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A. Main Report 
 
Task 3: Evaluate the efficacy of salubrinal in preventing the negative effects of 
glucocorticoids on bone of mice compared to alendronate. 
 
Subtask 3a. Evaluate the efficacy of salubrinal, guanabenz and alendronate (positive 
control) on prevention of bone loss 
Comparison of salubrinal and alendronate on bone mineral density: We evaluated the effects of 
salubrinal using mice that received systemic administration of glucocorticoid (GC: prednisolone). 
Prednisolone (two dosages: GC1 – 1.4 mg/kg/day and GC2 – 2.1 mg/kg/day) and placebo pellets 
(Innovative Research of America) were subcutaneously implanted in the back neck region. Daily 
administration of salubrinal (s.c., 1 mg/kg) was conducted for 4 weeks, and alendronate (5.25 
mg/kg/week) was treated as a positive control. Dual-energy x-ray absorptiometry (DXA) scans 
were performed five days prior to GC pellet implantation and four weeks post pellet implantation 
to determine changes in bone mineral density (BMD). The average percent change for each 
treatment condition in total body, spine, and femur BMD are shown with negative values 
indicating bone loss (Fig. 1). 
 

 
Fig. 1. Effects of salubrinal on bone mass in mice treated with glucocorticoids (GC). (A) 
Percent change in BMD of the total body. (B) Percent change in spinal BMD. (C) Percent change in 
femoral BMD. 

 
Treatment with GC1 or GC2 significantly reduced BMD (total body, spine, and femur) except for 
the spine with GC2, but no clear dose response was obtained.  For GC1, salubrinal suppressed 
GC1-driven loss of BMD in the total body, spine, and femur. For GC2, salubrinal’s effect was 
not statistically significant. As predicted, alendronate protected against GC induced bone loss.     
 
Comparison of salubrinal and alendronate on bone formation: We also examined salubrinal 
effects upon glucocorticoid-induced decreases in bone formation by dynamic histomorphometry. 
For this purpose, mice were injected with calcein (i.p., 0.6%) and alizarin red (i.p., 1.0%) 
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fluorochrome solutions 8 and 3 days prior to sacrifice. The mineralizing surface corrected for 
bone surface (MS/BS) and the mineral appositional rate (MAR) were quantified; followed by the 
calculation of the bone formation rate (BFR). MS/BS measures the number of osteoblasts 
covering the bone surfaces and MAR measures the activity of osteoblast teams. Thus, the BFR is 
an actual quantification of osteoblast number and activity in vivo. Results are shown in Fig. 2.   
 

 
Fig. 2. Effects of salubrinal on bone formation in mice treated with glucocorticoids (GC). 
Comparison with alendronate. (A) MS/BS. (B) MAR. (C) BFR. Data shown from analysis of distal 
femoral cancellous bone sections.     

 
GCs administered at any of the doses used (GC1 or GC2) decreased the number of osteoblasts 
(MS/BS) and GC2 also decreased the activity of osteoblasts (MAR). These effects resulted in 
decreased BFR on cancellous bone surfaces. Salubrinal intervention protected against the effects 
of low dose GC1 on MS/BS and BFR resulting in a complete protection from the effects of GC1 
on bone formation. However, salubrinal failed to block the decrease in MAR induced by the high 
dose of GC, and thus BFR was still lower in mice treated with GC2 and salubrinal. As expected 
based on our own published work, alendronate decreased even further BFR. These results are 
consistent with the suppressive effect of alendronate on bone turnover, which result in decreased 
bone resorption followed by decreased bone formation.    
 
Comparison of salubrinal and alendronate on apoptosis of osteoblasts and osteocytes: We are 
currently determining salubrinal effects upon GC-induced apoptosis by transferase-mediated 
biotin-dUTP nick end-labeling (TUNEL) reaction in distal femoral bone sections. Seven-8 mice 
per group are being analyzed. Preliminary findings with 2-6 mice per group are shown in Fig. 3.  
These results show that treatment with GC markedly increased apoptosis of osteoblasts in a dose 
dependent manner, and that alendronate blocked the effects of GC at its higher dose (GC2). 
Salubrinal was able to block osteoblast apoptosis induced by GC1, but not by GC2. GC also 
increased apoptosis of osteocyte in cancellous and cortical bone, and again alendronate abolished 
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GC2 induced osteocyte apoptosis. Salubrinal effectively blocked osteocyte apoptosis induced by 
GC in both bone envelops, but only at the low GC dose. In contrast, osteocyte apoptosis induced 
by GC2 was not affected by salubrinal.   
 

 
Fig. 3. Effects of salubrinal on GC induced apoptosis of osteoblasts and osteocytes. Alendronate is 
used as a positive control. (A) Cancellous osteoblasts. (B) Cancellous osteocytes. (C) Cortical osteocytes. 
Data shown from distal femoral cancellous bone sections.     

 
These findings show that the decrease in bone mass and bone formation rate and the increase in 
osteoblast and osteocyte apoptosis induced by GC at 1.4 mg/kg/day is abolished by treatment 
with salubrinal. In contrast, higher doses of GC at 2.1 mg/kg/day were not able to be affected by 
salubrinal. Alendronate was able to block the decrease BMD and the increased 
osteoblast/osteocyte apoptosis induced by GC2; however, alendronate decreased even further the 
BFR. These results demonstrate that salubrinal and alendronate crosstalk with GC signaling by 
distinct mechanisms, and importantly salubrinal is able to prevent the effects of GC without 
decreasing the rate of bone formation.  
 
Subtasks 3b. Investigate the molecular pathways 
Genome-wide mRNA expression analysis: In order to further determine key signaling molecules in 
response to salubrinal/guanabenz and investigate the regulatory mechanism underlying Sal/Gu’s 
actions, we conducted genome-wide microarray experiments focusing on mRNA expression profiles 
of osteoclasts (Table 1).  In Table 1, fold-changes of mRNA expression levels are summarized 
among 4 groups of samples (Contl – control; R – RANKL treated sample; Sal – salubrinal treated 
sample; and Sal+R – salubrinal and RANKL treated sample).  The genes in Category 1 (left column) 
were upregulated by RANKL (stimulator of osteoclast development), and their RANKL-driven 
upregulation was suppressed by Sal.  Their expression levels were not significantly different in the 
Sal group and the control group.  The genes in Category 2 (right column) were downregulated by 
RANKL, and their downregulation was suppressed by Sal. 
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Table 1. Genes whose mRNA expression levels are altered by Sal in osteoclasts. 
Category 1 genes (salubrinal as an inhibitor) Category 2 genes (salubrinal as a stimulator) 

Gene 
Symbol 

Fold change 

Sal/Contl R/Contl Sal+R/Sal 

Antxr2 -1.01 1.99 2.03 

Sdc4 -1.02 1.17 1.21 

Fndc7 1.02 2.13 2.01 

Zswim4 1.02 3.31 3.28 

Slc25a25 1.03 1.22 1.17 

Wsb2 1.02 1.39 1.39 

Ado -1.04 1.11 1.15 

Dusp2 1.04 1.33 1.22 

Ifngr2 1.01 1.14 1.08 

Ppm1l 1.05 2.32 2.28 

Ipo4 1.02 1.47 1.36 

Syt16 1.05 1.25 1.32 

Tnfrsf12a 1.11 1.36 1.25 

Dhrsx -1.04 1.13 1.11 

Tnip1 1.01 1.46 1.38 

Pcdh7 1.09 2.50 2.37 

Dmwd 1.06 1.75 1.44 

Qtrt1 1.09 1.17 1.10 

Jdp2 1.06 6.95 6.87 

Noc4l 1.02 1.25 1.18 

Traf1 1.16 4.27 4.06 

Frmd6 -1.09 1.45 1.43 

Lats1 -1.06 1.15 1.14 

Plaur 1.10 1.76 1.50 

Egr2 1.17 1.97 1.99 
 

Gene Symbol 

Fold change 

Sal/Contl R/Contl Sal+R/Sal 

Snx30 1.00 -1.43 -1.43 

Ddit3 1.02 -1.30 -1.36 

Litaf -1.00 -1.38 -1.34 

Cebpg 1.01 -1.08 -1.12 

Agap1 -1.01 -1.39 -1.47 

Ppard -1.00 -2.71 -2.63 

Ctns 1.03 -1.65 -1.75 

Slc44a2 -1.04 -2.42 -2.44 

Ddit4 -1.03 -1.31 -1.15 

Arhgap17 1.01 -1.65 -1.61 

Tpd52 1.04 -1.48 -1.53 

Atf3 1.04 -2.79 -3.07 

Arl11 -1.08 -1.62 -1.52 

Plekhm1 1.05 -1.44 -1.52 

Plxdc1 -1.10 -1.16 -1.05 

Camk1 1.11 -1.93 -2.05 

Tgfbr1 1.20 -1.99 -2.44 

Pacs2 1.07 -1.43 -1.46 

Rasa3 -1.07 -1.24 -1.24 

Pik3r1 -1.03 -1.32 -1.34 

Pla2g15 1.10 -1.26 -1.48 

Xbp1 -1.02 -1.48 -1.39 

Serp1 -1.11 -1.26 -1.18 

Hnrnpdl -1.06 -1.07 1.04 

Tnfaip8l2 1.10 -1.77 -2.21 

Usp2 1.09 -1.56 -1.57 

Hpgds -1.18 -3.37 -4.00 
 

 
Prediction of key molecular regulators: We predicted potential Sal/Gu responsive stimulators and 
inhibitors of bone resorption by defining two parameters: (i) for distance from NFATc1 
expression pattern, and (ii)  for r.m.s. p-value for mRNA m.  The parameter indicated the 
resemblance ( ) and dissemblance ( ) of the mRNA expressions to the NFATc1 
expression profile, and the parameter  indicated statistical significance.  The mRNA 
expressions were also evaluated under 4 conditions (j = 1 to 4): control ( ), treatment with 
RANKL ( ), treatment of RANKL and salubrinal ( ), and treatment with RANKL and 
guanabenz ( ). All mRNAs were analyzed except for the ones with p-value > 0.05.  The 
distance,  ( ), between NFATc1 and mRNA m, was defined using Pearson’s 
correlation coefficient,  ( ): 
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         (1) 

      (2) 

 
where  represented NFATc1expression levels for  ( ), and  was the 
expression levels of mRNA m for .  The variables  and  were the mean expression 
levels for j.  The r.m.s. p-value, , for mRNA m was defined: 
 

       (3) 

 
where  = p-value (Student’s t-test) between ,  = p-value between , and 

 = p-value between .  To better visualize the prediction result, two plots of r.m.s. p-
value ( ) vs. distance ( ) were generated, one for the Sal/Gu-responsive osteoclastogenesis 
stimulators (Fig. 4) and one for the inhibitors (Fig. 5).   
 

 

Fig. 4. Sal/Gu-
responsive genes 
that activate 
RANKL-driven 
bone resorption. 
Salubrinal and 
guanabenz 
downregulate genes 
such as Dscr1, 
Dusp2, Ptpn22, etc.  

 

 

Fig. 5. Sal/Gu-
responsive genes 
that inhibit 
RANKL-driven 
bone resorption.  
Salubrinal and 
guanabenz upregulate 
genes such as 
Zfyve21, Ddit4, etc.   
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Based on the predictions shown in Figs. 4 and 5, we examined the role of Zfyve21 (zinc finger 
transcription factor) in the regulation of NFATc1, a master transcription factor in osteoclastogenesis 
(Fig. 6).  RNA interference using siRNA specific to Zfyve21 elevated the mRNA and protein levels 
of NFATc1, indicating that Zfyve21 at least in part inhibits NFATc1 in response to salubrinal and 
guanabenz. 
 

 

Fig. 6. Evaluation 
of Zfyve21 (zinc 
finger 
transcription 
factor) in 
regulation of 
NFATc1.  NC = 
non specific control 
siRNA. 

 
Genome-wide microRNA analysis: Besides mRNA expression profiles, we also examined 
microRNA expression profiles in response to salubrinal and guanabenz.  One-thousand-two-
hundred-sixty-five microRNAs were inputted, and cluster analysis was conducted to characterize 
expression patterns among 4 groups of samples (control, RANKL, RANKL + Sal, and RANKL + 
Gu).   
 

 

Fig. 7. microRNA 
expression patterns.  
The first three columns 
correspond to control, the 
second to RANKL, the 
third to RANKL + Sal, 
and the fourth to RANKL 
+ Gu.  The color code 
indicates that “green” = 
downregulation, and 
“red” = upregulation. 

               control          RANKL     RANKL+Sal  RANKL+Gu 
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Similar to the mRNAs, the miRNAs were correlated to NFATc1 and divided into stimulator and 
inhibitor groups.  Again, distance values of “0” indicated similarity with the NFATc1 expression 
pattern, and distance values of “1” indicated expression patterns opposite to NFATc1.  Many 
candidates with significant r.m.s. p-values are shown in the NFATc1-like group, but only one, miR-
5109, is found with significant r.m.s. p-value in the NFATc1-reciprocal group.  Regardless of the 
significance of the r.m.s. p-values, miRNAs with small distance values (below 0.3 or above 0.7) 
were analyzed with the target prediction tool.   
                

 

Fig. 8. Sal/Gu-
responsive genes that 
activate RANKL-
driven bone resorption. 
Salubrinal and 
guanabenz downregulate 
microRNA such as 
466h-5p, 346-5p, 466j, 
etc. 

 

 

Fig. 9. Sal/Gu-
responsive genes that 
inhibit RANKL-driven 
bone resorption.  
Salubrinal and 
guanabenz upregulate 
micro RBA such as 
5109, 2137, 15a-5p, etc. 
      

 
Since microRNA binding of the 3' UTR of its target mRNA results in gene silencing, the 
definition of stimulator and inhibitor for microRNA is different. In the regulation of NFATc1, 
stimulator microRNAs would ideally silence the genes inhibiting NFATc1 expression. On the 
other hand, inhibitor microRNAs would silence the genes stimulating NFATc1 or NFATc1 itself. 
NFATc1 is not the only target gene of interest, and thus all predicted regulators should be taken 
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into count. It is possible that a single microRNA could interact with multiple mRNAs and each 
of those mRNAs could have multiple microRNA binding sites. A study on the pathogenesis of 
liver cancer found that Ddit4 is a possible target of miR-221. In our analysis, miR-221-3p was 
included as a potential stimulator, and Ddit4 was one of its targets.  
 
Collectively, our working hypothesis for Sal/Gu’s action is depicted (Fig. 10).  One possibility is 
that Sal/Gu may reduce NFATc1 by activating Ddit4, Zfyve21 or inhibiting miR346-5p, mir466i-
3p, miR366f, etc.  Alternatively, Sal/Gu may suppress NFATc1 by inhibiting Dscr1, Dusp2, Ptpn22, 
etc. or activating miR149-3p.   
 
  

 

Fig. 10. Potential signaling network for Sal/Gu-driven regulation of bone remodeling. 

Task 4: Evaluate the efficacy of salubrinal on bone 
fracture healing. 
 
Subtask 4a. Evaluation of the efficacy of 
salubrinal on bone fracture healing using s.c. 
administration. 
In the third year, efficacy of salubrinal on bone 
fracture healing was examined using a tibia fracture 
model.  Salubrinal was administered daily via s.c. 
near the fracture site in the tibia, and X-ray images 
were collected 1, 2, 3, and 4 weeks after induction 
of tibia fracture (Fig. 11).    
 
With the animal lying supine on the operating table, 
an intramedullary rod was surgically inserted via 
the proximal end of the tibia into the medullary 

 
Fig. 11. X-ray images of fractured tibia 
(control; 1 wk to 4 wks). 
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canal in order to stabilize the tibia after induction of its fracture.  A 200-gram weight was 
dropped from a height of 30 cm to induce tibia fracture at the site approximately 1/3 of the tibia 
from the lower end.  X-ray imaging was conducted immediately after the operation to confirm 
fracture induction.  A fracture repair process was monitored weekly using radiography (pixRay-
100, Bioptics, Phoenix, AZ) for 4 weeks.   
 
Measurements of bone mineral density (BMD) and bone mineral content (BMC) show that 
administration of salubrinal (1 mg/kg) elevated both BMD and BMC in the entire tibia as well as 
fracture site (tibial section 3.8 mm long across the fracture site) (Fig. 12).  The BMD value in the 
entire tibia was increased from 0.048 ± 0.0009 g/cm2 (mean ± SEM) in the control group to 
0.0501 ± 0.0005 g/cm2 in the salubrinal-treated group (p < 0.05).  The BMD value in the 
fractured callus was also elevated from 0.0501 ± 0.0013 g/cm2 in the control group to 0.054 ± 
0.0011 g/cm2 in the salubrinal-treated group (p < 0.05).  Furthermore, the BMC value in the 
entire tibia was increased from 0.0198 ± 0.0005 grams in the control group to 0.0211 ± 0.0003 
grams in the salubrinal-treated group (p < 0.05).  The BMC value in the fractured callus was also 
elevated from 0.0053 ± 0.0002 grams in the control group to 0.0059 ± 0.0001 grams in the 
salubrinal-treated group (p < 0.05). 
 

 
Fig. 12. Comparison of BMD and BMC in the fractured tibia (salubrinal treated samples for 4 
weeks).  (A) BMD measurements.  (B) BMC measurements.  Of note, measurements were taken in a boxed 
region (3.8 mm long). 

 
Subtask 4b. Evaluation of the efficacy of salubrinal on bone fracture healing using local 
administration. 
To locally deliver salubrinal for fracture bone healing, we started designing hydrogel 
formulations capable of dissolving hydrophobic salubrinal and in situ curing at the fracture site. 
We are examining injectable hydrogel that is formed by reacting eight-arm poly(ethylene glycol) 
thiol (PEG8SH) and PEG-divinylsulfone (PEGdVS) through a nucleophilic Michael-type 
conjugation addition reaction. These two macromer components are hydrophilic and can be 
readily prepared as aqueous solutions. Upon injection through a dual-syringe system, the two 
macromer solutions mix and become elastic hydrogel within seconds to minutes depending on 
the macromer molecular weights and concentrations. The formulation used to dissolve salubrinal 
(up to 1.8mg/mL) is composed of 45% PEG 400, 5% vitamin E d-α-tocopheryl PEG 1000 
succinate (TPGS), and 50% phosphate buffer solution. The salubrinal containing formulation is 
miscible with the hydrogel macromers (PEG8SH and PEGdVS) and therefore can be mixed in 
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either PEG8SH or PEGdVS solution prior to injection. Following injection, the salubrinal-
containing hydrogel cures in situ at the bone fracture site. The elastic PEG-based hydrogels will 
serve both as a structural support and a drug delivery depot to accelerate fracture bone healing.  
 
In the fourth year, we will examine whether the hydrogels can be designed to be degraded in 
response to proteolytic activity. In particular, PEGdVS can be replaced by protease-sensitive 
peptides terminated with vinylsulfone moieties. This design will allow cell/protease responsive 
hydrogel degradation and is expected to further accelerate fracture bone healing.    
  
Task 5: Develop a commercialization plan. 
 
