
Food &
Function

PAPER

Cite this: Food Funct., 2020, 11, 5924

Received 5th May 2020,
Accepted 2nd July 2020

DOI: 10.1039/d0fo01158d

rsc.li/food-function

Roasting carob flour decreases the capacity to
bind glycoconjugates of bile acids

Phylyne van Rijs and Vincenzo Fogliano *

Carob is the fruit obtained from Ceratonia siliqua L. and it is a source of bioactive compounds that have

been linked to several health promoting effects, including lowering blood cholesterol concentration. The

objective of this study was to connect the physicochemical changes of carob flour occurring during

roasting with its capacity to bind glycoconjugates of bile acids. Carob flour samples were roasted for

different times at 150 °C and chemically characterized by measuring the concentrations of tannins and

polyphenols. Data showed that carob flour binds high amounts of bile acids: 732.6 µmol of bound bile

acid per g of carob flour which is comparable to the 836.2 µmol per g bound by cholestyramine, a known

cholesterol lowering drug. The carob flour ability to bind cholesterol decreases up to 40% during roasting.

Data suggested that tannins and insoluble components play a major role in binding bile salts, as a result of

hydrophobic interactions.

Introduction

The carob pod, also known as algarroba, locust pod and
St. John’s bread, is the fruit obtained from a leguminous ever-
green tree (Ceratonia siliqua L.). Carob pods are widely culti-
vated in the Mediterranean area, including Spain, Italy,
Portugal, Greece and Morocco as principal producing
countries.1 Its production is estimated at approximately
310 000 tons per year.2 The carob pod consists of two major
parts: approximately 90% pulp and 10% seeds (see Fig. 1). The
seeds contribute to more than 60% of the pod market price
and are used for the production of locust bean gum, which is
obtained from the endosperm.3 Locust bean gum forms a
viscous solution at relatively low concentration and is added as
a thickener or stabilizer in many food products. The carob
pulp has lower value and, up to now, is mainly used for animal
feed and the production of sugar syrup.4,5 Recently some
papers try to valorize carob pulp as source of many valuable
components such as dietary fiber, polyphenols, minerals, cycli-
tols and contains low amounts of fat.6–10 Consumption of
carob pulp was also related to several health promoting effects:
it exhibits high antioxidant activity, improves glucose tolerance
and attenuates cholesterol levels.11–16 The chemical compo-
sition of the pulp strongly depends on the cultivar, origin and
harvesting time.3,17 Due to the high free sugar content (>48%
of which more than 65% sucrose), the pulp is gaining popular-
ity as a natural sweetener in foods, with a flavor profile and

appearance similar to cocoa powder.18 In this vein, carob pulp
is used as an alternative ingredient in some chocolate products
leveraging on the peculiarity that it does not contain psychosti-
mulants such as caffeine and the obromine.

After dehulling and deseeding, the pulp is dried in venti-
lated ovens and mechanically milled to obtain commercial
carob flour (see Fig. 1). Optional processing steps include
further thermal treatment of the carob flour (e.g. roasting) to
improve flavour and wettability. Thermal treatment may have
major effects on the techno functional properties of the food
products as a result of the Maillard reaction (MR), carameliza-
tion reactions and thermal degradation of polyphenols.19–21

The MR can be used to design ingredients having specific tech-
nological functionalities or to target some health function.22

An interesting health function is the capacity of some food
components to reduce blood cholesterol absorption by inter-
fering with the bile acids’ enterohepatic cycle. Studying the
capacity of carob flour to bind bile acids is physiologically rele-
vant, as high amounts of adsorbed bile acids in vitro are
related to a decrease in LDL cholesterol in vivo.15,23

Dongowski, (2007)24 reported bile acid absorption by
dietary fiber-rich preparations, including carob fiber. This
paper does not specify which carob flour component is respon-
sible for bile acid absorption; however, considering its compo-
sition the role of insoluble tannins can be hypothesized. Up to
now it is also not yet investigated which phenolic compounds
may influence bile acid binding and which are the potential
mechanisms. The physical absorption of steroidal moiety (like
the one of bile acids) on the hydrophobic region of condensed
polyphenol can be one of the possibilities.25
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The objective of this study was to connect changes in
physicochemical properties of carob flour during roasting
with its capacity to bind glycoconjugates of bile acids
in vitro. Changes in physicochemical properties during roast-
ing were investigated by measuring the difference in solubi-
lity, color, viscosity, formation of 5-hydroxymethylfurfural
(HMF), total polyphenol and tannin content. In addition,
changes in the fraction of bound and free polyphenols were
examined.

