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Mechanisms of fatal cardiotoxicity following high-dose cyclophosphamide therapy and
a method for its prevention
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We investigated the poorly understood cardiotoxic mechanisms of high-dose
cyclophosphamide (CY). A rat cardiac myocardial cell line, H9c2, was exposed to CY metabolized by S9
fraction of rat liver homogenate mixed with co-factors (CYS9). CYS9 exhibited myocardial cytotoxicity
when CY concentration was 250 y M or more. Inhibition of CYS9-induced cytotoxicity occurred with
N-acetylcysteine (NAC). Pre-treatment with NAC, however, did not inhibit the metabolism of CY: compared
to control samples, we observed no difference in 4-hydroxy-cyclophosphamide (HCY), a significant increase
of o-carboxyethyl-phosphoramide (CEPM%, and a significant decrease of acrolein. Furthermore, NAC
pre-treatment did not affect intracellular amounts of ROS produced by CYS9. Since acrolein seems to be
heavily implicated in the onset of cardiotoxicity, any competitive metabolic processing of CY that
reduces its transformation to acrolein is likely to be an important mechanism for preventing
cardiotoxicity.



CY

CY % 1

n

CY
(GVHD)

CcY
1
cYy
4-hydroxycyclophosphamide(HCY)
aldocyclophosphamide AldoCY
phosphoramide mustard PM

acrolein

ALDH

aldehyde
dehydrogenase
AldoCY

o-carboxyethylphosphoramide mustard

CEPM 2 1 CY
CY
1
CY : cyclophosphamide

HCY : 4-hydroxycyclophosphamide
r 1 CEPM : o—carboxyethylphosphoramide mustard
CY AldoCY: aldocyclophosphamide

PM : phosphoramide mustard
CYP2B6
CYP2C19
HCﬂ —— AldoCY

ALDH} Y?k?t& Fst Bt

(CEPM |Acrolein|+ PM

1. Cyclophosphamide M F 75X B R B&

HCY acrolein

cY

D

H9c2 S9
CY (CYS9)
MTT(3-(4,5-dimethyl-2-thiazolyl)

-2,5-diphenyl-2H-tetrazol iumbromide
LDH
GSH

N-acetylcysteine (NAC)
isorhamnetin (1S0) CYP
3 -ionone (BIO)
CY CYs9 cYy
liquid chromatography/tandem mass
spectrometry (LC/NS/MS) high
performance liquid chromatography (HPLC)

cYy
cell line HL-60
H9c2 cYy HCY, CEPM,
acrolein MTT
LDH
GSH
cY ALDH
NAC
ALDH
HCY
acrolein HPLC
cY CYs9
250u M cYy
CYs9 24 48
MTT 2A B
S9 CY CYs9
1 2 cYy

HCY CEPM acrolein

(2. CY{(EHitEF (CYS9) IREBEDILEES
120 n=3 120 n=3
HH IIIE“” |II
Elz = 22 I ‘
- - DCFH (H,0;) n=3
(u\ﬂ))! n=3 R =0 T
150 % _ mm
Cc % 0 1 2 (hr) D ) - - ‘59 Lf:‘u‘u
2C S9 CYS9
2D
NAC 1SO BIO CYS9
MTT LDH 3
I1ISO BIO CY
NAC
CY
NAC HCY
acrolein CEPM
4 CY



AldoCY ALDH

3. BIUEHREBERNER (C L DCYRBIMEHC LD
DEFEE DIIHIHIR

n=4
1 "
80 * 2.
&
1 .
W
Control

MTT cell wiability ()
&

A YS9 CYSHINAC (YSHHISO  CYSHBIO
100 n=3
E &0
S 1 : 4
z 20 7 i - :
z
S| B ‘N
B CY 250 s9 cysa NAC 1s0 BIO CYSO+NAC CYSHHSO  CYSHBIO
*p <005
CEPM 1
cy ALDH
GSH  CYS9
NAC
CcY
4. CYHEMIEHREROCYHEMIRE
{uM) CY (kM) HCY
a » N=3 A n=3
250 %
200 *
——cys9 ]
150 —S-NAC 20 B NA
80 80
100 —s0 —is0
50
0 0
0 1 2 (b - C the)
e CEPM i 0
n=3 n=3
30
e e ——CYs0
] it
50 BIO
—50 10
p < 0.0
(] = o
o 1 2 (hn) 0 1 2 ()
NAC
HL-60 CcY
CEPM

HCY acrolein

NAC HCY acrolein
NAC
GSH
HCY acrolein
ALDH NAC
( 5 HCY
acrolein

5. CYRBIMMRES KLUNACHA ICL B ALDHIEMDZEL

20000 n=6 8000

15000 6000

2000

ALDH aetivity fomol/min/mb)

Acr30: Acrolein 30uM
Acr30 T NAC: Acrolein 30uM + NAC 1m
HCY30: HCY 30puM

HCY30+NAC: HCY 30uM + NAC 1mM

CY acrolein NAC
acrolein GSH
ALDH CY
1) Emadi A et al., Nat Rev Clin Oncol.

