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Aldo-keto reductase 1C15 as a quinone reductase in rat endothelial
cell: Its involvement in redox cycling of 9,10-phenanthrenequinone
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Abstract

9,10-Phenanthrenequinone (9,10-PQ), a redox-active quinone in diesel exhausts, triggers cellular apoptosis via reactive
oxygen species (ROS) generation in its redox cycling. This study found that induction of CCAAT/enhancer-binding protein-
homologous protein (CHODP), a pro-apoptotic factor derived from endoplasmic reticulum stress, participates in the mechanism of rat
endothelial cell damage.The 9,10-PQ-mediated CHOP induction was strengthened by a proteasome inhibitor (MG132) and
the MG132-induced cell sensitization to the 9,10-PQ toxicity was abolished by a ROS inhibitor, suggesting that ROS gen-
eration and consequent proteasomal dysfunction are responsible for the CHOP up-regulation caused by 9,10-PQ. Aldo-keto
reductase (AKR) 1C15 expressed in rat endothelial cells reduced 9,10-PQ into 9,10-dihydroxyphenanthrene concomitantly
with superoxide anion formation, implying its participation in evoking the 9,10-PQ-redox cycling. The 9,10-PQ-induced
damage was augmented by AKR1C15 over-expression. 9,10-PQ also provoked the AKR1C15 up-regulation, which sensi-
tized against the quinone toxicity. These results suggest the presence of a negative feedback loop exacerbating the quinone
toxicity in rat endothelial cells.

Keywords: 9, 10-Phenanthrenequinone, aldo-keto reductase 1C15, redox cycling, oxidative stress, endoplasmic reticulum stress

Abbreviations: AKR, aldo-keto reductase; BAE, bovine aortic endothelial; CHOBR CCAAT/enhancer-binding protein-homol-
ogous protein; CuZnSOD, copper, zinc-superoxide dismutase; 9,10-DAB 9,10-diacetoxyphenanthrene; DER diesel exhaust parti-
cles; DMEM, Dulbecco’s modified Eagle medium; DMSO, dimethylsulphoxide; DPBS, Dulbecco’s phosphate-buffered saline; ER,
endoplasmic reticulum; FBS, foetal bovine serum, 4HNE, 4-hydroxy-2-nonenal; Keapl, Kelch-like ECH-associated protein 1; Nrf2,
nuclear factor erythroid 2-related factor 2; 8-OHdAG, 8-hydroxydeoxyguanosine; PARE poly (ADP-ribose) polymerase; 9,10-PQ, 9,10-
phenanthrenequinone; 9,10-POH ,, 9, 10-dihydroxyphenanthrene; PEG-cat, polyethylene glycol-conjugated catalase; PERK, double
stranded RNA-activated protein kinase-like endoplasmic reticulum kinase; ROS, reactive oxygen species.

Introduction .. .
enter the systemic circulation and to cause vascular

Chronic inhalation of urban air pollutants is thought
to be a major risk factor for respiratory diseases,
including asthma, bronchitis and carcinoma [1-4].
Among the pollutants, particle matters under 2.5 um
such as diesel exhaust particles (DEP) not only easily
reach pulmonary alveoli but also accumulate through-
out the lungs, thereby leading to severe inflammatory
disorders [5,6]. In addition, the particles seem to

cell injury [7-9]. DEP consist of a carbon core and
the surrounding organic components, such as polycy-
clic aromatic hydrocarbons, nitroaromatic hydrocar-
bons, heterocyclics, aldehydes and quinones [10].
One of the most toxic compounds found in DEP is
9,10-phenanthrenequinone (9,10-PQ), which is con-
sidered to induce apoptotic cell death [11] mainly due
to excessive generation of reactive oxygen species
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(ROS) in its redox cycling [12-14]. The 9,10-PQ
redox cycling is initiated by reduction of the o-quinone
by NADPH-dependent reductases, in which the res-
ulting 9,10-dihydroxyphenanthrene (9,10-PQH,) is
rapidly converted into 9,10-PQ through its semiqui-
none radical in the presence of molecular oxygen,
concomitantly with generation of ROS such as super-
oxide anion and hydrogen peroxide. Previous studies
proposed NADPH-cytochrome P450 reductase
[15,16] and carbonyl reductase [12,13] as potential
reductases involved in the redox cycling. In addition,
we recently found that L-xylulose reductase and aldo-
keto reductase (AKR) 1C3 function as the predomi-
nant 9,10-PQ reductases in human T-lymphoma [17]
and endothelial cells [18], respectively.

