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a b s t r a c t

Two natural 5-androstene steroid tetrols, androst-5-ene-3�,7�,16�,17�-tetrol (HE3177) and androst-5-
ene-3�,7�,16�,17�-tetrol (HE3413), were discovered in human plasma and urine. These compounds had
significant aqueous solubility, did not bind or transactivate steroid-binding nuclear hormone receptors,
and were not immunosuppressive in murine mixed-lymphocyte studies. Both compounds appear to
be metabolic end products, as they were resistant to primary and secondary metabolism. Both were
eywords:
ndrostene
etrol
etabolism

orally bioavailable, and were very well tolerated in a two-week dose-intensive toxicity study in mice.
Anti-inflammatory properties were found with exogenous administration of these compounds in rodent
disease models of multiple sclerosis, lung injury, chronic prostatitis, and colitis.

© 2010 Elsevier Inc. All rights reserved.
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. Introduction

Dehydroepiandrosterone (DHEA) is not a significant product
f the rodent adrenal gland [1–4], but exogenous DHEA exhibits
nti-inflammatory activity in a wide range of metabolic or inflam-
atory disease models in rodents [5,6]. Unfortunately, clinical trials

valuating DHEA supplementation in patients with inflammatory
onditions have reported undesired estrogenic and androgenic side
ffects, but not significant reductions in disease parameters [7–9].
hese clinical outcomes may be related to poor oral bioavailability
nd rapid metabolism through the sex steroid pathways and into
nactive conjugates [6,10–12].

The historical focus on androgens and estrogens has left much
f the DHEA metabolome relatively unexplored. Reports describ-
ng the ability of exogenous DHEA or DHEA-sulfate (DHEA-S) to
ejuvenate rodents [13] and regulate stem cells [14,15] as well as
ausal evidence linking adrenal dysfunction with inflammatory dis-

ases [16] have generated a high level of academic and industrial
nterest, but although there are numerous publications describing
he effects of DHEA, the precise role of the DHEA metabolome in
iological systems remains something of an enigma.

∗ Corresponding author. Tel.: +1 858 320 2571; fax: +1 858 558 6470.
E-mail address: cahlem@harborbiosciences.com (C.N. Ahlem).

039-128X/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
oi:10.1016/j.steroids.2010.10.005
It is well established that rodents are an endocrine species
whereas humans have evolved to utilize a locally controlled
paracrine–autocrine hormone system [17,18]. Accordingly,
steroidogenesis is profoundly different between the two species.
Exogenous DHEA in rodents, but not humans, is typically metab-
olized into an array of highly oxidized androstenes [19,11].
Several investigators have published evidence that many of the
anti-inflammatory properties initially attributed to DHEA reside in
these more highly oxidized metabolites [20–28]. These metabolites
include androst-5-ene-3�,17�-diol (5-AED) and 7-hydroxy mem-
bers of the series, such as androst-5-ene-3�,7�,17�-triol (�AET).
Although 5-AED and �AET have substantial anti-inflammatory
activity in rodents [20,29,30], these molecules do not have suitable
pharmaceutical properties, e.g., they lack sufficient metabolic
stability to allow for efficient oral delivery and sustained blood
concentrations. We have developed synthetic versions of several
of these compounds in our effort to improve their pharmaceutical
properties [29,31,32].

During the course of characterizing the stability of our steroid
library to microsomal metabolism, we observed several com-

pounds that appeared to be completely resistant to metabolism.
These compounds were 5-androstenetetrols, which had been
prepared by chemical synthesis, and the observed stability led
to their further characterization. Here we report the discovery
of androst-5-ene-3�,7�,16�,17�-tetrol (HE3177) and androst-

dx.doi.org/10.1016/j.steroids.2010.10.005
http://www.sciencedirect.com/science/journal/0039128X
http://www.elsevier.com/locate/steroids
mailto:cahlem@harborbiosciences.com
dx.doi.org/10.1016/j.steroids.2010.10.005
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Fig. 1. Structures of s

-ene-3�,7�,16�,17�-tetrol (HE3413) in human plasma and
rine.

We report preliminary studies on their pharmacokinetics and
oxicology, and demonstrate their oral bioavailability. These com-
ounds appear to be end products of metabolism, as they were
ighly resistant to primary and secondary metabolism in vitro and

n vivo. Neither compound appears to interact with steroid binding
uclear hormone receptors or peroxisome proliferator activated
eceptor (PPAR), and in preliminary high-dose evaluations, nei-
her elicited acute toxicity, sex-hormone effects, or indications
f immunotoxicity. Next, we tested these novel tetrols in sev-
ral rodent models of chronic inflammatory disorders, and found
hem to possess potent anti-inflammatory activities. In addition to
heir potential as pharmaceuticals, since both are natural products,
ither may be suitable for use as a dietary supplement to delay or
revent diseases associated with chronic inflammation, including
ancer, autoimmune disease and metabolic syndrome.

. Materials and methods

All in vivo experiments were conducted in accordance with
ational and local animal welfare regulations and with Institutional
nimal Care and Use Committee (IACUC) approvals.

.1. Steroids, chemicals, and reagents

The tetrol compounds, androst-5-ene-3�,7�,16�,17�-tetrol

HE3413), androst-5-ene-3�,7�,16�,17�-tetrol (HE3177),
ndrost-5-ene-3�,7�,16�,17�-tetrol (HE3354), androst-5-ene-
�,7�,16�,17�-tetrol (HE3412), androst-5-ene-3�,7�,17�-triol
�AET), and androst-5-ene-3�,7�,17�-triol (�AET) were synthe-
ized at Harbor Biosciences (San Diego, CA) (see Fig. 1 for chemical
HE3412

d DHEA metabolites.

structures). Tetrols were synthesized from commercially available
dehydroepiandrosterone (DHEA). Reagents and anhydrous sol-
vents were obtained from commercial sources and used without
further purification. Synthetic procedures ranged from seven steps
with an overall yield of ∼15% (HE3177) to a 9 step process with
an overall yield of ∼2.5% (HE3413). NMR spectra were acquired
in d4-methanol with a Bruker 400 MHz NMR spectrometer. Purity
was measured by HPLC using a 4.6 mm × 150 mm Agilent XDB-C18,
3.5 �m column (Agilent Technologies) at ambient temperature,
with a mobile phase of 10–90% acetonitrile in water, 0.1% triflu-
oroacetic acid (TFA) (gradient completed in 10 min, 1 mL/min).
Eluted compounds were monitored with a diode array detector
(Agilent Technologies) and an evaporative light scattering detector
(SEDEX 85 LT-ELSD, SEDERE Sas, France). The molecular mass
was determined by LC–MS/MS using an Xbridge Phenyl column
(2.1 mm × 150 mm, 3.5 �m, Waters, Beverly, MA) eluted with a
mobile phase gradient of acetonitrile in water, 0.1% formic acid,
with the column temperature maintained at 40 ◦C. The column
eluent was subjected to positive-mode electrospray ionization
(ES+), and the analytes were detected with a tandem quadrupole
mass spectrometer (Waters, Beverly, MA), monitoring the M+1
(−1 or 2H2O) mass transitions (323.4 > 305.4 > 287.4 amu).