Subtask 5b. Investigate potential partnership options.   
In the third year, a small business company, Ossa Biomedical LLC, was established with the 
objective of commercializing Salubrinal and Guanabenz-linked IP.  Through Indiana University 
Research and Technology Cooperation, two key personnel (J.R. Renbarger and Alexander 
Brethauer) were recruited.  Renbarger serves as President and CEO and he is responsible for 
business strategy and financial support for Ossa Biomedical.  Alexander Brethauer serves as 
CTO and he is responsible for product development, regulatory strategy, and IP strategy.  
Currently, four patents are being filed for usage of salubrinal and its analogs for treatment of 
osteoporosis and bone fracture:  
 
US patent: Method for treatment of bone diseases and fractures (13/055,399), 3/8/11 
US patent: Compositions and methods for treating bone diseases (13/574,105), 3/19/13   
US patent: Salubrinal driven attenuation of malignant phenotypes of breast cancer cells (14/296,888),6/5/14 
International patent: Compositions and methods for treating bone diseases (PCT/US2014/021682), 3/ 7/14 

 
Subtask 5c. Integrate the results from Aims 2-4, and develop milestones for a clinical trial 
strategy. 
In the third year, we evaluated several options for potential clinical trials including patients with 
osteoporosis, bone fracture, spinal cord injury, and bone metastasis from breast cancer.  In 
collaboration with Dr. Kathy Miller (Director, Breast Cancer Program, Indiana University School 
of Medicine), the grant for a clinical trial was received from The Breast Cancer Research 
Foundation (Title: Repurposing Guanabenz).  In this project, we plan to recruit patients with 
known bone metastases who have been treated with the same skeletal protective agent for at least 
3 months. Patients (initial n=15) will undergo baseline assessments, then begin treatment with 
guanabenz, starting at the lowest FDA approved dose with individual patient dose escalation as 
tolerated. Limited PK sampling will be obtained to compare exposure with levels associated with 
activity on these and ongoing preclinical studies. Markers associated with bone turnover will be 
assessed serially (baseline, 3 and 6 months) to provide initial estimates of biologic activity. 
Development of the full pilot trial is ongoing. We expect to begin the regulatory approval process 
with trial activation in November 2014. 
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B. Plan for the Fourth Year 
 
The fourth year will complete this project by conducting the sub-task 3b (investigation of molecular 
pathway), the sub-task 4b (analysis of bone fracture healing using local administration of 
salubrinal), and the sub-task 5c & 5d (data integration, milestones for a clinical trial, and licensing 
agreement). 
 
C. Key Research Accomplishments 
 
In the third year of this project, the key research accomplishments include the followings: 
 

• The decrease in bone mass and bond formation rate and the increase in osteoblasts and 
osteocyte apoptosis, which is induced by glucocorticoid at 1.4 mg/kg/day, are abolished 
by treatment with salubrinal. 

• There is a cross talk between salubrinal and alendronate (bisphosphonate) in the 
responses to GC. 

• Genome-wide mRNA expression analysis reveals that both salubrinal and guanabenz 
downregulate NFATc1 transcription factor, which activates bone resorption, in a novel 
eIF2α mediated pathway. 

• Genome-wide micro RNA expression analysis shows that salubrinal and guanabenz 
significantly changes the expression levels of miR346-5p, miR466i-3p, miR466f, and 
miR149-3p. 

• Administration of salubrinal elevates bone formation at the site of tibia fracture by 
increasing BMD (bone mineral density) and BMC (bone mineral content). 

 
D. Reportable Outcomes 
 
The study in the third year generated the following reportable outcomes. 
 

• An international patent application (compositions and methods for treating bone diseases, 
PCT/US2014/021682) was filed on March 7, 2014. 

• Two conference abstracts were published (Refs. 1 & 2). 
• Three peer-reviewed research articles were published (Refs. 3-5).  Of note, an additional 

peer-reviewed journal article is being prepared (Ref. 6). 
• A pilot grant from Indiana CTSI (Clinical and translational Sciences Institute) Research 

Intervention and Scientific Commercialization (Novel pharmacological treatment of 
osteogenesis imperfecta, $25,000, 07/01/14 – 06/30/15) was funded for the application of 
salubrinal and guanabenz in treatment of brittle bone diseases.  

• A clinical trial for strengthening bone with guanabenz for patients with bone metastasis is 
planned to be conducted at Indiana University hospital in November 2014. 
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E. Conclusion 
 
The study in the third year strongly supported salubrinal’s action on the prevention of bone loss 
by elevating bone formation and inhibiting bone resorption.  The observed dual role of salubrinal 
is unique, and currently no therapeutic drugs provide these dual functions.  In the animal 
experiments for evaluating the effects of salubrinal on glucocorticoid induced osteonecrosis and 
bone fracture healing, salubrinal presented its anabolic and anti-catabolic effects.  In in vitro 
experiments, the molecular mechanisms of salubrinal’s action through genome-wide mRNA and 
micro RNA analyses revealed that salubrinal induces its unique functions through novel targets 
in bone remodeling, which are mediated by eIF2α signaling. 
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COMPOSITIONS A.f'.<TI METHODS FOR TREATING BONE DISEASES 

GOVERNMENT RIGHTS 

This invention was made v,rith government support under DOD W81XWH- Il-l-

0716 awarded by the Department of Defense. The government has certain rights in the 

5 invention. 

TECHNICAL FIELD 

Tiw inv(mtion described lwrein pertains to the treatment of bone diseases. In 

particular, the invention described herein pertains to the treatment of bone diseases responsive 

to the inhibition ofosteodastogenesis and/or stimulation of osteoblast development and 

l 0 finetion. 

BACKGROUND AND SUMMARY OF THE lNVEN'fiON 

Osteoblasts and osteoclasts are the two major types of bone cells in bone 

remodeling. Osteoblasts are bom;~forming cells originated from mesench~,rmal stem cells, while 

osteodasts are bone-resorbing cells derived from hematopoietic stem cells. These two types of 

15 cells orchestrate a complex remodeling process, in which mineralized hone matrix is desrraded 

by osteoclasts and newly :fom1ed by osteoblasts [ 1, 2]. In order to maintain proper bone mass, 

exercise and calcium rich diets are recom.n:K~nded. However, a faiiure of the coordinated action 

such as in osteoporosis, which is a common form of bone Joss prevailing among 

postmenopausal women, increases risk of hone fracture [3]. In order to develop therapeutic 

20 drugs for treatment of osteoporosis, an understanding of signaling pathways that govern 

osteodastogenesis ---development ofpre-osteodasts (monocyte/macrophage) to mu1ti~rmc1eated 

osteoclasts- is required. 

Currently, the most common medications, prescribed for preventing bone loss in_ 

patients with osteoporosis, are bisphosphonates. Bisphosphonates preferentiaUy bind to 

25 calcium in bone and induce apoptosis of osteodasls [15]. Other medications using neutralizing 

antibodies targeted to RANKL would block osteoclastogenesis by municking OPG's binding to 

RANKL [16]. RANKL is a cytokine belonging to the tumor necrosis factor family, and is 

involved in T cell-dependent immune responses as well as differentiation and activation of 

osteoclasts [9, 10]. 

30 A novel target for treating such diseases is the protein complex, eif2, which is a 

heterotrimer essential for protein sy11thesis, and elF2o; is one of its major components together 

with eiF2~ and eiF2y [4]. In response to various stresses such as oxidation, radiation, and 

stress to the endoplasmic reticulum that potentially lead to ceHular apoptosis, a serine residue of 

eif2a is phosphorylated. This action would initiate a pro-survival program by lowering general 
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translation efficiency except for a group of genes that includes activating transcription factor 4 

(ATF4) [5}. A'I'F4 is a transcription factor critical for osteoblastogenesis and bone fomw.tion 

[6]. In osteoblasts elevation ofphosp.horyiated eiF2rJ. (p-eiF2o:) is reported to stimulate the 

expression of A TF4 [7, 8]. Little is known, however, about potential effects of p-e11''2(X on 

5 development of osteoc)asts. 

In response to various stresses including viral intection, nutrient deprivation, and 

stress to the endoplasmic reticulum, eukaryotic translation initiation factor 2 alpha (eiF2o:) is 

phosphorylated to cope '\'lith stress induced apoptosis. Although bone cells are sensitive to 

environmental stresses that alter the phosphorylation level of efF2a, little is known about the 

10 role of eiF2ct mediated si&·nallng during the development ofbom:-·resorbing osteodasts. it has 

bee:tl discovered herein that by selectively inhibiting de-·phosp.horylation of eiF2a.., the effects of 

phosphorylation of eiF2a on osteocla.swgenesis ofR.i\ W264,7 pre-osteoclasts as wen as 

development ofMC3T3 El osteoblast-like cells are affected. Two illustrative agents, salubrina1 

and guanabenz, demonshate that selectively inhibiting de-phosphorylation of e1F2n,, results in 

15 stimulated matrix deposition of osteoblasts through upregulation of activating transcription 

factor 4 (ATF4), reduced expression of nuclear factor of activated T cells cl (NF A Tel) and 

inhibited differentiation of R.t\. W264. 7 ceHs to multi-nucleated osteoclasts. ln contrast, partial 

silencing of eiF2a \Vith RNA interference reduced suppression of salubrinal/guanabenz··driven 

dowmegulation ofNFATcl. It has been observed herein that the elevated phosphorylation 

20 level of eiF2a not only stimulates osteoblastogenesis but also inhibits osteoclastogenesis 

through re!;-';Ulation of A TF4 and NFATc 1, support1ng the role of such selective inhibitor of de­

phosphorylation of eH"<'2u, in treating and/or preventing bone loss in osteoporosis, fi·acture, and 

other bone diseases. 

It has also been discovered herein that the compounds described herein can 

25 regulate expression ofNFATcl at a transcriptional leveL Without being bound by theory, it is 

believed herein that the elevation of p-e1F2a.. stimulates osteocakin expression through 

upregulation of ATF4 in osteoblasts and inhibits TRAP expression via dovvnregulation of 

NFATcl in pre-os:teoclasts. Silencing eiF2a with RNA interference reduces suppression of 

salubrinal/guanabenz-driven downregulation ofN.FATc1. Thus, the compounds described 

30 .herein are useful in regulating bone remodeling through eiF2a.-mediated signaling for 

combating bone loss in osteoporosis, and related diseases. 

Osteoblasts and osteoclasts extensively interact through molecular pathways 

induding RANK (receptor activator of nuclear factor kappa-B)/RANKL (Rt\NK liga.nd)/OPG 

(osteoprotegerin) signaling [9, lOJ and vVnt signaling p]]. It has been discovered herein that 
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osteoclastogenesis is regulated by signaling molecules that also affect osteoblast.ogenesis. 

Furthennore, it has been discovered that osteoclastogenesis is influenced by various stresses 

such as estrogen deficiency and disuse or unloading f. 12]. It has also been discovered herein 

that elevation ofp-eiF2o~: suppresses differentiation ofpre-osteodasts to multi-nucleated 

5 osteoclasis, and that elevation of p-eif2ct. can provide stress-relieving effects on osteoblasts~ 

In one embodiment, described herein are compounds, cmnpositions, methods, 

and uses for treating and/or preventing bone loss in osteoporosis, fractllre, and other bone 

diseases. Tbe compounds, compositions, methods, and uses include selective inhibitors de­

phosphorylation of elF2a, such as salubrinal and guanabenz [ 13, 14]. It is understood herein 

10 that the signaling pathway, mediated by eif2a, is not directly linked to known agents for 

osteodastogenesis such as calcium binding agents and RANKL. 

In another embodiment, pharmaceutical compositions contairiing one or more of 

the compounds are also described hereln. It is to be understood that the compositions may 

include other component and/or ingredients, including, but not limited to, other therapeutically 

15 active compounds, and/or one or more carriers, diluents, excipients, and the like. 

It is appreciated herein that the compounds described herein may be used alone 

or in combination \Vith other compounds useful for treating bone diseases, including those 

compounds that may be therapeutically effective by the same or different modes of action. In 

addition, it is appreciated herein that the compounds described herein rnay be used in 

20 cmnbination with other compounds that are administered to treat other symptoms of bone 

disease. 

BRJEF DESCRIPTION OJ<' THE DRAWINGS 

Figure L Osteogenic effects ofsalubrinal on MC3T3 El (clone 14) osteoblast 

cells. CN '"control, Sal'" salubnnai, and Tg = thapsigargin. The double asterisk indicates p < 

25 0.01 in comparison to CN. (A) Cell mortality ratio and relative cell numbers. (B) No activation 

of cleaved caspase 3 by salubrinaL (C) Alizarin red S staining area in response to 5, 10, and 20 

j.lM salubrinaL 

Figure 2. Upregulation of p-efF2a, ATF4 and osteocalcin by salubrinal in 

MC3T3 E I (clone 14) osteoblast cells in response to 5 j.lM salubrinal. CN =control, Sal'" 

30 sa1ubrinal, and NC =non-specific control siRNA. The double asterisk indicates p < 0.01 in 

comparison to CN or NC. The double dagg(:r indicates with p < 0.01 in comparison to the 

salubrinal-treated NC siRNA cells. (A) Western blot analysis ofp- eiF2a and ATF4. (B) 

Salubrinal driven elevation of osteocalcin mRNA leveL (C) ATF4 level after transfecling 

siRNA specific to ATf4. (D) Relative mRNA levels of ATF4 in response to RNA interference 
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with ATF4 siRNA and non-sp,:c!fic control (NC) siRNA. (E) Relative mRNA levels of 

osteoc.alcin (OCN). The asterisk is for the comparison to the control with NC siRNA, and the 

dagger is the comparison bet:wet~tl th(c sarnples transfec.ted with ATF4 siRNA. 

Figure 3. inhibitory effects of salubrinal on RL-\ W264.7 pre-osteoc1asts. CN = 

5 control, and Sal= salubrinaL lbe single and double asterisks indicate p < 0.05 and p < 0.01 in 

comparison to the RA.NKL-treated cells, respectively. (A) Cell mortality ratio. (B) Relative 

cell numbers. (C) Dose-dependent suppression ofRL-'\NKL driven activation of osteoc1asts by 

salubrinaL (D) Dose-dependent suppression of'tRAP-positive multi-nucleated cells by 

10 

sal ubrinal. 

Figure 4. Reduction of RANKL-induced NF ATe 1 expression by sa1ubrlna1. Sal 

= salubrinat The relative intensity ofNFATcl to ~-actin is sho\v'TI. (A) ·Expression ofNFATcl 

(2 days after RANKL administration). (B) Expression ofNFA Tc 1 (4 days after RANKL 

administration), 

Figure 5. Ef:tects of salubrinal on mRNA expression levels ofNFA Tc 1, c-Fos, 

15 'IRAP, and OSCAR. CN =controL The single and double asterisks indicate significant 

20 

decreases withp < 0.05 a:ndp < 0.01 in comparison to ilw RA.NKLAreated cells, respectively. 

The single and double daggers indicate significant increases with p < 0.05 and f1 < 0.01 in 

comparison to the Rl\.NKL--treated cells, respectively. (A) Messenger RNA levels (2 days after 

R. .. ">.NKL administrat1on). (B) Messenger &~A levels (4 days after RANKL administration). 

Figure 6. Temporal expression profile of p-ERK, p-p381vfAPK, p-NFKB, p­

eiF2a and NF A Tc 1 in the presence and absence of 20 1J.M salubrinal. (A) Western blot 

analysis of p-ERK, p-p38 MAPK, p-NFKB, and p--eiF2a at 15, 30,60 and 120 min. (B) 

Western blot analysis of el"F2C.!-p and NFA Tc 1. (C) Comparison of the expression level of 

elF2fx-p and NFATcl with and without 20 p.M salubrinaL The nmmalized level of''l'' was 

25 defined as the level for the cells that were not treated with RANKL without adrninistTation of 

salubrinal. 

Figure 7. Inhibitory effects of guanabcnz on development ofRA W264.7 pre­

osteoclasts. CN = control, and Gu = guanahenz. 'Ihe single and double asterisks indicate 

significant decreases with p < 0.05 and p < 0.0 l in comparison to the RANKL-treated cells, 

30 respectively. (A) Cell mortality ratioo (B) Relative cell numbers. (C) Dose--dependent 

suppression ofRANKL driven activation of osteoclasts by guanabenz. (D) Dose-dependent 

suppression of TRAP -positive rnulti-nucleated cells by guanabenz. 

Figure 8. Reduction ofRANKL--indlJC.ed NFATcl expression by guanabenz. CN 

=control, and Gu = guanabenz. The single and double asterisks indicate significant de<.:reases 
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withp < 0.05 andp < 0.01 ill comparison to the RANKlAreated cdls, respectively. (A) 

Expression ofNFATcl {2. days after RANKL administration). (B) Messenger RNA levels of 

Nl~A'Tc l, c-f'os, TRAP, and OSCAR (2 days after RANKL adminis1Tation). 

Figure 9. Temporal expression profile ofp-efF2a and NFATd in the presence 

5 and absence of 20 p.M guanabenz. Gu = b'1Hmabenz. (A) Vl estem blot analysis of eiF2u, .. p and 

NFA'Tc.l. (B) Comparison of the expression level of eiF2a .. p and NFATcl with and vvithout 20 

~I guanabenz. The nom1alized level of "1" was defined as the level for the cdis that were not 

treated with RANKL without administration of g11anabenz. 

Figure 10. Reduction in salubrinal/guamibenz driven suppression ofNFATcl 

1 0 expression by RNA interference specific: for eiF2a. Sal = salubrinal, Gu = guanabenz, and NC 

=non-specific control siRNA. The single and double asterisks indicate significant changes to 

the Rfu~"KL-I:reated NC siRl~A cells with p < 0.05 and p < OJH, respectively. The single and 

double daggers indicate significant changes to the salubrinal or guanabenz-treated NC siRNA 

cells with_p < lt05 and_p < 0.01, respectively. (A) eiF2a level after transfecting siRNA specific 

15 to d}'2a. (B) Western blot analysis ofp-NFJCB and NFATcl. (C) Comparison ofthe expression 

level ofNFATc I between con1Tol si&~A and eiF2a siRNA. 

_Figure 11 shows, though without being bound by theory, an illustrative 

mechanism of eiF2a signaling on osteoclastogenesis through NF ATe 1. 

Figure S 1. Osteogenic effects of salubrinal on MC3T3 E l osteoblast cells. CN = 

20 control, and Sa!= salubrinaL The double asterisk indicates p < 0.01 in comparison to CN. (A) 

Cell mortality ratio in n~sponse to 0.1 - 30 f.t.IV1 salubrinal. (B) Relative cell numbers in 

responS(~ to 0.1 - 30 IJ.M salubrioaL (C) Alizarin redS staining area in responst~ lo 0.1, 0.5, 1, 5, 

l 0, and 20 f!M salub:r:inal. 

Figure S2. Upregulation of p-eiF2a, A TF4 and osteocaicin by salubrinal in 

25 MC3T3 El osteoblast ceHs. CN =control, and Sa1 "'' sa1ubrinat "I11e single and double 

asterisks indicate ;o < 0.05 and p < 0.01 in comparison to CN, respectively. (A) Western blot 

analysis ofp- elF2ri and ATI'4. (B) Salubrinal-driven elevation of the levels of ATF4 rnRNA 

and osteocaicin mRNA 

Figure S3. Osteogenic effects of guanabenz on MC3T3 El osteoblast cells. CN 

30 =control, and Gu = guanahenz. The single and double asterisks indicate p < 0.05 and p < 0.01 

in comparison to CN, respectively. (A) Cell mortality ratio. (B) Relative cell numbers. (C) 

Western blot analysis ofp- eiF2a and ATF4. (D) Guanabenz-driven elevation of the 

osteocalcin mRNA leveL 

Figur.:~ S4. No significant effects of salubrinal and grmnabenz on cell mortality, 
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cell numbers, and expression ofNFATcl and TRAP in RAW264.7 cells in the absence of 

RANKL administration. CN = control, Sal = salubrinal, and Gu = guanabenz. (A) Cell 

mortality ratio. (B) Relative cell numbers. (C) Expression ofNFATcL (D) Relative mRNA 

levels ofNFATcl and TRAP. 

