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Abstract

Upon mixing a solution of sodium taurocholate with a solution of chitosan acetate, both at pH values close to 4, immediate precip-
itation of chitosan taurocholate salt is observed. The salt obtained with nearly stoichiometric amounts of both reagents was characterized
by infrared spectrometry, and found to exhibit new bands indicative of its ionic nature. Similar compounds were obtained from Na taur-
odeoxycholate and Na glycocholate. When exposed to a number of hydrolases at pH values close to neutrality and 20 and 37 �C they
were found to be poorly susceptible to enzymatic degradation: only Trichoderma reesei cellulase, egg white lysozyme and barley malt
a-amylase were effective on chitosan taurocholate and glycocholate. The observed capacities of the freeze-dried salts for olive oil were
22 g oil/g of chitosan taurocholate, 60 g oil/g of chitosan glycocholate, and 27 g oil/g of chitosan taurodeoxycholate. The capacities were
22.1 g butter oil/g of chitosan taurocholate and 22.1 g of corn oil/g chitosan taurocholate. These data, substantially much higher than
similar data published for plain chitosan and various oils, mean that the lipid uptake mainly takes place by hydrophobic interactions with
the insoluble salts formed by chitosan upon contact with bile. The profile of fatty acids and some components of the unsaponifiable
(cholesterol, a-tocopherol and c-tocopherol) were not different in treated and untreated lipids. A model for the action of chitosan in vivo
is discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is claimed that chitosan reduces liver and serum cho-
lesterol concentrations by one-half or more in cholesterol-
fed rats. Chitosan has also been shown to reduce plasma
cholesterol in cholesterol-fed broiler chickens at dietary
concentrations of 1.5–3.0%. Animal studies, however,
might not be predictive of results in humans because of
the occurrence of chitinases in the digestive systems of
many animals, as a point of difference from humans
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(Muzzarelli, Mattioli-Belmonte, Pugnaloni, & Biagini,
1999).

For the oral administration to humans, chitosan is
generally recognized as safe (Harrison, 2002; Kumar,
Muzzarelli, Muzzarelli, Sashiwa, & Domb, 2004); it
reduced serum cholesterol in adult males who experienced
a significant decrease of 6% in total cholesterol in 2 weeks.
Further studies have reported serum cholesterol reductions
with chitosan treatment: obese women consuming 1.2 g of
chitosan per day for 8 weeks demonstrated significant
reductions in low-density lipoproteins, although not total
serum cholesterol (Wuolijoki, Hirvela, & Ylitalo, 1999).
Eighty-four female subjects with mild to moderate hyper-
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cholesterolemia receiving 1.2 g of chitosan per day experi-
enced a significant decrease in total serum cholesterol
(Bokura & Kobayashi, 2003). Twenty-one overweight nor-
mo-cholesterolemic subjects were fed a supplement con-
taining equal amounts of glucomannan and chitosan for
28 days: the observed serum cholesterol reduction was
mediated by increased fecal steroid excretion and was not
linked to fat excretion. Greater fecal excretion of neutral
sterols and bile salts was observed. The topic has been
reviewed by Muzzarelli (1996, 1998), Pittler and Ernst
(2004) and Ni Mhurchu et al. (2005a, 2005b).

Bile salts are formed from cholesterol in the liver and are
secreted into the duodenum by the enterohepatic circulation:
the bile salt pool is maintained stable, the newly ingested cho-
lesterol compensating the excreted quantities. If, however,
bile salts are sequestered by any suitable compound, some
cholesterol is oxidised to produce more bile salts (Brady,
1999). Bile is produced at the rate of 700–1200 ml/day, bile
salts accounting for 1.24–1.72%, cholesterol for 0.86–
1.76 g/L; the average pH is 7.3. For the various intestinal
tracts, the pH values are as follows: duodenum 4.7–6.5,
upper jejunum 6.2–6.7, lower jejunum 6.2–7.3, ileum 6.1–
7.3, colon >7.3. It is worth noting that these values tend to
keep the bile salts in solution, while depressing the chitosan
solubility (chitosan pK 6.3). Rodriguez and Albertengo
(2005) have shown that chitosan flocculates at pH 6.5–7.5
in experimental duodenal environment.

