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Abstract The hypocholesterolemic activity for novel ureido 
fibrate analogues was found to be over 100-fold greater than 
for any "second-generation'' fibrate in cholesterol-fed rats. A 
comparison of 12 related analogues revealed that the optimal 
configuration for a urea-bridging region located between two 
aromatic rings consisted of a trisubstituted nitrogen, optimally 
substituted with a C7 alkyl chain and linked by dimethylene to 
a phenoxyisobutyrate moiety found in most fibrate analogues. 
The hypocholesterolemic potency of these compounds was 
found to correlate with their increased intrinsic fibrate activity 
as determined by the ability to induce mhydroxylase activity 
either in rat hepatocyte cultures or in vivo, and not with their 
10-fold increased ACAT inhibitory potency when compared 
to other fibrates. The most active compound, 2-(4(2-(N'-(2,4 
difluoropheny1)-N-heptylureido) ethyl) phenoxy)-2- 
methylpropionic acid, referred to as (2), was found to induce 
ohydroxylase activity in hepatocytes at concentrations be- 
tween 5 and 100 nM compared to 1-20 p~ concentrations for 
bezafibrate, and lower serum VLDL + LDL cholesterol in rats 
at doses between 0.1 and 0.5 mg/kg per day compared to 
doses of 25-100 mg/kg per day for bezafibrate. Single-dose 
pharmacokinetic studies with 2 indicated that total drug expe 
sure will be much lower at hypocholesterolemic doses due to 
the enhanced intrinsic activity, and may result in an improved 
safety profile for these novel trisubstituted ureido fibrate ana- 
logues in rats and humans compared to other fibrates.- 
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Hypercholesterolemia is now considered a major risk 
factor in the development of premature atherosclerosis. 

Past efforts to slow or even reverse this disease process 
have focused almost exclusively on the development of 
potent hypocholesterolemic agents. As a result of these 
efforts, several classes of hypolipidemic agents are now 
available for the control of hypercholesterolemia. 
These include the most recent class of agents, the HMG 
CoA reductase inhibitors (1), the second generation 
fibric acid derivatives (2), and the bile acid sequestrants 
(3). These various agents can be separated on the basis 
of their different mechanisms of action, and the combi- 
nation of cholesterol-lowering drugs from different 
classes represents a currently accepted therapy for ag- 
gressive cholesterol-lowering therapy. 

In recent years attention has been given to the devel- 
opment of agents that might possess direct acting anti- 
atherosclerotic activity in addition to the indirect effects 
resulting from hypocholesterolemic activity (4). For ex- 
ample, probucol is a unique hypocholesterolemic agent 
that may have additional antiatherosclerotic activity be- 
cause of its ability to function as an antioxidant in the 
arterial wall (5). Another area of pharmaceutical inter- 
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est for the development of direct acting antiatheroscle- 
rotic agents has focused on potent inhibitors of acyl- 
CoAcholesterol acyltransferase (ACAT, EC 2.3.1.26) 
activity (6, 7) .  AUT-dependent cholesterol esterifica- 
tion is thought to play an important role in the intesti- 
nal absorption of cholesterol, in hepatic VLDL synthesis 
and/or secretion, and in the formation of foam cells 
and fatty streaks in the arterial wall that are indicative 
of the early stages of atherosclerosis (8). It has been 
hypothesized that the inhibition of cholesterol esterifi- 
cation in the arterial wall would decrease foam cell for- 
mation and generate free cholesterol which would then 
be available for removal by HDL (9, 10). Recent studies 
in cholesterol-fed rabbits have demonstrated direct 
antiatherosclerotic effects in the arterial wall that were 
independent of the indirect antiatherosclerotic activity 

Fig 1. Chemical structures and A U T  inhibitoly po- 
tencies for LR-16, CL277,082, and two related ana- 
logues, BW-USG209 and BW-USC-148. The four com- 
pounds were tested for inhibition of ACAT activity 
using rat hepatic microsomes obtained from choles 
terol-fed rats as described in Materials and Methods. 
In the presence of the DMSO vehicle only, control 
ACAT activitywas 310 ? 50 pmoles/min. mgprotein. 
IC5,s were calculated from concentration-inhibition 
curves using at least six concentrations assayed in du- 
plicate. 

0.3 

5.4 

7.2 

resulting from decreases in serum cholesterol (11, 12). 
While several studies in cholesterol-fed animals have 
shown that A U T  inhibitors have potent hypocholester- 
olemic activity as a result of an inhibition of cholesterol 
absorption (13-16), studies with either Lederle’s proto- 
typical trisubstituted ureido ACAT inhibitor, CL277, 
082 (see Fig. 1) (17), or another more potent inhibitor, 
DuP 128 (IS), have found only minimal effects on ei- 
ther cholesterol absorption and excretion rates or on 
serum cholesterol concentrations in man. Therefore, it 
is likely that ACAT inhibitors would be used in combina- 
tion with a potent hypolipidemic agent in order to 
achieve direct and indirect antiatherosclerotic effects 
resulting from the inhibition of arterial ACAT activity 
and the lowering of serum cholesterol, respectively. For 
example, ACAT inhibitors could potentially be used in 
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combination with hypolipidemic agents from the fi- 
brate class. Second generation fibric acid derivatives 
such as bezafibrate and fenofibrate characteristically 
demonstrate good hypocholesterolemic and hypotri- 
glyceridemic activity as well as a propensity to increase 
plasma HDLcholesterol in humans (19). Thus, the 
combination of an ACAT inhibitor with an agent that 
increases HDL-cholesterol is a particularly attractive 
one because of their complementary mechanisms for 
increasing the net removal of cholesterol from the ath- 
erosclerotic lesion. Alternatively, the development of an 
ACAT inhibitor that incorporated the lipid modifylng 
properties of the fibric acid derivatives might be a par- 
ticularly effective anti-atherosclerotic agent. The feasi- 
bility of such an approach with fibric acid derivatives is 
suggested by a report that the disubstituted ureidophe- 
noxyisobutyric acid, LR16 (see Fig. l ) ,  demonstrated 
potent hypocholesterolemic activity in rats (20). In ad- 
dition, fibrates have demonstrated significant though 
relatively weak intrinsic ACAT inhibitory activity in iso- 
lated rabbit peritoneal macrophages (21). 

