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ITC study on the interaction of
some bile salts with tragacanth,
Arabic, and guar gums with
potential cholesterol-lowering
ability
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Introduction: The urge of designing new safe and natural functional foods to
control blood lipids and dispensable without the need of physician supervision,
has increased especially after the coming into effect of the recent EU Commission
regulation 2022/860, that regulates the consumption of “red yeast rice,” made
by fermentation of rice with Monascus purpureus, and perceived as a natural
functional food, due to a health risk for frail consumers. The results of the present
work are a part of the systematic study we are carrying out of the binding ability of
some soluble dietary fibers (SDF) from different natural sources toward selected
bile salts (BS).

Methods: Measurements were carried out by isothermal titration calorimetry
(ITC) with the idea to shed light on the mechanism, if any, by which they show
cholesterol-lowering activity.

Results and discussion: Epidemiological studies are sometimes conflicting and
offer only hypothesis about the mechanism of action, the most accredited being
the reduction of reabsorption of BS in the gut. Previous measurements done
on negatively charged pectin and alginate, showed specific binding interaction
with monomer NaDC for pectin and no interaction at all for alginate. Chitosan,
positively charged and soluble only at low pH, in 100 mM acetate bufferat pH =3
shows strong exothermic interactions with NaTC and NaTDC. Here we considered
two plant exudates (Arabic gum and tragacanth gum) and guar gum, extracted
from guar beans, and their interaction with the same bile salts. ITC measurements
do not evidence specific interactions between gums and the studied BS, so that
their cholesterol lowering ability, if any, is due to a different mechanism very
probably bound to the viscosity increase. Moreover, the addition of NaC, the
most abundant BS in the bile, at very low concentration (under the cmc) causes
a structural change of the solution. The obtained results seem to corroborate
the hypothesis that the cholesterol lowering activity is related to the increase in
viscosity of guar solution favored by NaC, the major component of the bile.

KEYWORDS

cholesterol-lowering ability, soluble dietary fiber, Arabic gum, tragacanth gum, guar gum,
bile salt, soluble dietary fiber-bile salt interaction, functional food

1. Introduction

Hypercholesterolemia, characterized by elevated blood cholesterol levels, is a silent
disease that significantly impacts the lives of individuals. It is the major risk factor for
cardiovascular diseases, the leading cause of mortality in developed countries (I, 2).
Pharmacological treatments based on fibrates and statins are commonly used to reduce

01 frontiersin.org


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1258282
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1258282&domain=pdf&date_stamp=2023-10-24
mailto:emilia.fisicaro@unipr.it
https://doi.org/10.3389/fnut.2023.1258282
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2023.1258282/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Massa et al.

high blood cholesterol in adults, but the associated side effects
often lead to suboptimal adherence to the therapy (3, 4).
Therefore, there is a growing interest in identifying natural and
biocompatible dietary supplements that can effectively control low-
density lipoprotein (LDL) cholesterol levels, for both prevention
and treatment of hypercholesterolemia, particularly in children,
through dietary habit modifications.

Recent authorization by the European Medicines Agency
(EMA)
drug with a different mechanism of action than statins, has

of bempedoic acid, a novel cholesterol-lowering
further highlighted the importance of exploring alternative
approaches (EMA/65186/2020). Moreover, the introduction
of EU Commission regulation 2022/860 in June 2022, which
regulates the use of red yeast rice (RYR), emphasizes the need
for natural and safe dietary supplements for cholesterol control
(5). RYR, traditionally used in China both as food colorant and
to foster digestion and blood circulation, is obtained through the
fermentation of rice with Monascus purpureus yeast, resulting in
the production of monacolins, including monacolin K (also known
as lovastatin) (6). Due to the natural process by which it is obtained,
RYR was perceived as a natural nutraceutical product, suitable also
for frail people, such as statin-intolerant people and children (7, 8),
and used to prevent lifestyle-related diseases by improving dietary
habits (1, 5-9). However, RYR carries risks similar to statin drugs
due to the presence of monacolins, making it potentially harmful
to certain vulnerable groups (10) and, in addition, the content in
monacolins is variable, depending on the fermentation process and
on the raw material (10), making difficult the observance of the
correct dose. In addition, an incorrect choice of the raw material
or an incorrect fermentation process could cause the presence of
citrinin, a mycotoxin produced also by Monascus purpureus and
known for nephrotoxic and hepatotoxic properties (11). Therefore,
exploring alternative natural compounds with cholesterol-lowering
potential, such as soluble dietary fibers (SDF), has become crucial.