Dimethylsulfoxide (DMSO), N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA), methyl-tert-butyl
ether (MTBE), human sulfotransferase, human UDP-
glucuronosyltransferase, NADPH, glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, octanol, phosphate-buffered

saline, dehydroepiandrosterone (DHEA), androst-5-ene-3�,17�-
diol (5-AED), and dexamethasone were purchased from Sigma
Chemical Company (St. Louis, MO). Androst-5-ene-3�,17�-diol
(DHA, HE3209), 3�,7�-diol-androst-5-en-17-one (HE3129),
3�-ol-androst-5-ene-7,17-dione (7-keto-DHEA), androst-5-
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ne-3�,16�,17�-triol (HE3411), androst-5-ene-3�,7�,17�-triol
HE3593), and 3�,7�-diol-androst-5-en-17-one (HE3768) were
urchased from Steraloids (Newport, RI). �-Cyclodextrin sulfobutyl
ther (Captisol®) was purchased from CyDex, Inc. (Overland Park,
S). Vehicles for oral administration of compounds were prepared
y Harbor Biosciences: 300 mg/mL �-cyclodextrin sulfobutyl ether
nd 1 mg/mL carboxymethylcellulose (Spectrum, Gardena, CA),
mg/mL NaCl (Sigma, St. Louis, MO), 20 mg/mL polysorbate 80

Spectrum, Gardena, CA), and 0.5 mg/mL phenol (Sigma, St. Louis,
O).

.2. Analytical methods for tetrol determinations

.2.1. Structure determination using a gas
hromatography–mass spectrometry method

Human plasma and urine (1 mL) was extracted with 10 mL
TBE, dried under nitrogen, and derivatized with MSTFA. The

erivative (1 �L) was analyzed on a Varian 3800 gas chromatograph
oupled to a 1200 L mass spectrometer in electron impact mode (EI)
ith a Varian CP-Sil column (0.15 mm × 10 m) eluted with helium

t 1 mL/min (Varian, Palo Alto, CA). Tetrols were identified by a
ombination of their retention time, mass transitions (610 > 520 @-
V, and 520 > 415 @-13 V), and by the ratio of these two transitions,
nd by comparison to authentic standards, when applicable.

.2.2. Structure determination using a liquid
hromatography–mass spectrometry method

Human plasma (10 mL) was washed with 50 mL hexane. The
queous phase was extracted with 150 mL ethyl acetate, dried
nder nitrogen, and derivatized with 500 �L of 50 mg/mL nicotinyl
hloride in pyridine at 80 ◦C for 1 h. The reaction was cooled to
oom temperature and quenched with 1 mL 5% sodium bicarbonate.
he derivatized steroids were extracted with 10 mL MTBE, dried
nder nitrogen, dissolved in 100 �L acetonitrile/water (45:65, v/v),
nd analyzed on a Varian ProStar HPLC coupled to a Varian 1200 L
ass spectrometer in MS/MS mode (Varian, Palo Alto, CA), using a

henomenex Polar RP C18 column (2 mm × 250 mm, Phenomonex,
orrance, CA) eluted with a water/acetonitrile gradient. Some anal-
ses were performed with two columns in tandem. Steroid tetrols
ere identified by their 743 > 497 @-14 V mass transition and

heir retention time. For the determination of tetrol concentrations
n biopharmaceutical assays (solubility, Caco-2 transport, in vitro

etabolism), tetrols were extracted with the specified volume
f ethyl acetate, dried under nitrogen, dissolved in 100 �L ace-
onitrile/water (45/65), and analyzed by LC–MS/MS as above, but
ithout derivatization, and detected by their retention time and

87 > 269 @-7 V mass transition.

.2.3. Pharmacokinetics determinations using a liquid
hromatography–mass spectrometry method

Serum or plasma samples were extracted with MTBE. The
rganic phase was collected and evaporated to dryness, and
issolved in HPLC mobile phase (water/acetonitrile, 90:10, v/v).
amples were analyzed on a Waters Xbridge Phenyl column by
eversed-phase high-performance liquid chromatography (Agilent,
alo Alto, CA and Leap Technologies, Carrboro, NC) coupled with a
andem mass spectrometer (Waters, Beverly, MA). Concentrations

ere determined from a calibration curve using Masslynx analysis

oftware (Waters, Beverly, MA). Analytes below the quantifiable
ssay limit (BQL) were assigned values of zero for calculation of
harmacokinetics parameters (WinNonlin 5.2; Pharsight, Moun-
ain View, CA).
76 (2011) 145–155 147

2.3. Biopharmaceutical characterization

2.3.1. Pharmacokinetics assessments in mice
Male CD-1 mice (6–8 weeks of age) received a single oral gav-

age of the test compound formulated as an aqueous solution in
�-cyclodextrin sulfobutyl ether. Cohorts of 3 animals were sac-
rificed by CO2 asphyxiation and cardiac puncture prior to dosing
(t = 0), and at different times after dosing up to 8 h. Serum was
prepared and stored at −20 ◦C until analysis. Test compound con-
centrations in serum were measured by LC–MS/MS, and the mean
concentration of the cohort was used to report PK parameters.

2.3.2. Pharmacokinetics assessments in monkeys
The absolute oral bioavailability of HE3413 was determined in

cynomolgus monkeys (Macaca fascicularis). HE3413, 10 mg/kg, in
an aqueous �-cyclodextrin sulfobutyl ether solution was admin-
istered both orally and intravenously to groups of 4 males (body
weight 3.7–4.5 kg). Blood was collected serially for 24 h (0, 0.25,
0.5, 1, 2, 4, 8, and 24 h for oral and 0, 0.05, 0.25, 0.5, 0.75, 1,
2, 4, 8, and 24 h for IV) after drug administration and analyzed
for by LC–MS/MS. The absolute oral bioavailability (% F) was
expressed as the dose mass adjusted ratio of the integrated drug
plasma concentration, AUC(0–infinity), for the oral relative to the IV
dose.

