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Abstract. Interconversion between cortisone and the glu-
cocorticoid receptor ligand cortisol is carried out by 11 -
hydroxysteroid dehydrogenase (118-HSD) isozymes and
constitutes a medically important example of pre-recep-
tor control of steroid hormones. The enzyme 118-HSD
type 1 (113-HSD1) catalyzes the conversion of cortisone
to its active receptor-binding derivative cortisol, whereas
11B-HSD type 2 performs the reverse reaction. Specific
inhibitors against the type 1 enzyme lower intracellular
levels of glucocorticoid hormone, with an important clin-
ical application in insulin resistance and other metabolic
disorders. We report here on the in vitro oxysterol-metab-
olizing properties of human and rodent 113-HSD1. The
enzyme, either as full-length, membrane-attached, or as a

transmembrane domain-deleted, soluble form, mediates
exclusively conversion between 7-ketocholesterol and
7B-hydroxycholesterol with similar k. values as ob-
served with glucocorticoid hormones. Thus, human, rat,
and mouse 115-HSDI have dual enzyme activities like
the recently described 7a-hydroxysteroid dehydroge-
nase/11p-hydroxysteroid dehydrogenase from hamster
liver, but differ fundamentally from the latter in that 7p-
OH rather than 7a-OH dehydrogenase constitutes the
second activity. These results demonstrate an enzymatic
origin of species differences in 7-oxysterol metabolism,
establish the origin of endogenous 78-OH cholesterol in
humans, and point to a possible involvement of 11p-
HSDI in atherosclerosis.
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Oxysterols constitute an important class of oxygenated
products of cholesterol with a broad spectrum of biolog-
ical activities [1]. Oxysterols serve as intermediates in
bile acid synthesis pathways and as ligands for nuclear re-
ceptors or oxysterol-binding proteins, and thereby regu-
late essential pathways in bile acid synthesis, fatty acid
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synthesis, cholesterol transport, and carbohydrate metab-
olism [1]. Oxygenation reactions occur at different side
chain or ring positions of cholesterol or its derivatives,
and result from auto-oxidation or specific enzymatic
catalysis. Among the different oxysterols, 7-ketocholes-
terol is one of the most important oxysterols found in hu-
man plasma [1-3].

Recently, Song et al. [4, 5] reported the isolation and par-
tial sequence analysis of an NADP*-dependent 7a-OH
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cholesterol dehydrogenase (7a-HSD) from hamster liver.
These studies together with the molecular cloning of
hamster 11p-hydroxysteroid dehydrogenase type 1 (11-
HSD1) from our laboratories [M. Hult et al., unpublished
data] suggest identity between these two enzymes and
possible interactions between oxysterol and glucocorti-
coid metabolic pathways.

Thus far, two isozymes of 113-HSD have been charac-
terized: both are members of the conserved superfamily
of short-chain dehydrogenases/reductases (SDRs), and
both 118-HSD forms constitute important components
of glucocorticoid hormone signaling [6, 7]. Whereas in
most instances 115-HSD1 reduces cortisone (dehydro-
corticosterone in rodents) in an NADPH-dependent re-
action to the glucocorticoid receptor (GR) ligand corti-
sol (corticosterone in rodents), the oxidative NAD"-de-
pendent inactivation of cortisol is carried out by the type
2 isozyme (115-HSD2) [8]. In this manner, tissue-spe-
cific adaptation to intracellular glucocorticoid levels is
maintained. The postulated role of these enzymes has
been confirmed in 115-HSD1 transgenic or knock-out
animal models [9-12], and by genetic defects in the
11HSD?2 gene, leading to juvenile hypertension and elec-
trolyte dysregulation [13, 14]. These in vivo and in vitro
studies have demonstrated the importance of amplifica-
tion of glucocorticoid hormone signaling, carried out by
the type 1 isozyme. As a result, modulation of this pre-
receptor control and ligand metabolism has been identi-
fied as a pharmacological target for the treatment of non-
insulin-dependent diabetes mellitus and related meta-
bolic disorders [9, 10, 15-17], with concomitant
successful development of selective inhibitors [18—20].
In the present report, we investigate the relationships
between oxysterol and glucocorticoid metabolism. In
particular, the aims were to analyze the oxysterol-
metabolizing properties of recombinant 113-HSD1 from
human, mouse, and rat, and to compare their properties
to oxysterol activities found in human liver microsomes.

