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New analogs of cyclic amino acid-conjugated bile acids were synthesized, and their physico-
chemical and biological properties were compared with those of natural analogs. Ursodeoxy-
cholic acid was amidated with D-proline, L-proline, 4-hydroxy-L-proline, and 4-methoxy-L-proline.
Hyocholic and hyodeoxycholic acids were amidated with L-proline. The physicochemical
properties were similar to those of the natural analogs. All of them were highly stable toward
enzymatic C-24 amide bond hydrolysis and 7-dehydroxylation. Their transport, metabolism,
and effect on biliary lipid secretion were evaluated in bile fistula rat after intravenous infusion.
All the analogs were secreted in bile unmodified. The 4-methoxy-L-proline derivative produced
the highest secretion rate, much higher than those of all the other natural and synthetic analogs.
This was associated with a selective reduction of cholesterol secretion with normal phospholipid
secretion and choleresis. When coinfused, all the analogs were able to prevent the hepatotoxicity
induced by intravenous taurochenodeoxycholic acid, as revealed by normal choleresis, alkaline
phosphatase, and lactate dehydrogenase values in bile. Considering the overall data,
4-methoxy-L-proline, 4-hydroxy-L-proline, and L-proline derivatives of ursodeoxycholic acid were
more potent than the natural analogs.

Introduction

Ursodeoxycholic acid (UDCA) has been widely used
for cholesterol gallstone dissolution and the treatment
of cholestatic liver disease.1-6 With long term admin-
istration, it accumulates in the bile acid (BA) pool,
mainly in the form of its hepatic metabolites, glyco- and
tauroursodeoxycholic acid (GUDCA and TUDCA), which,
in all likelihood, are the pharmacologically active com-
pounds. It has been also demonstrated that the passive
intestinal absorption of the UDCA is incomplete and it
undergoes 7-dehydroxylation by intestinal microflora to
form the toxic lithocholic acid (LCA).7

Both UDCA and its conjugates have a poor bioavail-
ability, and total enrichment of the BA pool by chronic
oral administration of UDCA does not exceed 40-50%
of total BA.8-10 Thus, there is a need for more potent
agents, which has prompted a search for UDCA syn-
thetic analogs that are more stable toward intestinal
and hepatic metabolism but, at the same time, have
physicochemical and biological properties that facilitate
their accumulation in the enterohepatic circulation and
are able to displace and replace endogenous lipophilic
BA.

Many synthetic UDCA analogs have been developed
and studied by us, as well as other investigators, but
few of these molecules have shown the characteristics
necessary for them to supplant UDCA. Two different
strategies have been used in designing new BA syn-
thetic analogs. One is to modify the steroid nucleus by
introducing groups able to prevent the major metabolic
step of 7-dehydroxylation while optimizing lipophilicity,
detergency, polarity, and acidity. These properties were
measured and well defined in a previous study relating
the physicochemical properties of BA to their struc-
ture.11,12 It was found that the presence of a substitu-
ent, such as a methyl group or a fluorine atom in
6-position in the UDCA molecule, sterically or electroni-
cally blocked the 7-position, thus hindering 7-dehy-
droxylase enzymatic attack.13,14 The same is also true
in 7â-methylcholic and 7â-methylchenodeoxycholic acids
and 7R-methyl-UDCA.15-17

The second strategy tried was to modify the BA side
chain by adding a molecule other than glycine or
taurine. The primary goal of this structural modifica-
tion is to hinder hydrolysis of the C-24 amide bond;
given that 7-dehydroxylation occurs only to free BA, this
latter process is additionally blocked.18

Previous papers reported blocking C-24 amide bond
hydrolysis by introducing a N-methyl group or methyl
or cyclopropyl ring in C-23 or C-22,C-23 positions,
respectively; the resulting compounds were more stable
to bacterial deamidation than the corresponding natural
conjugated molecules.19-22 Other strategies that have
been tried successfully include lengthening or shorten-
ing the length of the steroid chain, forming C-25 homo-,
C-23 nor-, or C-22 bis-nor-amidated BA.11,12,23 In these
cases, as well, the BA were metabolically highly stable.
Finally, the amide bond has also been replaced with
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others such an ester or reversed amide bonds.11,24 All
of these BA have been only partially characterized in
terms of their physicochemical properties and pharma-
cological activity.
If lipophilicity and detergent characteristics are modi-

fied too much, the BA may not meet all pharmacologic
requirements. For example, the homotaurine conju-
gates of UDCA are too detergent due to the presence of
one more carbon atom in the side chain. On the
contrary, nor-conjugates are too hydrophilic and behave
more like organic anions and not as detergent-like
molecules.
In this work we describe the synthesis and physico-

chemical, biological, and pharmacological properties in
a series of new BA amides, in which the C-24 carboxyl
has been conjugated with a cyclic amino acid (proline)
containing different substituents. UDCA was amidated
with L-proline, D-proline, 4-hydroxy-L-proline, and 4-meth-
oxy-L-proline. Hyodeoxycholic acid (HDCA) and hyo-
cholic acid (HCA) were amidated with L-proline.
These amino acids were chosen because they contain

a nitrogen atom in a cyclic ring, a structure which
should prevent bacterial deamidation by steric hin-
drance. Positive results had been previously obtained
with compounds like N-methyltaurine- and sarcosine-
amidated BA11,19 in which a methyl group is bonded to
the nitrogen. The increased lipophilicity induced by the
proline ring of these new analogs can be in part lowered
by the hydroxy or methoxy group in the side chain ring.
Thus, the rationale for this conjugated BA design may