5 DETAILED DESCRIPTIUN 

iO 

In one embodiment, selective inhibitors of de-phosphorylation of ef.F2a are 

described herein for treating and/or preventing bone loss in osteoporosis, fracture, and other 

bone diseases. lllustrative inhibitors include compounds of the formula 

Rc Rd Re 

I I Rb I Ri/NyN'f'NyR' 
X R<~ Y 

or a phannac:eutically acceptable salt thereof, wherein: 

X is 0 or S; 

Y is 0 or S; 

R 1 is al.kyl, cycloalkyl, alkenyl, cycloalkenyl, aryl, or heteroaryl, each of which 

is optional1y substituted; 

15 R2 is alkyl, cydoalkyl, alkenyl, cydoalkenyl, aryl, heteroaryl, cydoalkylalkyl, 

20 

eycloalkenylalkyl, arylalky1, heteroarylallcyl, cydoalkylalkenyl, cycloalkenylalkenyl, 

aryla1kenyl, or heteroacylalkenyl, each of which is optionally substituted; 

Ra is optionally substituted alkyl; 

Rb isH or optionally substituted C 1-C6 alkyl; 

Rc, Rd, andRe are each independently selected from the group consisting ofH, 

optionally substituted C1-C6 alkyl, acyl, or a prodru.g capable ofreleasing the attached nitrogen 

ill VIVO. 

It is to be understood thai. lh£~ various genera and subgenera of each of X, Y, R
1

, 

R2, Ra, Rb, R', Rd, andRe are described herein. It is to be understood that all possible 

25 combinations of the various genera and subgenera of each of X, Y, R 1
, R2

, Ra, Rb, Rc, Rd, and 

Re are described herein represent additional illustrative embodiments of compounds of the 

invention described herein. lt is to be further understood that each of those additional 

30 

illustrative embodiments of compounds may be used in any of the compositions, methods, 

and/or uses described herein. 

Further illustrative inhibitors include compounds of the fommla 

.... ~(~N~N :,....,.....- NR2 II , "I 
X-,-~-

'-......;::.:: NR2 
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where 

X represents five substituents each independently selected from hydrogen, halo, 

hydroxy, amino, thio, carboxylate or a derivative thereof: sulfi.nyl or a derivative thereof: 

sulfonyl or a derivative thereof, phosphinyl or a derivative thereot~ or phosphonyl or a 

5 derivative thereof, or alkyl, alkenyl, alkynyl, cydoalkyL cydoalh~nyl, hete:roalkyl, 

heteroalkenyl, cycloheteroalkyl, cycloheteroalkenyl, aryl, heteroaryl, arylalkyl, or 

hetemarylalkyl, each of which is optionally substitated; and 

.R is independently selected in each instance from hydrogen, hydroxy, amino, 

carboxylate and derivatives thereot~ sulfonyl and derivatives thereof: and alkyl, alkenyl, 

10 alk;-.r1yl, cycloalkyl, cycloa1keny1, heteroalkyl, heteroalkeny!, cycloheteroalkyl, 

cyc!oheteroalkenyl, aryl, heteroaryl, aryl alkyl, and heterom:ylalkyl, each of which is optionally 

substituted, and nitrogen prodmg forming groups. 

MC3T3 E J osteoblast-Eke ceHs [l 7] and .RA W264. 7 cells [181 are employed to 

evaluate osteoblastogenesis and osteoclastogenesis, respectively. In the presence and absence 

15 ofsalubrinal and guanabenz, MC3T3 El cells are cultured in an osteogenic medium for 

evaluation of matrix deposition, while RA \V264.7 cells in an osteoclast differentiation medium 

for evaluation of nmlti-nucleation. Alizarin Red S staining is perfom1ed to evaluate osteoblast 

mineralization for MC3T3 El cells, and TRAP staining is conducted to detem1ine nmlti·· 

nucleated osteodasts proliferation for .Ri\. \V264.7 cells. To analyze molecular sik,>naling 

20 patlnvays, quantitative real-t1me PCR and Vl/estem blot analysis are conducttxL The mRNA 

levels of ATF4, osteocakin, c-Fos [19], tartrate--resistant acid phosphatase (TRAP) [20], and 

osteoclast-associated receptor (OSCAR) [21] are determined. The protein expression levels of 

elF2tx, A'T'F4, and nuclear factor of activated T cdls c 1 (NFA Tc 1) [22] are also detennined. 

Nf'ATcl is a transcription factor, which is reportedly impmiant for development and activation 

25 of osteoclasts in response to RANKL. RNA interference using siRNA specific to ATF4 and 

eiF2ot is conducted to evaluate the role of ATF4 in osteoblastogenesis and ei.F2a in 

osteoclastogenesis. 

Without being bound by theory it 1s believed herein that the compounds 

described herein are efficacious, at !east in part, due to the ability to h1bibit the differentiation of 

30 RA \V264.7 pre-osteoclasts to nmlti-nucleated osteodasts. Without being bound by theory it is 

believed herein that the compounds described herein are efficacious, at least in part, due to the 

ability to block de-phosphorylation of elF2o: and elevate the level ofp-e1F2ct. H has been 

discovered herein that the growih area, covered by multi-nucleated cells, is significantly 

reduced by salubrinal and gmmabt:nz in a dose dependent manner. Partially silencing eiF2a 
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using RNA interference significantly suppressed salubrinallguanabenz-driven reduction of 

Nr'ATcl expression. Together with the stimulated development ofMC3T3 El osteoblasts by 

an increase in ATF4 expression, the results herein support the conclusion tlmt eiF2a mediated 

signaling plays a physiological role in osteodaslogenesis and osteoblastogenesis, and can be 

5 used in treating osteoporosis, iiactures, and other bone diseases and disorders. 

It is understood herein that both salubrinal and guanabenz interact with PP1 and 

inhibit its activity of de--phosphorylating p·-dF2a. Furtehr, guanabenz is reported to bind to 

PP1Rl5A Sllbunit [14], while the exact binding site ofsalubrinal is not knmvn. Guanabenz is 

also lmo\-vn as an a 2-ac1Tenergic receptor agonist and used to treat hypertension [24]. Without 

10 being bound by theory, it is believed herein that the observed stimulation of osteoblastogenesis 

as well as attenuation of osteoclastogem~sis by both agents strongly indicates that eiF2a­

mediated signaling is central to regulation of ATF4 and NFATcL This belief is also supported 

by the salubrinal-driven alterations in the mRNA levels of osteocalcin and TRi\P, which are 

representative in development of osteoblasts and osteoclasts, respectively. Osteocalcin is 

I 5 synthesized solely by osteoblasts for matrix mineralization and calcium homeostasis [25], while 

TR.I\P is highly expressed in osteodasts and its overexpression has been observed to cause 

bone loss in transgenic mice [26]. 

The elevation of p-e1F2a. has been discovered herein to enhance the 

development of osteob1asts and Inineralization of extracellular matrix. ln response to various 

20 stresses such as oxidation, radiation, and stress to the endoplasmic reticulum, cells undergo 

either survival or apoptotic pathway [27]. As pmt of a pro-survival program, the level of p­

ei.F2a. is raised followed by diminished translational efficiency to aU proteins except for a 

limited t;,>roup including ATI.-4 [5]. Salubrinal's action mimics i:hto induction of pro-survival 

program vvithm.lt imposing damaging stresses, which result in the upregulation of ATF4 without 

25 indm::ing apoptosis. Since ATF4 is a transcription factor critical for osteoblastogenesis and 

bone forma6on, the effects of administration of sa1ubrina1 and guanabenz on the mRNA level of 

osteocakin as well as the mineralization of extracellular matrix was examined. Silencing ATF4 

using RNA interference s:i1:,'11ificanlly suppressed salubrinal--driven up regulation of osteocalcin 

expression. Thus, the result here is consistent with the previously reported role of salubrinal 

30 that stimulates new bone fom1ation in the healing ofbone wound [8]. 

Witl10ut bein.g bound by theory, a schematic diagram iHustrating a proposed 

pathway of eiF2o:-mediated signaling in osteoblastogenesis and osteoclastogenesis is presented 

(Fig. 11 ). Through inhibition of de-phosphorylation of eiF2a, salubrinal and J:,'l.lanabenz are 

capable of enhancing bone formation by activating ATF4, as well as reducing bone resorption 
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by dow1Hegula.ting NFATc 1, Osteoclastogenesis is a multi component developmental process, 

in v.,rhkh active intt~ractiom; lake place between osteoblast:; and osteoclasts. In the 

RAr,'K/RAl'JKL/OPG signaling pathway, for instance, osteob1asts provide RANKL that 

stimulates osteoclastogenesis. Since binding ofRANKL to RANI( is knmvn to activate 

5 MAPKs and N.FKB [28, 29], the potential role ofERK, p38, andNI:KB in the eTJ<2tx-med1ated 

signaling. 111e levels of p-ERK, p-p38 MAPK, and p-NFKB together with p-eiF2a. were 

evaluated by measuring the response to ad.'llinistration of20 ~1 salubrinal. However, no 

detectable changes in the ievels of their phosphorylated fonn were observed. Without being 

bound by theory, it is believed herein that saluhrinal may activate transcription factors such as 

10 1\.fafB (V -rnaf nmsculoaporwurotic fibrosarcoma oncogene homolog B), IRH; (interferon 

regulatory factor 8), and Hc16 (B-cell lymphoma 6), \Vhich are known to he inhibitors of 

NFATcl [30-32]. Altt':r:naiivdy, microRNA and epigenetic changes such as histone 

modWcalion regulat~~ expression ofNFATcl might be involved [33, 34], For instance, H3K27 

de:methylase is reported to demethylate the site of H3K27me3 ofNFATcl and stimulate 

15 Rz\.NKL--induced osteoclastogenesis [34]. 

Several illustrative embodiments of the invention. are described by the tollowing 

enurnerated clauses: 

l _ A method fur treating osteoporosis, fh=J.cture, or a bone defect in a host 

animal, the method comprising the st(.,'P of administering to the host animal a therapeuticai1y 

20 effective axnount of one or more compounds capable of selectively inhibiting de­

phosphorylation ofelF2o:.; where the amount is capable of(a) stimulating matrix deposition of 

osteoblasts, (b) upregulating activating transcription factor 4 (ATF4), (c) reducing expression of 

nuclear fa.ctor of activated T cells cl (NFATc1), (d) inhibiting differentiation ofRA W264_7 

ceHs to mu1ti-nucleated osteodasts, (e) stimulating osteohlastogenesis, or (f) inhibiting 

25 osteoclastogenesis, or a combination of the foregoing, or a pharmaceutically acceptable 

composition comprising the one or more compounds. 

2. The :method clause 1 wherein at least one compound is of the formula 

Rc Ro Re 
I I Rb I 

R1/Nll/NYNYR' 
X Ra ~i 

or a pharmaceutically acceptable salt thereot~ wherein: 

30 X is 0 or S; 

Y is 0 or S; 

R1 is alkyl, cydoalk;l, alkenyl, cyc1oa1kenyl, aryl, or heteroa.ryl, each of\vhich 
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15 

is optionally substituted; 

R 2 is alkyl, cycloaU,.'yl, a1keny1, cycloalkenyl, aryl, heteroatyl, cydoaikylalk:yl, 

eydoalkenyla1kyl, aryla1kyl, beteroary1a1ky1, cycloalkylalkenyl, cycloalkenylaJkenyl, 

arylalkenyl, or hetcroarylalh~nyl_, each ohvhich is optionally substH11ted; 

Ra is optionaily substituted alkyl; 

Rb isH or optionally substituted C1-C6 alkyl; 

Rc, R'\ andRe are each independently selected from the group consisting of H, 

optionally substituted C1-C6 a1kyl, acyl, or a prodrug capable of releasing the attached nitrogen 

in vivo. 

3. The mctl10d clause 1 or 2 wherdn at least one compound is of the 

formula 

H'~ Rd Re 

I I Rb I '} RvNyNt,NYR-
x R" Y 

or a pharmaceutically acceptable sa1t thereof, wherein: 

X is 0 or S; 

Y is 0 orS; 

R 1 is alkyl, cydoalkyl, alkenyl, cyc1oaLlceny1, aryl, or heteroaryl, eac.h of\vhich 

is optionally substituted; 

R' is alkyl, cycloalk:yl, a1kenyi, cycloalkenyl, aryl, heteroary1, cyc.Ioa1kylalkyl, 

cycloa1kenyla1kyl, aryialkyl, heteroarylalkyl, cydoalkylalkenyl, cycloa1kenylalkenyl, 

20 arylalkenyl, or heteroaryla!keny!, each of which is ophonalJy substituted; 

R" is optionally substituted alkyl; 

Rb isH or optionally substituted C~ 1 -C, alkyl; 

RQ, R'\ andRe are each independently selected from the group consist1ng ofH, 

optiona1Jy substituted Ct-C6 alkyl, acyl, or a prodrug capable of releasing th.~ attached nitrogen 

25 m v1vo; 

or a crmrposit"ion thereof further comprising one or more carriers, dilnents, or 

excipients, or a corobination thereof. 

4. The method of any one of the preceding clauses wherein at least one 

compound is of the fornmla 
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or a phannaceutically accept.able salt thereof~ wherein: 

X is 0 or S; 

Y is 0 orS; 

R 1 is alkyl, cycloalkyl, alkenyi, cycloalkenyl, aryl, 0r heteroaryl, each ofv,rhich 

is optionally substituted; 

1~2 is alkyl, cydoalkyl, alkenyl, cycloalkenyl, aryl, heteroaryl, cydoalky1aU;y1, 

cycloalkenyialkyl, arylalkyl, heteroarylalkyl, cydoalkylalkenyl, cydoalkenylaikenyl, 

arylalkenyl, or heten:.H1rylalkenyl, each of which is optionally s1.abstituted; 

Ra is optionally substituted alkyl; 

Rh isH or optionally substituted (\-C6 alkyl; 

Rc, Rd, and R\! are each independently selected from the group consisting ofH, 

optionally substituted C 1--C6 alk--yl, acyl, or a prodrug capable of releasing the attached nitrogen 

in vivo. 

The method of any one of the preceding clauses wherein R t is alkyl, aryi, 

or hctcroaryl, each of which is optionally substituted. 

6. The method ofa:ny one of the preceding clauses vvherein R 1 is aryl or 

heteroaryl, each of which is optionally substituted. 

7. The method of any one of the preceding c1auses \vherein R2 is alkenyl, 

20 heteroaryl, cycloalkylalkyl, cycloalkenyla1kyl, arylalky1, heteroarylalkyl, cycloalkylalkenyl, 

cycloalkenylalkenyl, arylalkenyl, or heteroarylalkeny!, each ofv,rhich is optionally substituted. 

25 

8. The method of any one of the preceding clauses wherein H? is alkenyl, 

cycloalk.ylalkyl, cycloalk:cnylaikyl, arylalkyl, heteroarylalkyl, c:ycloalkylalkenyl, 

cydoalkenylalkenyl, arylalkenyl, or heteroaryla1kenyl, each of which is optionally substituted. 

9. The method of any one of the prec.;::ding c]au.ses wherein at least one 

compound is a compound of the fonnula 

Rc Rd Re 
I l Rb 1 

Ar"_,NYN'YNYC<Al=C(BJ-Nb 

X Ra Y 

or a pharmaceutically acceptable salt thereof, wherein: 

X andY are independently 0 or S; 
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Ara and Arb are independently aryl or hetemaryl, each of which is optionally 

substituted; 

R" is optionally substituted alkyl; 

Rb isH or optionally substituted C1--C6 alkyl; 

R", Rd, andRe are each independently selected from the group consisting ofH, 

optionally substit11ted C 1-C6 alkyl, acyl, and a prodmg capable of releasing the attached 

nitrogen in vivo to form the corresponding H or salt derivative thereof; 

and A and Bare independently H, or optionally substituted C 1-C6 alkyl 

10, The method of clause 9 wherein the aryl is a bkyc1ic aryL 

11. The method of clause 9 or 10 wherein the hetemaryl is a bicyclic 

heteroaryl. 

12. TI1e method of any one of c1auses 9 to 11 wherein the aryl or heteroaryl 

is optionally substituted \Vith one or more substituents selected from the group consisting of 

hal.o, nitrile, or optionally substituted C 1-C6 alkyl, Ct-C;; alkoxy, Ct-C6 haloalkyl, Ct··Co 

15 ha1oa1koxy, aryl, aryloxy, heterocyclyl, heterocydyloxy, fused aryl, and fused heterocydyl. 

2.0 

13. TI1e met11od of any one of clauses 9 to J 2 wherein the alkeny1 has an E 

geometry. 

14 The method of any one of the preceding clauses wherein at least one 

compound is of tbe formula 

H H H b Afl/N!r _ _....N.YN1~/Ar 
X Ra Y 

or a pharrnaceutically acceptable salt thereof, \vherein, 

X is 0 or S; 

'{is 0 or S; 

Ara and Al are independently aryl or heteroa.ryl, each of which is optionally 

25 substituted; and 

R~ is optionally subslituted alkyl. 

15. 111e method of clause 14 wherein the aryl is a bicycl.ic aryL 

16. The method of clause 14 or 15 wherein Ara is a bicyclic .heteroaryL 

17. The method of any one of clauses 14 to 16 wherein the aryl or heteroaryl 

30 is optionally substituted ·with one or more substituent:> selected from the group consisting of 

halo, nitrile, or optionaHy substituted C1-C6 alkyl, C1-C6 alkoxy, C;-C6 haloalkyl, Ct··C;; 

haloa1koxy, aryl, a:ryloxy, heterocyclyl, heterocyclyloxy, fused aryl, and fused heteroc.yclyl. 

18. 'fhe method of any one of clauses 14 to 17 wherein Ra is haloallcyL 
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19. The method of any one of clauses 14 to 18 wherein Ra is not 

trif1uoromethyL 

20. 'The method of any one of Clauses 14 to 19 wherein Ra is haloalkyl, 

where halo is selected from the grm1p consisting of chloro and bromo, and combinations 

5 (hereof 

21. The method of any one of clauses 14 to 20 wherein R\ Rd, and R" are 

each independently selected from the group consisting ofH, optionally substituted C1-C6 alkyl, 

and acyl. 

22. 111e method of any one of the preceding clauses wherein at least one 

l 0 compound is sa!ubrinal, or an analog or a derivative thereof, or a pharmaceutically acceptable 

salt of the foregoing. 

