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Ultraphosphate, a potent stain control agent that is effective for both stain
removal and prevention of stain deposition
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Polyphosphate is a phosphate polymer which is effective for stain removal and prevention of stain deposition. Ultraphosphate belongs
to the polyphosphate group and has a highly branched mesh-like structure. To evaluate stain control ability of ultraphosphate, we
used HAP powder, glass-ionomer cement and detached human teeth for models of in vitro stain control experiments. When using HAP
powder, the stain removal ability of ultraphosphate was the highest among common chelating agents. In addition, ultraphosphate
efficiently removed stain and prevented stain deposition on glass-ionomer cement at 20°C and 37°C. Finally, ultraphosphate removed
coffee stain from human teeth surface efficiently and the color difference (AE*ab) before and after ultraphosphate treatment was
changed dramatically from 59.4 to 8.3. Similarly, the AE*ab value of human teeth treated with ultraphosphate before coffee treatment
was only 9.9, while the value without ultraphosphate pre-treatment was 21.2. These results indicate that ultraphosphate is a potent

agent for stain control.

Keywords: Polyphosphate, Stain, Ultraphosphate, Whitening

INTRODUCTION

Inorganic polyphosphates (poly(P)) are polymers that
are widely found in living organisms and natural foods.
They have been used as a food additive all over the
world, and have been subjected to many safety testsV.
Recently, poly(P) was shown to have many biological
functions such as in bone regeneration?, collagen
production?, regulation of gene expression?, regulation
of translation fidelity® and anti-bacterial and anti-fungal
properties®. In the dental field, poly(P) removes stain
and prevents stain deposition on teeth surfaces by its
chelating properties”. In addition, it has been reported
that poly(P) is clinically effective in treating periodontal
diseases?.

Conventionally, some attempts to add salts of
poly(P) to an oral composition such as dentifrice have
been made in order to remove stains on teeth. For
example, an oral composition has been reported in which
poly(P) 1s used together with menthol or anethole?,
pyrophosphates!®, and natural scrubbing agents'V.
However, these oral compositions and tooth cleaning
materials had some disadvantages, as the stain on the
tooth surface could not be completely removed with a
toothbrush. Accordingly, there has been a desire to
develop a stain remover that can not only effectively
remove stains from the tooth surface without any

damage, but also efficiently prevent stain deposition on
the tooth surface.

Ultraphosphates are known to possess antibacterial
properties, and have conventionally been used as
a food preservative'>'®. It was also reported that
ultraphosphates inhibit color change of a composition
containing tannin'¥. However, it has not yet been
reported whether ultraphosphates are capable of stain
removal.

Ultraphosphate is a kind of condensed phosphate
that 1s generated by polymerizing two or more PO,
tetrahydras to share an oxygen atom included in
other PO, tetrahydras'”. The condensed phosphates
are classified into poly(P), metaphosphates and
ultraphosphates based on the molar ratio of M;O/P;0O5
(M represents a monovalent metal typified by an alkali
metal). The poly(P) has an M;0/P;O5 molar ratio (R)
satisfying 2°R>1, and is a linear compound represented
by Formula (I):

Mm+2PmO3m+1 (I)

(m represents an integer of 2 or greater.)

The metaphosphate has an M;O/P,0O5; molar ratio (R)
of 1, and 1s a cyclic or extremely long linear compound
represented by Formula (II):
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Inorganic salts and intracellular

polyphosphate inclusions play a role in the
thermotolerance of the immunobiotic

Lactobacillus rhamnosus CRL 1505 ,PLOS ONE | ,2017
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Werner E.G. MUller et al; A biomimetic approach to ameliorate dental hypersensitivity by amorphous polyphosphatemicroparticles.Dent Mater : 2016



TRBEDR Y Y JIBRIZ L AFOFK e '8 18

P REDEIRIIVBRIIFGFEREILT HERFFIC. FGFEZEDLETE— (R) DFEE
REICL. REILT D, FGFORIFEHMN RFEFRIHIKC ETHRIBEFMEESN D,

e (%’Eé\.%ﬁ/m E N 1)
FOK Eﬂ: %
W4 SF R IR e R

FGFL 32— ﬁ
LETJ2—LDHE™
BEDEEI



None

Poly(P)

— 4

BAT 1 AT DFRIE

FTYRKPoRIE

BAT 1 A5— T CRIGRTFE

—— 4

350
300

M..

i

=5

—A— RU Y > EEALIE

- ALY U REALE

250

200
150

100

50

15




TH#HEY Y IBRoRA/INAR(R KOO

Y. Usui, T. Uematsu,et.al.:llnorganic Polyphosphate Induces Osteoblastic Differentiation:J Dent Res 89(5):504-509, 2010



E-JLARKLLOAEEAMEBART O A

( ) 8 mm

(1) Cementum

@ New bone



W R el AR TP W XN A

Cont Na-PO4
Poly(P) 5 Poly(P)60
Poly(P) | 30 Poly(P)300
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of bone resorption of osteoclasts.,, PLOS ONE, 8, 1ssue | |,e/8612 (201 3)
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Conferring the ability to utilize inorganic
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NAD kinase (NADK) is a crucial enzyme for production of NADP*. ATP-specific NADK prefers ATP to
inorganic polyphosphate [poly(P)] as a phosphoryl donor, whereas poly(P)/ATP-NADK utilizes both ATP
and poly(P), and is employed in industrial mass production of NADP*. Poly(P)/ATP-NADKs are
distributed throughout Gram-positive bacteria and Archaea, whereas ATP-specific NADKs are found in
G
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gative a- and y-p b ia and eukaryotes. In this study, we succeeded in conferring the ability
to utilize poly(P) on y-proteobacterial ATP-specific NADKs through a single amino-acid substitution; the
substituted amino-acid residue is therefore important in determining the phosphoryl-donor specificity of
y-proteobacterial NADKs. We also demonstrate that a poly(P)/ATP-NADK created through this method is
suitable for the poly(P)-dependent mass production of NADP*. , based on our results, we provide
insight into the evolution of bacterial NADKs, in particular, how NADKs evolved from poly(P)/
ATP-NADKSs into ATP-specific NADKs.

norganic polyphosphate [poly(P)], a polymer of orthophosphate (Pi) residues linked by high-energy phos-

phoanhydride bonds, is found in every organism from bacteria to animals. Poly(P) can be formed from Pi by

dehydration at elevated temperature and can also be produced by volcanic activity, implicating poly(P) as a
plausible prebiotic source of nucleoside triphosphate™*.

