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Abstract

Inhaled corticosteroids (ICS) are a mainstay anti-inflammatory therapy for the management of
asthma. ICS are synthetic glucocorticoids that are structurally similar to the natural active human
glucocorticoid cortisol. Steroid transforming enzymes of the aldo-keto reductase (AKR) family,
namely AKR1D1 (5p-steroid reductase) and AKR1C1-4 (ketosteroid reductases) are implicated in
the systemic metabolism of cortisol in liver. In this study, the activities of these AKR1 enzymes
on cortisol and two ICS compounds budesonide (BUD) and flunisolide (FLU) were investigated.
It was found that the catalytic efficiency of AKR1D1 for the reduction of the double bond in
cortisol was 4 and 10 fold higher than the catalytic efficiencies of AKR1D1 with FLU and BUD,
respectively. This suggests that compared to cortisol, for which the 5B-reduction is a major
metabolic pathway, a lower degree of systemic (hepatic) metabolism of BUD and FLU via
AKR1D1 takes place. In addition, BUD potently inhibited AKR1D1 and AKR1C4, the key steroid
metabolizing enzymes in liver, which may disrupt endogenous steroid hormone metabolism and
thus contribute to BUD-induced systemic effects. Activities of AKR1C1-AKR1C3 on cortisol and
the two ICS compounds (targeting the 20-keto group) suggest these enzymes may be involved in
the local (lung) metabolism of these glucocorticoids.
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1. Introduction

Asthma is a chronic inflammatory disease of lung with increasing prevalence. Asthma
affects about 300 million people worldwide, including up to one in four urban children [1,2].
Inhaled corticosteroids (ICS) are the main anti-inflammatory agents used to effectively treat
persistent asthma. ICS are synthetic glucocorticoids developed based on cortisol that contain
chemical modifications to optimize anti-inflammatory effects and minimize
mineralocorticoid and other systemic effects [3,4].
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Cortisol is the natural human glucocorticoid and functions by binding to the glucocorticoid
receptor (GR), which is found in almost all tissues and regulates many important metabolic,
cardiovascular, immunologic, and homeostatic functions [5]. As synthetic glucocorticoids,
ICS activate GR and regulate the transcription of various gene products involved in
inflammation [6]. The level of cortisol is tightly regulated to control activity of GR in
different tissues. Cortisol synthesis and clearance are intricately linked by a compensatory
mechanism. With increasing metabolic clearance of cortisol there is an associated increase
in adrenocorticotropic hormone (ACTH) secretion and cortisol production in the adrenal
gland. Thus, the level of circulating active glucocorticoid (cortisol or synthetic
glucocorticoids) plays a critical role in determining the activity of the hypothalamic-
pituitary-adrenal axis for ACTH secretion.

Cortisol is metabolized predominantly in liver to inactive metabolites for eventual clearance
[7-9]. The major metabolic pathways involve the reduction of the A%-3-oxo functionality of
cortisol first by human steroid 5a- or 5p-steroid reductases to form 5a- or 58-
dihydrocortisol, and subsequently by ketosteroid reductases to form 3a,5a/f-
tetrahydrocortisols. Steroid transforming enzymes of the aldo-keto reductase (AKR) 1
family, namely AKR1D1 (5B-reductase) and AKR1C1-4 (ketosteroid reductases) are
implicated. Cortisol can also be inactivated at the 11-position to cortisone by 11pB-
hydroxysteroid dehydrogenase (HSD). However, the 113-HSD enzyme in liver functions
exclusively as a high-affinity reductase to generate cortisol from cortisone [10]. Reduction at
the 20-position and hydroxylation at 6-, 7-, or 16-positions by cytochrome P450 enzymes
also occur, but are minor metabolic pathways of cortisol in liver.

Cortisol can also be metabolized in peripheral tissues such as lung, however contributions
from different pathways are less clear. Significant 11B-HSD type 2 activity was found in
human bronchial epithelial cells [11], which can inactivate cortisol to cortisone. While
expression of AKR1D1 or 5a-Rs in lung are unknown, AKR1C1-3 are known to be
expressed [12], suggesting a possible contribution to cortisol metabolism by 20-keto
reduction.

