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Abstract

In this study, three representative pears (‘Yali' Pear, 'Huangguan' Pear, and 'Xuehua' Pear) peel/flesh polyphenol extracts were characterized by
their antioxidant activity, polyphenol composition, and in vitro cholesterol/cholates binding capacity. 'Yali' Pear polyphenol extracts were
selected to further investigate the mechanism of in vitro cholesterol/cholates lowering capacity. Lagergren adsorption kinetic and Freundlich
isotherm models confirmed the occurrence of this combination. Turbidity, average particle size, transmission electron microscopy, and zeta

potential combined confirmed the existence of some interaction between polyphenols and cholesterol/cholates. Cholesterol/cholates quenched

the exogenous fluorescence of polyphenols by static mechanism. The thermodynamic interaction results revealed that the interaction between

polyphenols and cholesterol is a spontaneous process, primarily driven by hydrogen bonding and hydrophobic interactions. Overall, this study

aimed to investigate the confirmation of the binding removal properties of pear polyphenols on cholesterol/cholates to mitigate the adverse

health effects of a high-fat diet.
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Introduction

The 215t century has witnessed dramatic changes in people's
dietary structure and lifestyles. In particular, the widespread
prevalence of Western-style diets and sedentary lifestyles has
contributed to a continued surge in disorders of lipid meta-
bolism, including obesity!"2l, High levels of lipids and choles-
terol in the blood are intimately correlated with lipid meta-
bolism diseases!'l. The liver produces cholesterol, a sterol that
also serves as a precursor to vitamin D, steroid hormones, and
bile acid saltsBl. Through the movement of cholesterol micelles,
the cholesterol consumed in food (animal food) is absorbed by
the epithelial cells of the small intestine and reaches the liver
and serum, where it acts as an essential part of the lipids that
make up the lipid profile. Based on earlier research, high
cholesterol consumption is strongly correlated with cardiovas-
cular disease, a serious threat to people's health®6l, However,
given the negative side effects and high expense of choles-
terol-lowering medications!’], researchers have come up with a
novel idea: use naturally occurring active ingredients to adsorb
and bind excess cholesterol in the gastrointestinal tract3:46:89],

Bile acids, as products of cholesterol catabolism, facilitate the
conversion of small intestinal cholesterol and lipids to fat.
Following food intake, bile acids participate in the enterohep-
atic circulation and are stored in the gallbladder, which regu-
lates cholesterol-level homeostasis!’. When certain compo-
nents of food bind to bile acid salts and are excreted from the
body, the amount of bile acid salts stored in the gallbladder
decreases, which encourages a greater flow of blood
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cholesterol to the liver and its conversion to bile acid salts['".
Therefore, this pathway is also effectively reducing the blood
cholesterol level®1012 Therefore, finding active adsorbents
and assessing their ability to bind cholesterol and bile acid salts
may be a promising new strategy for treating dyslipidemia in
people.

Currently, pectin®'3, dietary fiber®212, and other natural
polysaccharides of cholesterol/bile salt adsorption capacity
have been proved by numerous scholars. Polyphenolst'#13], as
the principal active ingredients in fruits and vegetables, whose
research related to the role of anti-obesity and blood lipid
lowering in vivo and in vitro has sprung upl'16-18l Extracted
condensed tannins (CTs) from banana peels were also discov-
ered to aggregate with cholesterol/cholates!''l. Intake of CTs
extract significantly promoted the excretion of bile acids in the
feces of mice fed a high-fat diet and reduced the concentra-
tions of liver lipids and plasma cholesterol. Similarly, apple
condensed tannins have been proven to bind to cholesterol in
vitro, which is supported by data from spectroscopic and
morphological analyze®®. Additionally, anthocyanins extracted
from berries were shown to be effective in reducing choles-
terol solubility in micelles and markedly reduced cholesterol
uptake by Caco-2 cells in a concentration-dependent
manner('8l. It was found that 1 mg/mL of berry extract was able
to bind 20%-36% of sodium taurocholate.

Pears, as a fruit with high production and consumption, are
also rich in phenolics in their peel and pulp, which have been
endowed with a variety of health benefits, like antioxidant
activity, blood pressure lowering, and lipid-lowering!9. At
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Pear polyphenol binding cholesterol and cholates

present, the exploration of pear activity is mostly concentrated
on antioxidant and by-product utilization2%, with few reports
focusing on the cholesterol/cholate binding effect of polyphe-
nolic substances in pears. In the present study, anti-oxidant
activity, polyphenol content composition and their correlation
of three representative pears ('Yali' Pear, 'Huangguan' Pear,
'Xuehua' Pear) peel/pulp polyphenol extracts (PPEs) were com-
pared. After comparatively analyzing PPEs' cholesterol/cholate
binding capacity in vitro 'Yali' pear polyphenols (ARPPE, aRPPE)
were elected for further study. Lagergren pseudo-primary and
pseudo-secondary adsorption kinetic models were applied to
discuss the process of binding cholesterol/cholate by PPEs.
Besides, the adsorption mechanism of PPEs to cholesterol/
cholates was investigated by combining Langmuir and Freund-
lich adsorption isotherm models. Crucially, the apparent mech-
anism of polyphenol binding to cholesterol/cholates was
analyzed from the point of view of intermolecular interactions
utilizing turbidimetry, zeta potential, and projected electron
microscopy. Fluorescence analysis and thermodynamic interac-
tions revealed possible binding forces between polyphenols
and cholesterol/cholates. Overall, the goal of this study was to
explore the binding and removing activities of fruit and
vegetable polyphenols on cholesterol/cholates to alleviate the
negative health impacts of high-fat diets.