SDFs, abundantly found in fruits and vegetables, have been
recognized for their ability to enhance the cholesterol-lowering
effects of diets (12-15). As complex carbohydrates resistant to
human enzyme hydrolysis, SDFs are not digested or absorbed
by the human body. Instead, they undergo fermentation by gut
bacteria, producing short-chain fatty acids that aid in reducing
blood cholesterol via various mechanisms (2). Epidemiological
studies have consistently shown the health benefits of consuming
soluble fibers, supporting their potential role in disease prevention
(2, 16-20). Although the cholesterol-lowering effect of SDF
has been hypothesized for over 40 years, the exact chemical
mechanisms underlying their activity are still under debate. One
hypothesis involves the interaction between specific SDF and bile
salts, potentially through specific binding, which prevents their
reabsorption in the gastrointestinal tract. Consequently, the liver
is stimulated to synthesize new bile salts from cholesterol, thus
maintaining cholesterol homeostasis (12, 16-19, 21, 22). Bile salts
(BS) play a crucial role in intestinal lipid absorption and cholesterol
homeostasis as about 50% of cholesterol degradation occurs via its
catabolism to form bile acid (23). Bile is produced by the liver,
stored in the gall bladder, and released into the small bowel in
response to a meal to favor the digestion and absorption of dietary
lipids. It is normally recovered in the terminal ileum and recycled,
up to several times within a meal (24).
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With the goal of creating a pool of SDF with optimal
cholesterol-lowering ability for the development of functional
foods, we undertook a systematic study using isothermal titration
calorimetry (ITC) to investigate the binding ability of SDF from
different natural sources with various bile salts (12). Functional
foods are defined as whole, fortified, enriched, or enhanced foods
that have a potentially beneficial effect on health when consumed
as part of a varied diet (25, 26). Previous results, discussed in detail
in (12), focused on the interaction of pectin, alginate, and chitosan
with sodium cholate (NaC), sodium deoxycholate (NaDC), sodium
taurocholate (NaTC), and sodium taurodeoxycholate (NaTDC).
These investigations revealed that the binding ability varies
depending on the specific SDF and bile salt pair, suggesting a
specific and selective behavior rather than a generic SDF-bile salt
interaction. In this article, we present the results obtained using
the same technique and bile salts, but with Arabic gum, tragacanth
gum, and guar gum as the SDF. Arabic gum and tragacanth gum
are natural exudate gums released from plants under external stress
or injury and find applications in many sectors from food to non-
food industries (27). Guar gum, on the other hand, originates from
guar beans, containing galactomannan gum, which forms a gel in
water (28).

2. Materials and methods
2.1. Materials

Sodium cholate hydrate (NaC), sodium taurocholate
hydrate (NaTC), sodium deoxycholate (NaDC), and sodium
taurodeoxycholare (NaTDC) from Sigma-Aldrich were used as
received. Fifty millimeter solutions of these BS were prepared using
boiled doubly distilled water.

Arabic, tragacanth, and guar gums were supplied by ACEF,
Fiorenzuola d’Arda (PC, Italy), and were used as received. 1%
w/v SDF solutions were prepared by weight using boiled doubly
distilled water and were stirred overnight at a constant rate.

2.2. Isothermal titration calorimetry

ITC measurements were carried out using a MicroCal PEAQ-
ITC (Malvern) set to a temperature of 30°C at which the micelle
formation enthalpy is small for all the investigated BS (12). The
BS solution was injected (first injection of 0.4 pL, followed by
18 injections of 2 WL each or 25 injections of 1.5 WL each)
into a 200 pL reaction cell filled with an SDF solution 1g
L~! using a 40 wL automatized syringe with a 120s interval
between two successive injections. Continuous stirring at 150 rpm
was maintained throughout the experiments. Data analysis was
performed using MicroCal PEAQ-ITC Analysis Software (version
1.41, Malvern Panalytical, Malvern, UK).

3. Results and discussion

The results of ITC measurements are shown in Figures 1-4.
In Figure 1, the raw dilution heats of the bile salts under study
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FIGURE 1
Raw dilution heats of the bile salts in the same conditions as interaction experiments: (A) NaC 50 mM; (B) NaDC 50 mM; (C) NaTC 50 mM; (D) NaTDC
50 mM. These dilution heats must be subtracted from the raw interaction heats, reported in the next figures, to obtain the true interaction heat.

