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ABSTRACT: Several nuclear receptors (NRs) are still character-
ized as orphan receptors because ligands have not yet been
identified for these proteins. The retinoic acid receptor-related
receptors (RORs) have no well-defined physiological ligands.
Here, we describe the identification of a selective RORR synthetic
ligand, SR3335 (ML-176). SR3335 directly binds to RORR, but
not other RORs, and functions as a selective partial inverse agonist
of RORR in cell-based assays. Furthermore, SR3335 suppresses
the expression of endogenous RORR target genes in HepG2
involved in hepatic gluconeogenesis including glucose-6-phospha-
tase and phosphoenolpyruvate carboxykinase. Pharmacokinetic studies indicate that SR3335 displays reasonable exposure following an
ip injection intomice.We assess the ability of SR3335 to suppress gluconeogenesis in vivo using a diet-induced obesity (DIO)mouse
model where the mice where treated with 15 mg/kg b.i.d., ip for 6 days followed by a pyruvate tolerance test. SR3335-treated mice
displayed lower plasma glucose levels following the pyruvate challenge consistent with suppression of gluconeogenesis. Thus, we
have identified the first selective synthetic RORR inverse agonist, and this compound can be utilized as a chemical tool to probe the
function of this receptor both in vitro and in vivo. Additionally, our data suggests that RORR inverse agonists may hold utility for
suppression of elevated hepatic glucose production in type 2 diabetics.

Several nuclear receptors (NRs) are still characterized as
orphan receptors because ligands have not yet been identified

for these proteins. NRs display a conserved domain structure
with highly conserved DNA-binding and ligand-binding do-
mains. The retinoic acid receptor-related orphan receptor
R (RORR) is an orphan receptor that has been demonstrated to
play an important role in the regulation of metabolism.1,2 Choles-
terol and its sulfate derivative have been suggested to be natural
ligands for RORR.3,4 More recently, our work identified various
oxygenated sterols that bind to both RORR and RORγwith high
affinity and regulate their activity.5,6 The RORs have been
characterized as constitutively active receptors displaying the
ability to activate transcription in the absence of a ligand; how-
ever, there is some controversy as to the nature of this consti-
tutive activity. Our data indicate that RORs display the consti-
tutive activity in biochemical assays under conditions where the
receptor would be expected to have no ligand present (denatured
and refolded receptor),5 but others have suggested that endo-
genous ligands may copurifiy with the receptor leading to this
activity.7 Although the physiological significance of these natural
ligands for the RORs is unclear, the potential utility of synthetic
ligands that modulate the activity of these receptors is apparent.
For example, loss of RORR in staggerer mice results in mice
resistant to weight gain and hepatic steatosis when placed on a
high fat diet, suggesting that suppression of RORR activity may
offer efficacy in treatment of obesity.8 RORR has also been
shown to be a critical factor regulating the expression of key
enzymes in the gluconeogenic pathway,9 and suppression of

RORR activity may lead to suppression of elevated hepatic
glucose output that is observed in type 2 diabetics.

We recently identified the first synthetic ligand that binds to
and regulates the activity of RORR and RORγ, T0901317
(T1317) (Figure 1A) 10. T1317 was originally identified as a
liver X receptor agonist (LXR),11 a NR that serves as a physio-
logical receptor for oxysterols and plays key roles in regulation of
lipogenesis and reverse cholesterol transport.12 Our group
demonstrated that T1317 displays a degree of promiscuity and
also activated another NR that serves as a receptor for bile acids,
FXR.13 Interestingly, T1317 acts as a LXR agonist but a ROR
inverse agonist. We utilized the benzenesulfonamide scaffold as
an initiation point for development of the first selective ROR
ligand, SR1078, that behaves as a dual RORR/γ agonist.14