Materials and methods

Materials

The peel and pulp of freshly picked 'Yali' Pears, 'Huangguan'
Pears, and 'Xuehua' Pears (purchased froma fruit market,
Beijing, China) were separated, and then frozen in liquid nitro-
gen and powdered and stored at —20 °C for further use.

Total polyphenol content (TPC), total flavonoid
content (TFC)

TPC content

Referring to a previous method with minor modifications2,
1.0 mL of the extraction, 1.0 mL of 10-fold diluted Folin-Ciocal-
teu reagent, and 3.0 mL of the 7.5% Na,CO; solution were
added and volumed with water to 10 mL. Then, the mixture
was placed in a water bath at 70 °C for 1 h while keeping it out
of the light, followed by an ice bath for 5 min, and the
absorbance value was recorded at 760 nm. Gallic acid (0—150
pug/mL) was used as a reference standard to produce the stan-
dard curve. The results were expressed as gallic acid equivalent
(mg GAE/100 g FW).

TFC content

0.5 mL of 2.2 medium supernatant was taken, 0.4 mL 5%
NaNO, solution was added then shaken well and left to stand
for 6 min, then 0.5 mL 10% AI(NO;); solution was added, this
was then shaken and left to stand for 6 min, 4 mL 4% NaOH was
then added and fixed with water to 10ml, shaken well and left
to stand for 15 min. Absorbance was detected at 510 nm. With
(0—300 pg/mL) catechin as the standard product, the standard
curve was drawn, and the total flavonoid content was
expressed by mg CAE/g FW, the calculation method was as
outlined above.

Antioxidant activities
The DPPH free radical scavenging activity assay was based
on a previous study?, The 3.0 mL of 100 uM DPPH solution
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(dissolved in ethanol) was mixed with 0.2 mL of diluted pear
polyphenol supernatant and allowed to stand at room temper-
ature for 60 min away from light. The absorbance at 517 nm
was recorded and the results were expressed as Trolox equiva-
lent (umol TE/mg FW). Referring to a previous method, the
reaction of 0.2 mL of sample solution with 3.0 mL of ABTS work-
ing solution was carried out for 10 min at room temperature,
protected from light, and then the absorbance was recorded at
734 nml22, The results were expressed as Trolox equivalent
(umol TE/mg FW) for ABTS radical scavenging activity. Then, the
antioxidant activity of PPEs was also evaluated using Fe3* and
Cu?* reduction capacities, respectively2'l, The results were all
expressed as Trolox equivalents (umol TE/mg FW).

Finally, IBM SPSS Statistics 24 combined with Pearson's corre-
lation coefficient were employed to analyze the correlation
between the antioxidant activity of PPEs and their TPC, TFC.

Determination of cholesterol and cholate binding
capacity in vitro
Cholesterol micelle solubility inhibition rate

Following a previous method?3, oleic acid, cholesterol, PBS
buffer, sodium taurocholate, sodium chloride, and phospha-
tidylcholine were mixed and sonicated at 25 °C for 30—-45 min
to mix well, followed by incubation with constant temperature
shaking at 37 °C for 24 h. Different concentrations of ARPPE and
aRPPE solutions (buffer was used as a blank control) were
added to the above micelles, mixed well, and then shaken at
37 °C for 2 h. The mixtures were then centrifuged at 10,000
r/min for 15 min (TGL 16C, Shanghai Anting Scientific Instru-
ment Factory, Shanghai, China), and then analyzed by total
cholesterol assay kit (Nanjing, China). Cholesterol concentra-
tion in the supernatant was determined using a total choles-
terol assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Co-C
0

% 100%
Q)

where, C, is the cholesterol concentration of the blank control;
Cis the cholesterol concentration after adding PPEs.

Cholesterol micelle solubility inhibition rate (%) =

Cholesterol binding capacity

The PPEs solution (0—1 mg/mL) was mixed 1:1 (v/v) with 0.5
mg/mL of cholesterol solution (dissolved in 50 mM pH 7.4
Tris-HCl buffer), and the mixture was subsequently incubated at
37 °C for 2 hU'3l, Additionally, the cholesterol-binding capacity
under gastrointestinal conditions was briefly simulated: the pH
of the above mixture was adjusted to 2.0 and 7.0 with 0.1 mol/L
NaOH and 0.1 mol/L HCI. Next, after centrifugation at 10,000
r/min for 15 min, the supernatant was taken and the choles-
terol content was determined according to the cholesterol kit
operation. Cholesterol binding ability (CBA) was expressed as:

Co-C
cBA = 2 =1 x100% 2
Co

where, C, is the cholesterol concentration of blank control,
mmol/L; C, cholesterol concentration after adding PPEs, mmol/L.

The binding amount (Q) of PPEs to cholesterol is expressed
as:

_(Co-=CnV

0= 1000 M )
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where, Q is the binding quantity, mg/g; C, is the amount of
cholesterol before binding, mg/L; C; is the amount of cholesterol
after binding, mg/L; V, M are adsorption volume (L) and sample
mass (), respectively.