In a preliminary experiment to determine whether 
it  was possible to incorporate greater ACAT inhibitory 
activity within a fibric acid derivative, we combined the 
salient structural features of CL277,082 and LR16 into 
a single molecule (see additional structures in Fig. 1) 
and tested it for ACAT inhibitory activity. This initial 
study revealed a novel trisubstituted ureidophenoxyiso- 
butyric acid series where specific structural modifica- 
tions resulted in both increased ACAT inhibitory po- 
tency and in greater hypocholesterolemic activity in 
rats. This is the first report of a brief examination of 
structure-activity relationships where the essential 
structural features for the potent hypocholesterolemic 
activity of this novel trisubstituted ureidophenoxyisobu- 
tyrate series are identified. To determine what effects 
these structural modifications may have on the fibrate- 
like properties of these compounds, analogues were 
also screened for their inductive effects in primary cul- 
tures of rat hepatocytes. Clofibrate and the other fibric 
acid derivatives evoke specific pleiotropic responses in 
rat liver that are indicative for this class of hypolip- 
idemics (22). These responses include peroxisomal pro- 
liferation and induction of peroxisomal enzyme activi- 
ties such as the cyanide-insensitive bxidation of fatty 
acids, and induction of non-peroxisomal enzyme activi- 
ties such as the terminal (a)-hydroxylation of medium 
chain fatty acids catalyzed by microsomal enzymes from 
the CYP4A family of cytochome P450s (23). Our studies 
revealed that the increased hypocholesterolemic activ- 
ity of these trisubstituted ureidophenoxyisobutyrates 
correlated with their respective potencies for inducing 
fibrate-type effects in hepatocytes, specifically the induc- 

tion of lauric acid *hydroxylase activity in rat liver, and 
not with their increased ACAT inhibitory activity. 

MATERIALS AND METHODS 

Materials 

[ 1-I4C] lauric acid (36.3 mCi/ mmol) and [ 1-'*C] ol- 
eoylcoenzyme A were obtained from Amersham Corp. 
(Arlington Heights, IL) . Sodium laurate, oleoyl-CoA, 
bovine serum albumin (fraction V), NADPH, dithi- 
othreitol, clofibrate, fenofibrate, and bezafibrate were 
purchased from Sigma Chemical Co. (St. Louis, MO). 
Ciprofibrate was a gift from Sterling Drug, Inc. (Rens- 
selaer, NY), and beclobrate was generously provided by 
Siegfried Pharma (Zofingen, Switzerland). RPMI 1640 
culture medium and fetal bovine serum were obtained 
from GIBCO Laboratories (Grand Island, NY) . Coomas- 
sie Protein Assay Reagent was purchased from Pierce 
(Rockford, IL). All organic solvents and other biochem- 
icals were of the highest purity commercially available. 

Novel ureido and amidophenoxyisobutyrates 

N-alkyl analogues of bezafibrate (see Table l ) ,  and 
compounds 1-12 (see Tables 2 and 3) were synthesized 
at the University of South Carolina (24). All structures 
were verified by elemental analysis (Atlantic MicroLab 
Inc., Norcross, GA) , NMR (Bruker WH400), and mass 
spectrometry. Figure 2 outlines the chemical synthesis 
of compound 2, the most potent ureidophenoxyisobu- 
tyrate. Carbobenzyloxytyramine (I) (25), 42.76 g (0.158 
mol), and 10.23 g of 0.182 M KOH were dissolved with 
warming in 600 ml of absolute ethanol. Ethyl 2-bromoi- 
sobutyrate, 32.94 g (0.169 mol) was added and the re- 
sulting solution was refluxed for 22 h. After cooling and 
filtration, the solvent was removed in vacuo: the residue 
was redissolved in CH2Cl,, washed with 1 N NaOH, 1 N 
HCI, and saturated aq. NaCl, and the organic layer was 
dried over MgS04. Filtration and removal of the solvent 
in vacuo yielded 33.37 g of crude 11. 11, 2.72 g (0.0071 
mol) was dissolved in 100 ml of absolute ethanol and 
0.3 g of 10% Pd on carbon was added. Paar hydrogena- 
tion for 45 min, removal of the catalyst by filtration, and 
evaporation of the volatile material in vacuo yielded 
1.54 g (91%) of crude 111, which was utilized without 
purification in the next step. 111, 1.54 g (0.0064 mol), 
and 0.73 g (0.0064 mol) of heptaldehyde were mixed 
together in an observably exothermic reaction and the 
product was dissolved in 100 ml of absolute ethanol. 
Paar hydrogenation for 1 h, removal of the catalyst by 
filtration and removal of the solvent in vacuo yielded 
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Synthesis of 2-(4(2-(N'-(2,4-difluorophenyl)-N-heptylureido)ethyl)phenoxy)-2-methylpropionic acid 

2.13 g (95%) of crude lV as a colorless oil, which was 
utilized without purification in the next step. IV, 3.26 
g (0.0093 mol) was dissolved in 100 ml of CHPC12 and 
1.55 g (0.01 mol) of 2.4-difluorophenylisocyanate was 
added. The resultant solution was stirred overnight, the 
solvent was removed in vacuo, and the residue was puri- 
fied by flash chromatography (Si02: 50 toluene/ 30 
hexanes/lO CH2Clz/ 10 EtOAc) to afford a nearly 
quantitative yield, 4.77 g ,  of V as a colorless oil. V, 2.4 
g (0.0048 mol) was dissolved in 25 ml of absolute etha- 

nol, and 100 ml of 1 N NaOH was added. The solution 
was stirred at room temperature for 4.5 h, 100 ml of 1 
N HCl was added, and the aqueous solution was ex- 
tracted with CH&12. The organic layer was washed with 
H 2 0  and a saturated aq. solution of NaC1, then dried 
over MgS04. Filtration and removal of the solvent in 
vacuo yielded 2.46 g of a colorless oil, which was then 
purified by flash chromatography (SO2: 1 hexanes/ 1 
CH2CI,/ 1 EtOAc) to yield 1.43 g (62%) of VI (com- 
pound 2) as a viscous, pale yellow oil. 
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Animals 
Male Sprague-Dawley (CD strain) rats (6-7 weeks of 

age) were obtained from Charles River Breeding Labs 
(Wilmington, MA). Rats were housed in wire mesh 
cages and maintained in an atmosphere of constant 
temperature (22 t 2OC) and relative humidity (55 5 
5 % )  under a 12-h light cycle, 6 AM-6 PM, and allowed 
both food and water ad libitum. 

To determine effects on serum cholesterol, rats (6,' 
group) were fed standard rat chow containing 1 % cho- 
lesterol and 0.5% cholic acid ad libitum for 3 days. Dur- 
ing this time compounds to be tested for hypocholester- 
olemic activity were dissolved in 2.0 ml of 5% sodium 
bicarbonate solution and were administered by gavage 
once a day between 8:OO and 9:00 AM at doses of either 
0.1, 1.0, or 10.0 mg/kg for the 3 days. Eighteen hours 
after the third dose, the rats were starved for 6 h and 
then bled via the abdominal vena cava while under anes- 
thesia. Total serum cholesterol and HDL-cholesterol 
were determined enzymatically using Sigma diagnostic 
kits according to the prescribed procedures. Diet-in- 
duced increases in serum LDL + VLDL ranged from 
183 to 227 mg/dl above the values for control chow- 
fed rats (73-91 mg/dl) in three experiments. 