There are two major concerns in ICS therapy for asthma: (i) systemic side-effects, especially
for long term or high dosage users [13] and (ii) drug insensitivity/resistance in up to one
third of patients [14,15]. Metabolic properties of these reagents may affect their
pharmacological actions. For example, efficient metabolism in liver is desired to minimize
the amount of active reagent getting into systemic circulation causing adverse effects,
whereas metabolism in lung is undesired so that the inactivation of the drug does not occur.
However, limited information is available regarding the metabolic properties of ICS [4,5].

Due to their structural similarity to cortisol, ICS have the potential to undergo similar
metabolic reactions at 3-, 5-, and 20- positions, suggesting that AKR enzymes may be
involved. In this study, the activity of AKR1 enzymes on cortisol and two ICS drugs
budesonide (BUD) and flunisolide (FLU) were examined and compared. Results suggest
that the AKR enzymes affect the pharmacological effects of ICS.

2. Materials and Methods
2.1 Materials

All steroids were obtained from Steraloids (Wilton, NH, U.S.A.). Pyridine nucleotides were
purchased from Roche Applied Science (Indianapolis, IN, USA). All other reagents were
purchased from Sigma-Aldrich (St. Louis, MO) and were of ACS (American Chemical
Society) grade or better. Recombinant AKR1 enzymes were over-expressed and purified to
homogeneity as previously described [16,17]. Under standard assay conditions, the specific

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

activities of the purified AKR enzymes were 1.8 pmol/min/mg for AKR1C1, 2.3 umol/min/
mg for AKR1C2, and 1.3 pmol/min/mg for AKR1C3 for 0.2 mM 1-acenaphthenol
oxidation, 0.3 umol/min/mg for AKR1C4 for 75 uM androsterone oxidation, and 85 nmol/
min/mg for AKR1D1 for 10 pM testosterone reduction [18,19].

2.2 Kinetic Assays

Initial rates of the NADPH dependent reduction of steroids catalyzed by AKR1 enzymes
were measured with a Hitachi F-2500 fluorescence spectrophotometer (Hitachi America,
Ltd.; New York, NY) by monitoring the change in fluorescence emission of NADPH.
Excitation and emission wavelengths were set at 340 nm and 450 nm, respectively. Changes
in fluorescence units were converted to nanomoles of cofactor by using standard curves of
fluorescence emission versus known NADPH concentrations. Typical reaction samples
contained 100 mM potassium phosphate buffer, pH 7.0, enzyme (2.1 ug AKR1D1, 2.9 ug
AKRI1C1, 2.4 g AKR1C2, 4.3 ng AKR1C3, or 1.7 ug AKR1C4), NADPH at fixed
concentration (saturating concentration 8 uM or 25 uM), steroid at varied concentrations
(0.1 uM =50 puM), and 4% methanol in a total volume of 1 mL. Reactions were carried out
at 37 °C. Analysis of kinetic data was carried out as previously described to determine the
maximum velocity Vnax (nmol/min) and the apparent Michaelis-Menten constant K, (uM)
[18]. For slow reactions such as the reduction of glucocorticoids by AKR1C1-4, complete
substrate concentration profile was not possible, the initial velocities at 2 uM of steroid
substrate were determined (reported as activity nmol/min/mg).

To evaluate BUD and FLU as inhibitor of AKR1D1 and AKR1C4 enzymes, NADPH-
dependent reduction of cortisol catalyzed by AKR1D1 and NAD*-dependent oxidation of 1-
tetralol catalyzed by AKR1C4 were monitored [20,21]. Initial rates were measured in the
presence of the inhibitor at varying concentrations while holding substrate concentration at
Km- Percent activity was plotted against inhibitor concentration to determine ICgq values.
The 100% value was the initial velocity in the absence of the inhibitor.