The AKR superfamily is comprised of more than
140 members that are in general cytosolic NAD(P) (H)-
dependent oxidoreductases for a variety of carbonyl
compounds including endogenous carbohydrates,
steroids and prostaglandins [19].The oxidoreductases
of steroids and prostaglandins belong to the AKR1C
subfamily of this superfamily. While the human mem-
bers of this subfamily are four AKRs (1C1, 1C2, 1C3
and 1C4), seven members are present in rat tissues
and named AKRI1C8, AKR1C9, AKRI1CI15,
AKR1C16, AKR1C17, AKR1C24 and RAKh (17f3-
hydroxysteroid dehydrogenase). Among the rat
AKRI1C subfamily members, AKR1C15 is unique in
its high expression in the vascular endothelial cells
and epithelial cells of respiratory and digestive organs
[20].The enzyme is a monomeric NADPH-dependent
reductase with a molecular weight of 36-kDa and its
outstanding feature is the broad substrate specificity
for aromatic, alicyclic and aliphatic carbonyl com-
pounds, including 17-ketosteroids, monosaccharides
and lipid-derived aldehydes. We recently found that
AKRI1C15 is capable of lessening cytotoxicity of
4-hydroxy-2-nonenal (4HNE), a reactive lipid meta-
bolite formed in oxidative stress, by reducing into less
toxic 1,4-dihydroxy-2-nonene [21]. On the other
hand, AKR1C15 efficiently reduces 9,10-PQ, show-
ing Km and kcat/Km (catalytic efficiency) of 0.6 uM
and 43 min"uM-1, respectively [20]. Since the kinetic
constants for 9,10-PQ are comparable to those of
human L-xylulose reductase and AKR1C3 [17,18], it
is expected that AKR1C15 acts as a key enzyme
undergoing the redox cycling of 9,10-PQ that conse-
quently induces the toxic effect of the quinone on rat
endothelial cells.

In this study, we have inquired into the possible
mechanism(s) underlying the 9,10-PQ-induced dam-
age of rat endothelial YPEN1 cells and found that its
treatment provokes the apoptosis through the
enhanced ROS production and subsequent endoplas-
mic reticulum (ER) stress induction. In addition, our
analyses of the enzymology and molecular biology of
endothelial cell damage caused by 9,10-PQ show that
AKRI1C15 plays a major role in the ROS production

through the redox cycling of the quinone. Further-
more, we show for the first time the induction of
AKRI1C15 by oxidative stress evoked by 9,10-PQ.

Methods
Chemicals and enzymes

9,10-PQ and a protein transfection reagent, Profect P-2,
were purchased from Nacalai Tesque (Kyoto, Japan).
TRIzol reagent and Lipofectamine 2000 transfection
reagent were obtained from Invitrogen (Carlsbad, CA);
acetyl Asp-Glu-Val-Asp p-nitroanilide and acetyl
Leu-Glu-His-Asp p-nitroanilide were from Sigma-Aldrich
(St. Louis, MO); 8-hydroxydeoxyguanosine (8-OHdG)
enzyme-linked immunosorbent assay kit was from Japan
Institute for the Control and Aging (Shizuoka, Japan);
bicinchoninic acid protein assay system was from Pierce
(Rockford, IL); and enhanced chemiluminescence
substrate system was from Amersham Biosciences (Pis-
cataway, NJ). 7ag DNA polymerase and copper, zinc-
superoxide dismutase (CuZnSOD) were obtained from
Takara (Kusatsu, Japan) and UBE industrials (Tokyo,
Japan), respectively. Polyethylene glycol-conjugated cat-
alase (PEG-cat) and 9,10-diacetoxyphenanthrene (9,10-
DAP) were generously gifted from Dr Yoshito Kumagai
(University of Tsukuba, Japan). The recombinant
AKRIC15 was expressed from an expression plasmid
harbouring its cDNA and purified to homogeneity as
described previously [20]. All other chemicals were of
the highest grade that could be obtained commercially.

Culture of cells and tissues

Rat prostate endothelial YPEN1 cells were obtained
from American Type Culture Collection (Manassas,
VA). Bovine aortic endothelial (BAE) cells were gen-
erously gifted from Dr Junichi Nakagawa (Tokyo Uni-
versity of Agriculture, Abashiri, Japan). The cells were
cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% foetal bovine
serum (FBS), penicillin (100 U/ml) and streptomycin
(100 pg/ml) at 37°C in a humidified incubator con-
taining 5% CO,, except that 1 mM sodium pyruvate,
0.1 mM non-essential amino acids and 0.03 mg/ml
heparin were additionally supplemented in the culture
medium of YPENI1 cells. In the majority of experi-
ments using the endothelial cells, the cells were used
at passage 4-8 and the endothelial cobblestone mor-
phology was confirmed microscopically before use.
Tissues of rat aortic rings and heart were cultured
according to the method of Domenighetti et al. [22]
with a minor modification. Briefly, masses of the
abdominal aortic rings and myocardium were excised
in a sterile manner from 16-week-old Wistar male
rats. After gently removing adventitia, the tissues were
washed sufficiently with medium 199 containing 20%
FBS and 50 pg/ml gentamycin to remove blood cells
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and cultured in the same medium at 37°C in a CO,
incubator, except that myocardial tissue was carefully
trimmed with fine scissors into small pieces (1-2
mm?) before the culture.

