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Abstract: Critical micellar concentrations (CMCs) were determined for two novel
promoters of membrane permeability — 7-monoketocholic acid (7-MKC) and 12-
monoketocholic acid (12-MKC), using two non-invasive (conductometry and *H NMR
relaxation experiment) methods. Studies by these methods suggest the different
aggregation abilities of the investigated bile acid derivatives. In an aqueous solution,
7-MKC has a somewhat lower CMC value (43 mM) than 12-MKC (50 mM). Further,
it was found that, in addition to the primary micelles, 7-MKC forms also secondary
micelles. Based on the CMC value 7-MKC is more hydrophobic than 12-MKC,
although the opposite data can be found in the literature. The apparent hydrophobicity
of 7-MKC is a consequence of the formation of secondary micelles, shifting the
monomer equilibrium to the direction of first micelles, which is manifested as a

decrease in the CMC value.
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Introduction

Bile acid salts are compounds with two different surfaces in their molecules. The
convex surface of the steroidal skeleton (B side) is hydrophobic, whereas the concave surface
(o side) is hydrophilic because of the presence of OH groups and carboxylic group of the side
chain. Simultaneous presence of both polar and non-polar surfaces in bile acid molecules
(amphiphilic molecules) has as a consequence their self-association, as well as a number of
physicochemical properties on their boundary surfaces. Bile acid salts belong to the class of
anionic surface active molecules [1-6].

Formation of micelles is characterized by the value of critical micellar concentration
(CMC), which represents the concentration of the amphiphilic molecule at which begin
significant changes in physicochemical properties of the solution [2]. The knowledge of
CMC:s of bile acids is also important in view of their pharmacological applications. Namely, it
is known that the hydrophilic-hydrophobic balance (which is in correlation with the CMC) of
bile acids determines their binding to large-conductance Ca**-activated K* (BKca) channels,
which results in the relaxation of smooth muscles of the endothelium’. Also, the CMC value
indicates the promotive properties of bile acids in the transport of polar drugs through
biological membranes. However, the membrano-toxic properties of bile acids depend also on
the CMC. The lower the CMC value of the bile acid, the greater the possibility of the cell
membrane damage [8,9].

Pharmacological studies have especially pointed out the significance of keto (oxo)
derivatives of bile acids [10-13]. Namely, the introduction of an oxo group into the bile acid
molecule increases the CMC value, lowering thus its membrano-toxic effect [14,15].
Therefore, the ratio of the pharmacological and toxic effects can be adjusted by varying the
number and position of the keto groups in their steroid skeleton.

There are two groups of experimental methods for determining CMC values. To one
group belong non-invasive methods (light dispersion, potentiometry, conductometry, NMR,
isothermal calorimetric titration, etc.), in which one measures the changes in a certain
physicochemical property of the solution of surface active substance (SAS) that occur as a
consequence of the aggregation of SAS monomer units. The other group of methods are the
invasive methods, in which use is made of a probe hydrophobic molecule which builds in into
the hydrophobic interior (cage) of the SAS micelle, which then causes changes in the probe

molecule's surroundings.
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Therefore, in the non-invasive methods one measures the change in physicochemical
characteristics associated with the probe molecule (fluorescence, changes in the UV-VIS
spectrum, spin labeling, etc.). By comparing these two groups of methods of CMC
determination it can be concluded that a shortcoming of the noninvasive methods is the
necessity of formation of a larger number of aggregates; hence, the CMC value thus
determined is higher than the real value. A shortcoming of the invasive methods is in that that
the probe molecule and SAS form mixed micelles, which then lowers the CMC value.
Besides, the probe molecule disturbs the real structure of the micelle [16].

Figure 1. A) 3a,12a-dihydroxy-7-oxo-58 cholanoic acid (7-MKC);
B) 3a,7a-dihydoxy-12-0x0-53-cholanoic acid (12-MKC).

