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Here, we show that three enzymes belonging to the 1B group of the aldo-keto
reductase (AKR) superfamily, i.e., human placental aldose reductase (AKR1B1),
mouse kidney aldose reductase (AKR1B3) and mouse vas deferens protein (AKR1B7),
catalyse the reduction of prostaglandin (PG) H;, a common intermediate of various
prostanoids, to form PGF,, in the presence of NADPH. AKR1B1, AKR1B3 and
AKRI1B7 displayed higher affinities for PGH, (K,,=1.9, 9.3 and 3.8 1M, respectively)
and V.. values (26, 53 and 44 nmol/min/mg protein, respectively) than did the human
lung PGF,, synthase (AKR1C3; 18 uM and 4 nmol/min/mg protein, respectively). The
PGF;, synthase activity of AKR1B1 and AKR1B3 was efficiently inhibited by two AKR
inhibitors, tolrestat (K;=3.6 and 0.26 pM, respectively) and sorbinil (K;=21.7 and
0.89 1M, respectively), in a non-competitive or mixed-type manner, whereas that of
AKRI1B7 was not sensitive to these inhibitors (K;=9.2 and 18 mM, respectively). These
data provide a molecular basis for investigating novel functional roles for AKR1B
members and PGF3, as mediators of physiological and pathological processes in
mammalian organisms.

Key words: prostaglandin Fs,, prostaglandin H,, prostaglandin H, F.,-reductase,
tolrestat, sorbinil.

Abbreviations: AKR, aldo—keto reductase; ARI, aldose reductase inhibitors; ARLP, aldose reductase-like
proteins; LC-MS, liquid chromatography—mass spectrometry; PG, prostaglandin; PGF'S, prostaglandin F,,

synthase.

INTRODUCTION

Prostaglandin (PG) Fs, is actively produced in many
tissues of mammals and plays various important biolo-
gical roles such as the contraction of uterine, bronchial,
vascular and arterial smooth muscle; regulation of
intraocular pressure, renal filtration and ovarian cycle
through induction of luteolysis; inhibition of adipose
differentiation (I); and stimulation of hair growth (2).
However, the mechanism for the production of PGFs, is
not clearly understood. Three different pathways have
been reported in terms of PGF5, production (3), i.e., 9,11-
endoperoxide reduction of PGH,, 9-ketoreduction of
PGE, and 11-ketoreduction of PGD, (Fig. 1); although
the last results in the production of 9a,11B-PGFs,
a stereo-isomer of PGFs,.

The conversion of the 9,11-endoperoxide group of PGH,
to 9- and 11-hydroxy groups of PGF,, is catalysed by
PGF synthase (PGFS). Most known PGFSs belong to the
aldo—keto reductase (AKR) superfamily (3), which com-
prises monomeric proteins that bind nicotinamide cofac-
tors. AKR proteins are widely distributed in mammals,
amphibians, plants, yeast, protozoa and bacteria and
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metabolize a number of substrates including aldehydes,
monosaccharides, steroids, polycyclic hydrocarbons,
isoflavonoids and PGs (4). To date, PGFS activity has
been demonstrated for various AKR members. In mam-
mals, AKR1C subfamily enzymes with PGFS activity
(EC 1.1.1.188) were isolated from bovine liver (5, 6) and
lung (6) as well as human lung (7). Protozoan enzymes
designated as AKR5A2 and AKR5A1 (EC 1.1.1.188) were
isolated from Trypanosoma brucei (8) and the old-world
species of Leishmania (9), respectively.

Aldose reductase (EC 1.1.1.21), the prototype of
AKR1B subfamily, named AKR1B1 in human and
AKRI1B3 in mouse, is the first and rate-limiting enzyme
of the polyol pathway that reduces glucose to sorbitol and
contributes to secondary diabetic complications (10).
In addition, AKR1B subfamily enzymes catalyse the
reduction of toxic aldehydes generated by several meta-
bolic pathways including lipid peroxidation and steroido-
genesis with much better efficiency than the reduction
of glucose, supporting the view that they are components
of a cellular antioxidant defence mechanism (11, 12).
However, recent evidences suggest that members of the
AKRI1B subfamily may also be endowed with PGFS
activity. Indeed, the bovine aldose reductase, AKR1BS5,
was shown to cumulate both 20c-hydroxysteroid dehy-
drogenase activity and catalytic ability to produce PGF5,
in the endometrium (I3). Beside the canonical aldose
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Fig. 1. PGF3, biosynthetic pathways. The members of AKR family catalyzing each reaction are also presented.

