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a b s t r a c t

The primary function of 11�-hydroxysteroid dehydrogenase type 1 (11�-HSD1) is to catalyze the conver-
sion of inactive to active glucocorticoid hormones and to modulate local glucocorticoid-dependent gene
expression. Thereby 11�-HSD1 plays a key role in the regulation of metabolic functions and in the adap-
tation of the organism to energy requiring situations. Importantly, elevated 11�-HSD1 activity has been
associated with metabolic disorders, and recent investigations with rodent models of obesity and type 2
diabetes provided evidence for beneficial effects of 11�-HSD1 inhibitors, making this enzyme a promis-
ing therapeutic target. Several earlier and recent studies, mainly performed in vitro, revealed a relatively
broad substrate spectrum of 11�-HSD1 and suggested that this enzyme has additional functions in the
exose-6-phosphate dehydrogenase
etoxification
-Ketocholesterol
arbonyl reductase

metabolism of some neurosteroids (7-oxy- and 11-oxyandrogens and -progestins) and 7-oxysterols, as
well as in the detoxification of various xenobiotics that contain reactive carbonyl groups. While there are
many studies on the effect of inhibitors on cortisone reduction and circulating glucocorticoid levels and
on the transcriptional regulation of 11�-HSD1 in obesity and diabetes, only few address the so-called
alternative functions of this enzyme. We review recent progress on the biochemical characterization of
11�-HSD1, with a focus on cofactor and substrate specificity and on possible alternative functions of this

enzyme.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

Glucocorticoids are essential hormones involved in the reg-
lation of nearly every physiological process. They modulate

ipid synthesis, carbohydrate metabolism and protein turnover,
nd they are key regulators of stress responses, growth and
ifferentiation, neuronal functions, blood pressure and immune
unctions [1]. The importance of appropriate glucocorticoid regula-
ion is best exemplified by glucocorticoid receptor (GR) knock-out

ice, which die shortly after birth [2] and by the lethality of
drenalectomy. Moreover, disturbed glucocorticoid action, as a
esult of impaired endogenous regulation or due to environmen-
al influences including infection, high-fat food and exposure
o xenobiotics, contributes to various diseases [3]. Thus, ther-
peutic applications aim at enhancing glucocorticoid effects in
ases of insufficient endogenous responses, e.g. inducing immune
uppressive effects during inflammation, or inhibiting excessive
lucocorticoid action to reduce adverse metabolic complications.
specially for systemic applications, the multiple roles of glucocor-
icoids and their actions have to be considered in order to avoid
dverse effects during therapy.

The expression of up to 10% of all genes in a higher organism is
odulated by glucocorticoids, and a tightly controlled regulatory

etwork is required for a highly time- and tissue-specific regula-
ion and to allow a fine-tuned control of metabolic processes [4].
lucocorticoids exert most of their effects through binding to cor-

icosteroid receptors of the nuclear hormone receptor family. Two
istinct types of receptors exist, the type I or high affinity corticos-
eroid receptor, also known as mineralocorticoid receptor (MR),
nd the type II lower affinity or classical glucocorticoid receptor
GR) [5–7]. Of both receptors several transcriptional and transla-
ional variants exist [8–10]. Ligand binding to MR and GR regulates
ene transcription either directly by binding of the receptor to the
romoter of the corresponding gene or indirectly by interaction of
he receptor with other transcription factors, as exemplified by the
nteraction of GR with AP-1 and NF-�B [11]. The active GR (and

R) complex consists of several tissue-specifically regulated pro-
eins, and the receptor and its associated proteins are modulated by

ultiple post-translational modifications, making glucocorticoid
esponses highly dynamic.

It was long thought that the magnitude of glucocorticoid action
s determined by the circulating concentration of active steroid
nd the intracellular concentration of GR in the target tissues.
owever, in the past two decades, the intracellular interconver-

ion of inactive and active glucocorticoids by 11�-hydroxysteroid
ehydrogenases (11�-HSD) emerged as a key mechanism of tissue-
pecific regulation of glucocorticoid action. Glucocorticoids are
roduced in the adrenal glands, and humans secrete approximately
0–20 mg of cortisol every day. Glucocorticoids exist as active 11�-
ydroxysteroids (cortisol in human, corticosterone in rodents),
hich are regulated by the circadian rhythm and show highest

oncentrations of about 800 nM in the morning and about 200 nM
t midnight in humans, and as inactive 11-ketosteroids (cortisone
n human, 11-dehydrocorticosterone in rodents) that remain rela-
ively constant throughout the day at about 100 nM [12]. Whereas
ortisol is bound at over 90% to �-2 cortisol-binding globulin (CBG)
n blood and at 5–6% to albumin, cortisone exists mainly in the
ree form [13]. Two distinct 11�-HSD enzymes have been char-
cterized. 11�-HSD2 (SDR9C3, according to a recently introduced
omenclature [14]) catalyzes the conversion of active to inactive
lucocorticoids (Fig. 1) [15,16]. It is expressed in cortical collecting

ucts and distal tubules of the kidney and in distal colon, where

t protects MR from high circulating 11�-hydroxyglucocorticoids.
t is also expressed in placenta, where its role is to protect the
etus from high maternal glucocorticoids. In contrast, 11�-HSD1
SDR26C1) catalyzes the reverse reaction and plays an important
mistry & Molecular Biology 119 (2010) 1–13

role in the activation of GR in metabolically relevant tissues such as
liver, adipose and skeletal muscle [17,18]. Interestingly, 11�-HSD1
is also expressed in the hippocampus, in mature adipocytes and in
macrophage, tissues expressing MR and GR. It is thought that the
MR is occupied by glucocorticoids in these tissues; however, the
mechanism of MR activation and function in these tissues remains
unclear [19].

Thus, in the absence of 11�-HSDs, a given target cell depends
on the circulating level of active 11�-hydroxyglucocorticoids. In
contrast, cells expressing 11�-HSD1 are able to generate active
steroid from the relatively constant pool of unbound circulating
11-ketoglucocorticoid, and glucocorticoid responses are mainly
dependent on the activity of this enzyme. Cells expressing 11�-
HSD2 are relatively insensitive to glucocorticoids and are expected
to respond to high circulating 11�-hydroxyglucocorticoids only, for
example in situations of severe stress. The expression of the respec-
tive 11�-HSD enzyme allows a highly tissue- and cell-specific
modulation of glucocorticoid sensitivity.

Numerous studies in animals and humans provided evidence
for an association between the development of metabolic dis-
eases and the prolonged exposure to elevated levels of active
glucocorticoids, either due to administration of synthetic gluco-
corticoids or as a result of enhanced 11�-HSD1 activity (reviewed
in [18,20]). Moreover, treatment of transgenic and diet-induced
rodent models of obesity, type 2 diabetes and atherosclerosis with
11�-HSD1 inhibitors demonstrated the improvement of various
metabolic parameters, including reduced food intake, decreased
glucose levels, enhanced insulin sensitivity, improved lipid pro-
files and reduced atherosclerotic plaque progression (reviewed
in [21–25]). Based on these observations, 11�-HSD1 is currently
considered a promising target for therapeutic interventions, with
several clinical trials ongoing. Because 11�-HSD1, in addition to
its function in the interconversion of glucocorticoids, metabolizes
various carbonyl containing chemicals, including non-steroidal
compounds, it will be important to investigate the physiological
relevance of these alternative functions and to assess the conse-
quences of inhibition.