Materials and methods
Material

Carob flour, obtained from BioFertil (C. da Renna, Itali).
Standards of phenolic compounds were purchased from Sigma
Aldrich (Steinheim, Germany): gallic acid (G-7384) and 5-
(hydroxymethyl)furfural (H-40806). Cholestyramine resin and
glychodeoxycholic acid (GDCA) were purchased from Sigma,
St Louis, MO, USA. The Sigma bile acid assay kit was used to
analyze the concentration of free bile acids.

Roasting process

Carob flour was roasted in a pre-heated oven at five different
time intervals: five grams of powder were placed in an alu-
minium tray and roasted for 0, 5, 10, 30 and 60 minutes at
150 °C.

Color evaluation of roasted carob flour

Reflectance measurements were performed with a Colorflex EZ
(Elscolab, Netherlands). The instrument was calibrated with a
supplied white standard traceable to the National Bureau of
Standard’s perfect white diffuser. CIELAB parameters were cal-
culated for the CIE illuminant D65 and 10° standard observer
conditions. Parameters used were L* (lightness), a* (from
green to red), b* (from blue to yellow). Universal software 4.1
was used for analysis. All samples were measured in triplicate.
To determine whether the flours were roasted homogenously,
standard deviations were calculated and the significance of the
differences of the means were determined for P < 0.05 using
analysis of variance one-way (ANOVA). The browning index of

each sample was also calculated to estimate the color change
during roasting, as performed by Medeni, 2001:26

BI ¼ ½100ðx� 0:31Þ�
0:17

where

x ¼ ðaþ 1:75LÞ
ð5:645Lþ a� 3:012bÞ :

Effect of roasting on the solubility of carob flour

For best comparison with the quantification of bound bile
acids, the same extraction solvent was used to quantify the in-
soluble content; carob flour was mixed with a buffer solution
(0.1 M phosphate buffer at pH 7.0) to obtain a 20 mg mL−1

suspension. The suspension was extracted at 37 °C for
15 minutes. Subsequently, the soluble fraction was separated
from the insoluble moiety by centrifuging for 6.30 minutes
4700g. Procedure was repeated until a clear solution was
obtained. Subsequently, the insoluble fraction was dried at
85 °C for 5 h. The difference in weight before and after extrac-
tion was recorded and the procedure was performed in
duplicate.

Determination of changes in viscosity

The rheological behavior was measured by applying an in-
house developed method using a rotational rheometer Physica
MCR 501 (Anton Paar, Austria) with a titanium double gap
concentric cylinder DG26.7 geometry. The geometry has an
outer cylinder with internal and external radius of 11.910 mm
and 13.801 mm, inner cylinder with an internal and external
radius of 12.329 mm and 13.335 mm, and an effective bob
length of 40 mm. This geometry measures differences already
at a very low viscosity and was therefore most suitable.
Samples were allowed to equilibrate at 37 °C for 3 minutes
before measurements. A temperature of 37 °C was used to
simulate viscosity at body T. A constant shear rate of 20 s−1

was applied and viscosities were measured for 0.1, 0.5 and
1.0% w/w of low (0 min), medium (30 min) and high (60 min)
roasted carob flour. A comparison was made with Locust bean
meal, obtained from NatuurlijkNatuurlijk (Ede, Netherlands).

Fig. 1 The different parts of carob pods and their respective production into carob and locust bean flour.
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Locust bean meal (from the seeds) was used as comparing
material to the carob flour. We wanted to check if viscosity
could also influence bile acid binding. With this test, it was
found that viscosity of carob flour does not play a role in bile
acid binding.

Quantification of the amount of free and protein-bound HMF

For quantification of free and protein-bound 5-hydroxymethyl-
furfural (HMF), the same method as performed by Fiore et al.,
201227 was used according to the quantification of free and
bound phenolic compounds (as described below). In short,
carob flour was extracted using acidified methanol in a 1 : 10
solid to liquid ratio (g mL−1) and analyzed with HPLC-UV.
Protein-bound HMF was analyzed after 4 h alkaline hydrolysis
(2 M NaOH :methanol 50 : 50 v/v).