From the persp of industrial applications, poly(P) is a promising phosphoryl donor, with several advan-
tages relative to ATP in the context of enzymatic production of valuable phosphoryl compounds: poly(P) is
cheaper than ATP, and can be obtained more easily and economically at higher purity®. Large-scale industrial
production of NADP* has successfully utilized poly(P)/ATP-NAD kinase [poly(P)/ATP-NADK], which can
phosphorylate NAD" using poly(P) or ATP*. One practical limitation of poly(P)-dependent production, how-
ever, is that the capacity to use poly(P) is restricted to very few enzymes, including NADK, glucoki poly(P)
kinase, and poly(P):AMP phosph . C quently, the ioned poly(P)-dependent NADP -
production system is, to our knowledge, the only successful case of industrial use of poly(P); other valuable
compounds than NADP" have not been industrially produced due to the limited poly(P)-dependent enzymes. If
the ability to utilize poly(P) could be conferred on various ATP-specific enzymes, the enzymes will be industrially
useful to produce various valuable compounds. Therefore, it will be necessary to explore methods for conferring
the ability to utilize poly(P) on a more diverse set of ATP-specific enzymes. To this end, the structural determi-
nants of poly(P) utilization must be identified.

From the standpoint of evolution, poly(P) is a plausible source of nucleoside triphosphate, i.e., an ancient
energy carrier, as mentioned above. We have assumed that NADKs evolved from poly(P)/ATP-NADKs into
ATP-specific NADKSs, which prefer ATP to poly(P), and that recently diverged organisms obtained ATP-specific
NADKs during their evolution, based on the following: (i) it has been deduced that bacteria evolved from Gram-
positive bacteria or Archaea into G gative y-p t ia in the foll order: Gram-positive bacteria
(low G + C) (<=> Archaea) => Gram-positive bacteria (high G + C) => others (Gram-negative bacteria
except for p L ia) =>G gative &- and -p b ia => Gr: gative o-p b ja=>
G gative f-p t ia => G gative y-p t ia®’; (ii) poly(P)/ATP-NADKs are distrib-
uted throughout Gram-positive bacteria (e.g. Mycobacterium tuberculosis and Bacillus subtilis) and Archaea
(Methanococcus jannaschii and Pyrococcus horikoshii), whereas ATP-specific NADKs are found in Gram-nega-
tive o-p b tum (Sphi sp.Al),G gative y-p b ia (Escherichia coli and Salmonella
enterica), and eukaryotes including fungi, plants, and human®", However, it remains unclear how NADKs

SCIENTIFIC REPORTS | 3:2632 | DOI: 10.1038/srep02632 1
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Microarray analysis of the transcriptional
responses of Porphyromonas gingivalis to

2

Background: Polyphosphate (polyP) has bactericidal activity against a gram-negative periodontopathogen
Porphyromonas gingivalis, a black-pigmented gram-negative anaerobic rod. However, current knowledge about the
mode of action of polyP against P. gingivalis is incomplete. To elucidate the mechanisms of antibacterial action of
polyP against P. gingivalis, we performed the full-genome gene expression microarrays, and gene ontology (GO)
and protein-protein interaction network analysis of differentially expressed genes (DEGs).

Results: We successfully identified 349 up-regulated genes and 357 down-regulated genes (>1.5-fold, P < 0.05) in
P. gingivalis W83 treated with polyP75 (sodium polyphosphate, Na,5P,O3n1; N =75). Real-time PCR confirmed the
up- and down-regulation of some selected genes. GO analysis of the DEGs identified distinct biological themes.
Using 202 DEGs belonging to the biological themes, we generated the protein-protein interaction network based
on a database of known and predicted protein interactions. The network analysis identified biological meaningful

AEEBEFXFYITOEY DO URY LA F FEHOBERGFLFVLFal—F

=P, gingivalisREAICERSNI=ASI VOENBMLEAHEICLSIANI VOIRIL
—ERENEYHR L) 5A A H3polyPT5DFET TiEd L=,

polyP/iP. gingivalisOANI U RZZEZFH L. HIERTRET 2ETFHEDOWRZSISiE

G

BRIERXR FLARIBDTZ v TLFal—aviE. A VHEIREFHTTHRESAE:

MEICLDu-4 ¥V EY z LOREG LICHEMRE = HGBRICEET S
E. U-AXTVED T LOEENERET 56, P, DTN UZLW&‘IL’.Z FLARAZEEIE
Y RIREENH D

transposon function.

interaction network analysis

(.

clusters related to hemin acquisition, energy metabolism, cell envelope and cell division, ribosomal proteins, and

Conclusions: polyP probably exerts its antibacterial effect through inhibition of hemin acquisition by the bacterium,
resulting in severe perturbation of energy metabolism, cell envelope biosynthesis and cell division, and elevated
transposition. Further studies will be needed to elucidate the exact mechanism by which polyP induces up-regulation
of the genes related to ribosomal proteins. Our results will shed new light on the study of the antibacterial mechanism
of polyP against other related bacteria belonging to the black-pigmented Bacteroides species.

Keywords: Porphyromonas gingivalis, Polyphosphate, Transcriptome, Microarray, Gene ontology (GO), Protein-protein

J

Background

Inorganic polyphosphate (polyP) is a chain of few or
many hundreds of phosphate (Pi) residues linked by
high-energy phosphoanhydride [1]. polyP has attracted
considerable attention as a GRAS (generally recognized
as safe) food additive by FDA with antimicrobial proper-
ties that can prevent spoilage of food [2,3]. polyP inhibits
the growth of various gram-positive bacteria such as
Staphylococcus aureus [4-8], Listeria monocytogenes
[8,9], Sarcina lutea 7], Bacillus cereus [10], and mutans

* Correspondence: ljinyong@khu.ac.kr

'Department of Maxillofacial Biomedical Engineering, School of Dentistry,
and Institute of Oral Biology, Kyung Hee University, 26 Kyungheedae-ro,
Dongdaemun-gu, Seoul 130-701, Republic of Korea

Full list of author information is available at the end of the article

streptococci [11,12], and of fungi such as Aspergillus fla-
vus [5]. The ability of polyP to chelate divalent cations is
regarded as relevant to the antibacterial effects, contrib-
uting to cell division inhibition and loss of cell-wall in-
tegrity [5,13,14]. On the other hand, large numbers of
gram-negative bacteria including Escherichia coli and
Salmonella enterica serovar Typhimurium are capable of
growing in higher concentrations, even up to 10% of
polyP [5,7,15].