The method of any one of the preceding clauses wherein at least one 

cor.npound is of the fommla 

15 or a phannaceutically acceptable salt thereof, v;lherein 

X rep:resents five s1.1bstituents each independenHy selected from hydrogen, halo, 

hydroxy and derjvatives thereof~ arnino and derivatives thereof, thio and derivatives thereof, 

carboxylate or a derivati-ve thereof, sultlnyl or a derivative thereof, su1fony1 or a derivative 

thereat~ phosphinyl or a derivative thereof, or phosphonyl or a derivative thereof: or alkyl, 

20 alkenyl, alkynyl, cydoalkyl, cydoalkenyl, hetemalkyl, heteroalkenyl, cydoheteroalky1, 

cycloheteroalhm.yl, aryl, b,:teroaryi, arylalkyl, or heteroarylalkyl, each of which is optionally 

substituted; and 

R is independently selected in each instance from hydrogen, hydroxy and 

derivatives thereof, am1no and derivatives thereot: carboxylate and derivatives thereot~ slllfonyl 

25 and derivatives thereat: and alkyl, alkenyi, alkynyl, cycloa1ky1, cyclnalkenyi, heteroalkyl, 

heteroalkeny1, cydoheteroalkyl, cycloheteroall,enyl, aryl, hetemaryl, arylalk.]l, and 

beteroarylalky1, each of which is optionally substituted, and nitrogen prodrug forming groups. 

24. The method of clause 23 1:;,rherein at least one X is halo, such as chlom. 

25. The method of clause: 23 w-herein at least one X is optionally substituted 

30 alkyl, such as methyl or tri.f1uoromethyl. 

26. TI1e method of clause 23 1vherein at least one X is optionally substit11ted 

alkoxy, such as methoxy or trit1uommethoxy. 

27. The method of any one. of the preceding clauses -vvherein at lem;t one 

cotnpou:nd is of the fommla 
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or a phannaceutic:ally acceptable salt tht~reof 

28. 

29. 

30. 

31. 

The method of clause 27 wherein each X is ha]o. 

The method of clause 27 wherein each X is chloro. 

The method of any one of clauses 27 to 29 wherein each R is hydrogen 

n.~e method of any one of clauses 27 to 30 wherein at least one 

compound is h"Uanabenz or a phannaceutically acct,>ptable salt thereof 

32. TI1e method of any one of the preceding clauses wherein the composition 

further comprises one or more carriers, diluents, or excipients, or a combination thereof. 

33. The method of any one of the preceding clauses wherein the host an:irnal 

is a human. 

The compounds described herein may contain one or tnore d:dral centers, or may 

otherwise be capable of existing as multiple stereoisomers. It is to be understood that in one 

embodiment, the 1nvention degcribed herein is not limited to any particular s!erochemkal 

15 requirement, and that the compounds, and compositions, methods, uses, and medicaments that 

include them may be optically pure, or rnay be any of a variety of stereoisomeric mixtures, 

including racemic and other mixtures of enantiomers, other mixtures of diastereomers, and lhe 

like. It is also to be understood that such mixtures of stereoisomers may include a single 

stereochemical configuration at one or more chiral centers, whik: including mixtures of 

20 stereochemical configuration at one or more other chiral centers. 

Similarly, the compounds described herein may include geometrk: centers, S\JCh 

as cis, trans, E, and Z double bonds. It is to be understood that in another embodiment, the 

invention described herein is not limited to any particular geometric isomer requirem~ent, and 

that the compounds, and compositions, methods, uses, atld medicaments that include them may 

25 be pure, or may be any of a variety of geometric isomer mixtures. It is also to be understood 

that such mixtures of geometric isomers may include a single configuration at one or more 

double bonds, while induding mixtures of geometry at one or more other double bonds. 

As used herein, the term "'alkyl" includes a chain of carbon atoms, \Vhich is 

optlonaUy branched. As used herein, the tenn "alkenyl" and "a1kynyl" includes a chain of 

30 l)arbon atorns, which is optionally branched, and includes at least one double bond or triple 

bond, respectively. It is to be undeTstood that alkynyl may also include one or more double 

bonds. Tt is to be further understood that in certain embodiments, alky1 is advantageously of 

limited length, including C 1-C24, C 1-C 12, C 1-C8, C 1-C6, and Cf-Ct. IHustratively, such 
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particularly limited length alkyl g:_roups, including C 1-Cs, C1-(\;, and Cl-C4 may be referred to 

as lower alkyL H is to be further understood that in certain ernboditnents alkenyl and/or alk]nyl 

may each be advantageously of limited length, including Cx-C24, CrClz, CrCs, C2-C6, and Ct· 

C4. Illustratively, such partjcuiarly limited length alkenyl and/or alkynyl groups, including Cz·-

5 C8, C:2-C6, and C2-C4 may be referred to as lower alkcny1 and/or alkynyl. Jt is appreciated 

herein that shorter alkyl, alkenyi, and/or alkynyl groups may add less hpophilicity· to the 

compound and accordingly will have different pharmacokinetic behavior. In embodiments of 

the inventicm described herein, it is to be understood, in each case, that the recitation of alkyl 

refers to alkyl as defined herein, and optionally lower alkyl. In embodiments of the invention 

10 described herein, it is to be understood, in each case, that the recitation of aikenyl refers to 

alkenyl as defined herein, and optionally lower alkenyL In embodiments of the invention 

described herein, it is to be unckrstood, in each case, that the recitation of a1kynyl refers to 

alkynyl as defim~-d herein, and optionally lower alkynyL lllustrative alkyl, a1kenyl, and alk--ynyl 

groups are, but not limited to, methyl, ethyl, n-propyl, isopropyl, n-buty1, isobutyl, sec-butyl, 

15 tert--butyl, pentyl, 2--pentyl, 3--penty1, neopentyl, hexy1, heptyl, octyl, and the Eke, and the 

corresponding groups containing one or m.ore double and/or triple bonds, or a combination 

thereof 

As used herein, the term "alkyl.ene" includes a divalent chain of carbon atoms, 

which is optionally branched, As used herein, the tenn "aJkenylene" and "alky:nylene" includes 

20 a divalenl chain of carbon ato:ms, which is optionatly branched, and includes at least one double 

bond or triple bond, respectively. It is to be understood that alkynylene may also include one or 

more double bonds. lt is to be further understood that in certain embodirnents, alkylene is 

advantageously oflimiled length, including C1-C24, C1-Ci2, C1-Ca, C1-C6, and C1-C4. 

Illustratively, such pmiic1l1arly limited lenr:;th a1ky1ene groups, including C1-Ca, C1-C6, and Ci--

25 C4 may be referred lo as lower alkylene. It is to be :iiuther understood that in certain 

embodiments alkenyletle and/or allcynykne may each be advantageously of limited length, 

including CrC24, C2--C 12, C2--Ca, C2-C6, and C2-C4. Illustratively, such particularly limited 

length alkenylene and/or alkyny1ene groups, including Cz-C8, C2-C6, cmd CrC4 may be refened 

to as lower alkenylene m1d!or alkynykne. lt is appreciated herein that shorter alkylenc, 

30 alkenylene, and/or aJkynylene r,rroups may add less lipophilicity to the compmmd and 

accordingly will have different phannacokinet1c beha·V'ior. In embodiments of the invention 

described herein, it is to be understood, in each ca.se, that the recitation of aikylene, alkenylene, 

and alky:nylene refers to aJ.kykne, alkenylene, and alky1rylenc as defined herein, and optionaHy 

lower alkyiene, alkenylene, and alkynylene. Tilustrative alkyl groups are, but not limited to, 

35 methylene, ethylene, n--pwpylene, isopropylene, n-butylene, isobutylene, sec-butylene, 
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pcntylenc, 1,2-pcntylene, 1,3-pt~ntylene. hexylen(\ heptyiene, octylene, and the like. 

As ust:d herein, the ter:m "linker" includes is a chain of atoms that connects two 

or more functional parts of a molecule to fom1 a conjugate. Illustratively, !he chain of atoms is 

selected from C, N, 0, S, Si, and P, or C, N, 0, S, and P, C, N, 0, and S. The chain of atoms 

5 covalently connects difterent functional capabilities of the conjugate, such as binding ligands, 

drugs, diagnostic agents, imaging agents, and the like. The linker may have a vvide variety of 

lengths, such as in the range from about 2 to about 100 atoms in the contiguous backbone. The 

atoms used in fom1ing the linker may be combined in all chemically relevant ways, such as 

chains of carbon atoms forming alkylene, alkenylene, and alkyny1ene groups, and the like; 

10 chams of carbon and oxygen atoms fonning ethers, polyoxyalk·-ylcne groups, or when combined 

with carbonyl groups torming esters and carbonates, and the like; chains of carbon and nitrogen 

atoms forming amines, imines, polyamines, hydrazines, hydrazones, or when combined with 

carbonyl groups fonning amides, ureas, semicarbazides, carbazides, and the like; chains of 

carbon, nitrogen, ~md oxygen atoms forrning alkoxyarnines, alkoxylamines, or when combined 

15 with carbonyl groups tbnning urethanes, amino acids, acyloxylamines, hydroxamic acids, and 

the like; and many others. In addition, it is to be 1.mderstood that the atoms fbnning the chain in 

each oHhe foregoing mustrative embodiments may be either saturated or 1..msat:u:rat1'3d, thus 

forming single, double, or triple bonds, such that for example, alkanes, aiktmes, alkynes, imines, 

and the 1ike may be radicals that are i11cluded in the lin.ke.c ln addition, it is to be understood 

20 that the atoms fanning the linker may also be cyclized upon each other or be part of cydic 

structure to form divalent cyclic struct1tres that form lhe linker, including cyclo alkanes, cydic 

ethers, cyclic amines, and other heterocycles, arylenes, hetcroar:'{lenes, and the like in the linker. 

I11 this latter arrangement, it. is to be understood that tbe linker length may be defmed by any 

pathway through the one or mnre cyclic structures. lllustratively, the linker length is defined 

25 by !he shortest pathway through the each one of the cyclic structures. lt is to be understood that 

the linkers may be optionaHy substituted at any one or more of th.e open valences along the 

chain of atoms, such as optional substituents on any of the carbon, nitrogen, silicon, or 

phosphorus atoms., It is also to be understood that the linker may cmmect the t'livo or more 

flmctjonal parts of a molecule to form a conjugate at ~u1y open valence, and it is not necessary 

30 that any of the t\vo or more functional parts of a molecule fonning the conjugate are attached at 

any apparent end of the linker. 

As used herein. the term ''cycloaikyl" includes a chain of carbon atmns, which is 

optionally branched, where at least a portion of the chain in cyclic. It is to he understood that 

cydoalk-ylalkyl is a subset of cydoalkyl. It is to be understood that cycloalkyl may be 

35 polycyclic. Illustrative cycloalkyl include, but are not limited to, cyclopropy1, cyclopentyl, 
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cydohexyl, 2-methykydopropyl, cyclopenty!eth-2-y1, adamantyl, and the like. As used herein, 

the tenn "cycloalkenyl" includes a chain of carbon atmus, •vhich is optionally branched, and 

includes at least one double bond, where at least a portion oftbe chain in cyclic, It is to be 

understood that the one or nmre double bonds may be in the cyclic portion of cycloalkenyl 

5 and/or the non-cyclic portion of cycloalkenyL It is to lx~ understood that cycloalk:cnylalkyl and 

cydoalkylalkenyl are each subsets of cycloalkenyL It is to be understood that cydoalkyl may 

be polycyclic. Illustrative cyc1oa1kenyl include, but are not limited to, cyclopentenyl, 

cyclohexylethen--2-yl, cyclohepteny1propenyl, and the like. lt is to be further understood that 

chain t(mning cydoalkyl and/or cydoalkenyl is advantageously oflimited length, including C3-

l 0 C24, CT-Cn, C3-Cs, C3-C6, and Cs--C 6• It is appreciated herein that shorter alkyl and/or a1keny1 

chains fonning cycloalkyi and/or cydoa1keny1, respectively, may add less lipophilicity to the 

compound and accordingly will have different pharmacokinetic behavior. 

As used herein, the term "heteroalkyl" includes a chain of atoms that includes 

both carbon and at least one heteroatom, and is optionally branched. Illustrative heteroatoms. 

15 include nitrogen, oxygen, and sulfilL In certain variations, iilustrative heteroatorns also include 

phosphorus, and selenium. As used herein, fue tenn "cydoheteroalkyl" including heterocyclyl 

and heterocycle, includes a chain of atoms that includes both carbon and at least one 

heteroatom, such as heteroalkyl, and is optionally branched, ·where at least a portion of the 

chain is cyclic. fllush·ative heteroatoms include nitrogen, oxygen, and sulfur. In certain 

20 variations, illustrative heteroatoms also include phosphorus, and selenium. Illustrative 

cycloheteroa1kyl include, but are not limited lo, tetrahydrofuryl, pyrrolidinyl, tetrahydropyTanyl, 

piperidinyl, morpho1in:yl, piperazinyl, homopiperazinyl, quinuclidinyl, and the like. 

As used herein, the tem1 "aryl" includes monocyc1ic and polycyclic aromatic 

carbocyclic groups, each of which may be optionally substituted, IHustrat:ive aromatic 

25 carbocyclic groups described herein include, but are not limited to, phenyl, naphthyl, and the 

Hke. As used herein, the term "hetema:ryf' includes aromatic heterocyclic groups, each of 

which may be optionally sobstituted. Illustrative aromatic heterocyclic groups include, but are 

not limited to, pyridiny.l, pyrimidin.y1, pyra.z:inyl, triazinyl, tetrazinyl, quinolinyl, quinazolinyl, 

quinoxalinyl, thienyl, pyrazoly1, imidazolyl, oxazo1y1, thiazolyl, isoxazo!yl, isotJ1iazo1y1, 

30 oxadiazolyl, thiadiazolyl, tdazolyl, ben.zirnidaznlyl, henzoxazoly1, benzthiazoly1, 

benzisoxazolyl, benzisothia.zolyl, a-nd the like. 

As used her-ein, the tenn "amino" includes the group NH2, alkylamino, and 

dialkylamino, wh~~re the tv,..-o alkyl groups in dia1kylamino maybe the same or different, Le. 

alkylalkyiarnino. HJ.ustrativdy, amino includes methylamino, ethylamino, dimethylamino, 

35 methylethylamino, and the like. In addition, it is to be understood that when amino modifies or 
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is modified by another tenn, such as aminoalkyl, or acy1amino, the above variations of the term 

amino are included therein. Illustratively, aminoa1kyl includes H2N--alkyl, methylaminoalh.)ll, 

ethylaminoalkyl, dimethylaminoalkyl, metllylethy1a.."1linoalky1, and the like. Illustratively, 

acylamino includes acylmelhylamino, acylethylarnino, and the like. 

5 As used herein, the tem1 "amino and. derivatives thereof" includes am1no as 

described herein, and alkylamino, alkenylamino, alk-ynylamino, heteroalk.--ylamino, 

heteroa1keny1amino, heteroalkynylamino, cydoalkylami1w, cycloalkenylamino, 

cycloheteroa1ky1amino, cycloheteroa1kenyl<m1ino, arylamino, arylalkylamino, 

aryialkenylarnino, aryialkynylarnino, heteroa:rylamino, heteroarylalkylamino, 

10 hetr;roaryla1keny1a:mi:no,, heteroaryta1kyny!arnino, acylamino, ~md the like, each of \Vhich is 

optionally substituted. The tem1 "ru11ino derivat1ve" also includes urea, carbamate, and the like. 

As used herein, the terrn "hydn}xy and derivatives thereof" includes OH, and 

alkyloxy, aikenyloxy, alkynyloxy, heteroalkyloxy, heteroalkeny1oxy, heteroalkynyloxy, 

cyc1oalky1oxy, cydoalkenyloxy, cydoheteroalkyloxy, cydoheteroaikenylnxy, aryloxy, 

.15 arylalkyloxy, ary1alkenyJoxy, arylalkynyloxy, heteroaryloxy, heteroarylalky1oxy, 

heteroary1aikeny1oxy, heteroarylalkynyloxy, acyloxy, and the like, each of which is optionally 

substituted. The tertn "hydroxy derivative" also includes carbamate, and the iike. 

As used herein, the tem1 "thio and derivatives thereof' includes SH, and 

alkylthio, a1kenylthio, alk-ynylthio, heteroalkylthio, hetemalkenylthio, heteroalkynylthio, 

20 cycloalkyhhio, cycloaikenylthio, cydoheteroalkylthio, cycloheteroalkeny1thio, arylthio, 

arylalkylthio, arylalkenylthio, arylaJkynylthio, hetemarylthio, heieroarylalkylthio, 

heteroarylalkenylthio, heteroary.lalkynyHhio, acyithio, and the like, each of which is optionally 

substituted. The term "thio derivative" also includes thiocarbamate_, a11d the like. 

As used herein, the tem1 "acyl" includes t(mnyl, and alkylcarbonyl, 

25 alkenykarbonyl, alkynykarbonyl, heteroalkylcarbonyl, heteroalkenyk<1xbonyl, 

heteroalkynyicm·bonyl, cycloa.!k-ykarbony], cydoalkenylcarbonyl, cydoheteroalky1carbony1, 

cydoheteroalkenylcarbonyl, arykarbony1, arylalkykarbonyl, axy1a1kenyJca:rbony1, 

aryla1kynykarbony1, heteroarylcarbonyl, heteroarylalkylcarbonyl, heteroarylalkenylcarbonyl, 

heteroarylalkynykarbonyl, acylcarbonyl, and the like, each of which is optionally substituted. 

30 As used herein, the 1em1 "carbonyl and derivatives thereof' includes the group 

C(O), C(S), C(NH) and substituted amino derivatives thereof 

As used herein, the term "carboxyllc add and derivatives thereof' indudes the 

group C02H and salts thereof~ and esters and am.ides thereof, and CN, 

As used herein, the tem1 "su1finic acid or a. derivative thereof' includes S02H 

35 and salts thereot: and esters and a.'11ides thereof. 
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As used herein, the term ''sulfonic add or a derivative thereof' includes SChf-1 

and salts thereof, and esters and arnides thereof. 

As used herein, lhe term "sulfonyl" includes alkylsulfonyl, alkenylsulfonyl, 

alkynylsulfony1, heteroalkylsulfonyl, heteroalkenylsulfonyl, heteroalky11y!sulfonyl, 

5 cycloalk)'J sulfonyl, cycloa1keny1sulfonyl, cyc1oheteroalky1su1fonyl, cyclohetemalkeny 1su1fonyl, 

arylsulfonyl, arylalkylsulfonyl, arylalkenylsu1fony1, arylalkynylsu1:fonyl, heteroarylsulfonyl, 

heteroar:v1alkylsuJ fon~/1, heteroar.yJ alkenybul fony 1, heteroarylalkyn ylsulfbnyl, acyl:.mltbn yl, and 

the like, each of which is optionally substituted. 

As used herein, the lerm «phosphinic add or a derivative thereof' inchadcs 

10 P(R)02H and salts thereof~ and esters and amides thereof, where R is alky1, a!kenyl, alkynyl, 

cycloaHcyl, cycloa1kenyl, heteroa1ky1, heteroa.lkenyl, cycloheteroalky1, cycloheteroa1ke:ny1, aryl, 

heteroaryl, ary1a1ky1, or heteroarylalkyi, each of which is optionally substituted, 

As used herein, the term "phospho:nic add or a derivative thereof' includes 

P03H.2 and salts thereot~ and esters md am]des thereof. 