Materials and methods

Materials and chemicals

Human liver microsomes were obtained from a transplant
donor, in accordance with the local ethical committee.
7a-OH-cholesterol was purchased from Steraloids, 7f-
OH-cholesterol, 7-ketocholesterol, glucocorticoids, and
carbenoxolone were obtained from Sigma. Cholesterol
oxidase at a specific activity of 24 U/ml from Nocardia
erythopolis was obtained from BioChemika. BVT.24829
is a derivative of the lead series developed as a selective
and tight-binding inhibitor of human 118-HSD1 (Biovit-
rum) [18].
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Cloning and expression of 113-HSD1 species variants
Three different 115-HSD1 species variants (human, rat,
mouse) were analyzed. The enzyme preparations used in
this study were cell homogenates produced in the yeast
Pichia pastoris containing recombinant full-length en-
zymes [21, 22], transmembrane-deleted enzyme versions
expressed and purified from Escherichia coli [22], and
human liver microsomes. Microsomes were collected by
differential ultracentrifugation. Constructs coding for
11B8-HSD1 were cloned by PCR, expression, preparation
of homogenates, and purification were performed essen-
tially as described elsewhere [21-23].

Enzymatic assays and data analysis

The amount of enzyme and incubation time was adjusted
to be in the linear range of product formation. All reac-
tions were carried out at 37°C, in 20 mM Tris/HCI, pH
7.4. In the reactions containing 7-oxo-cholesterol deriva-
tives, 0.1% Triton X-100 was used for solubilization, fi-
nal reaction solutions were obtained by diluting oxysterol
stocks (dissolved in 99% ethanol, v/v, p.a.) with a final
ethanol concentration of 2% (v/v). For HPLC assays, the
reaction volumes were 50 pl; in the fluorimetric assays,
volumes were 320 pl.

Enzymatic tests for dehydrogenase activities (7a-hydro-
xycholesterol (7a-OH-chol), 7-hydroxycholesterol (7 -
OH-chol), cortisol, corticosterone)) using protein ho-
mogenates from human liver and P pastoris were per-
formed at 20 pM substrate concentration, 20 pM NADP*.
Reactions were terminated with 1 reaction volume of ace-
tonitrile, and insoluble protein was removed by centrifu-
gation. Enzymatic tests for reductase activities (7-keto-
cholesterol, cortisone, dehydrocorticosterone) were mea-
sured with 20 pM substrate and an NADPH-regenerating
system [0.5% dilution of a mixture containing 12 mM
NADP+, 29 g/l glucose-6-phosphate, 5 mM MgCl,, 0.2
M Tris/HCI, pH 7.4, 8.5 U/ml glucose-6-phosphate dehy-
drogenase (Roche)], with or without inhibitor. The 7-ke-
tocholesterol reactions were terminated by heating at
60 °C for 3 min. The enzymatically formed 7-OH-product
was converted into 7-OH-4-cholestene-3-one by addition
of 120 mU cholesterol oxidase, subsequent incubation at
37°C for 20 min, followed by termination with acetoni-
trile. Forty microliters of each terminated enzymatic re-
action was analyzed for conversion by RP-HPLC with a
CI18 column. Individual experiments were carried out
with single data points. The mobile phase was 30% ace-
tonitrile (v/v), 17 mM ammonium acetate, pH 7.0, (glu-
cocorticoid separation) or 85 % acetonitrile/water (v/v, 7-
cholesterol derivative separation). The glucocorticoid ab-
sorption was measured at 240 nm, and 7-keto-cholesterol
and 7-OH-4-cholestene-3-one absorption was measured
at 241 nm. The amount of product formed was deter-
mined by comparison to external standard curves of au-
thentic 7-oxo-cholesterol derivatives.
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Determinations of 7a-OH-chol, 75-OH-chol and 118-
HSD activities (cortisol, corticosterone) using purified
11B-HSD1 were performed at 25 pM substrate concen-
tration and 50 pM NADP*. NADPH formation was mea-
sured continuously for 20—30 min in a Fluoroskan Ascent
microplate fluorimeter (Labsystems) (excitation 340 nm,
emission 460 nm). 7B-OH-chol dehydrogenase kinetic
reactions were performed at varied substrate concentra-
tions (0.8—100 pM) and 50 pM NADP*. The relationship
between the increase of fluorescence and the rate of
NADPH formation was established by generating a cali-
bration curve using freshly prepared solutions of NADPH
(0—25 pM). Kinetic constants were calculated using the
PRISM (GraphPad) or GRAFIT (Erithacus Software)
software packages by non-linear regression analysis of
data fitted to the Michaelis-Menten kinetics function.

Active-site titration

Active-site titration of 118-HSDI1-containing P pastoris
homogenates or purified soluble enzyme was performed as
described using carbenoxolone (CBX) or the specific tight-
binding inhibitor BVT.24829 [22]. Data were fitted by non-
linear regression to the Morrison equation [24], thus ob-
taining apparent K; and enzyme concentration values.