Periodontal disease is caused by bacterial infection
which is associated with gram-negative oral anaerobes.
In our previous study [16], polyP (Na,;»P,,O3,,1; n = the
number of phosphorus atoms in the chain) with different
linear phosphorus (Pi) chain lengths (3 to 75) demon-
strated to have antibacterial activity against Porphyromonas

- © 2014 Moon et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
( B|°Med Centra| Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.



D

1 11
- HT DTN 11 4 2
<] I Z14=3 N 1M
| K11 68 =1 A &
IN oz < ¢ S« 8 71 4d
N ERREDNK
L IE I S 1 EK
D] R
H A s i 10 L I
Ao IoD g N B B
| NEEED 1 e
< 41 [ {56 9T 4 i 3D H

2 fE )

U
—
—
LL}
—
—
-
J

- BWHRIEAEF AR Y U IR

-k YU IR0 E R

- BC#n



D

1 11
- HT DTN 11 4 2
<] I Z14=3 N 1M
| K11 68 =1 A &
IN oz < ¢ S« 8 71 4d
N ERREDNK
L IE I S 1 EK
D] R
H A s i 10 L I
Ao IoD g N B B
| NEEED 1 e
< 41 [ {56 9T 4 i 3D H

2 fE )

U
—
—
LL}
—
—
-
J

- BWHRIEAEF AR Y U IR

-k YU IR0 E R

- BC#n



JRikiYwHPF=J




FZJRw/ F2 0%
DOMIND THEORY/DOMIND PHENOMENON

Malaysia

Thailand

~ Indonesia
Burma

[ >—EHET BT NIERS/OLSIBEETIEALRETRIETDIEVS, AR
R D7 AN ERECHIT S TIEEENIEZ BR.

EEfB - DL TIIRS /S EHESS,
LT, —EHhdFHMNENIT. RIEEFEMICHIFHNECHETHIHGEIRZTIET
&1 5. (wikipedia)


https://ja.wikipedia.org/wiki/%E5%85%B1%E7%94%A3%E4%B8%BB%E7%BE%A9
https://ja.wikipedia.org/wiki/%E3%83%89%E3%83%9F%E3%83%8E
https://ja.wikipedia.org/wiki/%E5%86%B7%E6%88%A6
https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD
https://ja.wikipedia.org/wiki/%E5%A4%96%E4%BA%A4
https://ja.wikipedia.org/wiki/%E5%85%B1%E7%94%A3%E4%B8%BB%E7%BE%A9
https://ja.wikipedia.org/wiki/%E3%83%89%E3%83%9F%E3%83%8E
https://ja.wikipedia.org/wiki/%E5%86%B7%E6%88%A6
https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD
https://ja.wikipedia.org/wiki/%E5%A4%96%E4%BA%A4

ANIEZIEBEKITDIEDTHD. RI1
0TS E. BEIETDIFENDEMID

EEEFEE ESEEWEEZIDILDITR
D, CNZEI1—FT+4 RZJIHFKEE D,

Jo EX(TEABEEBD RS ) LEDERI IS
BXDEEMBEB< UIZVWEER DL DT
B, TNLAMCEERICBITAEDZ—F
R=_IRSRIL. ©OAMEINMENEOEEEL
IFICEEEFDT, EZEBERIDZEICKD
T, 7w 3a>, XA07vT, N7 —
AFAIL. =5ICETaME. ERINREICH
TDEEN AN EMSETTH D




¥F—LoHB®MY d—-1WH Y

SREREEMT WES L“ ‘ﬁ‘ EF Tl]



BECAMAFAEXBTINAL O,

. HEA nd A A S
45 Bt Loy ?NA70O7

- AR =»SC ?SRP? FLAP 7 GBR 7

o 718 w5
R IS B =Br ? IMPLANT 7 2B 7

CWUIED mf A KA—-RK?

+ HAIANIE w4727 TIAE—R?

. 5= == /4
2= mRTA NI ?TI—K7




BZII 7 Iy 7L VLD T\
LW O TH HOLHELAK L DO TH 72\

KLU OLDITEENE, BEsetEDL Y Y 73 5HT
’ELENETH 5,




Eeo—-—TF¢—-—FZJIJRYZIPATEEDA
=i

LEhidey

=]

el 1
YA L7 FRVE
|~V A —AJ&EIE

!
|

DY

TIIvIZANS. RITARMZVIZTDDREZERKDOEHWVWEEDH TIFERL




BAzIMLIAREOLIENRR

"HOEXEF(FREEVNCERE)ZEHRET IERIT—BMHREBFT(ROLGTWVEF)ZEHFETIBBLLEBLTHEEMFEISEEZIL S ENDH D,
FOPRTEHEHFIZ(RBYICTHIT HRAT7HEEICE M o=

" FAREMNER OBV I NERDEENMECCLEEEETZEHLER T I8FNSIMERIZH 1=,

(Omae T. Hen T.et.al.; Psychosomatic Aspects of the Patients with Esthetic Dissatisfaction,J Jpn Prosthodont Soc,37:4997504,1993)

EENEUIHWT, BRSIHERNAEBFRFEDEED30~70%[ZEoh DIFHE M EENDS
Hayasi K et al. T2 B H R ERME OB R —EZBNEBE LOMDO DY ZHRIDIC— BERBMESF 31(4):389—392, 2002

EREWARIZEDDFFEOE ST ZRAFEAEHE T DR THT=.

FICAEAE T HESFEICEHET HFEESLIUVAEEDREARICGEY, EBEBERIHEZRELTVTEIZE STV,

%?_ﬁjﬁﬁ;:%@%ﬁ?@*ﬁ?{j@4 GICEYEEZT ST, ERERRICENLTIEMEINDIEHFH PV CHICL B EMNLBEBNIEEREICTZEE R
Al He VS Ab So
[BHIFE EEEHR WOEENBEDDEICEZASIEE-F2H FEENEBZRICETS5BHERDBTM S HT— 8T EFEX27:14-20,2014

— B TH62% N M S DR EOMICE DR (D LS5 BV EEEE TS5
EBEE i ZEESEOLE-Z BEIEDNZHET Vr— MAZA o- EHEE3: 232-235,2001.




%?%%ﬁﬂjktniﬁ Vlms%i hULukiII:u

Tak Yy U NTrIadL

MJ

SAL7 -uav=_—=

PO IEICHER

BN T, BRAKRED K

#1%/9U—§ﬁ
SshTWw3,

3

E, BGE

\g—



Celso Santebanes

oD L VLD ?

INSTAGRAM®  ?

