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’ INTRODUCTION

Brassinosteroids are plant-specific polyhydroxylated deriva-
tives of 5R-cholestane, structurally similar to cholesterol-derived
animal steroid hormones and ecdysteroids from insects. They are
found at low levels in pollen, seeds, leaves, and young vegetative
tissues throughout the plant kingdom.1 Similar to animal steroid
hormones,2 brassinosteroids regulate the expression of specific
plant genes and complex physiological responses involved in
growth,3 partly via interactions with other hormones setting the
frame for brassinosteroid responses.4 While animal steroid
hormones are perceived by nuclear receptor family of transcrip-
tion factors, brassinosteroids signal through a cell surface recep-
tor kinase-mediated signal transduction pathway.5,6

The (22S,23S)-28-homobrassinolide (HB, Figure 1) is one of
the most active brassinosteroids in inducing plant growth in
various plant bioassay systems.7 Growth promoting effect of HB
in plants is associated with the increased synthesis of nucleic acids
and proteins8,9 and activation of total protein synthesis in plants
subjected to heat shock.10 Because of the practical use of HB for
increasing yield production, efforts are being made toward its
synthesis.11,12 Brassinosteroids have a favorable safety profile
because no treatment-related effect was observed at doses up to
4000 mg/kg when applied orally for epibrassinolide13 or HB.14

Natural brassinosteroids also inhibited growth of several human
cancer cell lines without affecting the growth of normal cells.15

The natural brassinosteroid and their synthetic analogues that
have been identified so far have a common 5-R-cholestane
skeleton and their structural variations come from the type and
position of functional groups on the skeleton and the

stereochemistry present in the A and B rings and the side chain.16

Recent structure�activity studies of brassinosteroids in the rice leaf
lamina inclination bioassay have revealed that 5R- configuration is
required for optimum activity, but the B-ring tolerates considerable
variation, providing that the presence of a polar functional group is
maintained.17 Structure�activity studies have also demonstrated
that the (2R,3R)- and (22R,23R)-vicinal diol moieties are required
for optimum bioactivity in plants.18 Although the structural require-
ments for biological activity in plants have been clearly recognized, a
number of compounds bearing minor to major structural modifica-
tions retained potent plant growth promoter activity.19

In the previous study, we found that orally applied HB
produced significant anabolic effects and improved physical
fitness in healthy animals with minimal androgenic effects.20

Importance of identifying novel agents that influence muscle
growth, development, or regeneration with possible therapeutic
application for the age- or disease-related skeletal muscle atrophy
prompted us in this study to explore, for the first time, the
structure�activity relationship between HB and its natural and
synthetic analogues in their effects on protein synthesis and
degradation in rat skeletal muscle cells.

’RESULTS

Synthesis of Brassinosteroid Analogues. To investigate the
structure�activity relationship between position or stereochemistry
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nolide (5), and (22S,23S)-6-aza-homobrassinolide (6) and studied their anabolic efficacy in the L6
rat skeletal muscle cells in comparison to other synthetic and naturally occurring brassinosteroids
(22R,23R)-homobrassinolide (7), (22S,23S)-epibrassinolide (8), and (22R,23R)-epibrassinolide
(9). Presence of the 6-keto group in the B ring and stereochemistry of 22R,23R-vicinal hydroxyl
groups in the side chain were critical for the anabolic activity, possibly due to higher cytotoxicity of
the 22β,23β-hydroxylated brassinosteroids. All anabolic brassinosteroids tested in this study
selectively activated PI3K/Akt signaling pathway as evident by increased Akt phosphorylation in
vitro. Plant brassinosteroids and their synthetic derivatives may offer a novel therapeutic strategy
for promoting growth, repair, and maintenance of skeletal muscles.
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of functional groups ofHB and its anabolic activity, we synthesized a
series of HB analogues 2�6 and compared them to other synthetic
and naturally occurring brassinosteroids 7�9 in their ability to
stimulate protein synthesis or inhibit protein degradation in the L6
rat skeletal muscle cells. (22S,23S)-Homocastasterone (2) was
synthesized to evaluate the influence of C-6 lactone group on the
anabolic activity of brassinosteroids. By synthesizing 3�4, which
lack hydroxyl functional group at C-2 and are fluorinated at C-3, we
tested the requirement for (2R,3R)-vicinal diol moieties in the
ability of brassinosteroids to promote protein accumulation in
muscle cells. Finally, 5�6 were synthesized to contain 7-aza and
6-aza substitutions in the B ring of the brassinosteroid molecule,
therefore evaluating the requirement for the 6-keto group for their
biological activity. Additionally, we compared the anabolic activity of
HB to other naturally occurring brassinosteroids that differ in the
stereochemistry of the (22R,23R)-vicinal diol moieties (7) or

bearing a methyl group at C-24 in the side chain of its 5R-ergostane
structure (8�9). Structures of HB and its analogues used in
this study are shown in Figure 1, while detailed synthetic routes
for each compound are summarized in Supporting Information
Figures 1�4.
Protein Synthesis. The bioactivity of HB and its analogues

was evaluated by measuring increase in protein synthesis in the
L6 rat skeletal muscle cells in vitro. Cells were incubated for 4 h
with [3H]-phenylalanine and treated in triplicate with vehicle
(0.1% ethanol) or test compound (10μM), and protein synthesis
was measured as incorporation of [3H]-phenylalanine into
protein normalized by total protein (Table 1). Under these
conditions, both HB and (22S,23S)-homocastasterone increased
protein synthesis by 37.2 ( 5.9% (p < 0.001) and 41.0 ( 2.7%
(p < 0.001), respectively. This compared favorably to the biological
activity of IGF-1 at 6.5 nM (42.5( 4.5%, p < 0.001) that served
as a positive control in this assay. Removal of 2R-hydroxyl group
and fluorination at C-3 in the A ring (3�4) led to a 50% decrease
in bioactivity (24.6 ( 5.3%, p < 0.01 and 22.5 ( 2.7%, p < 0.01,
respectively). Replacement of 7-oxalactone group with amine in
the B ring of 5 reduced biological activity by half, while a similar
replacement of the 6-carbonyl group with amine in 6 resulted in a
complete loss of activation of protein synthesis. Modifications in
the side chain (7�9) also abolished the activity.
To investigate dose dependence effect of the most active

brassinosteroids on protein synthesis, a study was performed
with 0.3�30 μM of 1�2. Both responses approached saturation
between 10 and 20 μM, with the maximum increases of 36.9 (
2.9% and 40.7 ( 4.9% (p < 0.01), respectively (Figure 2A).
ProteinDegradation.The bioactivity of HB and its analogues

was also evaluated by measuring decrease in protein degradation
Figure 1. Chemical structure of homobrassinolide (1) and its analogues
(2�9) investigated in this study.