Cholate binding capacity

First, the 2 mmol/L sodium taurocholate (NaTC) and sodium
glycylcholate (NaGC) reserves were prepared in PBS buffer and
adjusted to the range considering that the concentration of
bile acids in the human body is 1.5-7 mMI'%12, The PPEs of
0-3 mg/mL were weighed to 2 mL each, respectively, to simply
simulate the digestive environment of the gastrointestinal
tract. To simulate the gastric environment, 3 mL of 10 mg/mL
pepsin solution and 0.1 M HCl were added to adjust the pH to
2.0, and digestion was carried out in a thermostatic oscillatory
incubator (120 rpm) at 37 °C for 1 h. Subsequently, to simulate
the gastrointestinal environment, 4 mL of 10 mg/mL trypsin
solution and 0.1 M NaOH were added to adjust the pH to 6.3,
and digestion was carried out in a thermostatic oscillatory incu-
bator at 37 °C. Then, 4 mL of 2 mM NaTC and NaGC were added
to the digested PPEs solution, mixed well and incubated in a
constant temperature incubator (120 rpm) for 1 h. After cen-
trifugation at 8,000 rpm for 10 min, the supernatant was
collected. One mL of the supernatant was mixed with 3 mL of
60 % (w/v) sulfuric acid solution, and the mixture was
thoroughly mixed in a water bath at 70 °C for 20 min, then
placed quickly in an ice bath for 5 min, and then cooled down
to room temperature, the absorbance of the mixture was evalu-
ated at 387 nm. A standard curve was established for determin-
ing the concentration of cholate, including a blank control. The
cholate binding capacity (%) was expressed by calculating the
difference in concentration of the system before and after the
addition of PPEs. Similarly, the binding capacity of PPEs to NaTC
and NaGC can be expressed by Eqn (3).

Kinetic model fitting

The Lagergren pseudo-primary (4) and pseudo-secondary
models (5) were applied to analyze the kinetic processes
involved in the binding of PPEs to cholesterol, NaTC, and
NaGCl424],

qr =ge(1—e™7) “)
2
qe k2t
=1 = 5
% 1+ gekot ©)

where, g, (mg/g) represents the binding amount at t (h), 9. (Mmg/g)
is the equilibrium adsorption capacity, k; (H™") and k, (g/mg-h) are
the rate constants of Lagergren's pseudo-first-order and pseudo-
second-order models, respectively.

Isothermal adsorption model fitting
Langmuir isotherm Eqgn (6) and Freundlich isotherm adsorp-
tion Eqn (7) were used to fit the data to quantitatively evaluate
the binding mechanism of PPEs on cholesterol, NaTC and
NaGCl'3.251,
1 1 1 1

[ - (6)
9 Gm  9nKL q.

1
Ing, = Ing, +—Inc, (@)
n

where, g.: equilibrium adsorption capacity, mg/g; Ce: equilibrium
concentration, mg/L; 1/n: adsorption index; K;: Langmuir cons-
tant; Kg: Freundlich constant.
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Mechanism investigation of pear polyphenol-
cholesterol/cholate binding

Turbidity and Zeta-potentials

As previously reported(?¢], turbidity measurement was
carried out using a UV-Vis spectrophotometer to detect abso-
rbance at 600 nm. PPEs (0—2.5 mg/mL) and cholesterol/cholate
(1 mg/mL) were combined 1:1 (v/v), and the reaction was
shaken for 30 min at 25 °C before being measured. The for-
mula for determining the turbidity of a complex in solution is
turbidity = Agample — Abuffer Where A is the sample's absorbance
at 600 nm.

The charge-Zeta potential of the PPEs-cholesterol/cholic acid
complex system was analyzed by Zetasizer Nano ZS instrument
(Malvern Instruments, Malvern, U.K.). The composite system
was formed by mixing PPEs (2.5 mg/mL) and cholesterol/
cholate (0—-5 mg/mL) at 25 °C at 1:1 (v/v) for 30 min.

DLS analysis

The particle size of the PPEs-cholesterol/cholates composite
system was analyzed by dynamic light scattering (DLS) using a
Zetasizer Nano ZS instrument (Malvern Instruments, Malvern,
U.K)BL Composite system: PPEs solution (2.0 mg/mL) and
cholesterol and cholate solution (0—-0.5 mg/mL) were mixed at
1:1 (v/v) for 30 min at 25 °C.

Transmission electron microscopy (TEM)

The apparent morphology of PPEs-cholesterol/cholate com-
plexes was observed by TEM with reference to and slight modi-
fication of the method by Dolphen & Thiravetyanl?7], A solution
of 3.0 mg/mL of PPEs was mixed with 1.0 mg/mL of cholesterol,
NaTC, and NaGC 1:1 (v/v), respectively, and incubated at room
temperature for 20 min. The PPEs and the mixture were added
dropwise onto a carbon film on a 400-mesh copper grating,
and then dried for 15 min before observation on the machine.

Fluorescence spectroscopy

The effects of cholesterol and cholate on the fluorescence
spectra of PPEs solutions were determined with the addition of
an exogenous fluorescent probe (1-PyCHO) using an F-4500
fluorescence spectrometer (Hitachi 4500, Tokyo, Japan)l''l. At
room temperature, 20 mM of 1-PyCHO was mixed with
1.25 mg/mL of PPEs in a 3:1 (v/v) mixture for 20 min, and then
different concentrations of cholesterol/cholates (0—2 mM) were
mixed with the above mixture in a certain ratio, and the fluores-
cence spectra of the mixture were determined by centrifuging
the supernatant at 8,000 rpm for 15 min after incubation at
37 °C for 60 min. The fluorescence spectrum of the mixture was
determined by centrifugation at 8,000 rpm for 15 min. The exci-
tation wavelength was set at 368 nm, and the widths of the
emission and excitation slits were set at 5 nm, and the fluores-
cence spectra were collected at 350—600 nm.

The Stern-Volmer Eqn (8) was used to obtain the following
fluorescence quenching parameters:

Fo/F =1+Ksv[Q] ®)

Where F, and F denote the fluorescence intensity of the mixed
system without and with PPEs; K, is the quenching constant
(Ksy = Kqto), determined by linear regression of the curve of Fyo/F vs
[Q]; and [Q] is the concentration of the bursting agent.