The uptake of bile salts into chitosan–alginate gel
beads was observed by Murata, Toniwa, Miyamoto, and
Kawashima (1999). It seems that the presence of weak
acids (orotic, citric, folic, and ascorbic) does not hinder
the uptake; rather, chitosan orotate salt was found to
enhance it. Various chitosans and heavily modified Chito-
pearl� chitosans were studied by Murata, Kojima, and
Kawashima (2003) (see also Kumar et al., 2004) and
found to have capacities in the range 0.53–1.20 mmol tau-
rocholate per gram of chitosan (various degrees of acety-
lation) and 0.2–0.9 mmol taurocholate for Chitopearl�

products; the capacity of Questran� was ca. 1.0 mmol
taurocholate/g. Higher capacities were observed for taur-
odeoxycholate (1.8 mmol taurodeoxycholate/g chitosan).
Of course, these capacities depend on the initial bile salt
concentration, grain size, and other parameters. One mil-
limole of taurocholate corresponds to 515 mg, thus the
weight ratio taurocholate/chitosan orotate is 0.515:1.000,
which appears to be a high ratio, notwithstanding the
uncertainties related to the description of the experimental
conditions.

Thongngam and McClements (2005a) focused on the
binding of Na taurocholate to chitosan and provided ther-
modynamic data by isothermal titration calorimetry. At
30 �C, Na taurocholate binds strongly to chitosan to form
an insoluble complex containing ca. 4 mmol Na taurocho-
late/g chitosan at saturation, that means taurocholate/
chitosan molar ratio ca. 2:3 and weight ratio ca. 2:1. Ionic
strength had scarce influence; the enthalpy changes went
from endothermic (at 10 �C) to exothermic (at 40 �C)
indicating the importance of changes of hydrophobic inter-
actions leading to the formation of micelle-like clusters
within the chitosan structure. The binding capacities of
sodium glycocholate to chitosan, diethylaminoethyl chito-
san, quaternized diethylaminoethyl chitosan, and chole-
styramine were 1.42, 3.12, 4.06, and 2.78 mmol/g,
respectively. The capacity of dialkylaminoalkyl chitosans
increased with the number of carbons in the alkyl groups,
indicating that hydrophobic interaction plays a major role
in the sequestration of bile acids (Lee, Kim, & Kim, 1999);
similarly, the capacity of 6-oxychitosan for cholic acid
decreases with increasing degree of oxidation, i.e., loss of
cationicity (Yoo et al., 2005).

This kind of evidence, however, does not include data
on the nature of the reaction between a bile salt and
chitosan, nor the instrumental characterization of the
product. The tendency of chitosan to precipitate when
the hydrolysis of sodium salts rises the pH value of the
medium (pH >6) has prevented so far the unambiguous
description of the formation of a salt of chitosan with a
bile anion.

This article is intended to demonstrate the spontaneous
formation of insoluble chitosan salts from bile acids such
as chitosan taurocholate, whose hydrophobic nature
should permit the collection of cholesterol and lipids via
hydrophobic interaction, and should depress the enzymatic
hydrolysis of the salts as well as their complexes.

2. Materials and methods

2.1. Chemicals

Chito-clear FG90, a food grade chitosan manufactured
from crustaceans by Primex, Drammen, Norway, was used
(degree of acetylation 0.13, average MW 150 kDa, viscosity
of 1% solution in 1% acetic acid 100 mPa s, ashes 0.3%).
Na taurocholate, Na taurodeoxycholate and Na glycocho-
late as well as common chemicals were supplied by Aldrich,
Milano, Italy. Butter, olive oil and refined corn oil enriched
with a-tocopherol (90 mg/100 g) were purchased in a local
retail shop.