Continued evaluation of this scaffold led to the identification
of a RORR selective inverse agonist that is characterized in this
study, SR3335 (ML-176) (Figure 1A). The synthetic scheme for
SR3335 is shown in Figure 1B. This compound was initially
identified on the basis of its ability to inhibit the constitutive
activity of RORR in a GAL4-RORR ligand binding domain
(LBD) cotransfection assay. In a biochemical radioligand binding
assay using [3H]25-hydroxycholesterol as a label5,6,10 it is clear
that unlabeled SR3335 dose-dependently competes for binding
to the RORR LBD (Figure 1C). TheKi was calculated as 220 nM
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using the Cheng-Prusoff equation. As shown in Figure 1D,
SR3335 did not compete well for binding when the LBD of
RORγ was utilized. In a cell-based chimeric receptor Gal4 DNA-
binding domain-NR ligand binding domain cotransfection
assay, SR3335 significantly inhibited the constitutive transactiva-
tion activity of RORR (IC50 = 480 nM) (partial inverse agonist
activity) but had no effect on the activity of LXRR and RORγ
(Figure 2). Although T1317 shows considerably more efficacy
than SR3335 in terms of suppression of RORR activity, the
RORR selectivity of SR3335 is clear. SR3335 also displays no
activity on RORβ (radioligand binding or cotransfection assays),
FXR (cotransfection assays), or any other receptors in a selec-
tivity panel for human nuclear receptors10 (data not shown). We
also observed no effect on the enzymatic activity of kinases ( JNK
or MAPK). These data clearly demonstrate that we developed a
compound that selectively targets RORR.

In order to examine the activity of SR3335 in more detail, we
performed additional cotransfection assays where we transfected
cells with full-length RORR and a luciferase reporter gene driven
by a promoter derived from a known ROR target gene, glucose-6-
phosphatase (G6Pase). G6Pase is a well-characterized RORR
target gene that plays a critical role in the gluconeogenesis
pathway.5,9,15 As shown in Figure 3A, in a RORR cotransfection
assay, treatment of cells with SR3335 resulted in a significant
suppression of transcription driven by the G6Pase promoter.
Consistent with these cotransfection data, treatment of HepG2
cells with SR3335 lead to suppression of expression of both
G6Pase and phosphoenolpyruvate carboxykinase (PEPCK) mRNA
expression (Figure 3B). Given the critical roles that these two
enzymes play in regulation of gluconeogenesis, we hypothesized
that SR3335 may offer utility in suppression of hepatic glucose
output, which is elevated in type 2 diabetics and contributes to

the hyperglycemic state. In order to investigate this, we pursued
additional studies in mice.

We examined the pharmacokinetic properties of SR3335 in
mice and noted significant in vivo exposure. Plasma concentra-
tions reached nearly 9 μM 0.5 h after a 10 mg/kg ip injection of
SR3335, and levels were sustained above 360 nM even 4 h after
the single injection (Figure 4A). These levels were sufficient
to perform a proof-of-principle experiment to determine if
SR3335 treatment could suppress gluconeogenesis in vivo.
Diet-induced obese mice were treated with SR3335 (15 mg/kg
b.i.d., ip) for 6 days, and a pyruvate tolerance test was
performed on day 6 to estimate gluconeogenesis. As shown in
Figure 4B plasma glucose levels were slightly lower in SR3335-
treated animals at time 0, but after injection of the pyruvate the
SR3335-treated animals displayed significantly lower plasma
glucose levels at each time point versus vehicle-treated animals
(15, 30, and 60 min), indicating suppression of hepatic gluco-
neogenesis and an improvement in glucose homeostasis by the
RORR inverse agonist. Expression of hepatic pepck and g6pase
expression in the mice revealed ∼50% decrease in pepck
expression (the enzyme that catalyzes the rate-limiting step in
gluconeogenesis); however, g6pase expression was not signifi-
cantly affected (Figure 4C). It is unclear why only pepck
expression was suppressed in vivo and not g6pase since both were
repressed in cell culture experiments, but the suppression
of only pepck in vivo may be responsible for the moderate effects
on pyruvate-stimulated gluconeogenesis. Clearly SR3335 is
effectively targeting RORR since a well characterized RORR
target gene (nr1d1)16,17 is also repressed in the livers
(Figure 4C). Importantly, mice treated with SR3335 displayed
no difference in body weight or food intake after 7 days of
treatment with the compound (data not shown). The effects on