Rodrigo Alves

Valeria Lukyanova

>

>

BEOZEDIRNT « ZFICANSNL FETHI300HM (10ARY F) ME
#2488550/5 (657K K) LUE% DN 60EBORER £ DR L e i



D

1 11
- HT DTN 11 4 2
<] I Z14=3 N 1M
| K11 68 =1 A &
IN oz < ¢ S« 8 71 4d
N ERREDNK
L IE I S 1 EK
D] R
H A s i 10 L I
Ao IoD g N B B
| NEEED 1 e
< 41 [ {56 9T 4 i 3D H

2 fE )

U
—
—
LL}
—
—
-
J

- BWHRIEAEF AR Y U IR

-k YU IR0 E R

- BC#n



D

1 11
- HT DTN 11 4 2
<] I Z14=3 N 1M
| K11 68 =1 A &
IN oz < ¢ S« 8 71 4d
N ERREDNK
L IE I S 1 EK
D] R
H A s i 10 L I
Ao IoD g N B B
| NEEED 1 e
< 41 [ {56 9T 4 i 3D H

2 fE )

U
—
—
LL}
—
—
-
J

- BWHRIEAEF AR Y U IR

-k YU IR0 E R

- BC#n



W oRe % on T |







streptococcus mutans
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2) Yamada, T (1 9 8 7) :Regulation of glycolysis in streptococci ,Sugar transport and metabolism in Gram—positive
bacteria,) .Reizerand A.Peterkof-sky (ed. ) EllisHorwoodLimited,Chichester : 6 9 ~9 3
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Prevotella intermedia
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Aggregatibacter actinomycetemcomitans
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ATF  (adenosine triphosphate)
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ATP +H20 > ADP+PI EPYERBICEITZZOEE
AG” = -30.5 kd/mol (-7.3 kcal/mol) HEA S

EERDIRILF—EE,

ATP + H20 — AMP + PPi LTS X \
AG” = —45.6 kJ/mol (=10.9 keal/mol) PASNTL\S,
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ABSTRACT: Inorganic polyphosphate (polyP) is a polymer
composed of many orthophosphates linked together by
phosphoanhydride bonds. Recent studies demonstrate that in
addition to its important role in the function of micro-
organisms, polyP plays multiple important roles in the
pathological and physiological function of higher eukaryotes,
including mammalians. However, due to the dramatically
lower abundance of polyP in mammalian cells when
comparing to microorganisms, its investigation poses an
experimental challenge. Here, we present the identification
of novel fluorescent probes that allow for specific labeling of
synthetic polyP in vitro as well as endogenous polyP in living
cells. These probes demonstrate high selectivity for the

labeling of polyP that was not sensitive to a number of ubiquitous organic polyphosphates, notably RNA. Use of these
probes allowed us to demonstrate the real time detection of polyP release from lysosomes in live cells. Furthermore, we have
been able to detect the increased levels of polyP in cells with Parkinson’s disease related mutations.

27 Inorganic polyphosphate (polyP) is a linear polymer made up
28 of many orthophosphates linked together by phosphoanhydride
29 bonds identical to the ones found in ATP. PolyP is a biological
30 macromolecule, which has been found in all studied organisms
31 ranging from bacteria to humans."”” The amount and length of
32 polyP can vary depending on the organism. In mammalian
33 organisms polyP is found in sizes ranging from 10 to 100

3

34 phosphate groups.”* Although, it has been known for many
35 decades that polyP is present in the mammalian organisms, a
36 significant increase in the studies specifically addressing the
37 function of polyP only occurred in the past few years. A
38 number of reports from different groups indicate that polyP is
39 ubiquitous in the mammalian cells where it plays multiple and
40 diverse physiological roles. It has been demonstrated that polyP
41 plays a major role as a regulator of blood coagulation and pro-
42 inflammatory agent,s_7 acts as gliotransmitter in mammalian
43 brain,® modulatesTRPMS8 ion channel activity,” regulates cell
44 proliferation.'® Furthermore, it was proposed that polyP is
45 involved in mitochondrial bioenergetics processes” and in
46 activation and formation of the mitochondrial permeability
47 transition pore."”'” Combined, these data support the notion
48 that, similar to microorganisms, mammalian polyP is a versatile
49 biopolymer, which is critically important for physiological and

<7 ACS Publications  © Xxxx American Chemical Society

pathological cell function. One of the key challenges faced by s
the field of polyP studies is the very limited number of methods s;
for direct detection and investigation of polyP in mammalian s,
cells and tissues. One of the central experimental approaches in s3
polyP studies involves the use of a DAPI probe and fluorescent s4
microcopy.”*~"7 Although the DAPI probe has high affinity ss
toward polyP it is also known to interfere with other ¢
polyanions, notably RNA.'® In the case of low abundance of s;
polyP, as is the case in mammalian cells this could make data sg
interpretation difficult. Thus, currently usage of this approach is so
limited by the lack of polyP specific fluorescent probe. Earlier, ¢
we have demonstrated that in vitro screening with fluorescence ¢;
dye libraries can lead to the discovery of various selective 4,
imaging probes, such as DNA," RNA,* Hepalrin,21 GTP,* ¢
glutathione,23 and more.”* In this present work, we report the ¢4
discovery of novel highly selective polyP sensors from a s
benzimidazolinium dye library and its application for analytical 66
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Figure 3. Distribution of inorganic polyphosphate (polyP) in different types of live tissue preparations, using highly specific polyP probe JC-D7/DS8.
Mixed murine astrocytic-neuronal primary culture before (A) and after (Aa) loading with JC-D7; (Aa inset) kinetics of JC-D7/D8 loading into
cultured rat astrocytes; (B) whole Drosophila melanogaster brain; (C) acute brain slice from rat; (D) scanned image of higher magnification (smaller
scan area, note the scale bar) of the same slice preparation shown in panel C; (E) compartmentalization of polyP into rat astrocyte from primary
coculture.
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Targeted polyphosphatase expression alters
mitochondrial metabolism and inhibits
calcium-dependent cell death

Andrey Y. Abramov*, Cresson Fraley'™, Catherine T. Diao$, Robert Winkfein$, Michael A. Colicos$, Michael R. Duchen*,

Robert J. Frenchs, and Evgeny PavlovsT
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Santa Cruz, CA 95060-9754; and 8Department of Physiology and Biophysics, University of Calgary, 3330 Hospital Drive N.W., Calgary, AB, Canada T2N 4N1

Communicated by Arthur Kornberg, Stanford University School of Medicine, Stanford, CA, September 20, 2007 (received for review June 7, 2007)