2.2. Preparation of chitosan salts

The chitosan powder (55 mg) was dissolved in acetic acid
(10 ml, 0.5%), the resulting pH being 4.0. The Na bile salts
(160 mg) were dissolved separately in water (10 ml) with
resulting pH values between 5 and 6. Each of the latter solu-
tions was poured in the respective chitosan solution thus pro-
ducing a white precipitate; under these conditions (20 ml) the
bile salt concentration was 8 g/L, very close to 16 mM, that
would be the best concentration according to Thongngam
and McClements (2005a). Each suspension was introduced
into a dialysis tube and kept against water for 24 h; the final
pH values were: chitosan taurocholate 5.8; chitosan glyco-
cholate 5.9; chitosan taurodeoxycholate 6.5. Upon freeze-
drying at �92 �C, the salts were obtained in dry form, in
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the following amounts: chitosan taurocholate 0.159 mg;
chitosan glycocholate 0.149 mg; chitosan taurodeoxycho-
late 0.150 mg.

2.3. Emulsion stability

Oil-in-water emulsions were prepared by stirring a
mixture of olive oil and aqueous taurocholate solution
(4:6), the latter containing 0.5% of Na taurocholate as an
emulsifier, with the aid of a Silverson emulsifier. Chitosan
lactate solution (1%) was added to observe the de-stabiliza-
tion of the emulsions.

2.4. Enzymatic hydrolysis of chitosan salts

The following hydrolases were used: cellulase from
Trichoderma reesei (Sigma, Milano, Italy), pectinase from
Aspergillus niger (Novozyme, Copenhagen, Denmark),
a-amylases from barley malt and from porcine pancreas,
lipases from wheat germ and porcine pancreas, and hen
egg white lysozyme (Fluka, Milano, Italy). Enzyme solu-
tions were prepared by dissolving the desired enzyme in
water; when necessary phosphate buffer was added. The
weighed chitosan salts were introduced separately in each
enzyme solution (40 ml) and kept on a rolling bar machine
for 48 h with periodical observations. The final pH values
were read with a pH-meter.

2.5. Treatment of oils and butter with chitosan taurocholate

An aliquot of 10.0 g butter was liquefied at 40 �C and
thoroughly mixed with 240 mg chitosan taurocholate in a
test tube. The tube was closed and shaken at 40 �C in a
thermal bath for 24 h. The olive and corn oils (10.0 g) were
thoroughly mixed with 240 mg chitosan taurocholate in a
test tube and kept at 40 �C for 24 h. The oil-bearing mate-
rials were weighed and kept for 6 months at room temper-
ature with no visible alteration or oil loss.

The determinations of total cholesterol and fatty acids
were performed in the samples of untreated corn oil and
butter as well as in the aliquot of lipids which were not
retained by chitosan taurocholate after a 24-h contact.
Squalane (10 ll of 10% w/v benzene solution) was added
to samples of butter and corn oil (1.0 g) prior to saponifi-
cation (Stazione Sperimentale Grassi, 1976). For the deter-
mination of cholesterol, an aliquot of the unsaponifiable
matter (50 mg) obtained after extraction with diethyl ether
was dried and silylated according to Sweeley, Bentley,
Makita, and Welles (1963) prior to gas chromatography–
mass spectrometry.

2.6. Instruments

A Perkin-Elmer Spectrum GX FT-IR spectrometer
equipped with a Perkin-Elmer Multiscope system infrared
microscope (MCT-SL detector) was used to record Atten-
uated Total Reflection, ATR, spectra. The microscope was
equipped with a movable 75 · 50 mm X–Y stage. In some
cases, it was necessary to adopt the following procedure:
small amounts of the sample, cooled in liquid nitrogen,
were ground with KBr and the spectra were obtained by
using a Spectra Tech Diffuse Reflectance (DRIFT) accesso-
ry. In both cases, the spectral resolution was 4 cm�1. The
absorption spectra were the results of 16 scans. Treatments
of the data were achieved with a Perkin-Elmer Spectrum
and with a Grams/32 Galactic Corp., software package.