Hepatocytes 
Hepatocytes were isolated by collagenase (90 U/ml, 

200 ml) perfusion for 9 min. Isolated cells were pelleted 
at 50 g and washed twice with collagenase-free RPMI 
1640 medium containing 10% fetal bovine serum. Via- 
bility was determined by trypan blue exclusion, and was 
greater than 90%. Culture conditions were essentially 
as described by Lake et al. (26) except for the use of 
Vitrogen-coated plates and serum-free media. Briefly, 
1.5 X lo6 hepatocytes were cultured on Vitrogencoated 
plastic dishes in 2.0 ml of basal RPMI media supple- 
mented with hydrocortisone (50 pg/ml), insulin (0.2 
U/ml), and gentamicin (50 pg/ml). After a 4 h  attach- 
ment period, media and nonviable cells were aspirated 
off and replaced with basal media to which various con- 
centrations of bezafibrate or other test compound had 
been added in DMSO (0.4% final concentration). Me- 
dia was changed at 24 h and after 48 h the media was 
aspirated and the cells were scraped into 4 ml saline 
and pelleted at 600 g. The hepatocyte pellets were then 
resuspended with sonication in 0.4 ml of 0.1 M KPO, 
buffer, pH 7.4, and were subsequently assayed for lau- 
rate 12( o)-hydroxylase activity. The combination of 
Vitrogencoated plates and serum-free media resulted 
in greater bezafibrate induction of whydroxylase activ- 
ity (20-fold) compared to the culturing of hepatocytes 
on plastic plates in 5% FCSsupplemented media. 

Enzyme preparation 
Rats were killed by decapitation and the livers were 

quickly excised, trimmed, and chilled in icecold phos- 
phate-buffered KC1 (1.15% KC1 in 0.25 M potassium 
phosphate, w/v, pH 7.4) homogenization buffer. All 
subsequent procedures were performed at 0-4°C. The 
livers were then blotted, weighed, and finely minced 
with scissors in 4 volumes of the icecold homogeniza- 
tion buffer. The 20% (w/v) liver homogenates were 
prepared using a Brinkman homogenizer (Model PT 
10.35 equipped with a PTA 10s generator for <lo0 ml 
volumes) at a setting of 8 for 15-20 seconds. The ho- 
mogenate was centrifuged at 10,000 gfor 20 min and 
the resulting supernatant (Slo) was subsequently used 
in the determination of in vivo hepatic laurate why- 
droxylase activity. Microsomes, used as the enzyme 
source for the ACAT assay, were obtained from the liv- 
ers of rats that had been fed the 1% cholesterol and 
0.5% cholic acid diet for 1 week and were prepared by 
a subsequent centrifugation of the Sl0 at 100,000 gfor 1 
h. Microsomal pellets were resuspended in 0.1 M KF'O, 
buffer, pH 7.4, to given a final suspension containing 
approximately 20-22 mg of microsomal protein per ml. 

Enzyme ways 
Lauric acid 12-hydroxylase activity was routinely de- 

termined in 0.1 m KPO, buffer, pH '7.4, containing 100 
p~ ['4C]la~ric acid (5.0 mCi/mmol), 1.0 mM NADPH, 
and from 0.5 to 1.0 mg of whole cell homogenate, or 
0.15-0.25 mg of SI,, protein. Incubation volumes were 
0.5 ml with whole cell homogenates or 1.0 ml with Sl0 
protein. Whole cell homogenates were incubated at 
3'7°C for 30 min and the incubations were terminated 
by the addition of 0.25 ml 4 N HCl. Incubations using 
Slo protein were terminated after 10 min with 0.5 ml 4 
N HCl. Lauric acid and its hydroxylated products were 
extracted into 5 ml of ether. The organic layer was then 
removed and evaporated under Ne, and the extract was 
then resuspended in 200 p1 of the HPLC mobile phase 
used to separate the products of lauric acid metabolism. 
Lauric acid and its metabolites were analyzed by HPLC 
using a 1Gmicron silica column (Waters pPorasi1) and a 
mobile phase consisting of hexane-isopropanol-acetic 
acid 95:4:1 (v/v) at a flow rate of 1.0 ml/min for 20 
min. AI1 determinations were performed in duplicate 
and whydroxylase activity was calculated from the per- 
cent conversion of substrate as nanomoles of whydrox- 
ylauric acid formed per min per mg protein. 

ACAT activity was assayed using [14C]oleoyl-CoA as 
the source for radiolabeling cholesterol ester (27). Mi- 
crosomes (50-100 pg protein), which had been pre-in- 
cubated at 37°C for 20 min at 2X concentrations of 
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DMSO or inhibitors added in DMSO (final concentra- 
tion 0.4% DMSO), were then incubated in 0.2 ml of 0.1 
M KP04  buffer, pH 7.4, containing 5 nmol ["C]oleoyl- 
CoA (0.1 pCi), 25 ~ L M  bovine serum albumin, and 2 mM 
dithiothreitol. The reaction was terminated after 4 min 
at 37°C by extraction into 5.0 ml of ethanol-hexane 1 : 
4(v/v). ["H]cholesterol (2.5 pg) and ['H]cholesterol 
oleate (2.5 pg) were added as internal standards. Recov- 
eries were greater than 95% for both lipids. Dried hex- 
ane extracts were resuspended in 200 pl of the HPLC 
mobile phase which consisted of acetonitrile-isopropa- 
nol-heptane 50:40: lO(v/v/v) in 0.5% acetic acid. 
Chromatography was performed on a B&J OD5 Reverse 
Phase CIH column at a 1.0 ml/min flow rate. Column 
eluate was monitored with a Radiomatic FLO-OneBeta 
Radio-Chromatography detector. All assays were per- 
formed in duplicate and ACAT activity was calculated 
from the recovery of total pmoles of ['%]cholesteryl 
oleate formed per min per mg microsomal protein. 

Pharmacokinetic studies 

In initial studies, hypocholesterolemic doses of 2 re- 
sulted in plasma concentrations in rats that were below 
the detection limit (50 ng/ml rat plasma) of our analyti- 
cal method. To determine the optimal oral dose for 
studying the single dose pharmacokinetics of 2, blood 
samples were obtained from groups of six rats 45 min 
after a single 2.0-ml oral dose of either 1, 10, 20, or 100 
mg/kg of 2 in 5% NaHC03 solution. From this study 
(see Study 1, Table 4) doses were selected for the intra- 
venous and oral doses that were 50-fold and 200-fold 
greater than the hypocholesterolemic dose, respec- 
tively, so that the plasma concentrations of 2 remained 
within the range of quantitation over the period ofthe 
three half-life periods that the pharmacokinetics of 2 
had established. Plasma concentrations and pharmaco- 
kinetics of 2 were determined in male rats after either 
a single 2.0-ml oral dose of 20 mg/ kg in a 5% NaHCO,I 
solution or a 0.5-ml intravenous dose of 5 mg/kg in 5% 
NaHCO:{ solution. At designated times after either the 
oral or intravenous dose, rats were anesthetized with 
COB and terminal blood samples were obtained from 
the vena cava. Groups of six rats were used at each of 
the following time points: 15, 30, 60 min, and 2, 4, 6, 
8,  10, 12 h for the oral dose; and 5, 10, 15, 30, 60 min, 
and 2, 4, 8, 12 h for the intravenous dose. Plasma con- 
centrations of 2 were determined by reversed phase 
HPLC. The analytical method utilized a VBondapak Clr 
column (4.6 X 30 cm) (Waters Inc., Milford, MA) and 
a mobile phase that consisted of 54% acetonitrile and 
46% water containing 0.005 M octanesulfonic acid. The 
flow rate was 1 ml/min with the column heated to 55°C. 
Detection was by W absorption at 200 nm. Sample 
preparation was done by solid phase extraction utilizing 

