doi.org/10.1016/j.

jnutbio.2013.07.008 PMID: 24231099

22. Smidt C. R., Bean-Knudsen D., Kirsch D. G., Rucker R. B. Does the intestinal microflora synthesize pyr-

roloquinoline quinone? BioFactors 1991; 3: 53–59. PMID: 1647778

23. Kumazawa T., Sato K., Seno H., Ishii A., Suzuki O. Levels of pyrroloquinoline quinone in various foods.

The Biochemical Journal 1995; 307: 331–333. PMID: 7733865

24. Noji N., Nakamura T., Kitahata N., Taguchi K., Kudo T., Yoshida S., et al. Simple and sensitive method

for pyrroloquinoline quinone (PQQ) analysis in various foods using liquid chromatography/electrospray-

ionization tandem mass spectrometry. Journal of Agricultural and Food Chemistry 2007; 55: 7258–

7263. https://doi.org/10.1021/jf070483r PMID: 17685628

25. Ameyama M., Nonobe M., Shinagawa E., Matsushita K., Adachi O. Method of enzymatic determination

of pyrroloquinoline quinone. Analytical Biochemistry 1985a; 151: 263–267.
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