Table 1. Effect of HB (1) and Its Analogues (2�9) on Protein Accumulation in the L6 Rat Skeletal Muscle Cellsa

ID common name chemical name formula MW

protein

synthesis,

% increase

over control

protein

degradation,

% decrease

over control

1 (22S,23S)-

homobrassinolide

(22S,23S,24S)-2R,3R,22,23-tetrahydroxy-β-homo-7-oxa-

5R-cholestan-6-one
C29H50O6 494.70 37( 6*** �24( 6*

2 (22S,23S)-

homocastasterone

(22S,23S,24S)-2R,3R,22,23-tetrahydroxy-24-ethyl-5R-cholestan-6-one C29H50O5 478.70 41( 3*** �23( 4*

3 (22S,23S)-3R-fluoro-
homobrasinolide

(22S,23S,24R)-3R-fluoro-22,23-dihydroxy-24-ethyl-β-homo-7-oxa-5R-
cholestan-6-one

C29H49FO4 480.70 25( 5** �21( 1*

4 (22S,23S)-3R-fluoro-
homocastasterone

(22S,23S,24S)-3R-fluoro-22,23-dihydroxy-24-ethyl-5R-cholestan-6-
one

C29H49FO3 464.70 23( 3** �16( 4

5 (22S,23S)-7-aza-

homobrassinolide

(22S,23S,24S)-2R,3R,22,23-tetrahydroxy-24-ethyl-β-homo-

7-aza-5R-cholestan-6-one
C29H51NO5 493.72 21( 2** �1( 3

6 (22S,23S)-6-aza-

homobrassinolide

(22S,23S,24S)-2R,3R,22,23-tetrahydroxy-24-ethyl-β-homo-6-aza-

5R-cholestan-7-one
C29H51NO5 493.72 3( 12 �14( 4

7 (22R,23R)-

homobrassinolide

(22R,23R,24S)-2R,3R,22,23-tetrahydroxy-β-homo-

7-oxa-5R-cholestan-6-one
C29H50O6 494.70 13( 2 �15( 4

8 (22S,23S)-

epibrassinolide

(22S,23S,24R)-2R,3R,22,23-tetrahydroxy-24-methyl-β-
homo-7-oxa-5R-cholestan-6-one

C28H48O6 480.68 4( 2 �6( 8

9 (22R,23R)-

epibrassinolide

(22R,23R,24R)-2R,3R,22,23-tetrahydroxy-
24-methyl-β-homo-7-oxa-5R-cholestan-6-one

C28H48O6 480.68 12( 4 �7( 8

ref IGF-1, 6.5 nM positive control 43( 5***

ref insulin, 10 nM positive control �20( 2*
aCompounds were tested at 10 μMand results are expressed as the mean( SEM of determinations performed in triplicate (* P < 0.05, ** P < 0.01, *** P
< 0.001 when compared with control by one-way ANOVA and Dunnett’s post-test).
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in the L6 rat skeletal muscle cells in vitro. Cells were labeled
overnight with [3H]-phenylalanine and subsequently treated for
4 h in triplicate with vehicle (0.1% ethanol) or test compound
(10 μM), and protein degradation was assessed as release of acid-
soluble [3H]-phenylalanine into the media normalized by total
protein (Table 1). HB, homocastasterone (2), as well as brassi-
nosteroid analogues 3�5 and 7 reduced protein degradation in
vitro, but the potency of their activities differed according to their
structure. 1�3 showed the strongest prevention of protein
degradation, by more than 20%, that compared favorably with
10 nM insulin treatment that served as a positive control in this
assay (20.2 ( 1.6%, p < 0.05). Prevention of degradation was
dependent on the presence of the ethyl group at the C-24 in the
side chain (compare 1 and 7 versus 8�9) and partially depen-
dent on the stereochemistry of the (22R,23R)-vicinal diol
moieties (compare 1 and 7). Interestingly, replacement of
7-oxalactone group with amine in the B ring of compound 5
completely abolished its effect on protein degradation, while a
similar replacement of the 6-carbonyl group with amine in 6 had
only a minor effect on its biological activity.
Among the most active compounds in this assay, HB at

concentrations of 0.3�20 μM inhibited protein degradation
dose-dependently and its activity reached plateau between 3
and 10 μM (Figure 2B). At a lower concentration, 1 μM HB
decreased protein degradation by 8.2( 0.6% above control levels
(p < 0.05). 2 at concentrations of 0.3�30 μM inhibited protein
degradation dose-dependently, and its activity reached plateau at
10 μM. At the lower concentration, 2 at 1 μMsuppressed protein
degradation by 8.7 ( 1.7% above control levels (p < 0.05).
Cytotoxicity in L6 Muscle and 3T3 Fibroblast Cells. All

brassinosteroids and their analogues showed no toxicity in fully
differentiated L6 rat skeletal myotubes up to 30 μM as estab-
lished by the MTT assay and cytological observations (data not
shown). We therefore tested all compounds in the standard test
for basal cytotoxicity using 3T3/NIH murine fibroblast cell
culture. 5 was the only brassinosteroid analogue that inhibited
cell proliferation in a dose-dependent manner with IC50 of
12.5 μM. Fluorination at C-3 in the A ring (3�4) led to increased
cytotoxicity as compared to the original brassinosteroids 1�2
(Figure 3).