a reversed phase C18 SepPak cartridge (Waters) and it 
QMA anion exchange SepPak cartridge. C I x  cartridges 
were washed with 4 ml methanol followed by 6 ml water 
prior to use. A 0.5-ml plasma sample was loaded onto 
a Clx cartridge, washed with 2 ml water, and then eluted 
with 2 ml methanol. The methanol eluate was then in- 
troduced onto a QMA cartridge that had been pry- 
washed with 6 ml distilled water. After washing the 
methanol eluate with 4 ml distilled water, 2 was eluted 
with 2 ml of acidified water-methanol (50% 0.001 N 
HC1/50% methanol). A portion of the eluate could 
then be injected directly onto the HPLC. Quantitation 
was by external standardization and the linear range o f  
detection was 50 ng/ml to 2000 ng/ml i n  rat plasma. 

Calculations and other procedures 

Protein concentrations were determined using a Coo- 
massie Blue reagent (28) with bovine serum albumin as 
standard. 

The A U T  inhibitory potency was expressed as the 
micromolar concentration of a compound required to 
inhibit the enzyme activity by 50% IC,Os for each 
compound were calculated from concentration-inhibi- 
tion curves using at least six concentrations assayed in 
duplicate. 

The intrinsic fibrate potency of a compound was de- 
fined as the concentration of a compound required to 
induce lauric acid whydroxylase activity to 50% (the 
LA,,,) of the maximal inducible level which is estab- 
lished with bezafibrate in each experiment. The LA5,, 
for bezafibrate and for each compound tested was cal- 
culated from dose-response curves using at least six 
concentrations in duplicate plates. In order to control 
for the variability in the LA,"s which were observed he- 
tween different hepatocyte preparations a Bezafibrate 
Index (B.I.) was calculated for each compound tested, 
where B.I. = LA5o for bezafibrate/LA,,, for tested com- 
pound. This normalization allowed for the compari- 
son of intrinsic fibrate potencies for different com- 
pounds that were synthesized and tested over a 4year 
period. 

Plasma concentration-time data of 2 were analyzed 
using noncompartmental pharmacokinetic methods 
and Microsoft Excel. C,,, and t,,,,, were obtained from 
direct inspection of the plasma concentration-time 
data. The tl ,'L was calculated as In (2) /kcl,  where k,,, is 
the first-order elimination rate constant determined by 
the slope of the linear regression line of the apparent 
terminal linear portion of the log concentration versus 
time curve. AUC,,,, was calculated using the linear trap- 
ezoidal method from zero to time t, where t is the last 
time point with a measurable concentration of 2. 

Statistical differences were determined by Student's 
t test and the level of significance was set at P < 0.05. 
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Figure 1 depicts the structures and ACAT inhibitory 
potencies for LR-16, the prototypical ureidophenoxyi- 
sobutyrate (29), and for CL277,082, Lederle’s urea- 
based ACAT inhibitor (16, 30). Also depicted in Fig. l 
are two related analogues which attempt to incorporate 
the salient structural features of LR-16 and CL277,082. 
These two related analogues were used to investigate 
the structural basis for the 100-fold difference in ACAT 
inhibitory potency between LR-16 and CL277,082. 
While the two analogues (BW-USC-209 and BW-USC- 
148) maintain the trisubstituted urea nucleus of 
CL277,082 by incorporating an N-heptyl alkyl chain (Y) 
and a substituted benzyl moiety (Z), they differ from 
CL277,082 by the replacement of the neopentylbenzyl 
group with a phenoxyisobutyrate group that is a charac- 
teristic of most fibrates including LR-16. As a conse- 
quence of maintaining the trisubstituted urea nucleus 
of CL277,082, these two fibric acid derivatives possessed 
approximately 5-fold greater ACAT inhibitory potency 
than LR-16. Because different halogen substitutions on 
the ureidophenyl ring for BW-USG209 and BW-USC- 
148 resulted in only slight differences in their ACAT 
IC,,,s, it can be concluded that the presence of the phe- 
noxyisobutyrate moiety is largely responsible for the 
lower ACAT inhibitory potency in these and in other 
similar fibric acid derivatives compared to the neopen- 
tyl substitution on the ureido benzyl group as in 
CL277,082. 

To assess the intrinsic fibrate activity of LR-16 and the 
two phenoxyisobutyrate derivatives of CL277,082, the 
compounds were tested for their ability to induce 
the level of laurate w-hydroxylase activity in primary cul- 
tures of rat hepatocytes. As stated in Methods, the in- 
trinsic fibrate potency (or LA,,) of a compound was de- 
fined as the concentration of a compound required to 
induce laurate w-hydroxylase activity in rat hepatocyte 
cultures to 50% of the maximal induced level that was 
established with bezafibrate in every experiment. Figure 
3A depicts bezafibrate dose-response curves from five 
different hepatocyte cultures covering a recent 12- 
month period. As seen in this figure, the maximal in- 
duced level of laurate @hydroxylase activity varied by 
almost 2-fold (compare MF9443 vs. MF9430) although 
the LAJos for bezafibrate were comparable. In other ex- 
periments (data not shown), the LAso for bezafibrate 
ranged as high as 10 PM compared to the average value 
of 5.2 * 0.8 PM for the five experiments illustrated in 
Fig. 3A. Although standardized hepatocyte isolation 
procedures and culture conditions were used through- 
out the 4year period in which these compounds were 
synthesized and tested, the 2.5-fold range for the be- 
zafibrate LA5,) suggests that subtle differences in hepato- 

’ O O L  0 0.1 

500L 

1 10 

Dose (KM) 

k’ 

,/ 
/‘ 

0 1  I , 
0.1 1 10 
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Fig. 3. Induction of lauric acid 1Bhydroxylase activity in primary 
cultures of rat hepatocytes by bezafibrate, LR-16, BW-USGPO9, and 
BW-USG148. A. dose-response curves for bedibrate  using five dif- 
ferent hepatocyte preparations. Symbols and the LAN values for each 
of the five experiments are as follows: MF9430, W, 6.1 p ~ ;  MF9436, 
0, 5.7 p ~ ;  MF9443, A, 4.2 PM; MF9449, V, 5.4 p ~ ;  and MF9364,0, 
4.5 PM. B: The symbols and LA50 values for each of the compounds 
depicted are as follows: bezafibrate, H, 5.9 PM; BW-USC-148, 0, 6.2 
PM; BW-USC-209, 0, 4.4 PM; and LR-16, A, 30.1 p ~ .  

cyte preparations can affect the determination of an 
LAso. Differences in cell membrane permeability or in 
cell viability as a result of the collagenase digestion pro- 
cedures used in hepatocyte isolation could invariably af- 
fect the responsiveness of the hepatocytes to drug treat- 
ment and the level of enzyme induction attained. 
Therefore, to control for possible variability in the de- 
termination of a compound’s intrinsic fibrate potency, 
the LAso for a given compound was normalized to the 
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LAno for bezafibrate (bezafibrate LA5,,/compound 
LAso). This bezafibrate index (B.I.) allowed for the com- 
parison of potencies of compounds tested in different 
hepatocyte preparations. 