The binding constant (K,) and the number of binding sites (n)
were calculated by the following equations:

log [ F O;IF ! ] = logK, +nlog[0] )

He et al. Food Innovation and Advances 2024, 3(3): 268—278



Pear polyphenol binding cholesterol and cholates

Analysis of thermodynamic effects

Referring to previous methods(?28], thermodynamic para-
meters AH, AS, and AG were obtained based on the fluores-
cence spectral data at different temperatures (298.15, 303.15,
and 310.15 K) upon Van't Hoff's Eqn (10) and the thermo-
dynamic Egn (11), which enabled us to determine the type of
binding between duck pear polyphenols and cholesterol and
cholates.

Ky (1 1\ AH

In—=—==|— - —| = 10

"X (Tl Tz) R (19)
AG = AH-TAS = —RTInK, an

Statistical analysis

All results are expressed as mean * standard deviation.
Statistical analysis was performed using IBM SPSS Statistics 24.
Univariate analysis of variance (ANOVA) and Duncan test were
used to analyze the significance of the data at p < 0.05.

Results and discussion

Analysis of TPC and TFC for PPEs

The total phenolic content (TPC) and total flavonoid content
(TFC) of the peel and pulp of the three pear fruits were deter-
mined by ultrasound-assisted ethanol extraction (the extrac-
tion method is described in Supplemental File 1), and the
results are displayed in Supplemental Table S1. The three types
of pear peel that we studied had TPCs ranging from 457.49 to
591.33 mg GAE/100 g FW; the 'Huangguan' Pear enjoyed the
highest TPC. In contrast, the TFC in the peel was 2-3 times
greater than the TPC (1,132.08-1,307.08 mg GAE/100 g FW),
with the 'Yali' Pear having the greatest TFC. Additionally, as pre-
sented in Supplemental Table S1, TPC and TFC detected in the
peel of pears were remarkably high compared to the pulp, with
similar results in fruits such as oriental pears??], European
pearsBY, and apples. This is attributed to the propensity of
polyphenols to accumulate in external tissues arising from their
ability as plant secondary metabolites to resist invasion by
pathogenic bacteria and to resist UV resistancel'4. A compara-
ble study found TPC and TFC in ten different varieties of orien-
tal pears. It found that all of the chemical constituents in the
peel were approximately 6—-20 times higher than those in the
flesh(20], In the present study, the total phenolic and flavonoid
contents of pear peel and pulp were separately explored, which
showed that the pear peel contained richer polyphenol compo-
nents and contents, thus giving it higher biological activity.

Antioxidant activity of PPEs

CUPRAC, FRAP, DPPH, and ABTS were applied to comprehen-
sively analyze the in vitro antioxidant activity of pear fruit
polyphenol extracts. Among these four methods, ABTS and
DPPH are based on a single electron transfer mechanism to
determine the antioxidant capacity of the samples, while FRAP
and CUPRAC utilize the redox properties of metal ions to deter-
mine the antioxidant capacity of the samples!?. These four
indexes had similar patterns in different varieties and different
parts of the fruit, manifesting that the peel values were greater
than the flesh (Supplemental Table S1). Correlation analyses
were performed to analyze the contribution of TPC and TFC to
the antioxidant capacity of the PPEs (Supplemental Table S2).
Strong associations were observed between the TPC and TFC
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concentrations and all four antioxidant techniques (**, p <
0.01), indicating that phenolic chemicals are primarily respon-
sible for the antioxidant potential of pears. It is worth noting
that flavonoids are part of the phenolic group and may exert
their antioxidant activity differently compared to other non-
flavonoid phenols.

UPLC-MS analysis

Phenolic acids were identified as described in Supplemental
File 1. As depicted in Supplemental Table S3, the main pheno-
lics detected in pear skin were chlorogenicacid, arbutin, neochlo-
rogenic acid, epigallocatechin, catechin, p-coumaric acid, trans-
ferulic acid, rutin, proanthocyanidin B,, whereas chlorogenic
acid and arbutin were predominant in the pulp. In line with the
preceding total phenolic content and antioxidant activity, the
kinds and concentrations of polyphenols in the peel were much
greater than those in the pulp. More precisely, 'Huangguan'
and 'Xuehua' Pears have higher levels of phenolic components,
such as rutin and proanthocyanidin B,, than 'Yali' Pear peel
(ARPPE). However, the chlorogenic acid and arbutin contents of
'Yali' Pear were notably higher, especially the chlorogenic acid
content, which reached 4.07 mg/g PPE. The polyphenolic
profiles of 16 varieties of pear peels were confirmed that
arbutin and chlorogenic acid were the dominant phenolic cons-
tituents in a previous studyB%. Chlorogenic acid has been
shown to have anticancer, antiviral, and hypolipidemic effects,
making it a promising chemopreventive agent2%. Previous
studies have also shown that antioxidant properties came from
polyphenolic componentsB'l,

Evaluation of cholesterol/cholate binding
capacity of PPEs

Cholesterol/cholate binding capacity in vitro

In conjunction with the content of phenolic fractions in PPEs,
five major phenolic monomers, chlorogenic acid, arbutin,
neochlorogenic acid, epigallocatechin, and p-coumaric acid,
were selected to assess their in vitro cholesterol and cholates
binding in vitro ability. As illustrated in Supplemental Table S4,
it was found that chlorogenic acid exhibited superior choles-
terol and cholate binding abilities to the other components.
Condensed from caffeic acid and quinic acid, chlorogenic acid
has a more complicated structure and contains an ester link
than the simple phenolic acids discussed previously!29l. A prior
study stated that carboxyl esterification increased the affinity
for proteins32, Another study noticed that the esterification of
catechin gallate resulted in the formation of hydrophobic struc-
tural domains within the moleculel*3l. These domains proved to
possess more affinity for hydrophobic lipid bilayers compared
to free catechins, making them more susceptible to hydropho-
bic binding to cholesterol and increasing cholesterol excretion.