Akt Phosphorylation. Akt is the key intermediate in the IGF-
1 signaling pathway that modulates downstream targets known
to regulate protein synthesis and degradation.21 Consistent with
the results obtained with the [3H]-phenylalanine incorporation
assay, bioactive brassinosteroids stimulated phosphorylation of
Akt in rat skeletal muscle cell culture (Figure 4).
Pharmacogenomic Effect of HB in Vivo. Earlier we studied

the anabolic effects of biologically active brassinosteroid HB in
animals. HB treatment (60 mg/kg body weight daily to healthy
rats fed normal diet for 24 d) was associated with a 14.2%
increase in the lean body mass and the improved physical fitness
of untrained rats (limb grip strength was measured using digital
force gauge).20 Pooled RNA samples obtained from frozen
gastrocnemius muscle biopsies of vehicle- (Ctr) and HB-treated
animals were used for the rat insulin signaling PCR array. Of the
84 genes responsible for insulin signaling, PI3K and MAPK
pathways, carbohydrate metabolism, and cell cycle regulation,
two subsets of genes were higher expressed in HB-treated group
than in the Ctr group, but the magnitude of the difference varied

Figure 2. Dose dependent effect of 1 and 2 on protein synthesis (A) and protein degradation (B) in L6 rat myotubes. (A) Cells were incubated for 4 h
with [3H]-phenylalanine and treated in triplicate with vehicle (0.1% ethanol), 6.5 nMof IGF-1 as a positive control, or test compound (0.3�30μM), and
protein synthesis was measured as incorporation of [3H]-phenylalanine into protein normalized by total protein. (B) Dose-dependent effect of HB on
protein degradation was observed in cells labeled overnight with [3H]-phenylalanine and subsequently treated for 4 hwith vehicle (0.1% ethanol), 10 nM
of insulin as a positive control, or brassinosteroid analogues (0.3�30 μM), then protein degradation was measured as release of acid-soluble [3H]-
phenylalanine intomedia. Results are expressed as the mean( SEMof determinations performed in triplicate (* P < 0.05, ** P < 0.01, *** P < 0.001 when
compared with control by one-way ANOVA and Dunnett’s post-test).

Figure 3. Cell survival curves as measured by MTT assay for 1�9
against the murine fibroblast cell line NIH-3T3. Cells were incubated
with various concentrations of brassinosteroids (0.3�30 μM) for 24 h at
37 �C. The mean absorbance of the control cells represented 100% cell
proliferation, and the mean absorbance of treated cells was related to
control values to determine sensitivity. Error bars represent standard
error (n = 6) from mean cell proliferation as determined by repeated
experiments.
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(Figure 5A). The first subset included a set of target genes
upregulated through the PI3K/Akt signaling pathway: Adra1d
(6.5 fold), Igfbp1 (2.5 fold), and Srebf1 (2.5 fold). The second
subset contained genes that regulate muscle cell growth and
carbohydratemetabolism: Fbp2 (4.5 fold) and Igf2 (1.4 fold).We
next further verified these results for Igf2 gene by RT-PCR on
individual muscle samples from Ctr and HD-treated animals
(Figure 5B). No changes in expression of Eif2b1 were noted.
Additionally, we analyzed expression levels of a series of the
myogenic transcriptional factors that modulate muscle growth
and differentiation, including positive regulators Myod1 (2.1
fold), Myf5 (1.3 fold), Myf6 (1.3 fold), and Myog (1.7 fold)
(Figure 5C).

’DISCUSSION AND CONCLUSION

Brassinosteroids are a class of plant hormones with a poly-
oxygenated steroid structure showing pronounced plant growth
regulatory activity.22 They also exhibit striking structural simila-
rities with arthropod hormones of the ecdysteroid type such as
20-hydroxyecdysone23 that have been reported to produce
anabolic effects in mammals.24 Previously we reported that orally
applied HB produced significant anabolic effects and improved
physical fitness in healthy animals with minimal androgenic
effects.20 In this study, a series of brassinosteroid analogues
2�6 related to HB were synthesized (Figure 1), and the
structure�activity relationships of these compounds were ex-
plored by carrying out protein synthesis and degradation assays
in the L6 rat skeletal muscle cells. The results showed that
(22S,23S)-homocastasterone could significantly increase protein
accumulation in muscle cells similar to HB (Figure 2). Because
the only difference between these compounds is additional
7-oxalactone group in the B ring of HB, these results indicated
that 7-oxalactone moiety is not necessary for their anabolic

properties. To the contrary, moving from the lactone to the
6-ketone in plants, it was observed that the brassinolide activity
decreases by 50% between brassinolide and castasterone.7

Transformation of this moiety to either 6-oxo-7-aza (5) or
6-aza-7-oxalactone (6) groups dramatically reduced their ability
to stimulate protein synthesis (Table 1). This is similar to plant
brassinolide activity that was significantly reduced in 7-aza-
homobrassinolide,25 while 6-aza-7-oxo-homobrassinolide was
inactive.26

The effect of ring A substituents on anabolic activity of
brassinosteroids was less evident. Replacement of the two
2R,3R-vicinal hydroxyl groups by R-fluoro group decreased
but did not abolish bioactivity, however, the cytotoxicity of these
compounds against 3T3-NIH murine fibroblast cells was in-
creased (Figure 3). Similarly, replacement of 3-hydroxy function
by a 3-fluoro group yielded compounds active at the rice lamina
inclination assay but not as active as their parent compounds.27

Many papers have dealt with the relationship between the side
chain structure and brassinolide activity in plants, suggesting that
epibrassinolide is more active than homobrassinolide.22 On the
contrary, our data indicated that the side chain at C-24 (methyl
versus ethyl) is critically important for bioactivity in the mam-
malian system; therefore, epibrassinolides 8�9 possess very low
anabolic activity in skeletal muscle cells as compared to homo-
brassinolides 1 and 7. The reason for this is not clear andmay be a
result of interaction of plant brassinosteroid with yet unknown
nuclear or membrane receptor site through three structural
motives: the B ring lactone and 22R,23R-hydroxyls, which are
critical for anabolic activity, while 2R,3R-hydroxyls on the A ring
have lesser receptor affinity. Several binding components on
erythrocyte plasma membrane specific for ecdysteroids may
indicate the existence of such receptor.28

The PI3K/Akt/mTOR pathway is a crucial intercellular
regulator of muscle hypertrophy.29 Activation of PI3K by up-
stream ligands such as IGF-1 or IGF-2 phosphorylates the
membrane phospholipids and creates a lipid binding site for
Akt, which in turn increases protein synthesis and suppresses
proteolytic activity and gene expression of the proteolytic genes.
Consistent with the results obtained with the [3H]-phenylalanine
incorporation assays, bioactive brassinosteroids stimulated phos-
phorylation of Akt in rat skeletal muscle cell culture (Figure 4).
Both HB and (22S,23S)-homocastasterone treatments resulted
in significant activation of Akt after 1 h, a much slower response
than that produced by IGF-1, which phosphorylates Akt within
10 min. A similar delayed Akt response has been reported for
ecdysteroids.30

