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Absorbance

Fig.2 Changes in absorption spectra of oxyhemoglobin caused by the addition of 3-hydroxyanthralinic acid.
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Actinomycin D

Phenoxazine structure

Fig. 1 Chemical structure of actinomycin D
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Final concentra-

tion of 500 4 M 3-hydroxyanthralinic acid was added to oxyhemoglobin solution (100 M in heme), and the reaction was

performed at 25°C for 30 min.

The changes in absorption spectra of oxyhemoglobin were pursued between 500 nm and

650 nm. The increase in absorbance at 630 nm and decrease in absorbance at 578 nm are characteristic for the oxidation

of oxyhemoglobin.
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Table 1 Rates of oxidation of oxyhemoglobin and those of reduction of methemog-
lobin by 3-hydroxyanthralinic acid (3-HAT) and 3-hydroxykynurenine

(3-HKN).
Oxidation rates of oxyhemoglobin Reduction rates of methemoglobin
(«M/min) («M/min)
(+) 3-HAT (+) 3-HKN (+) 3-HAT (+) 3-HKN
0.52 0.52 1.75 0.31
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Fig.4  Process of cinnabarinic acid formation during the oxido-reductive reactions of hemoglobin with 3-hydroxyanthranilic acid
(3-HAT). 3-HAT is oxidized by oxyhemoglobin or methemoglobin, while oxyhemoglobin is oxidized by 3-HAT or
methemoglobin is reduced by 3-HAT. o0-Quinoimine is an oxidized form of 3-HAT
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Fig.3 Time course of cinnabarinic acid formation during
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Fig.5 Process of xanthommatin formation during the oxido-reductive reactions of hemoglobin with 3-hydroxykynurenine
(3-HKN). 3-HKN is oxidized by oxyhemoglobin or methemoglobin, while oxyhemoglobin is oxidized by 3-HKN or
methemoglobin is reduced by 3-HKN. o0-Quinoimine is an oxidized form of 3-HKN.
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Fig.7 Absorption spectra of the homogenates of brunescent

cataractous lenses with high pigmentation under
different conditions. The absorption spectra were
measured at different pHs and in [:1 chloroform/
methanol solution.
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Fig.8 Mechanism of xanthommatin formation in crystalline of the lens.
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Fig.9 Process of 2-aminophenoxazine-3-one (Phx-3) formation during the oxido-reductive reactions of hemoglobin with
o-aminophenol. o-Aminophenol was oxidized by oxyhemoglobin or methemoglobin, while oxyhemoglobin is oxidized
by o-aminophenol or methemoglobin is reduced by o-aminophenol. o-Quinoimine is an oxidized form of o-
aminophenol.mRNA expressions of IL-8, MCP-1 and RANTES, detected by RT-PCR, in  HDMEC 8 h after treatment
with neurotransmitters or TNF-¢. SP: substance P (10~*M), NA : noradrenaline (10 ng/ml), CGRP : calcitonin
gene-related peptide (107°M), TNF-« : tumor necrosis factor-a (500 U/ml).
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Fig. 10  Chemical structures of various o-aminophenol derivatives used for the biosynthesis of water-soluble phenoxazines during
the oxido-reductive reactions of hemoglobin.
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Fig. 11 These water-soluble phenoxazines were biosynthesized by the oxido-
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Inhibitory effects of Phx-1 on various carcinoma cell lines

Dose to cause 50% inhibition
of cell or tumor growth

llM mg/kg*
Meth A carcinoma cells — 5
KB cells (human epithermoid cell carcinoma) 20 =
Human leukemia cells (K562, HL-60, HAL-02) 5 2
Human lung adenocarcinoma cells (A549, H226) 50-70 —
Burkitt lymphoma (P3HR-1) 20 -
Human T cell lymphoblastoid cells (Molt-49 40 -
Human endometrial adenocarcinoma cells 50-100 —

(EN, KLE)

Glioma cells (rat C6) 2 0.02**

* Phx-1 was administered to mice, subaxillarily, once a day for 2 weeks.
** Rat C6 glioma cells were transplanted in nude mice, and Phx-1 was administered

subaxillarily, once a day for 2 weeks.