Transfection

The construction of the mammalian pGW 1 expression
vector harbouring the cDNA for AKR1C15 and its
transfection into BAE cells using Lipofectamine
2000 transfection reagent were performed according
to the method described previously [21]. The anti-
AKRI1C15 antibodies [20] were introduced into the
cells using Profect P-2 according to the manufacturer’s
instruction.

Analyses of cell viability, DNA fragmentation
and 8-OHdG

Cell viability was evaluated by a tetrazolium dye-
based cytotoxicity assay using 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
monosodium salt [23]. The DNA fragmentation due
to apoptosis was analysed as described previously
[24]. In the measurement of 8-OHAG, the cells were
washed twice with ice-cold Dulbecco’s phosphate-
buffered saline (DPBS), resuspended in DPBS con-
taining 0.1% Triton X-100 and homogenized by
sonication. The homogenate was centrifuged at
12 000 x g for 15 min and the 8-OHdG concentration
in the supernatant was determined using the enzyme-
linked immunosorbent assay kit according to the
manufacturer’s instruction.

Assay of enzyme activity

The activities of caspase-3 and caspase-9 in the cell
extracts were measured using acetyl Asp-Glu-Val-Asp
p-nitroanilide and acetyl Leu-Glu-His-Asp p-nitroanilide,
respectively, as the substrates [25]. In the preparation
of the extract, the cells were washed twice with ice-
cold DPBS, suspended in 50 mM HEPES-NaOH,
pH 7.4, containing 5 mM 3-[(3-cholamidopropyl)
dimethylammonio]-propanesulphonic acid and 5 mM
dithiothreitol and homogenized by passing the cell
suspension through a 26 gauge needle (20 strokes).
The homogenate was centrifuged at 12 000 x g for
15 min and the supernatant was subjected to the
assay for caspase activities.

The proteolytic (chymotrypsin-like) activity of 26S
proteasome was measured by the method of Thomas
et al. [26] with a minor modification. Briefly, the cells
were washed twice with buffer I (50 mM Tris-HCI,
pH 7.4, supplemented with 2 mM dithiothreitol, 5
mM MgCl, and 2 mM ATP) and homogenized in
buffer I containing 0.25 M sucrose by passing the cell
suspension through a 26 gauge needle (20 strokes).

The supernatant, obtained by centrifugation (at
12 000 x g for 15 min) of the homogenate, was mixed
with the fluorigenic substrate succinyl-Leu-Leu-Val-
Tyr-methylcoumarylamide at a final concentration of
50 UM, and incubated at 37°C for 1 h. The amount
of the released methylcoumarylamide was measured
at excitation and emission wavelengths of 380 and
460 nm, respectively.

Western blot analysis

The cells and tissues were washed with DPBS and
homogenized in DPBS containing 0.1% Triton X-100
and 0.3 mM phenylmethanesulphonyl fluoride. The
homogenates were centrifuged at 12 000 x g for 15 min
to remove debris. Nuclear fraction to detect translocation
of nuclear factor erythroid 2—related factor 2 (Nrf2) was
prepared according to the method reported by Mohan
et al. [27]. After their protein concentrations were deter-
mined, the extracts (each 40 g of proteins) were electro-
phoretically separated on a 7.5% SDS-polyacrylamide
gel under reducing conditions and then transferred to
a PVDF membrane (Millipore, Bedford, MA) by elec-
troblotting. After blocking with 5% skim milk, the
membrane was allowed to react with primary antibod-
ies against poly(ADP-ribose) polymerase (PARP)
(Zymed Laboratories, San Francisco, CA), CCAAT/
enhancer-binding protein-homologous protein (CHOP)
(Santa Cruz Biotechnology, Santa Cruz, CA), Nrf2
(Santa Cruz Biotechnology) and AKR1C15 [20]. The
immunoreactive proteins were detected by being reacted
with the peroxidase-conjugated secondary antibody, in
which the peroxidase activity was visualized by means
of the enhanced chemiluminescence substrate system.
The densities of the bands were estimated using a
GelDoc 2000 and attached program, Quantity One
(Bio-Rad, Millan, Italy).