Results

Metabolism of 7-oxysterols in human liver
microsomes

Human liver microsomes were incubated in the presence
of NADP(H) and either 7a-OH-chol, 73-OH-chol or
7-ketocholesterol, and metabolite formation was assessed
by RP-HPLC (fig. 1). These experiments revealed that
7-ketocholesterol is reduced exclusively in human liver
microsomes to 78-OH-chol using NADPH, without de-
tectable formation of 7a-OH-chol. Conversely, only 74-
OH-chol but not 7a-OH-chol is oxidized in vitro to the 7-
oxo derivative by human liver microsomes. Quantitative
analysis of a sample from a single human transplant
donor (table 1) demonstrates detectable levels of both
11B-HSD and 7p-OH-chol dehydrogenase activities. For
both enzyme activities, the rate of ketoreductase activity
was four- to eightfold higher than the opposing dehydro-
genase activity. To establish relationships with hepatic
11B-HSD1, inhibition experiments were performed. In
these experiments, the 115-HSD inhibitor CBX yielded
close to complete inhibition of 7-oxysterol metabolite
formation in microsomes, suggesting a possible identity
of human hepatic 113-HSD1 with 73-OH-chol dehydro-
genase (table 1, fig. 1). Using a recently developed spe-
cific inhibitor for type 1 11B8-HSD (BVT.24829)
[18—-20], complete inhibition of glucocorticoid conver-
sion was achieved; however, a residual 7-ketocholesterol
activity was apparent after inhibition. These inhibition

Oxysterol metabolism by type 1 113-hydroxysteroid dehydrogenase

Table 1. 7-Oxysterol and glucocorticoid metabolism in human
liver microsomes.

Substrate Activity + CBX + BVT.24829
residual residual activity
activity (%) (%)

Cortisol 0.56 £ 0.02 0 0

7a-OH-chol na - -

7pB-OH-chol 0.08 £0.01 0 0

7-Ketochole-  0.68 + 0.03 2 6

sterol

Cortisone 23+0.1 0 0

Activity: pmol X min™! X mg™!, residual activity in % cf. uninhibited
experiments, which were set to 100%. na, no activity detectable.
Reaction rates were measured at substrate (cortisol/7a-OH-
chol/7B-OH-chol) concentration of 20 pM for dehydrogenase
activity, the reductase reaction was measured at 20 pM 7-keto-
cholesterol/cortisone; and  inhibitor  concentrations  were
2.5 pM CBX and BVT.24829. Activity is presented as mean + SD,
n = 3 independent experiments for each value, except for cortisone
and cortisone/CBX, where n = 2. Incubation times 60 min for
7keto/7a-OH/7 f-OH-chol, 30 min for cortisol, and 15 min for cor-
tisone.

data suggest an additional, different 7-ketocholesterol re-
ductase enzyme other than 115-HSD1 with low activity
present in microsomes, or a minor amount of non-enzy-
matic autoconversion.

Recombinant full-length 115-HSD1 from human,
mouse, and rat are exclusive 73-OH-chol
dehydrogenases

Recombinant 118-HSD1 species variants were expressed
as full-length forms in the methylotrophic yeast P pas-
toris. These variants of 113-HSD1 from human, rat, and
mouse showed qualitatively the same pattern of conver-
sion of 7-oxysterols as observed with the human liver mi-
crosome material (table 2). In particular, no product for-
mation was observed with 7a-OH-chol as substrate.
However, reactions with 73-OH-chol and NADP* led to
7-ketocholesterol formation. In all cases, CBX inhibition
resulted in a complete decrease in activity, clearly indi-
cating mediation of 7-oxysterol conversion by the recom-
binant full-length 113-HSD1 variants.

Enzymatic properties of purified 118-HSD1 species
variants

11B-HSD1 versions from human, mouse, and rat were ex-
pressed in E. coli as soluble variants lacking the trans-
membrane domain, allowing purification by metal affin-
ity chromatography through N-terminal His, tags. In pre-
vious studies, we reported on the kinetic characteristics
using glucocorticoids as substrates of the human and
guinea pig forms, and on the purification and functional
expression of these different variants expressed in E. coli
and P, pastoris [21—-23]. In those studies, we established
equivalence between the transmembrane-deleted and the
full-length versions regarding their kinetic behavior to-