obtained in the same conditions as interaction experiments are
shown. These dilution heats, originating from the disruption of BS
micelles, must be subtracted from the raw interaction heats with
SDF solutions to obtain the net interaction heat. In panels A-D of
Figures 2—-4 we present the row data from ITC titrations, whereas
panels A-D’ display the heats obtained by integration of the peaks
as a function of titrant concentration. Specifically, the blue peaks in
panels A-D derive from the titration of SDF 1 gL~! by 50 mM BS
solutions. In panels A-D’ the raw integrated interaction heats are
indicated by black dots, the integrated dilution heats by light blue
dots, and their difference, the true interaction heat, by blue dots. BS
are natural surfactants having in the same molecule a hydrophobic
and a hydrophilic surface, at a difference of common surfactants
constituted by a polar head and by one, or more, hydrophobic tails.
The chemical structures of the BS used in this work are shown in
Figure 3 of (12). Due to their structure, they form micelles, with
a low aggregation number (29, 30), able to emulsify fats during
digestion. The process of micelle formation or micelle disruption
is associated with an exchange of heat with the surroundings. The
50 mM BS solutions we used as titrants are at a concentration
greater than their critical micelle concentration (cmc) (12). As a
result, when these solutions are introduced into the calorimetric
cell where they are diluted, the micelles break down exchanging
heat with the surroundings. The knowledge of the energetics of
the micelle formation process is, therefore, the starting point for
the study of the interaction of BS with SDF. We have already
discussed this point in depth in a previous paper (12) to which
we refer for details. Here we recall that ITC dilution experiments
provide information about the critical micelle concentration, cmec,
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and the thermodynamic parameters of micellization by the same
experiment (12-31). Generally, the dihydroxy bile salts (NaDC and
NaTDC) have lower cmc values compared to the trihydroxy salts
(NaC and NaTC) due to their lower hydrophobicity resulting from
the lack of a hydroxyl group. As is typical for all hydrophobic
processes, the micellization enthalpy depends on temperature. We
used a temperature of 30°C to minimize this heat contribution and
reach a greater sensitivity in our measurements (12). BS dilution
experiments were made by ITC in the same conditions as the
interaction with SDE using water in the calorimetric cell and BS
solution in the syringe. The heat released in dilution experiments
must be subtracted from the raw heat obtained when the BS
solution (in the syringe) is added to the SDF solution in the cell,
to obtain the correct net interaction heat.

3.1. Bile salts interaction with Arabic gum

Arabic gum, derived from Acacia Senegal and Acacia Seyal
trees, is the oldest of all natural gums: it was used by the
ancient Egyptians back to the third millennium B.C. (32). In
contemporary times, it is widely used as a stabilizer, a thickening
agent, and an emulsifier mainly in the food, cosmetic, and
pharmaceutical industry (27, 33, 34). Its chemical composition
is quite complex and dependent on source, tree age, climatic
conditions, and soil environment. Arabic gum is a branched-
chain polysaccharide, with a backbone composed of 1,3-linked b-
D-galactopyranosyl units, either neutral or slightly acidic, due to
the presence of a polysaccharidic acid (arabic acid) and its salts
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FIGURE 2
Raw heat rate (uJ s—1) vs. time profiles obtained from injection of titrant (first injection of 0.4 L, followed by 18 injections of 2 uL each) into a 200 L
reaction cell filled with an Arabic gum solution 1 g L~ (blue, in red the baseline), and (specified by a single quote mark) the dependence of the
enthalpy change vs. bile salt concentration in the reaction cell for: (A) NaC 50 mM; (B) NaDC 50 mM; (C) NaTC 50 mM; (D) NaTDC 50 mM. Black dots
represent the interaction enthalpy between pectin and bile salt, the light blue dots represent the dilution enthalpies of bile salt and the blue dots
represent their difference.

with calcium, magnesium, and potassium (33). There are only
a few epidemiological studies on the cholesterol-lowering ability
of acacia gum yielding conflicting results. Recently, the effect of
Arabic gum on metabolic syndrome has been evaluated by a single-
blind, randomized, placebo-controlled trial (34). It appears that,
although Arabic gum has some beneficial effects for people at
risk of metabolic syndrome, there are no changes in blood lipid
profile. On the contrary, in the same year, another study showed
that Arabic gum can significantly decrease body weight, blood
glucose, total cholesterol, and low-density lipoprotein in mice fed
with a high-fat diet (35). Farman et al. (36) evaluated the effect of
gum Arabic administration in chronic renal failure patients. They
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found a significant decrease in blood cholesterol and triglycerides
(34). The evaluation of the interaction between Arabic gum and
BS by isothermal titration calorimetry (ITC) could help to clarify
this point. ITC is, in fact, a powerful tool to provide a number
of important thermodynamic parameters about the equilibrium
under study, without the need for sample pretreatment, and it
has wide applications in food science (12, 37). Due to the high
sensitivity, ITC measurements can provide information about
specific interactions in complex systems such as those we are now
considering. In Figure 2, the ITC results obtained by titratinga 1g
L' solution of Arabic gum with 50mM solutions of (A) NaC,
(B) NaDC, (C) NaTC, and (D) NaTDC are shown. Specifically,
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FIGURE 3
Raw heat rate (uJ s~1) vs. time profiles obtained from injection of titrant (first injection of 0.4 L, followed by 18 injections of 2 uL each) into a 200 L
reaction cell filled with a tragacanth gum solution 1 g L= (blue, in red the baseline), and (specified by a single quote mark) the dependence of the
enthalpy change vs. bile salt concentration in the reaction cell for: (A) NaC 50 mM; (B) NaDC 50 mM; (C) NaTC 50 mM; (D) NaTDC 50 mM. Black dots
represent the interaction enthalpy between pectin and bile salt, the light blue dots represent the dilution enthalpies of bile salt, and the blue dots
represent their difference.