Quantification of 9,10-PQH,

9,10-PQH, was measured by HPLC as its acetyl
derivative, 9,10-DAP [14] with a minor modification.
The complete reaction mixture consisted of 0.1 M
potassium phosphate, pH 7.4, 0.2 mM NADPH,
0.1 mM EDTA, 20 uM 9,10-PQ and the enzyme, in
a total volume of 0.5 ml. After incubating at 25°C for
15 min, acetic anhydride (30 pl) was added into the
reaction mixture to form 9,10-DAP, followed by heat-
ing at 80°C for 5 min. The mixture was deproteinized
by adding trichloroacetic acid (2.5%) and centrifuga-
tion at 15 000 x g for 15 min. The supernatant (20 ul)
was subjected to HPLC analysis using the pBondas-
phere C, ¢ column, which was eluted isocratically with
a mobile phase consisting of acetonitrile/1% acetic
acid (3:2) at a flow rate of 1 ml/min. The elution of
9,10-PQ and 9,10-DAP was monitored using an
ultraviolet detector at 255 nm.
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Figure 1. Treatment with 9,10-PQ induces YPENT1 cell apoptosis through a mechanism dependent on enhanced ROS production and
caspase activation. (A) Cytotoxicity of 9,10-PQ. The cells were treated for 24 h with the indicated concentrations of phenanthrene (O) or
9,10-PQ (@). Data are expressed as percentages of the viability value in the control cells treated with the vehicle DMSO alone. (B) DNA
fragmentation in the cells treated for 24 h with the 9,10-PQ concentrations. DNA was visualized under UV light after staining with
ethidium bromide. M: DNA size markers. (C) 8-OHdG formation in the cells treated for 8 h with 0, 1, 2, 5 or 10 uM 9,10-PQ. (D)
Activation of caspase-9 (open bar) and caspase-3 (closed bar) in the cells treated for 16 h with 1, 2, 5 or 10 uM 9,10-PQ. The enzyme
activities are expressed as the fold increases in the ratio of the activity in the treated cells to that in the control cells (0 uM). (D) PARP
cleavage. The cells were treated for 24 h with 0, 2, 5 or 10 uM 9,10-PQ and PARP precursor (P) and its active form (A) in the cell extracts
(100 pg) were detected by Western blot analysis using the anti-PARP antibodies.

Measurement of superoxide anion

The level of superoxide anion generated in the
reduction of 9,10-PQ by AKR1C15 was determined
by the method of McCord and Fridovich [28]. The
assay mixture consisted of 0.1 M potassium phos-
phate buffer, pH 7.4, 0.5 mM NADPH, 0.1 mM
EDTA, 50 uM ferricytochrome ¢, 10 uM 9,10-PQ
and the enzyme or the cell extract, in a total volume
of 2.0 ml. The formation rate of ferrocytochrome
¢ at 37°C was spectrophotometrically monitored
at 550 nm.

Statistical analysis

Data are expressed as means = SD of at least three
independent experiments, unless otherwise noted.
Statistical evaluation of the data was performed by
using the unpaired Student’s z-test and ANOVA fol-
lowed by Fisher’s test. A p-value <0.05 was consid-
ered statistically significant.

Results

9,10-PQ-induced YPEN1 apoptosis through
ROS-dependent ER stress

The treatment with 9,10-PQ for 24 h resulted in a
dose-dependent decrease in the viability of rat
endothelial YPENI1 cells, while the treatment by
phenanthrene without the quinone structure had no
effect on the viability (Figure 1A). The cytotoxicity
was remarkably high at the 9,10-PQ concentration
of more than 5 uM, in which the clear fragmentation
of DNA, indicative of apoptotic cell death, was
observed (Figure 1B). In addition, the treatment
with the 9,10-PQ concentration of more than 2 uM
facilitated the formation of 8-OHdG, a marker of
DNA damage caused by oxidative stress (Figure
1C), and activated caspases (caspase-3 and cas-
pase-9) (Figure 1D) and PARP (Figure 1E). These
results suggest that ROS and its downstream effec-
tors (caspases and PARP) are critical to the apop-
totic mechanism of the 9,10-PQ-induced damage in
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the rat endothelial cells, as well as human-derived
cells [17,18].