2. Amino acid sequence and structural features of
11�-HSD1

The 11�-HSD enzymes belong to the superfamily of short-chain
dehydrogenases/reductases (SDR). According to a recent in silico
analysis, over 46,000 members have been identified in a wide range
of organisms, with at least 73 genes in the human genome [14,26].
SDRs exert a variety of functions and have a broad substrate spec-
trum, including steroids, retinoids, prostaglandins, lipids, bile acids
and xenobiotics [27]. They usually display relatively low sequence
identities (typically as low as 10–30%) but share common sequence
motifs and structural properties. The common motifs include a
structurally conserved binding site for the cofactor NAD(P)(H) in
the N-terminal region (Thr-Gly-(Xaa)3-Gly-Xaa-Gly) and the cat-
alytic tetrad (consisting of Asn, Ser, Tyr, and Lys), which is essential
for the proton transfer between substrate and cofactor [28]. The 3D-
structures of SDRs deposited in the protein database PDB show a
nearly superimposable �/�-folding pattern with a central �-sheet
typical of a Rossmann-fold (for binding of the nicotinamide ring
and its ribose), which is flanked by helices on either side, and a
unique substrate binding cavity responsible for the large substrate
specificities found in this protein superfamily.
Initially, 11�-HSD1 was identified in a search for an 11�-
hydroxyglucocorticoid inactivating dehydrogenase. 11�-HSD1 was
purified from rat liver [29] and the cDNA cloned [17]. Subse-
quently, the human enzyme was cloned and the recombinant
enzyme characterized [30]. Activity measurements using cell
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Fig. 1. Conversion of cortisone

ysates and microsomal preparations revealed that 11�-HSD1 is
reversible enzyme with 11-ketoglucocorticoid reductase and

1�-hydroxyglucocorticoid dehydrogenase activity, respectively,
hereby the dehydrogenase activity was found to be more stable

31,32]. Later, in an attempt to achieve higher protein yields, the
ull-length human and rat enzymes were expressed in the yeast
. pastoris and purified with preserved enzymatic activity [33]. N-
erminally truncated 11�-HSD1 proteins were also expressed and
urified for structural and functional analyses [34–36]. Despite
eleting the single N-terminal transmembrane helix, the truncated
roteins are still hydrophobic and remain associated with the ER
embrane.
Important novel information was provided by the recently

olved 3D-structures of 11�-HSD1 with cofactor, substrate and/or
nhibitor, including those from different species [37–39]. The var-
ous 11�-HSD1 3D-structures reveal an overall folding pattern
imilar to those of other SDRs. A central seven-stranded parallel
-sheet is flanked by six parallel �-helices, with four short �-
elix insertions relative to the consensus fold. Although an early
D-structure of human 11�-HSD1 suggested a tetrameric overall
old of the subunits (PDB entries 1xu7, 1xu9) [37], other studies
n 3D-structures of 11�-HSD1 from human, guinea-pig and mouse
onsistently demonstrated that the functional unit of 11�-HSD1
xists as a homodimer formed by two monomers (PDB entry 2bel)
38–40]. This is also in line with an earlier functional analysis using
urified protein [41]. The two subunits superimpose well on each
ther and they are related by a pseudo-2-fold axis, with a relatively
arge total buried surface area of the dimer interface [38,39]. The
mino-termini are on the same face of the dimer and the amino
cids for each chain point in the same direction toward the mem-
rane, which is important for the interaction of the hydrophobic
-terminal part of the enzyme with the membrane. Furthermore,
he C-terminal helical segment interacts with two of the substrate
inding loops in the other subunit, suggesting a tripartite role of the
-terminal region in active site architecture, subunit interactions
nd interactions with the lipid bilayer. While the two N-terminal
ingle membrane helices from the dimer anchor the enzyme in
he membrane, the C-terminal helical segments form a non-polar
lateau that is thought to be located within the membrane. The
D-structures suggest that lipophilic substrates such as steroid hor-
ones and oxysterols, which are enriched in the membrane, enter

he catalytic site of the enzyme from the hydrophobic lipid bilayer.
his model may explain why low concentrations of cortisone are
fficiently converted to cortisol in preparations containing mem-
ranes despite the rather high Km values reported for the enzyme.
t may also explain why some lipophilic inhibitors show lower
C50 values in intact cells compared with isolated enzyme prepara-
ions. Highly lipophilic compounds are expected to reach high local
oncentrations in membranes and may inhibit the enzyme specif-

cally by occupying the hydrophobic ligand binding site or rather
nspecifically by disturbing proper folding and/or insertion of the
nzyme in the membrane.

Although 11�-HSD1 and 11�-HSD2 both interconvert glucocor-
icoids (Fig. 1), a sequence comparison with other SDRs indicates a
ortisol by 11�-HSD enzymes.

different origin of these two enzymes that share only 18% identical
amino acid sequence, suggesting convergence of substrate speci-
ficity during evolution. While 11�-HSD2 is most closely related to
17�-HSD2 (SDR9C2) that converts estradiol to estrone, 11�-HSD1
shares highest sequence similarity with the putative 11�-HSD3
(HSD11B1L, SDR26C2), which has recently been suggested to
catalyze the NADP+-dependent dehydrogenation of cortisol [42],
and the orphan SDR DHRS7C (SDR32C2) [14,26] whose function
remains unknown. Moreover, 11�-HSD2 contains three N-terminal
membrane spanning helices with the catalytic domain facing the
cytoplasm, whereas 11�-HSD1 has a single N-terminal transmem-
brane helix with two positively charged lysines at positions 5 and 6
and two negatively charged glutamates at positions 25 and 26 that
determine the orientation of the catalytic moiety into the endo-
plasmic reticulum lumen [43,44]. Furthermore, 11�-HSD2 uses
cofactor NAD+ while 11�-HSD1 preferentially accepts NADPH (see
below). Despite the orientation into different compartments and
the low sequence similarity of 11�-HSD1 and 11�-HSD2, the selec-
tivity of 11�-HSD1 inhibitors is usually assessed using 11�-HSD2
as an initial counter-screen [21–23]. Thus, it remains to be inves-
tigated whether some of the many “selective” inhibitors described
in the scientific and patent literature may act on other, functionally
more related SDRs.

