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Abstract  

Nonalcoholic fatty liver disease (NAFLD) is a severe liver disease causing serious liver 

complications, including nonalcoholic steatohepatitis (NASH).  Nuclear receptor PPARα 

(peroxisome proliferator-activated receptor α) has drawn special attention recently as a 

potential developmental drug target to treat type-2 diabetes and related diseases due to its 

unique functions in regulating lipid metabolism, promoting triglyceride oxidation, and 

suppressing hepatic inflammation, raising interest in PPARα agonists as potential 

therapies for NAFLD.  However, how PPARα coordinates potential treating NAFLD and 

NASH between various metabolic pathways is still obscure.  Here, we show that the DY 

series of novel selective PPARα modulators activate PPARα by up-regulating PPARα 

target genes directly involved in NAFLD and NASH.  The design, synthesis, docking 

studies, and in vitro and in vivo evaluation of the novel DY series of PPARα agonists are 

described.
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ABBREVIATIONS

PPARα, peroxisome proliferator-activated receptor α; RXR, retinoid X receptor; PPREs, 

peroxisome proliferator response elements; T2D, Type 2 diabetes; NAFLD, nonalcoholic 

fatty liver disease; NASH, nonalcoholic steatohepatitis; HCC, hepatocellular carcinoma; 

TG, triglyceride (hepatic); HFD, high-fat diet.

INTRODUCTION

Over the course of the past 50 years, type 2 diabetes (T2D) in particular has become 

increasingly more common, and has paralleled the obesity epidemic.  Notably, obesity 

and type-2 diabetes are key risk factors associated with abnormal regulation of hepatic 

glucose production leading to nonalcoholic fatty liver disease (NAFLD), and 

nonalcoholic steatohepatitis (NASH), an extreme form of NAFLD.1 NAFLD presents a 

clinical spectrum caused by elevated oxidative stress, which might further lead to hepatic 

fibrogenesis, cirrhosis and even hepatocellular carcinoma (HCC).2  Numerous approaches 

have been examined for the potential treatment of NAFLD, mostly focusing on treating 

the diseases’ associated metabolic conditions via weight loss, insulin sensitizing drugs 

and antioxidants as hepatoprotective agents.3 However, no current treatments target the 

early causative events present in NAFLD and NASH, nor are they highly effective in the 

initial prevention of the disease.  In the most recent years, 6-ECDCA (the most promising 

steroidal FXR agonist) progressed in advanced clinical trials for the treatment of patients 

with primary biliary cirrhosis (PBC) and nonalcoholic steatohepatitis (NASH).4  

Unfortunately, the side effects identified in the phase III clinical trials of 6-ECDCA 

raised concerns about the use of FXR agonists in the treatment of metabolic liver 

diseases.5 The need to develop drugs to treat NAFLD/NASH and target their early 
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development is therefore greater than ever - NASH is expected to become the leading 

cause of liver transplants worldwide by 2020.2 The growing incidence of metabolic 

diseases has led to an intense interest in identifying molecular targets and pharmacologic 

agents to treat and/or prevent these metabolic disorders.  Thus, there is a critical need for 

new therapies that target earlier stages of NAFLD, and can be used as a prophylactic 

measure.  There is also clearly a need to understand the molecular events linking 

metabolic disease and to translate these findings into novel therapeutic strategies.  Much 

attention has been paid recently to the functions of the lipid-activated peroxisome-

proliferator activated nuclear receptors, known as PPARs, for their potential roles as 

therapeutic targets implicated in the etiology of metabolic disorders.6 

Lipid metabolism and PPARs.  Peroxisome proliferator-activated receptors (PPARs) 

are ligand-activated transcription factors in the nuclear hormone receptor superfamily for 

lipids that regulate glucose and lipid homeostasis.6 They respond to a variety of lipid-like 

ligands (promiscuous binding), including sterols and translate ligand signals into changes 

in gene expression.  Three subtypes of PPARs, namely, PPARα, PPARγ, and PPARδ, 

have been identified in various species, including humans.6 Each PPAR subtype seems to 

be expressed in its own tissue-specific manner and plays a pivotal role in lipid and 

lipoprotein homeostasis.7 Among the three isotypes, PPARα and PPARγ have been the 

most widely studied, as they have important roles in regulating glucose, lipids, and 

cholesterol metabolism. PPARα was the first isoform to be identified as a regulator of 

gene expression in lipid metabolism.8 PPARα binds polyunsaturated fatty acids.  When 

activated by these ligands, PPARα stimulates transcription of a battery of genes required 
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for fatty acid catabolism, indicating that activation of this receptor serves as a clinical 

treatment for hyperlipidemia. 

PPARα, a link between NAFLD and lipid homeostasis.  As compared with PPARγ, 

PPARα is highly expressed in the liver and regulates the expression of genes encoding 

lipid and lipoprotein metabolism.9 PPARα has key roles in the regulation of fatty-acid 

transport as well as peroxisomal and mitochondrial β-oxidation in the liver.10  Mice 

lacking PPARα have inhibition of cellular fatty acid turnover, resulting in massive 

hepatic and cardiac lipid accumulation and inflammation.11 The metabolic abnormalities 

are due to altered expression of a range of metabolic enzymes that indicate a role for 

PPARα in lipid homeostasis.12 Given the known links between cholesterol, triglyceride 

(TG) processing, lipid accumulation, inflammation, and diabetes, the observation that 

PPARα regulates the expression of genes encoding lipid and lipoprotein metabolism, 

including mitochondrial fatty acid oxidation, fatty acid activation, peroxisomal fatty acid 

oxidation, raised the possibility that PPARα ligands could directly reduce insulin 

resistance, inflammation, and lipid production in the liver for treating NAFLD and related 

NASH.13  Indeed, this hypothesis has now been reported by several groups.  For example, 

a variety of labs recently found that PPARα plays a key role in the regulation of lipid 

metabolism in human liver.  Francque, et al., have shown that PPARα mRNA and protein 

is highly expressed in normal mouse and human livers but negatively correlated with the 

presence of NASH severity, visceral adiposity and insulin resistance and positively with 

adiponectin.14 Histological improvements are associated with an increase in expression of 

PPARα and its target genes.8  These findings suggest that loss of PPARα expression may 

contribute to the development of NAFLD, which is a major factor in the pathogenesis of 
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T2D and NASH and raises the possibility that increased PPARα levels could protect from 

NAFLD/NASH progression in humans.  Since PPARα appears to be protective against 

NAFLD/NASH, it follows that ligands that bind to and activate PPARα are potential 

therapeutic agents.15 PPAR agonists regulate lipid homeostasis in vitro and in vivo, 

promote triglyceride oxidation, improve mitochondrial gateway and β-oxidation, suppress 

hepatic inflammation, and enhance lipid clearance from the liver.16 These anti-NAFLD 

effects require induction and modulation of target genes for PPARα, such as CPT-1a, 

ACADM, PPARα, LPL, and ACOX1 (Fig. 1), as potentially more acceptable targets.  

Indeed, like most nuclear receptors, PPARα is readily “druggable” as it recognizes low 

molecular weight compounds (300-500 Da) and is amenable to high-throughput screens 

and molecular modeling studies.17 A potent, high-affinity and efficacious PPARα agonist 

with an excellent modulation profile may provide an opportunity for the treatment of 

NAFLD as well as NASH with minimized side effects.18  

In this study, we focused on the development of a series of novel PPARα modulators 

mainly based on the scaffold of LY518674 modifications (Fig. 2).  LY518674 is a potent 

PPARα selective agonist that has been progressed into various phases of clinical 

development.  However, the development of LY518674 has been suspended, since it 

reduced triglycerides and increased HDL-C, but did not further reduce LDL-C in 

combination with atorvastatin.19 However, the PPARα/γ dual agonist saroglitazar was 

approved in India recently for the treatment of atherosclerosis and dyslipidemia,20 

suggesting that a  potent and efficacious PPARα modulator may provide an opportunity 

for treating metabolic disorders like NAFLD.
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To further develop novel therapeutic PPARα agents and understand the PPARα binding 

mode, we utilized docking studies with the crystal structure of an agonist GW409544 

(Fig. 2) bound to the ligand binding domain of the PPARα receptor to design modulators 

with beneficial lipid gene modulation.  The modulators synthesized in this work, 

exemplified by 7a (DY121, Scheme 1) in particular have shown promise for targeting 

PPARα leading to a wide spectrum of gene expression changes involved in hepatic lipid 

accumulation, demonstrated that PPARα selective modulators might be attractive 

candidates for further research in the potential treatment of NAFLD.

RXR

TATA

PPARα

Coactivators

PPARα-selective 
Modulator

CPT-1a
ACADM
PPARα
LPL
ACOX1

PPRE Target gene

Liver

NAFLD/NASH

Figure 1. PPARα activates transcription and represses the lipid accumulation pathway. 

When activated by its ligand or modulator, PPARα heterodimerizes with the retinoid X 

receptor (RXR), binds to PPREs (peroxisome proliferator hormone response elements), 

and regulates the transcription of various genes (such as CPT-1a, PPARα, ACADM, 

LPL, and ACOX1), thereby influencing various cellular functions, including the 

regulation of lipid metabolism which directly link between PPARα and NAFLD/NASH. 
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Figure 2.  Representative PPARα disclosed synthetic agonists.

RESULTS AND DISCUSSION

Computational modeling for ligand design.  

To develop the most potent and high affinity of PPARα modulators, we performed in 

silico calculations for lead optimization of known activators.  We used Autodock Vina 

and Schrödinger Glide docking (XP precision docking and induced fit docking) 

methodologies as tools for the design of novel potent and high affinity ligands for 

PPARα.21 PPARα protein has a large Y-shaped ligand binding cavity named as arm I, 

arm II, and arm III as shown in supporting Fig. S2.22 Thus, a small molecule with more 

suitable side-chains may fit into the binding pocket to increase the potency, selectivity, 

and binding affinity.  We carried out lead optimization based on two known PPARα 
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agonists compound GW40954423 and LY51867424 by using our in-house developed SAG 

(side-chain auto-growth) methodology25 as a tool for the design of novel potent and high 

affinity ligands for the PPARα.  SAG methodology can automatically grow side-chains 

on multiple points of a template molecule and dock the new compounds into protein.  The 

docking pose of GW409544 successfully reproduced its X-ray crystal structure (PDB id 

1k7l),21 and the binding model of LY518674 preserved the important protein interactions 

as GW409544 has.  By inspection of our binding modes for two known PPAR agonists

GW409544 and LY518674, we established two-dimensional interaction diagrams for 

both of GW and LY, which demonstrate the significance of hydrogen bond interactions 

between PPARα Ser280, Tyr314, His440, and Tyr464 and the ligands (Fig. 3).

  GW409544 LY518674

                                                               

Figure 3.  Two-dimensional interaction diagram shows binding modes of GW409544 

and LY518674.  The most important polar interactions (dashed pink lines) and residues 

involved (Ser280, Tyr314, His440, and Tyr464) are shown.  A carboxylic acid (polar 

head) of two agonists forms a hydrogen bond with Tyr464.
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As shown in Fig. 3, the carboxylate polar heads were close to the hydroxyl groups of the 

lateral chain of Tyr464, which contribute the key polar interactions, clearly indicated that 

a polar head of a carboxylic acid is critical for PPARα agonistic potency and selectivity.  

Thus, to capture the most important polar interactions by forming strong hydrogen 

bonding, a carboxylate as a polar head should be retained in the ligand design to maintain 

a suitably positioned carboxylate.  Analysis of the binding mode of LY518674 indicates 

that the triazolone ring is in the center of the PPARα ligand binding pocket.  

Interestingly, the N2-benzyl group in the central triazolone core overlaps with critical 

moieties of GW409544 in the PPARα ligand binding domain.  However, the N4-

unsubstituted moiety of LY518674 fails to entirely fill the hydrophobic pocket, 

suggesting the optimization potential with larger lipophilic moieties in the N4 position 

may exhibit improved complementarity to the same U-shaped ligand binding pocket of 

GW409544 in the crystal structure of the PPARα-LBD (Supporting Fig. S2).

By assessing an unexplored lipophilic tunnel of LBD and various hydrophobic aromatic 

benzyl substituents, we hypothesized that the substituents attached to the N4 of the 

triazolone ring (Fig. 2) could extend to occupy the hydrophobic region (composed by 

I339, L331, V332, etc.) to provide extra hydrophobic interaction with the receptor.  

Furthermore, we determined that the substituents from the N2 position may either extend 

to hydrophobic region (composed by L347, I354, M355, etc.) as in the crystal structure of 

GW409544, or extend to establish several interactions with ligand binding pocket 

(composed by I317, L321, V324, etc.) for enhancing binding affinity.  Thus we used our 

SAG algorithm to automatically grow side-chains at both N2 and N4 positions of the 

triazolone ring of LY518674 to develop more potent and selective activators.  By 
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analyzing the top ranked analogs resulted from SAG algorithm, we envisioned that the 

analogs bearing extension or branched bulky aromatic groups may be tolerated and could 

occupy the large hydrophobic cavity of the binding sites to exhibit improved binding 

affinity and selectivity profiles for PPARα and produce even more potent compounds.26 

Based on this hypothesis, a hydrophobic bulky benzyl tail with the appropriate 

substituents was introduced to the N2 and N4 positions to modify LY518674 in order to 

produce potent series modulators on the PPARα.  Combining high docking scores 

predicted as described above, molecular basis, structure consideration, hydrophobicity, 

and chemical feasibility, we proposed to incorporate different aromatic benzyl variants as 

R-group into N2 and N4 positions that may be accommodated to fill the critical cavity of 

PPARα LBD which are mainly hydrophobic. 

Chemistry.  

Guided by docking studies, and to increase the likelihood of “druggability”, specific 

aromatic substituents were selected such that the final compounds adhere to Lipinski’s 

rules (molecular weights < 500 Da, calculated octanol/water partition coefficients 

(ClogP) <5 and less than 5 H-bond donors and 10 H-bond acceptors).27 Additional 

selection criteria included chemical compatibility, structure diversity, inclusion of drug-

like substructures and commercial availability of starting materials.  The chemical 

structures of the final compounds 7a-l were characterized by 1H and 13C NMR and 

elemental analysis. Based on this rationale strategy, we developed a series of PPARα 

modulators which stimulated PPARα upregulation and induced specific target genes.  

The synthetic pathway is outlined in Scheme 1.  
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Starting from commercially available 4-(4-methoxyphenyl)-butyric acid with subsequent 

esterification followed by demethylation with boron tribromide provided the phenol 

functionality, the hydroxyl derivative 4-(4-hydroxyphenyl) butyric acid methyl ester 1.  

Next, alkylation with tert-butylbromoisobutyrate of 1 provided the diester 2 which was 

converted to the hydrazide 3 with hydrazine hydrate.  The acyl hydrazide 3 was then 

reacted with a variety of substituted benzyl isocyanates to give the key intermediate acyl 

semicarbazides 4, respectively.  Treatment of 4 with KOH/MeOH led to ring closure to 

form a triazolone core, which was then subjected to affording the N4–branched 

benzylated substituents, and N2-unsubstituted triazolone 5.  Subsequently re-esterification 

at terminal carboxylic acid and benzylation at N2 of the triazolone core with a series of 

substituted benzyl bromides provided the N4 and N2 di-substituted benzylated triazolone 

variants 6.  Subsequent saponification using sodium hydroxide in methanol allowed to 

the desired acids 7 with the typical fibrate headgroup as the final.  Thus, a total of 12-

compound having di-benzylated functionalities in this focused library has been prepared. 

Scheme 1.a Library synthesis.  
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a Reagents and conditions: (a) CH3OH, H2SO4; (b) BBr3, CH2Cl2, 0°C; (c) BrC(Me)2- 

CO2tBu, K2CO3, MgSO4, DMF, 75 °C; (d) hydrazine hydrate, CH3OH, rt; (e) R1-benzyl 

NCO, THF, rt; (f) KOH, CH3OH, reflux; (g) CH3OH, H2SO4, rt; (h) R2-benzyl-Br, 

K2CO3, DMF, 45 °C; (i) 2N NaOH, CH3OH, rt.
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Identification of novel PPARα-selective agonists in vitro.  

To determine the potency and selectivity of new series of synthetic ligands on PPARα 

activity, we performed cell-based transfection assays.  All the compounds of this series 

were evaluated for in vitro human and mouse PPARα, γ, and δ activity in a commercially 

available luciferase cell reporter assay.28 

Compound 7a (hereafter DY121) and its derivatives were assayed for activity on human 

and mice PPARα using high-throughput reporter gene assays in transiently transfected 

CV-1 (monkey kidney) cells.   Luciferase assays were performed as previously described, 

using a GAL4/PPAR chimera system.28 As an initial screen to determine the PPARα, 

PPARγ, and PPARδ activity, all compounds were evaluated for in vitro potency and 

selectivity by transfection testing, using CV-1 cells transfected with human and mouse 

PPARs.  MH100x4 is a luciferase reporter with four copies of a GAL4 USAG response 

element, where GAL-I refers to the ligand-binding domain of the indicated receptors 

fused to the C-terminus of the GAL4 DNA-binding domain.  Assays were performed 

using a Biomek automated workstation in which the gene for the nuclear receptor and a 

plasmid containing a response element upstream of a luciferase cDNA are transfected 

into CV-1 cells.  Compounds were evaluated for their ability to activate human PPARs at 

0.1, 1, 2.5, 3, 5, and 10 uM test concentrations.  As expected, all compounds synthesized 

in this work showed remarkable agonistic activity at the PPARα receptor. Those 

compounds that showed good PPARα activation were evaluated at additional 

concentrations (7a-7g).  Dose–response curves of PPARα transactivation with promising 

EC50 values of compounds on PPARα are shown in Fig. 4.  Through this screen we 

identified a series of novel PPARα agonists with highly potency (EC50 = 0.85-12 nM) 
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and selectivity for PPARα as summarized in Table 1.  All selected compounds were 

inactive at up to 10-30 uM with regard to PPARγ and PPARδ, suggesting they are 

subtype-selective.  Within this small library, we advanced seven derivatives (7a-7g) 

based on their potency and selectivity as listed in Fig. 4.  The selectivity was also 

supported by computational docking models of PPARα, PPARγ, and PPARδ (see 

Computational docking studies section).  