The pharmacogenomic properties of HB were further char-
acterized in healthy rats orally administered with 60 mg/kg HB
for 24 d. The results indicated that HB potently stimulated two
sets of genes involved in muscle cell growth and carbohydrate
metabolism. Among those, adrenergic receptor R 1d (Adra1d)
showed the most notable 6.5-fold induction (Figure 5A). TheR1
adrenergic receptors mediate endogenous functions of catechol-
amines, which involve coupling to G proteins followed by
activation of phospholipase Cβ and protein kinase C.31 Recently,
it has also been suggested that Adra1d may potentially regulate
muscle survival and differentiation.32 mRNA levels of insulin-like
growth factor 2 (Igf2) and insulin-like growth factor binding
protein 1 (Igfbp1) were also upregulated in skeletal muscle of rats
administered with HB. IGF-2 expression during skeletal muscle
differentiation is regulated at the transcriptional level,33

and signaling through the IGF-1 receptor by locally produced

Figure 4. Effect of HB and its analogues on Akt (Ser473) phosphoryla-
tion in L6 myotubes. Representative immunoblots of Akt phosphoryla-
tion stimulated with 10 μM 1�9 for 1 h or 6.5 nM IGF-1 for 10 min
(positive control). Cells lysates normalized to contain 50 μg of total
soluble protein were analyzed by immunobloting with phospho- and
nonphospho-specific antibodies.
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IGF-2 defines a pathway that is critical for normal muscle growth
and regeneration.34 Igfbp1 has been proposed as an acute
regulator of IGF-1 bioactivity,35 and its elevation in association
with HB treatment is unclear. The physiological role of the
observed fructose-1,6-bisphosphatase (Fbp2) upregulation in
also unknown. A contribution of this enzyme to a de novo
production of glucose from lactate within the muscle is unlikely
due to the lack of glucose-6-phosphatase in this tissue. However,
it is possible that the substrate cycle formed by this enzyme and
phosphofructokinase may provide the basis for amplification of
flux regulation of glycolysis versus glyconeogenesis.36

Activation of Akt in skeletal muscle leads to rapid muscle
hypertrophy37 accompanied by improved metabolism.38 Even
though inducible activation of Akt is sufficient to increase
skeletal muscle mass and force without satellite cell activation,39

we also evaluated effect of HB supplementation on expression

of the genetically determined transcriptional programs regu-
lated by myogenic transcription factorsMyod1,Myf5,Myf6, and
Myog. Myogenic regulatory protein MyoD was the only tran-
scriptional factor associated with greater than 2-fold upregula-
tion following the HB treatment (Figure 5C). This factor
induces cell differentiation by activating muscle specific genes
and is important in the switch from cellular proliferation to
differentiation.40

In conclusion, this study provides evidence that 6-keto group
and 22R,23R-hydroxyls are critical for anabolic activity of
brassinosteroids in rat skeletal muscle cells. This may be useful
for the design of novel therapeutic molecules possessing high
anabolic selectivity. In addition, (22S,23S)-homobrassinolide
and (22S,23S)-homocastasterone, which were confirmed to
possess the greatest anabolic activity among the molecules
analyzed, may be employed as pharmacological tools to

Figure 5. Pharmacogenomic effect of HB in vivo. (A) RNAwas extracted from pooled (n = 5) gastrocnemius muscle samples of control andHB-treated
animals (60 mg/kg for 24 d) and analyzed using rat insulin signaling pathway PCR array to measure relative gene expression levels for 84 genes. Central
black line indicates fold changes ((2(�ΔCt)) of 1, while the pink lines indicate the 4 fold-change in gene expression threshold. (B) Results for Igf2 gene
expression and (C) a set of themyogenic transcriptional factors that modulatemuscle growth and differentiation were further confirmed by conventional
RT-PCR on individual muscle samples (n = 5) from control and HD-treated animals. Results are expressed as the mean ( SEM of determinations
performed in duplicate (* P < 0.05 when compared with control by Student t test).
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investigate the biological functions of muscle growth and regen-
eration pathways.

’MATHERIALS AND METHODS

Chemicals and Analytical Methods. Structures of HB and
its analogues used in this study are shown in Figure 1. HB
[(22R,23R,24S)-2R,3R,22,23-tetrahydroxy-24 ethyl-β-homo-7-oxo-5R-
cholestane-6-one] (1) was purchased from Waterstone Technology
(Carmel, IN). (22R,23R,24S)-2R,3R,22,23-tetrahydroxy-β-homo-7-oxa-
5R-cholestan-6-one (7), (22S,23S,24R)-2R,3R,22,23-tetrahydroxy-24-
methyl-β-homo-7-oxa-5R-cholestan-6-one (8), and (22R,23R,24R)-
2R,3R,22,23-tetrahydroxy-24-methyl-β-homo-7-oxa-5R-cholestan-6-one
(9) were purchased from SciTech (Praha, Czech Republic). Structures
and purity (>95%) of all compounds were confirmed by LC-MS using
Varian 1200 L (Varian, Palo Alto, CA) triple quadrupole mass detector
with electrospray ionization (ESI) interface using aDionexAcclaimRSLC
120 C18 reverse phase column (150 mm � 2.1 mm, 2.2 μm), and 1H
NMR and 13C NMR spectra recorded on Varian 400, 500 MHz and
Bruker Avance 950 MHz NMR stations.