11�-HSD1 is a glycoprotein; however, the role of glycosylation
remains unclear [31,45,46]. There are species-specific differences in
the number of glycosylation sites. The human and canine enzyme
contain three, the mouse, hamster and rat enzymes two and the
guinea-pig enzyme one predicted glycosylation site, with evi-
dence from experiments using cells transfected with recombinant
11�-HSD1 that these sites are indeed glycosylated [47]. The sites
in human 11�-HSD1 correspond to Asn123, Asn162 and Asn207,
whereby the latter is conserved throughout all species. While muta-
tion of Asn203 on rat 11�-HSD1 led to complete loss of activity in
intact Chinese hamster ovary cells [48], complete deglycosylation
of human 11�-HSD1 as well as expression in yeast and bacte-
ria, where the enzyme is not glycosylated, did not affect enzyme
activity [34,46]. It remains to be determined whether glycosylation
affects 11�-HSD1 protein stability or its interaction with H6PDH
or whether it might be responsible for some of the species-specific
effects of 11�-HSD1 inhibitors.

3. Preference for co-substrate NADP(H)

Inspection of the amino acid sequence of 11�-HSD1 shows the
presence of a lysine (Lys44) in the conserved Gly-(Xaa)3-Gly-Xaa-
Gly motif and an arginine residue at position 66 that is thought to
stabilize the 2′-phosphate group of NADP(H). Analogous to Arg66,
NAD+-selective SDR enzymes contain a glutamate or aspartate
residue at the end of �-strand B [49–51]. Structural analysis of 11�-

HSD1 revealed that the 2′-phosphate of NADPH is bound to Arg66

and Ser67, but not to Lys44 as in other NADPH-dependent SDRs [38].
Based on kinetic analyses and protein–ligand binding exper-

iments Monder et al. proposed an ordered sequential mech-
anism with NADPH binding first, followed by substrate bind-
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ig. 2. Schematic representation of 11�-HSD1 as a multi-functional ER-luminal enzy
lucose-6-phosphate transporter, G6PT; glucose, G; phosphate, Pi; 6-phosphogluco

ng [32]. A much higher association constant was obtained
or NADPH compared with 11-dehydrocorticosterone, and 11-
ehydrocorticosterone binding was barely detectable in the
bsence of NADPH. Similarly, a recent study on the impact of
o-substrate concentrations on the effect of 11�-HSD1 inhibitors
eported no specific binding of cortisone in the absence of NADPH
nd provided further evidence that NADPH binds prior to the sub-
trate [52].

Early functional analyses of recombinant rat 11�-HSD1 in intact
ells and in cell lysates revealed bi-directional activity with effi-
ient catalysis of both the reduction of 11-dehydrocorticosterone
nd the oxidation of corticosterone [17,30]. Similar observations
ere made with 11�-HSD1 from other species, including the
uman enzyme [33,36,43,44,53]. Using purified protein, microso-
al preparations and cell lysates, it was observed that 11�-HSD1

ccepts both NAD(H) and NADP(H) as co-substrate, with a prefer-
nce to utilize NADPH for reduction and about equal efficiencies
ith NAD+ and NADP+ for oxidation [36,44,53,54]. Thus, the cellu-

ar availability of the respective co-substrate in the ER lumen is an
mportant factor regarding glucocorticoid balance.

In the cytoplasm, and probably in other cellular compartments
ncluding the ER, NADPH and NAD+ concentrations exceed those
f NADP+ and NADH, respectively, by an order of magnitude or
ore [55–57]. Using microsomal preparations, we recently demon-

trated that an approximately 10-fold excess of NADPH over NADP+

s required for an efficient reductase activity of 11�-HSD1 [58].
urthermore, in intact cells a depletion of glucose shifted the
lucocorticoid ratio at steady-state conditions to the oxidized
etabolite. Because the cellular nicotinamide nucleotide concen-

rations exceed those of steroid hormones by far, the co-substrate
evels can be expected to determine the reaction direction of steroid

etabolizing enzymes, suggesting that steroid reductases primar-
ly function with NADPH and dehydrogenases with NAD+ [59]. It

ight be speculated that the reversible enzyme 11�-HSD1 uti-
izes NADPH for reduction and NAD+ for oxidation of substrates in
ells not expressing H6PDH. Changes in cellular conditions such as
ell fuel abundance and oxidative stress are expected to influence
teroid hormone metabolism through altered ratios of oxidized to
educed nicotinamide co-substrates.

. Interaction with H6PDH

The recent discovery of a role for H6PDH in determining the
eaction direction of 11�-HSD1 (Fig. 2) revealed another level of

issue-specific glucocorticoid regulation [60–63]. 11�-HSD1 was
ound to act mainly as a dehydrogenase in undifferentiated human
mental adipose stromal cells, in contrast to differentiated mature
dipocytes where it acts predominantly as a reductase [64]. It was
hen proposed that the switch of 11�-HSD1 dehydrogenase to
exose-6-phosphate dehydrogenase, H6PDH; glucose-6-phosphate, G6P; ER-luminal
tone, 6PGL.

reductase activity correlates with the expression of H6PDH [65].
Other investigators found that 11�-HSD1 functions predominantly
as a reductase in pre-adipocytes [66,67]. A switch from dehydro-
genase to reductase activity has also been observed during bone
differentiation [68], and it may be relevant in other cell types dur-
ing the transition from proliferation to the differentiated state.
Recently, Gomez-Sanchez et al. provided an extensive overview
of the H6PDH/11�-HSD1 mRNA and protein expression ratios in
various rat tissues [69]. The highest ratio of H6PDH/11�-HSD1
was found in liver, macrophage, spleen, thymus, skeletal muscle
and adipose tissue. Lower H6PDH protein expression was found
in the stomach and in testes and kidneys where in addition to
the 90 kDa band immunoreactive bands at approximately 80 and
65 kDa, respectively, were detected. In the brain the 90 kDa H6PDH
band was absent and a 55 kDa protein was observed. The func-
tions of these lower molecular weight H6PDH variants remain to
be uncovered.

The full-length 90 kDa H6PDH catalyzes the first two steps of
the pentose-phosphate pathway in the ER and converts glucose-
6-phosphate to 6-phosphogluconolactone to generate NADPH
(Fig. 2) [70,71]. Because the ER membrane is not freely perme-
able for NADPH, H6PDH plays a key role in the maintenance of
the NADPH/NADP+ redox couple in the ER [72]. Piccirella et al.
provided evidence that changes in the glutathione redox couple
do not influence the redox state of the NAD(P)(H) system [73].
Using microsomal preparations we recently showed that 11�-
HSD1 requires an NADPH/NADP+ ratio of 10 or greater to efficiently
function as a reductase, suggesting that this intraluminal ratio is
even higher in hepatocytes, adipocytes, macrophage and myocytes
where 11�-HSD1 predominantly acts as a reductase [58]. The gen-
eration of NADPH by H6PDH is dependent on glucose-6-phosphate
availability in the ER and on the cellular metabolic state. In trans-
fected HEK-293 cells and in Leydig cells, glucose depletion from
the culture medium results in a dramatic shift from reductase to
dehydrogenase activity of 11�-HSD1 [58,74,75]. Interestingly, sup-
plementation of the DMEM culture medium with NAD+, NADH or
adenosine led to an increase in ATP levels and a stimulation of the
reductase and inhibition of the dehydrogenase activity, whereas
NADP+ stimulated dehydrogenase activity and NADPH had no effect
[74]. These observations suggest that a fall of energy level with a
subsequent intraluminal change in the NADPH/NADP+ redox cou-
ple causes a shift from 11�-HSD1 reductase to dehydrogenase
activity.