The dose-response curves describing the intrinsic 
fibrate potencies for bezafibrate and for LR-16 and the 
two CL277,082 analogues are depicted in Fig. 3B. While 
the compounds were tested at six concentrations rang- 
ing from 1 ~ L M  to 250 FM, not all concentrations could 
be used for LAM determination. Cell toxicity was sus- 
pected at higher drug concentrations when the drug 
failed to achieve the maximal level of enzyme activity 
or when there was a significant loss of enzyme activity 
with increasing dose. Although the data at the higher 
concentrations are not depicted in Fig. 3B for clarity of 
graphic presentation, BW-USC-209 was found to be the 
least tolerated compound, causing activity to decrease 
by 63% at 40 p~ from the maximally induced level 
which was attained at 10 JLM. BW-USC-209 (B.I. = 1.4) 
was found to be slightly more potent than either be- 
zafibrate (B.I. = 1.0) or BW-USC-148 (B.1. = l .O) ,  while 
LR-16 was significantly less potent than bezafibrate (B.I. 
= 0.2). Therefore, an approximately 7-fold increase in 
intrinsic fibrate potency (compare LR-16 vs. BW-USC- 
209) was obtained by incorporating an N-heptyl alkyl 
chain and a substituted ureidobenzyl group which are 
important structural features for the potent ACAT in- 
hibitory activity in Lederle’s CL277,082 (31). These re- 
sults indicated that novel trisubstituted ureidophenoxy- 
isobutyrate analogues could possess greater ACAT 
inhibitory activity and still maintain a similar intrinsic 
fibrate potency when compared to some currently used 
potent fibric acid derivatives. These results provided the 
basis for examining in greater detail the effect of addi- 
tional methylene substitution in the urea bridging re- 
gion between the two aromatic rings (see Table 2), and 
the effects of N-alkyl substitution (see Table 3)  within 
this difluoro, trisubstituted, ureidophenoxyisobutyrate 
series. 

Table 1 depicts the normalized intrinsic fibrate po- 
tency (the bezafibrate index) and ACAT inhibitory ac- 
tivity for clofibrate and for several clofibrate analogues 
which are often referred to as the “second-generation’’ 
fibrates (see Table 5 ) .  As seen in this table, these sec- 
ond-generation fibrates are characterized by an approx- 
imately 20-fold greater intrinsic fibrate potency and sig- 
nificantly greater A U T  inhibitory potency compared 
to clofibrate. These enhanced activities may partly ex- 
plain the better pharmacological profiles which have 
been observed clinically with the second-generation de- 
rivatives. Also depicted in Table l is the effect of substi- 
tution of the nitrogen atom in bezafibrate with alkyl 
chains of increasing length to determine whether an 
analogous nitrogen trisubstitution in a different fibrate 

TABLE 1. Intrinsic fibrate potency and ACAT inhibitor). activity 
of bezafibrate and N-alkyl analogues of bezafihratc, clofibrate, and 

other clofibrate derivatives 

Stnicturc of bezdfibrate 
0 

Bezafibrate 1 .o 
N-Methyl bezafibrate 0.7 
N-Butyl bezafibrate 2.7 
N-Heptyl bezafibrate 2.4 
N-Decyl bezafibrate N .E  

PA’ 
I44 
285 

29.4 
8.4 
8.1 

Clofibrate 0.1 N.E.” 
Fenofibric acid 2.7 107 
Ciprofibrate 1.7 149 
Beclobrate 1.4 .i 5 

“No effect on laurate 12-hydroxylase activity from 1 ~ L M  to 250 

hNo effect on hepatic microsomal ACAT activity from 100 PM to 
p~ in cultures of rat hepatocytes. 

1 mM. 

derivative might result in similar enhancements in 
ACAT inhibitory potency as was observed with the ure- 
ido compounds depicted in Fig. 2. An approximately 
35-fold increase in A U T  inhibitory potency was ob- 
tained by lengthening the alkyl substitution of the am- 
ide nitrogen from C1 to C7. Perhaps more importantly, 
substitution of the amide nitrogen with alkyl chains of 
C4 and C7 also increased the intrinsic fibrate potency 
for bezafibrate by 2.5-fold. This latter result was analo- 
gous to the effect that trisubstitution had on intrinsic 
fibrate potency with the urea analogues which were 
studied initially (see Fig. 3B). The lack of any further 
enhancement of activities with the Clo analogue may 
have been due to the insolubility encountered with this 
compound in the assays. 

Table 2 and Table 3 depict experiments that exam- 
ined in greater detail the effect of substitution of the 
ureido monomethylene region in the ureido fibrate an- 
alogues studied initially, on intrinsic fibrate potency. 
The impact of these structural modifications on the 
ability of these analogues to lower serum VLDL + LDL 
cholesterol in a hypercholesterolemic rat model was 
also studied in these experiments to determine the 
pharmacological importance of this chemical series. In 
Table 2, X represents the urea nitrogen substituted with 
R, which is a C7 alkyl chain and is not varied, and with 
a monomethylene linkage to the phenoxyisobutyrate 
acid moiety as in the case of 1. Compound 1, the free 
acid of BW-USG148, possessed an intrinsic fibrate po- 
tency similar to the original ethyl ester which suggested 
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TABLE 2. Intrinsic fibrate potency of various heptyl 
substituted phenoxyisobutrates 