L-[2,3,4,5,6-3H]-phenylalanine was obtained from GE Healthcare
(Piscataway, NJ). Phospho-Akt and Akt mAbs were purchased from
Cell Signaling Technology (Danvers, MA). All other chemicals and cell
culture media were obtained from Invitrogen (Carlsbad, CA) and Sigma
(Saint Louis, MO) unless specified otherwise.
Synthesis of Brassinosteroid Analogues. Steroidal-3R,5-cy-

clo-6-one and steroidal-2-en-6-one were synthesized from stigmasterol
using a previously reported procedure41 with modifications as shown on
Supporting Information Figure 1. Stigmasterol (4.85 mmol, 2.0 g) was
dissolved in methyl ethyl ketone (140 mL) and triethylamine
(14.5 mmol, 1.47 g, 2.4 mL, 3 equiv) was added and stirred for
10 min at room temperature, and then the reaction mixture was cooled
to 5 �C. Methanesulfonylchloride (1.112 g, 1.0 mL, 2 equiv) was added
dropwise to the mixture at 5 �C. After stirring for 1.5 h, 15% sodium
chloride solution (20 mL) was added to the mixture, the organic layer
was separated and washed with saturated sodium bicarbonate and brine
solution, and then dried over anhydrous sodium sulfate and concen-
trated to dryness (2.80 g). This crude product 1awas dissolved inmethyl
ethyl ketone (50 mL) and stirred with water (16 mL), and then
potassium bicarbonate (9.7 mmol, 0.972 g, 2 equiv) was added and
refluxed at 120 �C for 5 h. The organic layer was separated and washed
with brine, dried over anhydrous sodium sulfate, and concentrated
(2.01 g). This crude product 1b was dissolved in methyl ethyl ketone
(35 mL) and cooled to 0 �C. Jones reagent (1.05 mL) was added
dropwise to the reaction mixture and stirred for 3 h at the same
temperature. After adding 15% sodium chloride solution (17 mL), the
organic layer was separated and washed with saturated aqueous sodium
bicarbonate solution and brine solution, dried over anhydrous sodium
sulfate, and concentrated in vacuo. The crude 3R,5-cyclo-6-one
(compound 1c) was chromatographed over silica gel with hexane/ethyl
acetate (97:3) as eluent, yielding 54% from stigmasterol. The purity of
the compound was confirmed by TLC using hexane/EtOAc (80:20) as
developing solvent (Rf = 0.7).

Compound 1c (5.6 mmol, 2.315 g) was dissolved in dimethyl
formamide (23 mL) and stirred. p-Toluenesulfonic acid (1.13 mmol,
0.214 g, 0.2 equiv) and sodium bromide (2.82 mmol, 0.29 g, 0.5 equiv)
were added and heated under reflux for 3 h. The cooled reaction mixture
was concentrated to dryness in vacuo, and ethyl acetate (150 mL) was
added to the reaction mixture, washed with water (100 mL), saturated
sodium bicarbonate solution, and brine solution, dried over anhydrous
sodium sulfate, and concentrated. The crude compound 1d was
chromatographed over silica gel with hexane/ethyl acetate (98:2) as
eluent, yielding 81.6%. The purity of the compound was confirmed

by TLC [hexane/EtOAc (90:10); Rf = 0.68] and ESI-MS (m/z)
411.39 [M þ H].
Synthesis of (22S,23S,24S)-2r,3r,22,23-Tetrahydroxy-24-

ethyl-5r-cholestan-6-one. (22S,23S)-Homocastasterone (2) was
synthesized according to the reported procedure11 with following
modifications. The solution of ruthenium tetroxide was prepared by
adding a solution of sodium m-periodate (782 mg, 3.6 mmol) in water
(2.9 mL) to ruthenium trichloride trihydrate (45 mg, 0.17 mmol). Half
of the ruthenium tetroxide solution was added at once to a stirred
solution of diene (0.5 g, 1.22 mmol) in ethyl acetate (17 mL), acetone
(7.3 mL), and acetonitrile (7.3 mL) at 4 �C. After 5 min, the remaining
half of the ruthenium tetroxide solution was added, and the reaction
mixture was stirred at 5�6 �C for a further period of 5 min. Then 20%
sodium metabisulphite solution (12 mL) was added to the reaction
mixture and stirred for 5 min. Solvents were evaporated, and the residue
was extracted with ethyl acetate (3 � 100 mL). The combined ethyl
acetate layer was washed with water and brine solution and dried over
anhydrous sodium sulfate and concentrated. The crude product was
purified by column chromatography on silica gel using chloroform/
methanol (95:5) as eluent, yielding 54.0%. The purity of the compound
was confirmed by TLCusing CHCl3/CH3OH (90:10); (Rf = 0.45), ESI-
MS: (m/z) 479.35 [MþH] . 1H NMR (400 MHz, CDCl3) δ = 0.70 (s,
3H), 0.76 (s, 3H), 0.88 (d, 3H, J = 6.9Hz), 0.96 (m, 6H), 1.04 (d, 3H, J =
6.9 Hz), 2.30 (dd, 2H, J = 13.1, 4.5 Hz), 2.68 (dd, 1H, J = 12.1, 3.0 Hz),
3.60 (d, 2H, J = 7.3 Hz), 3.77 (dd, 1H, J = 6.9, 3.3 Hz), 4.05 (br, s, 1H).
13C NMR (100MHz, CDCl3) δ = 11.9, 13.5, 13.9, 14.1, 14.5, 17.7, 18.5,
21.2, 21.7, 24.2, 26.3, 26.9, 27.8, 37.6, 39.3, 39.9, 42.3, 42.5, 43.4, 49.6,
50.7, 52.6, 53.7, 56.3, 68.3, 68.4, 70.6, 72.1, 211.9.
Synthesis of (22S,23S,24S)-3r-Fluoro-22, 23-dihydroxy-

24-ethyl-5r-cholestan-6-one and (22S,23S,24S)-3r-Fluoro-
22, 23-dihydroxy-7-oxo-24-ethyl-5r-cholestan-6-one. Two
brassinosteroid analogues of containing a fluorine atom in the 3R
position were prepared using standard operations27,42,43 with the
following modifications (Supporting Information Figure 2). The com-
pound 1c (2.0 g, 4.88 mmol) was dissolved in 1,4-dioxane (42 mL). To
this solution, 7.5 mL of 1 M sulphuric acid was added and refluxed at
110 �C for 12 h. After cooling to room temperature, potassium
carbonate (0.70 g, 1.05 equiv) was added and stirred for 30 min and
most of the solvents were evaporated in vacuo. On dilution with brine
solution (40 mL), the product formed white precipitate that was filtered
off, washed with water, and dried. The crude product 2a was purified by
flash column chromatography using silica gel as adsorbent and eluting
with hexane/ethyl acetate (75:25), yielding 59%. The purity of the
compound was confirmed by TLC using hexane/EtOAc (90:10) solvent
(Rf = 0.28) and ESI-MS (m/z) 429.32 [M þ H].