reductases with ubiquitous expressions (AKR1B1,
AKR1B3, AKR1B5), a second group named aldose
reductase-like proteins (ARLP) have been characterized
on the basis of sequence homology (at least 60-70%
identity with aldose reductase). Several ARLP with both
a poor efficiency in reducing glucose and a more tissue-
restricted expression have been identified in mouse,
AKR1B7 (14-16), AKR1B8 (I7) and in human,
AKR1B10 (18, 19).

The well-characterized human lung PGFS also named
AKRI1C3 is used as the reference PGFS enzyme in the
current study and is a member of AKR1C subfamily,
which comprises proteins with a hydroxysteroid dehy-
drogenase activity. The human PGFS -catalyses the
reduction of PGHy; and PGD, into PGFy, and 9¢,11p-
PGF,, respectively, but does not use PGEy, as substrate
(7). Crystallographic studies of AKR1C3 and isoforms
AKRI1C1 and AKR1C2 indicate broader substrate speci-
ficity for AKR1C3 in comparison with other members of
AKRI1C subfamily (20).

In this study, we examined whether five members of

AKR1B subfamily from human and mouse produced
PGFy, from PGH, and found that AKR1B1, AKR1B3 and
AKR1B7 are more efficient PGFS than AKR1C3.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant AKR
Enzymes—Open reading frames of AKR1B1, AKR1BS3,
AKR1B7, AKR1B8 and AKR1B10 were inserted between
Ndel and BamHI/EcoRI sites of the expression vector
pET-28a as described previously (21, 22) and used for
transformation of Escherichia coli BL21DE3. The outside
primers used for PCR amplifications of inserts were as
follows: 5’ B1 Ndel primer (5-CGGCAGCCATATGGCA
AGCCGTC-3) and 3 Bl EcoRI primer (5-CGGAATTC
GGGCTTCAAAACTCTTCATGG-3'); 5 B3 Ndel primer
(5'-CGGCAGCCATATGGCCAGCCATC-3) and 3 B3
EcoRI primer (5-CACGAATTCCAGAGAGACACAGGA
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CACTTGC-3); 5 B7 Ndel primer (5-CGGCAGCCATAT
GGCCACCTTCGT-3) and 3’ B7 BamHI primer (5'-CG
GGATCCCGTCAGTATTCCTCGTGG-3"); 5 B8 Ndel
primer (5-CGGCAGCCATATGGCCACGTTCGTGG-3);
3’ B8 BamHI primer (5-CGGGATCCCGGGGCTGA
CTCAGCTTCA-3); 5 B10 Ndel primer (5-CGGCA
GCCATATGGCCACGTTTGTGG-3) and 3 B10 BamHI
primer (5-TAACGGATCCACCAGGAGATTCAACC-3).
Transformed cells were precultured overnight at 30°C.
Induction was started by the addition of 1mM isopropyl-
B-p-thiogalactopyranoside once the optical density value
at 600nm of the cultures had reached 0.5-0.6. The
cultures were maintained at 30°C for 5h and then
harvested and disrupted by sonication (10 bursts of 10s
each with 10s interval on an ice bath). The resulting
supernatant of recombinant proteins was purified by
chromatography with Ni-NTA His-Bind resin (Novagen)
according to the manufacturer’s protocol and cleaved
from His tag with thrombin (10 U/mg of fusion protein).
The recombinant proteins were then loaded onto a
gel filtration Hiload 16/60 Superdex 200pg column
(Amersham Biosciences) and eluted with phosphate-
buffered saline at a flow rate of 1ml/min. AKR1C3 was
purchased from Cayman Chemical (Ann Arbor, MI).
Protein purity was assessed by SDS-PAGE on 12.5%
gels after staining with Coomassie Brilliant Blue. Protein
concentration was determined by bicinchinonic acid
protein assay (Pierce) according to the manufacturer’s
protocol.