Since accumulation of ROS is assumed to induce
ER stress, we examined whether ER stress is involved
in the mechanism of the 9,10-PQ-induced apoptosis
of YPENI cells. When the amount of CHOP, a pro-
apoptotic protein that is induced by ER stress-dependent
signalling [29], was monitored upon exposure of
YPENI1 cells to 10 uM 9,10-PQ, its pronounced
induction was observed at 4 h after the treatment and
reached a maximal level (~ 4-fold increase over the
basal level) at 24 h (Figure 2A). In addition, the 24
h-treatment with 9,10-PQ concentration>5 uM
resulted in a decrease in the proteolytic (chymotrypsin-
like) activity of 26S proteasome (Figure 2B), which
plays a central role in the ER-associated degradation
of unfolded proteins [30]. The pre-treatment with
MG132, a potent inhibitor of the proteasomal func-
tion, also induced CHOP in the cells and synergisti-
cally potentiated the 9,10-PQ-induced CHOP
expression (Figure 2C). In addition, the pre-treatment
with MG132 enhanced the cytotoxicity of 2 uM 9,10-
PQ (Figure 2D). Considering that proteasomal func-
tion is down-regulated by ROS such as H,0, [31],
the above results raise the possibility that 9,10-PQ
induces ER stress through the ROS-mediated protea-
somal dysfunction. To test this, we examined the
effect of the pre-treatment with MG 132 on cytotoxic-
ity induced by other ROS-producing compounds
(1,2-naphthoquinone [32], 1,4-naphthoquinone [32]
and 4HNE [21]) and H,O,. The susceptibility of
YPENI cells to the toxicity of these compounds and
H, 0O, was greatly increased by the MG132 pre-treatment,
similar to the case of the 9,10-PQ-induced tox-
icity. The involvement of ROS in the apoptotic
signalling initiated by 9,10-PQ was also validated in
almost complete prevention of the MGG 132-enhanced
cytotoxicity by PEG-cat (Figure 2D).

AKRICIS5 induces ROS formation via a redox
cycling of 9,10-PQ

To assess the involvement of AKR1C15 in the 9,10-PQ-
redox cycling, we analysed the products from the in
vitro NADPH-linked reduction of 9,10-PQ by this
enzyme on HPLC (Figure 3A). As shown in the HPL.C
chromatograms, no peak corresponding to the acetyl
derivative (9,10-DAP) of the expected reduced prod-
uct 9,10-PQH, (peak 2) was detected in the reaction
mixture (Figure 3Ab). Since superoxide anion is gener-
ated and involved in the 9,10-PQ-redox cycling [17,18],
CuZnSOD was added into the reaction mixture. The
reaction in the presence of CuZnSOD formed a new
product (Figure 3Ac), which was entirely overlaid with
authentic 9,10-DAP (Figure 3Ad). The amount of the
resulting 9,10-PQH,, was increased in a concentration-
dependent manner of AKR1C15 added into the reac-
tion mixture containing CuZnSOD (Figure 3B). The
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Figure 2. 9,10-PQ treatment causes CHOP induction and
proteasomal dysfunction in YPEN1 cells. (A) Time course of
CHOP induction. The cells were treated with 10 uM 9,10-PQ for
the indicated time and CHOP was detected by Western blotting
(upper panel). Lower panel shows the CHOP levels that are
expressed as percentages of the band density relative to that in the
control cells before the treatment. The values represent the means
from two independent experiments. (B) Inactivation of proteasome.
The cells were treated for 24 h with 0, 1, 2, 5 or 10 uM 9,10-PQ
and the chymotrypsin-like activity of 26S proteasome in the cell
extracts was measured. Data are expressed as percentages relative
to the activity in the cells treated with 0 uM 9,10-PQ. (C) Effect
of proteasome inhibitor MG132 on CHOP induction by 9,10-PQ.
The cells were treated for 24 h with 10 uM 9,10-PQ 12 h after
pre-treatment with 50 nM MG132. CHOP levels were determined
by Western blotting (upper panel) and are expressed as relative
percentages (lower panel). (D) Effect of MG132 on the 9,10-PQ-
induced viability loss. The cells were pre-treated for 12 h without
(open bar) or with 50 nM MG132 (closed bar) prior to treating
for 24 h with the indicated concentrations of 9,10-PQ,
1,2-naphthoquinone (1,2-NQ), 1,4-naphthoquinone (1,4-NQ),
4HNE or H,0,. In the PEG-cat groups, 200 U/ml PEG-cat was
added into the culture medium 2 h before the initiation of 9,10-PQ
treatment. * Significant difference from the group treated without
MG132, p<0.05.

production of superoxide anion in the 9,10-PQ-redox
cycling mediated by AKR1C15 was also evidenced by
the significant decrease in reduction of ferricytochrome
¢ by addition of CuZnSOD (Figure 3C).