15 As used herein, the tenn "hydroxylamine and derivatives thereof' includes 

NHOH, and alky1oxy1NH alkenyloxylNH aJkynyloxyiNH heteroalkyloxylNH 

heteroalkenyloxylNH heteroalkynyloxylNH cycloalkyloxylNH cyc1oa1kenyloxylNH 

cycloheteroalky1oxy1NH cycloheteroalkenyloxylNH ary1oxyJNH arylalkyloxylNH 

arylalkenyloxylNH ary1alkynyloxy1NH hetemaryloxylNH heteroarylalkyloxy1NH 

20 heteroa.rylalkeny1oxy1NH heteroa:rylalkynyloxylNH acyloxy, and the like, each of which is 

optionaHy substituted, 

As used herein, the term "hydrazino and derivatives therenf' includes 

alkylNHN.H, alh:nylNHNH, alkynylNHNH, hete:roalky1NHNH, beteroalkenylNHNH, 

.heteroalkynylNHNH, cycloalkylNHNH, cycloalkenylNHNH, cycloheteroalkyrNHNH, 

25 cycloheteroalkenylNHNH, ary1NHNH, arylalk-yJNHNH, arylalkenylNHNH, arylalk)'nyl't'-fHNH, 

heteroarylNHNH, heteroarylalky!N.H.NH, heteroary1a1keny1NHNH, heteroarylalkynyiNHNH, 

acylNHNH, and the like, each of which is optionally substituted. 

The tern1 "optionally substituted11 as used herein includes the replacement of 

hydrogen atmns with other functional groups on the radical that is optionally substituted. Sm:h 

30 other functional groups illustratively include, but are not limited to, arnin.o, hydroxyl, halo, 

thiol, alkyl, ha1oalky1, heteroalkyl, aryl, aryla1kyl, arylheteroa1k-y1, heteroaryl, heteroarylalkyl, 

heteroarylheteroalt::yl, nitro, suifonk acids and derivatives thereof~ carboxylic acids and 

derivatives thereof, and the like. Illustratively, any of amino, hydroxyl, thiol, alkyl, ha1oalkyl, 

heteroalkyl, myl, m·ylalkyl, arylheteroalkyl, heteroaryl, heteroarylalkyl, heteroarylheteroaikyl, 

35 and/or sulfi.mic ac1d i~ optionally substituted. 
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As used herein, the terms "optionally substituted aryl" and "optionally 

substituted heteroaryl" include the replacement of hydrogen atoms with other functional groups 

on the aryl or heteroaryl that is optional1y substituted. Such other functional groups 

illustratively include, but are not limited to, amino, hydroxy, halo, thio, aikyl, haloalkyl, 

5 heteroalkyl, aryl, arylalkyl, ary1heteroalkyl, heteroaryl, heteroarylalkyl, heteroarylheteroaJkyl, 

nitro, sulfonic acids and derivatives thereot~ carboxylic acids and derivatives thereot: ami the 

like. Illustratively, any of amino, hydroxy, thio, alk-yl, haloalkyl, heteroalkyl, aryl, aryla1kyl, 

aryJheteroalkyl, heteroary1, heteroarylalkyl, heteroarylheteroalkyl, and/or sulf!Jnic acid is 

optionally substituted. 

H1usirative substituents include, but arc not limited to, a radical -(CH2)xZx, 

where xis an integer from 0-6 and zX is selected from halogen, hydroxy, alkanoyloxy, 

including C1-C6 al.ka:noyloxy, optionally substituted aroy1oxy, alkyl, including C 1-C6 alkyl, 

alkoxy, including C1 -C.~ alkoxy, cycloalkyl, including C 3-Cs. cycloalkyl, cydoa1koxy, including 

C3-CB cycloalkoxy, a1keny1, induding CrC6 alkenyl, alky'llyl, including C2-C6 alkynyl, 

15 haloa!kyl, including C 1 -C5 haloalkyl, haloalkoxy, including C1-C6 haloallmxy, halocydoalkyl, 

including C3-.Cs halocyc1oalky1, halocycloalkoxy, including C3-·C5 halocycloalkoxy, amino, C1-

C6 alkylamino, (C1-C6 alkyl)(C1-C6 alkyl)amino, a1kylcarbony1amino, N-(C: 1-C6 

alkyl)alkylearbonylamino, aminoalkyl, Ct-C6 alkyl<m1inoalkyl, (CJ-C'i alkyl)(C1-C6 

alk.yl)am1noalkyl, a1kylcarbony1arninoalkyl, N-( C1-C6 alkyl)alky karbonylaminoalkyl, cyano, 

20 and nitro; or zx is selected from -C(hR4 and -CONR5R6
, where R4

, R5
, and R6 are eac.h 

independently selected in each occm-rence from hydrogen, C1-C6 alky1, aryl-C1-C6 alkyl, and 

heteroaryl-C;-C6 alkyl. 

The tem1 "prodrug'' as used. herein generally refers to any compound that when 

administered to a biological system generates a hiologicatly active compound as a result of one 

25 or more spontaneous chemical reaction(s), enzyme-catalyzed chemical reaction(s), and/or 

metabolic chemical reaction(s), or a combination thereof. In vivo, the prodmg is typically acted 

upon by an enzy<ne (such as esterases, amidases, phosphatases, and the like), simple biological 

chemistty, or other process in vivo to liberate or regenerate the more phannac:ologically active 

drug, 111is activation may occur through the action of an endogenous host enz)'lne or a non-

30 endogenous enzyme that is administered to the host preceding, foHm.vlng, or during 

administration of the prodrug, Additional details ofprodrug use are described in U.S. Pat No. 

5,627, 165; and Pathalk et aL, Enzy'Inic protecting group techniques in organic synthesis, 

Stereosel. Bim.:.atal. 775--797 (2000). It is appreciated that the prodnlg is advantageously 

converted to the original drug as soon as the goal, such as targeted delivery, safety, stability, 

35 and the like is achieved, fol1o>vved by the subsequent rapid elimination of the released remains 
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ofthe group fonning the prodrug. 

f'rod:rugs may be prepared from the compounds described herein by attaching 

groups that ultimately cleave in v1vo to one or more functional groups present on the 

compowld, such as -CHI-, -SH, --C02H, --NR2. Hlustrahve prodrugs include but are not limited to 

5 carboxylate esters where the group is alkyl, aryl, arylalkyl, heteroa:ryl, heteroarylalkyl, 

acyloxyalkyl, alkoxyca:rbony1oxyalky1 as well as esters ofhydroxyl, thiol and amines \Vhere the 

group attached is an acyl group, an alkoxycarbony1, aminocarbony1, phosphate or sulfate. 

IUustrative esters, also referred to as active esters, include but are not limited to 1-inda:nyl, N­

oxysucdn:bwide; acyloxyalkyl groups such as acetox;rmethyl, pivaloyloxyTnethyl, 

10 [1-acetoxyethyl, j)-pivaloyloxyethyl; l-( cyclohexylcarbonyloxy)prop-1-yl, (1 

-aminoethyl)carbonyloxyrnethyl, and the like; alkoxycarbonyloxyalkyl groups, such as 

ethoxycarbonylox~nnethyl, o:-elhoxycarbonyloxyethyl, P·-ethoxycarbony1oxyethyl, and the like; 

dialkylaminoa1kyl groups, including di-lower alkylamino alkyl groups, such as 

dnnethylaminomethy1, dimethylaminoethyl, dietbylruninomethyl, diethylarn1noethyl, and the 

15 like; 2-(alkoxycarbonyl)-2-alkenyl groups such as 2-(isobutoxycarbonyl) pent,2--enyl, 

2-{ethoxyc:a:rbonyl)but-2-e:nyl, and the like; and lactone groups such as phthalidyL 

dimetboxyphthalidyl, and the like. 

Further illustrative pmdmgs contain a chemical moiety, such as an amide or 

phosphorus group fhnctioning to increase solubility and/or stabiEty of the compounds described 

20 here1n. 1<\uther illustrative prodrugs tor amino groups include, but are not limited to, (C3~ 

C2o)alkanoyl; halo-{CrC:w)alkanoy1; (C3-C;w)alkenoyl; (C4--C7 )cycloalkanoy'l; (C3 -C6)­

cycloalky1(CrCu;)alkanoyl; optionally substituted aroyl, such as tHlSllbstituted aroyl or aroyl 

substjtuted by 1 to 3 suhstituents selected from the group consisting ofha1ogen, cyano, 

tri.l:1uoromethanesulphonyloxy, (C 1-C1)a1ky1 and (C1-C3)alkoxy, each of which is optionally 

25 further subslitu:ted with one or more of 1 to 3 halogen atoms; optionally substituted aryl(C2-

CJ6)alkanoyl and optionally substituted hetemaryl(CrC16)alkanoyl, such as the aryl or 

I1eteroaryl radical being unsubstituted or substituted by 1 to ~1 substituents selected from the 

gnmp consisting ofhalogen, (C;-C3)a1kyl and (C1-C3)alkoxy, each ofwh1ch is optionally 

further substituted with l to 3 halogen atoms; and optionally substituted heteroaryialkanoyl 

30 having one to three heteroatorns selected from 0, S and N in the heteroaryl mo:iety and 2 to 10 

carbon atoms in the a1kanoy1 moiety, such as the heteroaryl radical being unsubstituted or 

substituted by 1 to 3 substituents selected fmm the group consisting ofhalogen, eyano, 

trit1uoromethanesulphonyloxy, {C1-C\)a!kyl, and (Ct-C3)a1.koxy, each ofwhich is optionally 

further substit11ted with 1 to 3 halogen atoms. The groups illustrated are exemplary, not 

35 exhaustive, and may be prepared by conventional proeesses. 
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It is understood that the prod.mgs themselves may not possess significant 

biological activity, but instead undergo one or rnore spontaneous chemical reaction(s), enzyme-­

catalyzed chemical readion(s), andior metabolic chemical reaction(s), or a combination thereof 

after administration !n vivo to produce the compm:md described herein that is biologically active 

5 or is a precursor of the biologicaHy active compound. However, it is appreciated that in some 

cases, the prodrug is biologically active_ It is also appreciated that prodmgs may often serves to 

improve drug efficacy or safety through improved oral bioavailability, pharmacodynamic half­

life, and the like. Prodrugs also refer to derivatives of the compounds described herein that 

include groups that simply mask undesirable drug properties or in:rprove dmg delivery. For 

10 example, one or more compounds described herein may exhibit an undesirable property that is 

advantageously b1ocked or minimized may become pharmacological, pharrnaceutk~a1, or 

phannacokinetic barriers in clinical drug application, such as low oral drug absorption, lack of 

site specificity, chemical instablhty, toxicity, and poor patient acceptance (bad taste, odor, pain 

at h~jection site, and the like), and others. It is appreciated herein that a pmdrug, or other 

15 strategy using reversible derivatives, can be useful in the optimization of the clinical application 

of a drug. 

As used herein, the term "composition" generally refers to a:ny product 

comprising the specified ingredients in the specified amounts, as well as any producl which 

results, directly or indirectly, from combinations ofthe specified ingredients in the specified 

20 amounts. It is to be understood that the compositions desc:ribed herein may be prepared from 

isolated compounds described herein or from salts, solutions, hydrates, solvates, and other 

f{;rrns of 1lle compounds described herein. It is also to be understood that the compositions may 

be prepared :from various amorphous, non-amorphous, pm1ially crystalHne, crystalline, and/or 

other morphological forms of the compounds described herein. It is also io be understood that 

25 the compositions maybe prepared from various hydrates and/or solvates of the compounds 

described herein_ Accordingly, such pharmaceutica1 compositions iliat recite compounds 

des.:.::ribed herein are to be understood to include each of, or any combination of, the various 

mm-phoiogical fonns andior solvate or hydrate fom1s of the compounds described herein. 

Tllusira.tively, compositions may include one or more carriers, diluents, and/or excipients. The 

30 compounds described herein, or compositions containing then1, may be formulated in a 

therapeutically effective am.m.mt in any conventional dosage forms appropriate for the methods 

described herein, The compounds described herein, or compositions c.ontaining them, including 

such fonnulations, may be administered by a wide variety of conventional routes for the 

methods descJibed herein, and in a wide variety of dosage fom;.ats, utilizing known procedures 

35 (see generally, Remington: 'Tile Science and Pmctice ofPharmacy·, (21st ect, 2005)). 
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The term "thempeut1cally effective amount" as used heTein, refers to that amount 

of active compow1d or pharmaceutical agent that elicits the biological or medicinal response in 

a tissue system, animal or human thal ig being sought by a researcher, veterinarian, medical 

doctor or other clinician, which includes alleviation ofthe. symptoms ofthe disease or disorder 

5 being treated. In one aspect, the therapeuticaUy effective amount 1s that which nmy treat or 

alieviate the disease or symptoms of the disease at a reasonable benefit/risk ratio applicable to 

any medical treatment. Ho\vever, it is to be lmd~;,.Tstood that the total daily usage of the 

compounds and compositions described herein may be decided by the attending physician 

within the scope of sound medica.l judgment. The ~;pecific therapeutically-effective dose level 

10 for any particular patient will depend upon a variety offactors, including the disorder being 

treated and the severity ofihe disorder; activity ofthe specific compound employed; the 

speciilc cornposition employed; the age, body weight, general health, gender and diet of the 

patient: the time of administration, route of administration, and rate of excretion of the specific 

;,::ompound employed; the duration of the treatment; dmgs used in combination or coincidenta11y 

1 5 \Vith the specific compound employed; and like factors we11 known to the researcher, 

veterinarian, medical doctor or other clinician of ordinary skill. 

It is also appreciated that the therapeutically effective amount, whether referring 

to monotht."fapy or combination therapy, is advantageously selected with reference to any 

toxicity, or other undesirable side effect, that might occur during administration of one or more 

20 of the compounds described herein. Further, it is appreciated that the co-thempies described 

herein may al1m:v for the administration of lower doses of compowKls lhai sh(nV such toxicity, 

or other undesirable side effect, where those lower doses are belo·w thresholds of toxicity or 

lmver in the therapeutic window than would othervvise be administered in the absence of a 

25 

co therapy. 

In addition to the illustrative dosages and dosing protocols des(:ribed herein, it is 

to be m1derstood that an effective amount of any one or a mixture of the compounds described 

herein can be readily determined by the attending diagnostician or physician by the use of 

knm,vn iedmiqlwS and/or by observing results obtained lmder analogous circum.stances. In 

detennining the eftective amount or dose, a number of factors are considered by the atlcmding 

30 diagnostician or physician. including, but not limited to the spec.ies of mammal., including 

human, its size, age, and gem,'fal health, the specifk disease or disorder involved, the degree of 

or 1nvo1vement or the sev(:rity of the disease or disorder, the response of the individual patient, 

the particular compound administered, the mode of administration, the bioavailabillty 

characteristics of the preparation administered, the dose regimen selected, the use of 

35 concomitant medication, and other relevant cin:::umstances" 
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The dosage of each compound oft1w claimed combinations depends on several 

factors, inc:luding: the administration method, the condition to be treated, the severity of the 

condition, whether the condition is to be treated or pr<~vented, and the age, v.reight, and health of 

the person to be treated .. Additionally, pharmacogenomk (the effect of genotype on the 

5 phannacokinetic, pharmacodynamic or efficacy prof11e of a therapeutic) information about a 

particular patient ma:{ affect the dosage used. 

It is to be understood that in the methods described herein, the i:ndividuai 

components of a co-administration, or combination can he administered by any suitable means, 

contemporaneously, simultaneously, sequentially, separately or in a si:ngle pharmaceutical 

l 0 formulation, Where the co-administered compounds or compositions are administered in 

separate dosage forms, the number of dosages administered per day ibr ead1 compound may be 

the same or different The compounds or compositions may be administered via the same or 

different routes of administration, The compounds or compositions rnay be administered 

according to sinmltaneous or alternating reb>imens, at the same or different tirnes during the 

15 course ofthe therapy, concurrently in divided or single fonns. 

The term "administering" as used herein in dudes allrneans of introducing the 

compounds and compositions described herein to the patient, including, but are not limit(:d to, 

oral (po), intravenous (iv), intramuscular (im), subcutaneous (sc), transdeTillal, inhalation, 

buccal, ocular, sublingual, vaginal, rectal, and the like. The compounds and compositions 

20 described herein may be administered in unit dosage forms and/or formulations containing 

conventional nontox.ic phamlaceutically-acceptable carriers, adjuvants, and/or vehicles. 

Hlustrative forrnats for oral administrat1on include tablets, capsules, elixirs, 

symps, and the like. 

lllusl.rative routes fo1· parenteral administration include intravenous, intraarterial, 

2.5 intraperitoneal, epiduria1, intraurethral, intrastemal, intramuscular and subcutaneous, as well as 

any other art recognized route of parenteral administrat1on. 

n1ustrative:ly, administering includes local use, such as when administered 

locally to the site of disease, injury, or defect, or to a particular organ or tissue system. 

Illustrative local administration may be performed during open surgery, or other procedures 

30 when the site of disease, injury, or defect is accessible. Alternatively, local administration may 

be peliormed using parenteral delivery v.rhere the compound or compositions described herein 

are deposited 1oca11y to the site without general distribution to multiple other non~ target sites in 

the patient being treated. Ii is fttriller appreciated that local administration may be directly in 

the injury site, or locally in the surrounding tissue. SimJJar variations regarding 1ocaJ delivery 

35 to particular tissue types, such as organs, and the like, are also described herein. Illustratively, 
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compounds may be administered directly to the nervous system includ1ng, b\1t not limited to, 

intracerebral, intraventricular, intracerebroventricular, intrathecal, intracisternal, intraspinal 

and/or p<~ri~spinal routes of administration by delivery via intracranial or intravertebral needles 

and! or catiH;ters \vith or without pump devices. 

D<~pendi11g upon the disease as described herein, the route of administration 

and/or whether the compounds and/or compositions are administered locally or systemically., a 

wide range of permissible dosages are contemplated herein, including doses faHing in the range 

fmm about 1 ).lg/kg to about 1 g/kg. The dosages may be single or divided, and may 

adrninistered acc:ording to a wide valiety of protocols, including q.d,, b.Ld._, U.d., or even every 

1 0 other day, once a week, once a month, once a quarter, and the iike. In each of these cases it is 

understood lhat the therapeutically dlect1ve amounts described herein correspond to the 

instance of administration, or alternatively to the total daily, weekly, month, or quarter1y dose, 

as determined by the dosing prolocoL 

ln makmg the pharmaceutical compositions of the compounds described herein, 

15 a therapcuticaUy eftective amow1t of one or more compounds in any of the various forms 

described herein may be mixed with one or more exdpients, diluted by one or more excipients, 

or enclosed within such a carrier which can be in the forrn of a capsule, sachet, paper, or other 

container. Exdpients may serve as a diluent, and can be solid, serni-solid, or liquid materials, 

which act as a vehicle, carrier or medium for the active ingredient Thus, the formulation 

20 compositions can be in the form oftabkts, pills, powders, lozenges, sachets, cachets, elixirs, 

suspensions, emulsions, solutions, syrups, aerosols (as a solid or in a llquid medium), 

ointments, soft and hard gelatin capsules, suppositories, sterile injectable solutim1s, and sterile 

packaged powders. The compositions may contain anywhere from about 0.1% to about 99.90.i.j 

active ingredients, depending upon the selected dose and dosage fom1. 

25 The following examples furtht~r illustrate specific embodiments ofthe invention; 

however, the following illustrative exa.tUples should not be interpreted in any way to limit the 

invention. 