The gas chromatograph for the determination of total
cholesterol was a HRGC Mega 2 series from Fisons (Milan,
Italy) equipped with a flame ionization detector (FID). A
DB-5MS fused silica column (30 m· 0.25 mm i.d., 0.25 lm
film thickness) from J & W Scientific (Folsom, CA, USA)
was used. The oven temperature raised from 250 to 320 �C
at a rate of 3 �C/min. The injector temperature was 300 �C
and the split ratio was 30:1. The carrier gas flow (helium)
was 2 ml/min.

The fatty acids were methylated with diazomethane in
ether and analysed by gas chromatography using the
method reported by Pacetti, Hulan, Schreiner, Boselli,
and Frega (2005).

The determination of a- and c-tocopherol was conduct-
ed by injecting a diluted solution of treated and untreated
corn oil (10 mg/ml in the HPLC mobile phase) in HPLC
with fluorescence detection (kexc 290 nm, kem 330 nm). A
Prodigy 5 lm Si column (250 mm · 4.6 mm i.d.) from
Phenomenex was used. The analysis was run under
isocratic conditions using n-hexane/2-propanol/acetic acid
(99.5:0.5:0.1, v/v) at a flow of 1.3 ml/min; the injection loop
was 20 ll.

3. Results and discussion

3.1. Precipitation of chitosan salts

The pKa values for taurocholic acid and glycocholic acid
are 1.40 and 4.35, respectively, and therefore these com-
pounds are primarily occurring in the ionized form at concen-
trations below their critical micelle concentration (14.0 and
10.0 mM, respectively). This also means that the aqueous
solutions of the corresponding salts at concentrations of
interest for the present purposes are slightly acidic, for exam-
ple, pH 5 for Na taurocholate, and 6 for Na glycocholate.

Because a chitosan acetate solution is inherently acid-
ic, typically pH 4.5, the mixing of a Na taurocholate
solution with a chitosan lactate solution certainly leads
to an acidic mixture, i.e., a solution where the precipita-
tion of chitosan cannot occur. Therefore, the insoluble
chitosan taurocholate salt formation is perceived by
naked-eye observation. On the opposite, previous work-
ers did not follow this straightforward approach, but pre-
ferred to introduce solid particles of chitosan, substituted
chitosans, cross-linked chitosans and resins into bile salt
solutions.

According to the present research, the homogeneous
reaction of chitosan acetate with Na taurocholate leads
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actually to the precipitation of what is found instrumental-
ly to be a chitosan taurocholate salt, at slightly acidic pH
values, typically 5.8–5.9 where chitosan coagulation cannot
occur.

3.2. Infrared spectrometry

3.2.1. Chitosan taurocholate salt

The spectra of plain chitosan, Na taurocholate and
chitosan taurocholate salt are shown in Fig. 1. The spec-
trum of the chitosan taurocholate appears to result from
contributions of both reagents, with a higher incidence of
taurocholate bands mainly in the fingerprint region. Peak
fitting in the Amide I and Amide II region better highlights
differences between the spectral pattern of chitosan tauro-
cholate on one side and the plain chitosan and Na tauro-
cholate on the other side.

Concerning the Amide I, the chitosan band at
1662 cm�1 falls at 1667 in chitosan taurocholate while the
one at 1594 cm�1 is absent. In chitosan taurocholate, the
Na taurocholate bands at 1691 and 1637 are shifted to
1718 and 1627 cm�1 while the one at 1599 is not evident.
In the chitosan taurocholate spectrum the vibrational
modes of chitosan at 1594 and of taurocholate at 1560
appear as a single band at 1557, and the 1542 chitosan
band is red shifted at 1526 cm�1 (Fig. 2). In the region
1500–1000 cm�1, the spectral profile of chitosan taurocho-
late is the sum of the component modes with a broadening
of the taurocholate band around 1200 cm�1. In the region
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Fig. 1. Infrared spectra of: 1, Na taurochola
1000–400 cm�1, the spectral pattern of the complex is
greatly influenced by taurocholate absorptions.