Figure 4.  DY series compounds activate the PPAR transcriptional activity. 

Mammalian transient transfections demonstrated activation of a reporter on a PPAR 

response element.  Differences in fold activation suggest selective modulation of the 

PPAR receptor.  In brief, monkey kidney CV-1 cells were co-transfected with 

appropriate reporter constructs and expression vectors.  The fold activation of the reporter 

construct by ligand was determined at several concentrations of selected compounds.  To 

examine the effect of compounds on PPARα-mediated PPRE transcriptional activation, a 

PPRE-luc reporter assay was conducted using a PPRE-driven luciferase reporter-gene 
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(PPRE-luc) plasmid and PPARα and RXRα gene expression plasmids in CV-1 cells.  The 

tested compounds increased PPRE-luc activity in cells that were co-transfected with the 

PPARα and RXRα gene expression plasmids, indicating that these compounds not only 

activated PPARα but also promoted PPARα-mediated PPRE transcriptional activation.  

As shown by the luciferase reporter assays, the highest PPARα activation was observed 

with DY121, DY126, DY127, and DY129.

 
Table 1.  Effects of DY series on PPARα transcriptional activity by cell-based 

transactivation luciferase assay on human and mouse PPARα.  A focused 2-component 

small array of triazolone was designed for parallel optimization. 

O
HO

ON N
N

O

R2

R1

   transactivation EC50 (nM)a,     (µM)b  
compd   R1 R2 hPPARα mPPARα hPPARγ hPPARδ
7a DY121   4-MeO  4-Me 0.87 ± 0.04 3 ± 0.04 >10 >10
7b DY124   3-MeO  4-Me 1.0 ± 0.05 20 ± 0.2 >10 >10
7c DY125   H  4-Me 1.5 ± 0.06 20 ± 0.2 >10 >10
7d DY126   4-F  4-Me 0.95 ± 0.11 10 ± 0.5 >10 >10
7e DY127   4-Me  4-Me 0.85 ± 0.04 3 ± 0.03 >10 >10

7f DY128   3,4,5-Tri-
  MeO  4-Me 3 ± 0.04 30 ± 0.3 >10 >10

7g DY129   2-Cl  4-Me 1.0 ± 0.05 10 ± 0.5 >10 >10
7h DY130   4-Me  4-vinyl 12 ± 0.03     20 ± 0.2 >10 >10

a, b Data analysis to determine EC50 values was performed with GraphPad Prism software 

and sigmoidal dose-response (variable slope) equation based on dose-response curves 

with tested compounds.29  The transactivation activity of the series of compounds 7a-h 

(DY121-130) toward PPARα was expressed as EC50, which is the concentration of the 
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test compound that affords half-maximum activity.  EC50 values represent the mean ± 

SEM of at least two separate experiments performed in triplicate.  EC50 values were not 

calculated for compounds whose activity did not reach plateau at the maximal 

concentration of 10-30 µM.

Docking studies of DY121.  

To understand the PPARα putative binding mode, compound DY121 (7a) was chosen as 

a model for further examining the specificity and binding selectively of PPARα.  A 

molecular docking simulation was performed using the Glide suite docking package.  

Compound DY121 was docked to the crystal structure of PPARα bound with GW409544 

as shown in Supporting Information Fig. S1, or with LY518674 to the crystal structure of 

PPARα bound with GW409544 (PDB id 1k7l),21 PPARγ (PDB id 2f4b)22 and PPARδ 

(PDB id 1y0s).30 The induced fit docking method allows the side-chain of residues to be 

flexible to gain better interaction and favorable binding modes with ligands.  As such, it 

can reproduce the most important ligand-interaction regions of ligand DY121 for PPARα 

activity.  Note that PPARα possesses the largest and most hydrophobic pocket for ligand 

binding,21 the LBD of the PPARα pocket can be divided into three arms, as shown in 

Supporting Fig. S2.  In the case of the PPARα-LBD-DY121 complex, the hydrophobic 

moieties of DY121 were assigned to the same hydrophobic region occupied by 

GW409544 in the crystal structure of the PPARα-LBD.

To better explain the binding mode of DY121, three interacted regions of the U-shaped 

PPARα ligand binding pocket:  site A, site B, and site C, and three chemical diversified-

arms (R1-R3) within the chemical structure of DY121 have been established (Fig. 5A).  
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The R1 with a branched 4-methoxy benzyl tail of DY121 interacts with the hydrophobic 

region of PPARα at site B, whereas the R2 with a branched 4-methyl benzyl tether of 

DY121 entrances a hydrophobic region of the ligand-binding pocket at site C, which  

is at the tip corner with a volume of about 1,011Å at ligand-binding domain (LBD).22 The 

linker R3 comprising a carboxylic acid as a polar head extended to the site A, which 

participated in the key polar interactions with Tyr464, Tyr314, and Ser280, respectively, 

(Supporting Fig. S3).  

As shown in Fig. 5A, both the docking poses of DY121 and LY518674 can overlap well 

with the X-ray compound GW409544 in the PPARα LBD.  Ligands DY121 and 

GW409544 occupy site A, B, and C of the U-shaped PPARα LBD pocket, whereas 

ligand LY518674 was located between the partly hydrophilic site A and B, but was not 

explored by site C, indicating the major mismatches of binding modes in three ligands 

arise from site C.  Interestingly, branched 4-methoxy benzyl tail of DY121 at R1 either 

overlapped well with aromatic phenyl tether of GW409544 or overlays with 4-methyl-

benzyl group of LY518674 to entrance region B of the ligand-binding pocket for majorly 

hydrophobic interaction.  Moreover, 4-methyl benzyl tether of DY121 at R2 area 

occupied site C region and overlapped well with aromatic phenyl head of GW409544 to 

establish π-stacking and hydrophobic interaction to protein, demonstrating a well-defined 

view of the DY121 binding mode.

The main interactions inside the LBD between DY121 and PPARα are displayed in Fig. 

5B, which illustrated a favorable binding mode and the importance of the N2- and N4-

aromatic benzyl residues for potency on PPARα.  As already observed for DY121, the 4-

methoxybenzyl tail of DY121 at arm R1 efficiently occupied the lipophilic region B 
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which contributed mainly hydrophobic interactions with I272/V332/I339/L344 tetrad in 

the PPARα-LBD.  Interestingly, 4-methyl benzyl moiety of DY121 at arm R2 adopted a 

conformation within the receptor then specifically tailored towards its appropriate 

binding pocket and occupied site C region, which stabilized the binding modes by the π-

stacking network with F273 and F351 at distances of 6.3Å between ring centers, 

appeared to improve potency and binding affinity.  Note that as shown in Fig. 5A, clearly 

indicated that LY518674 does not fill the lipophilic cavity of site C in the PPARα ligand 

binding pocket, indicated it has less binding affinity (Glide XP docking score as -

11.7kcal/mol) than that of DY121 (-15.4kcal/mol).  As expected, a hydrogen bond 

network is established between the carboxyl acid head of DY121 with Y314, H440, and 

Y464, respectively, to form polar interactions with PPARα, which could undergo a 

conformation change that leads to activation of PPARα target genes.  The aromatic linker 

near arm R3 anchors the fenofibric acid headgroup and interacts with F318 and Y314 via 

π-stacking interactions.  Moreover, the major structural differences of PPARα and 

PPARγ in LBD pockets are resulted from aligned residue pairs as 

T279(PPARα)/R288(PPARγ), C278/F287, I354/F363 in site A region, and A250/E259, 

M330/V339, I339/M348 in site B region.  The major differences at PPARα and PPARδ 

LBD pockets are R271(PPARα)/H280(PPARδ), C275/R284 and L254/W264 in site B 

region.  The docking scores of DY121 are -11.5 kcal/mol on PPARγ and -11.9 kcal/mol 

on PPARδ, which all show less binding affinities comparing to -15.4kcal/mol on 

PPARα.  Thus, PPARα offered a more suitable hydrophobic pocket for DY121 ligand 

binding than PPARγ and PPARδ.  This observation agrees with the cell-based 
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experimental data and allowed the identification of a series of new compounds with 

higher potency, affinity, and specificity on PPARα.  

DY121

GW409544

Site B

PPARα ligand-binding pocket

Site C

LY518674

Site A
R1

R2 -COOH

R3

Figure 5A.  Molecular modeling structure of PPARα LBD–activator complexes. 

Compound DY121 was docked with LY518674 to the crystal structure of PPARα bound 

with GW409544 (PDB id 1k7l).21 The binding pose of DY121 (thick green-colored) for 3 

major interaction regions (R1 to Site B, R2 to Site C, and the carboxyl group to right part 

of Site A) overlaps well with the ligand GW409544 (thin blue-colored) from X-ray 

structure, indicating that DY121 can reproduce the most important ligand-interaction 

regions for PPARα activity.  The docking pose of LY518674 (middle red-colored) 

overlaps with GW409544 as well.
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R1

-COOH
R2 Y464

Y314

H440

F351

F273

I272

V332

I339

L344

F318
S280

K358

R3
Site B

Site C
Site A

Figure 5B.  Interactions between PPARα LBD and DY121 molecule (green sticks).  

The carboxyl group of DY121 forms hydrogen bonds (blue dots) with S280, Y314, H440 

and Y464 of PPARα, in accordance with GW409544 which adopted a conformation 

within the PPARα to form hydrogen bonds with S280, Y314, H440, and Y464, 

respectively.  The hydrophobic aromatic linker near the carboxyl group forms π-stacking 

interactions with F318 and Y314 (yellow arrows).  The 4-methyl benzyl ring at R2 region 

interacts with F273 and F351 via π-stacking network (yellow arrows).  The 4-methoxy 

benzyl aromatic ring at R1 region forms hydrophobic interactions with 

I272/V332/I339/L344, respectively. 

Effects of PPARα modulators on triglycerides-lowering.  

When the circulating concentration of fatty acids exceeds the metabolic capacity for fatty 

acid β-oxidation, fatty acids are deposited in the liver in the form of triglycerides (TG), 
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which results in hepatic steatosis and chronic NAFLD.31 Note that rodent animal models 

of NAFLD induced by HFD mice (C57BL/6J background), which show the 

characteristics of metabolic disorders such as hyperlipidemia, obesity, and insulin 

resistance, have been widely used due to its similar pathogenesis in humans.32 Thus, we 

fed C57BL/6J female mice an HFD (60% kcal from fat) and found that glucose, glycerol, 

plasma TG, hepatic TG levels, FFA, and liver weight significantly increased.32 According 

to previously study, PPARα agonists such as fibrates lower the level of circulating lipids 

in mice and humans.33  To determine the in vivo efficacy of DY-series synthetic agonists 

on lipid metabolism, we next examined the effects of compounds on circulating 

triglycerides in high fat diet (HFD)-fed NAFLD-induced C57Bl/6J female mice.  

Compounds DY121 (7a), DY124-130 (7b-7h), and DY132 (7j) were selected for the in 

vivo screening of their hypolipidemic efficacy compared with those of classical PPARα 

agonists WY14643 and GW7647.34 

As shown in Fig. 6, when administered orally to mice for 24 hours, all tested compounds 

lowered the triglyceride up to more than 50%, relative to vehicle level.  Significant 

plasma TG levels reduction were observed (p < 0.001) in the treatment with compounds 

DY121 and DY128.  The suppression was more apparent in the mice treated with 3 

mg/kg of DY series than commercial WY100 (WY14643-positive control, 100 mg/kg), 

and GW3 (GW7647-positive control, 3 mg/kg), indicating decreased HFD-induced 

development of hyperlipidemia and hepatic TG accumulation is due to the efficiently 

activated PPARα pathway.
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Figure 6.  Effect of DY series modulators on triglyceride-lowering in mice.  

Ligand screening Results:  DY121 series compounds and controls administered once to 

C57Bl/6J female mice at 8 weeks of age.  Mice were treated at 3 mg/kg for all 

compounds except WY100 (WY14643, 100 mg/kg).  The data are presented as mean ± 

SEM (scanning electron microscopy).  Significances are denoted by *p < 0.05, **p < 

0.01, and ***p < 0.001 respectively, compared with vehicle, (n = 6-8).  Compounds 

gavaged at 0900; mice sacrificed 24h later.  Ordered by degree of effect on triglyceride 

lowering.  The dose of DY-series was 33-fold lower than that of WY, indicated that DY 

series efficiently reduced plasma triglyceride levels and elicited greater PPARα-mediated 

lipid-lowering effects than the reference compounds WY14643 and GW7647.

Since HFD NAFLD-induced mice exhibited hyperlipidemia as evidenced by increased 

levels of circulating plasma triglycerides in the liver, we next examined the histology of 

the liver of DY121-treated mice to determine further the effects of PPARα-modulator on 

lipid-lowering of HFD-induced hepatic steatosis.  As shown in Fig. 7, Oil Red O staining 

strongly showed accumulation of numerous larger fat droplets in the HFD mice.  In 
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contrast, hepatocellular vacuolation was not observed from DY121 treated HFD mice 

(57BL/6J female mice, oral administration once daily at 3 mg/kg for one week), and only 

scattered smaller Oil-Red O stained fat droplets were detected in the liver of treated mice, 

almost similar as in LFD control mice.  Quantitative scoring of Oil Red O stained 

specimens showed DY121 treatment decreased liver droplet contents in HFD mice and 

markedly lowered hepatic lipid accumulation compared with vehicle treatment.  The 

results clearly indicate that DY121 affects lipid metabolism, improves liver pathology, 

lowers triglycerides, and prevents hepatic steatosis in the HFD-induced mouse model.

Control HFD+ Vehicle  HFD + DY121 (3mg/kg)

 

Figure 7.  Effect of DY121 on hepatic lipid accumulation prevention.  

Liver morphology was assessed and liver sections were stained with Oil Red O to 

visualize lipid droplets (in red).  Representative photomicrographs of Oil Red O staining 

of liver sections from mice in each treatment group and Oil red O staining quantification 

was done with Image Pro Plus 6.3 software using 3-4 random microscope field sections 

per animal sample and presented as fold over control (n = 8 animals per group).  Marked 

reduction of hepatic lipid accumulation was observed upon DY121 treatment. 

Effects of agonist modulation on the expression of hepatic PPAR target genes.  

A potential therapeutic strategy for NAFLD is to improve hyperlipidemia through the 

induction of PPARα target gene expression in the liver, in which PPARα regulates the 



24

expression of genes involved in FA (fatty acid) oxidation.  The triglyceride-lowering 

effect of an agonist is attributed to the activation of PPARα, which in turn effects an 

increase in LPL (lipoprotein lipase) gene expression and trans-repression of apoC3 

(apolipoprotein C-III).35 Hence, low apoC3 levels could further enhance the clearance of 

triglyceride rich lipoproteins.36 Also PPAR activation by a ligand upregulates 

expression of ACOX1 (acyl-CoA oxidase), the lipid β-oxidation-related signal in the 

liver.  Note that ACOX1 is a biomarker and is rate-limiting enzyme of free fatty acid 

(FFA) metabolism in peroxisomes.  ACOX1 changes very long chain and long chain acyl 

CoA synthesized from acyl CoA to enoyl CoA, which is a secondary step in peroxisomal 

β-oxidation.  ApoC3/LPL presumably transport released lipids to the liver for beta 

oxidation by ACOX1 and Cyp4A3 (cytochrome P450 gene subfamily) (among others), 

leading to increased fatty-acid oxidation and reduction of oxidative stress to possibly 

reduce NAFLD and related NASH.37 

To examine further the ability of new compounds to selectively activate PPARα, we next 

tested the expression of endogenous PPARα target genes directly involved in hepatic 

lipid metabolism in HFD mice upon compounds treatment.  As expected, our synthetic 

ligands strongly induced the mRNA expression of PPARα target genes involved in fatty 

acid oxidation, such as ApoC3, LPL, ACOX1, and Cyp4A3.  Hepatic gene expression of 

PPARα is also upregulated (data not shown).  As shown in Fig. 8, the mRNA expressions 

of PPARα target genes were measured.  The gene-expression analysis showed that 

PPAR modulators activated LPL which is responsible for the hydrolysis of triglycerides 

from circulating lipoproteins, but markedly repressed in activating ApoC3, which is the 

lipid-transport-related signaling gene, suggesting that triglyceride lowering is through 
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enhanced degradation of triglycerides and uptake of free fatty acids by peripheral tissues 

with the improvement of TG metabolism. Notably, all tested compounds repressed in 

activating ApoC3 relative to vehicle level except DY127, suggesting this compound acts 

as a modulator in a gene-selective manner in vivo.  Accordingly, the mRNA levels of 

PPARα target genes ACOX1 and Cyp4A3 also were up-regulated in response to PPAR 

modulators.  ACOX1 and Cyp4A3 were significantly increased except DY127 and 

GW7647, so it makes sense that the modulators upregulated in the setting of greater lipid 

oxidation, consistent with our observations earlier in the inhibitory effects of DY121 on 

HFD-induced hepatic steatosis (Fig. 7).

Figure 8.  Effects of agonists on the expression of hepatic PPAR target genes.
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Liver gene expression of PPAR targets in mice treated at 3 mg/kg (WY100 = WY14643 

at 100 mg/kg) with PPAR agonists for 24h.  Data in same order as triglyceride 

suppression (Fig. 6).  Results are expressed as mean ± SEM.  Significances are denoted 

by P < 0.05*, P < 0.01**, and P < 0.001***, compared with vehicle, n = 6-8.  ApoC3 and 

LPL expression inversely correlate with triglyceride suppression for many, but not all 

compounds.  ACOX1 and Cyp4A3 expression correlate with triglyceride suppression for 

many, but not all compounds.  Taken together, these data support the potential for 

selective modulation of PPAR in response to each compound.

Examine chronic effects of DY121 on hepatic lipid metabolism in response to 

PPAR.  

Hepatic gene-expression acute analysis showed that our synthetic ligands activated 

ACOX1, LPL, and CYP4A3 expression in the liver, but repressed in activating ApoC3 

expression.  These in vivo results demonstrate that these series behave just as expected 

for modulators that preferentially activates PPARα.  Since ligand DY121 (7a) may be 

more effective at reducing hepatic triglycerides accumulation by enhancing lipid 

transport and oxidation, it was chosen as model for further evaluation in vivo compared 

with classical PPAR agonists WY14643 and GW7647.