CMLS, Cell. Mol. Life Sci.  Vol. 61, 2004 Research Article 995

009
0,200
0,08
0,178
007
0,150
0,06
0,125
0,03
0,100
0,04 Y
0,075
0,03
0,050
0,02
J . A k
0,01 Lq
2 4 & 8 10 12 14 15 1% F 2 M 0 2 4 3 ] 10 12 ] 16 18 0 1 F2]
0.2
0,009
0,20
0,008 018
0,007 0,16
0,006, 0,14
0,005 0,12
0,004 LA T
0,08
0,003
0,06
0,002
004
oo j\_ 0,02
0,000 --J
2 4 & 8 10 12 14 16 18 0 pard 2 2 4 L 8 10 12 14 16 18 20 n 4
0,09
0,08
007
0,06 L
0,05
0,04
0,03
0,02
001
aon} ]

2 4 [ 8 10 12 14 16 18 0 2 24

Figure 1. NADP(H)-dependent formation of 7-oxysterol metabolites in human liver microsomes. (4) Dehydrogenase reactions, from top
to bottom: RP-HPLC chromatograms and product identifications from reactions with NADP*, 7a-OH-chol (top); NADP", 73-OH-chol
(middle); NADP*, 7-OH-chol, CBX (bottom). Only 7-OH-chol, NADP* leads to 7-ketocholesterol (P) formation. (B) Reduction reac-
tions: NADPH, 7-ketocholesterol; production of 7-OH-chol (7f) but not 7a-OH-chol (7«) from 7-ketocholesterol (S) (top); NADPH, 7-
ketocholesterol, CBX; inhibition of product formation by CBX (bottom).
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Table 2. Formation of 7-ketocholesterol from 7a-OH- and 7-OH-chol as substrate using full-length 113-HSD1 species variants expressed

in P, pastoris.

Species 7a-OH-chol 7a-OH-chol/CBX 7p-OH-chol 7p-OH-chol/CBX
residual activity (%) residual activity (%)

Human na - 0.41 £0.03 0

Mouse na - 0.88 £ 0.35 0

Rat na - 0.07 £ 0.01 0

Control na - na -

Values of k, ,,, (1/min) were determined at saturating substrate concentrations, and enzyme concentrations were determined by active-site
titration. na, no activity detectable. Activity is presented as mean + SD; n = 2 independent experiments. Incubation time 60 min. Control,

mock-transformed P, pastoris.

Table 3. Kinetic parameters of purified soluble human, rat and mouse 113-HSD1 species variants.

7B-OH dehydrogenase

7-oxo0 reductase

Km kcal kcat/Km Kﬂl kca! kcat/Km
Human 1742 74+1.1 0.46 5112 12403 0.03
Mouse 1.5+0.5 48+0.8 33 7.7+12 7.0+0.8 0.9
Rat 11+£24 22+14 2.0 85+ 18 51+15 0.06

K, in pM, kg, in min™!, k /K in pM™' X min™'. Activities are presented as mean SD; n =4 independent experiments for human, n = 2 for
mouse, n = 2 for rat reductase, and n = 3 for rat dehydrogenase activity. Incubation times: 30 min.

ward their glucocorticoid substrates. In the present study,
we performed active-site titration experiments using
CBX to determine the exact amount of catalytically com-
petent enzyme in the enzyme preparations, in a manner
analogous to that described for the human enzyme using
a tight-binding arylsulfonamidothiazole derivative [22].
With the three species investigated, CBX showed tight-
binding inhibition using glucocorticoids as substrates.
This allowed us to derive k., values, instrumental for

cat

comparison of catalytic efficiencies. All three soluble

Rate (1/min)

00 T T T T d
1] 50 100 150 200 250

[7keto-chol] (uM)

11B-HSD species variants investigated showed qualita-
tively the same oxysterol conversion pattern as their full-
length variants (described above), but differed in their ki-
netic constants (table 3). Resulting k. /K,, calculations
established that the mouse form most efficiently cat-
alyzes 7pB-OH/7-keto conversions, followed by rat, and
human. Kinetic analysis revealed Michaelis-Menten-type
behavior (fig. 2).

Inhibition experiments were performed to evaluate the
possible interference of oxysterol inhibition on glucocor-
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Figure 2. Representative kinetic analysis of purified human 118-HSD1, demonstrating Michaelis-Menten kinetics with 7-oxysterols. Data
were fitted by non-linear regression to the Michaelis-Menten equation. Inserts show plots of data transformed by Lineweaver-Burke linear
regression. (4) 78-OH-chol dehydrogenase reaction. (B) 7-Ketocholesterol reductase reaction.
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Figure 3. Inhibition of 7-oxysterol conversion by the selective
11B-HSD1 inhibitor BVT.24829. Inhibition of 7-OH-chol dehy-
drogenase activity was carried out at varied inhibitor concentra-
tions. Duplicate measurements were made at 0 M BVT.24829 to
give an approximate measure of the variation expected in the other
plotted points. Non-linear regression analysis of the data obtained
[plot of inhibitor concentration against fractional velocity (vi/v,)]
reveals an apparent K; of 12 nM. Independent duplicate measure-
ments, performed to avoid occasional error, agreed to within 10%.
NADPH formation was measured continuously at 6-s intervals
(20 min total time) by the fluorimetric assay as described in Mate-
rials and methods.