Physicochemical properties of keto cholic acid derivatives have not been studied
sufficiently. The knowledge of the CMCs of 7-MKC and 12-MKC is important in view of the
fact that their values indicate both promotive and membrane toxicity properties of these bile
acids. According to Posa et al. both of these monoketocholic acids have CMC values which
do not differ statistically from each other [14]. However, the experiments carried out by Sarbu
et al. [17] (reversed phase high performance thin layer chomatography, RPTLC) indicated
that 12-MKC is by 4% more hydrophobic than 7-MKC. The entropy factor of micelle
formation at 30°C (TASy) for 12-MKC is +4.57 kdmol™®, whereas for 7-MKC it is +4.15
kdmol™, which should also imply that 12-MKC is more hydrophobic, that is it should have a
lower CMC value [11]. Because of this, the aim of the present work was to examine which of
these two monoketocholic acids (Fig. 1) is more hydrophobic. To answer this question we
undertook measurements of CMCs of these acids (studies of self-aggregation) by two
noninvasive techniques (conductometry and NMR).
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Experimental

Chemicals

Cholic acid (Sigma, New Zealand, 98%) was used for the synthesis of 7-MKC
according to the procedure by Tullar [18], and of 12-MKC by the procedure of Miljkovi¢ et
al. [19]. DO (Aldrich, 99.99). Urea and NaCl were from Merck (analytical reagent grade).

Apparatus

Conductivities were measured using a conductivity meter (model "OK-102";
Radelkis, Budapest, Hungary). NMR experiments were carried out on a PC-controlled
spectrometer (model "AC-250"; Bruker, USA).

Procedures

Conductometric Measurements

The cell containing the solution to be analyzed was immersed in a water bath keeping
the temperature at 25 £0.1 °C. The stock solution of bile salts (120 mM in double distilled
water) was diluted for measurements with double distilled water, covering the concentration
range of 10-100 mM. Measurements were also carried out in the presence of NaCl at the
concentrations of 50 mM and 150 mM as well as 2 M urea. In this case the stock solution
(120 mM bile acid, 50 or 150 mM NaCl or 2 M urea in double distilled water) was diluted to
a desired concentration with 50 mM or 150 mM solutions of NaCl in one case or with 2 M
solution of urea in the other.

TH NMR Studies

Stock solution of bile acid salts (120 mM in D,0) was diluted with D,0 to cover the
concentration range of 10-100 mM. Measurements were performed at 23 °C on a Bruker AC-
250 instrument with standard Bruker software. The *H NMR spectra were recorded using a
spectral window of 3200 Hz. Spin-lattice relaxation times T; were determined by the
inversion recovery experiments (180 -t-90°-AQC). Selected peak areas for nine different

interpulse delays t were determined.
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Results and Discussion

The dependence of the conductivity x on the concentration of bile acids tested is
presented in Fig. 2. The CMC value is obtained as the point at the curve break. Below the
CMC, bile acid monomers are present, whereas above the CMC the monomer concentration is

constant, which is seen as a smaller slope of the curve x = f(cgs) [20,21].
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Figure 2. Dependence of conductivity k on concentration of sodium salts of bile acids
A: sodium 12-MKC; B: sodium 7-MKC; I: water, Il solution of 2 M urea.

Solutions of the monoketo derivatives of cholic acid were also investigated in the
presence of 2 M urea and 50 and 150 mM NaCl. Namely, it is known that urea influences
formation of bile acid micelles by lowering their aggregation number [23, 24]. In the graph «
= f(cp4) for 12-MKC, there is a break point at the concentration of 46 mM, whereas in the
presence of 2 M urea the break point is at 48 mM (Fig. 2A). These two CMC values do not
differ statistically, which means that urea does not affect aggregation of 12-MKC.
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In the graph « = f(cp4) for 7-MKC there are two break points, one at the concentration of 39
mM and the other at 69 mM. In the presence of urea the both points shift in the direction of
lower concentrations. The occurrence of two break points and the influence of urea on the
CMC value of 7-MKC suggests that the aggregation of this bile acid is different from that of
12-MKC. The presence of NaCl lowered the CMC of both acids (Table 1), exhibiting in the
case of 7-MKC an effect similar to that of urea.

Table 1. Effect of NaCl and urea on the CMC [mM] values.

. Water 50 mM NaCl 150 mM NacCl 2 M urea
Bile salt Tpl Tp2 Tpl Tp2 Tpl Tp2 Tpl Tp2
7-MKC 30+3  69+2  35t2  65x4  28+2  58+3  30+3  60x2
12-MKC 4624 - 4143 - 35+3 - 4842

Legend: n=5; Tpl... break point at lower ¢z, concentration; Tp2 ... break point at higher cz4
concentration in the curve; x = f(cg4); -- ... not defined.