Enzyme Assays—The PGFS activity was determined as
described previously (8). In brief, the purified enzymes
(20 pg) were incubated at 37°C for 2min with 10puM
[1-'*C] PGH, in the presence of 500pM NADPH in
50mM sodium phosphate, pH 7.0. The reaction was
stopped by the addition of 300ul of diethyl ether/
methanol/2M citric acid (30:4:1 vol/vol/vol). The PG
products were extracted and separated by thin-layer
chromatography (TLC) as follows. The PG extracts were
applied to 20 cm x 20 cm silica gel plates (Merck KGaA)
at 4°C, and the plates were developed in a solvent system
consisting of 90:2:1 vol/vol/vol diethyl ether/methanol/
acetic acid at —20°C. The radioactivity on the plates was
analysed by Fluorescent Imaging Analyser FLA 2000 and
Mac Bas V2.5 software (Fuji Photo Film Co.).

PGD, 11-ketoreductase and PGE, 9-ketoreductase
activities were determined with 500 M NADPH and
10puM [1-'*C] PGD, or PGE,, which was prepared from
[1-1“C] PGH, by incubation with hematopoietic PGD
synthase or microsomal PGE synthase-1, respectively, as
described previously (8).

p-Nitrobenzaldehyde reductase activity of AKR1B
enzymes was determined spectrophotometrically (8). For
enzyme inhibition assays, AKR1B enzymes were incu-
bated with various concentrations of tolrestat or sorbinil.

Liquid Chromatography-Mass Spectrometry (LC-MS)
Analysis—LC-MS analyses of PGFy, were performed by
using a Waters Associates (Milford) HPLC-MS system
equipped with a 2,695 separation module, a 996 photo-
diode array detector and ZQ-4000 mass spectrometry
detector with electron spray ionization source. PGFs,
was generated as described earlier by incubating 100 pg
of PGHy; (Cayman Chemical) with 200 pug recombinant
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AKR1B proteins, and the product was extracted, dried
and resuspended in 100pl of ethanol. For chromato-
graphic separation, PGF,, products or authentic PGs
were run on an Inertsil ODS-3, 5um, 250 x 2.1-mm
column (GL Sciences Inc) using a 37-80% v/v acetonitrile
gradient (in 0.02% v/v formic acid) at a flow rate of
0.2ml/min over 20 min with the column temperature set
at 37°C. For mass spectrometric conditions, the electron
spray ionization interface was operated at a source tem-
perature of 115°C and a desolvation temperature 350°C.
Cone gas and desolvation gas flow were 124 and 606 1/h,
respectively. Cone voltage for each PG was followed.
Authentic PGF5,, 9B,110-PGF3, 8-iso PGF5, and 9a,11p-
PGF; used as standards in LC-MS analysis were
obtained from Cayman Chemical.

RESULTS

Formation of PGFs, from PGHs by AKRIB Enzymes—
Recombinant AKR1B1, AKR1B3, AKR1B7, AKR1B8 and
AKR1B10 were expressed in E. coli as fusion proteins,
cleaved with thrombin to remove the 6xHis-tag and
purified to apparent homogeneity. The purified proteins
migrated as single bands of similar mobility on SDS—
PAGE indicating a molecular mass of about 35,000
(Fig. 2A). This mass is in agreement with the calculated
molecular masses of 35,722; 35,615; 35,844; 35,989; and
35,890 for AKR1B1, AKR1B3, AKR1B7, AKR1B8 and
AKR1B10, respectively, and smaller than that of human
PGFy, synthase AKR1C3, which is 36,842 (7).