Figure 1. Identification of a selective RORR synthetic ligand, SR3335. (A) Comparison of the chemical structure of T0901317 to SR3335 and SR1078.
(B) Scheme illustrating the synthesis of SR3335. (C)Competition radioligand binding assay illustrating the ability of SR3335 to displace radiolabeled 25-
hydroxycholesterol from RORR LBD. (D) Competition radioligand binding assay illustrating the inability of SR3335 to displace radiolabeled 25-
hydroxycholesterol from RORγ LBD.
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glucose homeostasis are thus not secondary to weight loss and
represent a metabolic response to the compound.

Several crystal structures of the LBD of both RORR and
RORγ bound to sterol ligands have been solved.3,4,7 In all of
these cases the LBD appears to be in an active conformation with
helix 12 positioned in such a manner to allow for coactivator
protein recruitment. It is unclear whether binding of a sterol is
required for the transcriptional activity of these receptors since
we have clearly observed that RORR and RORγ expressed in a
sterol-free environment retain constitutive ability to recruit
coactivators.5,10 We do observe that SR3335 is able to displace
25-hydroxycholesterol in a radioligand binding assay, thus
whether it be by displacing an endogenous agonist or by binding
to a receptor that has a basal conformation that is already active,
SR3335 appears to limit the receptor’s ability to activate tran-
scription. This is most likely due to SR3335 inducing a con-
formation that reduces the affinity of the LBD for coactivators.

In summary, we report the identification of the first selective
synthetic RORR ligand that functions as an inverse agonist. In
cotransfection assays, SR3335 suppresses transcription in both
GAL4-RORR LBD and full-length RORR contexts. Furthermore,

treatment of HepG2 cells with SR3335 results in suppression of
RORR target gene expression. Suppression of the expression of
G6Pase and PEPCK mRNA suggested that SR3335 might be
able to suppress gluconeogenesis. After determining that
SR3335 displayed reasonable pharmacokinetics in mice, we
tested this hypothesis in vivo using a DIO mouse model and
showed that SR3335 did indeed suppress gluconeogenesis.
These data clearly define SR3335 as a valid chemical tool to
evaluate the in vitro and in vivo actions of RORR and suggest
that compounds like SR3335 may hold utility in treatment of
type 2 diabetes.

’METHODS

Synthesis of SR3335. To a solution of 2-(4-aminophenyl)-
1,1,1,3,3,3-hexafluoropropan-2-ol18 (1.5 M in THF, 2.90 mL, 4.35
mmol) in acetone (4.3 mL) were successively added at RT 2,6-lutidine
(658 μL, 5.65 mmol) and 2-thiophenesulfonyl chloride (910 mg, 4.78
mmol). Themixture was heated overnight at 60 �C, then diluted by ethyl
acetate (EtOAc), and quenched at RT by the addition of saturated
NaHCO3 solution. The aqueous phase was extracted two times with
EtOAc. The combined organic phases were dried over Na2SO4, filtrated,
and concentrated on a rotary evaporator. The residue was purified by
silica gel column and eluted with hexane-EtOAc (70/30) to obtain
1.1 g of SR3335 (62%, purity >98%) as a white powder: 1H NMR (400
MHz, (CD3)2SO) δ 6.64 (dd, J = 5.0, 3.8 Hz, 1H), 6.77 (d, J = 8.8 Hz,
2H), 7.08 (d, J = 8.8 Hz, 2H), 7.14 (dd, J = 3.7, 1.4 Hz, 1H), 7.43 (d,
J = 5.0, 1.4 Hz, 1H), 8.11 (s, 1H), 10.30 (s, 1H); 13C NMR (100 MHz,
(CD3)2SO) δ 119.1 (2C), 125.9, 127.7, 127.9 (2C), 132.7, 133.7, 139.2,
139.9; the three carbon resonances of the hexafluoropropanol unit are
not observed in the 13C spectrum of SR3335. The fluorine coupling with
these carbons gives multiplets that were difficult to detect even with an
increased number of scans. FTIR 3362, 3228, 1614, 1519, 1472, 1404,
1341, 1308, 1280, 1257, 1230, 1186, 1146, 1098, 1067, 1027, 963, 946,
928, 832, 821, 730, 708 cm-1; MS (ES-) m/z = 404 (found for
C13H9F6NO3S2H