2.4 TLC Analysis of Cortisol Metabolites

To characterize products, reactions were conducted in 0.4 ml systems containing 100 mM
potassium phosphate (pH 7.0), 2.3 MM NADPH and 25 uM steroid in 4% methanol.
Reactions were initiated by the addition of 5 pg enzyme and incubated at 37 °C for 90 min.
Reactions were quenched and exacted twice by 0.8 ml of water-saturated ethyl acetate. The
combined extracts were dried, re-dissolved in 100 ul methanol and applied to Partisil LK6D
Silica TLC (thin layer chromatography) plates (Whatman International Ltd.).
Chromatograms were developed in cyclohexane/ethyl acetate (1:4, v/v). Products were
identified by co-migration with authentic standards applied to the same plate following
visualization by spraying with acetic acid/sulfuric acid/anisaldehyde (100:2:1, v/v/v) and
heat.

3. Results and Discussion

3.1 Reduction of Cortisol, BUD and FLU by AKR1D1 and AKR1C4 - Implications for ICS
Systemic Metabolism

Cortisol and ICS all contain a A%-3-0xo moiety in the A ring of the steroid (Figure 1), which
can potentially undergo sequential 4,5-double bond reduction and 3-ketoreduction. Liver is
known to be the primary site of systemic cortisol metabolism and forms the A-ring reduced
metabolites. In vitro metabolism of cortisol in human liver cytosolic fractions gave 3o,5a/B-
tetrahydrocortisols as the major metabolites [22], implicating AKR1D1 and AKR1C
enzymes, where AKR1D1 is the first enzyme for the 5p-pathway and AKR1C enzymes
follow both 5a-reductase and AKR1D1.
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Cortisol, BUD and FLU were used as substrates for AKR1D1 and the steady state kinetic
parameters of the reaction were determined (Table 1). When compared to cortisol, ICS
compounds BUD and FLU displayed reduced Vpy,x Values and increased Ky, values. As a
result, the catalytic efficiency of AKR1D1 for cortisol reduction is 10 and 4 fold higher than
those for BUD and FLU reduction, respectively. The identities of the products formed from
the in vitro reactions were analyzed by TLC. By reference to authentic standards, it was
confirmed that the reduction of cortisol by AKR1D1 formed the 5B-reduced cortisol. TLC
analysis also showed significant disappearance of BUD and FLU and appearance of
unknown product bands in samples containing AKR1D1 compared with the no enzyme
control (data not shown).

AKR1C4 is believed to be the principal AKR1C isoform responsible for the formation of
tetrahydro metabolites, since it displays the highest catalytic efficiencies among four
AKR1C enzymes for the 3-keto reduction with most steroid substrates that have been
studied [23,24]. When 5B-dihydrocortisol was used as substrate for AKR1C4, the Vnax
value was estimated to be 400 nmol/min and K, value was estimated to be 0.5 uM.
Compared to the reaction of AKR1D1 for the formation of 5B-dihydrocortisol, the reaction
of AKR1C4 for the 3-keto reduction of 5B-dihydrocortisol is about 200 fold more
catalytically efficient. Authentic 5p-reduced FLU was not available to accurately determine
the kinetic parameters for the formation of 5p-tetrahydro FLU. Instead, the reduction of 5p-
reduced FLU catalyzed by AKR1C4 was assessed in AKR1D1/AKR1C4 coupled assays. In
the coupled assay, FLU was incubated with AKR1D1 and excess NADPH and the
fluorescence signal of NADPH was monitored. When the reaction of AKR1D1 was
complete signaled by the leveled NADPH fluorescence, AKR1C4 was added to the system.
The addition of AKR1C4 caused rapid disappearance of NADPH fluorescence, consistent
with rapid 3-keto reduction of the product of the AKR1D1 reaction. This also suggested that
AKR1D1 was rate-determining for the 5B-metabolic pathway of FLU.

AKR1C4 can also act on cortisol, BUD, and FLU directly by reducing the 20-keto position.
However, this was found to be a weak activity of this enzyme, with reaction rates
significantly lower than those of AKR1D1 (Table 1).

