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Computational and biological investigation of the
soybean lecithin—gallic acid complex for
ameliorating alcoholic liver disease in mice with
iron overloadf

Xiangqun Wu,? Yan Wang,® Ran Jia, € € Fang Fang,*® Ya Liu*® and Weiwei Cui {2 *2

Alcoholic liver disease (ALD) is associated with significant morbidity and mortality globally. In this study,
the soybean lecithin—gallic acid complex was synthesized, and its physicochemical properties were evalu-
ated, which confirmed the complex formation. Compared with the free state of the drug, gallic acid
exhibited significantly different physicochemical properties after it was complexed with soybean lecithin.
To clarify the binding mode between two monomers, computational investigation was performed. From
the computational data, we deduced the structure of the compound and predicted that it has a high
affinity for human phosphatidylcholine transfer protein and exhibits strong pharmacological activities
in vivo. The complex not only effectively ameliorated liver fibrosis, lipid peroxidation, and oxidative stress,
but also reduced liver iron overload in a mouse ALD model induced by alcohol (p < 0.05). Additionally, it
regulated iron metabolism by inhibiting TfR1 expression (p < 0.05) and promoting hepcidin expression (p
< 0.05). These results suggest that the soybean lecithin—gallic acid complex ameliorates hepatic damage

rsc.li/food-function

Introduction

Gallic acid (GA) is a common plant polyphenol and can be
derived via hydrolysis from an aqueous solution of tannins
that naturally occur in plants (Fig. 1A); it shows strong resis-
tance to oxidation."” Three adjacent phenolic hydroxyl (~-OH)
groups allow GA to form salts or complexes with many types of
metal ions and to consume oxygen or free radicals, owing to
which GA plays a protective role in biological tissues.*™®
However, lipid solubility of GA is too low to allow penetration
into cell membranes, and its poor absorption rate in the
animal small intestine (fay, 60 Min; Cpax, 0.71 + 0.28 pmol
L7 in rats) leads to low bioavailability, resulting in an inability
to achieve its desired pharmacological function.””®
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and iron overload induced by alcohol and exert hepatoprotective effects.

Lecithin (Fig. 1B) is a term applied to denote a group of
yellow-brown fatty substances that occur in animal and plant
tissues.” The amphipathic structure of lecithin allows it to play
a vital role in drug delivery, including the control of drug
release and the transmission of active ingredients. Unlike the
raw, natural, single ingredient, the phospholipid complex of
lecithin shows significantly improved pharmacological effects,
such as a longer drug half-life period and increased absorption
in the gastrointestinal tract.'®'> Therefore, the use of lecithin
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Fig. 1 Chemical structures. (A) Gallic acid, 3,4,5-trihydroxybenzoic
acid. (B) Lecithin. (C) Human phosphatidylcholine transfer protein (PDB
ID: 1LN1).
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complexes as carriers can be an effective way to increase
bioavailability.

The effective targets of drugs are mainly proteins, which
control the action and kinetic behavior of drugs within the
organism.””™"® With advancements in theoretical chemistry,
molecular dynamics (MD) simulations can effectively predict
the interaction between drugs and proteins, facilitating our
understanding of the interactive mechanism of in vivo drug
action. Human phosphatidylcholine transfer protein (hPTP,
PDB ID: 1LN1, Fig. 1C) was discovered by Roderick et al. in
2002; hPTP is involved in the highly efficient transportation of
phospholipid compounds and is widely distributed in the
liver.'® Therefore, it can be used as a target protein for the
computational investigation of GA-phospholipid complexes.

Alcoholic liver disease (ALD), which is caused by excessive
alcohol intake, is a commonly occurring disease all over the
world." Recent epidemiological surveys estimate that alcohol-
attributable cancers account for 5.8% of all cancer-related
deaths worldwide.'®"'® Several studies have indicated that ALD
is associated with oxidative stress and that numerous antioxi-
dants may protect the liver from ethanol-induced injury.>’">>
Clinical studies have shown that patients with ALD often have
increased iron levels along with the abnormal expression of
iron metabolism-related genes and proteins.>® Furthermore,
research has confirmed that the iron metabolic disorders and
the abnormal expression of related proteins that are triggered
by alcohol intake can be blocked by the antioxidant com-
ponents of plants.>**®> GA has an excellent capacity to chelate
iron and transform trivalent iron into redox-inactive iron,
thereby protecting cells against oxidative stress-induced
damage.*® Therefore, we hypothesized that the GA-phospholi-
pid complex would ameliorate hepatic damage and restore
iron homeostasis in the presence of ALD.