2.3.3. Microsomal metabolism
The test compounds (10 �M) were incubated with 0.25 mg

human liver microsomal extract (In Vitro Technologies), 10 mM
glucose-6-phosphate, 10 mM NADP, and 5 U glucose-6-phosphate
dehydrogenase in 0.5 mL PBS for 75 min at 37 ◦C. An equivalent
amount of androst-5-ene-3�,17�-diol was incubated separately as
an enzyme activity control. Steroids were extracted with 5 mL ethyl
acetate and analyzed by LC–MS.

2.3.4. In vitro tetrol formation from 5-androstene precursors
Steroid procursors (10 �M) were incubated for 90 min at 37 ◦C

with 0.25 mg liver microsomal extract with 10 mM glucose-6-
phosphate, 10 mM NADP, and 10 U/mL glucose-6-phosphate dehy-
drogenase. The reaction mixtures were subsequently extracted
with ethyl acetate, derivatized with nicotinyl chloride, and ana-
lyzed using a high sensitivity tandem column LC–MS/MS method.
Peak areas were determined for responses with the appropriate
retention time of androstenetetrols and 743 > 497 amu mass tran-
sition.

2.3.5. Measurement of sulfation and glucuronidation
The susceptibility of test compounds to sulfation and glu-

curonidation was measured in vitro by comparing the disappear-
ance of test compounds in the presence and absence of activated
cofactor. Test compounds (10 �M) were incubated with human
liver S9 fraction (1 mg/mL) in 0.5 mL PBS containing 5 mM mag-
nesium chloride in the presence or absence of 100 �M adenosine
3′-phosphate-5′-phosphosulfate (for sulfation assays), or 800 �M
UDP-glucuronic acid (for glucuronidation assays). The assays were
incubated at 37 ◦C for 15 min (sulfation) or 1 h (glucuronidation).
5-AED (sulfation) and DHA (glucuronidation) were incubated in
parallel as controls. Following incubation, steroids were extracted
with 5 mL ethyl acetate and analyzed by LC–MS.

2.3.6. Partition constant

Compound solubility in water was measured using Millipore

MultiScreen HTS solubility plates (Millipore, Billerica, MA) accord-
ing to the manufacturer’s instructions. Compounds were dissolved
in dimethyl sulfoxide, and diluted to 250 �M in water. The con-
centration of soluble compound in the filtrate was determined
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y LC–MS, and the log10 of the partition constant in PBS (pH
.4)/octanol was calculated [33].

.3.7. Caco-2 membrane transport measurement
The apical to basolateral transport of tetrols and reference

ompounds was measured in Caco-2 cells (In Vitro Technolo-
ies, Baltimore, MD) as described [34]. Test compounds were
issolved in apical buffer at 10 �M, and samples of basolateral
uffer were taken at 0, 20, 40, 80, and 120 min, extracted with 5 mL
f ethyl acetate, and analyzed for the concentration of compound
y LC/MS–MS as described above.

.4. Nuclear hormone interactions

.4.1. Nuclear receptor binding assessment
Assessment of binding activity for various nuclear receptors

as performed by homogeneous competition assays using the
olarScreenTM fluorescence polarization system (InVitrogen, Carls-
ad, CA) as previously described [32]. The highest concentration
ested was 10,000 nM.

.4.2. Nuclear receptor transactivation assays
Transactivation of androgen (AR), estrogen (ER�, and ER�),

nd glucocorticoid (GR) receptors were measured as previously
escribed [32]. Human mineralocorticoid receptor (MR) and per-
xisome proliferator-activated receptor (PPAR-�, PPAR-� and
PAR-�) transactivation was measured with the Gene Blazer® �-
actamase assay system (InVitrogen, Carlsbad, CA) following the

anufacturer’s instructions. The highest concentration tested was
0,000 nM.

.5. Acute toxicity in mice

Experiments to determine the acute toxicity and estrogenic
otential were performed at MPI Research (Matawan, MI). Three
roups of 10 female Crl:CD1®(Icr) mice, approximately 6 weeks
f age, received 10 mL/kg twice daily oral gavage for 14 consec-
tive days of either 30% �-cyclodextrin sulfobutyl ether (vehicle
ontrol) or 20 mg/mL HE3413 or HE3177 (400 mg/kg/day) as a solu-
ion in cyclodextrin. The mice were observed twice daily for clinical
igns of toxicity and weighed on days 1, 7, and 14. On the fifteenth
ay, the animals were sacrificed, and subjected to gross necropsy.
lood from 5 animals per group was used to measure hematological
arameters, and blood from the remaining 5 per group was used to
easure a limited panel of clinical chemistry parameters (empha-

izing liver function tests). The liver, uterus, and adrenal glands
rom each animal were weighed and evaluated for histopathology.

.6. Immune suppression assessment by mixed lymphocyte
esponse

The classic mixed lymphocyte reaction (MLR) was used to assess
mmune suppressive potential essentially as previously described
35]. Peripheral blood mononuclear cells (PBMC) were isolated
rom three healthy donors (2 females, 1 male, between 18 and 65
ears of age) after informed consent. Each of the three donors was
ested as responders in an allogeneic MLR assay that used allogenic
timulator cells pretreated with mitomycin C (25 �g/mL for 30 min

t 37 ◦C in a 5% CO2 atmosphere and washed) in lieu of radiation.
ompounds were tested at 100 and 1000 ng/mL in cultures incu-
ated for six days. The data are expressed as mean ± SEM of the
ormalized (% DMSO control) quadruplicate values obtained from
he three different responders.
76 (2011) 145–155

2.7. Anti-inflammatory assays

The anti-inflammatory activity of HE3177 and HE3413 was
assessed in rodent (SJL/J mice and Dark Agouti rat) models of
experimental autoimmune encephalomyelitis (EAE), experimental
autoimmune prostatitis (EAP), LPS induced lung injury, and dextran
sodium sulfate induced colitis (DSSIC).