ticoid conversion by purified human 115-HSD1. We
tested possible inhibition by 7a-OH-chol, 75-OH-chol
and 7-ketocholesterol. In these experiments, we did not
observe a strong inhibition by the 7-oxysterols tested, nei-
ther of the physiologically relevant 11-oxo-reductase nor
of the 11B-dehydrogenase reaction, with K; values rang-
ing from 30 to 240 pM (data not shown), in line with the
observed kinetic data. However, efficient inhibition of the
7B-OH-chol dehydrogenase activity using the arylsulfon-
amidothiazole BVT.24829 was observed (fig. 3). Experi-
ments were conducted at 50 pM substrate concentration,
resulting in an apparent K; of 12 + 2 nM.

Discussion

Recent studies [4, 5] indicated a possible relationship be-
tween oxysterol and glucocorticoid hormone metabolism
through the discovery of a hamster liver 7a-OH dehydro-
genase, displaying a high similarity to hepatic 113-HSD1
cloned from other species [4, 5]. We have now established
that human, rat, and mouse 113-HSDI species variants
function as 7-OH-chol dehydrogenase, in contrast to the
hamster isozyme which appears to mediate mainly 7a-
OH activity [4, 5]. Our data using recombinant 11p-
HSD1 are in perfect agreement with the conversion pat-
tern found in human liver microsomes, demonstrating
solely 7B-OH activity. Using two different inhibitors, the
less specific steroid and prostaglandin dehydrogenase in-
hibitor CBX, and the 118-HSDI-specific inhibitor
BVT.24829 [18-20], we discovered that 115-HSD1 is
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the main enzyme mediating oxidoreductase reactions at
position 7 of 7-oxysterols in human liver microsomes. We
also found in CBX and BVT.24829 inhibition experi-
ments some minor (about 2—6%) ketocholesterol reduc-
tase activity, which could not be attributed to 115-HSD1-
mediated conversion.

To date, no analysis of oxysterol metabolism has been
carried out in 113-HSD1 animal models [9-12]. Fur-
thermore, data obtained from knock-out or transgenic an-
imals are difficult to interpret and to extrapolate with re-
spect to development of atherosclerosis in humans, since
cholesterol and lipoprotein metabolism show a high de-
gree of species variability [1]. However, bearing in mind
the established 7-keto reductase activity of 113-HSDI
(this report) and its widespread expression pattern [8§],
one can now explain earlier results demonstrating in vivo
and in vitro formation of 73-OH-chol from 7-ketocholes-
terol [25, 26]. Given the well-documented preference of
11B-HSD1 to mediate the reductive reaction in vivo and
in intact cells [27, 28], and given the in vivo formation of
7B-OH-chol in studies using radiolabeled 7-ketocholes-
terol [26], one may anticipate that formation of 75-OH-
chol from 7-ketocholesterol is catalyzed mainly by 11-
HSDI in the liver, a major site of oxysterol in vivo me-
tabolism. The issue that still remains to be considered is
the high K, value observed with the purified enzyme ma-
terial. Although large species variations were noted in our
study, the values obtained are at least one order of mag-
nitude above the plasma concentrations reported for 7p-
OH-chol and 7-ketocholesterol [1]. However, our data
were obtained in vitro under artificial conditions and by
using enzyme devoid of membrane attachment. Further-
more, the local effective concentrations of oxysterols in
the endoplasmic reticulum (ER) membrane, in the vicin-
ity of 113-HSDI1, are unknown. Given the hydrophobic-
ity of cholesterol derivatives and their enrichment in lipid
membranes, we assume a considerably higher effective
concentration than values based on plasma levels or K,
data obtained in in vitro systems. Whatever the concen-
trations of the oxysterols in the ER membrane are, the in
vivo experiments indicate clearly that effective conver-
sion of 7-ketocholesterol to the 78-OH-chol derivative
occurs, €.g., in rat liver [26].