be summarized as follows: (1) to avoid the need of
hepatic amidation of the free BA formed by deconjuga-
tion in the intestine, which is known to be a rate
limiting step in BA biliary secretion,25,20 and to avoid
the formation of indesiderable metabolites that could
be formed if a high amount of an unconjugated BA
reaches the liver; (2) to increase the biological half-life
of the analog by simply amidating the side chain, which
also serves to block steroid metabolism (7-dehydroxy-
lation18), as well as continuous side chain amidation by
the liver and deamidation in the intestine, as the analog
cycles through the enterohepatic circulation; and (3) to
develop conjugated BA which are still actively absorbed
by the intestine, possibly with a higher efficiency in
respect to the natural analogs.
Finally with these properties, the selected analogs

should be able to inhibit selectively cholesterol secretion
or prevent hepatotoxicity in the animal model. Ad-
ditional studies are required to verify their pharmaco-
logical activity on long term administration in vivo in
the appropriate animal model to test their efficiency as
new cholesterol-dissolving agents or as drugs for chole-
static liver disease therapy.

Results and Discussion

Chemistry. The proline derivative-amidated bile
acids were obtained in good yield by the mixed anhy-
dride method (see Scheme 1) after chromatographic
purification on silica gel with the appropriate eluting
solvent following a previously reported procedure.26
They proved to be >96% pure by C-18 reverse phase
HPLC using both an evaporative light-scattering mass
detector and a precolumn fluorescence derivatization
method.27,28

Physicochemical Properties. The main physico-
chemical properties of the studied synthetic BA analogs
and those of the corresponding natural BA are reported
in Table 1. The critical micellar concentration (CMC)
values of all new analogs were comparable with those
of the corresponding natural BA, suggesting that the
conjugation with these amino acids does not compromise
the detergent properties.
Proline conjugates showed CMC values different

among the two D and L isomers. The orientation of the
carboxy group of the L-proline analog toward the â face
of the plane, as obtained by molecular mechanics, could
explain its higher CMC. The polar carboxy group
interrupts the continuity of the hydrophobic â face, thus
reducing the micellar-forming capacity, which is based
on back to back hydrophobic interaction.29,30 The ad-
dition of a hydroxy group on the L-proline moiety

Scheme 1. Synthesis and Structures of the Studied
Proline Derivatives of UDCA, HCA, and HDCAa

a (i) Bu3N, ClCOOEt, dioxane, 10 °C; (ii) proline derivative/
NaOH.

Table 1. Physicochemical Properties of the New Analogs and
Those of Naturally Occurring Bile Acidsa

bile acid
WS
(µM)

CMC
(mM) pKa CMpH

log P
(calcd)

rK’
(C-18)

UDCA 8 26 5.0 8.4 5.69 1.00
GUDCA 8 12 3.9 7.1 3.53 0.85
TUDCA 450 13 1-2 3.61 0.82
3a 113 15 3.9 6.0 5.83 1.25
3b 59 7 3.9 6.0 4.41 0.92
3c 250 10 3.1 4.7 3.59 0.60
3d 30 29 3.5 6.5 3.86 0.70
HCA 45 17 5.0 7.5 3.57 1.15
HDCA 15 14 5.0 8.1 4.27 0.89
3e 60 30 3.9 6.6 3.71 0.85
3f 52 25 3.9 6.6 4.41 0.94
a WS, water solubility of the protonated species; CMC, critical

micellar concentration; pKa, -log of the acidity constant; CMpH,
critical micellar pH; log P, calculated octanol/water partition
coefficient of the protonated species; rK’, relative lipophilicity
measured by C-18 HPLC.
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lowered the CMC, probably by the hydrogen-bonding
capacity of this substituent facilitating micellar packing;
the 4-methoxy derivative of the L-proline-UDCA, on the
contrary, presented the highest CMC value, probably
due to the steric hindrance of the methoxy group.
More detailed studies are required to better define

the relationship between side chain structure, confor-
mation, micelle formation, packing, and aggregation
number, since the presence of a cyclic amino acid on the
side chain profoundly modifies the behavior in respect
to the common BA with a linear flexible side chain.
The lipophilicity values (Table 1) followed a more

regular and foreseeable trend. Among the L-proline
derivatives of UDCA, the lipophilicity order (3a > 3d
> 3c), obtained by C-18 reverse phase HPLC, agreed
with the physicochemical properties of added substitu-
ents, i.e., L-proline > 4-methoxy-L-proline > 4-hydroxy-
L-proline. Among the two analogs amidated with L- and
D-proline, the L isomer was the more lipophilic. The
lipophilicity of these new amidated analogs is compa-
rable to those of GUDCA and TUDCA, suggesting that
lipophilicity-mediated biological properties will be simi-
lar.
The reported values have been obtained using the

relative capacity factor on C-18 reverse phase HPLC.
Despite the fact that this method has been extensively
used for many drugs and other bile acids, the values
order is affected by mobile phase composition and the
BA interaction with the stationary phase which is not
only a simple partition phenomenon because absorption
also takes place.31 The log P values, calculated by the
molecular mechanics, were in agreement with the rK’
values giving the same order of lipophilicity (Table 1)
only among the dihydroxylated analogs (UDCA and
HDCA).
The water solubility of the protonated form of the