The chitosan selected for the present investigation was
essentially amorphous, even though the wide-angle diffuse
signal centered around 0.45 nm pointed to a certain degree
of short-range ordering; said chitosan was appropriate for
detecting any peak arising from reactions with the bile
acids. On the other hand, Na taurocholate showed two rel-
atively sharp diffraction peaks in the small-angle region
and a dominant signal in the wide-angle region. The spec-
trum for the chitosan taurocholate salt exhibited a rela-
tively sharp diffraction peak in the small-angle region,
corresponding to a layered structural organization of the
molecules in one dimension, featuring a repeat distance
of about 2.4 nm, accompanied by two broad diffuse halos
centered about 0.61 and 0.43 nm, corresponding to two
different short-order correlation lengths in the plane
orthogonal to the layers. The modest crystallinity of Na
taurocholate was therefore depressed by salt formation
with chitosan. Similar observations were made with chito-
san glycocholate (Fig. 3).

Chitosan taurocholate salt appears to be a well-de-
fined and stable water-insoluble substance that readily
forms by electrostatic and hydrophobic interactions.
Our instrumental data are in agreement with the thermo-
dynamic data by Thongngam and McClements (2005a),
and in line with data on chitosan dodecyl sulfate com-
plex salt formed at pH 3 that does not release dodecyl
sulfate even at pH 7 (Thongngam & McClements,
1500 1000 400.0
1

643
1538

1376

1161
1077

1041

914

612

636

1563

1450

1404

1309

1214

1078

1045

950
914

530

1594
1378

1078

663

 

te; 2, chitosan taurocholate; 3, chitosan.



Fig. 2. Deconvolution of a portion of the infrared spectrum of chitosan taurocholate.
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Fig. 3. X-ray diffraction spectra. (Upper curve) Chitosan taurocholate. (Lower curve) Chitosan glycocholate.
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2005b). In these cited studies, both taurocholate and
dodecyl sulfate complexes contain nearly equal weights
of chitosan and surfactant.

3.2.2. Chitosan glycocholate salt

The spectra of chitosan, Na glycocholate and chitosan
glycocholate are shown in Fig. 4. The spectral pattern of
chitosan glycocholate exhibits the absorptions of the
components. Some differences can be found in the region
1800–1500 cm�1 after Fourier self-deconvolution and
curve fitting (Fig. 5). In chitosan glycocholate, a weak
band is found at 1711 cm�1 while the chitosan band at
1662 and the glycocholate band at 1644 are condensed
in a band at 1657 cm�1; the modes of the chitosan glyco-
cholate at 1593, 1542 and 1520 cm�1 fall at the same
wavenumbers as those of both components. Below
1500 cm�1, the spectral pattern of glycocholate is
predominant.
3.3. Enzymatic hydrolysis

The chitosan salts were suspended in aqueous solutions of
hydrolases. The results, listed in Table 1, show that fungal
cellulase and lysozyme are most prone to exert hydrolytic
action on the chitosan taurocholate and glycocholate salts,
while the barley a-amylase has a relatively slower action,
leading to complete digestion of the freeze-dried sample
within 24 h. The other enzymes tested have no observable
hydrolytic activity in the 48-h observation period, this fact
being remarkable for pectinase and lipases, in particular,
that have been found active on plain chitosan in previous
works. In a further set of trials, the enzymes with no activity
at 20 �C were found to be inactive at 37 �C as well.

Therefore, while it seems that the digestion of these sub-
strates is mainly due to the hydrolysis of the chitosan com-
ponent, this is not obvious because it is not observable for
a majority of these hydrolases. Of course, the bile acid
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Fig. 5. Deconvolution of a portion of the infrared spectrum of chitosan glycocholate.
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component plays major roles, as evidenced by the fact that
the chitosan taurodeoxycholate is not susceptible to hydro-
lytic action by any of the enzymes tested.