We incubated these AKR proteins with 10 uM [1-}4C]
PGH, in the presence of 0.5mM NADPH and analysed
the reaction products by TLC (Fig. 2B). AKR1BI,
AKR1B3 and AKR1B7 reduced the 9,11-endoperoxide
group of PGH, to produce PGFy,. On the other hand,
AKR1B8 and AKR1B10 displayed a weak and an
unstable PGFS activity although both proteins potently
catalysed the reduction of p-nitrobenzaldehyde (data not
shown). Heat treatment of AKR1B1, AKR1B3 and
AKR1B7at 100°C for 5min completely inactivated their
PGFS activity, which was strictly dependent on the
presence of NADPH. As opposed to previously reported
AKRI1B7 activities, e.g., isocaproaldehyde reductase and
4-hydroxynonenal reductase activities, which were pre-
ferentially NADH dependent (21), the PGFS activity of
AKR1B7 was strictly dependent on NADPH.

When AKR1B1 was incubated with 10puM [1-'*C]
PGH,;, PGDy; or PGE:; in the presence of 0.5mM
NADPH, this enzyme catalysed only the conversion of
PGH; to PGFy,, but neither PGD> to 92,11B-PGF5 nor
PGE; to PGFs,, indicating that these enzymes were free
from activities involving the reduction of PGDy or PGE,
into PGFy, (Fig. 2C), and thus differed from members of
the 1C subfamily of AKR (7). Similar results were
obtained when AKR1B3 or AKR1B7 was used as an
enzyme in these reactions (data not shown).

LC-MS analysis (Fig. 3) revealed that the product of
catalytic activity of AKR1B1 towards PGH, eluted at the
same position as that of PGFy, (elution time = 11.4 min
in Fig. 3, left column) and differed from those of 9f,11a-
PGF3 (10.3min), 8-iso PGF2, (9.7min) or 9a,11B-PGF,
(9.2min). Peaks corresponding to PGDy and PGE, were
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Fig. 2. PGFS activity of recombinant AKR1B proteins.
(A) SDS-PAGE of purified recombinant AKR1B1, AKR1BS3,
AKR1B7, AKR1B8, AKR1B10 and AKR1C3; M, molecular mass
marker proteins. (B) Autoradiogram of TLC after incubation of
AKRI1B proteins (each 20pg) with 10uM 1-[**C] PGH, in the

produced in absence of the enzyme (Fig. 3B), an obser-
vation that was in agreement with the non-enzymatic
formation of PGD,; and PGEy detected on TLC (Fig. 2B,
lane-enzyme). Mass spectrometric analysis showed
that AKR1B1-derived PGF,, displayed a negative ion
([IM-—H]") identical to genuine PGFs, at m/z 353.2
(Fig. 3C). A similar elution profile as well as mass
pattern was obtained when AKR1B3 or AKR1B7 was
used for the enzyme assays (data not shown). These data
provide evidence that the reaction product from AKR1B-
catalysed reduction of PGHy was indeed PGFs,.

Kinetic Parameters of AKRI1B-Catalysed PGFS
Activity—As summarized in Table 1, AKR1B1, AKR1B3
and AKR1B7 showed K, values for PGH, of 1.9, 9.3 and
3.8 uM, respectively, which were clearly lower than the
value of human PGFS classified as AKR1C3 (18 uM) and
comparable with the K,, values for p-nitrobenzaldehyde

presence of 0.5 mM NADPH at 37°C for 2min. (C) Autoradiogram
of TLC after incubation of 10pM 1-[**C] PGH, (left), PGD,
(centre) and PGEy (right) with 0.5 mM NADPH in the presence
and absence of 100 pg of AKR1B1.

in the AKR activities (6.4—11.6 uM). The K, values of
AKR1B1, AKR1B3 and AKR1B7 for NADPH were 5.7,
7.4 and 9.2uM, respectively. The V.. values of the
PGFS activity of AKR1B1, AKR1B3 and AKRI1B7
(26, 53.4 and 44nmol/min/mg protein, respectively)
were 7-, 13- and 11-fold higher than that of AKR1C3
(8.9nmol/min/mg protein). Although AKR1B1 and
AKR1B3 show 5.5- and 6.5-fold higher V., values of
the p-nitrobenzaldehyde reductase activity (408.3 and
481.5nmol/min/mg protein, respectively) than the value
of AKR1C3 (74.1 nmol/min/mg), the V.. value of the
p-nitrobenzaldehyde reductase activity of AKRI1B7
(52.4nmol/min/mg) was slightly lower (0.7-fold) than
that of AKR1C3.