2.7.1. SJL/J mouse EAE
Mice, 6–8 weeks of age (Charles River Italia, Udine, Italy) were

adapted (at least 7 days) and maintained in a pathogen-free vivar-
ium (University of Catania, School of Medicine, Catania, Italy), and
had access to sterilized food and water ad libitum. Relapsing and
remitting EAE was induced with a subcutaneous 200 �L injection
containing 75 �g proteolipid protein (PLP) as previously described
[36]. Body weight and disease symptoms were monitored daily
and scored (blinded): 0 = no illness; 1 = flaccid tail; 2 = moderate
paraparesis; 3 = severe paraparesis; 4 = moribund state; 5 = death.
Before immunization mice were randomized to each experimental
group (n = 7–8) and treated daily (6 days/week) with either 100 �L
of HE3413 (4 mg/kg), or HE3177 (4 mg/kg) by oral gavage. Treat-
ment was initiated at disease onset (12 days after immunization,
disease scores 2–3 in approximately 25% of mice) and continued
for 18 days. Mice were monitored for an additional 3 weeks after
treatment. A two-way ANOVA was used to determine statistically
significant differences in disease severity among the treatment
groups. The Mann–Whitney U test was used to determine the sig-
nificance between the tetrol- and vehicle-treated groups.

2.7.2. Dark Agouti rat EAE
Female rats, 8–10 weeks old, 150–175 g (Scanbur AB, Sweden),

maintained under standard (non-specific pathogen free) laboratory
conditions (Department of Biomedical Sciences, Section of Gen-
eral Pathology, Catania, Italy), were adapted for at least 7 days
with free access to food and water. Rats were subcutaneously
immunized (day = 0) at the base of the tail with 200 �L of a homog-
enized emulsion containing 50 mg of whole DA rat spinal cord
in Complete Freund’s Adjuvant containing 10 mg/mL Mycobac-
terium tuberculosis (Difco, Detroit, USA). A progressive paralysis
resulted approximately 8–9 days after immunization, initially in
the tail, ascending up to the forelimbs. Body weight and disease
symptoms were monitored daily beginning on day 7, and severity
scored in a blinded manner according to the same scale used in
mice (see above). Rats were randomized to experimental groups
before immunization. When an animal’s clinical EAE score ranged
between 1 and 2 (days 10–12), once daily oral gavage was initiated
with either 125 �L of cyclodextrin vehicle (n = 10) or HE3413 in
cyclodextrin (10 mg/kg; n = 7), 6 days per week for 20 days. Animals
were subsequently monitored daily until day 34. Daily severity
scores from individual animals were used to determine group dif-
ferences. The Mann–Whitney U test was used to determine the
significance between the tetrol- and vehicle-treated groups.

2.7.3. Murine experimental autoimmune prostatitis
Animals were adapted at least 7 days and kept under standard

(non-specific pathogen free) laboratory conditions (University of
Catania, Catania, IT) with free access to food and water. Male NOD
mice (n = 8 per group), 6–8 weeks old (Jackson Laboratories, ME)
were immunized with a subcutaneous injection of 300 �g CD-1
mouse prostate homogenate in CFA containing 1 mg/mL M. tubercu-
losis (Difco, Detroit, MI) [37]. A total volume of 150 �L administered

for immunization was divided between four sites: right and left
foot pad (25 �L); tail base and shoulder (50 �L). Animals received
a daily oral gavage of either 100 �L cyclodextrin vehicle or HE3413
(80 mg/kg) on days 14–30 after immunization. Mice were sacrificed
4 h after the final treatment, and prostates excised and snap-frozen



eroids

i
t
p
p
o
t

2

C
d
m
J
L
c
o
o
1
t
5
m
o
L
(
1
e
E
u
d

2

W
e
f
f
fi
v
i
D
3
r
w
c
i
f
f
2
t
b
a
a
h
w
f

3

3

m
s
e
t

C.N. Ahlem et al. / St

n Tissue Tek (Miles Laboratories). Fifty cryostatic sections covering
he entire prostate were prepared, stained with H&E and scored by a
athologist (blinded to treatment) for organized intraprostatic lym-
homononuclear cell infiltrate nodules and reported as the number
f infiltrates/cross-section. The significance between groups was
ested using Student’s t test.

.7.4. LPS induced lung injury
Female C57 black/6 mice (6–8 weeks old; Harlan, San Diego,

A) were used in these studies. Animals were acclimated for 3
ays prior to the experiment in a controlled laboratory environ-
ent (San Diego Veterans Administration Healthcare System, La

olla, CA) with free access to standard rodent chow and water.
ipopolysaccharide (LPS) from Escherichia coli 055:B5 was pur-
hased from Sigma, St. Louis, MO. Animals received an oral gavage
f 100 �L of cyclodextrin vehicle (n = 7), 40 mg/kg HE3413 (n = 7),
r HE3177 (n = 8) formulated as a solution in cyclodextrin, 24 h and
h before LPS challenge. Challenge was performed by lightly anes-

hetizing the mice with isofluorane and then directly administering
0 �L LPS solution (1 mg/mL in sterile saline) into the trachea with
ice in a vertical position using a gel loading pipette under direct

bservation through a medical otoscope. Forty-eight hours after the
PS challenge, the animals were sacrificed, bronchoalveolar lavage
BAL) samples were collected (BAL performed 3× using sterile PBS;
.3 mL were typically recovered) and myeloperoxidase (MPO) lev-
ls in lungs measured as previously described [38]. TNF� and IL-6
LISA kits were purchased from Assay Designs (Ann Arbor, MI) and
sed according to the manufacturer’s instructions. Significance was
etermined using a two-sided Mann–Whitney exact test.

.7.5. Dextran sodium sulfate (DSS)-induced colitis
Male C57BL/6 mice, 6–8 weeks old, 25–30 g (Charles River,

ilmington, MA) were maintained in a pathogen-free ambient
nvironment with ad libitum sterilized food and water and adapted
or at least 7 days before induction. Prior to dextran sodium sul-
ate (DSS) treatment, the mice were randomized into groups of
ve to receive either daily oral gavage of 100 �L of cyclodextrin
ehicle or HE3413 (10 and 40 mg/kg) for 5 or 15 days, starting
mmediately prior to DSS administration. Colitis was induced with
SS as previously described [39]. Briefly, mice were administered
% DSS ad libitum in drinking water for 5 days, after which, mice
eceived DSS-free water. On days 5 and 15 the respective groups
ere anesthetized with isoflurane for blood (serum) collection via

ardiac puncture, and immediately euthanized by CO2 asphyx-
ation. The colons were scored visually for diarrhea (0 = normal
ecal pellets, 1 = slightly loose feces, 2 = loose feces, and 3 = watery
eces) and colon inflammation (0 = normal, 1 = slight inflammation,
= moderate inflammation and/or edema, and 3 = heavy inflamma-

ion, edema and/or ulcerations). The colon samples were fixed in
uffered formalin and paraffin-embedded sections were prepared
nd stained with Hematoxylin and Eosin (H&E) for histological
nalysis of inflammation, edema, epithelial defects, gland atrophy,
yperplasia and dysplasia. Haptoglobin levels in serum samples
ere measured by ELISA (GenWay, San Diego, CA). Significant dif-

erences were determined using a two-sided Student’s t-test.