Next, DAST (1.38 g, 1.12 mL, 8.55 mmol) was dissolved in
dichloromethane (8.4 mL) and stirred at �78 �C. The solution of 2a
(1.2 g, 2.8 mmol) in dichloromethane (50 mL) was added to DAST
solution slowly. After 10 min, the reaction mixture was warmed to room
temperature andmaintained for 5min. The reactionmixture was poured
to water and extracted with dichloromethane (2 � 100 mL). The
combined dichloromethane layer was washed with saturated sodium
bicarbonate solution, brine solution, dried over anhydrous sodium
sulfate, and concentrated. Purification of the crude product by flash
column chromatography using silica gel and eluting with hexane/ethyl
acetate (98.5:1.5) yielded 26.14% of 2b. The purity of the compound
was confirmed by TLC using hexane/EtOAc (80:20) solvent (Rf = 0.7)
and ESI-MS (m/z) 431.56 [M þ H].

Then, the solution of ruthenium tetroxide was prepared by adding a
solution of sodium m-periodate (558 mg, 2.6 mmol) in water (2.1 mL)
to ruthenium trichloride trihydrate (31 mg, 0.12 mmol). To a stirred
solution of 2b (0.375 g, 0.87mmol) in ethyl acetate (12.75 mL), acetone
(5.5 mL), and acetonitrile (5.5 mL) at 4 �C was added half of the
ruthenium tetroxide solution at once. After 5 min, the remaining half of
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the ruthenium tetroxide solution was added and the reaction mixture
was stirred at 5�6 �C for a further period of 5 min. Then 20% sodium
metabisulphite solution (9 mL) was added to the reaction mixture and
continued the stirring for 5 min. All the solvents were evaporated, and
the residue was extracted with ethyl acetate (3 � 100 mL). The
combined ethyl acetate layer was washed with water and brine solution
and dried over anhydrous sodium sulfate and concentrated. The crude
product was purified by column chromatography on silica gel using
hexane/ethyl acetate (85:15) as eluent, yielding 45.0% of 4. The purity
of the compound was confirmed by TLC using hexane/EtOAc (2:1)
solvent (Rf = 0.58) and ESI-MS (m/z) 465.34 [MþH]. 1H NMR (500
MHz, CDCl3) δ = 0.71 (s, 3H), 0.74 (s, 3H), 0.88 (d, 3H, J = Hz), 0.96
(m, 6H), 1.04 (d, 3H, J = 6.9 Hz), 2.32 (dd, 1H, J = 13.1, 4.5 Hz), 2.63
(dd, 1H, J = 12.6, 3.0 Hz), 3.61 (d, 2H, J = 5.0 Hz), 4.91 (d, 1H, J = 48.3).
13C NMR (125MHz, CDCl3) δ = 11.9, 12.2, 12.3, 14.1, 14.5, 17.7, 18.5,
21.1, 21.7, 24.2, 26.9, 27.8, 31.9, 37.9, 39.4, 41.2, 42.3, 42.5, 43.4, 46.7,
49.6, 51.9, 52.6, 53.6, 56.3, 70.6, 72.1, 87.8, 211.7.

The solution of 4 (100 mg, 0.22 mmol) in dichloromethane (4 mL)
was added dropwise to a stirred solution of trifluorooxyacetic acid
(2.2 mmol, 10 equiv, prepared from 30% aqueous hydrogen peroxide
(0.25 mL) and trifluoroacetic anhydride (1.5 mL) in dichloromethane
(4 mL) at 0 �C. After 1 h, the reaction mixture was warmed to room
temperature and maintained for 1 h. The reaction mixture was diluted
with dichloromethane (10 mL), and the resulting solution was washed
with saturated sodium bicarbonate solution, saturated sodium bisul-
phite, brine solution, dried over anhydrous sodium sulfate, and con-
centrated. The crude product was purified by column chromatography
on silica gel using hexane/ethyl acetate (80:20) as eluent, yielding 19.0%
of 3. The purity of the compound was confirmed by TLC using hexane/
EtOAc (2:1) solvent (Rf = 0.26) and ESI-MS (m/z) 481.30 [M þ H].
Synthesis of (22S,23S,24S)-2r,3r,22,23-Tetraacetoxy-24-

ethyl-β-homo-6-aza-5r-cholestan-6-one. Two brassinosteroid
analogues containing 6-aza and 7-aza substitutions in the B ring were
prepared using previously published methods43,44 with the following
modifications (Supporting Information Figures 3�4). Acetic anhydride
(2 mL) and DMAP (15 mg, 0.125 mmol) were added to the solution of 2
(600 mg, 1.25 mmol) in dry pyridine (4 mL). The reaction mixture was
stirred at room temperature for 16 h, poured into ice water, and extracted
with ethyl acetate (50 mL� 2). The organic layer was washed with dilute
HCl, saturatedNaHCO3 solution, brine solution, and dried over anhydrous
sodium sulfate. The crude 3awas purified by flash column chromatography
using silica gel and hexane/ethyl acetate (90:10) to yield 700 mg. The
purity of the compoundwas confirmed byTLCusing hexane/EtOAc (2:1)
solvent (Rf = 0.3) and ESI-MS (m/z) 647.58 [M þ H].

Compound 3a (200 mg, 0.31 mmol) was dissolved in glacial acetic
acid (5 mL) and methanesulphonic acid (298 mg, 0.24 mL, 3.1 mmol)
and sodium azide (40 mg, 0.512 mmol) were added and stirred at room
temperature. After 4 h, the reaction mixture was poured into saturated
sodium bicarbonate solution and extracted with ethyl acetate (50 mL�
3). The combined ethyl acetate extracts were washed with brine solution
and dried over anhydrous sodium sulfate. This crude compound was
chromatographed over silica gel and eluted with dichloromethane/
methanol (98:2), yielding 73% of 3b. The purity of the compound
was confirmed by TLC using CHCl3/CH3OH (90:10) solvent (Rf =
0.57) and ESI-MS (m/z) 662.68 [M þ H].