EXAwiPLES 

METHOD EXAMPLE. Ceil culture. "MC3T3 El mouse osteoblast~hke ceHs 

30 (clone 14- MC3T3 El-14; and no clonal cells in suppkm.entary figmes), and RA \V264.7 

mouse pn>,osteoclast (monocyte/macrophage) cells vo;mre cultured in ctM.E.M containing 10'}il 

fetal bovine semm and antibiotics (50 uni.tsiml penicillin, and 50 ~g/m1 streptomycin; Life 

Technologies, Grand Island, NY, USA). Cells \Vere n:winta.ined at 37"'C and 50.·-'1:, C02 in a 

humidified incubator. CeH mortality and live cel1 numbers were detem1ined 24 h afler the 

35 treatment with 20 ngim1 RANKL (PeproTech, Rocky Hills, NC, USA) in response to OJ··· 20 
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JlM salubrinal or l ··· 20 ~1M guanabenz acetate (Tocris Bioscience, Ellisville, MO, USA). Cells 

\•lere stained '.vi.th trypan blue and the numbers oflive and dead cel1s were counted using a 

hemacytometer. 

METHOD EXAJ\tlPLE. Inhibition of osteoclastogenesis ofRt-\ W264.7 cells by 

5 salubrinal. The primary aim ofthis study is to evaluate the etiects of saluhrinal on 

osteoclastogenesis. In response to 0.1 ··· 20 ~L[\1 salubrinal for 24 h, cell mortality and live cell 

numbers ofRt\W264.7 pre-osteodasts was examined. Cell mortality ratio dld not present 

statistically significant differences in the presence and absence of RANKL (Fig. 3A} The 

nm:nber of live cells \Vas increased by ~,50% hy incubation with RANKL, and administrat10n of 

10 10 - 20 j.tM salubrinal reduced the numbers approximately by 1 m.-o (Fig. 3B). Consistent with 

the stimulatory role ofRANKL, the number of TRAP-positive multi-nucleated cells was 

substantialJy increased by addition of RANKL. However, adm.inistration of 0.5 !JM to 20 ~Jvi 

salubrinal reduced the number of TRAP-·positive cells in a dose dependent manner (Fig. 3C & 

3D), 

]5 METHOD EXA.;.\IfPLE. Inhibitory eilects of guanabem: on osteoclastogenesis of 

RA \V264.7 ceHs. 'fo further examine a potential involvement of1H~LF2u. in regulation of 

osteodastogenesis, \Ve employed guanabenz that also acts as an inhibitor of de~ phosphorylation 

of eiF2tX was evaluated. Adminislration of 1 and 5 j.!M guanabem; did not alter cell mortality 

and the~ rn:unber of live ceHs, although its administration at 10 and 20 11~'1 reduced the number of 

20 live cells in 24 h (Fig. 7A & 7B), Consistent with salubrina1's inhibitory action, guanabenz also 

25 

attenuated osteoclastogenesis ofRAW264.7 cells in a dose dependent manner (Fig, 7C & 7D). 

Compared to the number of TRAP-'posltive multi-nucleated cells of 377 ± 39 (RANKL only), 

guanabenz reduced the munber of differentiated osteoclasts to 364 ± 38 (1 ~.I>v·t), 288 ± 51 {5 

~tM), 189 ± 25 (1 0 ~tM), and 73 ± 16 (20 iiM). 

l'vffiTIIOD EXAJ'v1PLE. Quantitative real-time PCR. Total RNA was extracted 

using an RNeasy Plus mini kit (Qiagen, Gen:nantown, MD, USA). Reverse transcription was 

conducted \Vith h1gh capacity eDNA reverse transcription kits (Applied Biosystems, Carlsbad, 

CA, USA), and quantitative real·· time PCR was performed using ABI 7500 with Pmver SYBR 

green PCR m.aster mix kits (Applied Biosystems). \Ve evaluated mRNA levels ofATF4, 

30 Osteocalcin (OCN), Nf ATe 1, c-Fos, tartrate-resistant add phosphatase (TRAP), and osteoclast-

associated receptor (OSCAR) with the PCR primers listed in TabJe 1, CrAPDH was used fl.!r 

intemal controL TI1e relative mRNA abundance for the selected genes with respect to the level 

of GAPDH mRNA was expressed as a ratio of Stn~atec/S,,mtrol, where Su·eated "" mRN A level for 

the cells treated \Vith chemical agents, and ScomNl = mRNA 1evd for control cells [23 J. 
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Table l. Real-time PCR primers used in this study, 
-----------------------------------------------------------~-----------.----------------~----------

target fonvard primer ! bad.-ward primer 
A TF 4 5 '- TGGCG/I.GTGTAACi(}A_'(}c1~A-GA~A:.',\-::::vrs·;::·TcT:T.:::..:::C:.1C:::C..:::C::.:C:.::T::..T_G_C_C __ T-T_A_C_.G_' --3-,---

··-------------------------------------------------------------------~-~~----~-----~~-------+~-------------
OCN 5'- CCGGGAGCAGTGTGAGCTTA -3' l 5'-- AGGCGGTCTTCAAGCCATACT ~:F --
NF A Tc 1 5 '- GOTGCTGTCTGC}-c·c~.\-i'AACi~--~j;-------------+5;-~-GCGGAA .. AGGTGGT ATCTCAA -3' 

c-Fos 5'- AGGCCCAGTGGCTCAGAGA -3' 
--,-,.,---+-:-:--c:::-c·---------------------------------------------------------------------

5'- CCAGTCTGCTGCATAGlLAGGA.A -3' 

5'- ACATAGCCCACACCGTTCTC --3' TRA.P 5'· TCCTGGCTCAAAi\.AGCAGTT -3' 
T------------------------

OSCAR 
Gi\PDH 

----"""·"----------"-----------+------------~---- ----------------------------
5'- ACACACACACCTGGCACCTA -3' 5'- GAGACCATCAAAGGCAGAGC -3' 
-------------------------------------------------------------------------------l---:-:--,-------------
5'- TGCACCACCAACTGCTI'AG -3' 5'- GGATGCAGGGATGATGTTC --3' 

-------------'-------------------- ---------------- ---

METHOD EXA.t"v1PLE. Dowmegulation ofNFATc! in RAW264.7 cells by 

salubrinal. NFATcl is a transcription factor critical for activating osteoclastogenesis" Addition 

5 of RANKL to the culture medium significantly induced NF A Tc l expression day 2 and 

maintained its elevated level on day 4 (Fig. 4). The RANKL-induced expression ofNFATd 

\vas reduced by administration of 5 ··· 20 ~1 salubrinal on both days, and the effect of 

salubrinal was dose dependent (Fig. 4). 

METHOD EXAMPLE. Pm1ial suppression ofmRNA levels ofNFATcl, c-Fos, 

10 TRAP, and OSCAR by salubrinaL Addition ofR."-\t'\lKL increased the mRNA levels of 

NFATcl, c-Fos, Tlu\P, and OSCAR, and administration of20 ~-tM salubrioai significantly 

reduced their mRNA levels. On day 2, for instance, the Ri\NKL-driven increase was 9.4 ± 0.5 

fold (NFATG1), L9 ± 0.1 fold (c-fos), 165 ± 4.2 fold (TRAP), and 467 ± 22 fold (OSCAR). 

The reduction by 20 )lM salubrinal was 46%J (N'FATcl), 32% (c-fos), 35'~·~ (TRAP), and 21 ~·~ 

15 (OSCAR) (Fig, 5A). Consistent with the observed dose response, admin.istration of sa1ubrina1 

at 0.1 - 1 ~lM did not contribute to significant reduction in these mRNA levels except for 

NF A Tc 1 and c-fos on day 4 (Fig. 5B ). 

METHOD EXAlvfPLE. Reduction ofRANKL-induced N.FATcl, c-Fos, 'TRAP, 

and OSCAR by g11anabenz. The induction ofNFATcl by RANKL was suppressed by 

2.0 guanabenz in a dose dependent manner (Fig. 8A). The mRNA levels ofNFATcl, c-Fos, 

TRAP, and OSCAR \vere also reduced by adaninistration of 20 !l·M guanabenz. Lower 

concentrations of guanabenz, 5 and 10 !J.M, were etiective in reducing the levels ofTRr\P and 

OSCAR mRNA (Fig. 8B). The temporal expression profile ofp-eiF2a and NFATcl in 

response to 20 ~t:f\,1 gmmabenz revealed that p-efF2a was upregulated in 2 h and NF A Tel was 

25 partially suppressed in 8 h (Fig. 9). The normalized level of'T' was defined as the level for the 

cells that were not treated with RANI\.L withmit administration of guanabenz. In the absence of 

RANKL administration, however, either salubrinal or guanabenz did not sign111cant1y alter cell 

mortality and expression ofNI~ATcl and TRAP (Supplementary Fig. S4). 

METIIOD EXAMPLE. Western Immunoblotting. Cells were lysed in a 
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radioimmtmoprecipitation assay (RIP A) buffer containing protease inhibitors (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and phosphatase inhibitors (Calbiochem, Bi11er:ica, MA, 

USA). isolated proteins were fractionated using 10-15% SDS gels and electro-transterred to 

Immobilon-P membranes (MiHipore, Billerica, MA, USA). The membrane was incubated for 1 

5 h with primary antibodies followed by 45 min incubation with goat anti-·rabbit or anti-mouse 

lgG conjugated with horseradish peroxidase (Cell Signaling, Danvers, .tv11-\, USA). We used 

antibodks against ATF4, NFATcl (Santa Cmz), p-elF2o:. (Thermo Scientific, Vilaltham, MA, 

USA), elF2o::, caspase 3, cleaved caspase 3, p38 and p-p38 mitogen activated protein kinase 

(MAPK), extracellular signal-regulated kinase (ERK.) and p-ERK, nuclear factor kappa B 

l 0 (NFKB) p65 and p··NFKB p6.5 (Cell Signaling), and !)-actin (Sigma). Protein levels were 

assayed using a SuperSignal west femto ma:dmum sensitivity substrate (Thermo Scientific), 

and signal intensities were quantified with a luminescent image analy1:er (LAS-3000, Fuji Film, 

'I' k · T· ) o yo, .. apan . 

METHOD EX/\J:VfPLE. Temporal profile ofp-eiF2rJ.. and NFATcL The 

15 temporal expn~ssion profile revealed that addition ofRANKL transiently reduced the 

phosphorylation level of eiF2tx (2- 8 h) and eleva.tt~d NFATcl by BA ±. 3.2 fold (24 h) (Fig. 

6). This induction ofNF AT c1 \Vas partially suppressed by sa1ubrina1 with an increase in the 

level ofp-ei.F2o:. Inlhe early period (2- 4 h), administration of20 }tM salubrinal increased the 

level ofp-eiF2fJ.. but did not alter the level ofNFATcl. In the later period (8- 24 h), however, 

20 the level ofN.FATcl was significantly reduced by 48% (8 h) and 44% (24 h). A.CL.'11.inistration 

of20 pM salubrinal did not significantly alter the phosphorylation level ofERK, p38 MAPK, 

and NFKB (Fig. 6). Note that the nommlized level of"]" in Fig. 6C was defined as the level for 

the cells that were not treated with R.,o\NKL without administration of guanabenz. 

METHOD EXAMPLE. Knockdown of A TF4 and. e1F2o: by siRNA. Cells were 

25 treated v;,rit.h siRNA specific to ATF4 and eiF2o: (Life Technologies). Selected target sequences 

for knockdown ofATF4 and eiF2a were: ATF4, 5'- GCU GCU UAC AUU ACU CUA A-3'; 

and eiF2cx, 5'-CGG UCA AAA UUC GAG CAG A-3'. As a nonspecific control, a negative 

siRNA (Silencer Select #l, Life Technologies) was used. CeHs were transiently transfected 

with siRNA for ATF4, eiF2cx or control in Opti-MEM l medinm \Vith Lipotectamine 

30 RNAi:tviA..,\. (Life Technologies). Six hours later, the medium was n ... 1Jlaced by regular culture 

medium. The efficiency of silencing was assessed with immunoblotting or quantitative PCR 48 

h after tnmsfection. 

METHOD EXAMPLE. ATF4-mediated elevation of osteocalcin mRNA in 

MC3T3 E 1--14 cells. Salubrinal is an inhibitor of de-phosphorylation of eiF2cc Administration 
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of5 [LM saiubrinallo MC3T3 El-14 cells elevated phosphorylation of eiF2a, followed by an 

increase in ATF4 expression (Fig. 2A). Furthermore, the level of osteocalcin mRNA was 

increased 3.3 ± 0.5 fnld (24 h) and 3.3 ± 0.3 iold (32 h) (Fig. 2B). Vr'1wn expression of ATf4 

was signiflcantly reduced by RNA interference (Fjg_ 2C & 2D), however, salu.brina1-d:riven 

5 elevation of the osteocalcin mRNA level was suppressed (Fig. 2E). Non-donal MC3T3 E 1 

cells aJso pn::sented elevation ofp-eiF2a and ATF4, together \vith an increase in the mRNA 

ievels of ATI''4 and osteoca1cin (Supplementm·y Fig. S2). Jn addition, administralion of 

guanabenz to MC3T3 E 1-14 elevated the mRNA level of osteocalcin in a dose dependent 

manner, consistent \Vith an increase in p-eiF2a <Uld ATF4 (Supplementary Fig. S3). 

10 .METHOD EXAJ'vfPLE. Reduction in sa1ubrinal/guanabenz-driven suppression 

ofNFATc1 expression by RNA interference for eiF2fX. To evaluate the effects ofelF2o~ on the 

expression level ofNFATcl, RNA interference spedfk for e!F2o: together wilh a non-specific 

control (NC) \Vas used (fig. 10). In response to 20 [LM sah1brinal, RAW264.7 cells transfected 

with the control siRNA demonstrated a reduction ofN.FATc1 by 56'%. However, the 

15 expression ofNFATcl was reduced only by 2m·"f. in the cells transfected v.rith elF2ft siRNA 

Furthennore, 20 !J.M guanabenz decreased the level ofNFATcl by 43~{, in the cells transfeded 

with the control si~"JA but the transfection of eiF2a siRNA abolished the suppressive effect of 

gu.anabenz, The phosphorylation level ofNFKB was not significantly altered by transfection 

with e1F2o: siRNA. 

20 JviETHOD EXA1viPLE. Mineralization assay. Mineralization of extracellular 

matrix \Vas assayed hy Alizarin Red S stah1ing. ·MC3T3-E l cells were plated in 6-\vell plates. 

When cells '''ere conf1uenl, 50 jlg/ml of ascorbic acid (Wako Chemicals, Rich .. '11ond, VA, USA) 

and 5 mi\1. ~-glycerophosphate (Sigma) were added. The medium was changed every other day, 

and staining was conducted after 3 \Veek. Cells \Vere washed with PBS twice and fixed l•lith 

25 60% isopropanol for 1 min at room temperature, fi.)Howed by rehyd:ration with distilled water 

for 3 min at room temperature. They were stained \Vith 1 ~·(,Alizarin red S (Sigma) for 3 min and 

washed with distilled water, 

METHOD EX AMPLE. Enhm:1ced mi11era1ization of MC3T3 E 1-14 cells by 

sa1uhri.nat Prior to examining the effects of saiubrirral on osteoclastogenesis, its effects on 

30 development of osteohlasts was tested, focusing on ceU viability, phosphorylation of eTF2o: (p­

eiF2c~), expression of ATF4 and osteocalc.in, and: matrix mineralization. Administration of 5 -

20 pM salubrinal to MC3T3 El-14 cells did not increase cell mortality or inhibit cell 

proliferation (Fig. lA). Unlike application of 10 nM thapsigargin, which is a stress inducer to 

the endoplasmic reticulum that elevates p-·eJF2ct, incubation with l 0 pl\1 sa1uhrinal for 24 h did 
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not elevate the expression level of cleaved caspase 3 (Fig. l B). After 3-week incubation in an 

osteogenic medium, Alizarin red S staining area showed that salubrinal enhanced 

mineralization ofMC3T3 Et.-14 cells in a dose dependent manner (Fig. lC). The enhanced 

mineralization was also observed in non-clona11v1C3T3 El ce11s (Supplementary Fig. S 1\ 

.METHOD EXAtvfPLE. Osteoclastogenesis in vitro and TRAP (Tartrate-­

resistant acid phosphatase) staining. RA \¥264.7 cells were plated at a density of 5 x 1 03/J..-:tr/ 

into a J 2-well or a 60 mm dish, and cultured with 20 ng/ml RA'N'XL in the presence and 

absence of sa1ubrina1 or guanabenz. The culture medium was replaced every 2 days. After 5 

days of cuHure, the ce11s were stained for TRAP staining using an add phosphatase leukocyte 

10 kit (Sigma). The nu..n.J.ber ofTIV-\P-pos1tive cells containing tlm:e or rnore nuclei was 

detennined. 

METHOD EXAMPLE. Statistical analysis. Tirree or four-independent 

experiments were conducted and data were expressed as mean± S.D. _For comparison among 

multiple samples, ANOVA followed by post hoc tests \vas conducted. Statistical significance 

15 was evaluated at p -< 0.05. The single and double asterisks and daggers indicate p < 0.05 and p 

< 0.0 L To determine intensities in immunoblotting and areas of Alizarin redS staining, images 

were scanned with Adobe Photoshop CS2 (Adobe Systems, San Jose, CA, USA) and quantified 

using Irnage J. 
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'WHAT IS CLAIMED IS: 

I. A method for treating osteoporosis, fraeture, or a bone defect in a host 

anirnal, the method comprising the step of administering to the host animal a therapeutically 

effective amount of one or more compounds capable of s;;:dectlvdy inhibiting de­

phosphorylation of eiF2ct; where the amount is capable of (a) stimulating matrix deposition of 

osteoblasts, (b) upregulating activating transcription factor 4 (ATF4), (c) Teducin.g expression of 

nuclear factor of activated T cells cl (NFATcl), (d) inhibiting differentiation ofRAW264.7 

cells to multi--nucleated osteoclasts, (e) stlmulating osteoblastogenesis, or (f) inhibiting 

osteoclastogenesis, or a combination of the foregoing, or a pbannaceutically acceptable 

composition comprising the one or more compounds. 

2. The method claim 1 wherein at least one compound is of the formula 

Rc Ra Re 

i I Rl¥ I 2 

R'/NYN'tNYR 
X Ra Y 

or a phannaceuticaUy acceptable salt thereof, wherein: 

X is 0 or S; 

Y is 0 or S; 

R 1 is alkyl, cydoa1kyl, alkenyl, cycloalk.enyl, ary!, or heteroaryl, each of\vhich 

is optionally substituted; 

R2 is a1k.;rl, eycloalkyJ, alkenyl, cycloalkenyl, aryl, heteroaryl, cyc1oalkylalkyl, 

cydoalkenylalkyl, arylalkyl, heteroarylalkyl, cydoalkylalkenyt, cydoalkenyla.lkenyl, 

arylalkenyl, or heteroarylalkenyl, each ()f which is optionally substituted; 

Ra is ()ptionally substirutl::d alkyl; 

Rb isH or optionally substituted Ct-C6 alkyl; 

R", R'\ and R" are each independ(~ntly selected trom the group consisting ofH, 

optionally substituted C 1-C6 alkyl, acyl, or a prodmg capable of releasing the attached nitrogen 

in vivo. 