The possible in vivo role of 7-oxysterols is largely un-
known, but documented biological effects of 7-oxysterols
range from induction of apoptosis in macrophage-like
cell lines [29], accumulation in atherosclerotic lesions,
involvement in lipid peroxidation [30], and induction of
foam cell formation [31]. Despite the apparently high
concentrations of oxysterols used in some of these exper-
iments, the data suggest a possible role of 7-ketocholes-
terol in the progression of atherosclerotic disease. The
transduction pathways behind these effects may be of
multiple origins, involving yet poorly defined membrane
effects [29], but could also be mediated by intracellular
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nuclear receptors, in analogy with the properties of side-
chain-oxygenated cholesterol ligands binding to the liver
X receptor [32, 33], showing a critical role in reverse cho-
lesterol transport, inflammation and, hence, atherosclero-
sis. This notion is further supported by the recent discov-
ery that 7-ketocholesterol binds to the arylhydrocarbon
receptor, at concentrations in the physiological range
[34].

Assuming a reductive reaction preference of 115-HSD1,
7-ketocholesterol formed through lipid peroxidation
processes as a consequence of oxidative stress will be
transformed into the more polar 78-OH metabolite
through 114-HSD1 in the liver. Although some of the bi-
ological activities of 7-oxysterols are also obtained with
7B-OH-chol, plasma levels are low, suggesting rapid fur-
ther metabolism and excretion. However, the role of 114-
HSDI in atherosclerotic lesions might be radically differ-
ent from the scenarios observed in liver. First, 113-HSD1
expression is observed in smooth muscle cells, addition-
ally during specific stages in macrophage differentiation,
and is dependent on specific cytokines such as inter-
leukin IL-4 and IL-13 [35]. This suggests a role of 11p-
HSDI in macrophage pathophysiology in atherosclerotic
lesion development, both through modulation of im-
mune-modulatory signals (glucocorticoids) and through
metabolism of pro-atherogenic compounds (oxysterols).
However, thus far no enzymological analysis of 7-oxys-
terol conversion at specific points of macrophage devel-
opment, derived from animal or cell culture models, or
atherosclerotic plaques has been reported. Second, the re-
action direction of 1138-HSD1 might be differentiation
dependent. Data from the group of Stewart et al. [36, 37]
suggest important changes in the stage-specific corti-
sone-cortisol conversion pattern during, e.g., adipocyte
differentiation, implying a role of 115-HSD1 in the pro-
differentiating and anti-proliferative properties of gluco-
corticoids. This mechanism might also be operative in
cell types other than adipocytes. In macrophages, a
change in reaction direction of oxysterol metabolism
(from reductive to oxidative) would imply that 11p-
HSDI prevents inactivation of the pro-atherogenic 7-ke-
tocholesterol and even enhances formation of this oxys-
terol through 7p3-OH dehydrogenation.

Taken together, this study provides novel insights into en-
zymological properties of an important enzyme, central
in glucocorticoid physiology and pharmacology, and
points to possible novel functions as an oxysterol-metab-
olizing enzyme within metabolic disease and atheroscle-
rosis.

Acknowledgements. This study was supported by grants from the
NovoNordisk Foundation, Biovitrum AB, Karolinska Institutet and
the Swedish Research Council. We thank 1. Bjorkhem and J. Sjovall
for fruitful discussions. Expert technical assistance by M. Lindh
and K. Stefansson is gratefully acknowledged.

Oxysterol metabolism by type 1 113-hydroxysteroid dehydrogenase

1 Schroepfer G. J. Jr (2000) Oxysterols: modulators of choles-
terol metabolism and other processes. Physiol. Rev. 80:
361-554

2 Meaney S., Bodin K., Diczfalusy U. and Bjorkhem I. (2002) On
the rate of translocation in vitro and kinetics in vivo of the ma-
jor oxysterols in human circulation: critical importance of the
position of the oxygen function. J. Lipid Res. 43: 2130-2135

3 Vine D. F,, Mamo C. L., Beilin L. J., Mori T. A. and Croft K. D.
(1998) Dietary oxysterols are incorporated in plasma triglyc-
eride-rich lipoproteins, increase their susceptibility to oxida-
tion and increase aortic cholesterol concentration of rabbits. J.
Lipid Res. 39: 1995-2004

4 Song W., Pierce W. M. Jr, Saeki Y., Redinger R. N. and Prough
R. A. (1996) Endogenous 7-oxocholesterol is an enzymatic
product: characterization of 7 alpha-hydroxycholesterol dehy-
drogenase activity of hamster liver microsomes. Arch.
Biochem. Biophys. 328: 272282

5 Song W., Chen J., Dean W. L., Redinger R. N. and Prough R. A.
(1998) Purification and characterization of hamster liver mi-
crosomal 7alpha-hydroxycholesterol dehydrogenase: similarity
to type I 11beta-hydroxysteroid dehydrogenase. J. Biol. Chem.
273: 16223-16228