3.4. Lipid uptake and emulsion destabilization

The observed capacities of the freeze-dried salts for olive
oil were 22 g oil/g of chitosan taurocholate, 60 g oil/g of
chitosan glycocholate, and 27 g oil/g of chitosan taur-
odeoxycholate. The capacities were 22.1 g butter oil/g of
chitosan taurocholate and 22.1 g of corn oil/g chitosan
taurocholate. These data mean that the lipid uptake is
mainly generated by hydrophobic interactions, and that
the ionic reaction between the fatty acid carboxyl group
and the chitosan amino group is just marginal, considering
also the scarce water content of the system. For a water sys-
tem such as the emulsions studied by Ham-Pichavant, Sebe,
Pardon, and Coma (2005), the interaction of plain chitosan
with oleic acid is modest, and confined to oleic acid/chito-
san weight ratios as low as 1:1. Similarly, sunflower oil
was adsorbed on four different plain chitosans at ratios
1:2.8–1:10 depending on the quantity of oil added to 1 g



Table 1
Time necessary for total digestion of freeze-dried chitosan salts suspended
in aqueous solutions of animal, fungal and plant enzymes at 20 �C

Enzyme CTC CGC CTDC

pH Time pH Time pH Time

Cellulase, T. reesei 6.8 60 min 6.6 90 min 6.5 No
a-Amylase, malt 7.1 24 h 7.0 24 h 4.5 No
a-Amylase, pancreas 6.8 No 6.8 No 7.0 No
Pectinase, A. niger 7.1 No 6.9 No 6.4 No
Lysozyme, egg white 7.3 30 min 7.0 45 min 7.0 No
Lipase, wheat germ 6.7 No 6.6 No 6.7 No
Lipase, pancreas 7.3 No 7.0 No 6.9 No

CTC, chitosan taurocholate; CGC, chitosan glycocholate; CTDC, chito-
san taurodeoxycholate. No, no appreciable digestion after 48 h.
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of chitosan at pH 6.8 (Rodriguez & Albertengo, 2005):
again these values are much lower than those observed in
the present work.

On the other hand, the oil-in-water emulsions made in
the presence of Na taurocholate were promptly destabilized
by the addition of chitosan lactate in amounts stoichiomet-
rically close to the amount of taurocholate present in the
emulsion due to the precipitation of the insoluble salt.

3.5. Cholesterol, tocopherols and fatty acids uptake by

chitosan taurocholate

The uptake selectivity of chitosan taurocholate for cho-
lesterol was evaluated in a lipid source of animal origin
(butter), whereas the adsorption of a- and c-tocopherol
was evaluated in a source of plant lipids (refined corn oil
enriched with tocopherols). In the case of butter, the lipid
fraction is partially structured in the fat globules contain-
ing phospholipids, whereas in corn oil, lipids are composed
by 99% triacylglycerols.
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Fig. 6. Fatty acid composition (weight % of total fatty acid) of untreated butt
carbon:number of double bonds.
The cholesterol content was not significantly altered,
considering the samples of untreated butter oil (2.09
mg/g) and butter oil resulting as a supernatant (2.05
mg/g) in the presence of the chitosan taurocholate–oil mix-
ture (treated oil).

In the untreated corn oil the content of a-tocopherol
(155 lg/g) andc-tocopherol (365 lg/g) was not different with
respect to the treated oil (151 and 351 lg/g, respectively).

The fatty acid profile of butter oil and corn oil obtained by
means of gas chromatography can be used to point out pref-
erential adsorptions of total lipids after a 24-h contact with
chitosan taurocholate. In Fig. 6, the fatty acid profiles of
untreated and treated butter oil do not appear to be signifi-
cantly different from each other; the same happened with
corn oil, as reported in Fig. 7. This indicates absence of selec-
tive uptake of triacylglycerols phospholipids and free fatty
acids, as a point of difference from other modified chitosans
(Muzzarelli, Frega, Miliani, Muzzarelli, & Cartolari, 2000).