120

% Survival

0 10 20

30 40 50 60

Concentrations of Phx—1( u M)

Fig. 12 Anti-proliferative effects of Phx-1 on human epidermal carcinoma cell line, KB cells at various concentrations.
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T. invivo TO Phx-1 OFFAMEEIEISEIEH 2~ 7 X
EROWTHENE (K 13), Z0O%E. RO 72 12580
PUERITH % 5-FU Wz, ZORER, v 7 A
fii & 117z Meth A carcinoma cells 1% 5 mg/kg D5
THEESY A XD 40% Ha/NLU 72— 5. 5-FU 5.1
725 1E 7.8 mg/kg DGR THEE Y A X557 50%
fENU7zo 14 X[ 1513~ ZI25$ % Phx-1 OFl
fEH % 5-FU R L TR L7c b D TH S, 14 12
AT & DIT, 156 mg/kg D 5-FU S TIE~ 7 ADfE
HIIERE 10 BRI L, BT L1z, — 7.
Phx-1 #5813 20 mg/kg DIN TIIAAERAD b 72 < |
TS e r o 720 B 15 13 Phx-1 & 5-FU O IMHIIT
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Effect of Phx-1 and 5-FU on Meth A tumor growth in mice. BALB/c female mice, 8 weeks old, were transplanted s.
c. with 10° Meth A cells on day 0 and then daily given the compounds i.p. for 14 consecutive days starting with the day
of transplantation. O, Control; A, Phx-1 1mg/kg; A, Phx-1 5mg/kg; O, 5-FU 7.8 mg/kg; M, 5-FU 15.6
mg/kg. Each group included 10 mice except for the group dosed with Phx-1 5 mg/kg (nine mice). Data represent
the means=SEM. *p<0.05; **p<0.01 versus control.

Bodyweight gain (g)
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Days after the transplantation

Effect of Phx-1 and 5-FU on body weight of mice. See legend to Fig. 12 for the experimental protocol. The initial
body weight of the mice was 19.20.13 on day 0. O, Control; A, Phx-1 10 mg/kg; A, Phx-1 20 mg/kg; [J, 5-FU
7.8 mg/kg; M, 5-FU 15.6 mg/kg. Data represent the mean=SEM. *p<0.05; **p<0.01 versus control.
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Fig. 15

Effect of Phx-1 and 5-FU on leukocyte count in blood of mice.

5-FU (mg/kg)

BALB/c Female mice, 8 weeks old, were daily given

Phx-1 at doses of 10 and 20 mg/kg or 5-FU at doses of 7.8 and 15.6 mg/kg i.p. for 14 consecutive days. The leukocyte

counts in blood were measured the day after the final treatment with the compounds.
except for eight in the Phx-1 20 mg/kg and nine in the 5-FU 7.8 mg/kg groups at the beginning.

Each group consisted of 10 mice
Five of 10 mice died

by the day of the final treatment with 15.6 mg/kg of 5-FU. Open circles represent individual mice and closed circles

represent the means. **p<0.01 versus control.
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7 2 Y FIEE) BEROCFERER L L THE
HAESNBENCRENbDTH Y | FEEOFREH
WRIL TSR e Th o Tze L LRSS B
B BB OREHITH o7 2 L L THRE ST WL
Fetz . Beain i’ S U T OFHINIAE S e o7z,
1950 £E1C 7% D 2278 & 1E B RCEREINE T D 3 DY)

ID7r2AF A4V AL BESEEL, 25D
CERVERRTRT 2 E % in vitto DEBRR TIEA L
72D ZDTAFATY Y AL BOREKIZA NV T S
7z =k EnhsfkEans 27/ 72/
FHOVIF U THolco LBLENS, 7ATFA
A ¥ > (question+mycin) DZLHETDZE L Tz 72 D»
ZFOIERIZ DWW TOEMENZIZIEZ DRIT RS h
TV,