Materials and methods
Preparation of the soybean lecithin-GA complex (SL-GAC)

GA (188 mg) and soybean lecithin (750 mg) were mixed in
15 mL absolute ethyl alcohol at 25 °C until completely dis-
solved. The temperature was gradually increased from 25 °C to
50 °C. Stirring was continued with condensation and reflux for
3 h until the solution clarified. Rotary evaporation was used at
45 °C to dry the solvent, and an appropriate amount of tri-
chloromethane was added to completely dissolve the product
so that the remaining GA that did not react with lecithin was
removed. After passage through a 0.45 pm non-aqueous filter
membrane, the filtrate was vacuum-dried for 24 h, removed,
and pushed through a 200 mesh screen, and the light yellow
powder that was obtained was collected in an amber-colored
glass bottle and stored at 4 °C. The complexing rate of GA with
phospholipid to form the SL-GAC was 96.43% + 1.8% w/w.

Characterization of SL-GAC

IR spectra were recorded on a Fourier transform IR spectro-
meter (VERTEX 70, Bruker AXS, Germany). X-ray diffraction
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analysis was performed using an X-ray diffractometer (D8
ADVANCE, Bruker-AXS, Germany). FESEM examination was
performed using an XL30 ESEM-FEG microscope (FEI, USA).

Computational methods

The specific computational methods have been described in
ESL+

Acute toxicity study

The specific operating conditions have been described in
detail in the ESL.}

Animals and experimental design

The principles of laboratory animal care were followed, and all
procedures were conducted according to the guidelines estab-
lished by the National Institutes of Health. Every effort was
made to minimize the suffering of the animals. This study was
approved by the Animal Experiment Committee of Jilin
University. Sixty healthy male C57BL/6] mice (aged 8 weeks),
weighing 18.0 + 2.0 g, were procured from Changsheng
Experimental Animal Company (Liaoning, China). All mice
were caged under the same conditions as in the experiment
for acute toxicity. Throughout the study, the mice were fed a
normal chow diet and purified water ad libitum. The mice were
randomly divided into 6 groups of 10 mice each and treated
daily for 12 weeks as follows: (1) the control group, oral gavage
with physiological saline (7.5 mL per kg BW), performed
twice with a 1 h interval in between; (2) the model group
(ALD), administered an alcohol solution (52% <v/v>, 7.5
mL per kg BW) 1 h prior to oral gavage with physiological saline
(7.5 mL per kg BW); (3) the DFO group (100 mg per kg BW;
Novartis International AG, Basel, Switzerland; positive
control), a single intraperitoneal injection administered 1 h
after the alcohol solution (52% <v/v>, 7.5 mL per kg BW); (4)
the low dose SL-GAC group (100 mg per kg BW), a single dose
administered by oral gavage 1 h after the alcohol solution
(52% <v/v>, 7.5 mL per kg BW); (5) the middle dose SL-GAC
group (200 mg per kg BW), a single dose administered by
oral gavage 1 h after the alcohol solution (52% <v/v>, 7.5
mL per kg BW); and (6) the high dose SL-GAC group (400
mg per kg BW), a single dose administered by oral gavage 1 h
after the alcohol solution (52% <v/v>, 7.5 mL per kg BW). The
body weights of the mice were monitored daily.

At the end of the 12th week, all the animals were anesthe-
tized with an intraperitoneal injection of lidocaine at 200 mg
per kg BW and then euthanized by cervical dislocation.
Samples of intracardiac blood were collected in 1.5 mL
Eppendorf tubes. The livers were harvested, and blood was
immediately washed away with ice-cold physiological saline.
The liver index of the mice was measured using the weighing
method (liver weight/body weight). Each liver was divided into
two parts: one part was immediately stored at —80 °C for sub-
sequent analysis, and the other part was subjected to 10% for-
malin fixation for histopathological analysis.

This journal is © The Royal Society of Chemistry 2019
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Serum biochemical values, liver lipids, iron metabolism
indices, lipid peroxidation, and liver antioxidant capacity

Physiological saline was used to remove as much blood as
possible from the liver samples. Then, the tissue was hom-
ogenized on ice with phosphate-buffered saline (0.01 M, pH
7.4). The homogenates were centrifuged for 15 min at 4000
rpm at 4 °C, and the supernatants were carefully collected for
liver biochemical assays. The serum levels of alanine transam-
inase (ALT), aspartate transaminase (AST) and gamma gluta-
myl transferase (y-GT), and the hepatic levels of superoxide
dismutase (SOD), reduced glutathione (GSH), malondialde-
hyde (MDA), total cholesterol (TC) and triglyceride (TG) were
measured using commercial kits (Jiancheng Corporation,
Nanjing, China). The serum iron and the total iron-binding
capacity (TIBC) were determined using colorimetry, according
to the manufacturer’s specifications (Jiancheng Corporation,
Nanjing, China). The transferrin saturation (TS%) was calcu-
lated by dividing the serum iron level by the TIBC. The unsatu-
rated iron-binding capacity (UIBC) was equivalent to the sum
of TIBC and serum iron. The liver iron content was established
using an atomic absorption spectrophotometer (SpectrAA 220
Atomic Absorption Spectrometer, Varian, USA).