Spectrophotometric quantification of total polyphenols

Carob flour was extracted with acidified methanol (trifluorace-
tic acid, pH 2.5) to prevent fast oxidation of oxidative sensitive
phenolic compounds. A liquid to solid ratio (mL g−1) of 10 : 1
was used. The mixture was extracted using ultrasound-assisted
extraction (UAE) at 280 W with an extraction temperature of
30 °C for 30 minutes. Subsequently, the mixture was centri-
fuged at 15 133g for 5 minutes. The total polyphenol content
(TPC) of extracts were determined according to the Folin–
Ciocalteu colorimetric method. A calibration curve was
obtained using gallic acid in a concentration range of
31.25–1000 µg mL−1. Results were expressed as mg per g of
gallic acid equivalents. Measurements of sample extracts were
performed in duplicate.

Estimation of total hydrolysable tannin content

The total hydrolysable tannin content (TTC) (gallo- and ellagi-
tannins) was determined after a reaction with potassium
iodide, as reported by Hartzfeld, Forkner, Hunter, &
Hagerman, (2002)28 with some modifications. Carob flour was
mixed with 50/50 2 M NaOH/methanol. A solid to liquid ratio
(g mL−1) of 1 : 10 was used, under strict oxygen free conditions
by removing air with nitrogen preliminary to hydrolysis. After
4 h all samples were brought to a pH of 5.5 ± 0.1 with 2 M HCl
and 3 M acetate buffer. Subsequently, samples were allowed to
react 50 min with potassium iodide at 30 °C. A calibration
curve was obtained using tannic acid in a concentration range
of 10–100 µg mL−1. The absorbance was recorded at 525 nm
and results were expressed as tannic acid equivalents (TAE).
Measurements of sample extracts were performed in duplicate.

Quantification of the amount of free and bound phenolic
compounds by HPLC

Since the HPLC data was compared to the data obtained from
the spectrophotometric assays, the same extraction solvent was
used; carob flour was extracted with acidified methanol (tri-
fluoracetic acid, pH 2.5) using ultrasound-assisted extraction
(UAE) at 280 W with a temperature of 30 °C for 30 minutes. A
solid to liquid ratio of 1 : 10 (g mL−1) was used. The extract was
collected in vials after filtration with 25 μm PTFE membranes

and polyphenols were measured by HPLC-UV (Thermo
Scientific Dionex Ultimate 3000 model, Ultimate 3000 pump
and Diode 3000 Array Detection). The column used was a
Varian Polaris C18A, 150 × 4.6 mm (Phenomenex, UK).
Column temperature was maintained at 30 °C. Sample injec-
tion was 20 µL and elution was performed at a flowrate of
1 mL min−1. For the mobile phase a mixture of water and tri-
fluoracetic acid (TFA) at a pH of 2.5 was used as a modifier to
prevent ionization of phenolic groups (A) and acetonitrile (B).
The samples were eluted by the following gradient: 100% A as
initial conditions with a linear gradient to 42% B after
20 minutes. 48% A and 42% B were maintained from
20–25 minutes. Detection was performed at 290, 330, 350 and
530 nm. Standards of gallic acid and HMF were prepared as
stock solutions with a concentration between 5–200 and
0.1–20 µg mL−1 respectively. Pyrogallol was identified as a
main phenolic compound in carob flour, as already reported
by previous authors.2,6,13

After the extraction of soluble phenolic compounds, the
pellet was rinsed with methanol to eliminate residues and
dried under nitrogen gas. After that the pellet was hydrolyzed
with 2 M NaOH and methanol (50 : 50 v/v) under nitrogen for
4 h. After alkaline hydrolysis, solutions were neutralized with 2
M HCl and 1 M phosphate buffer at pH 7. The mixture was
centrifuged at 20 600g for 10 minutes. The extract was col-
lected in vials after filtration with 25 μm PTFE membranes and
analyzed by HPLC-UV as described above.

Carob flour bile acid binding capacity

The binding capacity of carob flour was determined according
to the kit manufacturer procedure.29 A buffer solution (0.1 M
phosphate buffer at pH 7.0 or 0.1 M acetate buffer pH 5.5) con-
taining 2 mM glycodeoxycholic acid (GDCA) was added to
carob flour and cholestyramine (positive control) to obtain a
5 mg mL−1 suspension. Suspensions were incubated at 37 °C
for 2 h under shaking. After incubation, the samples were cen-
trifuged at 10 500g for 5 minutes. Three times 40 μL of sample
solution was transferred to new tubes and solutions were
diluted to be in a range of 2–150 μM bile acid concentration. A
calibration curve was made using a linear range of 10, 20, 40,
80 and 100 μM GDCA solutions. All of the above solutions were
prepared in ultrapure water.