Several groups recently demonstrated the impact of H6PDH on

11�-HSD1 function using microsomal preparations [61], coexpres-
sion of recombinant proteins [60,62], gene silencing [62,76], and
transgenic mouse models [63,77,78]. Coexpression of 11�-HSD1
and H6PDH in HEK-293 or CHO cells led to a 6-fold increase of the
reductase activity with a concomitant decrease of dehydrogenase
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ctivity [60]. An opposite effect of similar magnitude was observed
n H6PDH-deficient mice [63]. These transgenic mice suffer from

yopathy and show an impaired muscle fibre type differentiation.
n skeletal muscle, an activation of the unfolded protein response

as observed, suggesting that a decreased NADPH/NADP+ ratio in
he sarcoplasmic reticulum may lead to impaired protein folding.
urthermore, the lack of H6PDH resulted in an impaired storage and
obilization of lipids from adipose tissue in mice, with a decreased

xpression of key lipogenic enzymes such as acetyl CoA carboxy-
ase, adiponutrin and stearoyl-coenzyme A desaturase-2 [79].

The enzymatic cooperativity between 11�-HSD1 and H6PDH
epends on an intact microsomal complex and is lost upon sol-
bilisation of the membrane by detergents [60,61]. Recently, two

ndependent studies demonstrated a direct protein–protein inter-
ction between 11�-HSD1 and H6PDH [76,80]. Using recombinant
roteins and performing coimmunoprecipitation, Far-Western
lotting and fluorescence resonance energy transfer assays,
tanasov et al. demonstrated an interaction between 11�-HSD1
nd H6PDH with purified proteins as well as in intact cells [80].
oreover, using chimeric proteins containing N- or C-termini that
ere exchanged between 11�-HSD1 and 11�-HSD2 they provided

vidence that the N-terminal region upstream of the co-substrate
inding site of 11�-HSD1 is involved in the interaction with
6PDH. Zhang et al. confirmed the interaction between the two
nzymes using purified proteins [76]. Furthermore, they showed
hat the N-terminal domain of H6PDH is sufficient for interac-
ion with 11�-HSD1. Together, these findings suggest that H6PDH
timulates 11�-HSD1 reductase activity by direct delivery of co-
ubstrate NADPH rather than by an overall increase of the luminal
ADPH/NADP+ ratio. Therapeutics specifically disrupting the 11�-
SD1–H6PDH interaction might offer an alternative approach to
ecrease local glucocorticoid production without affecting other
ADPH-dependent functions.

. Other 11-oxysteroids as substrates and inhibitors of
1�-HSD1

Several 11-oxygenated derivatives of progesterone and preg-
enolone were found to act as potent inhibitors of 11�-HSD1
nd 11�-HSD2 [81,82] and to confer mineralocorticoid properties
pon corticosterone in adrenalectomized rats [82]. Infusion of the
1�-HSD inhibitor 11�-hydroxy-3�,5�-tetrahydro-progesterone

nto normotensive Sprague–Dawley rats resulted in increased
lood pressure [83]. Furthermore, 11�-hydroxyprogesterone and
1-ketoprogesterone potently inhibited 11�-HSD1 dehydrogenase
nd reductase activity, respectively, in primary rat vascular smooth
uscle cells [84]. In rat aortic rings, 11�-hydroxyprogesterone

nhanced the phenylephrine-induced contractile response and
howed an additive effect with corticosterone, while incubation
ith 11-ketoprogesterone attenuated the contractile response.
aligniana et al. using rat liver and kidney homogenates, provided
ualitative evidence that 11�-HSD1 and 11�-HSD2 can catalyze the
eduction and dehydrogenation of 11-ketoprogesterone and 11�-
ydroxyprogesterone, respectively [85]. Furthermore, their results

ndicated that 11-ketoprogesterone and 11�-hydroxyprogesterone
oth exhibit sodium retaining properties by their own, whereby a
igher affinity to bind MR was observed for 11-ketoprogesterone
85,86]. In contrast, 11�-hydroxyprogesterone displayed much
igher affinity than 11-ketoprogesterone to activate GR. These
bservations indicate complex interactions between corticos-

eroids and 11-oxyprogesterones at the level of metabolism and
eceptor activation.

According to earlier studies, a significant proportion of corti-
osterone and its 5�-ring A-reduced derivatives is excreted via
he bile in humans and rodents [87,88] that can then be metab-
istry & Molecular Biology 119 (2010) 1–13 5

olized by intestinal microorganisms to 11-oxygenated derivatives
of progesterone and 5�-tetrahydro derivatives. The secretion rate
of 11�-hydroxyprogesterone was found to be approximately 50-
fold lower than that of glucocorticoids in pigs and dogs [89].
Regarding the low circulating concentrations, it seems unlikely that
11-oxygenated progesterone metabolites contribute to sodium
retention. However, these metabolites may reach higher concen-
trations in specific tissues such as the placenta during pregnancy,
where disturbed regulation of 11-oxyprogesterone metabolism
might interfere with fetal development [90].

In addition to 11-oxyprogesterone metabolites, 11�-HSD1
has the ability to catalyze the interconversion of several 11-
oxyandrogen metabolites (own unpublished observations). In
humans, a substantial amount of 11�-hydroxyandrostenedione is
generated from cortisol in the adrenal gland and in vascular and
renal tissue [91,92]. 11�-Hydroxyandrostenedione can be further
metabolized by 17�-HSDs to 11�-hydroxytestosterone and by 5�-
reductase to their 5�-tetrahydro derivatives. Although significant
amounts of 11�-hydroxy and 11-keto metabolites of androstene-
dione, androsterone and etiocholanolone are excreted in human
urine, the biological function of these metabolites remains unclear.
Morris and co-workers analyzed a large number of steroid
metabolites for their inhibition of 11�-HSD1 dehydrogenase and
reductase activity, respectively [93,94]. Whereas 5�-dihydro-
and 3�,5�-tetrahydrocorticosterone and 11�-hydroxy derivatives
of progesterone, allopregnanolone, testosterone and androstane-
diol were potent inhibitors of the dehydrogenase activity, the
5�-reduced steroids showed weak or no inhibitory activity. The 11-
keto derivatives 3�,5�-tetrahydro-11-dehydrocorticosterone, 11-
ketoallopregnanolone and 11-keto-3�,5�-tetrahydrotestosterone
inhibited the reductase activity at submicromolar concentra-
tions, whereas 11-ketoprogesterone, 11-ketotestosterone and
11-ketoandrostenedione were an order of magnitude less
potent. The 5�-reduced derivatives 11-ketopregnanolone and 11-
ketoetiocholanolone were inactive. Thus, on one hand 11�-HSDs
play an important role in the local regulation of the ratio of these
11�-hydroxy to 11-keto steroids and in determining their activ-
ities towards their cognate receptors, and, on the other hand, the
availability of these steroids modulates glucocorticoid metabolism.