To determine the chronic effects on lipid metabolism, we therefore examined the efficacy 

of DY121 on PPARα-mediated lipid- and FFA-lowering in HFD mice.  As shown in Fig. 

9, in a 7-day dose response study with reference compounds WY and GW, chronic 

effects of DY121 administration on circulating lipid-lowering were observed.  Notably, 

DY121 suppressed plasma triglycerides up to more than 50% over the entire 7-day period 
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tested.  This effect appears to be mediated by enhanced disposition of free fatty acids 

(FFA) with DY121 and possibly with WY100 (WY14643).  Additionally, as described 

above, Oil Red O staining showed that TG accumulation in the liver was suppressed in 

the DY121-treated mice (Fig. 7), suggesting that de novo lipid synthesis was also 

decreased.  Concurrently, supplementation of DY121 resulted in a considerable reduction 

in plasma FFA up to more than 60% (p < 0.01) after 7-day of dosing.  Taken together, 

these data strongly suggest that DY121 effectively prevents chronic effects in HFD-

induced hepatic steatosis and possibly NAFLD, which is positively correlated with the 

reduction in the serum levels of TG and FFA.  

Figure 9.  Chronic effects of DY121 on Plasma TG and FFA in HFD mice.

Chronic Effects – Lipids:  mice were treated at 3 mg/kg/day with PPAR agonist DY121 

and GW7647, WY100 = WY14643 at 100 mg/kg/day for 7-day.  By comparison, only 

DY121 and WY100 (WY14643) suppressed triglycerides and FFA over the entire 7-day 

period.  Data are shown as adjusted means (n = 6-8), and standard errors of the mean 

(SEM) are calculated from the residuals of the statistical models.  Significances are 
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denoted by *p < 0.05, **p < 0.01, and ***p < 0.001 respectively, compared with vehicle, 

(n = 6-8). 

To determine the chronic effects of DY121 on the modulation of PPAR target genes in 

response to lipid metabolism, we next measured the lipid transport.  As shown in Fig.10, 

DY121 markedly upregulates expression of LPL (p < 0.05) and significantly decreased 

gene expression of ApoC3 (p < 0.001), potentially associated with the activation of the 

LPL activity in the liver. As compared with the reference compound WY (at a dose of 

100 mg/kg) and GW, only DY121 enhanced expression of LPL, suggesting that 

triglyceride lowering is through enhanced degradation of triglycerides and delivery of 

free fatty acids for uptake by peripheral tissues.   

Figure 10.  Chronic effect of DY121 on hepatic gene expression of PPARα.

Lipid Transport:  DY121 (at a dose of 3 mg/kg/day) significantly suppressed expression 

of apoC3 at each time point; WY100 (WY14643, 100 mg/kg/day) suppressed apoC3 only 

after 7 days treatment.  Data are shown as adjusted means (n = 6-8), and standard errors 

of the mean (SEM) are calculated from the residuals of the statistical models.  The data 

are presented as mean ± SEM.  Significances are denoted by *p < 0.05, **p < 0.01, and 

***p < 0.001 respectively, compared with vehicle (n = 6-8). 
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As described above, PPAR activation by DY121 upregulates expression of ACOX1, the 

lipid β-oxidation-related signal in the liver.  ACOX1 is one of the typical target genes for 

PPAR in lipid oxidation and known to ameliorate obesity and hyperlipidemia by 

inducing lipid catabolism via PPAR pathway.  To further explore the molecular 

properties of DY121, its chronic effects on lipid oxidation in a 7-day dose response study 

in HFD mice were examined.  As shown in Fig.11, the chronic effects on lipid oxidation 

showed that ACOX1 expression was enhanced by PPAR activation, most consistently 

by DY121.  At least some of the disappearance of FFA into peripheral tissues without 

concurrent weight gain suggests that DY121 activates hepatic FA oxidation may be due 

to microsomal oxidation. 

Figure 11.  Chronic effects of ligands on the expression of hepatic PPARα target gene 

ACOX1.  Lipid Oxidation:  ACOX1 expression was enhanced by PPAR activation, 

most consistently by DY121 (at a dose of 3 mg/kg/day).  The reference compound GW 
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and WY at a dose of 3 mg/kg/day and 100 mg/kg/day, respectively.  Data are shown as 

adjusted means (n = 8), and standard errors of the mean (SEM) are calculated from the 

residuals of the statistical models.  The data are presented as mean ± SEM.  Significances 

are denoted by *p < 0.05, **p < 0.01, and ***p < 0.001 respectively, compared with 

vehicle (n = 6-8).

CYP4A enzymes are expressed in the liver, kidney and heart, which are members of the 

cytochrome P450 monoxygenase superfamily and catalyze microsomal ω-hydroxylation 

of fatty acids.38  Although previous studies indicated Cyp4a performed xenobiotic 

metabolism, however, most cytochromes are involved in lipid metabolism; only the first 

3 families (Cyp1, Cyp2, Cyp3) seem to be involved in drug and xenobiotic metabolism.38

It has been established that a particular gene subfamily, Cyp4A3, is involved in fatty acid 

metabolism and microsomal omega oxidation which displays an identical pattern to that 

of peroxisomal beta oxidation.  This is the intent for reversing (possibly preventing) 

hepatic steatosis (NAFLD) by enhanced fatty acid metabolism.  Interestingly, treatment 

with PPARα agonist result in enhanced levels of CYP4A3 mRNA in the liver of wild-

type but not PPARα knockout mice.  PPARα knockout mice have also shown that hepatic 

expression of Cyp4A3 gene is almost completely dependent on PPARα, indicating that 

the expression of CYP4A3 genes is under the control of PPARα,39 and validating that 

PPARα is a potential molecular/therapeutic target to improve prognosis in lipid, glucose, 

and cholesterol metabolism for NAFLD therapy. 

Previously, we examined acute effect of DY121 on hepatic gene expression; Cyp4A3 

was significantly increased by DY121 for 24h, as see in Fig. 8.  To further explore the 
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molecular properties of DY121 on Cyp4A3 gene expression, compared to its short-term 

effects on feeding, we evaluated its chronic effects on gene expression in wild-type 

C57Bl/6J female mice.  Specifically, we observed chronic effects of DY121 by 

modulation of PPARα regulated CYP4A3 gene expression 7 days after dosing; 

expression of CYP4A3 gene was enhanced by DY121, as shown in Fig.12.

Figure 12.  Chronic Effects – Lipid Oxidation:  Cyp4A3 expression was enhanced by 

PPAR activation, most strongly by WY100 (WY14643) but also consistently by GW3 

(GW7647) and DY121.  Some of the FFA disappearance may be explained by 

peroxisomal oxidation.  The data are presented as mean ± SEM.  Significances are 

denoted by *p < 0.05, **p < 0.01, and ***p < 0.001 respectively, compared with vehicle, 

(n = 6-8). 

CPT-1a, a link between the mitochondrial gateway and NAFLD.  

Notably, there is growing evidence that mitochondrial dysfunction, and more specifically 

fatty acid β-oxidation impairment, is involved in the pathophysiology of non-alcoholic 
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steatohepatitis (NASH).40  Poor adaptation of hepatic mitochondrial metabolism is a 

central feature of the transition from simple steatosis (NAFLD) to NASH, and could 

drive hepatocyte ROS generation and inflammation, suggested that attenuation of 

mitochondrial oxidative dysfunction may become a viable treatment target to alleviate 

inflammation and oxidative stress in NAFLD/NASH.41 Studies indicated that both 

protein and mRNA expression of PPARα were nearly halved in NASH but successfully 

restored by PPARα agonists,42 suggesting that PPARα is able to transcriptionally up-

regulate nuclear genes encoding mitochondrial fatty acid oxidation enzymes.43 

Genes involved in the regulation of fatty acid oxidation include CPT-1a and ACADM, 

which are known as PPARα target genes, are important in the regulation of lipid 

metabolism.  CPT1 is located on the external surface of the outer mitochondrial 

membrane, and is the main controller of the hepatic mitochondrial β-oxidation flux.44 

CPT-1a is the liver-specific isoform of the acyl-carnitine transporter that moves fatty 

acids across the outer membrane of the mitochondria for β-oxidation (rate-limiting).

ACADM (MCAD) is the gene involved in mitochondrial β-oxidation for catalysis the 

first step of β-oxidation (specific for C8-C14).  Relative mRNA expression of CPT-1a and 

MCAD drop significantly in NAFLD and NASH,45 suggesting that PPARα-dependent 

pathways on improvement of mitochondrial oxidative dysfunction in hepatic lipid 

metabolism may be the result of increased expression of CPT-1 and ACADM in liver, 

decreased in relevant lipid mediators involved in inflammation.

Following these findings, we next, investigated further the chronic effects of DY121 on 

carnitine-palmitoyl-transferase 1a (CPT-1a) and Medium-chain acyl-CoA dehydrogenase 

(ACADM; MCAD) gene expression.  As illustrated in Fig.13, gene expression levels of 
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CPT-1a were determined.  The results showed that liver mCPT-1a mRNA expression is 

upregulated by chronic (>3d) treatment with GW7647 or DY121 but not WY14643, 

while each compound upregulates mACADM.  Since upregulation increases in the 

expression of CPT-1a and ACADM genes consistent with inhibition of lipid synthesis in 

the liver, lowered hepatic TG content in NAFLD-induced mice fed with DY121 can 

likely be attributed to enhanced β-oxidation, reduce lipid-induced TG accumulation and 

inflammation, and decreased de novo fatty acid biosynthesis in the mice.  This clearly 

indicates that DY121 is a potent modulator for the gene expression of CPT-1a and 

ACADM, two key proteins of the mitochondrial fatty acid oxidation pathway.
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Figure 13.  Effects of DY121 (7a) on the expression of PPARα target genes CPT-1a and 

mACADM. 

Liver CPT-1a expression was elevated throughout the 7-day treatment period and CPT-1a 

is upregulated by chronic (>3d) treatment with GW3 or DY121 but not WY100.  While 

each compound upregulates liver ACADM.  DY121and GW most robustly induced 

ACADM expression, but WY also consistently induced ACADM throughout the 

treatment period.  Mitochondrial oxidation may also play a role in FFA disappearance in 

peripheral tissues.  The temporal courses are strikingly different for WY compared to 

GW and DY121, suggesting selective modulation of this PPARα target.  

Selective PPARα modulators (SPPARMα) for potential NAFLD/NASH therapies.  

The development of selective nuclear receptor modulators has been driven by the interest 

in discovering compounds with an improved endocrine profile that might be safer and 

more effective pharmaceuticals.47 Desirable tissue and gene selectivity may result from 

the structural characteristics of a ligand that exploit differences in a variety of cell-and 

gene-specific factors.48 There is needed, therefore, a potent and efficacious PPARα 

agonist with an excellent safety profile and this kind of agonist, selective PPARα 

modulators (SPPARMα), may provide an opportunity for potential therapies for the 

NAFLD/NASH with minimized side effects.49 To this purpose, a new generation of 

highly potent and selective PPARα modulators (SPPARMα) is being developed recently 

to maximize PPARα receptor mediated effects and diminish side effects.  PPARα 

activation improves hepatic steatosis, inflammation, and fibrosis in rodent models of 
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NAFLD and NASH.50-51 A quest for SPPARMα optimization is to enhance selectivity 

and specificity for the receptor recognition (affinity and potency) and target gene 

modulation.52 In the present study, a series of PPARα modulators, exemplified by 

DY121, has been identified with promising properties in vitro and in vivo.  DY121 

effectively activated PPARα transcriptional activity, significantly decreased hepatic 

plasma TG levels, and efficiently suppressed hepatic lipid accumulation in HFD-fed 

NAFLD-induced C57Bl/6J female mice.  DY121 treatment increased mRNA expression 

of PPARα targeting genes involved in fatty acid β-oxidation (CPT-1a, ACOX1, and 

mACADM), implying potential novel pathway for clearing lipids from liver (e.g., in 

NAFLD).  Activating CPT-1a activates fatty acid oxidation pathways by helping move 

fatty acids into the mitochondria for oxidation and thus may lead to reduced ectopic lipid 

accumulation, decreased inflammation, and improved insulin sensitivity.  Since DY121 

activated CPT-1a expression, suggesting a possible cooperation between PPARα-

dependent transactivation and transrepression govern lipid accumulation and anti-

inflammatory pathways.  Since DY121 activated LPL, ACOX1, and CYP4A3 expression, 

but repressed activating ApoC3 expression in the liver, targeting these genes might lead 

to a PPARα-modulating lipogenesis and lipolysis in hepatic lipid metabolism pathway.  

These different gene expression patterns may be due to differential cofactor recruitment 

profiles.53 Of importance, since NASH derived from NAFLD is characterized by 

accumulation of fat in liver causing inflammation and fibrosis,54-55 it is established that 

direct activation of the PPARα and modulation of specific targeting genes have the 

potential to treat the root causes of hepatic steatosis and may resolve NAFLD, even 

NASH.56  
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Additionally, since enhanced PPARα expression and/or activity, particularly in concert 

with PGC-1α (PPARγ coactivator-1α), is expected to increase blood glucose by 

upregulating gluconeogenic enzymes like PEPCK (pyruvate dehydrogenase kinase 

isoform 4),57 the effects of DY121 on altering glucose/glycerol utilization were 

examined.  However, as shown in Fig.14, after oral administration of DY121 once daily 

at 3 mg/kg for one week in mice, glucose increased after 4 days with WY14643 and 

GW7647, but not with DY121, demonstrating DY121 minimized this side effect by 

maintaining the homeostasis of liver metabolism and suggesting DY121 as a selective 

modulator of PPARα that lowers triglycerides without raising glucose.  Additionally, 

marked reduction in hepatic free fatty acids (FFA) was observed in DY121 treatment 

(Supporting Fig. S5), followed by glycerol decline (suppressed lipolysis; enhanced 

uptake, enhanced FFA oxidation) as shown in Supporting Fig. S6).  These data provided 

compelling in vivo evidence that PPARα stimulates hepatic glycerol utilization, improves 

glucose homeostasis, and suggesting DY121 in governing hepatic glucose/glycerol 

production is due to selective modulation of PPARα target gene in the pathology of 

NAFLD. 
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Figure 14.  Blood glucose increased after 4 days with WY and GW, but not with DY121.  

Results of present studies demonstrated that DY121 administration exerted beneficial 

effects on glucose metabolism, which was more likely due to the modulation of PPARα 

target gene and improved the metabolic alterations in hyperglycemia.  

In summary, these findings indicate that synthetic PPARα modulators can be developed 

to regulate transcription in a gene- and tissue-specific fashion.  Selective activation of 

target genes in PPARα by modulators could be associated with beneficial changes in liver 

Glucose

0 24 48 72 96 120 144 168

0

20

40

60
Vehicle
WY100

Hours after Treatment

G
lu

co
se

 C
ha

ng
e 

(%
)

Glucose

0 24 48 72 96 120 144 168

0

20

40

60
Vehicle
GW3

Hours after Treatment

G
lu

co
se

 C
ha

ng
e 

(%
)

Glucose

0 24 48 72 96 120 144 168

0

20

40

60
Vehicle
DY121 3mg/kg

Hours after Treatment

G
lu

co
se

 C
ha

ng
e 

(%
)

Glucose



38

disease NAFLD and NASH.  DY121 behaves as expected for a modulator that 

preferentially activates PPARα and selective for the target gene modulation.  

Furthermore, DY121 had greater lipid-lowering effects: it not only reduces liver TG, but 

also leads to repression in plasma TG than the classical PPARα agonists in mice during 

the chronic efficacy studies.  The positive impact on liver and plasma TG are likely a 

combined effect of reducing de novo lipogenesis through activating PPARα, which not 

only reduces lipogenesis but also leads to an increase in FAO by increasing CPT-1a 

activity, which may also reduce inflammation in the liver.  These data suggest DY121 

could be a novel potent and selective SPPARMα for treating NAFLD through the 

improvement of whole-body lipid metabolism.

Finally, it is worth noting that DY121 suppresses plasma triglycerides in normal mice, 

but not in PPARα-knockout mice, confirming that DY121 targets the PPARα pathway.

 In addition, as shown in Fig.15, DY121 showed no significant toxicities in mice after 72 

hours of treatment.  It has thus been suggested that effects on triglycerides and gene 

expression on TG, FFA, and de novo lipogenesis may support targeting PPARα, CPT-1a, 

and ACADM, LPL, ACOX1 as well as CYP4A3 for the prevention and treatment of 

NAFLD in humans.
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Figure 15.  Time Course:  Triglycerides:  Chronic effects of treatment with PPARα 

ligands (24h vs 72h).  a)  Body weight was unaffected by treatment with DY121, 

suggesting effects on triglycerides and gene expression are not due to toxicity.  b)  

Suppression of triglycerides is maintained over 72h in wild type but not PPAR-

knockout mice.  Results are expressed as mean ± SEM, P < 0.05*, P < 0.01**, and P < 

0.001***), compared with vehicle, n = 6-8.

CONCLUSION

With the cases of nonalcoholic fatty liver disease (NAFLD) growing rapidly in the US 

and worldwide and evidence mounting that the PPARα agonists have been shown to 

improve the pathologic condition of NAFLD in various preclinical models, possibility 

has been raised that targeting PPARα may have critical therapeutic impact to care.  In 

contrast with the other targeted therapies, targeting PPARα in fight against NAFLD 
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should reduce hepatic lipid accumulation (by regulating lipid metabolism), promote 

triglyceride oxidation, suppress hepatic inflammation in the liver and ultimately reduce 

the development and progression of fibrosis in the liver (NASH).  The challenge is to 

identify or create “selective modulators” for the PPARα to effectively modulate the target 

genes directly involved in NAFLD.  During the investigation of PPARα ligands as 

potential therapeutic agents, we designed and synthesized a series of PPARα modulators 

on the basis of molecular modeling techniques and docking studies, leading to an 

interesting structural feature for PPARα activity improvement and gene profiles.  In 

particular, exemplified by compound DY121 (7a), with an EC50 of 0.87 nM for human 

PPARα in PPAR-GAL4 transactivation assays, has shown appropriate modulation of 

target genes, both in vitro and in vivo, and explained changes in plasma parameters in the 

context of hepatic gene expression on the PPARα activation.  Our result indicated that 

these newly synthesized PPARα modulators have the potential for further development as 

attractive therapies in the treatment of nonalcoholic fatty liver and related diseases.