Concentrations of GDCA were measured using the Sigma
bile acid assay kit. All samples were performed at least in
duplicate. The fluorescence intensity was measured at λex =
530 nm/λem = 585 nm. Black flat bottom multi well plates with
a clear bottom were used for analysis. The calibration curve
was used to obtain the conversion factor of GDCA.

The concentration of unbound bile acids of a sample was
measured as:

Bile acids½ � μMð Þ ¼ Fsample � Fbank
Fstandard � Fsample

� 20� n

where Fsample, Fstandard and Fblank are the fluorescence intensity
values of the sample, internal standard and sample blank
wells. 20 μM is the effective concentration of the internal stan-
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dard (internal standard is 0.25 the volume of the sample). n is
the dilution factor used.

Extraction of untreated carob flour (0 minutes of roasting)
was performed using ultrapure water. Fractions were separated
by centrifuging for 10 minutes at 4700g. The pellet was rinsed
until the liquid fraction became clear. The pellet (IC) and
liquid fraction (SC) were both freeze dried (Christ Alpha 2–4
LD plus) and analyzed for the capacity to bind GDCA
separately.

Statistics

Measurements were performed at least in duplicate. Results
were expressed as mean values ± SD. One-way analysis of var-
iance (ANOVA) was applied to determine significant differences
with at least P < 0.05. Tukey’s test was conducted to determine
significant differences between all possible pairs of means.

Results and discussion
Physicochemical characterization of roasted carob flour

Color. Changes in CIE L*a*b* and browning index (BI)
values of carob flour at different roasting times are shown in
Table 1. The one-way ANOVA indicated that time significantly
(p < 0.05) affected the color of carob flour during roasting. The
small standard deviations indicate that the flours were roasted
homogeneously. The L-value of carob flour decreased with
increased roasting time. The decrease in lightness is associ-
ated with the formation of brown pigments in carob flour due
to the Maillard reaction and caramelization reactions.30 The a-
and b values represent the redness and yellowness of a
product. The a- and b values initially increased with roasting
and decreased after 10 and 5 minutes, respectively. Woo et al.,
201520 reported that changes in CIE × Lab values were related
with the formation of MRP’s in food, particularly HMF. In
general, the decrease in lightness coincided with an increase
in BI. The BI is a measure of the purity of brown color that
develops during enzymatic and non-enzymatic roasting.
However, upon severe roasting conditions (30 min) BI start to
decrease. Interestingly, the decrease in BI is not parallel with
that of L*. This discrepancy might have different causes and
can be related to the intrinsic properties of the various MRPs
formed during the MR cascade but also related to the break-
down polymerized tannins. This result was in line with the
observation made on coffee by Shan, Zzaman, & Yang, 2016.31

These authors found a decrease in BI of coffee beans roasted
at 250 °C for 20 minutes. Different results were reported by
Sahin et al., 200932 where increased roasting of carob
coincided with an increase in BI only. However in this paper
the roasting process was performed directly on the carob
kibbles before milling: this would have likely resulted in a less
efficient heat transfer respect to the carob flour.32

Water solubility. Fig. 2 shows the content of insoluble
material (% w/w) as a function of roasting time. The decrease
in insoluble compounds as a result of roasting clearly show
the increase in carob flour solubility determined by roasting
treatment significantly (P < 0.05). As shown in Table 2 a signifi-
cant correlation was found between the total tannins (TTC),
total gallic acid (TGA), free gallic acid (FGA) and total insoluble
content (TIC). It is possible that thermal degradation of (in-
soluble) cellular structures during roasting led to a decrease in
insoluble compounds. Consequently, it led to the solubil-
ization in water of different compounds previously entrapped
in the insoluble matrix. In particular, the degradation of in-
soluble tannins into more soluble phenolic compounds is a
well-known phenomenon that can explain this macroscopic
observation.33 We will show later that the amount of total
hydrolysable tannins sharply decreased with roasting time. On
the other hand, insoluble non-starch polysaccharide fibers
(e.g. cellulose and hemicellulose), non-polysaccharide fibers
(e.g. lignin) and resistant starch may also have been degraded
into more soluble products during roasting, as previously
reported on cellulose, starch blends and hydrolytic lignin.34–36

Viscosity. The viscosity of Locust bean flour increased expo-
nentially with concentration. In contrast, increased concen-
tration of carob flour does not increase viscosity. Also roasting
did not alter viscosity. Compared to Locust bean flour, known
for its thickening effect, carob flour does not contain galacto-
mannan. Although roasting led to the formation of more
soluble products, polysaccharides in carob flour are not able to
form a viscous network. This is relevant as the observed
changes in the bile salt binding capacity (see below) cannot be
attributed to modification of solution viscosity.