ANINT S )T/ —VEe~NEZTOE Y EDRIG
THEoN Phx3 12 D7 Ay A~ A ¥ BER—
MBETH-7:5, k7 AN NT I 72/ —IVOH
FEALAERC B9 2 B O3S 2> 57 40 572 6 TR
+:& Phx-3 2 & te/KisME 7 =/ 99 OPUEEE
FZMEtd 5 2 L0k o e, Z OREIZHPE Tl
7zo AIETIE Phx-1. Phx-2, Phx-3 OFiEYINER I
DWW S N WHTERER 2R 51822,

16 1Z77~% & 512, Phx-1 2F Vero flfid & 15
RIECRARE LizDb, R4 7 A VA RERET 5
LR A AV A OREFE R < ANF] S ¥, Phx-2
WOWTHEBERERPEO NI, L LR S,
Phx-1 % % i3 Phx2 & KV A4 7 A )V R % [FKF I
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Fig. 16  Antiviral effects of Phx-1 on poliovirus. Vero cells were seeded in a 96-well microplate at a density of 2X 105 to 3 X

10° cells per well in culture medium, and cultured at 37°C, for 2 days. Then, Phx-1 solution (20 mM) in DMSO diluted
with @-MEM, was added to the cells in each well, to be a final concentration onyg/ml (DMSO alone), 0.25 ﬂg/ml,
0.5 ug/ml, 1 gg/ml and 2 gg/ml.  After | hour incubation at 37°C, the supernatant was removed from the well by an
aspirator. At this time, poliovirus suspensions, which had been serially diluted with @-MEM to obtain a 50% tissue
culture infectious dose (TCIDy,), defined as dilution ratio of the virus to generate 50% disruption of the cells, were
inoculated into Vero cells in each well. Cells were then incubated at 37°C, for 1 hour. After the supernatant was
removed by an aspirator, various concentrations of Phx-1 solution were added to the cells in each well, and the cells were

incubated at 37°C, for 2 days.

Table 3

After 2 days, the disruption of Vero cells was determined.

Inhibitory effects of Phx-1, Phx-2 and Phx-3 on poliovirus, bovine parvovir-

us, Helicobacter pylori, mycobacteria and Escherichia coli

Minimum inhibitory concentrations (ug/ml)

Phx-1 Phx-2 Phx-3
Poliovirus 2 2 =
Bovine parvovirus 1 2 —
Helicobacter pylori — — 0.78
Mycobacterium scrofulaceum 2.8 1.4 2.8
Mycobacterium kansasii 225 11.3 >45
Mycobacterium tuberculosis >45 >45 >45
Escherichia coli >45 >45 >45

Vero MHfICERINS 2 &R Y A7 A4 Vv 2 DIEFEIZ 4 <
WHRIs N ote, 25 DFEEIL. Vero HfE% T
Phx-1 % Phx-2 THLBES 2 & | KNI R Y 47 4 L
ANHS S B GG A B = X ADFEH AT 2 2 & i
CARELTWS,

2 DK% A VA (SV40  virus,
herpes virus, Sindbis virus, vesicular stomatitis virus) =
DWTHREW7 =/ F9 Y~ Phxl 8 & O Phx-2
DIER Z[FIBRICHET L7223, BIfED &£ 25, RV 4
AWARETZIOVRY A )V A (porcine parvovirus) LA
HOTANAETH LTIV ANVAERBERE &
otz (3 3),

TZE (mycobacterium  tuberculosis) 19 % Phx-1.
Phx-2, Phx-3 OFEFICDOWTHET L 720822, Wi ho