. Results

.1. Characterization of synthesized 5-androstenetetrols
5-Androstenetetrols used as analytical standards and/or phar-
acological agents were prepared by unambiguous chemical

ynthesis, and were greater than 98% pure using HPLC analysis with
vaporative light scattering detection. The melting range (mp), pro-
on NMR spectrum, HPLC retention time (tR) and percent purity
76 (2011) 145–155 149

(ELS detector), and molecular mass (LC–MS/MS) are reported for
HE3177, HE3354, HE3412, and HE3413.

Androst-5-ene-3�,7�,16�,17�-tetrol (HE3177), mp
229.1–231.4 ◦C. 1HNMR (CD3OD, 400 MHz): ı 5.24 (s, 1H), 4.00 (m,
1H), 3.74 (d, 1H, J = 6.9 Hz), 3.42 (m, 1H), 3.36 (d, 1H, J = 6.3 Hz),
2.28–1.06 (m, 15H), 1.07 (s, 3H), 0.77 (s, 3H). HPLC: tR = 4.26 min
(98.7%). LC–MS/MS: tR = 3.84 min, 305.2 amu (M+1 −H2O).

Androst-5-ene-3�,7�,16�,17�-tetrol (HE3354), mp
202.1–204.4 ◦C. 1H NMR peaks (CD3OD, 400 MHz): ı 5.53 (d,
1H, J = 3.7 Hz), 4.03 (m, 1H), 3.73 (m, 1H), 3.47 (m, 1H), 3.42 (d, 1H,
J = 6.3 Hz), 2.33–2.18 (m, 2H), 1.88–1.28 (m, 11H), 1.21–1.08 (m,
2H), 1.00 (s, 3H), 0.76 (s, 3H). HPLC: tR = 4.84 min (100%, ELSD).
LC–MS/MS: not analyzed.

Androst-5-ene-3�,7�,16�,17�-tetrol (HE3412), mp
245–248.3 ◦C. 1H NMR peaks (CD3OD, 400 MHz): ı 5.54 (d,
1H, J = 5.4 Hz), 4.02 (m, 2H), 3.70 (m, 1H), 3.43 (d, 1H, J = 6.1 Hz),
2.55 (m, 1H), 2.10 (m, 1H), 1.83–1.39 (m, 12H), 1.16 (m, 1H),
1.01 (s, 3H), 0.76 (s, 3H). HPLC: tR = 5.05 min (100%, ELSD) LC–MS:
tR = 6.58 min, 305.2 amu (M+1 −H2O).

Androst-5-ene-3�,7�,16�,17�-tetrol (HE3413), mp
220–222 ◦C. 1H NMR peaks: ı 5.23 (s, 1H), 4.00 (m, 2H), 3.78
(m, 1H), 3.37 (d, 1H, J = 6.2 Hz), 2.53 (m, 1H), 2.09 (m, 2H),
1.83–1.39 (m, 10H), 1.16 (m, 2H), 1.08 (s, 3H), 0.77 (s, 3H). HPLC:
tR = 4.72 min (98.6%, ELSD) LC–MS: tR = 3.81 min, 305.2 amu (M+1
−H2O).

3.2. Identification of tetrols in plasma and urine

Rat liver metabolism of androst-5-ene-3�,7�,17�-triol (�AET),
a natural hormone with anti-inflammatory activity [29] produced
an ensemble of unknown tetrol derivatives. We hypothesized 16-
hydroxylation could produce certain of these through the action of
CYP2C11, and focused on four structurally related tetrol deriva-
tives as possibilities: HE3177 (androst-5-ene-3�,7�,16�,17�-
tetrol), HE3354 (androst-5-ene-3�,7�,16�,17�-tetrol), HE3412
(androst-5-ene-3�,7�,16�,17�-tetrol) and HE3413 (androst-5-
ene-3�,7�,16�,17�-tetrol) (Fig. 1). These compounds were used
as analytical standards to determine their natural occurrence. Our
analysis revealed HE3413 and HE3177 in human plasma (Fig. 2A).
The specificity of the peaks corresponding to standards was con-
firmed by admixing the sample with a low (2 pg/mL, Fig. 2B) and a
high (5 pg/mL, Fig. 2C) concentration of the respective analytical
standards. An increased spectral intensity established the iden-
tity of two naturally occurring plasma compounds, HE3413 and
HE3177. The HE3354 and HE3412 tetrols were not detected. The
identity of HE3413 was confirmed using a second high sensitiv-
ity method with higher chromatographic resolution (Fig. 3). The
endogenous concentration was estimated to be 2 pg/mL. Additional
unidentified putative tetrols were detected in human plasma sam-
ple (Fig. 4). HE3413 was also observed un-conjugated in human
urine (data not shown). In a similar manner, HE3177 in human
plasma was discovered and confirmed by GC-MS/MS (data not
shown).

3.3. Human liver microsome studies

Androstene tetrols were found in in vitro metabolism studies
using human liver microsomes in which common naturally occur-
ring 5-androstenes produced tetrols (Table 1), including HE3177

and HE3413. Both the 3�- and 3�-hydroxy precursors were metab-
olized into both 3�- and 3�-hydroxy tetrols suggesting formation
through several different steroidogenic pathways. Greater amounts
of the tetrols were derived from triols, which required only a single
carbon oxidative reaction for tetrol formation.
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pg/mL tetrol standards of HE3177, HE3354, HE3412, and HE3413.

.4. Pharmacokinetics and metabolism

.4.1. Pharmacokinetics
The pharmacokinetics of HE3177 and HE3413 were assessed

n mice following oral gavage of 40 mg/kg aqueous solutions and
esults were compared to 5-AED (Fig. 5). Serum levels were ele-
ated relative to the endogenous plasma levels found in humans

∼2 pg/mL) and persisted relative to 5-AED. HE3413 pharmacoki-
etics parameters in cynomolgus monkeys are given in Table 2. The
bsolute oral bioavailability (% F) was 15.8%.

able 1
etabolic conversion of androst-5-ene precursors to tetrols by human liver microsomes.