The cholesterol and cholates binding capacity of the peel
and pulp of the three pear fruits are displayed in Supplemental
Fig. S1. PPEs showed better cholesterol binding capacity
(20%—-80%, Supplemental Fig. S1a) than the two cholate salts
(5%—30%, Supplemental Fig. S1c, d), and 'Yali' Pear presented
the optimal binding capacity, which was hypothesized to be
possibly attributable to its highest chlorogenic acid content.
Consequently, in the following study, 'Yali' Pear polyphenols
will be the focus to probe the mechanism of their binding
action with cholesterol/cholates.

The equilibrium adsorption capacity of ARPPE at pH 7.0
(240.79 + 7.81 mg/g) was dramatically higher than that of pH

Page 271 0f278



Food Innovation

and Advances Pear polyphenol binding cholesterol and cholates
a 100 b 300 C 180
160 o I
~a 250 + : Ja—"a la a
%&) 80 F {»/_,/ 50 % 71a-*’{a—‘a 140 + / ¢ I
:‘g ;\? 6 _,)»i’g"-//;{a - 200 k / 5 120 - /‘?"///{_l; b b b
< b 1 2 Ja 1 I 2 /1
:; 2 //:a = 150 b /// /}bi ‘b ‘b b an 100 + /a/fb
15 / /
5% ,’ T £ P4 E gol Ve
2 & 40 /.[/a %/_/.-—’{ b & ol 1 g / & 60 /’//Y/b
= O / A e / e
2 0 fa A ARPPE-CH 40k //1 aRPPE-CH
© fa b —— ARPPE-CH 50t/ 1 ——pH2.0 sol/ —— pH 2.0
. oo ~ —aRPPE-CH . Ve | _ pHT0 o Vo . ~ pHTO
00 02 04 06 08 1.0 0.0 05 15 20 25 00 05 10 15 20 25
Polyphenol concentration (mg/mL) t (h) t (h)
d e f
L T 25| Jp— 20 o
3 7 ap_—~
'§ — %0 o 20 a /}
iz S 215 / E
- 3 AT < 5 b b | S 10t S s e b
Bl o d B 10} Ao M = oK
g8 ~—— ARPPE-NaTC / b
2 —— ARPPE-NaGC Ve 5 b
M aRPPE-NaTC 5r /k{,.- ~b  —— ARPPE-NaTC i —— aRPPE-NaTC
aRPPE-NaGC e —— ARPPE-NaGC 0 Pt —— aRPPE-NaGC
‘ . . . 0l , . ‘ . y . ‘ . .
2 3 4 5 00 05 10 15 20 00 05 10 15 20
Polyphenol concentration (mg/mL) t(h) t (h)

Fig. 1

Effect of ARPPE and aRPPE concentrations on their (a) cholesterol and (d) cholates binding; (b) and (c) are the equilibrium cholesterol

binding of ARPPE and aRPPE at pH conditions simulating gastrointestinal digestion; (e) and (f) are the equilibrium binding of cholates.

2.0 (173.09 + 6.34 mg/q) (Fig. 1a, b), with the same pattern also
revealed for aRPPE. It indicated that PPEs may exhibit a more
potent ability to reduce cholesterol concentration in the small
intestine, and it was speculated that the weakly alkaline envi-
ronment may promote the formation of complexes between
polyphenols and cholesteroll®l. Consistent conclusions were
also reached in a previous study®4. Dietary fiber from bamboo
shoots were also observed to incline to adsorb cholesterol in
the small intestinel33, It has been implicated that at pH 6.8, the
trimethylamine group of phosphatidylcholine can interact with
the galloyl group of EGCG in an ion-z-bonding interaction to
form an EGCG-phosphatidylcholine complex, which reduces
cholesterol solubility in micelles36,

As for two cholates, ARPPE and aRPPE were able to attain
more than 20% cholates binding at a concentration of 5 mg/mL
(Fig. 1d) with a dose-dependent effect. Remarkably, PPEs
bound to NaTC at a significantly higher rate than NaGC, imply-
ing that sulfonate groups have a superior adsorption capacity
than amide groups. This difference in binding preference was
explained by the higher polarity and dissociation of sulfonate
groups relative to amide groups, which bound more readily.
Likewise, banana condensed tannins('l and grape seed
polyphenols!'®l have been demonstrated to have cholesterol
and cholate-lowering effects, which contribute to the preven-
tion of dyslipidemia and cardiovascular diseases.

Typically, dietary lipids are initially emulsified by cholates
and lecithin in the small intestinal lumen and then enter
micelles before being absorbed by small intestinal cells37:38l,
Therefore, declining the solubility of cholesterol in micelles is
also an essential indicator for assessing cholesterol-lowering
ability. As depicted in Supplemental Fig. S1b, the addition of
PPEs solution to cholesterol micelles was able to reduce the
solubility of cholesterol in the micelles with a dose effect. It
illustrates that PPEs can form complexes by binding to choles-
terol in the micelles to reduce the amount of cholesterol
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absorbed in the small intestine. Grape seed
proanthocyanidins{'® and theaflavinsB®”! were identified to also
markedly inhibit the formation of cholesterol micelles.