11-Oxygenated androgen metabolites may play an important
role in the regulation of the balance between catabolic gluco-
corticoids and anabolic androgens. Several of the metabolites
mentioned above that modulate 11�-HSD1 activity can be syn-
thesized by 11�-hydroxylase, which is expressed not only in the
adrenals but also in testicular Leydig cells [95]. Whether 11�-HSD1
functions as a dehydrogenase or reductase in Leydig cells is still con-
troversial. While Leckie et al. observed primarily reductase activity
in rat Leydig cells [96], Gao et al. reported that 11�-HSD1 func-
tions predominantly as a dehydrogenase, thereby protecting the
testis from glucocorticoids [97,98]. As discussed above, the reac-
tion direction of 11�-HSD1 in Leydig cells may depend on glucose
availability and on the redox state in the ER [74]. Also, some of
the dehydrogenase activity may be explained by the expression
of 11�-HSD2 that was observed in recent studies with Leydig cell
preparations, blood capillaries and sertoli cells [99–101].

Nevertheless, glucocorticoids suppress steroidogenesis and
induce apoptosis in Leydig cells [102,103]. Testosterone synthesis
by Leydig cells was found to be inhibited by 50% in the presence
of 1.5 nM dexamethasone or 400 nM corticosterone, respectively,
but not by 11-dehydrocorticosterone [104]. GR antagonist RU-486
blocked both dexamethasone and corticosterone-mediated inhi-

bition of testosterone synthesis, whereas the 11�-HSD1 inhibitor
glycyrrhetinic acid affected exclusively the effect by corticosterone.
Dexamethasone, in contrast to corticosterone, cannot be inac-
tivated by 11�-HSDs [105]. Thus, 11�-HSD1 seems to have an
important role in Leydig cells in the control of local glucocorticoid
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Fig. 3. Role of 11�-HSD1 in the genera

vailability and in the interconversion of 11-oxygenated androgen
etabolites. The consequences of long-term treatment of patients
ith metabolic disease with 11�-HSD1 inhibitors on androgen pro-
uction should be investigated by assessing the total amounts of
ndrogens and the androgen metabolite profile in blood and urine.

. 7-Oxygenated steroids as substrates of 11�-HSD1

7-Oxygenated steroids and sterols are found in almost every liv-
ng system including mammals, birds, fish and plants; however,
heir physiological roles and mechanisms of action still remain
nclear. The plasma concentrations of these metabolites are in
he nanomolar range, thus clearly lower than the concentrations
f the parental steroids such as DHEA and pregnenolone, but
hey may reach higher concentrations in specific cells where they
re generated. In the liver, 7�-hydroxylation of cholesterol by
YP7A1 represents the rate-limiting step of bile acid synthesis and
etabolic elimination. DHEA, pregnenolone and other related sex

teroid precursors are 7�-hydroxylated by CYP7B1 in brain and
everal other peripheral tissues (Fig. 3) [106–109].

It was proposed that 7-oxygenated-DHEA metabolites may be
esponsible for some of the neuroprotective, anti-glucocorticoid
nd immune-modulatory functions of DHEA [106]. In young
nd aged mice treated with a neuron-damaging agent, 7-keto-
HEA at pharmacological doses showed memory-enhancing and
europrotective effects [110]. Pringle et al. observed a signifi-
ant reduction of hypoxia-induced neurotoxicity in hippocampal
lices upon incubation with nanomolar concentrations of 7�-
nd 7�-hydroxyepiandrosterone [111]. Moreover, they reported
europrotective effects of 7�-hydroxyepiandrosterone in rat mod-

ls of cerebral ischemia. Interestingly, decreased CYP7B1 mRNA
xpression was found in patients with Alzheimer’s disease
107]. Alzheimer’s patients displayed decreased production of
-hydroxy-DHEA metabolites with significantly higher ratios of
HEA/(7�-hydroxy-DHEA + 7�-hydroxy-DHEA) in cerebrospinal
f 7�-hydroxylated sterols and steroids.

fluid [112,113]. Several studies provide evidence for immune-
modulatory effects of 7-oxygenated steroids. In mice a more
pronounced immune-stimulatory effect was observed for 7�-
hydroxy-DHEA and 7�-hydroxypregnenolone than for the parental
steroids [114]. Recently, Dulos and Boots observed increased
CYP7B1 expression in synovial tissue and increased 7�-hydroxy-
DHEA concentrations in the serum of mice with collagen-induced
arthritis [115]. Interestingly, the severity of arthritis correlated
with elevated CYP7B1 activity. There is increasing evidence for an
impact of 7-keto-DHEA on the regulation of carbohydrate and lipid
metabolism. When given orally to rats, 7-keto-DHEA was more
potent than DHEA in activating the key “thermogenic” enzymes
glycerol-3-phosphate dehydrogenase and malic enzyme in the liver
[116]. Ihler and Chami-Stemmann proposed the use of 7-keto-
DHEA in the treatment of patients with Raynaud’s phenomenon
to increase basal metabolic rate and inhibit vasospasms [117].
In another clinical study, 7-keto-DHEA, applied as a gel exter-
nally on healthy individuals, led to significantly increased serum
high-density lipoprotein and lipoprotein A-I levels [118]. Thus, 7-
oxygenated steroids are involved in the regulation of important
physiological functions.

It was demonstrated that liver microsomal preparations can
produce equal amounts of 7-keto- and 7�-hydroxy-DHEA from 7�-
hydroxy-DHEA [119]. However, experiments with different CYP
enzymes expressed in baculoviral systems showed no formation
of 7-keto-DHEA and only traces of 7�-hydroxy-DHEA when 7�-
hydroxy-DHEA was supplied as substrate [120]. Several studies
then suggested the formation of 7�-hydroxy-DHEA by hydroxys-
teroid dehydrogenases [121–123].