4. Conclusions

Among the three novel chitosan salts that instantly form
from chitosan and bile acids, taurocholate appears to
possess infrared spectral characteristics that qualify it as
a real ionic, water-insoluble, poorly crystalline, hydropho-
bic chitosan salt. The insolubilization of taurocholate, a
powerful emulsifier, destabilizes emulsions.

In this chitosan taurocholate and homologues, chito-
san accounts for no more than one-half by weight, there-
fore the hydrophobic nature prevails when contacting
lipids. Butter and oils are collected to high extents with
no discrimination of their components, including toc-
opherols. For these chitosan salts the lipid uptake is
much higher than for plain chitosan. These findings are
untreated butter

treated butter

fatty acid

er (white bars) and chitosan taurocholate-treated butter. Cn:m, number of



Fig. 7. Fatty acid composition (weight % of total fatty acid) of untreated corn oil (white bars) and chitosan taurocholate-treated corn oil. Cn:m, number of
carbons:number of double bonds.
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also in agreement with previous data for hydrophobically
modified chitosans: for example, O,O 0-dipalmitoyl chito-
san, a highly hydrophobic amphiphilic polymeric sub-
stance, adsorbs cholesterol from polar and non-polar
solvents (Tong, Wang, Xu, Chua, & He, 2005). Similarly,
glycol chitosan bearing 5-b-cholanic acid, and deoxychol-
ic acid-modified chitosan form self-aggregates containing
compact hydrophobic domains (Kwon, Park, Chung,
Kwon, & Jeong, 2003; Lee, Kim, Kwon, & Jeong,
2000). Bile acid-modified glycol chitosan form self-assem-
bled nanoparticles suitable for cancer therapy (Kim
et al., 2005) and for gene delivery (Chae, Son, Lee, Jang,
& Nah, 2005). The salts studied in the present work are
scarcely hydrolysed by a variety of hydrolases, and it is
presumed that their complexes with lipids would be even
more resistant to enzymatic attack.

If the above findings are extrapolated from the in vitro
model to the physiological environment, it seems reason-
able to speculate that:

(i) Chitosan glycocholate and chitosan taurocholate in-
soluble salts subtract bile salts from the circulation
thus forcing the organism to replete the bile pool at
the expenses of cholesterol.

(ii) The activity of lipases on triglycerides is depressed as
a consequence of the poor emulsification of
lipids due to the lowered availability of taurocholate,
the emulsifier. It is known that the pancreatic
lipases require a certain dimension of the oil droplets
in the emulsion in order to hydrolyse triglycerides:
now, when the bile salts become scarce, inadequate
emulsions are formed and then limited hydrolysis
of triglycerides takes place. Ample information on
digestive lipases supports these views (Cajal,
Svendsen, DeBolos, Patkar, & Alsina, 2000; Lom-
bardo, 2001; Miled et al., 2000; Mukherjee, 2003;
Wickman, Wilde, & Fillery-Travis, 2002). Lipases
work thanks to the presence of bile salts that in
one case activate the bile salt-dependent lipases,
and in the other case provide the emulsion necessary
to the pancreatic lipases for enzymatic activity.
Moreover, as soon as the bile salt availability
decreases due to chitosan ingestion, the bile salt-de-
pendent lipases are poorly activated, and assimilation
of lipids by the organism decreases sharply.

(iii) While pectinase is one of the most representative bac-
terial enzymes in the intestine, the resistance of the
chitosan taurocholate, glycocholate and taur-
odeoxycholate salts to hydrolysis by this enzyme, as
well as by other hydrolases, would certainly be an
indication of the capacity of these hydrophobic salts
to be excreted, presumably with accompanying
adsorbed lipids.

Considering the results of this in vitro investigation and
the supporting literature, it appears that chitosan would be
most effective in the reduction of cholesterol and body
weight provided that chitosan formulations lend them-
selves to prompt reaction with bile salts.
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