Polyphosphate (polyP) consists of tens to hundreds of phosphates,
linked by ATP-like high-energy bonds. Although polyP is present in
mammalian mitochondria, its physiological roles there are obscure.
Here, we examine the involvement of polyP in mitochondrial
energy metabolism and ion transport. We constructed a vector to
express a mitochondrially targeted polyphosphatase, along with a
GFP fluorescent tag. Specific reduction of mitochondrial polyP, by
polyphosphatase expression, significantly modulates mitochon-
drial bioenergetics, as indicated by the reduction of inner mem-
brane potential and increased NADH levels. Furthermore, reduc-
tion of polyP levels increases mitochondrial capacity to accumulate
calcium and reduces the likelihood of the calcium-induced mito-
chondrial permeability transition, a central event in many types of
necrotic cell death. This confers protection against cell death,
including that induced by B-amyloid peptide, a pathogenic agent
in Alzheimer’s disease. These results demonstrate a crucial role
played by polyP in mitochondrial function of mammalian cells.

mitochondria | permeability transition | polyphosphate | g-amyloid
peptide | necrosis

he chemical and physical properties of polyphosphate

(polyP), including its high negative charge and its ability to
form complexes with Ca?* and to form high energy bonds,
underlie its potential to play an important role in cell metabo-
lism. Significant amounts of polyP have been found in bacteria
and in lower eukaryotes. In those organisms, it provides energy
storage and a reserve pool of inorganic phosphate, participates
in regulation of gene expression, protects cells from the toxicity
of heavy metals by forming complexes with them, and partici-
pates in channel formation through assembly into complexes
with Ca?* and polyhydroxybutyrate (PHB) (polyP/Ca**/PHB
complex) (1, 2) and possibly through interaction with channel-
forming proteins (3).

PolyP has also been found in all higher eukaryotic organisms
tested, where it is localized in various subcellular compartments,
including mitochondria (4). Furthermore, mitochondrial polyP
can form polyP/Ca?*/PHB complexes (5) with ion-conducting
properties similar to those of native mitochondrial permeability
transition pore (mPTP) (6). mPTP opening or formation in the
mitochondrial inner membrane is believed to underlie the Ca?*-
induced permeability transition (PT), a phenomenon that causes
inner membrane depolarization and disruption of ATP synthesis
and plays a central role during various types of necrotic and
apoptotic cell death (7). The molecular composition of the
conducting pathway of mPTP is currently not well defined.

Recently, we have raised the possibility that, in vivo, the polyP/
Ca?*/PHB complex might comprise the ion-conducting part of the
mPTP complex (6). If so, mitochondrial polyP should be essential
for mPTP opening/formation. Here, we examine the involvement
of polyP in normal mitochondrial function and in PT development
during stress. To this end, we specifically reduced levels of mito-

www.pnas.org/cgi/doi/10.1073/pnas.0708959104

chondrial polyP by targeted expression of yeast exopolyphosphatase
scPPX1 (8). We found that polyP affects both mitochondrial
metabolism and mitochondrial Ca?" accumulation. Furthermore,
reduction of mitochondrial polyP levels was profoundly protective,
dramatically reducing the probability of Ca?>*-induced PT. Asso-
ciated with this PT inhibition, cultured cell lines, as well as primary
cocultures of neurons and astrocytes, were protected from stress-
induced death.

Results

To test the generality of effects of PPX expression, we examined
several cell lines, including HepG2 (hepatic carcinoma cells),
HEK?293 (human embryonic kidney), and C2C12 (undifferenti-
ated mouse myoblasts), as well as primary cultures of astrocytes
and neurons from rat brain. In most cases, illustrations are
presented for HepG2 cells, but data did not differ significantly
among cell types.

Expression of a Polyphosphatase (PPX) in Mitochondria. Targeting and
functional activity of the heterologously expressed enzyme. To decrease
the amount of polyP specifically in mitochondria, we constructed
DNA encoding a fusion protein, MGP, composed of mitochon-
drially targeted GFP protein (MTS-GFP), and an exopolypho-
sphatase enzyme from yeast (scPPX1) that specifically hydro-
lyzes polyP into inorganic phosphate (8). Expression of MGP in
mitochondria of transiently transfected cells was confirmed by
confocal microscopy. Fig. 1a shows colocalization of the green
fluorescent signal from MGP protein with the red mitochondrial
TMRM signal. We confirmed the activity of the expressed
enzyme by measuring polyphosphatase (PPX) activity of mito-
chondrial lysate from cells transfected with MGP. PPX activity,
estimated from the rate of hydrolysis of synthetic poly 3?P into
orthophosphate, was ~500,000 pmol of Pi released per min/mg
of mitochondria lysate protein. No detectable endogenous PPX
activity was seen in lysate from mitochondria of nontransfected
cells (Fig. 10), whereas in the presence of the lysate containing
MGP protein, 95% of polyP was converted into Pi within 20 min
(Fig. 1c).

Author contributions: A.Y.A,, C.F,, C.T.D., R.W., M.A.C., M.R.D., R.J.F.,, and E.P. designed
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G. Umberto Meduri, M.D. Pierre Kory, M.D., M.P.A. Paul E. Marik, MD, FCCM, FCCP
Professor of Medicine Medical Dir., Trauma & Life Support Center Endowed Professor of Medicine
Division of Critical Care & Sleep Medicine Critical Care Service Chief Chief, Div. of Pulmonary & Critical Care Medicine
Univ. of Tennessee Health Science Center Associate Professor of Medicine Eastern Virginia Medical School
Memphis, Tennessee Univ. of Wisconsin School of Medicine & Norfolk, Virginia
Public Health
Jose Inglesias, D.O. Joseph Varon, M.D., FCCP, FCCM
Assoc. Prof., Hackensack Meridian School of Medicine at Seton Hall Professor of Acute & Continuing Care
Dept. of Nephrology & Critical Care / Community Medical Center The University of Texas Health Science Center
Dept. of Nephrology, Jersey Shore University Medical Center Chief of Staff & Chief of Critical Care
Neptune, New Jersey United Memorial Medical Center, Houston, Texas
Keith Berkowitz, M.D., M.B.A. Howard Kornfeld, M.D. Fred Wagshul, M.D.

Medical Director, Center for Balanced Health Medical Director, Recovery Without Walls Pulmonologist & Med. Dir., Lung Center of America
Voluntary Attending Physician, Lenox Hill Hosp.  Diplomate, Amer. Board of Emergency Medicine Clinical Instructor, Wright State University
New York, New York Mill Valley, California School of Medicine, Dayton, Ohio

— FOR IMMEDIATE RELEASE: April 7, 2020—
Front Line COVID-19 Critical Care Working Group

Urges Immediate Adoption of Early Intervention Protocol for Any
ER or Hospitalized Patient Developing Breathing Difficulty

A Treatment Strategy Directed at Suppressing Hyper-Inflammation
to Reduce the Need for Ventilators and Save Lives

Intravenous Methylprednisolone
Full Dose Low Molecular Weight Heparin
High Dose Intravenous Ascorbic Acid (Vitamin C)

NEW YORK, NY: Leading critical care specialists at five
academic or major hospitals who together have formed the
Front Line COVID-19 Critical Care Working Group, have
released a protocol for treating patients who arrive in hospitals
with COVID-19.