Recently, 11�-HSD1 was reported to catalyze the intercon-

version of several 7-oxygenated sterols and steroids (Fig. 4 and
Table 1) [124–128]. Muller et al. applied microsomes from yeast
expressing recombinant human 11�-HSD1 and demonstrated the
interconversion of 7-hydroxy- and 7-keto-DHEA [127]. The Km

values obtained for the reduction of 7-keto-DHEA and the oxida-
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Fig. 4. Structures o

ion of 7�-hydroxy-DHEA were about half the values for cortisone
nd cortisol, respectively, indicating a higher affinity of 11�-HSD1
or the 7-oxy-DHEA metabolites than for glucocorticoids. More-
ver, these authors provided evidence that 11�-HSD1 can function
s an epimerase catalyzing the interconversion of 7�- and 7�-
ydroxyepiandrosterone and 5�-androstane-3�,7�,17�-triol and
�-androstane-3�,7�,17�-triol, respectively, with a preferential
ormation of the 7�-hydroxy metabolite [128,129]. In a recent
tudy, we applied intact HEK-293 cells transfected with human
1�-HSD1 in the presence or absence of H6PDH [126] and observed
referential formation of 7�-hydroxy-DHEA from 7-keto-DHEA
s well as some conversion of 7�-hydroxy-DHEA to 7�-hydroxy-
HEA. These results are in agreement with the data of Muller et al.
ho observed the highest catalytic Vmax/Km value for the reduc-

ion of 7-keto- to 7�-hydroxy-DHEA using purified enzyme [127].
hen cells expressing only 11�-HSD1 were incubated for 24 h

under steady-state conditions), equal amounts of 7-keto-DHEA
nd 7�-hydroxy-DHEA with minor amounts of 7�-hydroxy-DHEA
ere observed, independent of the metabolite supplied initially.
pon incubation of cells coexpressing 11�-HSD1 and H6PDH for
4 h, 7�-hydroxy-DHEA was the predominant metabolite with
inor amounts of the two other metabolites. Similar observa-

ions were made with 7-oxygenated pregnenolone, indicating that

1�-HSD1/H6PDH is responsible for the generation of the 7�-
ydroxylated steroids and that the ratio of 11�-HSD1/H6PDH
etermines the availability of each metabolite. These experiments
mphasize the importance of using intact cell systems to assess
nzyme reaction direction.
-HSD1 substrates.

The 7-keto steroids 7-keto-DHEA, 7-keto-pregnenolone and
5�-androstane-3�-ol-7,17dione were found to potently compete
with cortisone for binding to 11�-HSD1, with IC50 values in
the nanomolar range both in cell lysates and intact cells [130].
Under physiological conditions, these 7-ketosteroids are unlikely
to affect 11�-HSD1-dependent cortisone reduction because they
are present in the circulation at one to two orders of magnitude
lower than those of the glucocorticoids. However, upon adminis-
tration of pharmacological doses they are likely to competitively
inhibit glucocorticoid activation.

These recent findings identified 11�-HSD1 as the enzyme
responsible for the generation of various 7�-hydroxysteroid
metabolites. Further research needs to assess the consequences of
altered 11�-HSD1 activity on the role of 7-oxygenated steroids in
the regulation of brain function and the immune system.

7. Role of 11�-HSD1 in the metabolism of 7-ketocholesterol

In addition to 7-oxygenated steroids, human 11�-HSD1 effi-
ciently metabolizes 7-ketocholesterol, with Km values comparable
with those for glucocorticoids but 2–3-fold lower Vmax [124,125].
There are significant species-specific differences in the metabolism
of 7-ketocholesterol by 11�-HSD1. Whereas the human, rat and

murine enzymes efficiently convert 7-ketocholesterol to 7�-
hydroxycholesterol, the dog and guinea-pig enzymes show very
low activity and the hamster enzyme is not stereospecific and gen-
erates 7�- and 7�-hydroxycholesterol [47,125,131]. Importantly,
an accumulation of 7-ketocholesterol was observed in the liver
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Table 1
Reported Km values of 11�-HSD1 for various carbonyl substrates.

Substrate Km [�M] Vmax [nmol h−1 mg−1] Protein source Comment Ref.

7-Ketocholesterol 0.49 0.64 Cell lysate Human 11�-HSD1, transfected HEK [125]
7-Ketocholesterol 0.42 0.61 Cell lysate Rat 11�-HSD1, transfected HEK [125]
7-Ketocholesterol 0.38 0.63 Cell lysate Hamster 11�-HSD1, transfected HEK [125]
11-Dehydrocorticosterone 0.31 1.4 Cell lysate Human 11�-HSD1, transfected HEK [125]
11-Dehydrocorticosterone 0.31 1.4 Cell lysate Rat 11�-HSD1, transfected HEK [125]
11-Dehydrocorticosterone 0.40 1.5 Cell lysate Hamster 11�-HSD1, transfected HEK [125]
7-Ketocholesterol 51 – Purified protein Human 11�-HSD1 expressed in P. pastoris [124]
7-Ketocholesterol 7.7 – Purified protein mouse 11�-HSD1 expressed in P. pastoris [124]
7-Ketocholesterol 85 – Purified protein Rat 11�-HSD1 expressed in P. pastoris [124]
7-Keto-DHEA 1.13 504 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [127]
Cortisone 2.8 74 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [127]
7-Ketoepiandrosterone to

7�-hydroxyepiandrosterone
0.57 738 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [129]

7-Ketoepiandrosterone to
7�-hydroxyepiandrosterone

0.52 186 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [129]

Cortisone 4.1 69 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [129]
7-Keto-5�-androstane-3�,17�-diol to

7�-hydroxyl
5.1 870 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [128]

7-Keto-5�-androstane-3�,17�-diol to
7�-hydroxyl

6.8 90 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [128]

Cortisone 4.4 90 Microsomes Human 11�-HSD1 expressed in S. cerevisiae [128]
Oracin to (+)-dihydrooracin 790 262 Purified protein Mouse liver 11�-HSD1 [155]
Oracin to (−)-dihydrooracin 230 18.8 Purified protein Mouse liver 11�-HSD1 [155]
NNK 1750 8100 Purified protein Mouse liver 11�-HSD1 [170]
Cortisone 220 320 Purified protein Mouse liver 11�-HSD1 [170]
Oracin to (+)-dihydrooracin 190 50 Purified protein Mouse liver 11�-HSD1 [171,172]
Oracin to (−)-dihydrooracin 150 150 Purified protein Mouse liver 11�-HSD1 [171,172]
Cortisone 14 318 Purified protein Mouse liver 11�-HSD1 [160,171]
11-Dehydrocorticosterone 20 240 Purified protein Mouse liver 11�-HSD1 [160,171]
NNK 12,030 14,580 Purified protein Mouse liver 11�-HSD1 [160,171]
11-Dehydrocorticosterone 35 2.9 Microsomes Mouse lung 11�-HSD1 [173]
NNK 629 39.2 Microsomes Mouse lung 11�-HSD1 [173]
Metyrapone 500 660 Purified protein Mouse liver 11�-HSD1 [150]
�-Nitrobenzaldehyde 1190 1580 Purified protein Mouse liver 11�-HSD1 [150]
�-Nitroacetophenone 1670 nd Purified protein Mouse liver 11�-HSD1 [150]
11-Dehydrocorticosterone 220 320 Purified protein Mouse liver 11�-HSD1 [150]
Cortisone 184 298 Purified protein Mouse liver 11�-HSD1 [150]
Metyrapone analogue 1 130 340 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 2 200 400 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 3 630 460 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 4 490 1060 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 5 260 660 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 6 100 360 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 7 260 520 Purified protein Mouse liver 11�-HSD1 [152]
Metyrapone analogue 8 95 520 Purified protein Mouse liver 11�-HSD1 [152]
Ketoprofen 20 2.64 Microsomes Human 11�-HSD1 expressed in P. pastoris [154]
Metyrapone 370 336 Microsomes Human 11�-HSD1 expressed in P. pastoris [154]
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Cortisone 3.8 12
Triadimefon 77 115

or metyrapone analogues see Fig. 4.

f rats receiving 7-ketocholesterol by gavage and coadministered
ith the 11�-HSD1 inhibitor carbenoxolone [125], demonstrating

n important role of this enzyme in the metabolism of food-derived
-ketocholesterol.