6 Oppermann U, Filling C., Hult M., Shafgat N., Wu X., Lindh
M. et al. (2003) Short-chain dehydrogenases/reductases (SDR):
the 2002 update. Chem. Biol. Interact. 143—144: 247-253

7 Oppermann U. C., Persson B. and Jornvall H. (1997) Function,
gene organization and protein structures of 11beta-hydroxy-
steroid dehydrogenase isoforms. Eur. J. Biochem. 249: 355-360

8 Stewart P. M. and Krozowski Z. S. (1999) 11 -hydroxysteroid
dehydrogenase. Vitam. Horm. 57: 249-324

9 Kotelevtsev Y., Holmes M. C., Burchell A., Houston P. M.,
Schmoll D., Jamieson P. et al. (1997) 11B-hydroxysteroid de-
hydrogenase type 1 knockout mice show attenuated glucocorti-
coid-inducible responses and resist hyperglycemia on obesity
or stress. Proc. Natl. Acad. Sci. USA 94: 1492414929

10 Masuzaki H., Paterson J., Shinyama H., Morton N. M., Mullins
J.J., Seckl J. R. etal. (2001) A transgenic model of visceral obe-
sity and the metabolic syndrome. Science 294: 2166—2170

11 Masuzaki H., Yamamoto H., Kenyon C. J., Elmquist J. K., Mor-
ton N. M., Paterson J. M. et al. (2003) Transgenic amplification
of glucocorticoid action in adipose tissue causes high blood
pressure in mice. J. Clin. Invest. 112: 83-90

12 Morton N. M., Holmes M. C., Fievet C., Staels B., Tailleux A.,
Mullins J. J. et al. (2001) Improved lipid and lipoprotein profile,
hepatic insulin sensitivity, and glucose tolerance in 11beta-hy-
droxysteroid dehydrogenase type 1 null mice. J. Biol. Chem.
276: 41293-41300

13 White P. C., Agarwal A. K., Nunez B. S., Giacchetti G., Man-
tero F. and Stewart P. M. (2000) Genotype-phenotype correla-
tions of mutations and polymorphisms in HSD11B2, the gene
encoding the kidney isozyme of 11beta-hydroxysteroid dehy-
drogenase. Endocr. Res. 26: 771-780

14 White P. C. (2001) 11beta-hydroxysteroid dehydrogenase and
its role in the syndrome of apparent mineralocorticoid excess.
Am. J. Med. Sci. 322: 308-315

15 Bujalska I. J., Kumar S. and Stewart P. M. (1997) Does central
obesity reflect ‘Cushing’s disease of the omentum’?. Lancet
349: 1210-1213

16 Sandeep T. C. and Walker B. R. (2001) Pathophysiology of
modulation of local glucocorticoid levels by 11beta-hydroxys-
teroid dehydrogenases. Trends Endocrinol. Metab. 12: 446—
453

17 Davani B., Khan A., Hult M., Martensson E., Okret S., Efendic
S. et al. (2000) Type 1 11beta-hydroxysteroid dehydrogenase
mediates glucocorticoid activation and insulin release in pan-
creatic islets. J. Biol. Chem. 275: 3484134844

18 Barf T., Vallgarda J., Emond R., Haggstrom C., Kurz G., Ny-
gren A. et al. (2002) Arylsulfonamidothiazoles as a new class
of potential antidiabetic drugs: discovery of potent and selec-



CMLS, Cell. Mol. Life Sci.

19

20

21

22

23

24

25

26

27

28

Vol. 61, 2004

tive inhibitors of the 1lbeta-hydroxysteroid dehydrogenase
type 1. J. Med. Chem. 45: 3813-3815

Alberts P, Nilsson C., Selen G., Engblom L. O., Edling N. H.,
Norling S. et al. (2003) Selective inhibition of 11 beta-hydrox-
ysteroid dehydrogenase type 1 improves hepatic insulin sensi-
tivity in hyperglycemic mice strains. Endocrinology 144:
4755-4762

Alberts P, Engblom L., Edling N., Forsgren M., Klingstrom G.,
Larsson C. et al. (2002) Selective inhibition of 11beta-hydrox-
ysteroid dehydrogenase type 1 decreases blood glucose con-
centrations in hyperglycaemic mice. Diabetologia 45: 1528—
1532

Nobel C. S., Dunas F. and Abrahmsen L. B. (2002) Purification
of full-length recombinant human and rat type 1 11beta-hy-
droxysteroid dehydrogenases with retained oxidoreductase ac-
tivities. Protein Expr. Purif. 26: 349-356