Based on available research, the experience in China reflected
by the Shanghai expert commission, and their decades-long
professional experiences in Intensive Care Units around the
country, the five experts strongly urge fellow physicians to
immediately adopt a change in strategy by delivering powerful
therapies earlier in the disease course, prior to admission to
the ICU or the need for a mechanical ventilator.

Based on early experiences with this more aggressive approach, they predict that early adoption of the
protocol will reduce ICU admissions, obviate the need for mechanical ventilators, and most importantly, save
many lives.

NOTE: The opinions expressed in this release do not necessarily represent the official
positions of any institutions with which the quoted physicians are affiliated.
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Department of Endocrinology & Nephrology University of Tokyo Hospital

Bone & Mineral Metabolism Lab
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HH :  News Wise Archaeological Researchers Find That Dental X-Rays Can Also Reveal Serious Vitamin D Problems in Living Patients
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Association of Vitamin D Status and Other Clinical Characteristics

With COVID-19 Test Results

David O. Meltzer, MD, PhD; Thomas J. Best, PhD; Hui Zhang, PhD; Tamara Vokes, MD; Vineet Arora, MD, MPP; Julian Solway, MD

Abstract

IMPORTANCE Vitamin D treatment has been found to decrease the incidence of viral respiratory
tract infection, especially in patients with vitamin D deficiency. Whether vitamin D is associated with
coronavirus disease 2019 (COVID-19) incidence is unknown.

OBJECTIVE To examine whether the last vitamin D status before COVID-19 testing is associated with
COVID-19 test results.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study at an urban academic
medical center included patients with a 25-hydroxycholecalciferol or 1,25-dihydroxycholecalciferol
level measured within 1year before being tested for COVID-19 from March 3 to April 10, 2020.
EXPOSURES Vitamin D deficiency was defined by the last measurement of
25-hydroxycholecalciferol less than 20 ng/mL or 1,25-dihydroxycholecalciferol less than 18 pg/mL
before COVID-19 testing. Treatment changes were defined by changes in vitamin D type and dose
between the date of the last vitamin D level measurement and the date of COVID-19 testing. Vitamin
D deficiency and treatment changes were combined to categorize the most recent vitamin D status
before COVID-19 testing as likely deficient (last level deficient and treatment not increased), likely
sufficient (last level not deficient and treatment not decreased), and 2 groups with uncertain
deficiency (last level deficient and treatment increased, and last level not deficient and treatment
decreased).

MAIN OUTCOMES AND MEASURES The outcome was a positive COVID-19 polymerase chain
reaction test result. Multivariable analysis tested whether vitamin D status before COVID-19 testing
was associated with testing positive for COVID-19, controlling for demographic and comorbidity
indicators.

RESULTS A total of 489 patients (mean [SD] age, 49.2 [18.4] years; 366 [75%] women; and 331
[68%] race other than White) had a vitamin D level measured in the year before COVID-19 testing.
Vitamin D status before COVID-19 testing was categorized as likely deficient for 124 participants
(25%), likely sufficient for 287 (59%), and uncertain for 78 (16%). Overall, 71 participants (15%)
tested positive for COVID-19. In multivariate analysis, testing positive for COVID-19 was associated
with increasing age up to age 50 years (relative risk, 1.06; 95% Cl, 1.01-1.09; P = .02); non-White race
(relative risk, 2.54; 95% Cl, 1.26-5.12; P = .009), and likely deficient vitamin D status (relative risk,
1.77; 95% Cl, 112-2.81; P = .02) compared with likely sufficient vitamin D status. Predicted COVID-19
rates in the deficient group were 21.6% (95% Cl, 14.0%-29.2%) vs 12.2%(95% Cl, 8.9%-15.4%) in the
sufficient group.

(continued)

[5 Open Access. This is an open access article distributed under the terms of the CC-BY License.

Key Points

Question s vitamin D status, reflecting
vitamin D levels and treatment,
associated with test results for
coronavirus disease 2019 (COVID-19)?

Findings In this cohort study of 489
patients who had a vitamin D level
measured in the year before COVID-19
testing, the relative risk of testing
positive for COVID-19 was 1.77 times
greater for patients with likely deficient
vitamin D status compared with patients
with likely sufficient vitamin D status, a
difference that was statistically
significant.

Meaning These findings appear to
support a role of vitamin D status in
COVID-19 risk; randomized clinical trials
are needed to determine whether broad
population interventions and
interventions among groups at
increased risk of vitamin D deficiency
and COVID-19 could reduce COVID-19
incidence.

+ Supplemental content

Author affiliations and article information are
listed at the end of this article.

JAMA Network Open. 2020;3(9):€2019722. doi:10.1001/jamanetworkopen.2020.19722
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Effects of Vitamin D Supplementation
and Seasonality on Circulating
Cytokines in Adolescents: Analysis of
Data From a Feasibility Trial in
Mongolia

Sergey Yegorov?*, Sabri Bromage?, Ninjin Boldbaatar* and Davaasambuu Ganmaa?®®

" Department of Pedagogical Mathematics and Natural Science, Faculty of Education and Humanities, Suleyman Demirel
University, Aimaty, Kazakhstan, 2 Department of Biology, School of Science and Humanities, Nazarbayev University,
Nur-Sultan, Kazakhstan, ° Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA, United States,
4 Department of Radiation Oncology, Dana-Farber Cancer Institute, Brigham and Women’s Hospital, Boston, MA,

United States, ° Channing Division Network of Medicine, Brigham and Women'’s Hospital, Harvard Medical School, Boston,
MA, United States

Vitamin D deficiency is prevalent in human populations and has been linked to
immune dysfunction. Here we explored the effects of cholecalciferol supplementation
on circulating cytokines in severely vitamin D deficient [blood 25(OH)D << 30 nmol/L]
adolescents aged 12-15 from Mongolia. The study included 28 children receiving
800 IU daily cholecalciferol for 6 months spanning winter and spring, and 30 children
receiving placebo during the same period. The levels of 25(0OH)D were assessed at
baseline, 3 and 6 months. Twenty-one cytokines were measured in serum at baseline
and at 6 months. Changes in 25(0OH)D and cytokines were assessed using paired
parametric tests. The median blood 25(0OH)D concentration at baseline was 13.7 nmol/L
(IQR = 10.0-21.7). Supplementation tripled blood 25(OH)D levels (p < 0.001) and was
associated with elevated interleukin (IL)-6 (o = 0.043). The placebo group had reduced
macrophage inflammatory protein (MIP)-1a (o = 0.007) and IL-8 (p = 0.034) at 6 months.
Although limited by a small sample size, these findings suggest that cholecalciferol
supplementation and seasonality may impact systemic immunity in adolescents,
identifying chemokines as potentially important biomarkers of vitamin D status in this
Northeast Asian population. Larger clinical trials are warranted to validate these results.