studied analogs (Table 1) was generally slightly higher
than those of UDCA and GUDCA, ranging from 30 to
250 µM. The pKa values were similar to that of GUDCA
but lower than that of UDCA, as a result of the
withdrawing effect of the amide bond. Accordingly, the
presence of a hydroxy or methoxy group on the 4-posi-
tion of the proline ring further reduced the pKa values.
As a result of the CMC, pKa, and solubility values,

the critical micellar pH (CMpH) values, i.e., the pH at
which a protonated acid is dissolved to form micellar
aggregates, were much lower than that of UDCA and
also GUDCA, suggesting that these analogs are soluble
in the intestinal content (pH 7-8) and only poorly
soluble at the acid pH of the gastric juice (2-3);
moreover, all of them have values below 7, and this
represents an improvement in respect to UDCA, which,
having a high CMpH (8.4), is poorly soluble in the
intestine and, consequently, poorly absorbed.10

The current results, together with previous studies
on a large number of natural and synthetic BA,11,12
suggest that some of these new analogs should have
“ideal” physicochemical properties to be further inves-
tigated as drugs for cholesterol gallstone dissolution
and/or therapy for cholestatic liver disease.
Biological Properties: In Vitro Studies. As shown

in Table 2, all the studied analogs presented an ex-
traordinary stability to both cholylglycine hydrolase and
intestinal bacteria, when compared to natural BA. The

new analogs were not deconjugated by cholylglycine
hydrolase enzyme, responsible for the deconjugation of
all naturally occurring glycine and taurine amidates and
natural BA conjugated with other linear amino acids,
like metionine, asparagine, glutamine, alanine, valine,
lysine, etc.11,32

The new BA were not 7-dehydroxylated and were
stable for at least 3 days of exposure to the intestinal
bacteria. The presence of a cyclic ring hindered enzy-
matic cleavage of the amide bond, and in turn, these
conjugates could no longer serve as a substrate for the
7-dehydroxylase enzyme.18

The first objective stated was therefore achieved by
making these structural modifications that increase the
metabolic stability of the BA in the enterohepatic
circulation.
In Vivo Studies. Biliary Secretion and Hepatic

Metabolism in Rats. The BA analogs were adminis-
tered iv to bile fistula rats at a dose of 10 µmol/min/kg
(1 h infusion). As can be seen in Table 3, they were
secreted into the bile with different kinetics and ef-
ficiency.
The Smax values (range 5.7-11.1 µmol/min/kg) were

similar or higher than those of TUDCA and GUDCA
(7.5 and 6.1 µmol/min/kg, respectively) suggesting that
these BA are taken up and secreted into bile efficiently.
Only 3d presented a Smax (11.1 µmol/min/kg) signifi-
cantly higher (p < 0.01) than the natural analogs.
Biliary secretion of all the new analogs is not compro-
mised by the structural side chain modifications; on the
contrary, this property is enhanced, as a result of ideal
lipophilicity, polarity, and structure recognition by
hepatocytes. These results point out the role of conju-
gation in facilitating biliary secretion and improving the
hepatic transport of an unconjugated BA; in fact, in
order to be secreted into bile, UDCAmust be conjugated
in the liver with glycine and taurine, and this process
is rate-limiting for its secretion into bile.25 HPLC
analysis showed that none of the new analogs were
metabolized by liver cells; in fact, they all were secreted
into the bile as such.
As far as the effect on biliary lipid secretion is

concerned, most of the analogs exhibited parallel stimu-
lation of cholesterol and phospholipid secretion (Table
3). Only 3d showed a selective and significant (p < 0.01)
reduction of cholesterol secretion, with a sustained
phospholipid secretion; as a result, the secreted bile was

Table 2. Bile Acid Stability toward C-24 Deamidation
(Incubation with cholylglycine hydrolase) and
7-Dehydroxylation (Incubation with human stools)

half-life (h)

bile acid C-24 deamidation 7-dehydroxylation

UDCA 2
GUDCA 4 2
TUDCA 4 2
3a >72 >72
3b >72 >72
3c >72 >72
3d >72 >72
HCA 4
GHCA 4 6
THCA 4 6
3e >72 >72
GHDCA 5
THDCA 6
3f >72 >72
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enriched with the administered BA, phospholipid, and,
to a less extent, cholesterol. This selective acute effect
in reducing the cholesterol secretion suggests a potential
use of this analog as a cholesterol-dissolving agent, since
it is able to produce a bile undersaturated in cholesterol.
The stimulation of bile flow induced by the infusion

of the new analogs was similar to that obtained during
infusion of the natural analogs. During and after iv
infusion of all the studied analogs, the biochemical liver
function tests were normal, suggesting a lack of toxicity
of these BA.
Acute Coinfusion Model of Liver Protection:

Prevention of the Hepatotoxicity Induced by Tau-
rochenodeoxycholic Acid. The activity of the new
analogs as drugs for the treatment of cholestatic liver
diseases has been evaluated in bile fistula rats. It is
well known33-36 that taurochenodeoxycholic acid (TCD-
CA) administered to rats at 4-8 µmol/min/kg doses is
highly hepatotoxic, as revealed by cell necrosis, release
in bile of cellular enzymes such as alkaline phosphatase
(ALP) and lactate dehydrogenase (LDH), block of biliary
calcium secretion, and cholestasis. The simultaneous
infusion of UDCA or its conjugates is able to reduce or
prevent liver injury.
We carried out experiments of iv coinfusion of TCDCA

and the new BA analogs at the same dose of 8 µmol/
min/kg. UDCA, GUDCA, and TUDCA were used as
controls. In Table 4 the bile flow, calcium output, and
ALP and LDH biliary concentrations are reported. The
effects of UDCA and its conjugates were comparable to
those reported in the literature. All of the new analogs
were able to prevent the TCDCA hepatotoxic effects, as

revealed by increased bile flow and calcium secretion
and reduced ALP and LDH leaking.
Bile flow reached values similar to those of healthy

animals receiving only saline solution; all the new
analogs were more choleretic than the natural ones.
Calcium secretion increased in respect to both saline
control and the natural BA. The more potent effect was
given by 3d (p < 0.01). LDH and ALP activity in bile
were significantly reduced with respect to saline control;
all the new analogs were even more effective than the
natural ones as far as ALP is concerned; 3a,c,d were
the more effective in reducing LDH leaking.
The maximum biliary secretion rates (Smax) of TCDCA

and the studied analogs, as determined by HPLC
analysis of bile acid composition, are reported in Table
5. When only saline solution was coinfused with
TCDCA, the mean maximum secretion rate of TCDCA
was 1.10 ( 0.12 µmol/min/kg, and this was increased
by the coinfusion of UDCA, GUDCA, TUDCA, and the
new analogs. The most potent effect was due to 3d; its
efficient secretion rate was associated with a concomi-
tant increase in the maximum secretion rate of TCDCA
(6.9 ( 0.56 µmol/min/kg), indicating its efficient dis-
placement, thus reducing the hepatic residence time of
TCDCA and the adverse effects of this BA on hepato-
cytes, as shown by the normalization of the studied
biochemical parameters.
Further selection of these analogs as clinical candi-

dates for hepatoprotection activity cannot be done only
on the basis of these results alone that, more or less,
demonstrate that all of them are able to prevent
hepatotoxicity induced by TCDCA. To be suitable for

Table 3. Bile Flow and Biliary Lipid Secretion Parameters in Bile Fistula Rates after iv Administration of the Studied Bile Acidsa

bile bile acids phospholipids cholesterol

bile acid
infused

Smax (µL/
min/kg)

Rs (µL/
min/kg)

Tmax
(min)

Smax (µmol/
min/kg)

Rs (µmol/
min/kg)

Tmax
(min)

Smax (µmol/
min/kg)

Rs (µmol/
min/kg)

Tmax
(min)

Smax (nmol/
min/kg)

Rs (nmol/
min/kg)

Tmax
(min)

saline 52 ( 12 33 ( 8 60 0.9 ( 0.2 0.5 ( 0.2 60 0.17 ( 0.06 0.07 ( 0.02 60 25 ( 5 7 ( 3 15
UDCA 116 ( 45 47 ( 10 60 4.2 ( 1.2 0.8 ( 0.2 45 0.26 ( 0.13 0.12 ( 0.03 45 55 ( 14 24 ( 10 60
GUDCA 77 ( 11 45 ( 8 45 6.1 ( 3.3 0.8 ( 0.1 45 0.23 ( 0.08 0.10 ( 0.01 45 51 ( 8 18 ( 6 30
TUDCA 72 ( 17 48 ( 11 60 7.5 ( 1.8 0.4 ( 0.1 30 0.20 ( 0.01 0.07 ( 0.02 45 45 ( 10 22 ( 7 45
3a 90 ( 24 50 ( 7 60 6.0 ( 1.8 0.9 ( 0.2 60 0.28 ( 0.07 0.11 ( 0.02 45 55 ( 10 31 ( 11 45
3b 65 ( 6 51 ( 7 60 7.9 ( 0.8 1.6 ( 0.1 60 0.20 ( 0.06 0.09 ( 0.02 60 52 ( 7 28 ( 9 60
3c 97 ( 11 46 ( 7 60 6.3 ( 1.0 0.9 ( 0.2 60 0.25 ( 0.05 0.12 ( 0.01 60 68 ( 15 31 ( 10 45
3d 90 ( 17 44 ( 5 45 11.1 ( 2.1b 0.8 ( 0.6 60 0.28 ( 0.03 0.12 ( 0.01 45 28 ( 4b 12 ( 5 45
3e 60 ( 2 38 ( 3 60 6.0 ( 0.2 1.8 ( 0.5 60 0.28 ( 0.04 0.26 ( 0.02 90 52 ( 13 23 ( 9 30
3f 67 ( 8 47 ( 3 60 5.7 ( 0.5 1.4 ( 0.2 60 0.34 ( 0.07 0.21 ( 0.04 60 60 ( 9 46 ( 10 30

a Bile acids were administered at a dose of 10 µmol/min/kg. Smax, maximum secretion rate; Tmax, time of the maximum secretion rate;
Rs, residual secretion rate. Values are expressed as mean ( SD (n ) 6). b Value is significantly different (p < 0.01) from the control
natural bile acids.