human

7z FY Y ALEY S BEMHIER 3 » ot
(3R 3)o BADLF S OFER LB 5 - BH & LT,
TERLBE AT L T 2 TREME, URFORER & >
TWB e, BENEZ SN+ HiIx TE T
W, Fe, FEEEMEY A 2N T Y T ABEIZ DWW
TIITEFORREE X572 523, Phx-1, Phx-2, Phx-3 1%
mycobacterium scrofulaceum, Mycobacterium kansasii
Mycobacterium marinum, Mycobacterium intracellulare
5 ENC U COHEIEIIRER Y D 2 Z LR & iz,
NOSKEMET =/ F9 Y VITKBEZ EO—RHHE
WXL TIE A CHEIERE RS Role, e,
Helicobacter pylori V33145 B 45550 & 8 D &l
THEHZED TV, 77V 2u~vA v Pshciz
FEIPED L\ RILTH %, R 3WRT & 512 Phx-3 1%
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Helicobacter pylori \Z5F L CiRWHLETER 27~ L 7249,
KEWET = 7 FH9Y VEFEED 7 A v A P ikt
U CHETEINGIER 2 d 2 &, E70EE & g Ml
TEHL Ty A VAER 2R T 2 &0 o JifEYIH]
ELCHIHTE 2050 D %

VI. Phx-1 5L U Phx2 D;EHER) D /NBRIZXTT 5
HIHIER

Phx-1 38 & O Phx-2 [3RIMBREEEFR D 7 4 b~
INF = TEBE LI E N TS B2 ARE
WS PR CIEMAL L2 £ b B IR OHEEERE 2 3
FIL72w0, 2 ¢ BHIFCH S % Phx-1 DYEFIC DU
TR U720 17 13K R 1B 1) % DT40 fife (=7
N U B#fE) OEFEICHY % Phx-1 DIEFH %R, 50
uM RE O Phx-1 Tl MIEOMEIEIZIZ & A EES
Wi\, 512, ZORED Phx-1 ZEIIL 72 DT40
HIFIC D WT, PURRBIRC &L 2 ¥ 7 F R N
Teb 22, DEMHERTWE Z EDHO L ER S
7217, Zid DT40 MR B W T 2 EF F ARENE S
07 7Y =0 Phx-1 12 & D IEHAL S AR, Bk
SNl BHIFSZBETH 5 IgM B3RS N Twnw L 7z
DIz, A IgM OFBEMET L Twd Z ki

10 -

Cell number ( x10° cells mI™")

KH: AEET = Y OEYREEER
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kot IBZERENT (K18), TS DRE
. Phx-1 IZEHCRBEED L 5 ciEE s iy ~
NERDYEIR E e > T B EBOWGRHEIEE LT
ELAREMEL D B L RRIBL T2, & 512, Phx-1
X Gab2 & Akt DR &N T % ¥ 7 F WVARER % HIH
L. PURRRBIC X 2 iR e 258 < 32 2 & b
oo (192, 2D Lid. Phx-1 134N
TUNEF T AHIHIER 2 b o T3 2 L RR
W3 2,

VIL JKiBMT7 /392 ASEEn t 2ERHIZD
WT

{EFEER LT 7 =/ 59 Y AeEW K ES T
ThHY., EPEELIZEA LRV, —H, ~EZOE
v OEREORIG (1HEB) TERans 7/ F
Y NIHRRIAREETH Y | SR EYEE R
CEDBHS P LR ST ET, FYREREZRTICIEZD
RREPREEPEL TWDL EEZoND, 77 F
/%4 YD DNAWKA >~ ¥ —h v—1 (inter-
calate) 5 Z EDHISNTWAN AKEHET =/ F4
TUNEA I =V — ME LR,

Phx-1 DILZRHEIXESY 2> B, [=7 7Y | OB

Ll ‘ﬁ

T
12 18 24

Time (h)

Fig. 17 Effect of Phx-1 on cell growth in DT40 cells. Cells were seeded at 10° cells/ml and were cultured for 24 hours in the

presence of the indicated concentration of Phx-1.

Cell numbers were counted with a Coulter counter.
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Fig. 18  Effect of Phx-1 on IgM expression on B cell membrane following BCR (B cell receptor) stimulation.
pretreated with the indicated concentrations of Phx-1 for 12 hours and then stimulated with M4 for 2 min.

-— o-tubulin

DT40 B cells were
Cell lysates

were stripted and re-probed with an anti-IgM, anti-Syk or anti-e-tubulin antibody.
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Fig. 19

release of B-hexosaminidase from RBL-2H3 cells.