Figures 2A-D shows (i) the heat rates (] s™') vs. time profiles
obtained by injecting a 50 mM solution of the different BS (first
injection of 0.4 pL, followed by 18 injections of 2 pL each or
25 injections of 1.5 WL each) into a 200 pL reaction cell filled
with an Arabic gum solution 1g L~!, and (ii) (specified by a
single quote mark) the enthalpy change of interaction between
Arabic gum and BS (black dots), dilution enthalpy of BS (light
blue dots) and their difference (blue dots) vs. BS concentration
in the reaction cell, obtained by integration of the peaks. The
dilution heat of the SDF in the calorimetric cell resulted under
the detection limits of the instruments and was disregarded. The
net interaction heat between Arabic gum and BS, represented by
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the blue dots in Figure 2, does not differ significantly from zero,
in the limits of the experimental error, indicating the absence of
site-specific interactions. It must be outlined that the concentration
reached in the calorimetric cell at the end of titration is lower
than cmc (it is greater than the cmc only for NaTDC) since a
50 mM concentration of BS was used as the titrant. In this way,
we can exclude specific interactions with BS in monomeric form
[the most important specific interaction for pectin and chitosan
(12)] for all the studied BS and as micelles only for NaTDC. While
this finding rules out BS binding as a mechanism for cholesterol-
lowering activity, it does not exclude other mechanisms, such
as an increase in solution viscosity, which may play a role.
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FIGURE 4
Raw heat rate (uJ s~1) vs. time profiles obtained from injection of titrant (first injection of 0.4 L, followed by 18 injections of 2 uL each) into a 200 L
reaction cell filled with a guar gum solution 1g L~! (blue, in red the baseline), and (specified by a single quote mark) the dependence of the enthalpy
change vs. bile salt concentration in the reaction cell for: (A) NaC 50 mM; (B) NaDC 50 mM; (C) NaTC 50 mM; (D) NaTDC 50 mM. Black dots represent
the interaction enthalpy between pectin and bile salt, the light blue dots the dilution enthalpies of bile salt and the blue dots their difference.

However, it should be noted that Arabic gum is a highly branched
polymer, forming particles nearly spherical, resulting in a limited
solution viscosity. A recent review with the scope to resolve
enduring misconceptions about insoluble and soluble fibers (24),
claims, in contrast with our findings, that only high viscous SDF
(e.g., gel-forming fibers) can lower elevated serum cholesterol
concentrations, a health benefit, therefore, viscosity dependent.
Both these aspects, the absence of specific interaction and the low
viscosity, could suggest the limited effectiveness of Arabic gum as
a cholesterol-lowering agent, although its emulsifying properties
remain noteworthy.
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3.2. Bile salts interaction with tragacanth
gum

Tragacanth gum, an ancient polysaccharide known since the
time of Theophrastus, shares some similarities with Arabic gum.
It is a natural exudate obtained from the stem of the bush-like plant
of the Astragalus species and finds applications in the food and
pharmaceutical industries (38-42). Unlike Arabic gum, tragacanth
gum forms highly viscous solutions and is considered the most
viscous of natural plant gums (42). While there are no claims
regarding the cholesterol-lowering activity of tragacanth gum in
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the literature, it is outlined its high viscosity and potential in green
chemistry (38), biomedical engineering (41), and as a prebiotic in
functional foods (39). The high viscosity of the aqueous solutions
could explain the experimental difficulties we encountered in
obtaining an acceptable ITC thermogram. Tragacanth gum has
in its structure many carboxylic groups that make the viscosity
vary with ionic strength and pH. Maximum viscosity is typically
achieved at pH 5-6, which is the natural pH of the gum when
dissolved in water, and viscosity decreases as the pH decreases due
to reduced carboxylic group dissociation (42, 43). Results of our
ITC studies, reported in Figure 3 and performed in the same way
as for Arabic gum, confirm the absence of specific interactions
between the gum and the BS examined.