Inhibition of the PGFS Activity of AKRIB Proteins by
Tolrestat and Sorbinil—We then examined the inhibitory
effect of tolrestat and sorbinil, two well-studied aldose
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Fig. 3. Molecular identification of AKR1B-generated
PGF;,. Elution profiles by LC (left panels) of PGF,,, PGE,,
PGD; and PGHj, (A) and of the products from PGH, after

incubation without (B) and with (C) AKR1B1. Mass spectra of the
[MH] ™ ions (right panels) of PGH, (A), PGF5, (B) and AKR1B1-
produced PGFs, (C).

Table 1. Kinetic parameters of PGFS and AKR activities catalysed by members of the AKR superfamily.

Enzyme PGFS activity Inhibition of PGFS activity AKR activity Inhibition of AKR activity
PGH, NADPH PGH, p-Nitrobenzaldehyde p-Nitrobenzaldehyde
Tolrestat Sorbinil Tolrestat Sorbinil
Km Vmax Km Ki Ki Km Vmax Ki Ki
(uM) (nmol/min/mg) (uM) (uM) (uM) (uM) (nmol/min/mg) (nM) (nM)

AKRI1B1 19+1.5 26.0+6.2 5.7+£0.7 3.6+£0.5 21.7+14.0 11.6+2.1 408.3+12.7 46.1+7.3 116.6 £12.3
AKR1B3 9.3+4.7 53.4+12.0 74+11 0.26+0.09 0.89+0.15 6.4+13 481.5+12.2 48.8+6.9 50.3+5.4
AKR1B7 3.8+29 44.0+11.5 9.2+0.9 9,200+1,600 18,000+2,800 9.0+1.6 52.4+1.2 ND ND
AKR1C3 17.54+10.0 39+15 ND ND ND 9.1+£1.0 37.1+1.3 ND ND

Mean +SD (n = 3-5). ND, not determined.

reductase inhibitors (ARI) with K; values of 46-120nM
for the p-nitrobenzaldehyde reductase activities of
AKR1B1 and AKRI1B3, on the PGFS activity of
AKR1B1, AKR1B3 and AKR1B7 (Table 1). Tolrestat
was 6- and 3-fold more potent than sorbinil as inhibitor
of the PGFS activity of AKR1B1 and AKR1B3, respec-
tively (K; values of 3.6 and 0.26 uM for tolrestat and 21.7
and 0.89uM for sorbinil, respectively). However, both
tolrestat and sorbinil only weakly inhibited the PGFS
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activity of AKR1B7, with a calculated K; value of 9.2
and 18 mM, respectively. These results are in agreement
with the report that the NADH-linked isocaproalde-
hyde reductase activity of AKR1B7 was insensitive to
ARI 21).

Tolrestat inhibited the PGFS activity of AKR1B1
in a non-competitive manner, as demonstrated by
the decrease in V., without a change in K, for PGH,
(Fig. 4A). The inhibition profile of AKR1B1 by sorbinil
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Fig. 4. Lineweaver-Burk plots of the inhibition of PGFS E and F, AKR1B7) were incubated with 1-[**C] PGH, at 37°C for

activity of AKR1B proteins by tolrestat and sorbinil.

2min in the presence of various concentrations of tolrestat (A, C

AKR1B proteins (A and B, AKR1B1; C and D, AKR1B3; and and E) or sorbinil (B, D and F). TOL, tolrestat; SBI, sorbinil.

was characterized as a mixed-type mechanism of inhibi-
tion, resulting in a decrease in V.. coupled to a
decrease in K, values (Fig. 4B). Tolrestat and sorbinil
also inhibited the PGFS activity of both AKR1B3 (Fig. 4C
and 4D, respectively) and AKR1B7 (Fig. 4E and 4F,
respectively) in a non-competitive fashion. These results
suggest that the substrate PGH; and ARI bound at
different modes to these AKR1B enzymes.