Table 4. Bile Flow, Calcium Output, and Lactate
Dehydrogenase and Alkaline Phosphatase Biliary
Concentrations in Bile Fistula Rats during iv Coinfusion of
TCDCA and the Studied Bile Acid Analogsa

bile acid
coinfused

bile Smax
(µL/min/kg)

calcium Smax
(µmol/min/kg)

[LDH]max
(UI/L)

[ALP]max
(UI/L)

saline 37 ( 2 0.10 ( 0.02 12100 ( 2500 910 ( 350
UDCA 72 ( 3 0.18 ( 0.05 115 ( 78 217 ( 5
GUDCA 63 ( 26 0.22 ( 0.08 37 ( 9 150 ( 50
TUDCA 48 ( 8 0.30 ( 0.07 37 ( 2 89 ( 32
3a 86 ( 5 0.42 ( 0.11 16 ( 2 32 ( 2
3b 97 ( 16 0.38 ( 0.09 71 ( 12 30 ( 6
3c 90 ( 7 0.37 ( 0.07 10 ( 12 31 ( 19
3d 84 ( 18 0.71 ( 0.11 14 ( 9 30 ( 12
3e 100 ( 12 0.39 ( 0.01 48 ( 4 34 ( 11
3f 83 ( 21 0.42 ( 0.03 95 ( 41 57 ( 13

a TCDCA and the studied bile acid were both iv coinfused at
a dose of 8 µmol/min/kg. Values are expressed as mean ( SD
(n ) 6).

Table 5. Maximum Biliary Secretion Rates of TCDCA and the
Studied Bile Acid Analogs during iv Coinfusion in Bile Fistula
Ratsa

Smax (µmol/min/kg)bile acid
coinfused TCDCA studied BA

saline 1.10 ( 0.12
UDCA 1.56 ( 0.35 1.72 ( 0.40
GUDCA 3.13 ( 0.86 3.33 ( 0.69
TUDCA 5.72 ( 1.26 8.08 ( 1.81
3a 5.43 ( 0.95 3.22 ( 0.76
3b 3.64 ( 1.06 2.07 ( 0.59
3c 4.98 ( 1.31 3.27 ( 0.63
3d 6.96 ( 1.42 4.67 ( 1.08
3e 5.07 ( 1.51 3.41 ( 0.90
3f 3.88 ( 0.84 3.02 ( 0.75

a TCDCA and the studied bile acid were both iv coinfused at
a dose of 8 mmol/min/kg. Values are expressed as mean ( SD
(n ) 6).
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clinical use, the new analogs described here must fulfill
additional criteria, such as efficient intestinal absorp-
tion, transport, and accumulation in bile when chroni-
cally administered to suitable animals such as hamster.

Experimental Section

Chemistry. Melting points (uncorrected) were determined
on a Buchi 530 apparatus. Optical rotations were measured
on a Perkin-Elmer Model 141 polarimeter with a 1 cm
microcell. Proton and carbon NMR spectra were obtained on
a Varian Gemini-200 apparatus and are measured in δ units.
Flash chromatography was performed on silica gel 200-400
mesh (Merck). log P values were calculated using HyperChem
software (registered trademark of Hypercube, Inc., Waterloo,
Ontario, Canada). All solvents were purified by distillation.
UDCA, TUDCA, HDCA, and HCA were purchased from Sigma
(St. Louis, MO); GUDCA was from Calbiochem (La Jolla, CA).
General Procedure for the Preparation of Bile Acid

Amides.26 To a well-stirred and cooled at 10 °C solution of
bile acid (50 mmol) and tri-N-butylamine (55 mmol) in
anhydrous dioxane (300 mL) was added ethyl chloroformate
(55 mmol) dropwise. Stirring was continued for 30 min; then
a solution of the amino acid (60 mmol) in 10% NaOH (p/v) (25
mL) was added dropwise at the same temperature and the
mixture left for 4 h. The reaction mixture was allowed to
warm to room temperature and poured onto 400 g of ice. The
pH was adjusted to 1 by 12 N HCl. The white precipitate was
filtered and dissolved in 2.5 M NaOH (20 mL). The pH was
adjusted to pH 5.4 with 0.1 M HCl. A white precipitate
occurred. This precipitate was removed and the mother liquor
acidified with 1 M HCl to pH 1.2. The new precipitate formed
was essentially constituted by the pure target 3. Alternatively
the product was purified by flash chromatography and recrys-
tallized from diethyl ether.
N-[(3r,5â,7â)-3,7-Dihydroxy-24-oxocholan-24-yl]-L-pro-

line (3a). To a suspension of UDCA (1a) (19.6 g, 50 mmol) in
anhydrous 1,4-dioxane (300 mL) was added tributylamine
(13.2 mL, 55 mmol) at 10 °C. This temperature was kept with
stirring while a solution of ethyl chloroformate (5.3 mL, 55
mmol) in dioxane (10 mL) was added during 15 min. After
the solution was stirred for an additional 30 min, a solution
of L-proline (6.9 g, 60 mmol) in 10% NaOH (p/v) (25 mL) was
added at the same temperature, and the resulting solution was
stirred for 4 h while the temperature was allowed to reach
room temperature spontaneously. Ice (400 g) was added, and
the mixture was stirred and acidified (pH 2, concentrated HCl).
A white precipitate occurred. After stirring for a further 30
min, the precipitate was collected and dissolved in NaOHaq