Adsorption kinetics

The adsorption of cholates primarily occurred within 90—-100
min, while the adsorption of cholesterol largely took place
within 80 min. After this point, the rate gradually decreased and
reached a saturation point at equilibrium capacity Q. (Fig. 2). It
was found that the adsorption process of ARPPE and aRPPE for
cholesterol and cholate were in agreement with both the
pseudo-second-order adsorption kinetic model (chemisorp-
tion) and the pseudo-first-order adsorption kinetic model
(physisorption), indicating that this process is complex, as
evidenced by the correlation coefficients (R2), which are all
higher than 0.97. This mechanism, as described in Supplemen-
tal Table S5, was in line with a pseudo-second-order adsorp-
tion kinetic model, which postulates that chemical interactions
regulate adsorption and that the concentrations of adsorbent
and adsorbate are vital determinants of adsorption[24, It was
also discovered that the pseudo-second-order kinetic model
(R2: 0.96) better fits the adsorption of modified pectin to
sodium cholate with support that the process is largely
chemisorptivel®l. Interestingly, the present study detected that
the pseudo-first-order kinetic model also fitted the adsorption
process of cholesterol and cholate better (higher correlation
coefficients and equilibrium adsorption capacity), which
suggests that physical and chemical adsorption may co-
existl®9. It has been proposed that physical and chemical
adsorption are two fundamentally different forms of adsorp-
tion, but they can occur simultaneously on the same surface.
There was an indication that ion-ion interactions between the
nonpolar molecules cholesterol and cholates and small mole-
cules chemisorb them onto pectin/lignocellulose nanofibers/
chitin nanofibers bionanocomposite, while van der Waals
bonding physically adsorbs cholesterol molecules onto the
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Fig. 2 Binding kinetic models of ARPPE and aRPPE for cholesterol and cholates-Lagergren pseudo-first-order and pseudo-second-order fits.
(a), (b) Kinetic fits of ARPPE for cholesterol binding ability at pH 7.0 and pH 2.0, respectively; (c), (d) kinetic fits of aRPPE for cholesterol binding
ability at pH 7.0 and pH 2.0, respectively; (e), (f) kinetic fits of ARPPE for the binding ability of sodium taurocholate and sodium glycyl cholate,
respectively; (g), (h) kinetic fits of aRPPE for the binding ability of sodium taurocholate and sodium glycyl cholate, respectively.
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adsorbent!’3], Furthermore, for cholesterol adsorption fitting,
the theoretical Q. at pH 7.0 was observed to be greater than
that at pH 2.0, which is consistent with the findings above that
PPEs preferred to adsorb cholesterol in the small intestine.

Isothermal adsorption modeling

Additional examination of the cholesterol and cholates
adsorption isotherms on PPEs was performed (Fig. 3, Supple-
mental Table S6). The Langmuir model quantitatively assumes
the formation of a monolayer of adsorbates on the outer
surface of the adsorbent without further adsorptionl®. The
Freundlich model, on the other hand, specifies the adsorption
properties of a non-homogeneous surfacel'324, Despite the
good fit of both isotherm models (high correlation coefficients),
the Freundlich isotherm model confirmed that adsorption can
occur on non-homogeneous surfaces according to R2 and Q..
The distribution of surface functional groups and the size of the
surface pore shape may be related to thisi2>l. Nonetheless, the
data for the equilibrium capacity Qe are in better agreement
with the Langmuir isotherm, pointing to a homogeneous struc-
ture of the adsorbent!. Similar results were also observed by a
previous study!3:25],

Exploration of polyphenol-cholesterol/cholate
binding mechanisms

Turbidity, DLS analysis, TEM
Turbidity, mean particle size, and TEM were initially
employed to analyze the binding of PPEs to cholesterol (CH),
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sodium taurocholate (NaTC), and sodium glycylcholate (NaGC).
The turbidity of the PPEs complexes all climbed considerably as
the PPEs concentration increased, as seen in Fig. 4a—c, perhaps
indicating the production of bigger binders!''l. Figure 4d—f
depicts the average particle sizes of the complexes follow the
addition of CH, NaTC, and NaGC. Following the addition of 0.5
mg/mL cholesterol, the ARPPE-CH complex's particle size grew
from 635.15 to 805.11 nm, while the particle sizes of the other
complexes increased to differing degrees. Consistent conclu-
sions were also discovered on the effect of banana-condensed
tannins and apple-condensed tannins on cholesterol using DLS
particle size analysisi>38.,  Meanwhile, the addition of
CH/NaTC/NaGC aggregated the solution particles and changed
their size, as illustrated by the TEM picture (Fig. 4j). This is
consistent with the earlier findings and indicates that choles-
terol and/or cholates can interact with certain PPE components
through aggregation. Theaflavins exhibited the same
behaviorl®’l. All the above structures elucidated the ability of
PPEs to aggregate with cholesterol and bile salts, which in turn
reduces the digestion and absorption of lipids.

Zeta-potential

The potential between suspended solid particles and the
liquid phase is frequently measured using zeta potential.
Generally, a rise in the zeta-potential's absolute value indicates
that the stability of the aggregates generated in the solution
has improved!''26l. The PPEs solutions' initial zeta potential
values, depicted in Fig. 4g—i, were negative, which was

b

— ARPPE-CH
0251 _ 4RPPE-CH
020}
2015}
)
[
Qo.10}
0.05 |
0.00 |
0 1 2 3 4 5
1/Ce (mL/mg)
d 0.9
ARPPE-NaTC
0.8} — aRPPE-NaTC
—— ARPPE-NaGC , s
0.7} —— aRPPE-NaGC
—~ 0.6}
on
g
E‘D 0.5r A
C: .
Q 04} .
03}
02F o° a7
s
01} w='®
0 1 2 3 4 5

1/Ce (mL/mg)

Langmuir fit model

Isothermal adsorption modelling of cholesterol and cholates by ARPPE and aRPPE-Freundlich, Langmuir fitting. Where (a) and (b) are

He et al. Food Innovation and Advances 2024, 3(3): 268—278



Pear polyphenol binding cholesterol and cholates

2 0.10 [gm ARPPE-CH b 0.20 rm ARPPE NaTC A
0.08 = aRPPE-CH 3 aRPPE-NaTC
: 0.15
£0.06 g
Z2 Z 0.10
5004 E
0.02 0.05
0.00 0.00

05 1.0 15 20 25
Concentration of PPEs (mg/mL)