CH3 

I 
I 

0 

f=&N-!-X+O-C- COOH 
H 

CH3 

X 
(where Bezafibrate Hypocholesterolemic 

Compound R = hepwl) Index Activity 

Dose for 40-50% lowering 

1 -NRCH*- 0.7 >10 mg/kg 
2 -NR(CHZ)P- 167.0 0.1 mg/kg 
3 -NR(CH?)s- 25.2 1.0 mg/kg 
4 -CHR( CHs)z- 27.4 1.0 mg/kg 
5 -NRCHzCHOH- 5.0 N.E." 

~~~ ~ 

"No effect on serum VLDL + LDL cholesterol at 10 mg/kg per 
day, p.0. 

that cultures of primary rat hepatocytes efficiently de- 
esterify the simple prodrug ester forms of clinically used 
fibrates. At 10 mg/kg per day, which was the highest 
dose tested in hypercholesterolemic rats, 1 decreased 
serum LDL + VLDL cholesterol by only 24%. When 
the number of carbon atoms in the methylene linkage 
between the urea nitrogen and the phenoxyisobutyrate 
group was increased to two (i.e., 2), an unexpected 200- 
fold increase in the intrinsic fibrate potency was ob- 
tained. Compound 2 routinely induced laurate why- 
droxylase activity in rat hepatocyte cultures over a 
concentration range of 5-100 nM with an L A 5 0  of 36 
f 15 nM (mean -+ SD for three experiments, data not 
shown), compared to an LA5o of 1-20 PM for bezafi- 
brate (refer to Fig. 3). The extraordinarily high B.I. 
(167 f 40, n = 3) for this analogue was approximately 
two orders of magnitude greater than the B.1.s for the 
most potent, currently used fibrates (see Table 1). The 
hypocholesterolemic activity of 2 was evaluated to deter- 
mine the significance of this high index. In hypercho- 
lesterolemic rats, 2 decreased diet-induced serum LDL 
+ VLDL cholesterol by 40-50% at a dose of 0.1 mg/ 
kg per day in three separate experiments and was -500- 
fold more potent than some second-generation fibrate 
standards which were also tested. The complete hypo- 
cholesterolemic dose-response curves for 2 and for 
three fibrate standards are depicted in Fig. 4A. For 
greatest intrinsic fibrate activity, the optimal configura- 
tion of the bridging region between the two aromatic 
rings appeared to be comprised of a C7 substituted urea 
moiety linked by a dimethylene to the phenoxyisobutyr- 
ate group as in 2. When a third methylene carbon was 
incorporated into the urea linkage (i.e., 3) or when the 
trisubstituted nitrogen atom was replaced by a carbon 
atom (i.e., 4) then intrinsic fibrate potency decreased 

by -6-fold and hypocholesterolemic activity decreased 
by 10-fold. Within the bridging region in 2, there is a 
structural feature that is shared with bezafibrate. This 
consists of the substituted nitrogen atom linked by a 
dimethylene to the phenoxyisobutyrate group. The ef- 
fect of potential metabolism in this bridging region on 
the intrinsic fibrate activity of 2 was examined with the 
hydroxylated analogue 5, as a similar benzylic hydroxyl- 
ated metabolite had been reported for bezafibrate in 
humans (32). The presence of a benzylic hydroxyl 
group resulted in a greater than 30-fold decreasein the 
intrinsic fibrate potency for this compound and a com- 
plete loss of hypocholesterolemic activity at the 10 mg/ 
kg per day dose. These results further defined the opti- 
mal configuration of the bridging region between the 
two aromatic rings containing the trisubstituted urea ni- 
trogen. 

Structural requirements for R, the C7 alkyl chain sub- 
stitutent of the trisubstituted nitrogen moiety in earlier 
analogues, were then examined in the experiments de- 
picted in Table 3. In the absence of an N-alkyl chain 
substitution (6) the intrinsic fibrate potency (B.I. = 1.0) 
was much lower than that was observed with the C7 N- 
alkyl analogues even though 6 possessed the optimal 
configuration for the bridging region between the aro- 
matic rings as in 2 (B.I. = 167). Similar to bezafibrate 
(see Fig. 4A), 6 had no effects on serum VLDL + LDL 
cholesterol at a dose of 10 mg/kg per day. The C7 N- 
alkyl chain substitutent was found to be optimal for 
greatest intrinsic fibrate potency and hypocholesterol- 
emic activity when the N-alkyl chain length was selec- 
tively varied from C5 to C1,. The effects of cyclization or 

TABLE 3. Intrinsic fibrate potency 
of N-alkylureido phenoxyisobutrates 

0 CHs 

F 4 ,"- !- ;- CH,- CH, +.-L COO" 

I 
CH, 

Bezafibrate Hypocholesterolemic 
ComDound R Index Activitv 

6 
7 
2 
8 
9 

10 
11 
12 

1 .o 
57.5 

167.0 
4.6 
2.2 

<0.1' 
5.1 

28.5 

Dose for 40-50% lowering 

1.0 mg/kg 
0.1 mg/kg 
10 mg/kg 
N.D.b 
N.E. 
>10 mg/kg 
1.0 mg/kg 

N.E." 

"No effect on serum LDL + VLDL cholesterol at 10 mg/kg per 

'Not determined. 
'No effects on laurate 12-hydroxylase activity from 1 PM to 250 

day, p.0. 

PM in cultures of rat hepatocytes. 
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niately &fold greater intrinsic potency and hypocholcs- 
terolemic activity compared to the N-cycloheptyl ana- 
logue. The addition of the methylene I)etweelr the. 
cycloheptyl group and the trisubstituted urea nitrogeii 
may have imparted more flexibility in this area of thc 
molecule allowing the N-alkyl substituent to assume a 
conformation more similar to the straight (:;N-alkyl 
chain and, therefore, achieve greater intrinsic fibrate 
activity. Similar to the result? obtained with the benzylic 

carboxyl group on the CTN-alkyl chain (10) resulted in 
hydroxyl analogue (Le., 5 ) ,  incorporation of a trrminal I". 

B 

80 

'"1 
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YV 

Log Dose (mg/kg p o ) most likely pathways o'f phase I metabolism in the rc- 
gion of the trisubstituted urea nitrogen, which would 
include benzylic hydroxylation and/or  mhydroxyl- 
ation/P-oxidation, will result in a significant loss in the 
pharmacological activity of these novel liypolipideniic 
agents. These results also suggest that lipophilicity i n  
the area of the trisubstituted nitrogen must he impor- 
tant for interaction with the receptor site or other 
mechanism by which these conipounds exert their 
pharmacological effects. 

Throughout the evaluation of these compounds, the 
B.I. for a given compound appeared to be a good pre- 
dictor of its relative hypocholesterolemic potency com- 
pared to bezafibrate. For example, 2 had the greatest 

A 
'i 
\ \. 

\ 
4 

\ 'A 

Fig. 4. In vivo hypocholesterolemic activity and in nti o A U T  inhibi- 
tory activity of 2 and other fibrates. A. The effects of 2 versus gemfi- 
brozil, bezafibrate, and fenofibrate on serum VLDL + LDL choles- 
terol in cholesterol-fed rats. Data are depicted as the percent decrease 
from the diet-induced concentrations of VLDL + LDL in vehicle 
treated control rats at each dose. The symbols for each compound 
are as follows: 2, V; bezafibrate, fenofibrate, 0; and gemfibrozil, 
A. B: The dose-response effects of 2 versus bezafibrate and 
CL277,082 on ACAT activity assayed using hepatic microsomes pre- 
pared from cholesterol-fed rats. The symbols and IC50 concentrations 
for each compound are as follows: CL277,082, 0, 0.24 FM; 2, M, 11.5 