DISCUSSION

Our data show that certain members of the AKR1B sub-
family can now be considered as PGFS in human and
mouse species. Members of the AKR1B subfamily
are clearly different from each other in terms of their
ability to produce PGFy, from PGH,. This PGFS activity
could make them direct actors of cell signalling with

potentially autocrine, paracrine or endocrine actions.
This finding sheds new light on the way by which
members of AKR1B sub-family modulate various physio-
logical functions, e.g. renal filtration, reproduction,
adipose tissue homeostasis or steroidogenesis, and could
influence the onset of diabetic complications.

PGFS activity was detected in the canonical and
widely expressed aldose reductases in different species
e.g. human (AKR1B1), mouse (AKR1B3) (present data)
and bovine (AKR1B5) (13). The mouse AKR1B7, a tissue-
restricted ARLP also exhibited PGFS activity. These
data imply that the mechanisms by which aldose
reductases contribute to cellular protection in physiolog-
ical conditions or to chronic tissue lesions in diabetic
complications should be re-examined with respect to
their PGFS activity (10-12). Indeed, ARI attenuated
most hyperglycemia-induced osmotic and oxidative stress
linked to the activation of the polyol pathway in diabetic
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mice models (23-27) in diabetic patients (28, 29) and in
various types of cultured cells (30-32). However, as
we have shown here, PGFS activity of AKR1B1 and
AKRI1BS3 is sensitive to classical ARI, indicating that in
the absence of selective inhibitors discriminating the
different catalytic activities, it will be impossible to
decipher the respective part of the polyol pathway
activation, aldehyde detoxification and PGF,, synthesis
in the protective or deleterious functions of aldose
reductases.

Although AKR1B7 was initially characterized as a
mouse vas deferens androgen-dependent protein, its
expression in the adrenal cortex and responsiveness to
ACTH were two features conserved among rodents
(33, 34). In this steroidogenic gland, AKR1B7 was
proposed to ensure the detoxification of isocaproalde-
hyde, a by-product of steroid biosynthesis (22). Interest-
ingly, this function appeared to be taken in charge by
AKRI1B1 in human adrenocortical cells where its expres-
sion is also sensitive to ACTH/cAMP signalling pathway
(22). These two proteins could share some regulating
functions on endocrine activities in the adrenal gland
through production of PGF,,. As the role of this
prostanoid in adrenal physiology is completely unknown,
this possibility remains a crucial question to address.

By contrast, in the adipose tissue, PGF,, is a well
known and potent inhibitor of adipocyte differentiation
(1, 35, 36). Recently, we found that AKR1B7 was
expressed in preadipocyte-enriched fractions obtained
from peri-epididymal and peri-adrenal adipose tissues
(37). In the same study, we also found that expression of
AKR1B7 was down-regulated during the differentiation of
adipose stromal cells in primary culture. Over-expression
of AKR1B7 in 3T3 preadipocytes inhibited their
differentiation to adipocytes, whereas its knock-down
accelerated adipogenic differentiation by decreasing the
production of PGF,,. Taken together with our present
data, these observations support the possibility that the
PGFS activity of AKR1B7 may be recruited to maintain
a pool of pre-adipocytes and somehow repress the
triggering of adipogenic differentiation.

Crystal structures of the complexes of AKR1B1 with
ARI, such as sorbinil, tolrestat or zopolrestat, revealed
that these inhibitors bind to the active site of AKR
through their polar heads near the NADPH-binding site.
In contrast, their hydrophobic moieties either bind to the
native active site in the case of sorbinil or protrude into
a pocket opened by conformational changes in the walls
of the active site cleft and bind there in the case of
tolrestat or zopolrestat (38). As tolrestat and sorbinil
inhibited the PGFS activity of AKR1B1 and AKR1B3
with K; values of 0.26-21.7 uM, resulting in non-compe-
titive and mixed-type inhibition profiles, respectively, the
ternary complex structures of AKR-NADPH-ARI and
AKR-NADPH-PGH,/PGF3, analogues might be useful
to determine the binding mode of PGH, to the catalytic
site of these AKR enzymes. At last, the PGFS activity of
AKRI1B7 was remarkably resistant to inhibition by
tolrestat and sorbinil (K;=9.2 and 18 mM, respectively),
suggesting that mode of binding of PGHy; and ARI to
AKRI1B7 was largely different from that in the case of
AKR1B1 and AKR1B3.
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