Precursor structure HE3412 (3�, 7�, 16�, 17�) HE3413 (3�, 7

3�-ol-androst-5-en-17-one 0 0
Androst-5-ene-3�,17�-diol 0 0
3�-ol-androst-5-ene-7,17-dione 0 0
3�,7�-Diol-androst-5-en-17-one 0 0
Androst-5-ene-3�,7�,17�-triol 0 1090
Androst-5-ene-3�,7�,17�-triol 49 780
3�-ol-androst-5-en-17-one 43 34
Androst-5-ene-3�,17�-diol 0 51
3�,7�-Diol-androst-5-en-17-one 274 201
Androst-5-ene-3�,7�,17�-triol 2058 2167
Androst-5-ene-3�,16�,17�-triol 19 431

teroid procursors (10 �M) were incubated for 90 min at 37 ◦C with 1 mg/mL human liver
lucose-6-phosphate dehydrogenase. After the incubation, the reaction mixtures were ex
high sensitivity tandem column LC/MS–MS method. Peak areas were determined for p

ransitions; values represent the areas of each peak.
sensitivity tandem column LC–MS/MS method. (A) LC–MS/MS chromatogram of
nicotinyl chloride derivatized tetrols in human plasma analyzed with a tandem col-
umn chromatographic system, (B) LC–MS/MS chromatogram of nicotinyl-HE3413
standard.

3.4.2. Metabolism
HE3177 and HE3413 appear to resist primary metabolism since

neither was transformed by mouse or human liver microsomes
(Table 3). Similar metabolic resistance was found for HE3354 and
HE3412 (data not shown). This outcome was in sharp contrast to
results found with 5-AED and �AET. The in vitro metabolic stability
of HE3177 and HE3413 was reflected in a low abundance of oxi-
monkey PK studies (data not shown). HE3177 and HE3413 were not
susceptible to the activity of CYP19 (aromatase) under conditions
that completely convert testosterone to estradiol (data not shown).

�, 16�, 17�) HE3354 (3�, 7�, 16�, 17�) HE3177 (3�, 7�, 16�, 17�)

94 422
80 115

4199 0
88 0

0 192
0 546

47 0
0 0

278 0
895 0

21 0

microsomal extract with 10 mM glucose-6-phosphate, 10 mM NADP, and 10 U/mL
tracted with ethyl acetate, derivatized with nicotinyl chloride, and analyzed using
eaks with appropriate retention times androstenetetrols and 743 > 497 amu mass
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Fig. 5. Pharmacokinetics of the 5-androstenetetrols, HE3413, HE3177, and 5-AED in

T
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T
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ig. 4. Unidentified (putative) tetrols in human plasma. LC–MS/MS chro-
atogram of human plasma, indicating the presence of numerous unidentified

ndrostenetetrols (top panel); LC–MS/MS chromatogram of androstenetetrol stan-
ards (bottom panel).

etrols appear to be very resistant to secondary metabolism, a prop-
rty that is presumably related to their intrinsically high water
olubility. Their metabolic stability probably contributes to their
low rate of clearance compared to the more readily conjugated di-
nd tri-oxygenated C-19 androstene DHEA metabolites.
.4.3. Partition constant and Caco2 transport
The octanol:PBS partition constants (Log D) of HE3413 and

E3177 were similar, and considerably lower than diols and triols.
he tetrols, as expected, were more water soluble relative to less

able 2
E3413 pharmacokinetics parameters (SD) in cynomolgus monkeys.

Route of administration Cmax (ng/mL) Tmax (h) A

IV 18,609 (4,438) 0.05 (0.0) 5
Oral-gastric 292 (167) 1.5 (0.6) 8

a Harmonic mean.

able 3
omparison of biopharmaceutical properties of HE3177 and HE3413 with 5-AED and �AE

Compound Solubilitya Log Db Metabolismc

5-AED 5 3.3 3.89
�AET 164 1.8 0.583
HE3177 1,740 0.53 0
HE3413 28,900 0.43 0

D: not determined.
a Solubility (�M) in H2O at 22 ◦C, pH 7.4.
b Log of the distribution coefficient in octanol/phosphate-buffered saline pH 7.4 at 22 ◦
c Metabolism of compound by human liver microsomes in nanomoles compound meta
d Sulfation of compound by human liver S9 fraction expressed in nanomoles compound
e Glucuronidation of test compound by human liver S9 fraction expressed as nanomole
f Apical to basolateral transport by Caco-2 cells, expressed as picomoles transported/w
CD-1 mice. Male CD-1 mice received a single oral gavage of HE3413, HE3177 (aque-
ous solutions), or 5-AED (aqueous solution in cyclodextrin). Cohorts of 3 animals
were sacrificed at each time point. Steroid concentrations in serum were measured
by LC–MS/MS.

oxidized members of this structure class (Table 3), but the solubility
of HE3413 was surprisingly high, 28 mM. The low partition constant
was apparently reflected in relatively poor transport across Caco-2
cells (Table 3).

3.4.4. Nuclear hormone receptor interactions
Nuclear receptor binding experiments demonstrated that

HE3413 and HE3177 do not competitively bind any of the steroid
receptors, AR, ER�, ER�, PR, or GR, and did not transactivate the
nuclear hormone receptors for AR, ER� or ER�, GR, MR, or PPAR-
� (Transactivation EC50 values were all greater than 10,000 nM,
except for HE3413 PPAR-� EC50 = 4000 nM). These results suggest
that HE3413 and HE3177 do not exert their activity through classic
steroid hormone nuclear receptor binding or through PPAR-�/�/�.

3.5. Systemic toxicity in mice

The systemic toxicity and estrogenicity of HE3413 and HE3177
(400 mg/kg) were assessed in CD-1 female mice. Both compounds

were well tolerated. There were no clinical signs of toxicity or
changes in body weight. There were no significant treatment effects
on organ weights, histopathology (adrenal glands, liver, uterus),
hematology parameters, and blood chemistry (data not shown).
The absence of peroxisome proliferation in vivo was consistent with

UC(0–24) (nga h/mL) AUC(0–infinity) (nga h/mL) T1/2 (h)

,881 (454) 5,888 (452)
77 (625) 929 (618) 7.5*

T.