The difference in the functions « = f(cp4) for the two bile acids tested is a consequence
of the formation of different micelles. Namely, in the 7-MKC molecule, the oxygen atom of
the C7 oxo group is shifted towards the mean plane of the steroid skeleton compared to the
oxygen of the C7 hydroxyl group of 12-MKC (Fig. 3A). However, the C12 oxo group of the
12-MKC molecule, forms, via water molecules, hydrogen bonds with the hydroxyl group of
the side chain, since the oxo group is shifted towards the B side (Fig. 3B). This is in contrast
to the C12 hydroxyl group in the molecule of 7-MKC, so that according to Bertolasi et al., the
C12 oxo group can form hydrogen bond with the side chain [25]. Hence 7-MKC has a smaller
hydrophobic surface area than 12-MKC since the oxo group of the molecule of the latter is
screened by the hydrophobic C23, C22 methylene and C21 methine groups of the side chain,
and this just explains the higher hydrophobicity of 12-MKC obtained on the basis of the
retention index (RPTLC) [17]. However, the lower CMC value for 7-MKC obtained by
conductometric measurements suggests that 7-MKC is more hydrophobic. This contradiction
can be explained in terms of the existence of two break points in the curve x = f(cp4) (Figs. 2)
if, apart from primary micelles, secondary ones are formed too.

According to the Small model [22,25], primary micelles are formed by binding of bile
acid hydrophobic areas, and, if the bile acid molecule has a larger hydrophobic area, then

primary micelles of a larger aggregation number are formed.
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Figure 3. A) Shift of the C7 oxo-group oxygen towards steroid skeleton mean plane,
B) formation of the hydrogen bond via water molecule between the C12 oxo group and
carboxylic function of the side chain of 12-MKC (conformations were optimized by the
MOPAK protocol).

Since 12-MKC molecule has a larger hydrophobic area than 7-MKC, the increase in the
concentration of the former bile acid will yield formation of primary micelles with
successively larger aggregation number (Fig. 4. 1I-1V). On the other hand, the second break
point in the graph x = f(cz4s) for 7-MKC indicates the formation of secondary micelles
(primary micelles bonded by hydrogen bonds, Fig. 4 V-VI). Formation of secondary micelles
means the withdrawing of primary micelles from the system of monomer aggregation, which
then shifts the equilibrium of association of 7-MKC monomers in the direction of primary
micelles. Hence the CMC value is smaller than it would be expected on the basis of the
molecule hydrophobicity.

Fig. 5 illustrates the hydrogen bonds formed between 7-MKC molecules that also exist
in secondary micelles. The decrease in the slope after the second break on the curve of the

function x = f(cp4) (Fig. 2B) can be also explained by the presence of secondary micelles.

201



l C3-OH

=
=}

0o

C3-0H
|
=]
C7-keto o
I C12-OH

C12-OH

B C7-keto

Q

' N A AL 8 Y,

7-Monoketocholic acid

k
Sl i
1

\% Vi

—~—
Secondary micelles
Successive association of primary

micelles via hydrogen bonds

|
Primary micelles

Successive association
of bile acid monomers

Figure 4. Formation of primary micelles of bile acid monomers | by hydrophobic interactions
I-1V; formation of secondary micelles by successive association of primary micelles via
hydrogen bonds V-VI (o denotes hydrogen bond).

Namely, the conductivity of the micellar solution of bile salts is mainly due to the existence of
monomeric anions and, to a lesser extent, to the involvement of micelles of different types of
aggregation, bearing a negative charge (the micelle charge is smaller than the sum of the
charges of the monomeric anions that participate in the micelle formation since counter-ions
are adsorbed on the micelle surface).

However, since the size of secondary micelles is 2 to 4 times larger than that of
primary micelles, their mobility decreases because of the increased resistance to their motion
towards the electrodes. In other words, after the second break point in the curve x = f(cg4) the
concentration of free monomer anions in the solution decreases compared to the concentration
at the first break point since the equilibrium of aggregate formation is shifted toward

formation of primary micelles (primary micelles form secondary micelles).
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Figure 5. Hydrogen bonds formed between two monomers of 7-MKC in the aggregation
of secondary micelles (configurations were optimized by MOPAK protocol).

In our recent work, spin-lattice relaxation time T, was determined for the singlet of the CHs-
18 methyl group of sodium-7-monoketocholate at 0.74 ppm in D,0, and at 1.09 ppm in D,0
for the two overlapping singlets belonging to the CH3-18 and CH3-19 protons of sodium-12-
monoketocholate [21,22]. The determination of the relaxation times for protons of the CH3-18
methyl group was chosen in view of the assumption that according to the Small model [23,26-
28] bile acids in the micelle bind via their hydrophobic surfaces, that is via the p side of the
steroid skeleton, which yields a change in the environment of the angular CH3-18 methyl
group. If the association of primary micelles would not occur by binding the bile acid
monomers via their B sides (Small's model), then the lattice environment of angular protons
would not change, and, by the same token, there would be no change in the T, value.