The human organism is exposed to 7-ketocholesterol by two
istinct routes. On one hand, 7-ketocholesterol is generated
t high quantities upon heating cholesterol-rich food [132]. In
ndustrialized countries, the common diet includes a frequent con-
umption of fried or highly processed cholesterol-rich products,
ontaining relatively high amounts of oxidized lipids, including
-ketocholesterol that is absorbed in the intestine and metabo-

ized in the liver. Following ingestion 7-ketocholesterol is rapidly
etabolized in the liver. It can be hydroxylated at position 27

y CYP27A1 (27-hydroxylase) and reduced at position 11 by

1�-HSD1, followed by further metabolism to bile acids and
xcretion. On the other hand, 7-ketocholesterol can be gener-
ted locally in the plasma membrane of cells by autooxidation
f cholesterol during oxidative stress [132]. Concentrations of 7-
etocholesterol up to 10 �M are found in macrophage-derived
Microsomes Human 11�-HSD1 expressed in P. pastoris [154]
Microsomes Rat liver 11�-HSD1 [169]

foam cells of atherosclerotic plaques and in cataract lenses, proba-
bly as a result of excessive autooxidation [133–136]. Importantly, in
patients with coronary artery disease, significantly elevated serum
7-ketocholesterol levels compared with control subjects (19 ng/ml
versus 32 ng/ml (48 nM versus 80 nM)) were observed [137]. Serum
7-ketocholesterol levels strongly correlated with the presence of
acute myocardial infarction, the number of affected blood vessels
and high sensitive C-reactive protein concentrations, suggesting a
close association between elevated serum 7-ketocholesterol and
the progression of coronary atherosclerosis and inflammation.

Despite the high dietary 7-ketocholesterol content, there is no
evidence for a direct correlation between oral 7-ketocholesterol
uptake and the formation of atherosclerotic plaques or cataract
[132,133,138], suggesting that the dietary 7-ketocholesterol is

efficiently metabolized in the liver and that local ROS produc-
tion and generation of oxidized lipids are responsible for the
high 7-ketocholesterol levels observed in atherosclerotic plaques
and cataract lenses. Intuitively, one might assume that pharma-
cological inhibition of 11�-HSD1 leads to an accumulation of
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-ketocholesterol in macrophage-derived lipid-rich foam cells,
hich may contribute to the progression of atherosclerotic plaques.
owever, administration of a selective 11�-HSD1 inhibitor for
nly 11 days lowered serum cholesterol, free fatty acids and
riglycerides, and reduced atherosclerotic lesion progression by
ver 80% in apolipoprotein E knock-out mice on a high-fat diet
139]. Moreover, inhibition of 11�-HSD1 by the non-selective car-
enoxolone reduced atherosclerosis progression in mice [140], and
1�-HSD1 knock-out animals display an atheroprotective pheno-
ype, including lower triglyceride and cholesterol concentrations,
nd increased insulin sensitivity and glucose tolerance [141]. It is
ot clear at present whether the beneficial effects of 11�-HSD1

nhibition are solely due to reduced adverse metabolic effects as
result of the decreased intracellular concentration of active glu-

ocorticoids or whether the prevention of the formation of high
evels of 7�-hydroxycholesterol may be relevant as well. Recent
tudies in differentiated human THP-1 macrophage and in mouse
T3-L1 and 3T3-F442 adipocytes demonstrated that high concen-
rations of 7-ketocholesterol, as might occur in foam cells and
dipocytes, compete with the reduction of cortisone by 11�-HSD1
nd lead to decreased GR activation [130,142]. The pathophysiolog-
cal relevance of these observations is unclear and further research,
ncluding studies with 11�-HSD1-deficient mice and clinical stud-
es applying selective inhibitors, is required to understand the role
f 11�-HSD1 in regulating the interactions between 7-oxysterols
nd glucocorticoids. Although the molecular mechanisms are cur-
ently unclear, the beneficial effects of 11�-HSD1 inhibition on the
ardiovascular system seem to be independent of blood pressure
nd may involve direct protective effects on the vasculature (for a
omprehensive review see [143]).

. Non-steroidal carbonyl compounds as substrates of
1�-HSD1

Carbonyl compounds comprise a large number of aldehydes,
etones and quinones, containing some reactive intermediate
etabolites of physiological reactions and of the metabolism of

enobiotics [144]. The carbonyl group of these chemicals can be
etabolized to a hydroxyl in phase I biotransformation reactions,

ollowed by phase II conjugation reactions and excretion of the
oluble product. The reduction of reactive carbonyl compounds to
heir alcohol represents an essential detoxification function. Many
nzymes belonging to different families, including cytochrome
450, AKR and SDR, are involved in carbonyl reduction. Often sev-
ral enzymes can catalyze the reduction of a given chemical, and
here are significant species-specific differences in the expression
nd substrate spectrum of these enzymes. Covering the complexity
f carbonyl reduction is out of the scope of this article and we refer
o recent comprehensive reviews [145,146]. Here, we will focus on
1�-HSD1 and its substrates.

Most of the carbonyl reductases described so far localize to the
R membrane and face the cytoplasm or they are soluble cytoplas-
ic enzymes, with exception of 11�-HSD1 that protrudes into the

R lumen. The relevance of the luminal orientation of 11�-HSD1
or xenobiotics metabolism remains to be uncovered. The forma-
ion of hydroxyls in the ER lumen may favor the conjugation and
ubsequent secretion of certain chemicals. The role of 11�-HSD1
n the metabolism of xenobiotics was first described by Maser
nd Netter [147]. Cloning and determination of the primary struc-
ure of mouse 11�-HSD1 revealed its identity with a previously

escribed ER membrane bound carbonyl reductase that catalyzed
he reductive metabolism of metyrapone, �-nitrobenzaldehyde and
-nitroacetophenone, and that preferentially utilized NADPH as
ofactor and was inhibited by 5�-dihydrotestosterone but not by
he classic carbonyl reductase inhibitors quercitrin or barbitone
istry & Molecular Biology 119 (2010) 1–13 9

[147–149]. Purified mouse 11�-HSD1 catalyzed the reduction of
metyrapone, �-nitrobenzaldehyde and �-nitroacetophenone with
Km values that were approximately 3-, 7- and 9-fold higher
than that for cortisone, suggesting that these xenobiotics com-
pete with glucocorticoid substrates for the same binding site
(Fig. 4 and Table 1) [150]. Later, metyrapone, a drug used to
inhibit 11�-hydroxylase (CYP11B1)-dependent adrenal glucocor-
ticoid biosynthesis, was shown to competitively inhibit 11�-HSD1
reductase activity, although with a relatively high apparent Ki
of 30 �M [151]. Thus, in addition to 11�-hydroxylase, inhibition
of 11�-HSD1 may contribute to the anti-glucocorticoid effects of
metyrapone. In insects, metyrapone inhibits the biosynthesis of
20-hydroxyecdysone, a hormone responsible for moulting, meta-
morphosis and reproduction of insects. Metyrapone and some
novel analogues used as insecticides are metabolized in mice by
hepatic 11�-HSD1 to the less toxic alcohol derivatives that can
then be eliminated from the body following conjugation by glu-
curonic acid at the hydroxyl [152]. In order to determine the
role of 11�-HSD1 in the total metabolism of metyrapone and to
distinguish its contribution from that of other microsomal and
cytoplasmic enzymes [145,153], studies in knock-out mice may be
performed.