EXPERIMENTAL SECTION 

Chemistry

General procedures:  Organic reagents were purchased from commercial suppliers 

unless otherwise noted and were used without further purification.  All solvents were 

analytical or reagent grade.  All reactions were carried out in flame-dried glassware under 

argon or nitrogen.  Melting points were determined and reported automatically by an 

optoelectronic sensor in open capillary tubes and were uncorrected. 1H NMR and 13C 

NMR spectra were measured at 500 MHz and 125 MHz respectively, and using CDCl3 or 
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CD3OD as the solvents and tetramethylsilane (Me4Si) as the internal standard.  Liquid 

column chromatography was carried out under moderate pressure by using columns of an 

appropriate size packed and eluted with appropriate eluents.  All reactions were 

monitored by TLC on precoated plates (silica gel HLF).  TLC spots were visualized 

either by exposure to iodine vapors or by irradiation with UV light.  Organic solvents 

were removed in vacuum by rotary evaporator.  Elemental analyses were performed by 

Desert Analytics, Tucson, Arizona.

Methyl 4-(4-methoxyphenyl)butyrate.  To a solution of commercial available 4(4-

Methoxyphenyl)-butyric acid (10 g, 0.051 mol) in methanol (200 mL) was added 

concentrated sulfuric acid (1mL) and the reaction mixture stirred at room temperature for 

16 h. After concentration to remove methanol, the crude oil was dissolved in ethyl acetate 

(120 mL), washed with a saturated solution of Na2CO3 (3 x 70 mL), water (100 mL), and 

brine (100 mL). The organic layer was dried over Na2SO4 and concentrated to give the 

methyl ester as an oil (10.34 g) in 97% yield. 1H NMR (500 MHz, CDCl3)  7.12 (d, 2H), 

6.85 (d, 2H), 3.77 (s, 3H), 3.69 (s, 3H), 2.62 (t, 2H), 2.59 (t, 2H), 1.96 (t, 2H); 13C NMR 

(125 MHz, CDCl3)  173.9, 157.2, 133.3, 129.8, 128.7, 114.1, 113.1, 56.5, 53.6, 34.1, 

33.2, 26.6.  

Methyl 4-(4-hydroxy-phenyl)-butanoate (1). To a cooled solution of methyl 4-(4-

methoxyphenyl)butyrate (10.34 g, 50 mmol) in dried CH2Cl2 (60 mL) under Ar, Boron 

tribromide (BBr3)(80 mL, 80.16 mmol, 1.0 M solution in dichloromethane) was added 

dropwise at 0oC. When the addition was complete, the reaction mixture (RM) was stirring 

for an additional hour at 0oC, and then the RM was treated with CH3OH:CH2Cl2 (1:1, 80 

mL) with cooling. The RM was warmed to room temperature and stirred overnight at RT. 
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Concentration of the mixture gave an oil, which portioned between ethyl acetate (100 ml) 

and water (100 ml).  The aqueous layer was extracted with EtOAc (2 x 50 mL), and the 

combined organic extracts washed with water (50 mL), brine (50mL), dried over Na2SO4, 

then concentrated to give the desired phenol as an oil which was purified by flash 

chromatography (8:2 hexanes/EtOAc) afforded 1 (9.19 g, 98%) as pale yellow oil. 1H 

NMR (500 MHz, CDCl3)  7.01 (d, 2H), 6.80 (d, 2H), 3.68 (s, 3H), 2.55 (t, 2H), 2.34 (t, 

2H), 1.93 (t, 2H); 13C NMR (125 MHz, CDCl3)  174.8, 154.0, 132.8, 129.3, 115.1, 51.6, 

34.0, 33.5, 26.5.  

Methyl 4-(4-((1-tert-butoxy)-2-methyl-oxopropan-2-yl)-oxy)-butanoate (2). To a 

solution of methyl 4-(4-hydroxy-phenyl)-butanoate (1) (4.94 g, 25 mmol) dissolved in 

DMF (80 mL), ethyl 2-bromoisobutyrate (14 mL, 81 mmol), powder K2CO3 (14 g, 100 

mmol), and MgSO4 (0.5 g, 4.2 mmol) were added. The resulting reaction mixture was 

heated at 75 oC overnight. After cooling to ambient temperature, the reaction mixture was 

filtered into 1N aqueous HCl (80 mL) and extracted with EtOAc (3 x 50 mL). The 

remaining solids from the filtration were washed several times with EtOAc. The EtOAc 

extracts and washers were combined and washed with 1N aqueous HCl (40 mL), dried 

over Na2SO4, and concentrated to afford dark oil which was purified by flash column 

chromatography (95:5 H/EtOAc) to give the desired product (2) (6.03 g) in 82% as an oil. 

1H NMR (500 MHz, CDCl3)  7.02 (d, 2H), 6.77 (d, 2H), 3.64 (s, 3H), 2.55 (t, 2H), 2.29 

(t, 2H), 1.89 (t, 2H), 1.52 (s, 6H), 1.43 (s, 9H); 13C NMR (125 MHz, CDCl3)  173.9, 

173.3, 153.8, 134.5, 128.8, 118.9, 81.4, 79.3, 51.4, 34.2, 33.3, 28.0, 26.6, 25.3.  

tert-Butyl 2-(4-(4-hydrazineyl-4-oxobutyl)phenoxy)-2-methyl-propanoate (3). To a 

solution of (2), (6.03 g, 18 mmol) in methanol (30 mL) was added hydrazine hydrate 
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(5.99 g, 120 mmol) and the reaction mixture stirred overnight at ambient temperature. 

Upon completion of reaction (TLC), the reaction mixture was concentrated and the 

residue partitioned between EtOAc (50mL) and water (20 mL). The aqueous layer was 

extracted with EtOAc (2 x 20 mL), and the combined organic extracts washed with brine 

(20mL), dried over Na2SO4, and concentrated in vacuo to give the desired hydrazide as 

an oil which was solidified by pet ether gave white solid 5.15 g in 85% yield, mp: 74.5 

oC.  1H NMR (500 MHz, CDCl3)  7.37(s, 1H), 6.97(d, 2H), 6.72 (d, 2H), 3.85(s, 2H), 

2.52 (t, 2H), 2.09 (t, 2H), 1.89 (t, 2H), 1.49 (s, 6H), 1.40 (s, 9H); 13C NMR (125 MHz, 

CDCl3)  173.6, 173.3, 153.8, 134.5, 128.8, 119.0, 81.5, 79.3, 34.2, 34.5, 28.0, 26.9, 25.3.  

Parallel synthesis for branched benzyl substituents on the N4 position.

Representative compounds:

tert-Butyl 2-(4-(4-(2-((4-methoxybenzyl)carbamoyl)hydrazineyl-2-methyl-

propanoate (4a). To a solution of tert-butyl 2-(4-(4-Hydrazineyl-4-oxobutyl)phenoxy)-

2-methyl-propanoate (3) (5.15 g, 15 mmol) in anhydrous dichloromethane (100 mL) was 

added 4-methoxybenzyl isocyanate (3.35 g, 20 mmol) dropwise. The reaction mixture 

was stirred for two hours at ambient temperature, and then concentrated to give the 

desired acylsemicarbazide as a solid. Crystallization from warm pet ether gave white 

solid 6.37g in 85% yield, mp: 131.2 oC. 1H NMR (500 MHz, CDCl3)  7.71 (s, 1H), 7.17 

(d, 2H), 7.07(d, 1H), 6.98 (d, 2H), 6.81 (d, 2H), 6.74 (d, 2H), 5.66 (d, 1H), 4.27 (d, 2H), 

3.78 (s, 3H), 2.53 (t, 2H), 2.16 (t, 2H), 1.89 (t, 2H), 1.53 (s, 6H), 1.43 (s, 9H); 13C NMR 

(125 MHz, CDCl3)  174.9, 174.0, 160.2, 159.4, 155.2, 135.8, 132.1, 130.2, 129.8, 120.5, 

115.9, 83.1, 80.7, 56.6, 45.5, 35.6, 34.6, 29.3, 28.0, 26.7.  Anal. Calcd for C27H37N3O6: C, 

64.91; H, 7.46; N, 8.41.  Found:  C, 64.88; H, 7.29; N, 8.53.    
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tert-Butyl 2-(4-(4-(2-((3-methoxybenzyl)carbamoyl)hydrazineyl-2-methyl-

propanoate (4b). To a solution of tert-butyl 2-(4-(4-Hydrazineyl-4-oxobutyl)phenoxy)-

2-methyl-propanoate (3) (0.86 g, 26 mmol) in anhydrous dichloromethane (20 mL) was 

added 3-methoxybenzyl isocyanate (0.55 g, 3.4 mmol) dropwise. The reaction mixture 

was stirred for two hours at ambient temperature, and then concentrated to give the 

desired acylsemicarbazide as a solid. Crystallization from pet ether gave white solid 1.12 

g in 86% yield, mp: 87.9 oC. 1H NMR (500 MHz, CDCl3)  7.94 (s, 1H), 7.34 (s, 1H),  

7.18 (s, 1H), 6.98 (d, 2H), 6.80 (m, 5H), 5.82 (t, 1H), 4.30 (d, 2H), 3.76 (s, 3H), 2.53 (t, 

2H), 2.16 (t, 2H), 1.90 (t, 2H), 1.56 (s, 6H), 1.45 (s, 9H); 13C NMR (125 MHz, CDCl3)  

179.2, 177.0, 171.5, 159.8, 156.3, 148.2, 136.7, 134.7, 129.2, 120.0, 119.2, 113.8, 78.8, 

61.7, 56.4, 45.2, 34.6, 33.8, 29.0, 28.0, 26.3.  Anal. Calcd for C27H37N3O6: C, 64.91; H, 

7.46; N, 8.41.  Found:  C, 65.00; H, 7.34; N, 8.45.    

tert-Butyl 2-(4-(4-(2-(benzylcarbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-2-methyl-

propanoate (4c). To a solution of tert-butyl 2-(4-(4-Hydrazineyl-4-oxobutyl)phenoxy)-2-

methyl-propanoate (3) (1.07 g, 3.2 mmol) in anhydrous dichloromethane (30 mL) was 

added benzyl isocyanate (0.56 g, 4.2 mol) dropwise. The reaction mixture was stirred for 

five hours at ambient temperature, and then concentrated to give the desired 

acylsemicarbazide as a solid.  Crystallization by pet ether gave a white solid (1.07 g) in 

73% yield, mp: 124.9oC. 1H NMR (500 MHz, CDCl3)  7.99 (s, 1H), 7.39 (s, 1H), 7.23 

(m, 5H), 6.98 (d, 2H), 6.76 (d, 1H), 5.86 (s, 1H), 4.33 (d, 2H), 2.54 (t, 2H), 2.16 (t, 2H), 

1.88 (t, 2H), 1.53 (s, 6H), 1.45 (s, 9H); 13C NMR (125 MHz, CDCl3)  170.5, 169.7, 

155.1, 151.0, 135.7, 131.5, 126.0, 125.7, 125.4, 124.5, 124.4, 116.2, 78.8, 76.5, 41.7, 
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41.2, 31.3, 30.3, 24.9, 23.7, 22.5.  Anal. Calcd for C26H35N3O5: C, 66.50; H, 7.51; N, 

8.95.  Found:  C, 66.46; H, 7.33; N, 9.20.    

tert-Butyl 2-(4-(4-(2-((4-fluorobenzyl)carbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-

2-methyl-propanoate (4d).  To a solution of tert-butyl 2-(4-(4-Hydrazineyl-4-

oxobutyl)phenoxy)-2-methyl-propanoate (3) (0.5 g, 1.5 mmol) in anhydrous 

dichloromethane (10 mL) was added 4-fluorobenzyl isocyanate (0.3 g, 2 mmol) 

dropwise. The reaction mixture was stirred for twelve hours at ambient temperature 

(TLC), and then concentrated to give the desired acylsemicarbazide as a solid. 

Solidification by pet ether gave a white solid  (0.52 g) in 71% yield, mp: 99.9oC.  1H 

NMR (500 MHz, CDCl3)  7.83 (s, 1H), 7.23 (m, 3H), 6.98 (m, 4H), 6.75 (d, 2H), 5.82 

(t, 1H), 4.32 (t, 2H), 2.55 (t, 2H), 2.17 (t, 2H), 1.90 (t, 2H), 1.56 (s, 6H), 1.44 (s, 9H); 13C 

NMR (125 MHz, CDCl3)  170.6, 169.8, 155.0, 150.9, 135.6, 131.4, 126.1, 126.0, 125.9, 

116.1, 115.9, 112.5, 112.4, 112.3, 78.8, 76.4, 40.3, 31.2, 30.2, 24.9, 24.7,23.6, 22.4, 22.1.  

Anal. Calcd for C26H34FN3O5: C, 64.05; H, 7.03; N, 8.62; F, 3.90.  Found:  C, 63.98; H, 

7.17; N, 8.59; F, 3.57.  

tert-Butyl 2-(4-(4-(2-((4-methylbenzyl)carbamoyl)hydrazineyl)-4-oxo-

butyl)phenoxy)-2-methyl-propanoate (4e).  To a solution of tert-butyl 2-(4-(4-

Hydrazineyl-4-oxobutyl)phenoxy)-2-methyl-propanoate (3) (1.0 g, 3 mmol) in anhydrous 

dichloromethane (20 mL) was added 4-methylbenzyl isocyanate (0.60 g, 4.1 mmol) 

dropwise. The reaction mixture was stirred for twelve hours at ambient temperature 

(TLC), and then concentrated to give the desired acylsemicarbazide as solid.  

Crystallization by pet ether gave white solid 1.17 g in 81% yield, mp: 139.9 oC.  1H NMR 

(500 MHz, CDCl3)  8.27 (s, 1H), 7.60 (s, 1H),  7.10 (dd, 4H), 6.97 (d, 2H), 6.75 (d, 
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2H), 5.92 (t, 1H), 4.25 (d, 2H), 2.51 (t, 2H), 2.31 (s, 3H), 2.15 (t, 2H), 1.85 (t, 2H), 1.52 

(s, 6H), 1.43 (s, 9H); 13C NMR (125 MHz, CDCl3)  179.2, 170.6, 169.6, 155.1, 150.8, 

133.9, 132.6, 131.6, 126.3, 126.0, 124.5, 116.1, 78.7, 76.4, 40.8, 31.3, 30.2, 24.9, 23.7, 

22.4, 18.1.  Anal. Calcd for C27H37N3O5: C, 67.06; H, 7.71; N, 8.69.  Found:  C, 67.16; H, 

7.77; N, 8.59.    

tert-Butyl 2-(4-(4-(2-((3,4,5-trimethoxybenzyl)carbamoyl)hydrazineyl)-4-oxo-

butyl)phenoxy)-2-methyl-propanoate (4f).  To a solution of tert-butyl 2-(4-(4-

Hydrazineyl-4-oxobutyl)phenoxy)-2-methyl-propanoate (3) (1.09 g, 3.2 mmol) in 

anhydrous dichloromethane (20 mL) was added 3,4,5-trimethoxybenzyl isocyanate (0.94 

g, 4.2 mmol). The reaction mixture was stirred for twelve hours at ambient temperature 

(TLC), and then concentrated to give the desired acylsemicarbazide as an oil.  

Solidification by ether gave white solid 1.43 g in 80% yield, mp: 92.0oC.  1H NMR (500 

MHz, CDCl3)  7.75 (s, 1H), 7.06 (s, 1H), 6.70 (d, 2H), 6.76 (d, 2H), 6.47 (s, 2H), 5.75 

(t, 1H), 4.28 (d, 2H), 3.81 (s, 9H), 2.56 (t, 2H), 2.18 (s, 3H), 1.92 (t, 2H), 1.53 (s, 6H), 

1.44 (s, 9H); 13C NMR (125 MHz, CDCl3)  170.6, 170.1, 155.2, 151.0, 150.4, 131.5, 

131.4, 126.1, 116.1, 101.4, 78.9, 76.4, 57.9, 53.2, 41.3, 31.3, 30.3, 24.9, 23.6, 22.5.  Anal. 

Calcd for C29H41N3O8: C, 62.24; H, 7.38; N, 7.51.  Found:  C, 62.23; H, 7.17; N, 7.25.     

tert-Butyl 2-(4-(4-(2-((2-chlorobenzyl)carbamoyl)hydrazineyl)-4-oxo-

butyl)phenoxy)-2-methyl-propanoate (4g). To a solution of tert-butyl 2-(4-(4-

Hydrazineyl-4-oxobutyl)phenoxy)-2-methyl-propanoate (3) (1.59 g, 4.7 mmol) in 

anhydrous dichloromethane (40 mL) was added 2-chlorobenzyl isocyanate (1.06 g, 6.3 

mmol). The reaction mixture was stirred for twelve hours at ambient temperature (TLC), 

and then concentrated to give the desired acylsemicarbazide as an oil. Solidification by 
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pet ether gave white solid 1.85 g in 78% yield, mp: 141.3oC.  1H NMR (500 MHz, 

CDCl3)  7.80 (s, 1H), 7.35 (m, 4H), 7.18 (s, 1H), 6.70 (d, 2H), 6.76 (d, 2H), 5.89 (t, 1H), 

4.44 (d, 2H), 2.56 (t, 2H), 2.19 (s, 3H), 1.92 (t, 2H), 1.52 (s, 6H), 1.45 (s, 9H); 13C NMR 

(125 MH, CDCl3)  170.5, 169.6, 151.0, 131.4, 126.6, 126.5, 126.0, 125.8, 124.1, 116.2, 

78.8, 76.5, 39.0, 31.3, 30.4, 24.9, 23.7, 22.5.  Anal. Calcd for C26H34ClN3O5: C, 61.96; H, 

6.80; N, 8.34; Cl, 7.03.  Found:  C, 62.30; H, 6.71; N, 8.33; Cl, 6.89.     