þ).
Cell Culture and Cotransfections. HEK293 cells were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum at 37 �C under 5% CO2. HepG2 cells were
maintained and routinely propagated in minimum essential medium
supplemented with 10% fetal bovine serum at 37 �C under 5% CO2.
Twenty-four hours prior to transfection, cells were plated in 96-well
plates at a density of 15� 103 cells/well. Transfections were performed
using LipofectamineTM 2000 (Invitrogen). Sixteen hours post-transfec-
tion, the cells were treated with vehicle or compound. Twenty-four
hours post-treatment, the luciferase activity was measured using the
Dual-GloTM luciferase assay system (Promega). The values indicated
represent the means ( SE from four independently transfected wells.
The experiments were repeated at least three times. The ROR and
reporter constructs have been previously described.5,10

cDNA Synthesis andQuantitative PCR. Total RNA extraction
and cDNA synthesis as well as the QPCR were performed as previously
described.19,20

Radioligand Binding Assay. The radioligand binding assay for
RORR and RORγ using [3H]25-hydroxycholesterol has been pre-
viously described.5,6,10

Pharmacokinetic Studies. Plasma levels of SR3335 were eval-
uated in C57BL6 mice (n = 3 per time point) administered by ip
injection. After 0.25, 0.5, 1, 2, 4, and 8 h blood was taken. Plasma was
generated using standard centrifugation techniques, and the plasma and
tissues were frozen at -80 �C. Plasma and tissues were mixed with
acetonitrile (1:5 v/v or 1:5 w/v, respectively), sonicated with a probe tip
sonicator, and analyzed for drug levels by liquid chromatography/
tandem mass spectrometry. All procedures were conducted in the

Figure 2. SR3335 is a selective RORR partial inverse agonist. Cotrans-
fection of HEK293 cells with RORR, RORγ, or LXRR LBD fused to a
GAL4 DNA binding domain and a reporter containing five copies of the
GAL4 UAS upstream of a luciferase reporter. The effect of T1317 is
compared to SR3335 in each assay.
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Scripps vivarium, which is fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care, and were
approved by the Scripps Florida Institutional Animal Care and Use
Committee.
Diet Induced Obesity Model. Thirty-week-old diet-induced

obese (DIO) C57BL/6 male mice were purchased from Jackson
Laboratories and maintained on a 65% kcal high-fat diet from weaning.
DIOmice were treated twice per day (07:00 h and 18:00 h) with 15 mg/
kg SR3335 or vehicle for 6 days ip. Pyruvate tolerance test was
conducted on day 6 of the treatment. Food was removed from mice
in the morning after SR3335 injection, the mice were fasted for 6 h, and
the pyruvate tolerance test was conducted at 13:00 h. Time 0 blood
glucose was measured taken from the tail nip, and the pyruvate challenge
was initiated by injection of 2 g/kg of pyruvate ip followed by measuring

blood glucose at 15, 30, and 60 min following the injection. Blood
glucose was measured by a one touch ultra glucose meter.
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