(20 mL, 2.5 N). The pH was adjusted to 5.4 (1 N HCl). The
solution was allowed to stand for 15 min and filtered, and the
aqueous layers were acidified at pH 1.5 with concentrated HCl
at 0 °C. The new collected precipitate (20.7 g) showed to be
pure target 3a: mp 133-137 °C; [R]20 ) -23.7° (c 0.88, CHCl3);
IR (Nujol) 3360, 1719, 1623 cm-1; 1H-NMR (CDCl3) 5.0 (broad,
2H), 4.57 (t, 1H), 3.6 (m, 2H), 3.0 (m, 2H), 2.4-0.8 (complex
pattern, 28H), 1.0 (d, 3H), 0.94 (s, 3H), 0.67 (s, 3H); 13C-NMR
(CDCl3) 176.3, 175.0, 72.4, 72.2, 59.3, 57.4, 56.8, 49.5, 49.3,
48.7, 48.4, 45.0, 44.7, 44.3, 41.8, 41.0, 38.9, 36.3, 35.4, 31.3,
29.9, 28.2, 24.2, 22.6, 19.4, 12.9. Anal. (C29H47NO5) C, H, N.
N-[(3r,5â,7â)-3,7-Dihydroxy-24-oxocholan-24-yl]-D-pro-

line (3b). The protocol was analogous to that of 3a starting
from UDCA (10 mmol, 3.92 g) in 60 mL of dioxane, tributy-
lamine (11 mmol, 2.64 mL), ethyl chloroformate (11 mmol, 1.05
mL), and D-proline (12 mmol, 1.38 g) dissolved in 10 mL of
10% NaOH. The target was purified by flash chromatography
(THF/MeOH, 9:1, v/v) and recrystallized from ether, obtained
2.50 g of 3b: mp 140-144 °C; [R]20 ) +76.5° (c 0.098, CH3-
OH); IR (Nujol) 3360, 1719, 1625 cm-1; 1H-NMR (CDCl3) 4.4
(broad, 2H), 4.35 (t, 1H), 3.6 (m, 4H), 3.0 (m, 2H), 2.4-0.8
(complex pattern, 28H), 1.0 (d, 3H), 0.94 (s, 3H), 0.67 (s, 3H);
13C-NMR (CDCl3) 175.1, 174.0, 72.0, 71.8, 60.3, 57.5, 56.5, 49.8,
48.1, 44.7, 44.4, 44.0, 42.4, 40.6, 36.1, 35.2, 31.9, 29.6, 27.9.,
23.9, 22.4, 19.1, 12.7. Anal. (C29H47NO5) C, H, N.
N-[(3r,5â,7â)-3,7-Dihydroxy-24-oxocholan-24-yl]-4-trans-

hydroxy-L-proline (3c). This compound was obtained from

UDCA (19.6 g, 50 mmol) and trans-4-hydroxy-L-proline (7.86
g, 60mmol) following the procedure described above. The
residue was subjected to flash chromatography. Elution with
THF/acetic acid, 98:2 (v/v), afforded the target (22.8 g): mp
98-100 °C; [R]20 ) +16.2° (c 0.28, CH3OH); IR (Nujol) 3360,
1719, 1625 cm-1; 1H-NMR (CDCl3) 5.0 (broad, 2H), 4.57 (dd,
1H), 3.6 (m, 4H), 3.0 (m, 2H), 2.4-0.8 (complex pattern, 28H),
1.0 (d, 3H), 0.94 (s, 3H), 0.67 (s, 3H); 13C-NMR (CDCl3) 176.3,
174.5, 72.5, 72.3, 60.5, 57.9, 56.9, 49.9, 49.3, 48.8, 48.5, 49.9,
44.4, 41.9, 41.1, 39.0, 36.4, 35.5, 32.7, 31.4, 30.8, 30.1, 22.1,
22.8, 19.0, 13.0. Anal. (C29H47NO6) C, H, N.
N-[(3r,5â,7â)-3,7-Dihydroxy-24-oxocholan-24-yl]-4-trans-

methoxy-L-proline (3d). This compound was prepared ac-
cording the procedure described for compound 3a starting from
UDCA (3.52 g, 9 mmol) and L-methoxyproline37 (1.72 g, 12
mmol), obtained 2.32 g of 3d: mp 118-124 °C; [R]20 ) +17.3°
(c 0.104, CH3OH); IR (Nujol) 3360, 1719, 1625 cm-1; 1H-NMR
(CDCl3) 4.47 (t, 1H), 4.0 (broad, 2H), 3.68 (m, 1H), 3.5 (s, 3H),
2.4-0.8 (complex pattern, 30H), 0.9 (d, 3H), 0.85 (s, 3H), 0.67
(s, 3H); 13C-NMR (CDCl3) 176.3, 174.5, 78.6, 70.9, 65.7, 57.6,
56.9, 54.8, 49.6, 49.3, 48.7, 48.5, 43.5, 43.3, 42.3, 40.0, 39.0,
36.8, 35.3, 33.9, 31.4 30.5, 29.8, 26.7, 23.2, 21.0, 18.4, 14.9,
12.0. Anal. (C30H49NO6) C, H, N.
N-[(3r,5â,6r,7â)-3,6,7-Trihydroxy-24-oxocholan-24-yl]-

L-proline (3e). This compound was obtained from 20.4 g (50
mmol) of 1e (HCA) following the procedure described for
compound 3a. The crude reaction mixture was purified by
flash chromatography using as eluent ethyl acetate/methanol/
acetic acid, 8.5:1:0.5, yielding 3e (8 g): mp 218-222 °C; [R]20
) -18.1° (c 0.38, CH3OH); IR (Nujol) 3360, 1715, 1630 cm-1;
1H-NMR (CDCl3) 5.1 (broad, 1H), 4.6 (t, 1H), 3.72 (m, 6H), 3.0
(m, 2H), 2.5-0.9 (complex pattern, 27H), 1.03 (d, 3H), 0.95 (s,
3H), 0.69 (s, 3H); 13C-NMR (CDCl3) 176.3, 175.5, 70.9, 67.9,
64.9, 59.1, 56.8, 54.9, 49.5, 49.3, 48.7, 43.8, 43.4, 42.4, 40.1,
39.1, 35.9, 34.8, 31.4, 30.5, 29.8, 28.7, 26.6, 24.2, 21.2, 18.5,
15.0, 12.3. Anal. (C29H47NO6) C, H, N.
N-[(3r,5â,6r,)-3,6-Dihydroxy-24-oxocholan-24-yl]-L-pro-