Next, the solution of 3b (150 mg, 0.23 mmol) and 40% sodium
hydroxide solution (3 mL) in methanol (8 mL) was refluxed for 1 h and
cooled to room temperature. The reaction mixture was neutralized with
6 M HCl in aqueous methanol, followed by removal of methanol in
vacuo. The aqueous extract was extracted with ethyl acetate (50 mL �
3), and combined ethyl acetate extracts were washed with water, brine
solution, and dried over anhydrous sodium sulfate. The crude com-
pound 5 was purified by flash column chromatography using silica gel
with dichloromethane/methanol (98:2) as eluent, yielding 70%. The

purity of the compound was confirmed by TLC using CHCl3/CH3OH
(90:10) solvent (Rf = 0.2) and ESI-MS (m/z) 494.32. 1H NMR (500
MHz, CD3OD) δ = 0.76 (s, 3H), 0.86 (s, 3H), 0.96 (m, 6H), 1.03 (d,
3H, J= 6.9Hz), 2.05 (m, 1H), 2.13 (dtd, 1H, J= 9.4, 6.9, 2.4Hz), 2.21 (d,
1H, J = 13.3 Hz), 2.44 (m, 1H), 3.55 (dd, 2H, J = 8.5, 5.6 Hz), 3.60 (ddd,
1H, J = 7.0, 6.0, 3.3 Hz), 3.73 (dd, 1H, J = 12.2, 4.8 Hz), 3.92 (m, 1H).
13C NMR (125 MHz, CD3OD) δ = 10.8, 12.1, 13.3, 13.6, 14.4, 16.6,
17.3, 18.4, 21.1, 22.4, 25.6, 26.7, 27.4, 34.3, 34.4, 39.7, 39.9, 42.5, 42.9,
49.6, 52.5, 53.1, 55.2, 58.6, 67.8, 68.2, 70.0, 71.7, 178.2.
Synthesis of (22S,23S,24S)-2r,3r,22,23-Tetrahydroxy-24-

ethyl-β-homo-7-aza-5r-cholestan-6-one. NBS (207 mg,
1.16 mmol) and NaHSO4.SiO2 (100 mg, activated at 120 �C for
48 h) were added to a solution of 3a (500 mg, 0.77 mmol) in diethyl ether
(15 mL) and stirred at room temperature. After 2.5 h, the reaction mixture
was filtered to remove silica and diluted with diethyl ether (100 mL). The
crude 4awas washed with saturated sodium bicarbonate solution and brine
solution and dried over anhydrous sodium sulfate.

Compound 4a (450 mg, 0.565 mmol) was dissolved in 75% pyridine
(16 mL) and 1MNaOH (0.88 mL, 1.5 equiv) was added slowly at room
temperature. After 4 h, the reaction mixture was poured into ice cooled
1MHCl solution (200 mL) and extracted with ethyl acetate (100 mL�
2). The combined ethyl acetate extracts were washed with saturated
sodium bicarbonate solution and brine solution and dried over anhy-
drous sodium sulfate. The crude 4b was chromatographed over silica gel
and eluted with hexane/ethyl acetate (85:15), yielding 32%.

NaIO4 (100 mg, 0.453 mmol) was added to a solution of 4b (100 mg,
0.151 mmol) in acetic acid (4.5 mL) and stirred well at room
temperature. After 18 h, the reaction mixture was diluted with diethyl
ether (100 mL), washed with brine solution, and dried over anhydrous
sodium sulfate. The crude product was dissolved in methanol (4 mL),
followed by addition of ammonium acetate (235 mg) and sodium
cyanoborohydride (8 mg). The reaction mixture was stirred for 110 h
at room temperature. Next, the mixture was diluted with water (25 mL)
and extracted with ethyl acetate (50 mL � 3), and combined ethyl
acetate extracts were washed with water and brine solution and dried
over anhydrous sodium sulfate. This crude 4c was chromatographed on
silica gel and eluted with dichloromethane/methanol (85:15), yielding
20%. The purity of the compound was confirmed by TLC using CHCl3/
EtOAc (2:1) solvent (Rf = 0.45) and ESI-MS (m/z) 662.68 [M þ H].

Next, 40% NaOH solution (0.5 mL) was added to the solution of 4c
(20 mg, 0.03 mmol) in methanol (5 mL) and refluxed for 30 min. After
cooling, the mixture was neutralized by addition of ice-cold solution of 6
M HCl in aqueous methanol and concentrated to remove methanol in
vacuo. The remaining aqueous layer was diluted with water (10 mL) and
extracted with ethyl acetate (40 mL � 2), and combined ethyl acetate
extracts were washed with water and brine solution and dried over
anhydrous sodium sulfate. The resulting 6 was chromatographed on
silica gel and eluted with dichloromethane/methanol (97:3), yielding
53%. The purity of the compound was confirmed by TLC using CHCl3/
CH3OH (90:10) solvent (Rf = 0.22); ESI-MS (m/z) 494.30 [M þ H].
1HNMR (500MHz, CD3OD) δ = 0.76 (s, 3H), 0.86 (d, 3H, J = 6.9Hz),
0.90 (s, 3H), 0.95 (dd, 3H, J = 14.8, 7.2 Hz), 1.03 (d, 3H, J = 6.9 Hz),
2.05 (m, 1H), 2.13 (dtd, 1H, J = 9.3, 6.8, 2.4 Hz), 3.01 (m, 1H), 3.08 (m,
2H), 3.56 (m, 1H), 3.92 (s, 1H). 13C NMR (125 MHz, CD3OD) δ =
10.8, 13.3, 13.6, 14.4, 16.6, 17.3, 18.4, 21.1, 22.4, 25.0, 26.7, 30.6, 37.3,
40.1, 41.2, 41.4, 42.5, 42.9, 48.6, 48.3, 49.6, 52.7, 52.9, 59.5, 68.1, 68.2,
70.0, 71.7, 178.8.
Cell Culture. Rat L6 skeletal muscle cell line CRL-1458 was

obtained from ATCC (Manassas, VA). Myoblasts were routinely
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 10% FBS and 0.1% penicillin�streptomycin at 37 �C and 5% CO2.
Cells were subcultured into 24-well plates for protein synthesis, degra-
dation, and cell viability studies and 6-well plates for Western blot
analysis (Greiner Bio One, Monroe, NC). Once cells reached 90%