Sulfationd Glucuronidatione Caco-2f

9.75 1.02 ND
ND ND 21.5
0 0 1.57
0 0 2.74

C.
bolized/mg microsomal protein/h.
sulfated/mg protein/h.

s of compound glucuronidated per mg protein/h.
ell/h.
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Fig. 6. Efficacy of the 5-androstenetetrols HE3413 and HE3177 in experimental
autoimmune encephalomyelitis (EAE). (A) EAE was induced in female SJL/J mice
on day 0 as in our previous studies [44]. Mice received daily oral gavage of vehicle,
HE3413 (4 mg/kg), or HE3177 (4 mg/kg) administered at the first disease incidence
(day 12). Tx indicates the beginning and end of therapy. *Significantly different from
vehicle-treated group (Mann–Whitney test; p < 0.0001). (B) Female DA rats received
s.c. injections of 0.2 mL (50 mg) of homogenized emulsion of whole DA rat spinal
cord in complete Freund’s Adjuvant on day 1. Rats received daily oral gavage of
52 C.N. Ahlem et al. / St

he in vitro results, which again differentiates the pharmacology of
hese tetrols from those members of this structure class with lower
xidation states.

.6. Immune suppression assessment by mixed lymphocyte
eaction

The immunosuppressive potential of HE3177 and HE3413 was
ssessed using an allogeneic MLR. Blood was obtained from three
ndividual donors (1 male, 2 females) and each of two concen-
rations (100 and 1000 ng/mL) tested in quadruplicate. Neither
oncentration of either tetrol suppressed lymphocyte prolifer-
tion (high concentration: 102% ± 14 and 116% ± 18 of vehicle
ontrol respectively). In contrast, dexamethasone (1 �M) signif-
cantly (p = 0.0004) suppressed (>85%) proliferation in this same
uman MLR assay.

.7. Anti-inflammatory activity of HE3177 and HE3413 in mouse
nflammation models

.7.1. Experimental autoimmune encephalomyelitis (EAE)
HE3413 was assessed in both the female SJL/J mouse and

he Dark Agouti (DA) rat EAE models of neuro-inflammation
esembling multiple sclerosis. In both models, disease scores in
etrol-treated animals were significantly (p < 0.0001) reduced com-
ared to controls (Fig. 6A). Mice received daily doses of HE3177 or
E3413 (4 mg/kg) or vehicle beginning on day 12 (first disease inci-
ence) and continuing through day 33. Cumulative disease index
CDI) for this period was reduced in the tetrol-treated groups com-
ared to vehicle-treated animals. ANOVA analysis showed that CDI
rom groups receiving HE3177 and HE3413 were significantly dif-
erent from those receiving vehicle (p < 0.005). Benefit appeared to
e sustained for greater than three weeks after cessation of dosing.

n the DA rat model, where only HE3413 was tested (Fig. 6B), the
ompound significantly (p = 0.018) reduced CDI and blunted peak
elapse (day 29) compared to vehicle (CDI 1.1 ± 1.1 versus 2.0 ± 0.0
espectively; p = 0.02).

.7.2. Experimental autoimmune prostatitis (EAP)
NOD mice develop a dramatic inflammatory, non-infectious,

rostatitis upon autoimmunization with gland extracts [40]. This
AP model has been used to test agents for potential activity
n human chronic prostatitis [37]. Daily treatment (days 14–30)

ith HE3413 (80 mg/kg) provided clinical benefit in this model
s determined by a significant (p = 0.034) decrease in the num-
er of infiltrating lymphocyte nodules per prostate tissue section
2.23 ± 0.65 in the vehicle group versus 1.50 ± 0.58 in the HE3413-
reated group) on day 30 (data not shown).

.7.3. LPS-induced lung injury
Neutrophil mediated inflammation is implicated in the tis-

ue damage and fibrosis associated with several forms of chronic
bstructive pulmonary disease, and has been suggested as a
otential target for therapeutic action [41]. The murine model of
PS-induced lung injury has been proposed to model neutrophil-
ediated lung inflammation and tissue damage [42]. Treatment
ith either 40 mg/kg HE3413 or HE3177 significantly decreased

he myeloperoxidase activity in BAL fluid compared to the vehicle
ontrol group (44%, p = 0.038 and 51%, p = 0.014 respectively). The
evels of TNF� and IL-6 in BAL fluid were also decreased approx-
mately 50%, but did not achieve statistical significance (data not

hown).

.7.4. DSS-induced colitis
Inflammatory bowel diseases (IBD) such as ulcerative colitis

UC) and Crohn’s disease have been associated with unre-
vehicle (0.125 mL; n = 10) or HE3413 (10 mg/kg; n = 7) (6 days per week) beginning
when animals developed a clinical score of 1–2 (∼days 10–12). +Significant dif-
ference between HE3413- and vehicle-treated groups total daily disease scores of
individual animals (Mann–Whitney test; p < 0.02).

solved infection, chronic non-productive inflammation and a
pro-inflammatory cycle that resists resolution [43]. HE3413 was
evaluated in the DSS-induced colitis mouse model. The published
literature indicates that in this model, five days of DSS exposure
typically produces a colitis that continues well beyond 30 days
[39], and in our experiments colitis was readily observed in colon
samples assessed for diarrhea and inflammation on days 5 and 15
(Fig. 7). While no significant treatment effects were observed on day
5, HE3413 (10 and 40 mg/kg) significantly suppressed DSS-induced
diarrhea (p = 0.03) and colon inflammation (p = 0.04) on day 15 in a
dose-dependent manner. Histological analysis of the H&E stained
colon segments demonstrated that HE3413 suppressed edema,
leukocytic infiltration, epithelial defects, and glandular atrophy
(Fig. 7D). In addition, a dose-dependent suppression of serum hap-
toglobin, an inflammatory acute phase protein associated with
tissue deterioration in this condition [39], was observed on day 15
(Fig. 7C).
4. Discussion

A survey of human plasma revealed an ensemble of uniden-
tified tetrols, which we investigated starting with the synthesis
of four structurally related derivatives of the 7-hydroxy 5-
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Fig. 7. Activity of HE3413, in the mouse DSS-induced colitis model of IBD. Colitis was induced in C57BL/6 male mice with 3% (w/v) dextran sodium sulfate (DSS) in drinking
water initiated on days 1–5. The mice received daily oral gavage of vehicle or HE3413 (10 and 40 mg/kg) beginning on day 1. Groups of mice (n = 5) were sacrificed on day
5 and 15. Colons were removed and visually scored for the degree of (A) diarrhea and (B) colon inflammation. (C) Haptoglobin levels were measured in serum by ELISA.
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Statistically different from vehicle control mean (p < 0.05; Student’s t test). (D) Hist
roup. Vehicle sample shows moderate colitis with epithelial attenuation (arrow), m
f two experiments that had similar results.