Shafgat N., Elleby B., Svensson S., Shafgat J., Jornvall H.,
Abrahmsen L. et al. (2003) Comparative enzymology of 11
beta-hydroxysteroid dehydrogenase type 1 from glucocorticoid
resistant (guinea pig) versus sensitive (human) species. J. Biol.
Chem. 278: 2030-2035

Hult M., Jornvall H. and Oppermann U. C. (1998) Selective in-
hibition of human type 1 11beta-hydroxysteroid dehydrogenase
by synthetic steroids and xenobiotics. FEBS Lett. 441: 25-28
Morrison J. F. (1969) Kinetics of the reversible inhibition of en-
zyme-catalysed reactions by tight-binding inhibitors. Biochim.
Biophys. Acta. 185: 269-280

Bjorkhem I., Einarsson K. and Johansson G. (1968) Formation
and metabolism of 3-beta-hydroxycholest-5-en-7-one and
cholest-5-ene-3-beta, 7-beta-diol: bile acids and steroids 192.
Acta Chem. Scand. 22: 1594—-1605

Lyons M. A., Samman S., Gatto L. and Brown A. J. (1999)
Rapid hepatic metabolism of 7-ketocholesterol in vivo: impli-
cations for dietary oxysterols. J. Lipid Res. 40: 1846—1857
Leckie C. M., Welberg L. A. and Seckl J. R. (1998) 11beta-hy-
droxysteroid dehydrogenase is a predominant reductase in in-
tact rat Leydig cells. J. Endocrinol. 159: 233-238

Jamieson P. M., Walker B. R., Chapman K. E., Andrew R.,
Rossiter S. and Seckl J. R. (2000) 11 beta-hydroxysteroid de-
hydrogenase type 1 is a predominant 11 beta-reductase in the
intact perfused rat liver. J. Endocrinol. 165: 685—692

29

30

31

32

33

34

35

36

37

Research Article 999

Miguet-Alfonsi C., Prunet C., Monier S., Bessede G., Lemaire-
Ewing S., Berthier A. et al. (2002) Analysis of oxidative
processes and of myelin figures formation before and after the
loss of mitochondrial transmembrane potential during 7beta-
hydroxycholesterol and 7-ketocholesterol-induced apoptosis:
comparison with various pro-apoptotic chemicals. Biochem.
Pharmacol. 64: 527-541

Maor 1., Kaplan M., Hayek T., Vaya J., Hoffman A. and Avi-
ram M. (2000) Oxidized monocyte-derived macrophages in
aortic atherosclerotic lesion from apolipoprotein E-defi-
cient mice and from human carotid artery contain lipid perox-
ides and oxysterols. Biochem. Biophys. Res. Commun. 269:
775-780

Hayden J. M., Brachova L., Higgins K., Obermiller L., Sevan-
ian A., Khandrika S. et al. (2002) Induction of monocyte dif-
ferentiation and foam cell formation in vitro by 7-ketocholes-
terol. J. Lipid Res. 43: 2635

Laffitte B. A. and Tontonoz P. (2002) Orphan nuclear receptors
find a home in the arterial wall. Curr. Atheroscler. Rep. 4: 213—
221

Millatt L. J., Bocher V,, Fruchart J. C. and Staels B. (2003) Liver
X receptors and the control of cholesterol homeostasis: poten-
tial therapeutic targets for the treatment of atherosclerosis.
Biochim. Biophys. Acta. 1631: 107—118

Savouret J. F., Antenos M., Quesne M., Xu J., Milgrom E. and
Casper R. F. (2001) 7-Ketocholesterol is an endogenous modu-
lator for the arylhydrocarbon receptor. J. Biol. Chem. 276:
3054-3059

Thieringer R., Le Grand C. B., Carbin L., Cai T. Q., Wong B.,
Wright S. D. et al. (2001) 11p-hydroxysteroid dehydrogenase
type 1 is induced in human monocytes upon differentiation to
macrophages. J. Immunol. 167: 30—35

Bujalska I. J., Kumar S., Hewison M. and Stewart P. M. (1999)
Differentiation of adipose stromal cells: the roles of glucocor-
ticoids and 11beta-hydroxysteroid dehydrogenase. Endocrinol-
ogy 140: 31883196

Bujalska I. J., Walker E. A., Hewison M. and Stewart P. M.
(2002) A switch in dehydrogenase to reductase activity of 11
beta-hydroxysteroid dehydrogenase type 1 upon differentiation
of human omental adipose stromal cells. J. Clin. Endocrinol.
Metab. 87: 1205-1210

To access this journal online:
http://www.birkhauser.ch