line (3f). This compound was obtained as above described
from 1f (HDCA) (19.6 g, 50 mmol). The crude reaction mixture
was purified by flash chromatography using as eluent ethyl
acetate/methanol/acetic acid, 8.5:1:0.5 yielding 3f (13 g): mp
203-209 °C; [R]20 ) -13.9° (c 0.49, CH3OH); IR (Nujol) 3360,
1719, 1625 cm-1; 1H-NMR (CDCl3) 4.1 (broad, 2H), 3.8 (m, 2H),
3.5 (m, 2H), 3.3 (t, 1H), 2.4-0.8 (complex pattern, 29H), 1.03
(d, 3H), 0.95 (d, 3H), 0.85 (s, 3H), 0.60 (s, 3H); 13C-NMR
(CDCl3) 176.4, 174.5, 70.8, 67.7, 65.9, 59.2, 55.7, 54.8, 49.4,
49.3, 48.6, 43.9, 43.2, 42.1, 40.1, 36.1, 35.9, 34.7, 31.2, 30.4,
29.8, 29.5, 28.6, 26.5, 24.0, 21.0, 18.4, 14.8, 11.9. Anal.
(C29H47NO5) C, H, N.
Physicochemical Properties: Critical Micellar Con-

centration. Critical micellar concentration values in water
were obtained by surface tension measurements, using a
maximum bubble-pressure method, as previously reported.38
Water Solubility. The water solubility (WS) of the pro-

tonated form was measured on saturated solutions at pH 1,
as previously reported.39
Acidity. Acidity constants were determined by potentio-

metric measurements in solutions of aqueous methanol of
different mole fractions at 25.0 °C. The pKa values were
estimated in water by means of previously established cor-
relations at pKa values in mixed solvents.40
Lipophilicity. The relative lipophilicity of bile salts was

measured by C-18 reverse phase HPLC.31 The analyses were
carried out under isocratic conditions (0.9 mL/min), using
aqueous methanol 65% (v/v) containing 2 mM ammonium
acetate at pH 7 as the mobile phase, in order to insure
complete ionization of all BA. A retention factor (K′) was
calculated from the relative mobilities of the separated bile
acids using the formula: K′ ) (tv - to)/to, where to is the
retention time of the solvent and tv is the retention time of
bile salts. Data are expressed as the relative retention factor,
rK′ (relative to UDCA).
Critical Micellar pH. The estimation of the pH-solubility

relationship of each bile acid and its salt was carried out by
aqueous acidometric titration of the bile salt; 20 mL of 50 mM
solution of each bile salt studied was titrated with 0.1 M HCl.
The CMpH is the pH at which the precipitation of the
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protonated form is first visualized by turbidimetry at 500 nm.
This value was confirmed by back-titration with 0.1 M NaOH
until the suspension became transparent.
Biological Properties. In Vitro Studies: Stability to

Cholylglycine Hydrolase. Hydrolysis of the C-24 amide
bond was studied in a solution consisting of acetate buffer (0.3
M, pH 5.6, 200 µL), EDTA (0.2 M, 40 µL), mercaptoethanol
(0.2%, 40 µL), enzyme (cholylglycine hydrolase from Clostrid-
ium perfringens, 50 units/mL, 50 µL), and the conjugated bile
acid (10 mM, 10 µL). After incubation at different times (0.5,
1, 2, 8, 16, 24, 48, and 72 h) at 37 °C, bile acids were isolated
and analyzed using the procedure described below. GUDCA,
TUDCA, glycohyocholic acid (GHCA), taurohycholic acid
(THCA), glycohyodeoxycholic acid (GHDCA), and taurohyode-
oxycholic acid (THDCA) were used as controls.
Stability to Intestinal Bacteria. Homogenized fresh

human stools (500 mg) were transferred into sterile vials to
which 5 mL of sterilized chopped meat-glucose medium (Scott
Lab., Fiskville, RI) was added. BA were then added at a final
concentration of 0.05 mM. UDCA, UCA, and their glyco and
tauro conjugates were used as controls. Vials were incubated
at 37 °C; then, at 0, 4, 8, 16, 20, 24, and 72 h after the addition
of the BA, the reaction was stopped with 150 µL of 30% KOH.
The samples were centrifuged at 3500 rpm for 10 min; from
the supernatant the BA were isolated by C-18 solid-phase
extraction and analyzed by TLC (solvent I) and HPLC (solvent
B) (see Analytical Methods).
In Vivo Study: Biliary Secretion and Hepatic Metabo-

lism in Rats. The study was performed in male Sprague-
Dawley rats (300-330 g). The animals were anesthetized with
ethyl carbamate, and the bile duct was cannulated with
polyethylene-10 tubing (Clay Adams, Becton Dickinson, Parip-
pany, NJ).
After 1 h of base-line steady state, the BA were administered

as sodium salts through the femoral vein at a dose of 10 µmol/
min/kg for 1 h; bile was collected for 3 h at 15 min intervals.
The controls received UDCA, GUDCA, TUDCA, and saline
solution. Each group consisted of six animals.
The bile flow was measured gravimetrically taking the