Clinical Trial Registration: www.ClinicalTrial.org, Identifier: NCT01244204.

Keywords: vitamin D deficiency, cholecalciferol supplementation, cytokines, chemokines, Mongolia, Northeast
Asia, adolescents

INTRODUCTION

Accumulating evidence indicates that vitamin D has important non-skeletal functions, particularly
in the immune system (1-5). Thus, vitamin D deficiency has been associated with increased risk
for diseases tightly linked to immune function, such as autoimmune conditions and respiratory
tract infections (1, 4-6). Notably, a recent meta-analysis found that vitamin D supplementation
significantly reduced the risk of acute respiratory infections most prominently in individuals
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The effectiveness of eye-closure in repeated ’I ' I: l ) — —
interviews E C N o

Annelies Vredeveldt'?*, Alan D. BaddeleyI and Graham |. Hitch'

'Department of Psychology, University of York, UK AN e N7 A
Department of Psychology, University of Cape Town, South Africa EI ¢% h \ \1 _H_ %ﬁ é n E @ I @ 9 — — |
= i \ Al A 5 C '

Purpose. Closing the eyes during recall can help witnesses remember more about a
witnessed event. This study examined the effectiveness of eye-closure in a repeated recall
paradigm with immediate free recall followed | week later by both free and cued recall.

We examined whether eye-closure was more or less effective during the second free-

recall attempt compared with the first, whether eye-closure during the first recall attempt ~

had animpact on subsequent free- and cued-recall performance, and whether eye-closure

during the second free recall could facilitate the recall of new, previously unreported, o

information (reminiscence).

Legal and Criminological Psychology (2013)
© 2013 The British Psychological Society

Ll

Method. Participants witnessed a videotaped event and participated in a first free-recall
attempt (with eyes open or closed) a few minutes later. After a week, they provided
another free recall, followed by a cued-recall interview (with eyes open or closed)

Results. Eye-closure during the first free-recall attempt had no significant effect on “ E
performance during any of the recall attempts. However, eye-closure during the second — I
session increased the amount of correct visual information reported in that session by \ Il‘.\ ‘

36.7% in free recall and by 35.3% in cued recall, without harming testimonial accuracy.
Crucially, eye-closure also facilitated the recall of new, previously unreported visual
information.

Conclusions. The findings extend previous research in showing that the eye-closure \‘ ’ &

instruction can still be effective when witnesses are interviewed repeatedly, and thatit can '

facilitate the elicitation of new information. Thus, the eye-closure instruction constitutes \ I

a simple and time-efficient interview tool for police interviewers. J o E

While trying to retrieve a distant memory, people often close their eyes or look at the sky.

Research has shown that this behaviour is functional: when adults and children are ‘\ ~ \\
instructed to close their eyes, they perform better on tests involving general knowledge, f \ —

mathematics, verbal reasoning and visuospatial imagination (Glenberg, Schroeder, & L \ \ I ~
Robertson, 1998; Markson & Paterson, 2009; Phelps, Doherty-Sneddon, & Warnock, \ L

2006). Closing the eyes during an investigative interview also helps eyewitnesses
remember more about witnessed events (Mastroberardino, Natali, & Candel, 2012;

—
*Correspondence should be addressed to Annelies Vredeveldt, Department of Psychology, University of Cape Town, Private Bag ~
X3, Rondebosch, Cape Town 7701, South Aftica (e-mail: anneliesvredeveldt@gmail.com). \‘
DOLI10.1111/lerp.12013 ‘J o
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Zinc deficiency causes delayedATP clearance and adenosine generation in rats
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Microarray analysis of the transcriptional
responses of Porphyromonas gingivalis to

polyphosphate

Ji-Hoi Moon'?, Jae-Hyung Lee'? and Jin-Yong Lee'”

Abstract

transposon function.

interaction network analysis
N\

Background: Polyphosphate (polyP) has bactericidal activity against a gram-negative periodontopathogen
Porphyromonas gingivalis, a black-pigmented gram-negative anaerobic rod. However, current knowledge about the
mode of action of polyP against P. gingivalis is incomplete. To elucidate the mechanisms of antibacterial action of
polyP against P. gingivalis, we performed the full-genome gene expression microarrays, and gene ontology (GO)
and protein-protein interaction network analysis of differentially expressed genes (DEGs).

Results: We successfully identified 349 up-regulated genes and 357 down-regulated genes (>1.5-fold, P < 0.05) in
P. gingivalis W83 treated with polyP75 (sodium polyphosphate, Na,;>P,O3n41; N = 75). Real-time PCR confirmed the
up- and down-regulation of some selected genes. GO analysis of the DEGs identified distinct biological themes.
Using 202 DEGs belonging to the biological themes, we generated the protein-protein interaction network based
on a database of known and predicted protein interactions. The network analysis identified biological meaningful
clusters related to hemin acquisition, energy metabolism, cell envelope and cell division, ribosomal proteins, and

Conclusions: polyP probably exerts its antibacterial effect through inhibition of hemin acquisition by the bacterium,
resulting in severe perturbation of energy metabolism, cell envelope biosynthesis and cell division, and elevated
transposition. Further studies will be needed to elucidate the exact mechanism by which polyP induces up-regulation
of the genes related to ribosomal proteins. Our results will shed new light on the study of the antibacterial mechanism
of polyP against other related bacteria belonging to the black-pigmented Bacteroides species.