Fig. 6A shows the *H NMR spectra of 7-MKC in D,O at a concentration of 70 mM,
which are used for the determination of the relaxation time T, by the 180°-t-90°-AQC method
[22]. Each spectrum was recorded after a certain time z upon applying a pulse of 180 the
first spectrum in Fig. 6 was recorded after 0.010 s, the second one after 0.025 s, and etc. To
study the self-association of bile acids it is necessary to record a series of spectra for each

concentration tested, as shown in Fig. 6, that is to apply the 180°-t-90°-AQC method.
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Figure 6. A) 'H-NMR spectra of sodium 7-MKC obtained by the inversion recovery
experiments (180°-7-90°-AQC). B) Selected peak areas for different pulse delays; the line
represents the best fit of equation, obtained by non-linear regression.

The arrows in Fig. 6A denote the signals of the C18 protons, whose intensities (areas)
are measured as a function of time. On the other hand, Fig. 6B shows the change of the signal
area of the C18 proton as a function of time that elapsed after applying the 180° pulse, the
time T being measured since the termination of the action of the 180° signal. To each point in
the graph (Fig. 6B) corresponds a spectrum (integral of the signal of the C18 methyl group
proton), that is the area under the signal of the C18 methyl group at the time delay: z = 0.010
s; 7=0.025 s; 7 = 0.050 s; = 0.10 s, etc. The relaxation time from the graph (Fig. 6B) is

determined by fitting experimental data to the following equation (S.A. — signal area):

S.A. =S.Ao(1-2e7T) (1)
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The relaxation time was also determined by the so-called null method, using the following

equation:

T]_:Tnu”/ In2 (2)

Namely, it is known from the literature that the determination of relaxation times by fitting to
equation (1) does not give in some cases good results (which depends on the molecular
structure and dynamics) [21]. The values of relaxation times determined by equation (1), that
is by equation (2), do not differ from each other by more than 5% (p<0.01). Variation in T
values calculated by equations (1) and (2) is below 4%. The reproducibility condition is that
the signal-to-noise (S/N) ratio for the protons for which relaxation times are measured should
be equal to or larger than 8 (S/N>8).

To determine the relaxation time a graph of the signal area of the C18 proton vs. time
7, was constructed for each tested bile acid concentration. The relaxation times thus obtained,
T,, are presented as a function of the concentration cz4 of the bile acid tested (Fig. 7). If the
function Ty = f(cg4) has an inflexion point (abrupt jump) this means that micelle formation
took place (micelle formation is accompanied by a change in the environment of the angular
protons, which then leads to a change in the T; values; at the concentrations below the CMC
the protons of angular methyl groups of the monomer have one value for T; and another after
the micelle formation) [21].

In the case of 7-MKC the function T; = f(cs4) has two inflexion points, one at the
concentration of 42 mM (bigger change, Ip-1, Fig. 7A) and the other one at 75 mM (smaller
change, Ip-2, Fig. 7A), in contrast to 12-MKC, for which there is only one inflexion point at
the concentration of 50 mM (lIp-1, Fig. 7B). This difference in the function T, = f(cp4) may
indicate the difference in the aggregation of the tested monoketo derivatives of cholic acid.

Formation of primary micelles is also confirmed by broadening of the T, = f(c4) curve
for 12-MKC around its inflexion point (Fig. 7B). Namely, with this bile acid, because of the
relatively large hydrophobic surface area in its molecule, the equilibrium of formation of
primary micelles at increased concentrations is shifted in the direction of formation of the
aggregates with a larger aggregation number. In contrast to this, the curve for 7-MKC (Fig.
7A), with the sharper changes around the inflexion point, suggests that this bile acid forms
primary micelles with smaller aggregation numbers. On the other hand, the second inflexion
point in the graph T, = f(cz4) for 7-MKC indicates the formation of secondary micelles

(primary micelles bonded by hydrogen bonds; see Fig. 4).
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Figure 7. NMR relaxation times (T,); A) sodium 7-MKC; B) sodium 12-MKC
Conclusions

When critical micellar concentration (CMC) is determined by non-invasive methods
(*H NMR spectroscopy and conductometry) based on the measurement of the change in
physicochemical characteristics of the system that is a consequence of the aggregation of
detergent molecules, the CMC value obtained for 7-MKC is smaller than that for 12-MKC.
The 'H NMR relaxation curves (T = f(c4)) and the conductometry results (« = f(cz,)) suggest
that the aggregation of 7-MKC is different from that of 12-MKC.
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