Liver is the primary site of systemic metabolism for not only the natural glucocorticoid
cortisol but also for ICS, since significant portions of ICS will be absorbed into the
bloodstream through inhalation or swallowed and go through first-pass metabolism. To
minimize the amount of active ICS getting into systemic circulation and causing adverse
effects, fast metabolism in liver is desired. Currently available ICS all have very low
bioavailability suggesting fast first-pass metabolism [3,4]. However, AKR1D1 displayed
decreased activities on BUD and FLU compared to cortisol. This indicates that the double
bond at 1,2-position reduces the propensity for A-ring metabolism and that for the systemic
metabolism of ICS other enzymes such as the CYP450 enzymes may play a more significant
role.

3.2 Inhibition of AKR1D1 and AKR1C4 - Implications for Systemic Side-Effects of BUD

The observation that BUD is a poor substrate for AKR1D1 and AKR1C4 raised the question
whether BUD would inhibit the reaction of other steroids catalyzed by the two enzymes. The
reaction systems monitored were NADPH-dependent reduction of cortisol for AKR1D1 and
NAD*-dependent oxidation of 1-tetralol for AKR1C4 [20,21]. ICgq values of BUD for these
reactions were determined to be 1.1 and 1.4 uM, respectively (Figure 2). In contrast to BUD,
ICsq values of FLU were 7.8 and 96 uM for AKR1D1 and AKR1C4 catalyzed reactions,
respectively. This suggests ICgq values against the same enzyme can vary significantly
between ICS.

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jin

Page 5

Potent inhibition of AKR1D1 and AKR1C4 by BUD suggests BUD may disrupt
endogenous metabolism of cortisol in the liver. This is possible since following inhalation
the majority of the dose (up to 90 %) impacts on the oropharyngeal region, is swallowed and
gets into the liver. Clinical observations of effects of BUD on cortisol levels also point to
disruption of hepatic cortisol metabolism by BUD. One study showed that low dosage BUD
treatment of children with mild to moderate asthma increased mean cortisol levels [25]. This
may be explained by inhibitory effects of BUD on AKR1D1 and AKR1C4 in liver to block
cortisol inactivation, resulting in an immediate elevation of circulating cortisol. In another
study where higher dose of BUD and longer term of treatment were used, the plasma and
urinary levels of cortisol were shown to be significantly suppressed after doses of ICS
compared to placebo [26]. Interestingly, a surge in plasma level of cortisol was seen after the
first dose of BUD, which may be explained by the immediate inhibitory effects of BUD on
cortisol metabolism. This initial elevated cortisol level and systemic BUD can suppress
ACTH and lead to decrease in cortisol production. So the long term effects of BUD on
cortisol level manifested itself as suppression.

Inhibitory effects of BUD on hepatic AKR enzymes may not be limited to cortisol
metabolism. Previous studies have shown these enzymes play critical role in the
biosynthesis and/or metabolism of steroid hormones including sex hormones and
neurosteroids, as well as bile acids [18,23,24,27-33]. Because these agents are important for
normal functions of many systems, for example, sex hormones for bone absorption and
growth, reproductive, and cardiovascular functions, neurosteroids for central nervous
function, bile acids for gastrointestinal functions, disruption of AKR activity may lead to
serious detrimental consequences in the above systems. It is well known that while ICS exert
anti-inflammatory effects in lung, ICS can cause many undesired side-effects, such as
adrenal suppression, reduction of bone mineral density, retardation of vertical growth in
children, and ocular toxicity, etc [13,34]. Adverse effects in other systems such as central
nervous system, gastrointestinal system and cardiovascular have also been noted. ICS-
induced adrenal suppression is most widely studied and is believed to be caused by active
drug or metabolite that escapes metabolism and enters systemic circulation. However, the
mechanisms for most adverse effects are not entirely understood. The observation that BUD
inhibits key AKR enzymes provides a new mechanism for ICS-induced side effects.
Interestingly, BUD and FLU behaved quite differently as inhibitors of AKR. As a result,
their pharmacological actions in terms of inducing side effects would differ. This agrees
with the observation that all ICS have similar efficacy but vary in their propensity to cause
adverse effects.