Involvement of AKRIC15 in 9,10-PQ-induced
endothelial cell damage

We investigated the role of AKR1C15 in the endothelial
cell damage by 9,10-PQ wusing the enzyme-over-
expressing BAE cells previously established [21]. The
AKRI1C15-over-expressing cells were apparently sus-
ceptible to cytotoxicity of 9,10-PQ (Figure 4A) exhibit-
ing the half-maximallethal dose (D) of 1.1 M, compared
with the control cells (LD, = 1.7 uM). Similarly, the ectopic
expression of AKRIC15 in human embryo kidney
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Figure 3. ROS generation in 9,10-PQ reduction by purified
AKRI1C15. (A) HPLC chromatograms of the products of 9,10-PQ
reduction by AKR1C15 (20 ug). The products formed by the
incubation for 15 min were acetylated and then followed by
detection at 255 nm in the HPLC analysis. Besides some unknown
peaks at retention times ~ 2.5 min, only the peak corresponding to
9,10-PQ (retention time; 6.1 min, peak 1) was detected in the
complete reaction mixture without (a) or with the enzyme (b). The
incubation in the presence of 200 U CuZnSOD (c) yielded an
additional product (peak 2), which was identical to the authentic
9,10-DAP as evident by the chromatogram of the mixture of the
products of (c) and 200 pmol 9,10-DAP (d). (B) 9,10-PQH,
formation during 9,10-PQ reduction by AKR1C15. The indicated
concentrations of AKR1C15 were incubated for 15 min with the
complete reaction mixture in the presence of 200 U CuZnSOD
and 9,10-PQH, was determined as described in (A). Data are
expressed as percentages of 9,10-DAP formed in the reaction
mixture to 9,10-PQ before incubation. (C) Cytochrome ¢ reduction
coupled with 9,10-PQ reduction. AKR1C15 (20 pg) was incubated
with ferricytochrome ¢ and 10 pM 9,10-PQ in the absence (a) or
presence of 200 U CuZnSOD (b). The reduction rate of
ferricytochrome ¢ was spectrophotometrically monitored at 550
nm. No significant reduction of ferricytochrome ¢ was observed
without 9,10-PQ (c).

HEK?293 cells increased the susceptibility to the qui-
none cytotoxicity (data not shown). We also examined
the effect of the under-expression of AKR1C15 on the
quinone cytotoxicity using the AKRI1CI15-under-
expressing phenotype of YPENI1 cells that were pre-
pared by introducing the specific antibodies against the
enzyme. Western blot analysis revealed that AKR1C15
non-reacted with the antibodies in the phenotype was
~26% ofits basal level (data not shown). The AKR1C15-
under-expressing cells showed significantly low suscep-
tibility to the 9,10-PQ-induced damage compared with
the control cells (Figure 4B).

9,10-PQ increases AKRIC15 expression via
Nrf2-dependent signalling

When the expression level of AKR1C15 in YPENI1
cells treated with 9,10-PQ was examined by Western
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Figure 4. Exacerbation of 9,10-PQ-induced damage by AKR1C15.
The damage is expressed as the viability relative to that of the
control cells treated with the vehicle DMSO. (A) Effect of over-
expression of AKR1C15. BAE cells were transfected for 48 h with
the expression vector alone (open circle) or the vector carrying
AKRI1C15 cDNA (closed circle) and then treated for 24 h with
the indicated concentrations of 9,10-PQ. (B) Effect of introduction
of anti-AKR1C15 antibody. The control YPENI1 cells (vehicle) and
antibody-introduced cells (anzibody) were treated for 24 h without
or with 10 pM 9,10-PQ. *Significant difference from the group
treated with 9,10-PQ alone, p<0.05.

blotting, we found a marked elevation of the enzyme
expression in the cells which were treated with a sub-
lethal concentration (0.5 uM) of 9,10-PQ (Figure 5A).
The induction of AKR1C15 by 9,10-PQ treatment
was also observed in the tissue cultures of rat aorta
and heart, in which the enzyme levels were increased
~ 3-fold by 20 uM 9,10-PQ treatment (Figure 5B). As
shown in the preceding experiments, the 9,10-PQ
treatment enhanced cellular ROS production. The
induction of AKR1C15 by 9,10-PQ in YPENI1 cells
was depressed by the pre-treatment of PEG-cat
(Figure 5A), being indicative of participation of ROS
generation in the enzyme induction. ROS generated
during exposure to DEP induces phase II xenobiotic
metabolizing enzymes including NADPH quinone
oxidoreductase-1 through activation of the stress-sensitive
Nrf2 transcription factor [33]. To investigate an
involvement of the Nrf2-dependent pathway in the
induction of AKR1C15 by 9,10-PQ, YPENI1 cells
were treated with the potent Nrf2 activators, ethacrynic
acid [34] and sulphoraphane [35]. The activators
enhanced the expression of AKR1C15, although their
concentrations were higher than that of 9,10-PQ
(Figure 5C). In addition, the amount of Nrf2 trans-
located to the nuclei increased ~ 8-fold by the treat-
ment of YPENI cells with 0.5 uM 9,10-PQ. These
results clearly indicate the involvement of Nrf2 activa-
tion in transcriptional regulation of AKR1C15 gene.
Furthermore, the pre-treatment of YPENI cells with
ethacrynic acid potentiated the cytotoxity of 9,10-PQ,
supporting the participation of the Nrf2-linked
AKRI1C15 induction in this toxicity (Figure 5D).