3.3. Bile salts interaction with guar gum

Guar gum, derived from Cyamopsis tetragonoloba beans,
is a cold-water soluble polysaccharide composed of mannose
and galactose units. It is widely used as a food additive
for emulsification, thickening, and processed food solidification
purposes (28, 44, 45). Clinical trials investigating the effects of guar
gum supplementation on blood lipids have yielded mixed results,
particularly in studies conducted in the late 20th century. A 2007
review of the epidemiological studies of the inclusion of guar gum
in the diet (28) of both humans and animals, defined the guar gum
as a “miracle therapy” for hypercholesterolemia, hyperglycemia,
and obesity. A very recent meta-regression and dose-response
meta-analysis of randomized placebo-controlled trials on the effect
of guar gum in adults indicated that guar gum supplementation
may have favorable effects on total cholesterol (TC) and low-
density lipoproteins (LDL) without significant alterations in total
triglycerides (TAG) and high-density lipoproteins (LDL) (44). The
mechanisms by which guar gum lowers TC and LDL are still
hypothetical and lack experimental evidence (28, 46). It makes
sense, therefore, to evaluate the ability of guar gum to bind BS,
without disregarding the high viscosity reached by its solutions.
The results, shown in Figure 4, indicate that NaDC, NaTC, and
NaTDC did not exhibit specific interactions with guar gum.
However, the behavior of the system with NaC requires a more
detailed explanation. We encountered experimental difficulties at
the beginning of the titration, with occasional anomalous spikes
not attributable to specific interactions, as in previous observations
in pectin-NaDC or chitosan-NaTC/NaTDC systems (12). These
spikes were likely caused by non-reproducible disturbances during
the measurement (see Supplementary Figure 1), and we tentatively
ascribe to a local change in viscosity following the addition of NaC.
In the absence of these spikes, there was a small difference between
the interaction heat and the dilution heat of NaC, indicating
the absence of site-specific interactions but suggesting something
occurring in the solution. One possible explanation is, in fact, an
increase in solution viscosity due to the addition of NaC, within
a concentration range where the BS is still in its monomeric form
(before the cmc). The titrations reported in Figure 4A, A" are made
by using as titrant NaC 50mM, so that at the end of titration
its concentration is still under the cmc. Figure 4A clearly shows
the instability of the baseline (in red) during the initial injections
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of NaC, not found for the other BS studied. We performed also
some titration using NaC 200 mM for exploring the micellar region
(see Supplementary Figure 2) and verify if there was a change in
NaC cmg, indicating that a given quantity of NaC, bound to the
guar gum, is subtracted from the micellization equilibrium. The
value of the cmc resulted always the same indicating that NaC
activity remains unchanged, excluding a binding interaction with
guar gum. The obtained results seem to corroborate the hypothesis
that the cholesterol-lowering activity is related to the increase in
viscosity of the guar solution favored by NaC, the major component
of the bile.

4. Conclusion

The intake of dietary fibers has been associated with numerous
health benefits, as supported by epidemiological studies and recent
meta-analyses. The need for new, safe, and natural functional
foods to control blood lipids, has become increasingly important,
especially after the coming into effect of the recent EU Commission
regulation 2022/860, which mandates the consumption of “red
yeast rice” only under the supervision of a physician, due to health
risks for some consumers. The results of the present study are
a part of our ongoing systematic study on the binding ability of
SDF from different natural sources toward selected bile salts by
isothermal titration calorimetry (ITC), which aims to shed light
on the mechanism underlying their cholesterol-lowering activity.
Insights from this study can contribute to the design of new
functional foods incorporating a combination of fibers possessing
enhanced cholesterol-lowering properties. This paves the way for
the development of safe and effective dietary strategies to reduce
blood cholesterol levels and lower the risk of cardiovascular
diseases (CVD), even for vulnerable populations.

Previous measurements carried out on two negatively charged
SDFs, such as pectin and alginate, showed specific binding
interaction with monomer NaDC for pectin and no interaction
at all for alginate. Chitosan, positively charged and soluble only
at low pH, in 100 mM acetate buffer at pH = 3 shows strong
exothermic interactions with the bile salts soluble at this pH (NaTC
and NaTDC) with precipitate formation This study investigated
the interactions between BS and two plant exudates (Arabic gum
and tragacanth gum) and guar gum, extracted from guar beans.
The results do not evidence specific interaction between gums and
the studied BS. Hence, if these gums exhibit cholesterol-lowering
effects, an alternate mechanism might be at play, possibly linked to
the viscosity increase of the solution. Specifically, the study revealed
that the addition of NaC, the most abundant bile salt, at very low
concentrations (below the critical micelle concentration) induced a
structural change in the guar gum solution.

Future research should explore the mechanisms underlying
the cholesterol-lowering effects of SDFs in greater detail. This
may involve investigating the impact of SDFs on cholesterol
absorption, bile acid synthesis, hepatic cholesterol metabolism, and
the gut microbiome.

The chemical information obtained from this study, combined
with epidemiological evidence, can contribute to the development
of functional foods that marry high cholesterol-lowering abilities
with an appealing taste profile. These foods hold promises as
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both preventive and therapeutic supplements, improving patient
compliance and overall health outcomes.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

Data
draft,
editing. CC: Resources, Writing—review and editing. EF:

MM: Conceptualization, curation, Methodology,

Supervision, Writing—original Writing—review and
Conceptualization, Data curation, Methodology, Supervision,

Writing—original draft, Writing—review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank the Department of Chemistry, Life Sciences
and Environmental Sustainability (SCVSA) for allowing the use of
MicroCal PEAQ-ITC (Malvern) and the Interdepartmental Centre

References

1. Hasler CM, Kundrat S, Wool D. Functional foods and cardiovascular disease. Curr
Atheroscler Rep. (2000) 2:467-75. doi: 10.1007/5s11883-000-0045-9