4064 dx.doi.org/10.1021/jm200028h |J. Med. Chem. 2011, 54, 4057–4066

Journal of Medicinal Chemistry ARTICLE

confluence, differentiation was induced by lowering the serum concen-
tration to 2%, and medium was changed every 2 days. After 7�9 days of
culture, the myoblasts had fused into multinucleated myotubes.41 NIH
3T3 murine embryonic fibroblast cell line (ATCC no. CCL-92) was
maintained in DMEM and 10% FBS at 37 �C in 5% CO2 and passaged
every 3�4 days.
Cell Viability Assay and Dose Range Determination. Cell

viability was measured by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay in triplicate essentially as
described42 and quantified spectrophotometrically at 550 nm using a
microplate reader (Molecular Devices, Sunnyvale, CA). The concentra-
tions of test reagents that showed no changes in cell viability compared
with that of the vehicle (0.1% ethanol) were selected for further studies.
Measurement of Protein Synthesis. Fully differentiated myo-

tubes were washed with serum-free DMEM and treated in triplicate with
vehicle (0.1% ethanol), increasing concentrations of brassinosteroids, or
6.5 nM of insulin-like growth factor-1 (IGF-1) as positive control.
Compounds were added to serum-free medium containing 0.5 μCi/mL
[3H]-phenylalanine and incubated for 4 h. The incubation was stopped
by placing cells on ice, discarding the medium, and washing the cells
extensively with ice-cold PBS to remove the nonincorporated trace.
Proteins were precipitated with 5% trichloroacetic acid and dissolved in
0.5N NaOH.43 Specific radioactivity of protein-bound phenylalanine
was quantified using liquid scintillation counter LS 6500 (Beckman
Coulter, Fullerton, CA) and normalized to mg of total protein deter-
mined by BCA protein assay (Pierce Biotechnology, Rockford, IL).
Measurement of Protein Degradation. The effect of brassi-

nosteroids on protein degradation was investigated in fully differentiated
myotubes as described44 with slight modifications. Fully differentiated
myotubes were incubated for 16 h to allow labeling of cellular proteins
with 1.5 μCi/mL [3H]-phenylalanine. Cells were washed twice with PBS
to remove the nonincorporated trace and treated for 4 h with vehicle
(0.1% ethanol), increasing concentrations of brassinosteroids, or 10 nM
of insulin in serum-free medium. The incubation was stopped by placing
the cells on ice, and protein in the medium was precipitated with 5%
trichloroacetic acid. Specific radioactivity of protein-free phenylalanine
was quantified using liquid scintillation counter LS 6500 (Beckman
Coulter, Fullerton, CA) and normalized to mg of total cell protein
determined by BCA protein assay (Pierce Biotechnology, Rockford, IL).
Western Blot Analysis. Fully differentiated L6 myotubes were

cultured as described above, and whole cell extracts were prepared in ice-
cold RIPA buffer supplemented with 10 mM sodium floride, 2 mM
sodium orthovanadate, 1 mM PMSF, and protease inhibitor cocktail
(Sigma) and centrifuged at 12000g for 20 min at 4 �C. Equal amounts of
protein (50 μg) from the supernatants were separated on 10% SDS
polyacrylamide gels and blotted onto the nitrocellulose membrane.
Western blot detection was performed with monoclonal phospho-Akt
(Ser473) antibodies according to the manufacturer’s instructions (Cell
Signaling Technology, Danvers, MA). After being washed, the blots
were incubated with an antirabbit peroxidase-labeled secondary anti-
body and visualized using ECL Western Blotting Detection Reagent
(GE Healthcare, Piscataway, NJ). After being stripped, the same blots
were probed with total Akt antibodies to serve as loading controls.
Animal Study and Gene Expression Studies. Animal experi-

ment was performed according to procedures approved by the Rutgers
Institutional Animal Care and Use Committee in the AAALAC accre-
dited animal care facility as described previously.20 Briefly, six-week-old
male Wistar rats (Charles River Laboratories, MA) fed normal diet (no.
5001 Rodent Chow diet, Purina, St. Louis, MO) were randomized into
two groups (n = 6) and gavaged daily for 24 d with either 1 mL of vehicle
(5% DMSO in corn oil) or 60 mg/kg body weight of HB. At necropsy,
tissue weights were recorded, and then tissue samples were collected by
snap-freezing in the liquid nitrogen and stored at �80 �C for further
studies. Total RNA was isolated using Trizol, and its quantity and purity

were determined using a NanoDrop (Nanodrop Technologies,
Wilmington, DE). Pooled RNA samples were used for the rat insulin
signaling PCR array (Qiagen, Valencia, CA) and analyzed according to
the manufacturer’s protocol. cDNA synthesis and quantitative PCR
analysis were performed essentially as described45 with the following
primers selected using the Primer Express version 2.0 software (Applied
Biosystems, Foster City, CA) as follows: cyclophilin, forward primer 50-
AAT GCT GGA CCA AAC ACA AAT G-30, reverse primer 50-GCC
ATC CAG CCA CTC AGT CT-30; MyoD1, forward primer 50-CAG
AAC TGG GAC ATG GAG CTA CT-30, reverse primer 50-TGT CGC
AAA GGA GCA GAG AGA-30; Myf5, forward primer 50-CTC GCC
TTC CGA GTA CTT CTA TG-30, reverse primer 50-CAA ACT GGT
CCC CAA ACT CAT C-30; Myf6, forward primer 50-GAG AAG TGC
CAT CAA CTA CAT TGA G-30, reverse primer 50-CCC CAG CTC
CTG CAT TTT C-30; myogenin, forward primer 50-GGT ACC CAG
TGA ATGCAACTC-30, reverse primer 50-CAA TGCACTGGAGTT
TGG TCC-30; IGF-2, forward primer 50-TGT CTA CCT CTC AGG
CCG TAC TT-30, reverse primer 50-TCC AGG TGT CGA ATT TGA
AGA A-30, and actin, forward primer 50-GGG AAA TCG TGC GTG
ACA TT-30, reverse primer 50-GCG GCA GTG GCC ATC TC-30.
Statistics. Statistical analyses were performed using Prism 4.0

(GraphPad Software, San Diego, CA). Unless otherwise noted, data
were analyzed by one-way ANOVA with treatment as a factor. Post hoc
analyses of differences between individual experimental groups were
made using the Dunnett’s multiple comparison test. Significance was set
at p < 0.05. Values are reported as means ( SEM. The 50% inhibitory
concentration (IC50) was calculated by a nonlinear regression curve
analysis.
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