2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid (5a). To a solution of tert-Butyl 2-(4-(4-(2-((4 

methoxybenzyl)carbamoyl)hydrazineyl-2-methyl-propanoate (4a) (5.0 g, 10 mmol) in 

methanol (50 mL) was added solid potassium hydroxide (8.0 g, 140 mmol) and the 

reaction mixture heated at reflux for 48 hours. After cooling to RT, the reaction mixture 

was diluted with water (50 mL) and EtOAc (150 mL), and then acidified to pH 2 with 5N 

HCl. The aqueous layer was extracted with EtOAc (2 x 25 mL). The combined organic 

extracts were washed with water (70 mL), brine (70 mL), dried over Na2SO4, and 

concentrated to give the desired triazolinone as an oil, which was solidified by ether to 

afford white solid 4.15 g in 98% yield, mp: 143.3 oC.  1H NMR (500 MHz, CDCl3)  

10.06 (brs, 1H), 7.11 (d, 2H), 6.95 (d, 2H), 6.85 (m, 4H), 4.67 (s, 2H), 3.79 (s, 3H), 2.57 

(t, 2H), 2.38 (t, 2H), 1.89 (t, 2H), 1.61 (s, 6H); 13C NMR (125 MHz, CDCl3)  174.3, 

156.5, 153.4, 150.4, 145.3, 131.9, 126.2, 125.8, 124.6, 116.6, 111.5, 76.4, 52.4, 41.0, 

31.0, 24.1, 22.4, 22.2.  Anal. Calcd for C23H27N3O5: C, 64.93; H, 6.40; N, 9.88.  Found:  

C, 64.72; H, 6.31; N, 9.76.  

2-(4-{3-[4-(3-Methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid (5b).  To a solution of tert-Butyl 2-(4-(4-(2-((3 
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methoxybenzyl)carbamoyl)hydrazineyl-2-methyl-propanoate (4b) (1.11 g, 2.2 mmol) in 

methanol (15 mL) was added solid potassium hydroxide (1.85 g, 33 mmol) and the 

reaction mixture heated at reflux for 36 hours (TLC). After cooling to RT, the reaction 

mixture was diluted with water (10 mL) and CH2Cl2 (30 mL), and then acidified to pH 2 

with 5N HCl.  The aqueous layer was extracted with CH2Cl2 (3 x 20 mL).  The combined 

organic extracts were washed with water (30 mL), brine (30 mL), dried over Na2SO4, and 

concentrated to give the desired triazolinone as a white solid which was crystallized by 

MeOH to afford a white crystals 0.67 g in 71% yield, mp: 154.9oC. 1H NMR (500 MHz, 

CDCl3)  10.76 (s, 1H), 7.21 (t, 1H), 6.92 (d, 2H), 6.79 (t, 3H), 6.67 (d, 2H), 4.69 (s, 2H), 

3.73 (s, 3H), 2.52 (t, 2H), 2.35 (t, 2H), 2.07 (s, 3H), 2.02 (s, 3H), 1.83 (t, 2H); 13C NMR 

(125 MHz, CDCl3)  178.8, 159.8, 156.3, 153.2, 148.2, 136.6, 134.7, 130.4, 128.8, 120.0, 

119.0, 113.8, 78.8, 55.2, 44.7, 33.8, 27.0, 25.2, 21.3.  Anal. Calcd for C23H27N3O5: C, 

64.93; H, 6.40; N, 9.88.  Found:  C, 64.70; H, 6.25; N, 9.89.  

2-(4-{3-[4-Benzyl-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-

methyl-propionic acid (5c).  To a solution of tert-Butyl 2-(4-(4-(2-

(benzylcarbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-2-methyl-propanoate (4c) (1.07 g, 

2.3 mmol) in methanol (30 mL) was added solid potassium hydroxide (2.00 g, 36 mmol) 

and the reaction mixture heated at reflux for 36 hours (TLC).  After cooling to RT, the 

reaction mixture was diluted with water (30 mL) and CH2Cl2 (100 mL), and then 

acidified to pH 2 with 5N HCl. The aqueous layer was extracted with CH2Cl2 (3 x 30 

mL).  The combined organic extracts were washed with water (30 mL), brine (30 mL), 

dried over Na2SO4, and concentrated to give the desired triazolinone as semi solid which 

was crystallization by EtOAc to afford white crystals 0.81 g in 89% yield, mp: 110.4oC. 
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1H NMR (500 MHz, CDCl3)  10.39 (s, 1H), 7.36 (m, 3H), 7.19 (t, 2H), 6.96 (d, 2H), 

6.84 (t, 2H), 4.77 (s, 2H), 2.57 (t, 2H), 2.39 (t, 2H), 2.07 (t, 2H), 1.62 (s, 6H); 13C NMR 

(125 MHz, CDCl3)  174.6, 153.5, 150.4, 145.4, 132.4, 131.9, 126.2, 126.1, 125.3, 124.3, 

116.7, 76.3, 41.5, 30.9, 24.1, 22.4, 22.1.  Anal. Calcd for C22H25N3O5: C, 66.82; H, 6.37; 

N, 10.63.  Found:  C, 66.66; H, 6.40; N, 10.39.  

2-(4-{3-[4-(4-Fluoro-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid (5d).  To a solution of tert-Butyl 2-(4-(4-(2-((4-

fluorobenzyl)carbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-2-methyl-propanoate (4d) 

(0.52g, 1.0 mmol) in methanol (15 mL) was added solid potassium hydroxide (0.84 g, 

15mmol) and the reaction mixture heated at reflux for 32 hours (TLC). After cooling to 

RT, the reaction mixture was diluted with water (10 mL) and EtOAc (30 mL), and then 

acidified to pH 2 with 5N HCl.  The aqueous layer was extracted with ETOAc (2 x 15 

mL).  The combined organic extracts were washed with water (30 mL), brine (30 mL), 

dried over Na2SO4, and concentrated to give the desired triazolinone as an oil which was 

solidified by chloroform to afford white solid 0.43 g in 98% yield, mp: 159.7 oC. 1H 

NMR (500 MHz, CD3OD)  7.19 (m, 2H), 7.08 (m, 2H), 6.99 (d, 3H), 6.96 (d, 2H), 4.76 

(s, 2H), 2.56 (t, 2H), 2.42 (t, 2H), 1.82 (t, 2H), 1.52 (s, 6H); 13C NMR (125 MHz, CDCl3) 

 173.5, 160.4, 158.5, 153.1, 150.7, 154.5, 132.0, 129.3, 129.2, 126.0, 125.9, 125.8, 

116.4, 112.5, 112.3, 75.8, 40.5, 32.7, 23.7, 21.2, 21.0.  Anal. Calcd for C22H24FN3O4 

.1/4H2O: C, 63.22; H, 5.91; F, 4.55; N, 10.05.  Found:  C, 63.30; H, 5.68; N, 9.88; F, 

4.29.  

2-(4-{3-[4-(4-Methyl-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid (5e).  To a solution of tert-Butyl 2-(4-(4-(2-((4-



50

methylbenzyl)carbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-2-methyl-propanoate (4e) 

(1.07 g, 2.2 mmol) in methanol (20 mL) was added solid potassium hydroxide (1.85 g, 

3.3 mmol) and the reaction mixture heated at reflux for 32 hours. After cooling to RT, the 

reaction mixture was diluted with water (15 mL) and EtOAc (30 mL), and then acidified 

to pH 2 with 5N HCl.  The aqueous layer was extracted with EtOAc (2 x 20 mL).  The 

combined organic extracts were washed with water (30 mL), brine (30 mL), dried over 

Na2SO4, and concentrated to give the desired triazolinone as oil, which was solidified by 

ether to afford white solid 0.79 g in 88% yield, mp: 157.7 oC.  1H NMR (500 MHz, 

CD3OD)  7.16 (d, 2H), 7.05 (d, 2H), 6.94 (d, 2H), 6.79 (d, 2H), 4.75 (s, 2H), 2.52 (t, 

2H), 2.41 (t, 2H), 2.32 (s, 3H), 1.77 (t, 2H), 1.52 (s, 6H); 13C NMR (125 MHz, CD3OD)  

173.6, 157.4, 150.7, 145.7, 134.7, 132.5, 130.2, 126.3, 126.2, 125.9, 125.8, 125.7, 123.8, 

123.7, 116.5, 75.9, 40.4, 30.7, 24.4, 21.7, 21.4, 16.8.  Anal. Calcd for C23H27N3O4 
. 

1/2H2O:  C, 66.01; H, 6.74; N, 10.04.  Found:  C, 66.12; H, 6.71; N, 9.87. 

2-(4-{3-[4-(3,4, 5-Trimethoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid (5f).  To a solution of tert-Butyl 2-(4-(4-(2-

((3,4,5-trimethoxybenzyl)carbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-2-methyl-

propanoate (4f) (1.0 g, 1.8 mmol) in methanol (20 mL) was added solid potassium 

hydroxide (1.51 g, 27 mmol) and the reaction mixture heated at reflux for 32 hours 

(TLC).  After cooling to RT, the reaction mixture was diluted with water (15 mL) and 

EtOAc (30 mL), and then acidified to pH 2 with 5N HCl.  The aqueous layer was 

extracted with EtOAc (2 x 20 mL).  The combined organic extracts were washed with 

water (30 mL), brine (30 mL), dried over Na2SO4, and concentrated to give the desired 

triazolinone as an oil (0.87 g), which was purified by flash chromatography (95:5 
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CH2Cl2/MeOH) to give an oil, and solidified by pet ether to afford white solid 0.79 g in 

91% yield, mp: 77.3 oC. 1H NMR (500 MHz, CDCl3)  10.11 (s, 1H), 6.96 (d, 2H), 6.81 

(d, 2H), 6.38 (s, 2H), 4.66 (s, 2H), 3.85 (s, 3H), 3.79 (s, 6H), 2.61 (t, 2H), 2.40 (t, 2H), 

1.94 (t, 2H), 1.60 (s, 6H); 13C NMR (500 MHz, CD3OD)  173.9, 153.2, 150.7, 145.3, 

132.0, 128.2, 126.1, 120.9, 104.3, 101.6, 101.5, 76.5, 57.9, 53.4, 53.3, 41.6, 30.9, 24.3, 

22.3, 22.0.  Anal. Calcd for C25H31N3O7 
. 2H2O:  C, 57.57; H, 5.99; N, 8.05.  Found:  C, 

57.40; H, 6.11; N, 7.94. 

2-(4-{3-[4-(2-Chloro-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid (5g).  To a solution of tert-Butyl 2-(4-(4-(2-((2-

chlorobenzyl) carbamoyl)hydrazineyl)-4-oxo-butyl)phenoxy)-2-methyl-propanoate (4g) 

(1.85 g, 3.7 mmol) in methanol (40 mL) was added solid potassium hydroxide (3.14 g, 56 

mmol) and the reaction mixture heated at reflux for 32 hours (TLC). After cooling to RT, 

the reaction mixture was diluted with water (20 mL) and EtOAc (35 mL), and then 

acidified to pH 2 with 5N HCl. The aqueous layer was extracted with ETOAc (2 x 25 

mL).  The combined organic extracts were washed with water (35 mL), brine (35 mL), 

dried over Na2SO4, and concentrated to give the desired triazolinone as oil, which was 

purified by flash chromatography (95:5 CH2Cl2/MeOH) afforded 5g (1.35 g, 84%) as a 

white solid. mp: 45.1oC  1H NMR (500 MHz, CDCl3)  9.80 (s, 1H), 7.40 (d, 1H), 7.22 

(m, 2H), 7.06 (d, 1H), 6.96 (d, 2H), 6.82 (d, 2H), 4.90 (s, 2H), 2.59 (t, 2H), 2.39 (t, 2H), 

1.91 (t, 2H), 1.60 (s, 6H); 13C NMR (125 MHz, CDCl3)  173.7, 153.2, 150.1, 145.4, 

132.3, 130.0, 129.6, 126.9, 126.5, 126.2, 125.3, 124.6, 117.2, 76.7, 38.6, 31.0, 24.1, 22.3, 

22.2, 18.1.  Anal. Calcd for C22H24ClN3O4 :  C, 61.46; H, 5.63; Cl, 8.25; N, 9.77.  Found:  

C, 61.12; H, 5.71; Cl, 8.55; N, 9.87. 
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General esterification procedure to make intermediates 5a-i to 5g-i: 

2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (5a-i).  To a solution of 2-(4-{3-[4-(4-

Methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-

methyl-propionic acid (5a) (4.15 g, 10 mmol) in methanol (200 mL) was added 

concentrated sulfuric acid (2 mL) and the reaction mixture stirred at ambient temperature 

overnight.  After concentration to 20% of original volume, the solution was diluted with 

ETOAc (100 mL), washed with water (100 mL), saturated aqueous NaHCO3 (2 x 50mL), 

and brine (50 mL).  The organic layer was dried over Na2SO4, and concentrated to give 

the methyl ester as a white solid 4.07 g, Crystallization by EtOAc gave white crystals 

3.86 g in 88% yield, mp: 130.4oC.  1H NMR (500 MHz, CDCl3)  8.95 (s, 1H), 7.10 (d, 

2H), 6.96 (d, 2H), 6.85 (d, 2H), 6.75 (d, 2H), 4.67 (s, 2H), 3.79 (s, 3H), 3.76 (s, 3H), 2.57 

(t, 2H), 2.36 (t, 2H), 1.88 (t, 2H), 1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  172.0, 

156.5, 152.7, 150.7, 145.4, 131.9, 126.2, 125.9, 125.8, 124.9, 116.5, 111.4, 111.1, 76.2, 

52.4, 49.6, 40.9, 31.1, 24.2, 22.4, 22.3.  Anal. Calcd for C24H29N3O5: C, 65.59; H, 6.65; 

N, 9.56.  Found:  C, 65.86; H, 6.80; N, 9.47.    

2-(4-{3-[4-(3-Methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (5b-i).  To a solution of 2-(4-{3-[4-(3-

Methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-

methyl-propionic acid (5b) (1.30 g, 3.1 mmol) in methanol (40 mL) was added 

concentrated sulfuric acid (0.5 mL) and the reaction mixture stirred at ambient 

temperature overnight. After concentration to 20% of original volume, the solution was 

diluted with EtOAc (50 mL), washed with water (20 mL), saturated aqueous NaHCO3 (2 



53

x 20 mL), and brine (20mL).  The organic layer was dried over Na2SO4, and concentrated 

to give the methyl ester as oil.  Solidified by ether gave white solid 1.16 g in 88% yield, 

mp: 88.6oC.  1H NMR (500 MHz, CDCl3)  10.82 (s, 1H), 7.22 (t, 1H), 6.94 (d, 2H), 6.80 

(d, 1H), 6.71 (d, 4H), 4.71 (s, 2H), 3.75 (s, 6H), 2.54 (t, 2H), 2.35 (t, 2H), 1.85 (t, 2H), 

1.55 (s, 6H); 13C NMR (125 MHz, CDCl3)  172.0, 157.0, 153.4, 150.6, 145.0, 134.4, 

132.0, 127.1, 116.5, 116.4, 110.5, 109.9, 76.2, 52.3, 49.6, 41.2, 31.1, 24.2, 22.4, 22.3.  

Anal. Calcd for C24H29N3O5: C, 65.59; H, 6.65; N, 9.56.  Found:  C, 65.57; H, 6.70; N, 

9.56.    

2-(4-{3-[4-Benzyl-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-

methyl-propionic acid methyl ester (5c-i).  To a solution of 2-(4-{3-[4-benzyl-5-oxo-

4,5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (5c) (0.70 

g, 1.8 mmol) in methanol (30 mL) was added concentrated sulfuric acid (0.3 mL) and the 

reaction mixture stirred at ambient temperature overnight.  After concentration to small 

volume, the solution was diluted with EtOAc (40 mL), washed with water (25 mL), 

saturated aqueous NaHCO3 (2 x 25 mL), and brine (25 mL). The organic layer was dried 

over Na2SO4, and concentrated to give the methyl ester as an oil 0.75 g. Solidified by pet. 

ether gave white solid 0.64 g in 86% yield, mp: 89.1oC.  1H NMR (500 MHz, CDCl3)  

9.34 (s, 1H), 7.34 (m, 2H), 7.13 (t, 2H), 6.95 (d, 2H), 6.75 (d, 2H), 4.75 (s, 2H), 3.77 (s, 

3H), 2.56 (t, 2H), 2.36 (t, 2H), 1.88 (t, 2H), 1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  

172.0, 152.9, 150.7, 145.3, 132.8, 131.9, 126.2, 126.1, 125.2, 124.3, 116.5, 76.2, 49.6, 

41.4, 31.1, 24.2, 22.4, 22.3.  Anal. Calcd for C23H27N3O4: C, 67.46; H, 6.65; N, 10.26.  

Found:  C, 63.37; H, 6.38; N, 10.04. 
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2-(4-{3-[4-(4-Fluoro-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (5d-i).  To a solution of crude 2-(4-{3-

[4-(4-fluoro-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-

methyl-propionic acid (5d) (0.43 g, 1.0 mmol) in methanol (15 mL) was added 

concentrated sulfuric acid (0.3 mL) and the reaction mixture stirred at ambient 

temperature overnight. After concentration to 20% of original volume, the solution was 

diluted with ETOAc (25 mL), washed with water (15 mL), saturated aqueous NaHCO3 (2 

x15 mL), and brine (15 mL).  The organic layer was dried over Na2SO4, and concentrated 

to give the methyl ester as an oil 0.43 g. Solidification by ether gave white solid 0.36 g in 

84% yield, mp: 119.3oC.  1H NMR (500 MHz, CDCl3)  9.65 (s, 1H), 7.14 (t, 2H), 7.01 

(m, 4H), 6.75 (d, 2H), 4.69 (s, 2H), 3.76 (s, 3H), 2.58 (t, 2H), 2.35 (t, 2H), 1.89 (t, 2H), 

1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  171.9, 160.5, 158.5, 152.8, 150.7, 145.1, 

131.7, 128.6, 126.3, 126.2, 126.1, 116.4, 113.1, 112.9, 76.2, 49.5, 40.7, 31.0, 24.1, 22.4, 

22.2.  Anal. Calcd for C23H26FN3O4: C, 64.62; H, 6.13; N, 9.83; F, 4.44.  Found:  C, 

64.92; H, 6.37; N, 9.75; F, 4.26. 