2. Soliman GA. Dietary fiber, atherosclerosis, cardiovascular disease. Nutrients.
(2019) 11:1155. doi: 10.3390/nul1051155

3. Taylor F, Huffman MD, Macedo AE, Moore THM, Burke M, Smith DG, et al.
Statins for the primary prevention of cardiovascular disease. Cochr Database Syst Rev.
(2013) 1:CD004816. doi: 10.1001/jama.2013.281348

4. Eussen S, Klungel O, Garssen J, Verhagen H, van Kranen H, van Loveren H, et al.
Support of drug therapy using functional foods and dietary supplements: focus on
statin therapy. Br J Nutr. (2010) 103:1260-277. doi: 10.1017/S0007114509993230

5. Commission Regulation (EU) 2022/860 of 1 June 2022. Official Journal of the
European Union, 2-6-2022:1. 151/37 (2022).

6. Journoud M, Jones JH. Red yeast rice: a new hypolipidemic drug. Life Sci. (2004)
74:2675-83. doi: 10.1016/j.1fs.2003.10.018

7. Cicero AF, Fogacci E Banach M. Red Yeast rice for hypercholesterolemia. Method
Debakey Cardiovasc J. (2019) 15:192-9. doi: 10.14797/mdcj-15-3-192

8. Cicero AFG, Fogacci F, Zambon A. Red yeast rice for hypercholesterolemia JACC
focus seminar. ] Am Coll Cardiol. (2021) 77:620-8. doi: 10.1016/j.jacc.2020.11.056

9. Fukami H, Higa Y, Hisano Y, Asano K, Hirata T, Nishibe S. A review of red yeast
rice, a traditional fermented food injapan and East Asia: its characteristic ingredients
and application in the maintenance and improvement of health in lipid metabolism and
the circulatory system. Molecules. (2021) 26:1619. doi: 10.3390/molecules26061619

10. Gordon RY, Cooperman T, Obermeyer W, Becker DJ. Marked variability of
monacolin levels in commercial red yeast rice products. Arch Intern Med. (2010)
170:1722-7. doi: 10.1001/archinternmed.2010.382

11. Twaruzek M, Altyn I, Kosicki R. Dietary supplements based on red yeast rice—a
source of citrinin? Toxins. (2021) 13:497. doi: 10.3390/toxins13070497

Frontiersin Nutrition

10.3389/fnut.2023.1258282

of Measurements (CIM) of the University of Parma for allowing
the use of the CSC model 5300 N-ITCIII isothermal titration
calorimeter facility.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.
1258282 /full#supplementary-material

12. Massa M, Compari C, Fisicaro E. On the mechanism of the cholesterol
lowering ability of soluble dietary fibers: interaction of some bile salts with pectin,
alginate, and chitosan studied by isothermal titration calorimetry. Front. Nutr. (2022)
9:968847. doi: 10.3389/fnut.2022.968847

13. National Heart, Lung, and Blood Institute. Expert panel on integrated guidelines
for cardiovascular health and risk reduction in children and adolescents: summary
report. Pediatrics. (2011) 128 (Suppl_5):5213-6. doi: 10.1542/peds.2009-2107C

14. Theuwissen E, Mensink RP. Water-soluble dietary fibers and cardiovascular
disease. Physiol. Behav. (2008) 94:285-92. doi: 10.1016/j.physbeh.2008.01.001

15. Chawla R, Patil GR. Soluble dietary fiber. Compr Rev Food Sci Food Saf. (2010)
9:178-96. doi: 10.1111/j.1541-4337.2009.00099.x

16. Surampudi P, Enkhmaa B, Anuurad E, Berglund L. Lipid lowering
with soluble dietary fiber. Crit Rev Oncol Hematol. (1998) 27:229-
42. doi: 10.1016/51040-8428(98)00006-7

17. Jane M, McKay J, Pal S. Effects of daily consumption of psyllium, oat bran
and polyGlycopleX on obesity-related disease risk factors. A critical review. Nutrition.
(2019) 57:84-91. doi: 10.1016/j.nut.2018.05.036

18. Perry JR, Ying W. A review of physiological effects of soluble and insoluble
dietary fibers. ] Nutr Food Sci. (2016) 6:1-6. doi: 10.4172/2155-9600.1000476

19. Surampudi P, Enkhmaa B, Anuurad E, Berglund L. Lipid lowering with soluble
dietary fiber. Curr Atheroscler Rep. (2016) 18:1-13. doi: 10.1007/s11883-016-0624-z

20. Ghavami A, Ziaei R, Talebi S, Barghchi H, Nattagh-Eshtivani E, Moradi P,
et al. Soluble fiber supplementation and serum lipid profile: a systematic review
and dose-response meta-analysis of randomized controlled trials. Adv Nutr. (2023)
14:465-74. doi: 10.1016/j.advnut.2023.01.005