FM; and bezafibrate, A, 120 PM. 

oxidation of the C7 alkyl chain on the bezafibrate index 
were also examined as straight N-alkyl chains in other 
ureida and amido ACAT inhibitors have been shown to 
be susceptible to @oxidation followed by P-oxidation 
(33 ,  34). As seen in Table 3, replacement of the C7N- 
alkyl chain with an N-cycloheptyl group (11) resulted 
in a significant decrease in both intrinsic fibrate po- 
tency and hypocholesterolemic activity (25% decrease 
in LDL + VLDL cholesterol at 10 mg/kg per day). In 
contrast, substitution of an N-cycloheptylmethyl group 

intrinsic fibrate activity (B.I. = i67) and an ED,, of 0.1 
mg/kg per day for hypocholesterolemic activity which 
was the lowest among the 12 ureido compounds tested, 
and was 500-fold more potent than any of the second 
generation fibrates tested in hypercholesterolemic rats 
(see Fig. 4A). In contrast, the potent hypocholesterol- 
emic activity of these compounds could be the result of 
greater inhibitory effects on hepatic ACAT activity when 
compared to other fibrates Figure 4B compares the 
dose-response effects of 2 to the effects of CL277,082 
and bezafibrate on rat hepatic microsomal ACAT activ- 
ity. Consistent with results obtained with the previous 
CL277,082 ureido fibrate analogues, 2 was found to in- 
hibit ACAT activity with an approximately 10-fold 
greater potency than bezafibrate. 

To examine whether the increased hypocholesterol- 
emic potency of the these novel ureido derivatives rc- 
sulted from either their greater intrinsic fibrate activity 
or from their enhanced ACAT inhibitory activity, the 
minimal effective dose resulting in a 40-60% hypocho- 
lesterolemic effect in rats (the MED40_ti,) was plotted 
against either the ACAT inhibitory potency (the ACAT 
ICso) or the intrinsic fibrate potency (the B.I.) for 14 
structurally similar ureido fibrate analogues. These cor- 
relations are presented in Fig. 5 along with a correlation 
of the MED40_,io to the oral dose (mg/kg per day) re- 
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quired to induce hepatic lauric acid whydroxylase ac tiv- 
ity to 50% of the maximal inducible level (the LAso 
dose) that was also determined for each analogue in 
hypercholesterolemic rats. As seen in Fig. 5, the MED40-~ 
was highly correlated over a 100-fold range to the B.I. 
(r2 = 0.82, see Fig. 5A) but not to the ACAT ICso which 
only vaned over a 10-fold range (r2 = 0.05, see Fig. 5C). 
These results suggest that the enhanced ACAT inhibi- 
tory activity of these novel trisubstituted ureido fibrate 
derivatives does not contribute significantly to their 
greater hypocholesterolemic activity. Potential effects on 
intestinal ACAT activity should be minimized because 
drug and dietary cholesterol were administered approxi- 
mately 12 h apart. Importantly, the LA5,, dose was also 
highly correlated to the MED40-M) (r2 = 0.89, see Fig. 5B) 
and therefore to the B.I.. This latter result indicates that 
these compounds share similar and favorable pharmaco- 

1 0 9  

IO: 

0.1 1 10 
0.1 6 

0.1 1 10 

MED 40-60 

Fig. 5. Correlations of the MEDwO-60 for cholesterol-lowering in rats 
to the induction of lauric acid 12-hydroxylase activity either in cell 
culture (B.I.) or in rats (LAwdose), and to the ACAT ICE,@ for 14 
ureidophenoxyisobutyrates. A Correlation of the MEDaSM) for choles- 
terol-lowering in rats to the intrinsic fibrate potency established in 
primary cultures of rat hepatocytes for each compound: r2 = 0.82; P 
< 0.001. B Correlation of the MEDw-M) for cholesterol-lowering in 
rats to the dose required to induce lauric acid 1Bhydroxylase activity 
in rats to 50% of the maximal induction for each compound: r2 = 
0.89; P < 0.001. Also depicted are values for gemfibrozil (g), fenofi- 
brate (0,  and bezafibrate (b). C: Correlation of the MED+@ for cho- 
lesterol-lowering in rats to the concentration of each compound re- 
quired to inhibit ACAT activity by 50%: r2 = 0.05; P = 0.442. 

kinetic characteristics in the rat as the estimation of their 
intrinsic fibrate activities or their abilities to induce he- 
patic lauric acid whydroxylase activity could be obtained 
in either rat hepatocyte cultures or in vivo and could be 
correlated with an in vivo pharmacological response. 
The correlation of either the B.I. or the LAso dose to the 
MED40-M) would seem to indicate a causal relationship 
between enzyme induction and cholesterol-lowering ac- 
tivity. However, this was only true for the ureido fibrate 
analogues. As seen in Fig. 5B, the ratio of the MED40-M) 
to the L A 5 0  dose was 10: 1 for bezafibrate and fenofibrate 
but 1 : 2 for gemfibrozil, compared to ratios near 1 : 1 for 
several trisubstituted ureido fibrate analogues. Other in- 
vestigators have reported the lack of correlation between 
enzyme induction and the hypolipidemic response of 
fibrates (35-38). 

The singledose pharmacokinetics of 2 was studied in 
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TABLE 4. Determination of singledose pharmacokinetics of  
compound 2 in the rat 

Study 1: 0.75 h Post-Dose Plasma Levels of 2 

Ordl Dose Concentration” 
Plasma 

?ng/kg PLghL 
1 0.13 5 0.04 
10 7.10 2 0.50 
20 14.38 t 2.00 
100 21.65 t 1.64 
Single Dose Pharmacokinetics for 2 in the Rat 
Variable 5 mg/kg 1.V. 20 mg/kg P.O. 

tl ‘2 

AUC: 12.5 pg h/ml 37.4 pg h/ml 
C:,,,,, - 15.41 2 2.20 Pg/ml 
t m  - 0.5 h 

“A 1 /c’ weighted linear regression model was used to calculate 
the plasma concentrations from peak areas obtained using a VG 
ChromServer and Multichrom software (version 1.8-3, Fisons Instru- 
ments, Altricham, UK). 

3.0 h - 

rats to establish a relationship between the hypocholes- 
terolemic potency of the trisubstituted ureido fibrate 
analogues and plasma concentration. As discussed in 
Methods, the optimal oral dose for studying the single 
dose pharmacokinetics of 2 was selected by first de- 
termining the plasma concentrations of 2 at 45 min (the 
approximate t”) after oral doses between 1 mg/kg 
and 100 mg/kg. As seen in Table 4 (see Study l ) ,  2 
appeared to be well absorbed over the dose range stud- 
ied with 1 mg/kg being the lowest dose for which our 
analytical method had adequate sensitivity to detect 
peak plasma but not serial plasma concentrations. Be- 
tween l mg/kg and 10 mg/kg the approximate C,,,, 
plasma concentration of 2 increased approximately 50- 
fold. In contrast, the plasma concentration increased 2- 
fold between 10 mg/kg and 20 mg/kg. The 20 mg/kg 
dose was selected for the pharmacokinetic study in or- 
der to follow decreases in plasma concentrations of 2 
over a period of at least three half-life periods. These 
data suggest that at the hypolipidemic dose or the 
MED40-60 for 2, which is a 200-fold lower dose than what 
could be studied, the C,, can be expected to be well 