HMF formation. The formation of total, free and protein-
bound HMF as a function of roasting time, is reported Fig. 3,
Panel A. The formation of total HMF follows a zero-order
model: [HMFtot] = 0.01 + 0.0062 × t (see Fig. 3, Panel B.). The
unroasted carob flour (0 min) contained a low amount of free
HMF probably formed during the manufacturer drying proces-
sing and increased up to 36 mg kg−1 at 60 min. Protein-bound

Table 1 CIE-Lab color determination with L* representing the lightness, browning index (BI), a* and b* for the red-green and blue-yellow color
components respectively. Mean values are obtained after 0, 5, 10, 30 and 60 minutes of roasting ± Standard deviation. Significant differences
between samples were obtained (P < 0.05)

Roasting time (min) L* a b BI

0 55.23 ± 0.06 11.35 ± 0.02 26.08 ± 0.05 76.89 ± 0.25
5 47.79 ± 0.05 12.51 ± 0.03 27.13 ± 0.10 99.02 ± 0.54
10 40.98 ± 0.04 12.87 ± 0.04 25.12 ± 0.09 112.26 ± 0.63
30 34.08 ± 0.03 11.31 ± 0.04 20.03 ± 0.03 108.17 ± 0.33
60 26.32 ± 0.03 9.11 ± 0.07 13.94 ± 0,03 97.55 ± 0.26

Food & Function Paper

This journal is © The Royal Society of Chemistry 2020 Food Funct., 2020, 11, 5924–5932 | 5927

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

6/
10

/2
02

5 
01

:1
3:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fo01158d


HMF was clearly detectable already after 5 minutes of roasting
and increased linearly over time being always about 10% of the
total. Interestingly, this HMF value is in the range of the refer-
ence value reported for honey being 40 mg kg−1 the maximum
HMF content allowed for it.37 Increased protein-bound HMF is
the result of thermal processing and the continuation of the
Maillard reaction, when the compound is incorporated in e.g.
melanoidins. There was also a strong correlation (>−0.9) found
with L*, but not with BI and a- and b values. According to
Agila & Barringer, 201238 there was a strong correlation found

between L* value, chroma and the formation of HMF. Similar
results in the ratio of protein-bound HMF with HMF-casein
solutions and increased binding with heating was found also
by Oral, Mortas, Dogan, Sarioglu, & Yazici, 2014.39

Total content of phenolic compounds. Changes in the total
polyphenol content (TPC) and total hydrolysable tannin
content (TTC) as a function of roasting time is shown in Fig. 4.
Significant changes (p < 0.05) in TPC and TTC as mg GAE/TAE
per g of carob flour were observed with increased roasting.
TPC increased up to 10 minutes of roasting and decreased sub-
sequently. No initial increase was found with TTC during roast-
ing. The decrease in TTC during roasting was in line with the
data obtained by quantifying gallic acid. As reported in Fig. 5
gallic acid that is chemically bound to cellular material and
tannins decreased upon roasting (from 85.5% at 0 minutes of
roasting to 84.2, 83.6, 80.4 and 68.8% with 5, 10, 30 and
60 minutes respectively).40–42 This decrease coincided with an
increase in free gallic acid and the release of phenolic com-
pounds was also observed in grape seeds.43

The decreases in total hydrolysable tannins (Fig. 4B)
together with the shift of bound towards free gallic acid
(Fig. 5) indicated that a thermally induced degradation of
gallo- and ellagitannins happened in the carob flour. The

Table 2 Correlation matrix of the chemical properties of roasted carob
flour; total tannin content (TTC), total insoluble content (TIC), total and
free gallic acid (TGA and FGA)

TTC TIC TGA FGA

TTC 1
TIC 0.9872 1
TGA 0.9845 0.9998 1
FGA −0.9363 −0.9734 −0.9768 1

Fig. 3 Concentration of total, free and protein-bound 5-HMF as a func-
tion of roasting time. Different letters in the same series indicate signifi-
cant differences (p < 0.05).