0.5
Concentration of PPEs (mg/mL)

1.0 1.5 20 25

d 900 = ARPPE-CH € 1,000 [ ARPPE-NaTC 4
? 85() | = aRPPE-CH A 2 =1 aRPPE-NaTC
= 800 T T
£ 750 I I
kS B 600
% 700 Dd d §
S 650 (E = 400 @ N4
600

0.0 0.1 0.2 0.3 04 0.5
Concentration of NaTC
(mg/mL)

0.0 0.1 0.2 0.3 04 0.5
Concentration of cholesterol
(mg/mL)

Cholesterol concentration

g (mg/mL) NaTC concentration (mg/mL)
0 1 2 3 4 5 0o 1 2 3 4 5

0 0

> > -

= -5 £ >

= 10 3 1

g % -15

5 15 2 20

& &

8 90 8 -25

o = ARPPE-CH o D B ARPPE-NaTC

N s Dd = aRPPE-CH N -30 =8 aRPPE-NaTC

Food Innovation

and Advances

C 0.15 rm ARPPE-NaGC J

012 3 aRPPE-NaGC . ; ' _ARPPE
g 0.09 : |
Naj
5 0.06 .

0.03

0.00

05 1.0 1.5 2.0 25 ‘ o

Concentration of PPEs (mg/mL) :R‘ T

700 m ARPPE-NaGC
3 aRPPE-NaGC

Mean diam. (nm)

0.0 0.1 0.2 0.3 04 0.5
Concentration of NaGC
(mg/mL)

i NaGC concentration (mg/mL)
3

0o 1 2 4 5

= ARPPE-NaGC
B aRPPE-NaGC

Zeta potential (mV)

Fig.4 Analysis of the mechanism of action of PPEs binding to cholesterol and cholates. (a)—(c) are turbidity, (d)—(f) are DLS analysis, (9)—(i) are

zeta-potentials, and (j) is TEM.

a 700,000 b 250,000 € 300,000
£ 600,000 = 200,000 2 250,000 [RPPENAGC
& & &
2 500,000 2 £ 200,000
£ 400.000 .£ 150,000 g ?
8 ’ 8 8 150,000 r
£ 300,000 5 100,000 - g
8 S 2 100,000
$ 200,000 2 50,0000 8
2 100,000 g g 50,000}
= 0 = ol . . | | . = ol—
350 400 450 500 550 600 400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

d € 300,000 f 350,000

600,000 - —0 5 > ARPPE-NaTC [ RPPE-NaGC, —D-0  D-5
2 16 £ 50.000¢ cioce 2300,000 TN D1 D6
&4 500,000 | aRPPE-CH —2—7 2 > —C2—CT & —D-2 —D-7
2 3—8 L 200.000 C-3 —C-8 L 250,000 D-3 —D-8
£ 400,000 | —4 9 k= 4 —C4 - C9 £ 900.000 F —D-4 —D-9
8 8 150,000 f 8
% 300,000 - % 4 g 150,000 |
2 200,000 | 2 100,000 2 100,000 |
2 2 2 ’
S 100,000 S 50,000} S 50,000
= ol = ol = 0

350 400 450 500 550 600 400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
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sodium glycinate cholate (NaGC) at 310 K.

explained by their negative charge in the aqueous solution.
With the addition of cholesterol and cholates, the absolute
value of the zeta potential of the mixture decreased dramati-
cally (p < 0.05), signifying a reduction in the stability of the
mixture solution. The higher the cholesterol/cholates concen-
tration, the lower the stability of the mixture. It indicated some
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kind of binding interaction between ARPPE, aRPPE and
cholesterol/cholates molecules, which produced effects similar
to electrostatic interactions, like electrostatic repulsion38l. It
was noticed that condensed tannins could substantially
decrease the pancreatic lipase solution's zeta potential's abso-
lute value, and they traced this to electrostatic shielding!2°l.
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Fluorescence spectroscopy analysis

Recently, studies using fluorescence spectroscopy to analyze
intermolecular interactions have mushroomed226:2832] For
substances that are not fluorescent, we investigated the inter-
action between PPEs and cholesterol by fluorescence spec-
troscopy of an exogenous fluorescent probe (1-pyrenecarbox-
aldehyde)'.  The  ARPPE/aRPPE-1-pyrenecarboxaldehyde
complex's fluorescence intensity decreased and fluorescence
quenching took place as a result of adding cholesterol solution
(Fig. 5a, d). The mixture's fluorescence intensity gradually
decreased as the concentration of cholesterol increased, and a
slight blue shift (from 460 to 450 nm) was seen in the maxi-
mum emission wavelength. This implied that ARPPE, aRPPE,
and cholesterol interacted to form a new complex, and the blue
shift phenomenon indicated that the polarity of the microenvi-
ronment surrounding the PPEs' cholesterol decreased. This is
also consistent with the idea that cholesterol may change the
polarity of an environment by binding to hydrophobic groups
in polyphenols.

Further calculations using the Stern-Volmer equation yielded
the fluorescence burst constant K., the binding constant K,
and the binding site n (Supplemental Table S7). The binding
constants reflected the binding affinity of the PPEs for choles-
terol, which showed that the affinity of ARPPE for cholesterol
was higher than that of aRPPE, which could be attributed to the
role of the more abundant polyphenol fraction in the former. A
fluorescence burst was also observed in the PPEs-pyrene
carboxaldehyde-cholate complexes (Fig. 5b, ¢, e & f). As
evidenced by the binding constants of PPEs to the two bound
cholate salts, the binding constant of PPEs to NaTC (0.2447) was
higher than that of NaGC (0.1307), which accounted for the fact
that sulfonate groups are more polar than amide groups and
are more likely to be bound. It is in accordance with the pre-
vious finding that pear polyphenols have higher binding to
NaTC than NaGC.