2)

6:638-647, 2009
McDonald GB et al.,
101(5):2043-2048, 2003

Blood.

6

Nishikawa T, Miyahara E, Kurauchi K,
Watanabe E, lkawa K, Asaba K, Tanabe
T, Okamoto Y, Kawano Y. Mechanisms of
Fatal Cardiotoxicity following
High-Dose Cyclophosphamide Therapy
and a Method for Its Prevention. PLoS
One. , 26;10(6):e0131394,
2015.
DOI: 10.1371/journal .pone.0131394.
Watanabe E, Nishikawa T, lkawa K,
Yamaguchi H, Abematsu T, Nakagawa S,
Kurauchi K, Kodama Y, Tanabe T,
Shinkoda Y, Matsumoto K, Okamoto Y,
Takeda Y, Kawano Y. Trough Ilevel
monitoring of intravenous busulfan to
estimate the area under the plasma
drug concentration-time curve in
pediatric hematopoietic stem cell
transplant recipients. Int J Hematol.

, 102(5):611-6, 2015.
DOI: 10.1007/s12185-015-1853-6.
Inagaki J, Moritake H, Nishikawa T,
Hyakuna N, Okada M, Suenobu S, Nagai
K, Honda Y, Shimomura M, Fukano R,
Noguchi M, Kurauchi K, Tanioka S,
Okamura J. Long-Term Morbidity and
Mortality in Children with Chronic
Graft-versus-Host Disease Classified
by National Institutes of Health
Consensus Criteria after Allogeneic

Hematopoietic Stem Cell
Transplantation. Biol Blood Marrow
Transplant. , 21(11):1973-80,
2015.

DOI: 10.1016/j-bbmt.2015.07.025.
Nishikawa T, Okamoto Y, Maruyama S,
Tanabe T, Kurauchi K, Kodama Y,
Nakagawa S, Shinkoda Y, Kawano Y.
Acute encephalomyelitis complicated
with severe neurological sequelae
after intrathecal administration of
methotrexate in a patient with acute
lymphoblastic leukemia. Rinsho
Ketsueki . , 55(11):2306-10,
2014



Kodama Y, Okamoto Y, Shinkoda Y,
Tanabe T, Nishikawa T, Yamaki Y,
Kurauchi K, Kawano Y. Bone marrow
transplant for a girl with bone marrow
failure and cerebral palsy. Pediatr
Int. , 56(3):424-6.
DOI: 10.1111/ped.12297.
Miyahara E, Nishikawa T, Takeuchi T,
Yasuda K, Okamoto Y, Kawano Y,
Horiuchi M. Effect of myeloperoxidase
inhibition on gene expression
profiles in HL-60 cells exposed to 1,
2, 4,-benzenetriol. Toxicology.

, 20;317:50-57, 2014.
DO1:10.1016/j -tox.2014.01.007.

11

S-
GST Al M1 T1

ivBu
38

2016.3.3-5

HLA
DLI
57

2015.11.27-29
Nishikawa T, Miyahara E, Kurauchi K,
Okamoto Y, Kawano Y. High-dose
cyclophosphamide induced
cardiotoxicity: the roles of acrolein
and ALDH1 activity. 77

2015.10.16-18

cY
cY CYP
32
TDM
2015.5.23-24

busulfan -
limited sampling strategy 32

10.

11.

o

TDM
2015.5.23-24
85
2015.3.26-3.28
acrolein
ALDH1
85
2015.3.26-28
CY CY
CY
37
2015.3.5-7

Nishikawa T, Miyahara E, Kurauchi K,
Okamoto Y, Kawano Y. Mechanisms and
prevention of fatal cardiotoxicity
following high-dose cyclophosphamide
therapy. 76

2014.10.31-11.2

84

2014.5.25-27

-MPO 84

2014.5.25-27

NISHIKAWA, Takuro

90535725