3.3 Reduction of Cortisol, BUD and FLU by AKR1C1-3 Enzymes-Implications for Local
Metabolism of ICS and Drug Insensitivity

Cortisol and ICS all have a 20-keto group in their structure, which can be potentially
reduced by AKR1C enzymes. The ability of AKR1C1-3 to metabolize BUD and FLU were
characterized in reconstituted systems using purified enzymes. In the fluorescence assays
where the consumption of NADPH was monitored, cortisol, BUD, and FLU were found to
support the turnovers of AKR1C enzymes. Specific activities for these reactions were
determined (Table 2).

AKR1C1-3 are known to be abundantly expressed in lung and the expression levels are
significantly increased in the lungs of smokers [35]. The activity of AKR1C1-3 on BUD and
FLU may have important implications for one of the major concerns of ICS therapy for
asthma, ICS insensitivity. Reportedly, up to 30% of asthma patients experience
glucocorticoid insensitivity or resistance [14,15]. Cigarette smoking worsens asthma and is
associated with reduced response to corticosteroid therapy [36]. The mechanism of ICS
insensitivity is complex [37]. This raises the possibility of local metabolism of ICS by
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AKR1C enzymes contributing to drug insensitivity. As AKR1C enzymes are known to be
over-expressed in smokers [35], it is speculated that increased metabolism of ICS by
AKR1C may lead to enhanced inactivation of ICS and render smokers with asthma less
responsive to the drug.

3.4 Conclusion

ICS have the same A*-3-oxo moiety as cortisol, thus potentially can be A-ring reduced in the
liver. Herein, it is shown that AKR1D1, the first and rate-determining enzyme for the 5p-
pathway, displayed reduced activity with BUD and FLU relative to cortisol. In particular,
BUD is a very poor substrate for AKR1D1 and instead potently inhibits the reactions
catalyzed by AKR1D1 and AKR1C4. Since AKR1D1 and AKR1C4 play critical roles in the
biosynthesis and/or metabolism of steroid hormones including sex hormones, neurosteroids,
and bile acids, inhibition by BUD could lead to serious detrimental consequences in many
systems where ICS adverse effects have been observed. In addition, it is shown the 20-keto
group in cortisol and ICS can be reduced by the AKR1C enzymes. AKR1C1-3 are known to
be expressed in lung cells, suggesting local metabolism by AKR1C enzymes may occur.
Differential expression levels of metabolizing enzymes may lead to different levels of local
metabolism/inactivation resulting in differences in drug response.
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Abbreviations used

ACTH adrenocorticotropic hormone

AKR aldo-keto reductase (also visit www.med.upenn.edu/akr)

AKR1D1 5B-reductase

AKR1C1-4 ketosteroid reductases

BUD budesonide

FLU flunisolide

GR glucocorticoid receptor

HSD hydroxysteroid dehydrogenase

ICS inhaled corticosteroid(s)

50-R 5a-reductase
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Fig.1.
(A) Chemical structures of cortisol, BUD and FLU and (B) metabolic reactions catalyzed by
AKRs.
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Table 1

Kinetic Parameters for the Reactions Catalyzed by AKR1D1 and AKR1C4.

Steroid AKR1D1 AKR1C4
(double bond reduction) (20-keto reduction)
Vmax Km (pM) Vimax/Km Activity
(nmol min1) (nmol min~tuM~Y)  (nmol min~tmg™1)
cortisol 58+4 13+2 4.4 13.2+0.6
BUD 9+1 22+6 04 0.8+0.2
FLU 30+3 31+7 1.0 49+05
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Table 2
Specific activities of AKR1C Enzymes for the Reductions of Cortisol and ICS.

Activity (nmol min~tmg™1)

Steroid AKRIC1 AKR1C2 AKR1C3

cortisol 10.9 114 9.8
BUD 8.2 2.5 4.3
FLU 8.7 4.9 6.0
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