Fig. 4 Changes in the total hydrolysable tannin content (A) and total
phenolic content (B) of carob flour obtained after roasting at 150 °C.
Different letters indicate significant differences (p < 0.05).

Fig. 2 insoluble compounds (% w/w) in carob flour as a function of
roasting time at 150 °C. Different letters indicate significant differences
(p < 0.05).
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initial increase in TPC after extraction with acidified methanol
could be explained by (i) degradation of insoluble and bound
phenolics (e.g. tannins and lignin as seen in grape seed21,44)
during roasting led to the formation of more soluble products,
free phenolics and derivatives that were detected by this assay,
in line with TTC and bound/free gallic acid. (ii) Formation of
MRP’s with a phenolic type of structure induced roasting. The
TPC measured by the Folin–Ciocalteu method lacks specificity
and detects all reducing compounds. The MR in sugar-rich
environment favour the formation of reductones, a class of
MRPs with a general reducing capacity,45 which are likely to be
detected by the reagent used.

Similar findings were already observed by Şahin et al.,
2009,32 who showed roasting led to increased TPC and a
positive correlation between BI and TPC. Papagiannopoulos
et al., 20049 not only reported an increase in TPC for roasted
carob products compared to raw carob kibbles, but also a
decrease in the amount of hydrolysable tannins that paral-
leled an increase in free gallic acid. Finally Tomaz et al.,
201946 reported a decrease in the tannin content and an
increase in the gallic acid concentration with increased
processing.

Next to free and bound gallic acid, also pyrogallol was
identified by HPLC analysis after extraction of the carob
flour samples. The amount of pyrogallol slightly increased at
5 min of roasting and decreased subsequently. The increase
in pyrogallol at the onset of roasting is the consequence of
thermal decarboxylation of free gallic acid.47 The total phe-
nolic content decreased after 5 minutes of roasting when de-
carboxylation reactions ultimately led to the degradation of
gallic acid and pyrogallol. These results were in line with the
trend of TPC reported in Fig. 4: after 10 minutes of roasting,
where the decrease could be explained by the thermal degra-
dation of polyphenols due to the decarboxylation reac-
tions.48 Moreover, the incorporation of phenolic com-
pounds/phenolic type of MRP’s in melanoidins49 should be
considered.

Carob flour binding to bile acids glycoconjugates

In Fig. 6 the amount of glycodeoxycholic acid (GDCA) bound
to the carob powder is shown in comparison to that of choles-
tyramine, a resin which is a known binder of bile acids and it
is used as cholesterol-lowering drug. Carob flour showed a
good ability to bind bile acids glycoconjugates. Unroasted
carob flour bound 92% of GDCA compared to cholestyramine.
Increased roasting resulted in significantly (p < 0.05)
decreased bile acid binding; from 92 to 81, 79, 67 and 55%
after 5, 10, 30, and 60 minutes of roasting, respectively.
Decreasing from physiological pH (pH = 7), to pH = 5.5
resulted in an increase in bile acid binding which fail to reach
statistical significance (see Fig. 6, Panel B). Bile acids were
mainly bound by the insoluble compounds (IC) compared to
the soluble compounds (SC) being the latter almost negligible:
as shown in Table 3 there is a high correlation between the
total bound bile acids (TBBA), tannins (TTC) and insoluble
compounds (TIC) as a function of roasting. Relevant factors
contributing to the high GDCA binding capacity can be (i)
tannins and insoluble compounds in general, which have a
large impact on the capacity to bind bile salts, (ii) minerals
and (iii) other components that may be involved in the stabiliz-
ation of binding bile acids such as melanoidins or cellulose.
Carob fiber treatment was able to decrease total and LDL

Fig. 5 Phenolic content obtained after ultrasonic extraction with
acidified methanol (pH = 2.5). The total, pyrogallol, bound and free
gallic acid content were expressed as mg g−1 of carob flour as a function
of roasting. Different letters in the same series indicate significant differ-
ences (p < 0.05).