Phx-1 suppresses the antigen-induced degranulation from RBL-2h3 mast cells.
suppresses the release of S-hexosaminidase from RBL-2H3 cells.
Cells were maintained as monolayer cultures.

Treatment of RBL-2H3 cells with Phx-1
Treatment of RBL-2H3 cells with Phx-1 suppresses the
The cell monolayers

were cultured in the presence of either solvent (1% ethanol), compound Phx-1, or Phx-2 at the indicated concentrations

for 12 hours.

Cells were washed once with Tyrode-hepes buffer and then stimulated with either the antigen 2,
4-dinitrophenylated bovine serum albumin at the indicated concentrations (0, 30, 300 ng/ml) for 1 hour.

Prior to the

antigen stimulation, cells were primed with mouse monoclonal anti-dinitrophenyl IgE mAb at 1: 5000. The released
[3-hexosaminidase was recovered from the cultured medium.

BThsb7xrYr (K20) OIS ICEML T
Wb, BEINCE, KEET = 2 F Y 0nESy S v
B, D& LHEPIL T3 & & HEIWER D I W
ThodeEZOND, KEET =/ F9Y > DIbFEHE
X emodin® 7 RV 74 Y IZHEML Tw3

B, ZTNSLRELD L IF ) v OER E> Tk
WO THEMEBEDORHIZ 3w & & S M
WEEZ oMb, £/, BWEHPIERE T nDidK
BlhEchoEER DR Mzoh2 itk 2 &
bEZHND, LFEE LEH-BIWER & OfHEM
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Fig.20 Chemical structure of vitamine B2 (flavin), in comparison with Phx-1, emodin and adriamycin.
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Fig.21 Chemical structure of salvarsan, in comparison with o-aminophenol.
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Biological activities of water-soluble phenoxazines

Akio TOMODA

YDepartment of Biochemistry, Tokyo Medical University
2Division of Intractable Immune System Disease Research Center, Tokyo Medical University

Abstract

Phenoxazines are known as an elemental component of actinomycin D, which was discovered in the 1940s, and was
developed as an anti-cancer reagent. However, as actinomycin D has strong anti-cancer activity and adverse effects, and
synthetic actinomycin D derivatives could not overcome such adverse effects, the investigation for phenoxazines seems to have
been ceased. Actinomycin D is recognized to be a strong inhibitor of DNA dependent RNA polymerase, intercalating DNA.
Chemically synthesized phenoxazines exhibited little biological activity, due to their insolubility to water. Tomoda et al.
found, by chance, that 3-hydroxyanthranilic acid was converted quickly to cinnabrinic acid, a kind of water-soluble
phenoxazine, during the oxido-reductive reactions of hemoglobin. Furthermore, they discovered that o-aminophenol
derivatives are converted to water-soluble phenoxazines via oxido-reductive reactions of hemoglobin, or by erythrocytes.
These water-soluble phenoxazines were demonstrated to exert various biological activities such as anti-cancer effects, im-
munosuppressive effects on the activated lymphocytes, and anti-microbial effects, with little adverse effects in mice. Since
salvarsan discovered by Hata and Ehrlich about 100 years ago to treat syphilis is an arsenic compound of o-aminophenol, and
the World Conference of Dosing of Antiinfectives was held this year and celebrated the 150" birthday of Dr. Ehrlich, it is a
good opportunity to describe the recent research progress of water-soluble phenoxazines. The resent manuscript includes
several sections: 1) biosynthesis of cinnabarinic acid and its bioactivity, 2) xanthommatin, 3) oxido-reductive reactions of
hemoglobin by o-aminophenol and the production of 2-aminophenoxazine-3-one, 4) water-soluble phenoxazines which exert
anti-cancer effects. 5) anti-microbial effects of water-soluble phenoxazines, 6) immunosuppressive effects of water-soluble
phenoxazines, and 7) significance of the chemical structure of water-soluble phenoxazines.

(Key words> Water-soluble phenoxazines, bioactivities
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