21. Guillon F, Champ M. Structural and physical properties of dietary fibres, and
consequences of processing on human physiology. Food Res Int. (2000) 33:233-
45. doi: 10.1016/50963-9969(00)00038-7

frontiersin.org


https://doi.org/10.3389/fnut.2023.1258282
http://scvsa.unipr.it/
https://www.frontiersin.org/articles/10.3389/fnut.2023.1258282/full#supplementary-material
https://doi.org/10.1007/s11883-000-0045-9
https://doi.org/10.3390/nu11051155
https://doi.org/10.1001/jama.2013.281348
https://doi.org/10.1017/S0007114509993230
https://doi.org/10.1016/j.lfs.2003.10.018
https://doi.org/10.14797/mdcj-15-3-192
https://doi.org/10.1016/j.jacc.2020.11.056
https://doi.org/10.3390/molecules26061619
https://doi.org/10.1001/archinternmed.2010.382
https://doi.org/10.3390/toxins13070497
https://doi.org/10.3389/fnut.2022.968847
https://doi.org/10.1542/peds.2009-2107C
https://doi.org/10.1016/j.physbeh.2008.01.001
https://doi.org/10.1111/j.1541-4337.2009.00099.x
https://doi.org/10.1016/S1040-8428(98)00006-7
https://doi.org/10.1016/j.nut.2018.05.036
https://doi.org/10.4172/2155-9600.1000476
https://doi.org/10.1007/s11883-016-0624-z
https://doi.org/10.1016/j.advnut.2023.01.005
https://doi.org/10.1016/S0963-9969(00)00038-7
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Massa et al.

22. Gunness P, Gidley MJ. Mechanisms underlying the cholesterol-lowering
properties of soluble dietary fibre polysaccharides. Food Funct. (2010) 1:149-
55. doi: 10.1039/c0f000080a

23. Redinger RN. The coming of age
enterohepatic  circulation of bile salts.
72. doi: 10.1016/S0002-9610(02)01212-6

24. McRorie JWJ, McKeown NM. Understanding the physics of functional fibers
in the gastrointestinal tract: an evidence-based approach to resolving enduring
misconceptions about insoluble and soluble fiber. J. Acad. Nutr. Dietet. (2017) 117:251-
264. doi: 10.1016/j.jand.2016.09.021

25. Hasler CM. The changing face of functional foods. ] Am Coll Nutr. (2000)
19:499S—506S. doi: 10.1080/07315724.2000.10718972

26. Wlildman REC. Handbook of Nutraceuticals and Functional Foods Second
Edition. Boca Raton, FL: CRC Press Taylor & Francis Group (2007).

27. Kumar Gupta A, Vikas Kundu E, Rohilla S, Bashir M, Haripriya S. A mini-
review on the recent food applications of major exudates. Der Pharma Chem. (2018)
10:94-8.

28. Butt M, Shahzadi N, Sharif MK. Guar gum: a miracle therapy for
hypercholesterolemia, hyperglycemia and obesity. Cri Rev Food Sci Nutr. (2007)
47:389-96. doi: 10.1080/10408390600846267

29. Natalini B, Sardella R, Gioiello A, Ianni F, Di Michele A, Marinozzi M.
Determination of bile salts critical micellization concentration on the road of drug
discovery. ] Pharm Biomed Anal. (2014) 87:62-81. doi: 10.1016/j.jpba.2013.06.029

30. Mukherjee B, Dar AA, Bhat PA, Moulik SP, Das AR. Micellization and adsorption
behaviour of bile salts systems. RCS Adv. (2016) 6:1769-81. doi: 10.1039/C5RA20909A

31. Olofsson G, Loh W. On the use of titration calorimetry to study the
association of surfactants in aqueous solutions. J Braz Chem Soc. (2009) 20:577-
93. doi: 10.1590/50103-50532009000400002

32. Verbeken D, Dierckx S, Dewettinck K. Exudate gums: occurrence,
production, and applications. Appl Microbiol Biotechnol. (2003) 63:10-
21. doi: 10.1007/s00253-003-1354-z

33. Ali BH, Ziada A, Blunden G. Biological effects of gum arabic: a review of
some recent research. Food Chem Toxicol. (2009) 47:1-8. doi: 10.1016/j.fct.2008.
07.001

of our understanding of the
Am ] Surg. (2003) 185:168-

34. Jarrar A, Stojanovska L, Apostolopoulos V, Jack Feehan ], Bataineh JM,
Ismail LC, et al. the effect of gum arabic (Acacia senegal) on cardiovascular
risk factors and gastrointestinal symptoms in adults at risk of metabolic
syndrome: a randomized clinical trial. Nutrients. (2021) 13:194. doi: 10.3390/nul130
10194

Frontiersin

09

10.3389/fnut.2023.1258282

35. Ahmed AA, Elmujtba M, Essa A, Mollica A, Stefanucci A, Zengin G,
et al. Gum Arabic modifies anti-inflaimmatory cytokine in mice fed with
high fat diet induced obesity. Bioactive Carbohydr nd Dietary Fibre. (2021)
25:100258. doi: 10.1016/j.bcdf.2020.100258