density of bile as 1; the concentrations of BA, cholesterol, and
phospholipids in the samples were determined by enzymatic
methods.41-43 BA composition was evaluated by the HPLC
method, as described in Analytical Methods, using solvent A.
Biliary lipid secretion, calculated from the volume of secreted
bile and the biliary lipid concentration, is expressed as µmol/
min/kg. The following parameters were calculated by plotting
biliary secretion vs time: the mean values ( SD of the
maximal secretion rate and relative time (Smax and Tmax) and
the residual secretion rate (Rs) (the rate value at the third hour
of the experiment).
Acute Coinfusion Model of Liver Protection: Preven-

tion of the Hepatotoxicity Induced by Taurochenode-
oxycholic Acid. The sodium salts of TCDCA and the studied
analog were coinfused at the same dose of 8 µmol/min/kg for
1 h into the jugular vein of bile fistula rats (Sprague-Dowley,
weight range 200-250 g). Bile was collected at 30 min
intervals for 3 h. The control rats received saline solution,
UDCA, GUDCA, or TUDCA.
Total BA concentration was determined as previously

reported;41 BA composition was evaluated by HPLC (solvent
A, see Analytical Methods); calcium concentration, alkaline
phosphatase, and lactate dehydrogenase activities were de-
termined in bile by conventional enzymatic methods (Merck,
Darmstadt, Germany).
Statistical Analysis. Statistical analysis was carried out

using analysis of variance to show differences among the
various groups studied. In addition, the Student’s t-test was
used to identify and isolate the agents producing significant
results. All values are expressed as the mean ( SD; calcula-
tions were performed using the procedure performance analy-
sis of variance of the Statistical Analysis System (SAS Institute
Inc., Cary, NC).
Analytical Methods. The qualitative and quantitative

compositions of BA in bile or other matrices such as stool were
determined by different combined chromatography techniques.
The biological fluids underwent a preliminary cleanup proce-

dure by conventional C-18 reverse phase extraction (C-18 Bond
Elut; Analytichem International, Harbor City, CA).13
Thin-layer chromatography (TLC), utilizing silica gel 0.25

µm thickness plates (Merck, Darmstat, Germany), was em-
ployed as the first screening test. The solvent system used
for the separation of conjugated BA was composed of propionic
acid/isoamyl acetate/water/N-propanol (3:4:1:2, v/v/v/v; solvent
I), and that of the unconjugated BA was acetic acid/carbon
tetrachloride/isopropyl ether/isoamyl acetate/water/N-propanol/
benzene (1:4:6:8:2:2, v/v/v/v/v/v; solvent II). Separated BA
were revealed with 5% phosphomolybdic acid ethanol solution.
The BA were also evaluated by HPLC27 with a Waters 600E

multisolvent delivery system equipped with an autosampler
injector (Waters 717; Waters, Milford, MA). The apparatus
was connected to an evaporative light-scattering detector,
ELSD II (Varex Corp., Burtonsville, MD), and the signal
recorded with a Waters 746 data module. A Nova-Pak C-18
Waters steel column (3.9 mm × 300 mm), particle size 4 µm,
was used; column temperature was kept at 37 ( 0.2 °C by a
Waters TCM thermostat. For the separation of glycine- and
taurine-amidated BA, a mobile phase, composed of aqueous
methanol 65% (v/v) containing 15 mM ammonium acetate,
with an apparent pH of 5.4 ( 0.1 (solvent A) was used under
isocratic conditions (0.9 mL/min); unconjugated BA were
separated with aqueous methanol 75% (v/v) containing 15 mM
ammonium acetate, also with an apparent pH of 5.4 ( 0.1 and
a flow rate of 0.9 mL/min (solvent B).

Conclusions

The physicochemical properties of the new studied
analogs in term of CMC and lipophilicity are similar to
those of the parent compounds and, in part, explain
their behavior in aqueous solutions and their biological
and pharmacological properties.
The conjugation of UDCA, HDCA, and HCA with

cyclic amino acids prevents the enzymatic hydrolysis of
the C-24 amide bond by cholylglycine hydrolase even
after a long incubation time. The new analogs are also
highly resistant to bacterial 7-dehydroxylase.
The structural modifications do not compromise the

hepatic uptake and the transport; on the contrary, some
of them, like 3d, present a maximum transport higher
than that of natural UDCA conjugates. 3d is able to
selectively inhibit the cholesterol secretion, and this is
associated with the highest secretion rate of phospho-
lipids and BA. A bile undersaturated in cholesterol and
enriched in phospholipids is therefore produced, and this
strongly encourages the use of this compound for
cholesterol gallstone dissolution.
All of them are able to prevent the hepatotoxicity

induced in rat by TCDCA iv infusion, and this suggests
a potential use as drugs for the treatment of cholestatic
liver deseases.
Considering the overall set of data, L-proline, 4-hy-

droxy-L-proline, and 4-methoxy-L-proline derivatives of
UDCA seem the more potent analogs; again, 3d, com-
bining its high metabolic stability and efficient hepatic
transport with a selective inhibition of cholesterol
secretion and with normalization of the biochemical
parameters during coinfusion with TCDCA, is the more
promising analog.
The data, obtained on this series of new cyclic analogs,

are extremely useful in a rationale approach to new bile
acid drug design and in better understanding the key
points in BA metabolism and mechanisms of action.
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