2-(4-{3-[4-(4-Methyl-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (5e-i).  To a solution of 2-(4-{3-[4-(4-

methyl-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-

propionic acid (5e) (0.79 g, 2 mmol) in methanol (30 mL) was added concentrated 

sulfuric acid (0.3 mL) and the reaction mixture stirred at ambient temperature overnight. 

After concentration to 20% of original volume, the solution was diluted with ETOAc (50 

mL), washed with water (30 mL), saturated aqueous NaHCO3 (2 x 30 mL), and brine (30 

mL).  The organic layer was dried over Na2SO4, and concentrated to give the methyl ester 
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as an oil 0.84 g. Solidification by ether gave white solid 0.71 g in 84% yield, mp: 

122.8oC.  1H NMR (500 MHz, CDCl3)  9.58 (s, 1H), 7.13 (d, 2H), 7.07 (d, 2H), 6.96 (d, 

2H), 6.75 (d, 2H), 4.71 (s, 2H), 3.77 (s, 3H), 2.56 (t, 2H), 2.36 (t, 2H), 2.33 (s, 3H), 1.87 

(t, 2H), 1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  172.0, 153.0, 150.7, 145.3, 134.9, 

132.0, 129.8, 126.7, 126.2, 124.3, 116.5, 76.2, 49.6, 41.2, 31.1, 24.2, 22.4, 22.3, 18.2.  

Anal. Calcd for C24H29N3O4: C, 68.06; H, 6.90; N, 9.92.  Found:  C, 67.90; H, 6.98; N, 

9.55. 

2-(4-{3-[4-(3,4,5-Trimethoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5f-i).  To a solution of 2-(4-

{3-[4-(3,4,5-methoxy-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid (5f) (0.87 g, 1.8 mmol) in methanol (30 mL) was 

added concentrated sulfuric acid (0.3 mL) and the reaction mixture stirred at ambient 

temperature overnight. After concentration to 20% of original volume, the solution was 

diluted with EtOAc (50 mL), washed with water (30 mL), saturated aqueous NaHCO3 (2 

x 30 mL), and brine (30 mL).  The organic layer was dried over Na2SO4, and 

concentrated to give the methyl ester, which was purified by flash chromatography (95:5 

CH2Cl2/MeOH) afforded 6f (0.80 g, 89%) as pale yellow oil. Solidification by pet. ether 

afforded white solid, mp: 135.4 oC. 1H NMR (500 MHz, CDCl3)  10.40 (s, 1H), 6.97 (d, 

2H), 6.73 (d, 2H), 6.40 (s, 2H), 4.68 (s, 2H), 3.80 (s, 3H), 3.79 (s, 6H), 3.75 (s, 3H), 2.58 

(t, 2H), 2.41 (t, 2H), 1.91 (t, 2H), 1.55 (s, 6H); 13C NMR (125 MHz, CDCl3)  171.9, 

153.2, 150.7, 145.1, 131.9, 128.5, 126.1, 116.6, 101.5, 76.2, 57.9, 53.3, 53.2, 49.5, 41.6, 

31.1, 24.1, 22.4, 22.3.  Anal. Calcd for C26H33N3O7 
. H2O: C, 60.33; H, 6.42; N, 8.12.  

Found:  C, 60.55; H, 6.35; N, 8.31. 
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2-(4-{3-[4-(2-Chloro-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (5g-i). To a solution of 2-(4-{3-[4-(2-

chloro-benzyl)-5-oxo-4, 5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-

propionic acid (5g) (1.35 g, 3.1 mmol) in methanol (40 mL) was added concentrated 

sulfuric acid (0.35 mL) and the reaction mixture stirred at ambient temperature overnight. 

After concentration to 20% of original volume, the solution was diluted with EtOAc (50 

mL), washed with water (30 mL), saturated aqueous NaHCO3 (2 x 30 mL), and brine (30 

mL).  The organic layer was dried over Na2SO4, and concentrated to give the methyl ester 

as an oil 1.33 g, which was used without further purification in the next step. 1H NMR 

(500 MHz, CDCl3)  10.80 (s, 1H), 7.38 (d, 1H), 7.20 (m, 2H), 7.06 (t, 1H), 6.93 (d, 2H), 

6.72 (d, 2H), 4.92 (s, 2H), 3.75 (s, 3H), 2.55 (t, 2H), 2.36 (t, 2H), 1.87 (t, 2H), 1.56 (s, 

6H); 13C NMR (125 MHz, CDCl3)  172.0, 153.4, 150.6, 145.0, 131.9, 130.3, 129.5, 

126.8, 126.3,126.2, 126.1, 125.1,124.6, 116.5, 76.2, 50.6, 38.5, 31.1, 24.3, 22.4, 22.2.

Parallel synthesis for branched benzyl substituents on the triazolone-based N2 

position.

Representative compounds:

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6a).  To 

a solution of 2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5a-i) (1.16 g, 2.6 mmol) in 

DMF (10 ml), was added 4-methyl benzyl bromide (1.15 g, 6.2 mmol) and powdered 

K2CO3 (2.0 g, 15 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (100 mL) and extracted with 
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EtOAc (3 x 30 mL). The combined organic extracts were concentrated to an oil, which 

was purified by flash chromatography (gradient elution, 8:2 to 1:1 Hexanes/EtOAc to 

give the desired product as oil 1.41 g. 1H NMR (500 MHz, CDCl3)  7.24 (d, 2H), 7.13 

(d, 2H), 7.10 (d, 2H), 6.93 (d, 2H), 6.83 (d, 2H), 6.74 (d, 2H), 4.91 (s, 2H), 4.68 (s, 2H), 

3.78 (s, 3H), 3.76 (s, 3H), 2.52 (t, 2H), 2.34 (t, 2H), 2.31 (s, 3H), 1.83 (t, 2H), 1.57 (s, 

6H); 13C NMR (125 MHz, CDCl3)  172.0, 157.1, 151.2, 150.7, 143.4, 134.6, 134.5, 

132.0, 130.8, 127.1, 126.4, 126.2, 125.2, 116.4, 110.6, 109.8, 76.2, 52.3, 49.6, 46.0, 41.7, 

31.2, 24.5, 22.4, 22.3, 18.2.  

2-(4-{3-[4-(3-Methoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6b).  To 

a solution of 2-(4-{3-[4-(3-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5b-i) (0.93 g, 2.1 mmol) in 

DMF (25 ml), was added 4-methyl benzyl bromide (0.61g, 3.3 mmol) and powdered 

K2CO3 (1.52 g, 11 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (100 mL) and extracted with 

ETOAc (3 x 30 mL).  The combined organic extracts were concentrated to an oil, which 

was purified by flash chromatography (gradient elution, 8:2 to 1:1 Hexanes/ETOAc to 

give the desired product as oil 1.14 g. 1H NMR (500 MHz, CDCl3)  7.12 (d, 2H), 6.91 

(d, 2H), 6.79 (d, 1H), 6.73 (t, 3H), 4.92 (s, 2H), 4.71 (s, 2H), 3.75 (s, 3H), 3.72 (s, 3H), 

2.50 (t, 2H), 2.33 (t, 2H), 2.32 (s, 3H), 1.82 (t, 2H), 1.59 (s, 6H); 13C NMR (125 MHz, 

CDCl3)  173.5, 157.1, 151.6, 150.6, 143.3, 134.5, 134.4, 131.9, 130.8,127.0, 126.3, 

126.2, 126.1, 125.1, 116.4, 110.5, 109.7, 76.1, 52.2, 49.5, 45.9, 41.7, 31.1, 24.5, 22.4, 

22.3, 18.2.     
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2-(4-{3-[4-Benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6c).  To a solution of 2-(4-

{3-[4-(3-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-

2-methyl-propionic acid methyl ester (5c-i) (0.55 g, 1.3 mmol) in DMF (10 ml), was 

added 4-methyl benzyl bromide (0.60g, 3.2 mmol) and powdered K2CO3 (1.10 g, 8.0 

mmol) and the resulting mixture heated at 45 oC for overnight. After cooling to RT, the 

reaction mixture was diluted with water (50 mL) and extracted with EtOAc (3 x 30 mL). 

The combined organic extracts were concentrated to an oil, which was purified by flash 

chromatography (gradient elution, 9:1 to 7:3 Hexanes/EtOAc to give the desired product 

as oil 0.59 g in 88% yield. 1H NMR (500 MHz, CDCl3)  7.29 (m, 4H), 7.16 (t, 1H), 7.13 

(m, 4H), 6.92 (d, 2H), 6.74 (d, 2H), 4.93 (s, 2H), 4.75 (s, 2H), 3.76 (s, 3H), 2.51 (t, 2H), 

2.33 (t, 2H), 2.30 (s, 3H), 1.83 (t, 2H), 1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  

172.0, 151.3, 150.7, 143.4, 134.5, 133.0, 132.0, 130.8,126.4, 126.2, 125.2, 125.1, 124.3, 

116.4, 76.2, 49.6, 46.0, 41.8, 31.2, 24.5, 22.4, 22.3, 18.3.   

2-(4-{3-[4-(4-Flouoro-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6d). To a 

solution of 2-(4-{3-[4-(4-fluoro-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5d-i) (0.36 g, 0.84 mmol) in 

DMF (5 ml), was added 4-methyl benzyl bromide (0.31g, 1.7 mmol) and powdered 

K2CO3 (0.70 g, 5.0 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (50 mL) and extracted with 

ETOAc (3 x 30 mL).  The combined organic extracts were concentrated to an oil, which 

was purified by flash chromatography (gradient elution, 8:2 to 1:1 Hexanes/ETOAc to 
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give the desired product as an oil 0.36 g in 78% yield. 1H NMR (500 MHz, CDCl3)  

7.24 (d, 2H), 7.14 (m, 4H), 7.01 (t, 2H), 6.93 (d, 2H), 6.74 (d, 2H), 4.92 (s, 2H), 4.69 (s, 

2H), 3.77 (s, 3H), 2.53 (t, 2H), 2.32 (t, 2H), 2.29 (s, 3H), 2.32 (t, 2H), 1.84 (t, 2H), 1.58 

(s, 6H); 13C NMR (125 MHz, CDCl3)  172.0, 160.4, 158.5, 151.1, 150.7, 143.2, 134.5, 

131.8, 130.7,128.9, 126.4, 126.2, 126.1, 125.2, 116.4, 113.0, 112.9, 76.2, 49.6, 46.0, 41.1, 

31.2, 24.6, 22.4, 22.3, 18.2.  

2-(4-{3-[4-(4-Methyl-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6e).  To 

a solution of 2-(4-{3-[4-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5e-i) (0.71 g, 1.7 mmol) in 

DMF (7 ml), was added 4-methyl benzyl bromide (0.63g, 3.4 mmol) and powdered 

K2CO3 (1.38 g, 10 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (50 mL) and extracted with 

ETOAc (3 x 30 mL). The combined organic extracts were concentrated to an oil, which 

was purified by flash chromatography (gradient elution, 8:2 to 1:1 Hexanes/ETOAc to 

give the desired product as an oil 0.72 g in 80% yield. 1H NMR (500 MHz, CDCl3)  

7.30 (d, 2H), 7.18 (m, 4H), 7.06 (d, 2H), 6.94 (d, 2H), 6.75 (d, 2H), 4.94 (s, 2H), 4.79 (s, 

2H), 3.78 (s, 3H), 2.52 (t, 2H), 2.35 (s, 6H), 2.33 (t, 2H), 1.82 (t, 2H), 1.59 (s, 6H); 13C 

NMR (125 MHz, CDCl3)  171.9, 151.3, 150.7, 143.4, 134.8, 134.4, 132.0, 130.8, 130.1, 

126.6, 126.4, 126.3, 126.2, 125.2, 124.6, 116.5, 76.2, 49.5, 46.0, 41.6, 31.2, 24.6, 22.4, 

22.3, 18.2. 

2-(4-{3-[4-(3,4,5-Trimethoxy-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6f).  To a 
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solution of 2-(4-{3-[4-(3,4,5-trimethoxy -benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-

yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5f-i) (0.80 g, 1.6 mmol) in 

DMF (10 ml), was added 4-methyl benzyl bromide (0.67g, 3.6 mmol) and powdered 

K2CO3 (1.52 g, 11 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to ambient temperature, the reaction mixture was diluted with water (50 mL) and 

extracted with EtOAc (3 x 30 mL). The combined organic extracts were concentrated to 

an oil, which was purified by flash chromatography (gradient elution, 9:1 to 7:3 

Hexanes/EtOAc to give the desired product as an oil 0.76 g in 78% yield. 1H NMR (500 

MHz, CDCl3)  7.23 (d, 2H), 7.10 (d, 2H), 6.93 (d, 2H), 6.72 (d, 2H), 6.34 (s, 2H), 4.91 

(s, 2H), 4.66 (s, 2H), 3.79 (s, 3H), 3.74 (s, 9H), 2.52 (t, 2H), 2.36 (t, 2H), 2.29 (s, 3H), 

1.85 (t, 2H), 1.54 (s, 6H); 13C NMR (125 MHz, CDCl3)  171.8, 159.6, 151.2, 150.7, 

143.3, 134.5, 132.0, 130.8,128.7, 126.3, 126.1, 125.1, 116.5, 101.3, 76.2, 57.9, 53.2, 49.5, 

46.0, 41.9, 31.2, 28.5, 24.5, 22.4, 18.2.  

2-(4-{3-[4-(2-Chloro-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6g).  To 

a solution of 2-(4-{3-[4-(2-chloro-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5g-i) (1.33 g, 3.0 mmol) in 

DMF (10 ml), was added 4-methylbenzyl bromide (1.25 g, 6.8 mmol) and powdered 

K2CO3 (2.50 g, 18 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (50 mL) and extracted with 

EtOAc (3 x 30 mL).  The combined organic extracts were concentrated to an oil, which 

was purified by flash chromatography (gradient elution, 9:1, 8:2 to 7:3 Hexanes/EtOAc to 

give the desired product as an oil 1.45 g in 88% yield. 1H NMR (500 MHz, CDCl3)  
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7.40 (dd, 1H), 7.30 (m, 2H), 7.24 (m, 2H), 7.18 (d, 2H), 7.07 (dd, 1H), 6.94 (d, 2H), 6.74 

(d, 2H), 4.97 (s, 2H), 4.94 (s, 2H), 3.79 (s, 3H), 2.53 (t, 2H), 2.36 (t, 2H), 2.34 (s, 3H), 

1.83 (t, 2H), 1.59 (s, 6H); 13C NMR (125 MHz, CDCl3)  172.0, 151.2, 150.6, 143.4, 

134.5, 131.9, 130.7,130.4, 129.5, 126.8, 126.4, 126.3, 126.2, 125.3, 125.2, 124.5, 116.4, 

76.2, 49.6, 46.0, 39.0, 31.2, 24.6, 22.4, 22.3, 18.3.  

2-(4-{3-[4-(4-Methyl-benzyl-1-(4-vinyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-

3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6h). To a solution of 2-

(4-{3-[4-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-

2-methyl-propionic acid methyl ester (5e-i) (1.02 g, 2.4 mmol) in DMF (10 ml), was 

added 4-vinylbenzyl chloride (0.92 g, 6.0 mmol) and powdered K2CO3 (1.9 g, 14 mmol) 

and the resulting mixture heated at 45 oC for overnight. After cooling to RT, the reaction 

mixture was diluted with water (50 mL) and extracted with EtOAc (3 x 30 mL).  The 

combined organic extracts were concentrated to an oil, which was purified by flash 

chromatography (gradient elution, 9:1 to 7:3 Hexanes/EtOAc to give the desired product 

as white solid 1.3 g. Crystallization by EtOAc gave white crystals 0.91 g in 70% yield, 

mp: 76.7oC.  1H NMR (500 MHz, CDCl3)  7.35 (d, 2H), 7.27 (d, 2H), 7.03 (d, 2H), 7.10 

(d, 2H), 6.88 (d, 2H), 6.71 (d, 2H), 6.63 (m, 1H), 5.71 (d, 1H), 5.21 (d, 1H), 4.92 (s, 2H), 

4.69 (s, 2H), 3.73 (s, 3H), 2.48 (t, 2H), 2.32 (s, 3H), 2.29 (t, 2H), 1.77 (t, 2H), 1.54 (s, 

6H); 13C NMR (125 MHz, CDCl3)  172.0, 151.3, 150.7, 143.5, 134.9, 134.2, 133.5, 

133.3, 132.0, 130.0, 126.7, 126.2, 125.4, 124.3, 123.5, 116.4, 76.2, 49.6, 45.9, 41.7, 31.2, 

24.6, 22.4, 18.2.  Anal. Calcd for C33H37N3O4: C, 73.44; H, 6.91; N, 7.79.  Found:  C, 

73.75; H, 7.01; N, 7.77. 
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2-(4-{3-[4-(4-Methoxy-benzyl)-1-(3-methoxy-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6i).  To a 

solution of 2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5a-i) (0.33 g, 0.8 mmol) in 

DMF (10 ml), was added 3-methoxybenzyl bromide (0.40 g, 2.0 mmol) and powdered 

K2CO3 (0.7 g, 5.0 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (50 mL) and extracted with 

EtOAc (3 x 25 mL).  The combined organic extracts were concentrated to an oil, which 

was purified by flash chromatography (gradient elution, 8:2 to 1:1 Hexanes/EtOAc to 

give the desired product as oil 0.34 g in 76% yield. 1H NMR (500 MHz, CDCl3)  7.23 (t, 

1H), 7.09 (d, 2H), 6.93 (d, 4H), 6.83 (s, 1H), 6.81 (d, 2H), 6.73 (d, 2H), 4.93 (s, 2H), 4.68 

(s, 2H), 3.77 (s, 3H), 3.76 (s, 3H), 3.75 (s, 3H), 2.52 (t, 2H), 2.33 (t, 2H), 1.83 (m, 2H), 

1.56 (s, 6H); 13C NMR (125 MHz, CDCl3)  171.9, 156.9, 151.3, 150.7, 143.5, 134.6, 

135.3, 132.0, 126.7, 126.2, 125.8, 125.1, 117.3, 116.4, 111.3, 110.5, 110.4, 76.2, 52.4, 

52.3, 49.5, 46.1, 41.4, 31.2, 24.6, 22.4, 22.3.