ndrostenetetrols (HE3413, HE3177, HE3354, and HE3412). Of
hese tetrols, the 7�-hydroxy epimers, HE3413 and HE3177, but
ot the analogous 7�-epimers, HE3354 and HE3412 were detected

n human plasma. Human liver microsomes generated both the
�- and 7�-hydroxy epimers from common 5-androstene pre-
ursors, such as DHEA, 5-AED, and DHA, which suggests that

oth epimers are produced, but the 7�-epimer, reported to be
he metabolic precursor to the 7�-epimer, is rapidly and com-
letely converted to the 7� form by action of 11�-hydroxysteroid
ehydrogenase (11�-HSD) [44,45]. Thus, HE3413 and HE3177
ere discovered and identified as new members of the human
al analysis of one representative colon sample (H&E staining) from each treatment
l inflammation and glandular loss (*), and ectasia (#). All results are representative

metabolome. Both are highly resistant to secondary metabolism
and are orally bioavailable. Neither interacts with steroid binding
nuclear hormone receptors or PPAR, nor are they metabolized into
sex steroids. Although they have anti-inflammatory activity, they
are not immunotoxic, and do not appear to be immunosuppressive
in the manner of a glucocorticoid, although a thorough assess-

ment of potential immunosuppressive activity was not conducted.
In rodents, their potent anti-inflammatory activities are reminis-
cent of several other 5-androstene metabolites of DHEA [22,29].
Although poorly transported in the Caco-2 assay, in mice both
HE3413 and HE3177 had greater Cmax and AUC values following
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ral administration when compared to 5-AED. This is consistent
ith their resistance to primary and secondary metabolism in vitro

n contrast to the high metabolic susceptibility displayed by 5-AED
nd �AET. Oral HE3413 administration to cynomolgus monkeys
esulted in a sustained plasma drug exposure profile.

The discovery that these novel tetrols are highly resistant to
etabolism in their natural form was unexpected because nat-

ral C-19 steroids generally are highly susceptible to metabolic
ransformation, and have very poor oral bioavailability, proper-
ies that limit their clinical usefulness [20]. We have previously
xplored various strategies to overcome these limitations. For
xample, we have developed a depot formulation of AED (an ER�
iased agonist) that maintains serum levels of this hormone that
re associated with biological activity in humans [46]. Our expe-
ience with immune regulating hormones of the 5-androstene
eries has been that 17�-substitution to prevent oxidation by 17�-
ydroxysteroid dehydrogenase frequently results in the loss of
iological activity, although 17�-ethynylation was implemented
ith �AET with surprisingly good results [21,29]. The result-

ng 17�-ethynyl-5-androsten-3�,7�,17�-triol (HE3286) retained
road-based biological activity and has not been immunosuppres-
ive in vivo or in vitro [24,47]. In the present studies, we tested and
onfirmed the anti-inflammatory activity of two tetrols in rodent
odels of acute and chronic inflammation.
These orally bioavailable, metabolically stable, biologically

ctive 5-androstene tetrols pose the possibility that a natural
roduct in the human metabolome may be able to assert pharma-
eutically relevant anti-inflammatory activity in target tissues.

Pharmacokinetics, drug metabolism and toxicology observa-
ions provided rationale and incentive for evaluation of these
ewly discovered C-19 steroid tetrols in mouse inflammation mod-
ls. Anti-inflammatory activity was observed in the LPS-induced
ung injury and DSS-induced colitis models, where oral admin-
stration was associated with reductions in pro-inflammatory
ells and cytokines as well tissue inflammation (respectively).
nti-inflammatory activity was evidenced by reduced cellular

nfiltrates was also observed in experimental autoimmune pro-
tatitis, and the symptoms of EAE were suppressed in the female
JL mouse MS model. In the later model, benefit was observed
hen administration was initiated after disease onset that suggests

n anti-inflammatory and/or neuroprotective effect of the agent.
hese newly profiled androstenetetrols possess a highly potent
nti-inflammatory activity that was observable at 4 mg/kg in the
AE model, compared to �AET, which required a much higher dose
120 mg/kg injected subcutaneously) to achieve a similar biological
ffect [24].

There are descriptions of C-18 steroid tetrols in humans in the
ublished literature [48–53], but we could find no prior reference
o C-19 tetrols in humans, perhaps because they are present at such
ow plasma concentrations. This suggests that the tetrols described
ere may be intracrine members of the human metabolome. While
thers have described the chemical synthesis or natural occurrence
f certain C-18 tetrols in human tissues [50–54], their biological
elevance was not explored. The anti-inflammatory properties of
HEA, 5-AED and �AET have been demonstrated in animal models

5,6,22,24,30]. Rodents readily metabolize exogenous androstenes
nto more highly oxidized compounds, and one such compound,
E3177, has been previously described in rat liver digests in vitro

55]. Thus, these naturally occurring androstene tetrols may con-
ribute to biological activity observed from administration of
ndrostenes. We have yet to explore the relationship between

etrol structure and anti-inflammatory activity.

The cellular and molecular targets relevant to the biologi-
al activity of HE3413 and HE3177 remain unknown. Since our
ecent studies have implicated macrophages as the target cell
n the androstenetriol biological mechanism [32,47], it is tempt-

[
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ing to speculate that they may also be the tetrol target. The
murine models used in the present studies all possess a significant
inflammatory macrophage component to their pathology [39,43].
However, other cell types, such as lymphocytes [56], hepatocytes
[57], adipocytes [58], endothelial cells [59] may also be involved
given the broad spectrum of DHEA activities. While a dedicated
receptor has not been identified for the 7-hydroxy C-19 steroids, an
ethynylated androstenetriol, HE3286, is reported to attenuate the
NF-�B, p38, JNK, and ERK-2 pro-inflammatory pathways [32,47].
We are actively investigating the possibility that the molecularly
related tetrols have a similar mode of action.

To our knowledge, this is the first report of the natural existence
of the 5-androstene tetrols, HE3413 and HE3177 in human tissues.
Their potent anti-inflammatory properties are described and their
target tissue and mode of action inferred from that of known molec-
ularly related agents. The discovery of these remarkably stable,
anti-inflammatory components of the DHEA metabolome intro-
duces them as naturally occurring agents that may be useful for
prevention or resolution of chronic inflammatory conditions.
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