Exploration of thermodynamic effects

The majority of the non-covalent interactions that polyphe-
nols exploit to attach to proteins and other molecules to form
complexes include hydrogen bonding, van der Waals forces,
hydrophobic interactions, and electrostatic interactions“?. Spe-
cifically, thermodynamic interaction analysis may be conducted
to determine the potential forms of binding between PPEs and
the cholesterol and cholates. The cholesterol and ARPPE/aRPPE
interaction showed negative enthalpy change values
(—47.8650, —35.1180 kJ/mol, respectively), reflecting an exo-
thermic reaction mechanism (Supplemental Table S8). The
primary contact force between cholesterol and 'Yali' Pear
polyphenol is non-covalent, as evidenced by the failure to
attain the requisite enthalpy change value (200-400 kJ/mol)
due to the low enthalpy change valuel'"l, Furthermore, the fact
that AG < 0 for this reaction points to that the PPEs are natu-
rally occurring complexes with cholesterol, and the fact that AH
< 0 and AS > 0 for the interaction of ARPPE/aRPPE with choles-
terol suggests that these interactions are primarily driven by
entropy and enthalpy('.2641] with hydrogen bonding and
hydrophobic interactions acting as the chief driving force.
These outcomes are in concordance with those obtained by
fluorescence spectroscopy analysis. Taken together, the hydro-
phobic interactions between the PPEs molecules and the
cholesterol, as well as the formation of hydrogen bonds
between the two, are exothermic processes.
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When it comes to cholates, the reaction's AG < 0 value
suggests that the PPEs are complexes that spontaneously form
with NaTC and NaGC as well. In contrast to cholesterol, the
process is a heat-absorbing reaction. Furthermore, both the AH
and AS of these reaction processes were larger than 0, imply-
ing that hydrophobic interactions dominate the binding
process between PPEs and NaTC/NaGC, which is a sponta-
neous reaction triggered by entropy changel*'l. It is known that
PPEs contain hydrophobic aromatic nuclei with multiple
phenolic hydroxyl groups, whereas the hydrophobic groups of
cholates are located on a convex surface. Hence, the way that
PPEs and cholates interact may be influenced by hydrophobic
interactions. In a comparable manner, isothermal titration
calorimetry research demonstrated that hydrophobic interac-
tions and hydrogen bonds are essential to binding banana
condensed tannins to bile salts'"l.

Conclusions

In this study, 'Yali' Pear polyphenols (ARPPE, aRPPE) with the
highest content of chlorogenic acid exhibited optimal in vitro
cholesterol/cholates binding capacity. The adsorption of
cholesterol/cholates by ARPPE and aRPPE was well fitted by
both the Lagergren pseudo-first-order kinetic model and the
pseudo-second-order kinetic model, suggesting that the
process is complex, with both physical and chemical adsorp-
tion. Additionally, the Freundlich isotherm model validates that
this adsorption process can take place on a non-homogeneous
surface, which may be related to the size of the surface pore
shape and the distribution of surface functional groups.

The mean particle size of PPEs increased considerably with
the incorporation of CH, NaTC, and NaGC, and the TEM results
also revealed that aggregation occurred between them. Also,
the dramatic decrease in the absolute value of the complexes'
zeta potential confirmed this intermolecular binding interac-
tion, which may produce an effect similar to electrostatic inter-
actions. It was also discovered that cholesterol/cholates
quenched the exogenous fluorescence of ARPPE, aRPPE
through a static mechanism, and the thermodynamic interac-
tion results indicated that the interaction between 'Yali' pear
polyphenols and cholesterol is a spontaneous process, mainly
driven by hydrogen bonding, and hydrophobic interactions. In
sum, the present research confirms that pear polyphenols
contribute to mitigating the digestion and absorption of lipids
and offer health benefits by interacting with cholesterol and
cholates.

Pear peel and pulp polyphenol extraction

0.1% hydrochloric acid was added to avoid polyphenoloxida-
tion when the freeze-dried powder of pear peel and pulp (10 g)
was extracted with 60% ethanol at a ratio of 1:10 (w/v) for 30
min at 50 °C. After centrifugation, the supernatant was recov-
ered, and using the technique described above, the bottom
layer of the residue was extracted three times. After centrifuga-
tion, the supernatants were combined and freeze-dried after
rotary evaporation to remove ethanol to obtain pear polyphe-
nol extracts (PPEs). The PPEs included: 'Yali' Pear peelpolyphe-
nol extract-ARPPE, 'Yali' Pear pulp-aRPPE; 'Huangguan' Pear
peel polyphenol extract-BRPPE, 'Huangguan' Pear pulp-bRPPE;
'Xuehua' Pear peel polyphenol extract-CRPPE,'Xuehua' Pear
pulp-cRPPE.
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UPLC-MS analysis of pear polyphenol extracts
(PPEs)

Preparation of the sample to be tested: 2 g of PPE
slyophilized powder was taken, 5.0 mL of 0.1% hydrochloric
acid-methanol (v/v) solvent was added, and the air bubbles
were removed by sonication and then stored over 0.22 pum
forreserve. ACQUITY UPLC | Class ultra-performance liquid chro-
matography (UPLC Water TM, USA) and tandem Thermo Q
Exactive Focus high-resolution mass spectrometer (ThermoSci-
entific, Waltham, MA, USA) were used for the identification and
quantification of pear polyphenols. The major polyphenolsin
PPEs were identified and quantified by comparing the reten-
tion times and peak areas with those of the corresponding
standards. Xcalibur software (Thermo Scientific) was used for
data acquisition and analysis of the liquid chromatography
tandem mass spectrometry system. Specific methods are
described in the Supplementary Material.
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