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-t-butyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6j). To a 

solution of 2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5a-i) (0.33 g, 0.8 mmol) in 

DMF (10 ml), was added 4-t-butyl-benzyl bromide (0.40 g, 2.0 mmol) and powdered 

K2CO3 (0.7 g, 5.0 mmol) and the resulting mixture heated at 45 oC for overnight. After 

cooling to RT, the reaction mixture was diluted with water (50 mL) and extracted with 

EtOAc (3 x 25 mL). The combined organic extracts were concentrated to an oil, which 
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was purified by flash chromatography (gradient elution, 8:2 to 1:1 Hexanes/EtOAc to 

give the desired product as oil 0.30 g in 64% yield. 1H NMR (500 MHz, CDCl3)  7.34 

(d, 2H), 7.28 (d, 2H), 7.10 (d, 2H), 6.94 (d, 2H), 6.84 (d, 2H), 6.75 (d, 2H), 4.92 (s, 2H), 

4.68 (s, 2H), 3.79 (s, 3H), 3.76 (s, 3H), 2.52 (t, 2H), 2.35 (t, 2H), 1.82 (t, 2H), 1.57 (s, 

6H), 1.32 (s, 9H); 13C NMR (125 MHz, CDCl3)  172.0, 156.4, 151.3, 150.7, 147.6, 

143.4, 132.0, 130.7, 126.2, 125.8, 125.1, 124.9, 122.6, 116.4, 111.3, 76.2, 52.4, 50.0, 

45.8, 41.4, 31.6, 28.4, 24.6, 22.4, 22.3. 

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-trifluoromethyl-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6k).  To 

a solution of 2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5a-i) (0.51 g, 0.12 mmol) in 

DMF (10 ml), was added 4-(trifluromethyl)benzyl bromide (0.80 g, 3.3 mmol) and 

powdered K2CO3 (1.1 g, 8.0 mmol) and the resulting mixture heated at 45 oC for 

overnight. After cooling to RT, the reaction mixture was diluted with water (50 mL) and 

extracted with EtOAc (3 x 25 mL). The combined organic extracts were concentrated to 

an oil, which was purified by flash chromatography (gradient elution, 8:2 to 1:1 

Hexanes/EtOAc to give the desired product as oil 0.65 g in 90% yield. 1H NMR (500 

MHz, CDCl3)  7.59 (d, 2H), 7.45 (d, 2H), 7.10 (d, 2H), 6.94 (d, 2H), 6.85 (d, 2H), 6.75 

(d, 2H), 5.00 (s, 2H), 4.69 (s, 2H), 3.79 (s, 3H), 3.76 (s, 3H), 2.54 (t, 2H), 2.36 (t, 2H), 

1.84 (t, 2H), 1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  171.9, 156.5, 151.3, 150.7, 

143.9, 137.7, 131.8, 127.2, 126.9, 126.2, 125.8, 124.9, 122.8, 122.7, 122.6, 122.3, 116.5, 

111.4, 76.2, 52.4, 49.5, 45.6, 41.5, 31.2, 24.5, 22.4, 22.3. 
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2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-trifluoromethoxy-benzyl)-5-oxo-4,5-dihydro-1H-

[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6l).  To a 

solution of 2-(4-{3-[4-(4-Methoxy-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid methyl ester (5a-i) (0.33 g, 0.8 mmol) in 

DMF (10 ml), was added 4-trifluoromethoxy-benzyl bromide (0.40 g, 2.0 mmol) and 

powdered K2CO3 (0.7 g, 5.0 mmol) and the resulting mixture heated at 45 oC for 

overnight. After cooling to RT, the reaction mixture was diluted with water (50 mL) and 

extracted with EtOAc (3 x 25 mL). The combined organic extracts were concentrated to 

an oil, which was purified by flash chromatography (gradient elution, 8:2 to 1:1 

Hexanes/EtOAc to give the desired product as oil 0.30 g in 64% yield. 1H NMR (500 

MHz, CDCl3)  7.38 (d, 2H), 7.36 (d, 2H), 7.09 (d, 2H), 6.94 (d, 2H), 6.85 (d, 2H), 6.74 

(d, 2H), 4.95 (s, 2H), 4.68 (s, 2H), 3.79 (s, 3H), 3.76 (s, 3H), 2.53 (t, 2H), 2.36 (t, 2H), 

1.83 (t, 2H), 1.57 (s, 6H); 13C NMR (125 MHz, CDCl3)  172.0, 156.5, 151.2, 150.7, 

145.8, 143.8, 132.5, 131.9, 126.6, 125.8, 125.0, 118.2, 116.5, 111.4, 76.2, 52.4, 49.5, 

45.4, 41.4, 31.2, 24.5, 22.4. 

General saponification procedure to make final compounds 7a to 7l: 

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7a, DY121).  A 

solution of 2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6a) (1.41 

g, 2.6 mmol) in methanol (10 mL) was treated with 2N NaOH (5.0 ml) and the mixture 

stirred overnight at ambient temperature. After concentration to dryness, the residue was 

dissolved in water (35 mL), the solution acidified to pH 3 with concentrated hydrochloric 
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acid, then extracted into methylene chloride (3 x 20 mL). The combined organic extracts 

were dried over Na2SO4, and then concentrated in vacuo to provide the carboxylic acid as 

waxy oil.  Solidification of the waxy oil from 9:1 ether/pet ether gave white solid (7a) 

1.03 g in 75% yield, mp: 118.6oC.  1H NMR (500MHz, CDCl3)  7.22 (d, 2H), 7.16 (d, 

2H), 7.09 (d, 2H), 6.90 (d, 2H), 6.83(d, 2H), 6.79 (d, 2H), 4.93 (s, 2H), 4.77 (s, 2H), 3.80 

(s, 3H), 2.53 (t, 2H), 2.34 (s, 3H), 2.31(t, 2H), 1.84 (t, 2H), 1.60 (s, 6H); 13C NMR 

(125MHz, CDCl3)  177.7, 160.6,155.5, 154.3, 147.8, 138.8, 136.9, 134.9, 130.7, 130.6, 

130.1, 129.5, 129.3, 121.6, 115.7, 67.2, 56.7, 50.3, 45.7, 35.4, 28.6, 26.6, 22.5.  Anal. 

Calcd for C31H35N3O5 
. H2O: C, 67.98; H, 6.81; N, 7.67.  Found:  C, 67.83; H, 6.69; N, 

7.48.  

2-(4-{3-[4-(3-Methoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7b).  A solution of 

2-(4-{3-[4-(3-Methoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-

3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6b) (1.14 g, 2.1 mmol) in 

methanol (10 mL) was treated with 2N NaOH (5.0 mL) and the mixture stirred overnight 

at ambient temperature. After concentration to dryness, the residue was dissolved in 

CH2Cl2 (10 mL), water (35 mL) was added, and the solution was acidified to pH3 with 

concentrated hydrochloric acid, then extracted into methylene chloride (3 x 20 mL). The 

combined organic extracts were dried over Na2SO4, and then concentrated in vacuo to 

provide the carboxylic acid as waxy oil. Solidification of the waxy oil from 9:1 ether/pet 

ether gave white solid (7b) 0.72 g in 53% yield, mp: 117.6oC. 1H NMR (500MHz, 

CDCl3)  7.24 (d, 2H), 7.21 (t, 1H), 7.13 (d, 3H), 6.89 (d, 2H), 6.81 (t, 2H), 6.70 (d, 2H), 

4.92 (s, 2H), 4.64 (s, 2H), 3.76 (s, 3H), 2.52 (t, 2H), 2.32 (s, 3H), 2.29 (t, 2H), 1.85 (t, 
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2H), 1.56 (s, 6H); 13C NMR (125MHz, CDCl3)  173.3, 158.5, 152.5, 149.8, 143.8, 

134.5, 134.4, 132.6, 130.6, 127.0, 126.3, 126.2, 126.1, 125.2, 117.3, 116.4, 110.5, 109.8, 

76.8, 52.3, 46.0, 41.7, 31.1, 24.3, 22.2, 22.1.  Anal. Calcd for C31H35N3O5 
.  ½  H2O: C, 

69.12; H, 6.54; N, 7.80.  Found:  C, 68.91; H, 6.47; N, 7.86.  

2-(4-{3-[4-Benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-yl]-

propyl}-phenoxy)-2-methyl-propionic acid (7c). A solution of 2-(4-{3-[4-benzyl-1-(4-

methyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-

propionic acid methyl ester (6c) (0.55 g, 1.0 mmol) in methanol (7.5 mL) was treated 

with 2N NaOH (5 mL) and the mixture stirred overnight at ambient temperature. After 

concentration to dryness, the residue was dissolved in CH2Cl2 (25 mL), water (5 mL) was 

added, and the solution was acidified to pH3 with concentrated hydrochloric acid, then 

extracted into methylene chloride (3 x 20 mL). The combined organic extracts were dried 

over Na2SO4, and then concentrated in vacuo to provide the carboxylic acid as waxy oil, 

which was purified by flash chromatography (95:5 CH2Cl2/MeOH to give the desired 

product as an oil  (7c) 0.39 g in 78% yield. Solidification of the waxy oil from 9:1 

ether/pet ether gave white solid, mp: 49.8oC. 1H NMR (500MHz, CDCl3)  7.24 (m, 4H), 

7.11 (t, 4H), 6.79 (dd, 4H), 4.92 (s, 2H), 4.74 (s, 2H), 2.43 (t, 2H), 2.30 (s, 3H), 2.29 (t, 

2H), 1.76 (t, 2H), 1.47 (s, 6H); 13C NMR (125MHz, CDCl3)  175.5, 151.5, 143.4, 134.4, 

132.9, 132.1, 127.0, 126.9, 126.3, 125.9, 125.2, 125.0, 124.7, 124.2, 124.0, 117.4, 116.8, 

76.9, 45.9, 41.8, 31.1, 26.8, 22.6, 21.6, 18.2.  Anal. Calcd for C30H33N3O4 
. 2H2O: C, 

65.08; H, 6.37; N, 7.59.  Found:  C, 65.02; H, 6.28; N, 7.49.    

2-(4-{3-[4-Fluoro-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-

yl]-propyl}-phenoxy)-2-methyl-propionic acid (7d).  A solution of 2-(4-{3-[4-(4-
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fluoro-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (96) (0.36 g, 0.68 mmol) in methanol (7.5 

mL) was treated with 2N NaOH (5 mL) and the mixture stirred overnight at ambient 

temperature. After concentration to dryness, the residue was dissolved in CH2Cl2 (30 

mL), water (10 mL) was added, and the solution was acidified to pH3 with concentrated 

hydrochloric acid, then extracted into methylene chloride (2 x 30 mL). The combined 

organic extracts were dried over Na2SO4, and then concentrated in vacuo to provide the 

carboxylic acid as waxy oil.  Solidification of the waxy oil from methylene chloride gave 

white solid (10d) 0.28 g in 80% yield, mp: 60.2oC. 1H NMR (500MHz, CDCl3)  7.23 (d, 

2H), 7.11 (t, 4H), 6.97 (t, 2H), 6.83 (m, 4H), 4.88 (s, 2H), 4.62 (s, 2H), 2.48 (t, 2H), 2.29 

(s, 3H), 2.30 (t, 2H), 1.80 (t, 2H), 1.57 (s, 6H); 13C NMR (125MHz, CDCl3)  170.7, 

160.4, 158.5, 156.4, 151.0, 143.2, 134.6, 130.6, 128.8, 126.4, 126.2, 126.1, 125.9, 125.3, 

117.7, 113.0, 112.8, 76.7, 46.0, 41.1, 31.1, 24.4, 22.3, 22.2, 18.2.  Anal. Calcd for 

C30H32FN3O4 
. 2/3 H2O: C, 68.03; H, 6.34; N, 7.93; F, 3.58.  Found:  C, 67.83; H, 6.43; N, 

7.72; F, 3.23.  

2-(4-{3-[4-Methyl-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-

yl]-propyl}-phenoxy)-2-methyl-propionic acid (7e). A solution of 2-(4-{3-[4-(4-

methyl-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (6e) (0.72 g, 1.4 mmol) in methanol (15 

mL) was treated with 2N NaOH (10 mL) and the mixture stirred overnight at ambient 

temperature. After concentration to dryness, the residue was dissolved in CH2Cl2 (30 

mL), water (10 mL) was added, and the solution was acidified to pH3 with concentrated 

hydrochloric acid, then extracted into methylene chloride (2 x 30 mL). The combined 
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organic extracts were dried over Na2SO4, and then concentrated in vacuo to provide the 

carboxylic acid as an oil, which was purified by flash chromatography (98:2 

CH2Cl2/MeOH to give the desired product as a waxy oil (0.57 g) in 78% yield. 1H NMR 

(500MHz, CDCl3)  7.24 (t, 2H), 7.12 (m, 4H), 7.07 (d, 2H), 6.83 (dd, 4H), 4.90 (s, 2H), 

4.65 (s, 2H), 2.46 (t, 2H), 2.30 (s, 6H), 2.29 (t, 2H), 1.77 (t, 2H), 1.51 (s, 6H); 13C NMR 

(125MHz, CDCl3)  174.6, 151.2, 150.2, 143.5, 134.9, 134.8, 132.5, 126.8, 126.6, 126.3, 

125.8, 125.4, 125.2, 124.9, 124.5, 124.3, 117.6, 77.1, 50.5, 46.0, 41.7, 31.2, 26.8, 24.4, 

22.3, 18.2.  Anal. Calcd for C31H35N3O4
. 2H2O: C, 67.73; H, 6.42; N, 7.65.  Found:  C, 

67.83; H, 6.45; N, 7.42.  

2-(4-{3-[3,4,5-Trimethoxy-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7f).  A solution of 

2-(4-{3-[4-(3,4,5-trimethoxy-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6f) (0.76 

g, 1.3 mmol) in methanol (15 mL) was treated with 2N NaOH (10 mL) and the mixture 

stirred five hours at ambient temperature. After concentration to dryness, the residue was 

dissolved in CH2Cl2 (35 mL), water (10 mL) was added, and the solution was acidified to 

pH2 with concentrated hydrochloric acid, then extracted into methylene chloride (3 x 30 

mL).  The combined organic extracts were dried over Na2SO4, and then concentrated in 

vacuo to provide the carboxylic acid as waxy oil, which was purified by flash 

chromatography (98:2 CH2Cl2/MeOH) to give the desired product which was solidified 

from pet. ether to give white solid (7f) 0.57 g in 74% yield, mp: 58.8oC.  1H NMR 

(500MHz, CDCl3)  7.27 (d, 2H), 7.12 (d, 2H), 6.90 (d, 2H), 6.78(d, 2H), 6.31 (s, 2H), 

4.94 (s, 2H), 4.64 (s, 2H), 3.80 (s, 3H), 3.74 (s, 6H), 2.56 (t, 2H), 2.34 (t, 2H), 2.31 (s, 
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3H), 1.88 (t, 2H), 1.56 (s, 6H); 13C NMR (125MHz, CDCl3)  173.4, 151.3, 150.6, 150.0, 

143.5, 134.6, 132.4, 130.7, 128.6, 126.4, 126.2, 125.2, 117.3, 101.2, 76.7, 58.0, 53.2, 

46.1, 41.9, 31.0, 24.1, 22.2, 22.1, 18.2.  Anal. Calcd for C33H39N3O7 
. ½H2O: C, 66.19; H, 

6.56; N, 7.02.  Found:  C, 65.98; H, 6.27; N, 6.81.  

2-(4-{3-[2-Chloro-benzyl-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-

yl]-propyl}-phenoxy)-2-methyl-propionic acid (7g).  A solution of 2-(4-{3-[4-(2-

chloro-benzyl)-1-(4-methyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (6g) (1.45 g, 2.6 mmol) in methanol (15 

mL) was treated with 2N NaOH (10 mL) and the mixture stirred overnight at ambient 

temperature. The reaction mixture was concentrated, dissolved in CH2Cl2 (30 mL), water 

(10 mL) was added, and the solution was acidified to pH3 with concentrated hydrochloric 

acid, then extracted into methylene chloride (2 x 30 mL). The combined organic extracts 

were dried over Na2SO4, and then concentrated in vacuo to provide the carboxylic acid as 

waxy oil. Solidification of the waxy oil from pet ether gave white solid (7g) 1.02 g in 

73% yield, mp: 126.5oC. 1H NMR (500MHz, CDCl3)  7.36 (t, 1H), 7.27 (t, 1H), 7.20 

(m, 2H), 7.14 (d, 2H), 7.03 (d, 2H), 6.90 (d, 2H), 6.79 (d, 2H), 4.94 (s, 2H), 4.88 (s, 2H), 

2.52 (t, 2H), 2.34 (s, 3H), 2.31 (t, 2H), 1.82 (t, 2H), 1.56 (s, 6H); 13C NMR (125MHz, 

CDCl3)  173.9, 151.3, 149.9, 143.5, 134.6, 132.6, 130.5, 130.3, 129.5, 126.8, 126.4, 

126.2, 125.4, 125.3, 124.6, 117.4, 76.7, 46.1, 39.0, 31.2, 24.5, 22.3, 22.2, 18.3.  Anal. 

Calcd for C30H32ClN3O4: C, 67.47; H, 6.04; N, 7.87; Cl, 6.64.  Found:  C, 67.65; H, 5.90; 

N, 6.79, Cl, 6.83.  