36. Farman MS, Salman MI, Hamad HSH. Effect of gum arabic administration on
some physiological and biochemical parameters in chronic renal failure patients. Sys
Rev Pharm. (2020) 11:697-701. doi: 10.31838/srp.2020.6.103

37. Arroyo-Maya IJ, McClements DJ. Application of ITC in foods: a powerful tool
for understanding the gastrointestinal fate of lipophilic compounds. Biochim Biophys
Acta. (2016) 1860:1026-15. doi: 10.1016/j.bbagen.2015.10.001

38. Mallakpour S, Tabesh F, Hussain CM. Potential of tragacanth gum in the
industries: a short journey from past to the future. Polym. Bull. (2023) 80:4643-
4662. doi: 10.1007/s00289-022-04284-1

39. Gavlighi HA, Meyer A, Mikkelsen JD. Tragacanth gum: functionality and
prebiotic potential. Agro Food Ind Hi Tech. (2013) 24:46-48.

40. Bilal M, Munir H, Khan MI, Khurshid M, Rasheed T, Rizwan
K, et al. Gums-based engineered bio-nanostructures for greening the
21st-century biotechnological ~settings. Crit Rev Food Sci Nutr. (2022)

62:3913-29. doi: 10.1080/10408398.2020.1871318

41. Taghavizadeh Yazdi ME, Nazarnezhad S, Mousavi S, Sadegh Amiri M, Darroudi
M, et al. Gum tragacanth (GT): a versatile biocompatible material beyond borders.
Molecules (2021) 212:1510. doi: 10.3390/molecules26061510

42. Nazarzadeh Zare E, Makvandi P, Tay FR. Recent progress in the industrial
and biomedical applications of tragacanth gum: a review. Carbohydr Polym. (2019)
212:450-67. doi: 10.1016/j.carbpol.2019.02.076

43. Silva C, Torres MD, Chenlo F, Moreira R. Rheology of aqueous mixtures of
tragacanth and guar gums: effects of temperature and polymer ratio. Food Hydrocoll.
(2017) 69:293-300. doi: 10.1016/j.foodhyd.2017.02.018

44. Setayesh L, Pourreza S, Zeinali Khosroshahi M, Asbaghi O, Bagheri R, Rezaei
Kelishadi M, et al. The effec ts of guar gum supplementation on lipid profile in
adults: a GRADE-assessed systematic review, meta-regression and dose-response
meta-analysis of randomised placebo-controlled trials. Br J Nutr. (2023) 129:1703-
13. doi: 10.1017/50007114522002136

45. Wang N, Pan D, Guo Z, Xiang X, Wang S, Zhu J, et al. Effects of guar gum on
blood lipid levels: a systematic review and meta-analysis on randomized clinical trials.
J Funct Foods. (2021) 85:104605. doi: 10.1016/j.j{f.2021.104605

46. Moriceau S, Besson C, Levrat MA, Moundras C, Rémésy C, Morand C, et al.
Cholesterol-lowering effects of guar gum: changes in bile acid pools and intestinal
reabsorption. Lipids. (2000) 35:437-44. doi: 10.1007/s11745-000-542-x


https://doi.org/10.3389/fnut.2023.1258282
https://doi.org/10.1039/c0fo00080a
https://doi.org/10.1016/S0002-9610(02)01212-6
https://doi.org/10.1016/j.jand.2016.09.021
https://doi.org/10.1080/07315724.2000.10718972
https://doi.org/10.1080/10408390600846267
https://doi.org/10.1016/j.jpba.2013.06.029
https://doi.org/10.1039/C5RA20909A
https://doi.org/10.1590/S0103-50532009000400002
https://doi.org/10.1007/s00253-003-1354-z
https://doi.org/10.1016/j.fct.2008.07.001
https://doi.org/10.3390/nu13010194
https://doi.org/10.1016/j.bcdf.2020.100258
https://doi.org/10.31838/srp.2020.6.103
https://doi.org/10.1016/j.bbagen.2015.10.001
https://doi.org/10.1007/s00289-022-04284-1
https://doi.org/10.1080/10408398.2020.1871318
https://doi.org/10.3390/molecules26061510
https://doi.org/10.1016/j.carbpol.2019.02.076
https://doi.org/10.1016/j.foodhyd.2017.02.018
https://doi.org/10.1017/S0007114522002136
https://doi.org/10.1016/j.jff.2021.104605
https://doi.org/10.1007/s11745-000-542-x
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	ITC study on the interaction of some bile salts with tragacanth, Arabic, and guar gums with potential cholesterol-lowering ability
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Isothermal titration calorimetry

	3. Results and discussion
	3.1. Bile salts interaction with Arabic gum
	3.2. Bile salts interaction with tragacanth gum
	3.3. Bile salts interaction with guar gum

	4. Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