Keywords: Porphyromonas gingivalis, Polyphosphate, Transcriptome, Microarray, Gene ontology (GO), Protein-protein

Background

Inorganic polyphosphate (polyP) is a chain of few or
many hundreds of phosphate (Pi) residues linked by
high-energy phosphoanhydride [1]. polyP has attracted
considerable attention as a GRAS (generally recognized
as safe) food additive by FDA with antimicrobial proper-
ties that can prevent spoilage of food [2,3]. polyP inhibits
the growth of various gram-positive bacteria such as
Staphylococcus aureus [4-8), Listeria monocytogenes
[8,9], Sarcina lutea (7], Bacillus cereus [10], and mutans
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'Department of Maxillofacial Biomedical Engineering, School of Dentistry,
and Institute of Oral Biology, Kyung Hee University, 26 Kyungheedae-ro,
Dongdaemun-gu, Seoul 130-701, Republic of Korea
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() BioMed Central

streptococci [11,12], and of fungi such as Aspergillus fla-
vus [5]. The ability of polyP to chelate divalent cations is
regarded as relevant to the antibacterial effects, contrib-
uting to cell division inhibition and loss of cell-wall in-
tegrity [5,13,14]. On the other hand, large numbers of
gram-negative bacteria including Escherichia coli and
Salmonella enterica serovar Typhimurium are capable of
growing in higher concentrations, even up to 10% of
polyP [5,7,15].

Periodontal disease is caused by bacterial infection
which is associated with gram-negative oral anaerobes.
In our previous study [16], polyP (Na,,>P,O3,,1; n = the
number of phosphorus atoms in the chain) with different
linear phosphorus (Pi) chain lengths (3 to 75) demon-
strated to have antibacterial activity against Porphyromonas

© 2014 Moon et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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Polyphosphate [poly(P)] has antibacterial activity against various Gram-positive bacteria. In contrast,
Gram-negative bacteria are generally resistant to poly(P). Here, we describe the antibacterial character-
ization of poly(P) against a Gram-negative periodontopathogen, Porphyromonas gingivalis. The MICs of
pyrophosphate (Na,P,0,) and all poly(P) (Na,, , ,P,0;, . ;37 = 3 to 75) tested for the bacterium by the
agar dilution method were 0.24% and 0.06%, respectively. Orthophosphate (Na,HPO,) failed to inhibit
bacterial growth. Poly-P75 was chosen for further study. In liquid medium, 0.03% poly-P75 was bacteri-
cidal against P. gingivalis irrespective of the growth phase and inoculum size, ranging from 10° to10°
cells/ml. UV-visible spectra of the pigments from P. gingivalis grown on blood agar with or without
poly-P75 showed that poly-P75 reduced the formation of p-oxo bisheme by the bacterium. Poly-P75
increased hemin accumulation on the P. gingivalis surface and decreased energy-driven uptake of hemin
by the bacterium. The expression of the genes encoding hemagglutinins, gingipains, hemin uptake loci,
chromosome replication, and energy production was downregulated, while that of the genes related to iron
storage and oxidative stress was upregulated by poly-P75. The transmission electron microscope showed
morphologically atypical cells with electron-dense granules and condensed nucleoid in the cytoplasm.
Collectively, poly(P) is bactericidal against P. gingivalis, in which hemin/heme utilization is disturbed and

oxidative stress is increased by poly(P).

Inorganic polyphosphate [poly(P)] is a ubiquitous com-
pound found in bacteria, fungi, algae, plants, and animals. The
poly(P) found in the organisms is a chain of a few or many
hundreds of phosphate (P;) residues linked by high-energy
phosphoanhydride. It performs varied functions in bacteria: it
can serve as an ATP source and substitute, it is a strong
chelator of metal ions and thus can regulate the levels of the
ions in the cells, it is a channel for DNA entry, and it is a
regulator that contributes to bacterial resistance and survival
under stress and stringent conditions (18). Therefore, intracel-
lular poly(P) is considered a virulence factor of microorgan-
isms.

In contrast, exogenous poly(P) has attracted considerable
attention as an antimicrobial agent, since it can prevent spoil-
age of food (29, 32), and it is listed as a GRAS (generally
recognized as safe) food additive by the FDA. Poly(P) inhibits
the growth of various Gram-positive bacteria, such as Staphy-
lococcus aureus (14, 17, 22, 35, 52), Listeria monocytogenes (37,
52), Sarcina lutea (35), Bacillus cereus, and Lactobacillus, and
of fungi, such as Aspergillus flavus (17, 28). Concerning oral
bacteria, mutans streptococci were first found to be inhibited
by condensed phosphate, resulting in a decrease of plaque
formation and dental caries (5, 39). The ability of poly(P) to
chelate divalent cations is regarded as relevant to the antibac-
terial effects of poly(P), contributing to cell division inhibi-
tion and loss of cell wall integrity (17, 24, 28, 35). Therefore,
relatively little attention has been directed toward the effect

* Corresponding author. Mailing address: Department of Maxillo-
facial Biomedical Engineering, School of Dentistry, Kyung Hee Uni-
versity, 1 Hoegi-dong, Dongdaemun-gu, Seoul 130-701, Republic of
Korea. Phone: 82-2-961-0598. Fax: 82-2-960-2838. E-mail: ljinyong
(@khu.ac.kr.

¥ Published ahead of print on 22 November 2010.

of poly(P) on Gram-negative bacteria, in which the divalent
cation is considered less important for membrane stability.
In fact, Gram-negative bacteria are generally more resistant
than Gram-positive organisms to poly(P); large numbers of
Gram-negative bacteria, including Escherichia coli and Sal-
monella enterica serovar Typhimurium, are capable of grow-
ing in higher concentrations, even up to 10%, of poly(P) (17,
34, 35).

Poly(P) does not generally exert any adverse effect on the
body when used locally and orally within the range of MICs
determined for various bacteria (20). In addition, poly(P) can
stimulate bone formation (11). Thus, poly(P) seems to be a
promising substance for treatment of periodontal diseases,
promoting bone regeneration. Before clinical application of
poly(P) as a controlling agent for periodontal diseases can
begin, the effect of poly(P) on periodontopathogens must be
defined.

Porphyromonas gingivalis is a Gram-negative, black-pig-
mented anaerobe associated with several periodontal diseases
(9). Iron is a nutrient that is indispensable for the growth of
almost all living organisms, including P. gingivalis, and plays a
crucial role in the establishment and progression of infection
(40). P. gingivalis lacks members of the protoporphyrin IX
synthetic pathway but requires hemin (Fe®"-protoporphyrin
IX, also known as heme and Fe*"-protoporphyrin IX, depend-
ing upon the oxidation state of the iron atom in the center of
the molecule) as a cofactor for fumarate reductase and cyto-
chromes, so the bacterium must acquire the nutrient from the
environment (1, 6). P. gingivalis derives hemin via hemagglu-
tination, hemolysis, and proteolysis of hemoglobin (4, 42) and
stores hemin on the cell surface in p-oxo dimeric form {pw.-oxo
bisheme, [Fe(III)PPIX,]O}. This surface-bound p-oxo
bisheme serves not only as a scavenger of hemin, which in high
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