2-(4-{3-[4-(4-Methyl-benzyl-1-(4-vinyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-

3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7h).  To a solution of 2-(4-{3-[4-(4-
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Methyl-benzyl-1-(4-vinyl-benzyl)-5-oxo-4,5-dihydro-1H-[1,2,4]triazol-3-yl]-propyl}-

phenoxy)-2-methyl-propionic acid methyl ester (6h) (0.33 g, 0.6 mmol) in methanol (7.5 

mL) was treated with 2N NaOH (5 mL) and the mixture stirred 48 hours at ambient 

temperature. The reaction mixture was concentrated, dissolved in CH2Cl2 (10 mL), water 

(5 mL) was added, and the solution was acidified to pH3 with concentrated hydrochloric 

acid, then extracted into methylene chloride (2 x 20 mL).  The combined organic extracts 

were dried over Na2SO4, and then concentrated in vacuo to provide the carboxylic acid as 

waxy oil. Solidification of the waxy oil from ether gave white solid (7h) 0.25 g in 78% 

yield, mp: 127.4oC. 1H NMR (500MHz, CDCl3)  7.37 (d, 2H), 7.32 (d, 2H), 7.11 (d, 

2H), 7.04 (d, 2H), 6.90 (d, 2H), 6.81 (d, 2H), 6.71 (m, 1H), 5.73 (d, 1H), 5.23 (d, 1H), 

4.95 (s, 2H), 4.68 (s, 2H), 2.51 (t, 2H), 2.34 (t, 2H), 2.31 (s, 3H), 1.82 (t, 2H), 1.57 (s, 

6H); 13C NMR (125MHz, CDCl3)  173.8, 151.3, 150.0, 143.7, 134.9, 134.2, 133.5, 

133.1, 132.6, 129.8, 126.7, 126.3, 125.5, 124.3, 123.6, 117.3, 111.1, 76.7, 46.0, 41.7, 

41.7, 31.2, 24.4, 22.4, 22.2, 18.2.  Anal. Calcd for C32H35N3O4: C, 73.12; H, 6.71; N, 

7.99.  Found:  C, 72.85; H, 6.71; N, 7.72.  

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(3-methoxy-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7i).  A solution of 

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(3-methoxy-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6i) (0.25 

g, 0.45 mmol) in methanol (10 mL) was treated with 2N NaOH (7 ml) and the mixture 

stirred 4 hours at ambient temperature. After concentration to dryness, the residue was 

dissolved in CH2Cl2 (35 mL), water (10 mL), the solution acidified to pH 2 with 

concentrated hydrochloric acid, then extracted into methylene chloride (3 x 20 mL). The 
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combined organic extracts were dried over Na2SO4, and then concentrated in vacuo to 

provide the carboxylic acid as waxy oil, which was purified by flash chromatography 

(95:5 CH2Cl2/MeOH) to give the desired product which was solidified from pet. ether to 

give white semi-solid (7i) 0.19 g in 76% yield, mp: 68.8oC. 1H NMR (500MHz, CDCl3)  

7.25 (m, 1H), 7.08 (d, 2H), 6.93 (m, 3H), 6.82 (m, 4H), 6.83(d, 2H), 4.92 (s, 2H), 4.63 (s, 

2H), 3.78 (s, 3H), 3.77 (s, 3H), 2.54 (t, 2H), 2.34 (t, 2H), 1.87 (t, 2H), 1.55 (s, 6H); 13C 

NMR (125MHz, CDCl3)  168.3, 156.9, 156.3, 143.5, 135.2, 132.8, 126.7, 126.3, 125.8, 

125.1, 117.6, 111.4, 110.5, 76.1, 57.5, 52.4, 46.1, 31.1, 24.2, 22.3, 22.1.  Anal. Calcd for 

C31H35N3O6 
.  3/2 H2O: C, 65.01; H, 6.16; N, 7.33.  Found:  C, 64.77; H, 6.37; N, 7.17.  

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-t-butyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7j). A solution of 

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-t-butyl-benzyl)-5-oxo-4,5-dihydro-1H[1,2,4]triazol-

3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6j) (0.2 g, 0.34 mmol) in 

methanol (10 mL) was treated with 2N NaOH (7 ml) and the mixture stirred overnight at 

ambient temperature. After concentration to dryness, the residue was dissolved in 

methylene chloride (35 ml), water (10 mL), the solution acidified to pH 2 with 

concentrated hydrochloric acid, then extracted into methylene chloride (3 x 20 mL). The 

combined organic extracts were dried over Na2SO4, and then concentrated in vacuo to 

provide the carboxylic acid as waxy oil, which was purified by flash chromatography 

(95:5 CH2Cl2/MeOH) to give the desired product which was solidified from pet. ether to 

give white semi-solid (10j) 0.15 g in 75% yield, mp: 78.9oC. 1H NMR (500MHz, CDCl3) 

 7.35 (d, 2H), 7.27 (m, 2H), 7.08 (d, 2H), 6.88 (d, 2H), 6.82 (d, 2H), 6.78 (d, 2H), 4.91 

(s, 2H), 4.61 (s, 2H), 3.77 (s, 3H), 2.54 (t, 2H), 2.33 (s, 3H), 1.85 (t, 2H), 1.55 (s, 6H), 
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1.29 (s, 9H); 13C NMR (125MHz, CDCl3)  172.0, 156.3,151.2, 149.8, 147.7, 133.7, 

132.6, 130.6, 126.3, 125.8, 125.1, 125.0, 122.6, 117.6, 111.4, 77.1, 52.4, 45.9, 41.4, 31.6, 

28.4, 24.3, 22.4, 22.2.  Anal. Calcd for C34H41N3O5 
. ½ H2O: C, 70.32; H, 7.12; N, 7.23.  

Found:  C, 70.51; H, 7.26; N, 7.17.  

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-trifluoromethyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7k). A solution of 

2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-trifluoromethyl-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6k) (0.72 

g, 1.2 mmol) in methanol (7.5 mL) was treated with 2N NaOH (5 ml) and the mixture 

stirred overnight at ambient temperature.  After concentration to dryness, the residue was 

dissolved in methylene chloride (25 ml), water (10 mL), the solution acidified to pH 2 

with concentrated hydrochloric acid, then extracted into methylene chloride (3 x 25 mL). 

The combined organic extracts were dried over Na2SO4, and then concentrated in vacuo 

to provide the carboxylic acid as waxy oil, which was purified by flash chromatography 

(95:5 CH2Cl2/MeOH) to give the desired product which was solidified from pet. ether to 

give white semi-solid (7k) 0.62 g in 89% yield, mp: 45.9oC. 1H NMR (500MHz, CDCl3) 

 7.59 (d, 2H), 7.45 (d, 2H), 7.07 (d, 2H), 6.86 (d, 2H), 6.82 (d, 2H), 6.75 (d, 2H), 4.98 

(s, 2H), 4.61 (s, 2H), 3.78 (s, 3H), 2.54 (t, 2H), 2.35 (s, 3H), 1.87 (t, 2H), 1.51 (s, 6H); 

13C NMR (125MHz, CDCl3)  174.2, 156.4, 151.2, 149.9, 143.8, 137.5, 132.4, 127.2, 

127.0, 126.2, 125.8, 125.5, 124.9, 122.8, 117.5, 111.4, 77.2, 52.4, 45.6, 41.4, 31.1, 24.4, 

22.3, 22.2.  Anal. Calcd for C31H32F3N3O5 
.  ½ H2O: C, 62.82; H, 5.44; N, 7.09.  Found:  

C, 62.60; H, 5.34; N, 6.94. 
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2-(4-{3-[4-(4-Methoxy-benzyl)-1-(4-trifluoromethox-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid (7l). A solution of 2-

(4-{3-[4-(4-Methoxy-benzyl)-1-(4-trifluoromethoxy-benzyl)-5-oxo-4,5-dihydro-

1H[1,2,4]triazol-3-yl]-propyl}-phenoxy)-2-methyl-propionic acid methyl ester (6l) (0.67 

g, 1.1 mmol) in methanol (7.5 mL) was treated with 2N NaOH (6 ml) and the mixture 

stirred overnight at ambient temperature.  After concentration to dryness, the residue was 

dissolved in methylene chloride (25 ml), water (10 mL), the solution acidified to pH 2 

with concentrated hydrochloric acid, then extracted into methylene chloride (3 x 20 mL). 

The combined organic extracts were dried over Na2SO4, and then concentrated in vacuo 

to provide the carboxylic acid as waxy oil, which was purified by flash chromatography 

(95:5 CH2Cl2/MeOH) to give the desired product which was solidified from pet. ether to 

give white semi-solid (7l) 0.60 g in 91% yield, mp: 78.9oC. 1H NMR (500MHz, CDCl3)  

7.34 (d, 2H), 7.13 (d, 2H), 7.06 (d, 2H), 6.81 (d, 2H), 6.77 (d, 2H), 6.69 (d, 2H), 4.88 (s, 

2H), 4.60 (s, 2H), 3.71 (s, 3H), 2.46 (t, 2H), 2.32 (s, 3H), 1.80 (t, 2H), 1.31 (s, 6H); 13C 

NMR (125MHz, CDCl3)  177.5, 156.4,151.1, 149.9, 145.8, 143.6, 132.6, 132.4, 126.6, 

125.9, 125.7, 124.9, 119.1, 118.5, 118.2, 111.4, 78.9, 52.3, 45.3, 41.4, 31.2, 24.3, 22.5, 

22.3.  Anal. Calcd for C31H32F3N3O6 
.  3/2 H2O: C, 59.41; H, 5.14; N, 6.70.  Found:  C, 

59.30; H, 5.13; N, 6.57.  

Biology

Cell-based transactivation assays.  Cell based transactivation assays were performed in 

monkey CV1 kidney cells as described.28  PPARα activity was assayed with a GAL4 

reporter construct and fusion proteins containing the ligand binding domains of human 
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PPARα, human PPARγ and human PPARδ linked to the DNA binding domain of yeast 

GAL4. Reporter constructs (300 ng/105 cells) and cytomegalovirus-driven expression 

vectors (20–50 ng/105 cells) were added as indicated along with CMX-β-gal (500 ng/105 

cells) as an internal control. Cells were transiently transfected by Lipofectamine as 

described. Cells were incubated with DNA complexed liposomes for 2 h and 

subsequently treated for approximately 45 h with phenol red free DMEM FBS containing 

the indicated compounds. After exposure to ligand, the cells were harvested and assayed 

for luciferase and β-galactosidase activity. All points were assayed in triplicate and varied 

by less than 15%.  Each experiment was repeated three or more times with similar results.  

Fold activation is reported.  The activity of the vehicle control was set at 100%, and the 

relative luciferase activities obtained are presented as fold induction with respect to the 

activity in the vehicle control.

RNA Preparation and Quantification of Gene Expression Levels.  For mRNA 

expression analysis in CV1 cells, the pDEST/hPPARα-transfected CV1 cells were 

cultured on 12-well tissue culture plates as previously described.28 Briefly, 24 h after 

transfection, the cells were incubated in maintenance medium supplemented with drug 

for another 48 h, and then total RNA samples were prepared and reverse transcribed. To 

quantify mRNA expression, PCR was performed using a fluorescence temperature cycler.  

All of the primer sets used in the CV1 study were described in our previous papers.28 All 

mRNA levels were represented as the ratio relative to that of the control in each 

experiment.

Plasmid Construction.  Expression plasmids containing the GAL4 DNA-binding 

domain (GAL4) fused to the PPARα-ligand-binding domain (LBD) (159−468 a.a.), 
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PPARγ/δ-LBD (136−441 a.a.), and PPARγ-LBD (157−475 a.a.), as well as the PPRE-

driven luciferase reporter plasmid (pPPRE-Luc), were constructed as previously 

reported.28

Quantitative Real-time PCR.  The following oligonucleotide primers were used to 

amplify insertion sequences: 

for PPARα, FW-5′-GCGGGATCCGTGGACACGGAAAGCCCACTCTGCCCC-3′ and 

Rev-5′-ATCTCAGTACATGTCCCTGTAGATCTCCTGCA-3′; for RXRα, FW-5′ 

ATCATGGACACCAAACATTTCC-3′ and Rev-5′-CTAAGTCATTTGGTGCGG-3′.56

Total RNA was isolated from liver samples using the RNEasy kit (Qiagen, Valencia, 

CA).  First strand cDNA was prepared using the High Capacity cDNA Reverse 

Transcription Kit (Life Technologies).  Real-time qPCR was performed on an ABI-7500 

fast real time PCR system (Life Technologies) using Power SYBR Green master mix. 

After initial incubation for 2 min at 500C, the cDNA was denatured at 950C for 10 min 

followed by 40 cycles of PCR (950C for 15 s, 600C for 60 s).  The relative mRNA levels 

of all genes were quantified using the comparative Ct method with β-actin as an internal 

control.58 

Animal Experiments.  All animal experiments were carried out in accordance with a 

protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the 

City of Hope National Medical Center.  Eight-week old female C57BL/6J mice and 

mPPARα female mice (on C57BL/6J background) were purchased from Jackson 

Laboratory (Bar Harbor, ME, USA).  Animals were housed under standard 12:12 h light: 

dark cycle.  Animals were fed with either a high fat diet (HFD) (D129492: 60% fat, 20% 

protein and 20% carbohydrate; 5.24 kcal/g) or a low-fat diet (LFD) (D12450B; 10% fat, 
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20% protein; 70% carbohydrate; 3.85 kcal/g) from Research Diets (New Brunswick, NJ, 

USA).  Experimental animals were maintained on their respective diets and divided into 3 

groups (n = 8 per group): control, HFD + vehicle (corn oil), and HFD + drug.  Corn oil 

and drug (3 mg/kg/body weight) were administered orally by gavage at 200 ul total 

volume three times a week (Mon, Wed, Fri) during the early morning hours for 6 weeks. 

Body weights and food consumptions were monitored throughout the study.  At the end 

of the study, mice were sacrificed, blood was collected via cardiac puncture, and plasma 

separated subsequently for further analyses.  Tissue samples were collected and either 

snap-frozen and stored at -700C, or placed in 10% neutral buffer formalin (NBF) for 

further biochemical and immuno-histochemical analyses, respectively.

In an independent diet-induced model of hepatic steatosis, female C57BL/6J mice were 

fed a high fat (D129492: 60% fat, 20% protein and 20% carbohydrate; 5.24 kcal/g) diet 

for 3 weeks and administered drugs or vehicle orally at 3 mg/kg/day (DY-series and 

GW7647) and 100 mg/kg/day (WY14643) for 7-day prior to study.  Mice fed chow and 

given the dosing vehicle during the same period were compared to these groups as 

controls. 

Liver and Adipose Histology.  Liver or white adipose tissues (WAT) from the 

epididymal fat pads were rapidly removed, fixed in 10% NBF overnight and embedded in 

paraffin. Tissue blocks were sectioned 5 mm thick and stained with hematoxylin-eosin 

(H&E).  In addition, frozen portions of liver samples from each group were also 

embedded in OCT compound (Sakura Finetek, Torrance, CA, USA), sliced and stained 

with Oil Red O. Stained slides were observed and photographed under bright field 

microscope (AX70, Olympus, Tokyo, Japan) equipped with a digital camera (Retiga Exi, 
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Qimaging, Surrey, BC, Canada). Quantification of the Oil Red O staining was done by 

histologic scoring (n = 8 animals per group) using the color segmentation function of 

ImagePro Plus 6.3 software (Media Cybernetics Inc., Bethesda, MD, USA).  Similarly, 

the sizes of the epididymal WAT were estimated using ImagePro Plus.  In brief, 200 

random adipocytes from representative photomicrograph sections of each mouse (n = 8 

mice per group) were analyzed for cell size using the software.

Statistical analysis.  The GraphPad Prism 8 software package (GraphPad Software, 

USA) was used to perform statistical analysis. All quantitative data are presented as mean 

± S.E.M (scanning electron microscopy).  Numerical results were one representative of at 

least three times repeated experiments expressed as mean ± standard deviation (S.D.).  

Significant differences between mean values were determined.  p-Values of less than 0.05 

were considered statistically significant (*, p-value of ≤0.05. **, p-value of ≤0.01. ***, p-

value of ≤0.001).

Protocol for the Docking Studies.  Lead optimization from LY518674 and GW409544 

were carried out by using our in-house developed Side-chain Auto-Grow (SAG) 

algorithm.  The SAG algorithm is to optimize lead compound in-silico by growing the 

side-chains of lead compound using Schrödinger Combi-Glide.  For each growing point 

of a side-chain, up to 817 functional groups/side-chains will be attached to generate a 

library of new compounds.  Both the N2 and N4 positions of LY518674 molecule grew 

the 817 diverse side-chains simultaneously to generate a compound library of about 

667,489 analogs.  The docking structures of top 100 compounds were analyzed to assist 

our SAR development of more potent PPAR inhibitors which resulted in DY121 

compound.  DY121 and LY518674 were docked into a crystal structure of GW409544 
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bound with PPAR (PDB id 1k7l), PPARγ (PDB id 2f4b), and PPARδ (PDB id 1y0s).  

Structure preparation and docking computations were carried out in the Schrödinger Suite 

by using induce fit docking and Glide docking methods.22 The force field applied in the 

modeling process was OPLS_2005.  The Protein Preparation Wizard was used to detect 

and fix missing side-chains in the protein structure, assign the protonation state of acidic 

and basic residues at pH 7.0 ± 2.0, optimize the H-bond network, and finally carry out a 

restrained minimization to refine the geometry.  Crystal water molecules were removed 

in order not to interfere with the docking process.  The receptor grid was calculated with 

the default force field parameters, i.e., a van der Waals radius scaling factor of 1.0 and a 

partial charge cutoff of 0.25 Å.  The binding site was defined as a box centered on the 

centroid of the cocrystallized ligand, and its side length was set to 20 Å.  No constraints 

were applied. Possible protonation states at pH 7.0 ± 2.0 were enumerated by Epik. 

Tautomerized and low-energy 3D structures were produced for each ligand.  The flexible 

ligand docking was performed in Glide using the XP Extra Precision.  The default force 

field parameters were assigned to the atoms of ligands, consisting of scaling down the 

van der Waals radii by 0.8 and setting the partial charge cutoff to 0.15 Å.  The poses were 

subjected to a post docking minimization and selected according to their docking score 

and by visual inspection. 

Supporting Information Available

Additional elemental analysis, molecular docking, and biochemical data.  This material is 

available free of charge.
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