Fig. 6 Effect of roasting on the amount of bound glycodeoxycholic
acid (GDCA) at a concentration of 2 mM at pH = 7 per g of carob flour.
In Panel A the effect of roasting on bile acid adsorption is reported while
in Panel B the effect of pH of unroasted carob powder (time 0) on bile
acid adsorption is shown. The ability of soluble- and insoluble content
(IC/SC) were measured separately. Different letters are significantly
different p < 0.05. Cholestyramine represents 100% bile acid adsorption
as a positive control.
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cholesterol in hypercholesterolemic patients.23 Minerals in
carob flour could play an important role in enhancing the
binding of bile salts, especially as carob flour is rich in
calcium and iron.6,17,50 Other components that could have sup-
ported the adsorption of bile acids were cellulose and melanoi-
dins. Ragot, Russell, & Schneeman, 199251 reported already
that melanoidins from several heated protein–glucose solu-
tions could interact with GDCA. It was observed that especially
high molecular weight melanoidins interacted with bile acids.
This is in line with data from tannins; especially HMW in-
soluble tannins are able to interact with bile acids. Finally cell-
ulose could have contributed to support of binding bile acids,
although actual values on the capacity to bind bile acids were
low.52,53

Another paper by Dongowski, (2007)24 before ours investi-
gated the relation between tannins in carob and the capacity
to bind bile acids. They found high amounts of bile acids were
bound in a commercial carob fiber preparation and removal of
tannins resulted in a sharp decrease in the amount of bound
bile acids. This relation was not deeply investigated in the
Dongowski’s paper; however, our data reported in Table 3 and
Fig. 6 clearly suggested that insoluble hydrolysable tannins
can play a significant role. When these hydrolysable tannins
are broken down by roasting, the degree of bound bile acids
drops significantly. Despite the capacity of melanoidins to
bind GDCA, roasting carob flour resulted in lower amounts of
bound bile acids indicating the ability of insoluble tannins are
far better than that of the neo-formed melanoidins.

It was reported that there are three mechanisms explaining
the incomplete re-absorption of bile salts into the enterohepa-
tic circulation at the end of the small intestine: the first
mechanism explains that (in)soluble dietary fiber increases
the barrier properties of the unstirred water layer between
micelles and intestinal absorptive cells.54 Secondly, it was
reported that (in)soluble compounds might interact at a mole-
cular level, including hydrophobic interactions.55 Last, soluble
dietary fiber might form a local viscous or gelatinous matrix
that entraps the bile salt micelles.56 All these mechanisms
entail an increased loss of bile salts in the feces; therefore,
they must be newly synthesized in the liver and this in turn
leads to a reduction of the free cholesterol pool.

The probability that the formation of a local viscous or gela-
tinous network could contribute to lower LDL cholesterol
in vivo was excluded, since increasing the concentration of
carob flour, nor roasting had an effect on viscosity. On the
other hand, although bile acids have amphipathic properties,
hydrophobic interactions play a major role. Not only because

bile acids mainly bind to insoluble material and tannins in
carob flour, but they also bind stronger at lower pH. Similar
findings of higher amounts of bound bile acids at lower pH
were reported by Drzikova et al., 2005.55 Camire, Zhao, &
Violette, (1993)57 and Dziedzic, Górecka, Kucharska, &
Przybylska, (2012)58 reported that trihydroxy bile acids (GDCA)
had lower adsorption capacities compared to dihydroxy bile
acids (cholic acid).

Conclusions

The objective of this study was to investigate the mechanisms
underpinning the cholesterol lowering effect of carob flour
and the role of insoluble tannins. To this purpose the influ-
ence of roasting on the capacity of carob flour to bind glyco-
conjugates of bile acids in vitro was investigated. We found a
high correlation between the capacity of carob flour to adsorb
bile acids and their respective tannin and insoluble content.
This study supports the evidence that carob has the capacity to
bind high amounts of bile salts and that tannins and insoluble
compounds are important for interactions between bile salts
and carob flour. Roasting decreases the capacity of carob flour
to adsorb bile acids (GDCA), mainly as roasting breaks down
the HMW tannins in carob flour. Therefore, the bile acid low-
ering capacity of carob flour is mainly due to hydrophobic
interactions exerted by insoluble tannins.

Abbreviations

LDL Low density lipoprotein
BI Browning index
GDCA glycodeoxycholic acid
TTC Total hydrolysable tannin content
TPC Total phenolic content
TFA Trifluoracetic acid
UAE Ultrasound-assisted extraction
IC Insoluble compounds
SC Soluble compounds
HMF 5-Hydroxymethylfurfural
TGA Total gallic acid
FGA Free gallic acid
TBBA Total bound bile acids
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