Discussion

In this study, we have demonstrated that treatment of
rat endothelial cells with 9,10-PQ elicits apoptosis, in
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Figure 5. Induction of AKR1C15 by treatment with 9,10-PQ. (A)
Effect of 9,10-PQ on AKR1C15 levels. YPENT1 cells and the PEG-
cat-pre-treated cells (+ PEG-cat) were treated without (vehicle) and
with 0.5 uM 9,10-PQ (9,10-PQ) for 24 h. (B) Change in AKR1C15
level in rat aorta and heart by 9,10-PQ treatment. The cultured cells
of rat aortic ring and heart were treated for 24 h with 20 uM 9,10-
PQ. (C) Effects 0f9,10-PQ and Nrf2 activators on Nrf2 translocation
into nucleus and AKR1C15 induction. YPENT1 cells were treated
for 24 h with 0.5 uM 9,10-PQ, 10 uM ethacrynic acid or 5 uM
sulphoraphane. Protein levels of Nrf2 ([J) and AKR1C15 (H) in
(A) to (C) were determined by Western blotting as described in the
Methods section and are expressed as the expression percentages
relative to that in the control group treated with DMSO (vehicle).
(D) Effect of ethacrynic acid on 9,10-PQ-induced cytotoxicity.
YPENI1 cells were pre-treated for 24 h with 0 (O), 2 (@) and 10
uM (O) ethacrynic acid and then treated for 24 h with the indicated
concentrations of 9,10-PQ. Data are expressed as percentages of
the viability value in the control cells treated with DMSO.

which enhanced ROS generation triggers the mito-
chondrial dysfunction and activation of caspases and
PARP. These 9,10-PQ-induced apoptotic alterations
are almost consistent with the results obtained in
experiments using human T-lymphocytes and
endothelial cells [17,18]. In addition, this study shows,
for the first time, the involvement of ER stress in the
apoptotic signalling initiated by 9,10-PQ. Consider-
ing that incubation with organic extracts from DEP
promotes an unfolding protein response in bronchial
endothelial cells [36], it is feasible that 9,10-PQ is a
predominant component eliciting the ER stress
induced by DEP. ER stress is induced by accumula-
tion of unfolded and misfolded proteins and/or dys-
function of proteasome [30,37]. It also activates three
distinct sensor proteins, double stranded RNA-activated
protein kinase-like ER kinase (PERK), activating
transcription factor 6 and inositol-requiring enzyme-
lovand 1B. Potent stimulation over capacity to recover

from the ER stress induces expression of CHOP, a
downstream target of pro-apoptotic signallings depen-
dent on PERK and presumably the other two sensor
proteins [38—40]. Our current results have shown that
in YPENI1 cells CHOP is markedly elevated at 4 h
after initiation of the 9,10-PQ treatment (Figure 2A).
Since ROS generation by 9,10-PQ was observed
within 3 h in human endothelial cells (unpublished
data), the excess ROS by 9,10-PQ may provoke ER
stress including the CHOP induction. Consistent
with our suggestion, several reports also indicated
that ROS disrupts ER homeostasis resulting in up-
regulation of CHOP [37,40-44]. Here we have indi-
cated that 9,10-PQ treatment causes proteasome
dysfunction in rat endothelial cells (Figure 2B). The
proteasomal inactivation is most likely due to accu-
mulation of ROS according to our previous report
[31]. Because inhibition of proteasome elevates intra-
cellular ROS level [45], ROS may serve as a negative
feedback inhibition of proteasome function, resulting
in exacerbation of ER stress and the following apop-
totic initiation. The ROS-dependent increase in
CHOP level is reported to be mediated by activations
of p38 MAPK [46] and c-Jun N-terminal kinase [47].
In addition, we propose that the proteasomal inactiva-
tion caused by ROS is a major mechanism of the
enhanced CHOP expression caused by incubation
with 9,10-PQ. The proposal is obvious from the
results that the CHOP induction by 9,10-PQ is aug-
mented by proteasomal inactivation (Figure 2C) and
that the removal of intracellular ROS by PEG-cat
resulted in an almost complete restoration of the
MG132-induced sensitization to the quinone (Figure
2D). CHOP is known to down-regulate an anti-apoptotic
mitochondrial protein bcl-2 [48] and to translocate a
pro-apoptotic protein bax into mitochondria [49],
leading to reduction of mitochondrial membrane
potential. CHOP may, therefore, be a pivotal signal-
ling molecule that causes the above-mentioned
ROS-dependent apoptotic alterations (mitochondrial
dysfunction and caspase activation) in response to
9,10-PQ.