below the 50 ng/ml limit of detection of our method 
and drug exposure will be very low compared to the 
other fibrates (see below). As seen in Table 4, the 20 
mg/kg oral dose of 2 was rapidly (tmaX = 0.5 h) and 
extensively (F = 0.75) absorbed with a C,,, of 15.41 5 
2.20 ug/ml. The elimination half-life was 3 h and total 
exposure as estimated by AUC was 3’7.4 pg . h/ml. In 
contrast, 100-fold greater AUCs have been reported for 
other fibrates at their hypocholesterolemic doses in 
rats. Ciprofibrate has been reported to have an elimina- 
tion half-life of 48 h and an AUC of 4900 pgh/ml and 
a C,,, of 57 pg/ml after a single oral dose of 10 mg/ 

kg (39). In contrast, bezafibrate was reported to have 
an elimination half-life of 4 h in rat5, and an AUC ol 
2100 pg . h/ml and a C,,, of 167 pg/ml after an oral 
dose of 125 mg/kg (39). Ciprofibrate has an intrinsic 
fibrate activity similar to bezafibrate (see Table 1 )  hut 
effects on serum lipids are observed at 10-fold lower 
doses in rats because of its slower rate of clearance. 
These data indicate that it is the 100-fold increase in 
the intrinsic potency of 2 that results in cholesterol-low- 
ering doses and AUCs for 2 that are at least 100-fold 
lower compared to other fibrates. Therefore, total drug 
exposure (the AUC) will be significantly less with 2 dur- 
ing chronic treatment of rats at hypolipidemic doses 
and may result in a better therapeutic ratio for this com- 
pound even when compared with bezafibrate which has 
a similar elimination half-life. 

DISCUSSlON 

We show here that the potent hypocholesterolemic 
activity of a novel series of ureidophenoxyisobutyrates 
results from an enhanced intrinsic property of these 
molecules due to the presence of a lipophilic nucleus 
containing a trisubstituted nitrogen optimally substi- 
tuted with a C7 alkyl chain. This intrinsic activity may 
be the result of some highly specific interaction of these 
compounds with a protein or receptor involved in their 
mechanism(s) of action. The induction of several per- 
oxisomal enzymes by fibrates and other peroxisomal 
proliferators has now been shown to be due to the acti- 
vation of a family of nuclear hormone receptors termed 
peroxisome proliferator-activated receptors (PPARs) 
(for reviews see 40, 41). Recently, the direct binding of 
15-deoxy-prostaglandin PGJp ( 1 5-d-PGJ2) and BRL49653 
of the thiazolidinedione family of insulin sensitizers to 
the PPARy subtype has been described (42-45). This 
suggests that the activation of other PPARs by peroxi- 
somal proliferators may be mediated through similar 
ligand-receptor interactions. Although no direct recep 
tor binding to any of the PPARs has been observed with 
the classical fibrates to date, the intrinsic binding activ- 
ity of these agents may be too low to allow detection of 
receptor binding. It has been reported that PPARcx 
binds specifically as a heterodimer with the retinoid X 
receptor to a peroxisome proliferator response element 
(PPRE) identified in the CYP4A1 promoter (46-48). 
CYPMl is a rat liver microsomal cytochrome P450 iso- 
zyme that is involved in the @hydroxylation of fatty 
acids and prostaglandins, and in the metabolism of xe- 
nobiotics (23, 49). The correlation in rats of hypocho- 
lesterolemic activity with induction of hepatic lauric 
acid whydroxylase activity either in culture or in vivo 

1200 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 5. Literature values for the steady-state plasma concentrations of various fibrates at 
hypocholesterolemic doses in humans 

Fibrate 

Plasma 
Daily Human Concentrations 

Dose Elimination t,,p at Steady State Reference 

mg/day h P d m l  

Clofibrate 1500-2000 15-22 125-1 62 56 
Second generation fibrates 

Bezafibrate 600 2.1 3-4 57 
Fenofibrate 100-300 20-26 10 56 
Beclobrate 100-200 15-18 2 58 
Ciprofibrate 100 42-72 30“ 59 

“Personal communication from Dr. Bruce Berger at WinthropSterling. 

suggests that PRARa may be involved in the activation 
of the gene (s) responsible for the cholesterol-lowering 
activity. As discussed above, such a correlation has not 
been reported with other fibrates in rats, suggesting 
that these ureido fibrates may have greater specificity 
in their target gene activation. Indeed, we have found 
that the increased hypocholesterolemic potency of the 
trisubstituted ureido fibrate analogues described here 
correlates with both their greater induction of PPARa 
activity in a transient transfection assay and their high 
affinity binding to the receptor (unpublished results). 
Although the activation of genes in the CYF’4 family 
(50) as well as genes associated with peroxisomal prolif- 
eration is characteristic of fibrate action in rodents, 
these pleiotypic responses are not elicited in humans. It 
may be that analogous human genes such as P450HL,, 
which is a human hepatic fatty acid @hydroxylase that 
has recently been identified as a member or the CYP4A 
subfamily (51), lack the specific PPREs which results in 
gene activation by fibrates. In contrast, other genes that 
mediate effects of fibrates on lipoprotein metabolism 
may be similarly regulated in rats and humans such as 
in the suppression of the rat and human apoC-I11 gene 
by fenofibrate (52-54). 

Importantly, the greater hypocholesterolemic po- 
tency of these ureido fibrate analogues is not a result 
of their greater ACAT inhibitory activity, which is also 
attributed to the presence of the lipophilic trisubsti- 
tuted nitrogen. In addition, the lower pharmacological 
doses that are required as a result of the more that 100- 
fold increase in the intrinsic activity of these com- 
pounds may result in a better safety profile compared 
to other agents in this class due to lower total drug expo- 
sure especially to peripheral tissues. The similar side- 
effect profile, which characterizes the “second-genera- 
tion” fibrates (55) and which has limited their clinical 
usefulness, may result from the similar steady-state 
plasma concentrations that are achieved during ther- 
apy. When compared to clofibrate in humans, the “sec- 
ond-generation’’ fibrates are characterized by lower 

steady-state plasma concentrations and lower doses (see 
Table 5 literature values) presumably because of their 
greater intrinsic fibrate activity. Similar to what is o b  
served in rats, differences in the daily human dose be- 
tween second-generation fibrates may result more from 
differences in their clearances (compare bezafibrate to 
ciprofibrate in Table 5) than to differences in their in- 
trinsic properties. In contrast, the novel trisubstituted 
ureido fibrate derivatives may demonstrate an improved 
safety profile, even in the rat, because of target gene 
specificity and decreased drug exposure by virtue of the 
increased intrinsic activities which these compounds 
possess. I 
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