Furthermore, using microsomal preparations it was shown
that 11�-HSD1 catalyzes the reduction of the non-steroidal anti-
inflammatory drug ketoprofen [154]. Km values for ketoprofen
and cortisone of 20 and 3.8 �M, respectively, were obtained in
this study. In addition, purified 11�-HSD1 was found to cat-
alyze the conversion of the potential anti-cancer drug oracin
(6-[2-(2-hydroxyethyl)aminoethyl]-5,11-dioxo-5,6-dihydro-11H-
indeno[1,2-c] isoquinoline) to dihydrooracin [155,156]. The
relevance of 11�-HSD1 in the metabolism of oracin remains
unclear, because its Km for oracin was at least 10-times higher
than that for cortisone, and other enzymes mainly of the aldo-
ketoreductase family have been identified to catalyze the carbonyl
reduction of oracin [157,158]. Using microsomal preparations of
yeast overexpressing human 11�-HSD1, oxidation of DFU-lactol,
the prodrug for the selective cyclooxygenase type 2 (COX-2)
inhibitor DFU, was reported, although with low affinity and
velocity [154].

Moreover, purified 11�-HSD1 was found to convert the tobacco
carcinogen nicotine-derived nitrosamine ketone (NNK) to the less
toxic nitrosamine alcohol (NNAL) [159,160]. NNK can either be
activated to a carcinogenic hydroxylated form that has the poten-
tial to cause DNA methylation and DNA pyridyloxobutylation, or
it is reduced to NNAL and conjugated with glucuronic acid [161].
A study with microsomes of rat liver and lung proposed that the
contribution of 11�-HSD1 to the production of NNAL is approxi-
mately 12% and 32%, respectively [162]. Other enzymes involved
in NNK metabolism include the aldo-reductases AKR1C1, AKR1C2,
AKR1C4 and AKR1B10, and the cytosolic carbonyl reductase CBR1
[158,163]. The elucidation of the relevance of 11�-HSD1 in the
detoxification of NNK is important with respect to therapeutic
applications of inhibitors of this enzyme in patients with metabolic
diseases who are smoking. Soldan et al. observed up to 20-fold
differences in 11�-HSD1 expression levels among different individ-
uals in the lung and suggested that lower activity might represent
a risk factor for the development of lung cancer [164]. Inhibitors of
the carbonyl metabolizing enzymes are considered risk factors for
the development of lung cancer. Excessive alcohol consumption
has been associated with an increased frequency of p53 muta-
tions in non-small cell lung cancer in cigarette smokers [165], and

ethanol was shown to inhibit 11�-HSD1 and AKR1C1, AKR1C2
and AKR1C4 [166]. Despite these earlier studies on a potential
role of 11�-HSD1 in the detoxification of tobacco carcinogens,
animal experiments addressing tobacco carcinogen metabolism
in the presence of selective 11�-HSD1 inhibitors or large clinical
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tudies testing a possible association of 11�-HSD1 activity and can-
er risk in smokers are still missing. Thus, patients treated with
1�-HSD1 inhibitors should be carefully monitored for potential
dverse effects due to the interference with detoxification func-
ions.

Recently, Kenneke et al., using rat liver microsomal prepara-
ions, provided evidence for a role of 11�-HSD1 in the metabolism
f the fungicide triadimefon [167]. Conazoles are used in agri-
ulture as fungicides and account for 20–25% of all fungicides
sed worldwide. In addition, they are widely used in medicine to
reat fungal infections. Conazoles exert their effect by inhibition
f the fungal lanosterol-14R-demethylase CYP51, thereby blocking
he biosynthesis of ergosterol, an essential element of fungal cell

embranes. Several toxic effects of conazoles have been observed
n mammalian systems, including activation of nuclear receptors
CAR, PXR and PPAR) and induction of CYPs [168]. Kenneke et
l. reported a dose-dependent inhibition of the conversion of tri-
dimefon to triadimefol by glycyrrhetinic acid with an IC50 of 31 nM
167]. Furthermore, cortisone was found to inhibit triadimefol
ormation, although with a relatively high IC50 of 5.9 �M. In addi-
ion, the authors provided evidence that the efficient conversion
f triadimefon to triadimefol is dependent on active glucose-
-phosphate transport through the ER membrane, and that an
ADPH-regenerating system led to higher triadimefon reduction

han simply addition of NADPH [169], in line with the assumption
hat 11�-HSD1/H6PDH is responsible for the observed reaction.

. Outlook

11�-HSD1 has a wide substrate spectrum and in addition to
lucocorticoids metabolizes other 11-oxysteroids, 7-oxysteroids
s well as various structurally unrelated lipophilic carbonyl
ompounds. Besides its role in the regulation of intracellular glu-
ocorticoid activation and modulation of energy metabolism and
mmune functions, 11�-HSD1 is involved in the first step of the

etabolism of the food-derived oxidized cholesterol metabolite
-ketocholesterol, and, based on in vitro experiments, plays a
ole in the regulation of the activity of 7-oxygenated neuros-
eroids as well as in the protection of intracellular membranes
gainst toxic lipophilic carbonyl compounds. The current intense
earch for therapeutic 11�-HSD1 inhibitors has led to the iden-
ification of various highly potent and selective compounds that
xert beneficial effects on several parameters of the metabolic
yndrome, including decreased circulating levels of glucose, choles-
erol, triglycerides and free fatty acids, improved insulin sensitivity
nd reduced weight gain. However, the potential interference of
uch inhibitors with the so-called alternative functions of 11�-
SD1 is mostly ignored, and suitable studies with normal, diseased
nd transgene animals addressing the potential toxicological con-
equences of coexposure to 11�-HSD1 inhibitors and xenobiotic
ubstrates should be performed. The impact of impaired 11�-
SD1 function on 7-oxycholesterol and 7-oxysteroid metabolite
attern in tissues, blood and urine remains to be determined. Fur-
her investigations in animals and clinical studies are needed to
lucidate the physiological relevance of these alternative func-
ions. Such studies should be designed to assess the species- and
issue-specific functions of this multi-functional enzyme and will
ltimately contribute to the safety assessment of therapeutic 11�-
SD1 inhibitors.
cknowledgements
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