We have provided direct evidence that in rat endothe-
lial cells AKR1C15 is a key reductase that enhances
the redox cycling of 9,10-PQ, resulting in ROS pro-
duction (Figure 3).The above suggests that AKR1C15
may play a central role in the early stage of mechanism(s)
underlying the 9,10-PQ-induced apoptosis of various
rat cells expressing the enzyme. Because AKR1C15 is
highly expressed in rat lung cells such as pulmonary
alveolar type II and bronchiolar (Clara) epithelial cells
as well as the vascular endothelial cells [20], the
enzyme is probably involved in pulmonary abnormal-
ities observed in DEP-challenged rats [50,51]. Among
the rat AKRIC subfamily members other than
AKRI1C15, AKR1C9 is known to effectively catalyse
the NADPH-dependent reduction of 9,10-PQ. Based
on the results by Schlegel et al. [52], the catalytic
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efficiency of AKR1C9 towards the toxic quinone is
equal to or higher than that of AKR1C15. Addition-
ally, analyses of in wvitro enzymatic reaction and RT-
PCR showed that a rat aldose reductase-like protein,
AKRI1BI13, acts as a quinone reductase in vascular
cells including endothelial cells (data not shown). It
would be interesting to elucidate the involvement of
the two candidate enzymes in the 9,10-PQ damage
and to compare with that of AKR1C15. In experi-
ments using AKRI1C15-over-expressing cells, the
enzyme augmented the 9,10-PQ-induced cell damage
(Figure 4A), despite having a capacity to detoxify
some lipid peroxides, particularly 4HNE, formed by
oxidative stress [21]. The augmentation may be due
to high catalytic efficiency of AKR1C15 for 9,10-PQ,
leading to high production of ROS beyond its cyto-
protective capacity. The abundant production of ROS
during exposure to 9,10-PQ then elicits decreases
in levels of antioxidant-related enzymes (CuZnSOD
and hemeoxygenase-1) and intracellular reduced glu-
tathione [11 and unpublished data]. Thus, AKR1C15
functions as a key regulator for mediating cellular
effects of the preferred substrates, 9,10-PQ and
4HNE.

Accumulation of ROS is thought to modulate
expression of phase II metabolic enzymes via an
Nrf2-dependent signalling [53,54]. Under basal con-
ditions, Nrf2 exists in the cell cytosol complexed with
an Nrf2 inhibitor, Kelch-like ECH-associated protein
1 (Keapl) and undergoes degradation by ubiquitin/
proteasome system. Upon stimulation by ROS and
electrophiles, Nrf2 is dissociated from Keapl by the
modification of thiol groups in cysteine residues [55].
Nrf2 then translocates into the nucleus, where it
accelerates transcription of antioxidant response ele-
ment-responsive genes, such as NADPH:quinone
oxidereductase, hemeoxygenase-1 and 7y-glutamyl-
cysteine ligase. In addition to the cytoprotective
enzymes, some human AKR members (AKR1B10,
AKR1C1, AKRIC2 and AKRIC3) have been
reported to be transcriptionally activated in the Nrf2-
mediated pathway [56]. In our current study, low
concentration of 9,10-PQ elevated expression of
AKRI1C15 through the enhanced ROS production,
as evident from the results on Western blotting of
AKRI1C15 (Figure 5A). To our knowledge, this is the
first report demonstrating that treatment with 9,10-
PQ activates the Nrf2 pathway in endothelial cells.
The AKR1C15 induction by ROS is in agreement
with our previous reports [21,57]. Assuming that, like
the genes for the human members of the AKR super-
family, the AKR1C15 gene is regulated by the Nrf2-
dependent signalling, it is reasonable to enhance the
enzyme level by treatment with ethacrynic acid or
sulphoraphane alone. The assumption is also sup-
ported by our preliminary data showing that the 9,10-
PQ treatment (0.5 uM) increased message of an
Nrf2-related protein hemeoxygenase-1 in YPENI1

cells. Inhibition of proteasome function is thought to
cause accumulation of undegraded Nrf2 in cells.
Therefore, the MG132-mediated cell sensitization
against the 9,10-PQ toxicity (Figure 2C) may be in
part due to induction of AKR1C15 by the accumu-
lated Nrf2. Previous investigation using human lung
cancer A549 cells and primary hepatocyte from Nrf2-
knockout mouse found that some Nrf2-derived
enzymes such as UDP-glucuronosyltransferases and
multidrug resistance proteins promote glucuronida-
tion of 9,10-PQH, and the excretion into extracel-
lular space [58]. In contrast, our cytotoxicity assay
revealed that AKR1C15 newly induced by 9,10-PQ
also participated in the quinone toxicity in rat endothe-
lial cells (Figure 5D). This apparent contradiction
might be explained by difference in expression levels
of the metabolizing enzymes among the cells used in
the experiments. Thus, 9,10-PQ induces AKR1C15
expression presumably via an Nrf2-dependent path-
way and ROS production in the metabolic cycle
undergone by the induced enzyme, both of which are
closely associated with the formation of a negative
feedback loop exacerbating a cytotoxic effect of the
quinone on rat endothelial cells.
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