3. The met110d claim 1 or 2 wherein at least one compound is of the fom1Ula 

Rc Rd Re 

I ! Rt' ! ? Ri/NYN'tNYR 
X R" Y 

or a phannaceutically acceptable salt thereof, wherein: 

X is 0 or S; 
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Y is 0 or S; 

R 1 is alkyl, cycloalk.--yl, alkenyl, cycloalkenyl, aryl, m·heteroary1, each ofv,rhich 

is optionally substituted; 

R2 is alkyl, cydoaikyl, alkenyl, cydoalkeny1, aryi, heteroaryl, cycloalkylalkyl, 

cycloalkenylalkyl, arylalkyl, heteroaryla1kyl, cydoalkylalkenyl, cydoalkenylalkenyl, 

mylalkenyl, or heteroarylatkenyl, each of which is optionaHy subst1tuted; 

R" is optionally substituted alkyl; 

R b isH or optionally substituted C1--C6 alkyl; 

Rc, Rd, and R"' are each independently sdected from the group consisting ofH, 

optionally subst1tuted C 1-C6 alkyl, acyl, or a prodnlg capable of releasing the attached nitrogen 

in vivo; 

or a composition thereoffmther comprising one or more carriers, diluents, or 

exc.ipients, or a cmnbination thereof 

4. The method of any one of the preceding claims wherein at 1east one 

compound is of the fomrnla 

Rc F{d Re 

I I Rb I Ri/NYN'tNyR' 
X Ra Y 

or a ph<1..rmaceuticaHy acceptable salt thereof, \'/herein: 

X is 0 or S; 

Y is 0 or S; 

R 1 is alkyl, cycloalkyl, alkenyl, cydoalkenyl, aryl, or heteroaryl, each of which 

is optionally substituted; 

R2 is alkyl, cycloalkyl, a.Lkenyl, cyc1oa.lh-'1lyl, aryl, hetemaryl, cydoalkylalkyl, 

cycloalkenylalkyl, arylalkyl, heteroary1alky1, cycloalkyla1kenyJ, cycloalkenylaJkenyl, 

arylalkenyl, or heteroary1a1keny1, each of-.,¥hich is optionally subst1tuted; 

R~ is optionally substituted alkyl; 

Rb isH or optiona11y substituted C1-C; alkyl; 

Rc, Rd, andRe are each independently selected from the group consisting ofH, 

optionally substituted C 1-C6 alkyl, acyl. or a prodrug capable ofreleas:ing the attached nitrogen 

in vivo. 

5. The method of any one ofthe preceding claims wherein Rt is alkyl, aryL 

or heteroaryl, each of \:vhich is optionally substituted. 

6. The method of any one of the preceding claims wherein R 1 is aryl or 
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heteroaryl, each of which is optionally substituted. 

7, The method of any one of the preceding cla1ms wherein R2 is alkenyl, 

heteroaryl, cycioalkylalkyl, cycloalkenylaikyl, aryialkyl, heteroarylalkyl, cycloalkyla1kenyl, 

cydoalkenylalkenyl, aryla1keny1, or heteroa:rylalkenyl, each of which is optionally substituted. 

8. The method of any one ofthe preceding claims wherein H? is alkenyl, 

cycloalkylalkyl, cycloalkenylalkyl, a:ry1alk.y1, heteroarylalkyl, cycloalkylalkenyl, 

cycloalke:nylalkenyl, arylalkenyl, or heteroaryla1keny1, each of which is optiomHy substituted. 

9. TI1e method of any one of tl1e preceding claims wh(~rein at least one 

compound is a compound of the formula 

Rc Rd Re 
I I Rb I 

/ N y_...... N i_......NYC(A}:::C(B)~l-\rb 
Ara II 

X Ra Y 

or a pham1aceutically acceptable salt thereof~ wherein: 

X andY are independently 0 or S; 

Ar'"' and Arh are independently aryl or heteroaryl, each of which is optionally 

substituted; 

R" is optionally s11hstituted aJkyl; 

Rh isH or optionally substituted C1-Cfi alky1; 

Rc, Rct, and R~ are each independently selected from the group consisting ofH, 

optionally substituted C 1-C6 alkyl, acyl, ~md a prodrug capable of releasing the attached 

nitrogen in vivo to furm the corresponding H or salt derivative thereof; 

heteroaryL 

and A and Bare independently H, or optionally substituted C1··C6 alk.]l 

1 tl 'Jbe method of claim 9 \vhen;;in the aryl is a bicyclic aryL 

11. The method of claim 9 or I 0 V-lh(,'Tl"in the heteroaryl is a bicydic 

l
,, 
L The method of any one of claims 9 to 11 'Nherein the aryl or heteroaryl is 

optionally substituted with one or more substiiuents selected from tlle group consisting of halo, 

nitrile, or optionally substiluted C 1 ~C6 alkyl, C1 .. C 6 alkoxy, C1-C.s haloalkyl, C1-C6 ha1oa1koxy, 

aryl, aryloxy, heterocydyl, hetcrocydyloxy, fused aryl, and fused heterocycJyL 

13. The method of any one of claims 9 to 12 wherein the alkenyl has an E 

geometry. 

] .a The method of any one of the preceding daims wherein at least one 

compound is of the foimula 
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H H rt b 

/N"ll,.....N"V~N") ~ /Ar 
A~ II I { ---~....-

X Ra Y 

or a pharmaceutically acceptable salt thereoi~ \Vherein, 

X is 0 or S; 

Y is 0 or S; 

Aland Arb are indepe:od~:~nt1y aryl or heteroal')'l, each of which is optionally 

substituted; and 

Ra is optionally substituted alkyL 

15. TI1e method of claim 14 wherein the aryl is a bicycllc aryL 

16. The method of claim: 14 or 15 wherein Ara is a bicyclic heteroaryL 

17. The method of any one of claims 14 to 16 wherein the aryl or heteroaryl 

is optionally substituted with one or more substituent<> selected from the group cons1sting of 

halo, nitrile, or optionally substituted Cr·-C6 alkyl, C1-C6 a1koxy, C1-C6 ha1oalkyl, C1·-C6 

haloalkoxy, aryl, aryloxy, hcterocydyl, heterocyclyloxy, ftJsed aryl, and n1sed heterocydyl. 

18. The method of any one of claims 14 to 17 wherein Ra is haloalkyl. 

19, The method of any one of claims 14 to 18 wherein R" is not 

tr!11uoromethyl. 

20. The method of any one of claims 14 to 19 whereitl R~> is haloa1kyl, where 

halo is selected from the group consisting of chloro a:nd bromo, and combinations thereof. 

21. The method of any one of dahns 14 to 20 wherein R", Rd, and R" are 

each independently selected from the group consisting ofH, optionally substituted C 1-C6 alkyl, 

and acyl. 

22. The method of any one of the preceding claims wherein at least one 

compound is salubrinal, or an analog or a derivative thereof, or a pharmaceutically acceptable 

salt of the foregoing. 

23. The method of any one ofthe prect~d.ing c1alms wherein at least one 

compound is ofthe formula 

or a phannaceuticaHy acceptable salt thereof, wherein 

X represents five substituents each independently selected from hydrogen, halo, 

hydroxy and derivatives thereof: amino and derivatives thereof, thio and derivatives thereof, 

carboxylate or a derivative thereot~ sulfinyl or a derivative thereof, sulfonyl or a derivative 

thereof, phosphinyl or a derivative thereof, or phosphonyl or a derivative thereof, or alkyl, 
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alkenyl, alkynyl, cycloalkyl, cydnalkenyl, heteroa1ky1, heteroa1kenyl, cyclohetcroaikyl, 

cydoheteroalkeny1, aryl, heteroaryl, arylalkyl, or heteroary"lalkyl, each of which is optionally 

substituted; and 

R is independently selected in each instance from hydrogen, hydroxy and 

derivatives thereof, arnino and derivatives thereof, carboxylate and derivatives thereof: sulfl'1ny1 

and derivatives thereof, and alkyl, alkenyl, alkynyJ, cycloa1ky1, cycloa1kenyl, heteroalkyl, 

heteroalkenyl, cydoheteroaLlcyl, cyc1oheteroa1kenyl, aryl, beteroaryl, arylalkyl, and 

heteroarylalkyl, each of which 1s optionally substituted, and nitrogen prodrug fonuing groups. 

24. The method of claim 23 wherein at least one X is halo, such as chloro. 

25, The method of claim 23 v;rherein at least one X is opt1onal1y 1;ubstituted 

alkyl, such as methyl or tr1±1uoromethyL 

26. 111e me;thod of claim 23 wherein at least one X is optionally substituted 

a1koxy, such as methoxy or trifluoromethoxy. 

"'I L.' . The method of any one of the preceding claims wherein at least one 

compound is of the fommla 

X 

.-..-l~/~N, N'-'-_.... NR2 
Q -~1 'i 

-......::::;:. '-x NH2 

or a pharmaceutically acceptable salt thereof 

28. 'l11e method of claim 27 wherein each X is halo. 

29. The method of daim 27 wherein each X is chloro. 

30. The method of any one of claims 27 to :29 vvherein each R is hydrogen 

31. The method of any one of claims 27 to 30 wherein at least one compound 

is guanabenz or a pharmaceutically acceptable salt thereof. 

32, The method of any one of the preceding claims wherein the composition 

further comprises one or more caniers, diluents, or excipients, or a combinatim1 thereof. 

The method of any one of the preceding claims wherein the host animal 

is a human. 
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ABSTRACT 

Described herein are methods fbr treating bone disea.ses or defec.1s. The methods 

include administering to a host animal therapeutically effective ammmts of one or more 

compounds that are selective inhibitors of dephosphorylation of eiF2a.. 
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Introduction: Osteoporosis is a common debilitating disease that causes bone loss.  Salubrinal and guanabenz, 
new potential therapeutic agents for treating osteoporosis, have attracted attention since they not only activate 
bone-forming osteoblasts but also suppress bone-resorbing osteoclasts [1].  They are known to elevate ATF4, one 
of the known transcription factors for bone formation.  However, the mechanism of their action on bone 
resorption is not fully understood.  Focusing on regulation of NFATc1, a master transcription factor of osteoclast 
development, we analyzed the genome-wide expression data and predicted potential mediators of salubrinal and 
guanabenz on bone resorption. 
 
Materials and Methods: Principal component analysis (PCA) was conducted [2] using two sets of genome-wide 
mRNA expression profiles with RAW264.7 mouse pre-osteoclast cells (Figure 1).  In the first set (4 groups), cells 
were treated with placebo, RANKL (stimulator of osteoclastogenesis), salubrinal with RANKL, or guanabenz 
with RANKL.  In the second set (4 groups), cells were treated with control siRNA or NFATc1 siRNA in the 
presence and absence of RANKL.  First, we applied PCA and selected genes that were apparently not regulated 
by NFATc1, through a comparison between 
the control and NFATc1 siRNA samples in 
the presence of RANKL.  The genes in the 
10th percentile of NFATc1 siRNA-dependent 
expression, whose components in the first 
principal axis (PC1) were smaller than 
others, were chosen.  For those genes, we 
applied PCA for identifying genes 
responsive to salubrinal and guanabenz. 
Responsiveness was evaluated based on the 
components in the first principal axis, which 
clustered the samples by the degree of 
osteoclastogenesis.  In determining 
responsiveness, we considered statistical 
significance (root mean squared combined 
p-values) among the samples with and 
without salubrinal or guanabenz treatment. 
 
Results and Discussion: PCA predicted that Serinc2, Rdx, and Antxr2 are potential activators of RANKL-
mediated osteoclastogenesis, whereas Arl11, Zfyve21, and Pcdhb10 are potential inhibitors of RANKL-mediated 
osteoclastogenesis.  These genes were identified to be regulated by salubrinal and guanabenz, but unaffected by 
the silencing of NFATc1.    
 
Conclusions: In this study, we used PCA to predict potential regulators of salubrinal’s and guanabenz’s action on 
RANKL-mediated osteoclastogenesis.  The predicted genes are upstream of NFATc1 or unrelated to NFATc1.  
Further validation of these candidates will be required in order to confirm their activity in regulating osteoclasts.  
The elucidation of these mechanisms will refine our understanding of osteoclastogenesis and may help direct 
future targets for drug treatment. 
 
References: 
[1] Hamamura, K, et al. J Bone Miner Metab, 2013, vol. 31, pp. 618-628. 
[2] Raychaudhuri, S, et al. Pac Symp Biocomput, 2000, vol. 5, pp. 455-466. 

Figure 1. PCA on two data sets.  (A) PC1 (first principal axis for 
siRNA) and PC2 (second principal axis) sort the samples based on 
the effects of NFATc1 siRNA.  (B) PC1 for Sal/Gu clusters 4 sets of 
samples along the predicted axis of osteoclastogenesis. 
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Abstract In response to various stresses including viral

infection, nutrient deprivation, and stress to the endoplas-

mic reticulum, eukaryotic translation initiation factor 2

alpha (eIF2a) is phosphorylated to cope with stress induced

apoptosis. Although bone cells are sensitive to environ-

mental stresses that alter the phosphorylation level of

eIF2a, little is known about the role of eIF2a mediated

signaling during the development of bone-resorbing

osteoclasts. Using two chemical agents (salubrinal and

guanabenz) that selectively inhibit de-phosphorylation of

eIF2a, we evaluated the effects of phosphorylation of

eIF2a on osteoclastogenesis of RAW264.7 pre-osteoclasts

as well as development of MC3T3 E1 osteoblast-like cells.

The result showed that salubrinal and guanabenz stimu-

lated matrix deposition of osteoblasts through upregulation

of activating transcription factor 4 (ATF4). The result also

revealed that these agents reduced expression of the

nuclear factor of activated T cells c1 (NFATc1) and

inhibited differentiation of RAW264.7 cells to multi-

nucleated osteoclasts. Partial silencing of eIF2a with RNA

interference reduced suppression of salubrinal/guanabenz-

driven downregulation of NFATc1. Collectively, we

demonstrated that the elevated phosphorylation level of

eIF2a not only stimulates osteoblastogenesis but also

inhibit osteoclastogenesis through regulation of ATF4 and

NFATc1. The results suggest that eIF2a-mediated signal-

ing might provide a novel therapeutic target for preventing

bone loss in osteoporosis.

Keywords Osteoclasts � Salubrinal � Guanabenz � eIF2a �
NFATc1

Introduction

Osteoblasts and osteoclasts are the two major types of bone

cells in bone remodeling. Osteoblasts are bone-forming

cells originated from mesenchymal stem cells, while

osteoclasts are bone-resorbing cells derived from hemato-

poietic stem cells. These two types of cells orchestrate a

complex remodeling process, in which mineralized bone

matrix is degraded by osteoclasts and newly formed by

osteoblasts [1, 2]. In order to maintain proper bone mass,

exercise and calcium rich diets are recommended. How-

ever, a failure of the coordinated action such as in osteo-

porosis, which is a common form of bone loss prevailing

among postmenopausal women, increases risk of bone

fracture [3]. In order to develop therapeutic drugs for

treatment of osteoporosis, an understanding of signaling

pathways that govern osteoclastogenesis—development of

pre-osteoclasts (monocyte/macrophage) to multi-nucleated

osteoclasts—is required. In this paper, we examined a

signaling pathway for osteoclastogenesis that is mediated

by eukaryotic translation initiation factor 2 alpha (eIF2a).

A protein complex, eIF2, is a heterotrimer essential for

protein synthesis, and eIF2a is one of its major components

together with eIF2b and eIF2c [4]. In response to various

stresses such as oxidation, radiation, and stress to the
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endoplasmic reticulum that potentially lead to cellular

apoptosis, a serine residue of eIF2a is phosphorylated. This

action would initiate a pro-survival program by lowering

general translation efficiency except for a group of genes

that includes activating transcription factor 4 (ATF4) [5].

The ATF4 is a transcription factor critical for osteoblas-

togenesis and bone formation [6]. In osteoblasts elevation

of phosphorylated eIF2a (p-eIF2a) is reported to stimulate

the expression of ATF4 [7, 8]. Little is known, however,

about potential effects of p-eIF2a on development of

osteoclasts.

Herein we addressed a question: Does elevation of

p-eIF2a alter cellular fates of pre-osteoclasts? Osteoblasts

and osteoclasts extensively interact through molecular

pathways including RANK (receptor activator of nuclear

factor kappa-B)/RANKL (RANK ligand)/OPG (osteopro-

tegerin) signaling [9, 10] and Wnt signaling [11]. There-

fore, osteoclastogenesis is potentially regulated by

signaling molecules that also affect osteoblastogenesis.

Furthermore, osteoclastogenesis is influenced by various

stresses such as estrogen deficiency and disuse or unload-

ing [12]. Since elevation of p-eIF2a can provide stress-

relieving effects on osteoblasts, we hypothesized that ele-

vation of p-eIF2a suppresses differentiation of pre-osteo-

clasts to multi-nucleated osteoclasts.

In this study, we employed two chemical agents (sa-

lubrinal and guanabenz) and examined the effects of ele-

vated p-eIF2a on osteoclastogenesis. These two agents

selectively inhibit de-phosphorylation of p-eIF2a by

interacting with protein phosphatase 1, PP1 [13, 14]. The

signaling pathway, mediated by eIF2a, is not directly

linked to known agents for osteoclastogenesis such as

calcium binding agents and RANKL. Currently, the most

common medications, prescribed for preventing bone loss

in patients with osteoporosis, are bisphosphonates. Bis-

phosphonates preferentially bind to calcium in bone and

induce apoptosis of osteoclasts [15]. Other medications

using neutralizing antibodies targeted to RANKL would

block osteoclastogenesis by mimicking OPG’s binding to

RANKL [16]. The RANKL is a cytokine belonging to the

tumor necrosis factor family, and is involved in T cell-

dependent immune responses as well as differentiation and

activation of osteoclasts [9, 10]. To our knowledge, no

therapeutic agents for osteoporosis have been targeted to

eIF2a-mediated signaling.

We employed MC3T3 E1 osteoblast-like cells [17] and

RAW264.7 cells [18] to evaluate osteoblastogenesis and

osteoclastogenesis, respectively. In the presence and

absence of salubrinal and guanabenz, MC3T3 E1 cells

were cultured in an osteogenic medium for evaluation of

matrix deposition, while RAW264.7 cells were cultured in

an osteoclast differentiation medium for evaluation of

multi-nucleation. Alizarin Red S staining was performed to

evaluate osteoblast mineralization for MC3T3 E1 cells, and

TRAP staining was conducted to determine multi-nucle-

ated osteoclasts proliferation for RAW264.7 cells. To

analyze molecular signaling pathways, quantitative real-

time PCR and Western blot analysis were conducted. The

mRNA levels of ATF4, osteocalcin, c-Fos [19], tartrate-

resistant acid phosphatase (TRAP) [20], and osteoclast-

associated receptor (OSCAR) [21] were determined. The

protein expression levels of eIF2a, ATF4, and nuclear

factor of activated T cells c1 (NFATc1) [22] were also

determined. The NFATc1 is a transcription factor, which is

critically important for development and activation of

osteoclasts in response to RANKL. The RNA interference

using siRNA specific to ATF4 and eIF2a was conducted to

evaluate the role of ATF4 in osteoblastogenesis and eIF2a
in osteoclastogenesis.

Materials and methods

Cell culture

The MC3T3 E1 mouse osteoblast-like cells (clone 14—

MC3T3 E1-14; and no clonal cells in supplementary fig-

ures), and RAW264.7 mouse pre-osteoclast (monocyte/

macrophage) cells were cultured in aMEM containing

10 % fetal bovine serum and antibiotics (50 U/ml peni-

cillin, and 50 lg/ml streptomycin; Life Technologies,

Grand Island, NY, USA). Cells were maintained at 37 �C

and 5 % CO2 in a humidified incubator. Cell mortality and

live cell numbers were determined 24 h after the treatment

with 20 ng/ml RANKL (PeproTech, Rocky Hills, NC,

USA) in response to 0.1–20 lM salubrinal or 1–20 lM

guanabenz acetate (Tocris Bioscience, Ellisville, MO,

USA). Cells were stained with trypan blue and the num-

bers of live and dead cells were counted using a

hemacytometer.

Quantitative real-time PCR

Total RNA was extracted using an RNeasy Plus mini kit

(Qiagen, Germantown, MD, USA). Reverse transcription

was conducted with high capacity cDNA reverse tran-

scription kits (Applied Biosystems, Carlsbad, CA, USA),

and quantitative real-time PCR was performed using ABI

7500 with Power SYBR green PCR master mix kits

(Applied Biosystems). We evaluated mRNA levels of

ATF4, Osteocalcin (OCN), NFATc1, c-Fos, tartrate-

resistant acid phosphatase (TRAP), and osteoclast-

associated receptor (OSCAR) with the PCR primers listed

in Table 1. The GAPDH was used for internal control. The

relative mRNA abundance for the selected genes with

respect to the level of GAPDH mRNA was expressed as a
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ratio of Streated/Scontrol, where Streated is the mRNA level for

the cells treated with chemical agents, and Scontrol is the

mRNA level for control cells [23].

Western immunoblotting

Cells were lysed in a radioimmunoprecipitation assay

(RIPA) buffer containing protease inhibitors (Santa Cruz

Biotechnology, Santa Cruz, CA, USA) and phosphatase

inhibitors (Calbiochem, Billerica, MA, USA). Isolated

proteins were fractionated using 10–15 % SDS gels and

electro-transferred to Immobilon-P membranes (Millipore,

Billerica, MA, USA). The membrane was incubated for 1 h

with primary antibodies followed by 45 min incubation

with goat anti-rabbit or anti-mouse IgG conjugated with

horseradish peroxidase (Cell Signaling, Danvers, MA,

USA). We used antibodies against ATF4, NFATc1 (Santa

Cruz), p-eIF2a (Thermo Scientific, Waltham, MA, USA),

eIF2a, caspase 3, cleaved caspase 3, p38 and p-p38 mito-

gen activated protein kinase (MAPK), extracellular signal-

regulated kinase (ERK) and p-ERK, nuclear factor kappa B

(NFjB) p65 and p-NFjB p65 (Cell Signaling), and b-actin

(Sigma). Protein levels were assayed using a SuperSignal

west femto maximum sensitivity substrate (Thermo Sci-

entific), and signal intensities were quantified with a

luminescent image analyzer (LAS-3000, Fuji Film, Tokyo,

Japan).

Knockdown of ATF4 and eIF2a by siRNA

Cells were treated with siRNA specific to ATF4 and eIF2a
(Life Technologies). Selected target sequences for knock-

down of ATF4 and eIF2a were: ATF4, 50-GCU GCU UAC

AUU ACU CUA A-30; and eIF2a, 50-CGG UCA AAA

UUC GAG CAG A-30. As a nonspecific control, a negative

siRNA (Silencer Select #1, Life Technologies) was used.

Cells were transiently transfected with siRNA for ATF4,

eIF2a or control in Opti-MEM I medium with Lipofect-

amine RNAiMAX (Life Technologies). Six hours later, the

medium was replaced by regular culture medium. The

efficiency of silencing was assessed with immunoblotting

or quantitative PCR 48 h after transfection.

Mineralization assay

Mineralization of extracellular matrix was assayed by

Alizarin Red S staining. The MC3T3-E1 cells were plated in

6-well plates. When cells were confluent, 50 lg/ml of

ascorbic acid (Wako Chemicals, Richmond, VA, USA) and

5 mM b-glycerophosphate (Sigma) were added. The med-

ium was changed every other day, and staining was con-

ducted after 3 weeks. Cells were washed with PBS twice and

fixed with 60 % isopropanol for 1 min at room temperature,

followed by rehydration with distilled water for 3 min at

room temperature. They were stained with 1 % Alizarin red

S (Sigma) for 3 min and washed with distilled water.

Osteoclastogenesis in vitro and TRAP (Tartrate-

resistant acid phosphatase) staining

The RAW264.7 cells were plated at a density of 5 9 103/

cm2 into a 12-well or a 60 mm dish, and cultured with

20 ng/ml RANKL in the presence and absence of salubri-

nal or guanabenz. The culture medium was replaced every

2 days. After 5 days of culture, the cells were stained for

TRAP staining using an acid phosphatase leukocyte kit

(Sigma). The number of TRAP-positive cells containing

three or more nuclei was determined.

Statistical analysis

Three or four-independent experiments were conducted and

data were expressed as mean ± SD. For comparison among

multiple samples, ANOVA followed by post hoc tests was

conducted. Statistical significance was evaluated at

p \ 0.05. The single and double asterisks and daggers

indicate p \ 0.05 and p \ 0.01. To determine intensities in

immunoblotting and areas of Alizarin red S staining, images

were scanned with Adobe Photoshop CS2 (Adobe Systems,

San Jose, CA, USA) and quantified using Image J.

Table 1 Real-time PCR

primers used in this study
Target Forward primer Backward primer

ATF4 50-TGGCGAGTGTAAGGAGCTAGAAA-30 50-TCTTCCCCCTTGCCTTACG-30

OCN 50-CCGGGAGCAGTGTGAGCTTA-30 50-AGGCGGTCTTCAAGCCATACT-30

NFATc1 50-GGTGCTGTCTGGCCATAACT-30 50-GCGGAAAGGTGGTATCTCAA-30

c-Fos 50-AGGCCCAGTGGCTCAGAGA-30 50-CCAGTCTGCTGCATAGAAGGAA-30

TRAP 50-TCCTGGCTCAAAAAGCAGTT-30 50-ACATAGCCCACACCGTTCTC-30

OSCAR 50-ACACACACACCTGGCACCTA-30 50-GAGACCATCAAAGGCAGAGC-30

GAPDH 50-TGCACCACCAACTGCTTAG-30 50-GGATGCAGGGATGATGTTC-30
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Results

Enhanced mineralization of MC3T3 E1-14 cells

by salubrinal

Prior to examining the effects of salubrinal on osteo-

clastogenesis, we tested its effects on the development of

osteoblasts focusing on cell viability, phosphorylation of

eIF2a (p-eIF2a), expression of ATF4 and osteocalcin, and

matrix mineralization. Administration of 5–20 lM salubr-

inal to MC3T3 E1-14 cells did not increase cell mortality

or inhibit cell proliferation (Fig. 1a). Unlike application of

10 nM thapsigargin, which is a stress inducer to the

endoplasmic reticulum that elevates p-eIF2a, incubation

with 10 lM salubrinal for 24 h did not elevate the

expression level of cleaved caspase 3 (Fig. 1b). After

3-week incubation in an osteogenic medium, Alizarin red S

staining area showed that salubrinal enhanced mineraliza-

tion of MC3T3 E1-14 cells in a dose dependent manner

(Fig. 1c). The enhanced mineralization was also observed

in non-clonal MC3T3 E1 cells (Supplementary Fig. S1).

ATF4-mediated elevation of osteocalcin mRNA

in MC3T3 E1-14 cells

Salubrinal is an inhibitor of de-phosphorylation of eIF2a.

Administration of 5 lM salubrinal to MC3T3 E1-14 cells

elevated phosphorylation of eIF2a, followed by an increase

in ATF4 expression (Fig. 2a). Furthermore, the level of

osteocalcin mRNA was increased 3.3 ± 0.5 fold (24 h)

and 3.3 ± 0.3 fold (32 h) (Fig. 2b). When expression of

ATF4 was significantly reduced by RNA interference

(Fig. 2c, d), however, salubrinal-driven elevation of the

osteocalcin mRNA level was suppressed (Fig. 2e). Non-

clonal MC3T3 E1 cells also presented elevation of p-eIF2a
and ATF4, together with an increase in the mRNA levels of

ATF4 and osteocalcin (Supplementary Fig. S2). In addi-

tion, administration of guanabenz to MC3T3 E1-14 ele-

vated the mRNA level of osteocalcin in a dose dependent

manner, consistent with an increase in p-eIF2a and ATF4

(Supplementary Fig. S3).
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Inhibition of osteoclastogenesis of RAW264.7 cells

by salubrinal

The primary aim of this study is to evaluate the effects of

salubrinal on osteoclastogenesis. In response to 0.1–20 lM

salubrinal for 24 h, we examined cell mortality and live

cell numbers of RAW264.7 pre-osteoclasts. Cell mortality

ratio did not present statistically significant differences in

the presence and absence of RANKL (Fig. 3a). The num-

ber of live cells was increased by *50 % by incubation

with RANKL, and administration of 10–20 lM salubrinal

reduced the numbers approximately by 10 % (Fig. 3b).

Consistent with the stimulatory role of RANKL, the

number of TRAP-positive multi-nucleated cells was sub-

stantially increased by the addition of RANKL. However,

administration of 0.5–20 lM salubrinal reduced the num-

ber of TRAP-positive cells in a dose dependent manner

(Fig. 3c, d).

Downregulation of NFATc1 in RAW264.7 cells

by salubrinal

The NFATc1 is a transcription factor critical for acti-

vating osteoclastogenesis. Addition of RANKL to the

culture medium significantly induced NFATc1 expression

at day 2 and maintained its elevated level on day 4

(Fig. 4). The RANKL-induced expression of NFATc1

was reduced by administration of 5–20 lM salubrinal on

both days, and the effect of salubrinal was dose depen-

dent (Fig. 4).
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Partial suppression of mRNA levels of NFATc1, c-Fos,

TRAP, and OSCAR by salubrinal

Addition of RANKL increased the mRNA levels of

NFATc1, c-Fos, TRAP, and OSCAR, and administration of

20 lM salubrinal significantly reduced their mRNA levels.

On day 2, for instance, the RANKL-driven increase was

9.4 ± 0.5 fold (NFATc1), 1.9 ± 0.1 fold (c-fos),

165 ± 4.2 fold (TRAP), and 467 ± 22 fold (OSCAR). The

reduction by 20 lM salubrinal was 46 % (NFATc1), 32 %

(c-fos), 35 % (TRAP), and 21 % (OSCAR) (Fig. 5a).

Consistent with the observed dose response, administration

of salubrinal at 0.1–1 lM did not contribute to significant

reduction in these mRNA levels except for NFATc1 and

c-fos on day 4 (Fig. 5b).

Temporal profile of p-eIF2a and NFATc1

The temporal expression profile revealed that addition of

RANKL transiently reduced the phosphorylation level of

eIF2a (2–8 h) and elevated NFATc1 by 13.4 ± 3.2 fold

(24 h) (Fig. 6). This induction of NFATc1 was partially

suppressed by salubrinal with an increase in the level of

p-eIF2a. In the early period (2–4 h), administration of

20 lM salubrinal increased the level of p-eIF2a but did not

alter the level of NFATc1. In the later period (8–24 h),

however, the level of NFATc1 was significantly reduced by

48 % (8 h) and 44 % (24 h). Administration of 20 lM

salubrinal did not significantly alter the phosphorylation

level of ERK, p38 MAPK, and NFjB (Fig. 6). Note that

the normalized level of ‘‘1’’ in Fig. 6c was defined as the

level for the cells that were not treated with RANKL

without administration of guanabenz.

Inhibitory effects of guanabenz on osteoclastogenesis

of RAW264.7 cells

To further examine a potential involvement of p-eIF2a in

regulation of osteoclastogenesis, we employed guanabenz

that also acts as an inhibitor of de-phosphorylation of

eIF2a. Administration of 1 and 5 lM guanabenz did not

alter cell mortality and the number of live cells, although

its administration at 10 and 20 lM reduced the number of

live cells in 24 h (Fig. 7a, b). Consistent with salubrinal’s

inhibitory action, guanabenz also attenuated osteoclasto-

genesis of RAW264.7 cells in a dose dependent manner

(Fig. 7c, d). Compared to the number of TRAP-positive

multi-nucleated cells of 377 ± 39 (RANKL only), guana-

benz reduced the number of differentiated osteoclasts to

364 ± 38 (1 lM), 288 ± 51 (5 lM), 189 ± 25 (10 lM),

and 73 ± 16 (20 lM).

Reduction of RANKL-induced NFATc1, c-Fos, TRAP,

and OSCAR by guanabenz

The induction of NFATc1 by RANKL was suppressed by

guanabenz in a dose dependent manner (Fig. 8a). The

mRNA levels of NFATc1, c-Fos, TRAP, and OSCAR were

also reduced by administration of 20 lM guanabenz.

Lower concentrations of guanabenz, 5 and 10 lM, were

effective in reducing the levels of TRAP and OSCAR

mRNA (Fig. 8b). The temporal expression profile of

p-eIF2a and NFATc1 in response to 20 lM guanabenz

revealed that p-eIF2a was upregulated in 2 h and NFATc1

was partially suppressed in 8 h (Fig. 9). The normalized

level of ‘‘1’’ was defined as the level for the cells that were

not treated with RANKL without administration of

guanabenz. In the absence of RANKL administration,

however, either salubrinal or guanabenz did not signifi-

cantly alter cell mortality and expression of NFATc1 and

TRAP (Supplementary Fig. S4).

Reduction in salubrinal/guanabenz-driven suppression

of NFATc1 expression by RNA interference for eIF2a

To evaluate the effects of eIF2a on the expression level of

NFATc1, we employed RNA interference specific for

eIF2a together with a non-specific control (NC) (Fig. 10).

In response to 20 lM salubrinal, RAW264.7 cells trans-

fected with the control siRNA demonstrated a reduction of

NFATc1 by 56 %. However, the expression of NFATc1

was reduced only by 20 % in the cells transfected with

eIF2a siRNA. Furthermore, 20 lM guanabenz decreased

the level of NFATc1 by 43 % in the cells transfected with
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Fig. 4 Reduction of RANKL-induced NFATc1 expression by sa-
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shown. a Expression of NFATc1 (2 days after RANKL administra-

tion). b Expression of NFATc1 (4 days after RANKL administration)
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the control siRNA but the transfection of eIF2a siRNA

abolished the suppressive effect of guanabenz. The phos-

phorylation level of NFjB was not significantly altered by

transfection with eIF2a siRNA.

Discussion

In this study we demonstrate that differentiation of

RAW264.7 pre-osteoclasts to multi-nucleated osteoclasts is

inhibited by administration of salubrinal and guanabenz,

which block de-phosphorylation of eIF2a and elevate the

level of p-eIF2a. The growth area covered by multi-

nucleated cells is significantly reduced by salubrinal and

guanabenz in a dose dependent manner. Partially silencing

eIF2a using RNA interference significantly suppressed

salubrinal/guanabenz-driven reduction of NFATc1

expression. Together with the stimulated development of

MC3T3 E1 osteoblasts by an increase in ATF4 expression,

the results herein suggest that eIF2a mediated signaling

may play a physiological role in osteoclastogenesis and

osteoblastogenesis.

Both salubrinal and guanabenz interact with PP1 and

inhibit its activity of de-phosphorylating p-eIF2a. Guana-

benz is reported to bind to PP1R15A subunit [14], while

the exact binding site of salubrinal is not known. Guana-

benz is also known as an a2-adrenergic receptor agonist

and used to treat hypertension [24]. The observed
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stimulation of osteoblastogenesis as well as attenuation of

osteoclastogenesis by both agents strongly indicates that

eIF2a-mediated signaling is central to regulation of ATF4

and NFATc1. This result is also supported by the salubri-

nal-driven alterations in the mRNA levels of osteocalcin

and TRAP, which are representative in development of

osteoblasts and osteoclasts, respectively. Osteocalcin is

synthesized solely by osteoblasts for matrix mineralization

and calcium homeostasis [25], while TRAP is highly

expressed in osteoclasts and its overexpression has been

observed to cause bone loss in transgenic mice [26].

The elevation of p-eIF2a is reported to enhance the

development of osteoblasts and mineralization of extra-

cellular matrix. In response to various stresses such as

oxidation, radiation, and stress to the endoplasmic reticu-

lum, cells undergo either survival or an apoptotic pathway

[27]. As part of a pro-survival program, the level of

p-eIF2a is raised followed by diminished translational

efficiency to all proteins except for a limited group

including ATF4 [5]. Salubrinal’s action mimics the

induction of a pro-survival program without imposing

damaging stresses, which result in the upregulation of

ATF4 without inducing apoptosis. Since ATF4 is a tran-

scription factor critical for osteoblastogenesis and bone

formation, we examined the effects of the administration of

eIF2α
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salubrinal and guanabenz on the mRNA level of osteo-

calcin as well as the mineralization of the extracellular

matrix. Silencing ATF4 using RNA interference signifi-

cantly suppressed salubrinal-driven upregulation of osteo-

calcin expression. Thus, the result here is consistent with

the previously reported role of salubrinal that stimulates

new bone formation in the healing of bone wound [8].

A schematic diagram illustrating the proposed pathway

of eIF2a-mediated signaling in osteoblastogenesis and

osteoclastogenesis is presented (Fig. 11). Through inhibi-

tion of de-phosphorylation of eIF2a, salubrinal and

guanabenz are capable of enhancing bone formation by

activating ATF4, as well as reducing bone resorption by

down-regulating NFATc1. Osteoclastogenesis is a complex

developmental process, in which active interactions take

place between osteoblasts and osteoclasts. In the RANK/

RANKL/OPG signaling pathway, for instance, osteoblasts

provide RANKL that stimulates osteoclastogenesis. Since

binding of RANKL to RANK is known to activate MAPKs

and NFjB [28, 29], we evaluated a potential role of ERK,

p38, and NFjB in the eIF2a-mediated signaling. In

response to administration of 20 lM salubrinal, we

examined the levels of p-ERK, p-p38 MAPK, and p-NFjB

together with p-eIF2a. However, no detectable changes in

the levels of their phosphorylated form were observed. It is

possible that salubrinal may activate transcription factors

such as MafB (V-maf musculoaponeurotic fibrosarcoma

oncogene homolog B), IRF8 (interferon regulatory factor

8), and Bcl6 (B cell lymphoma 6), which are known to be

inhibitors of NFATc1 [30–32]. Alternatively, microRNA

and epigenetic changes such as histone modification reg-

ulate expression of NFATc1 might be involved [33, 34].

For instance, H3K27 demethylase is reported to demethy-

late the site of H3K27me3 of NFATc1 and stimulate

RANKL-induced osteoclastogenesis [34]. The results

herein require further analysis on a regulatory mechanism

that links elevation of p-eIF2a to the suppression of

NFATc1.

A recent study independently reported that salubrinal

alters the fate of osteoclasts and bone resorption through

eIF2a-mediated translational regulation [35]. Herein, we

further examined the regulatory mechanism using not only

salubrinal but also guanabenz, which are the inhibitors of

PP1. The results revealed that these agents can also regu-

late expression of NFATc1 at a transcriptional level. A

separate in vivo study as well as in vitro studies using
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primary bone marrow derived cells support salubrinal’s

efficacy on inhibition of bone resorption. In summary, we

demonstrate that elevation of p-eIF2a stimulates osteocal-

cin expression through upregulation of ATF4 in osteoblasts

and inhibits TRAP expression via downregulation of

NFATc1 in pre-osteoclasts. Silencing eIF2a with RNA

interference reduced suppression of salubrinal/guanabenz-

driven downregulation of NFATc1. The results in this

study support the possibility of regulating bone remodeling

through eIF2a-mediated signaling for combatting bone loss

in osteoporosis.
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