Liver histopathology, ROS staining and immunohistochemical
analysis for liver ferritin

Hematoxylin and eosin staining was used to observe the patho-
logical morphology of hepatocytes. Frozen hepatic sections
were stained with DHE and observed under a confocal laser
scanning microscope (TCS-SP2 Laser Scanning Confocal
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Microscope, Leica, Germany). The expression of ferritin
(Abcam Inc., Cambridge, MA, USA) in the hepatocytes was
observed using immunohistochemical staining. Hepatic histo-
pathological changes and ferritin expression were observed
using an Olympus BX50 light microscope (Olympus Corp.,
Tokyo, Japan) with the HMIAS-2000 medical imaging system.

Western blot assays

Western blotting was performed as previously described.”” The
primary antibodies used in the experiment were as follows:
TfR1, TfR2 and hepcidin (Abcam Inc., Cambridge, MA, USA).

Statistical analysis

Values are expressed as mean + SEM. Differences were con-
sidered significant at the 0.05 probability level. One-way ana-
lysis of variance and the least-significant difference test were
used to analyze the differences between treatments. All statisti-
cal analyses were performed using SPSS v24.0 (IBM Corp.,
Armonk, New York, USA).

Results

Preparation and characterization of the soybean lecithin-GA
complex

Fig. 2A shows the results of infrared spectroscopic analysis: GA
exhibited the characteristic absorption bands of O-H
(3283 em™, 3496 cm™'), C=C (1469 cm™', 1542 cm™ '), and
C=0 (1613 cm™"). Soybean lecithin showed the characteristic
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Fig. 2 Characterization of gallic acid (1), soybean lecithin (2), the soybean lecithin—gallic acid complex (SL-GAC) (3), and the physical mixture of
gallic acid and soybean lecithin (4). (A) Infrared spectra. (B) X-ray diffractometry patterns. (C) Scanning electron microscopy images.
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absorption peaks of O-H (3288 em™'), C-H (2924 cm™,
2853 ecm™'), C=0 (1737 ecm™'), P=0 (1229 cm '), P-O-C
(1057 em™), and N* (CH3); (970 cm™'). Analysis of the
soybean lecithin-GA complex showed that the characteristic
peaks of O-H (3283 cm™", 3288 cm™") had disappeared and
the characteristic peak of O-H (3496 cm™"), which belongs to
GA, had shifted to 3452 cm™'. And the characteristic bands of
P=0 (1165 cm™") and P-O-C (1034 cm™ ") of the SL-GAC were
not consistent with those of soybean lecithin. These findings
revealed that the polar ends of GA and lecithin may interact in
the SL-GAC. Analysis of a physical mixture of GA and soybean
lecithin revealed the characteristic bands of O-H (3280 cm™"),
P=0 (1222 em™"), and P-O-C (1046 cm™'), which indicated
that GA and lecithin had both retained their characteristic
chemical structures and not undergone a chemical reaction.
X-ray diffraction patterns indicated that GA existed mainly in
the form of crystals, which have multiple diffraction peaks
(Fig. 2B). The soybean lecithin was found to exist in an amor-
phous form, with only a wide area in the diffraction diagram.
In the X-ray diffraction patterns of the SL-GAC, the crystal
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diffraction peaks of GA could not be distinguished. Field emis-
sion scanning electron microscopy (FESEM) examination
showed that GA exhibited various crystal characteristics and a
small particle size, whereas soybean lecithin had no perma-
nent form (Fig. 2C). The FESEM examination of the SL-GAC
showed that the crystal form of GA had completely dis-
appeared, and its particles had become larger and were com-
pletely combined with lecithin.

Computer simulations

The structure of the SL-GAC was obtained using Gaussian-
accelerated molecular dynamics (GaMD) simulation, the
detailed method of which can be found in ESI.{ By performing
a GaMD simulation of the SL-GAC system for 2 ps, we gener-
ated 100 000 frames. To assess the qualities of all these struc-
tures and find the most appropriate complex structure, we
monitored the centroid distance between lecithin and GA
molecules throughout the GaMD simulation (Fig. 3A). Among
all these frames, only 2266 (2.3%) frames had a centroid dis-
tance of <3.0 A. The frame with the lowest centroid distance
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Fig. 3 Computer investigation of the soybean lecithin—gallic acid complex (SL—-GAC). (A) Centroid distances between lecithin and gallic acid
obtained by Gaussian-accelerated molecular dynamics (GaMD) simulation. (B) Representation of the complex of lecithin—gallic acid. The green
dashes represent hydrogen bonds. (C) Docking complex of hPTP and lecithin—gallic acid obtained by molecular docking. The lecithin and gallic acid
molecules are presented using the stick mode. (D) Root mean square deviation (RMSD) plot for apo-hPTP and complex-hPTP. (E) Root mean square
fluctuation (RMSF) plot for apo-hPTP and complex-hPTP. (F) The 1LN1 crystal structure (gray) and representative structures for apo-hPTP (red) and

complex-hPTP (green).
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was selected (Fig. 3B). The GA molecule was embedded
within the lecithin molecule, and the fatty chains of the
lecithin molecule enclosed the GA molecules. The complex
structure of the SL-GAC sampled by GaMD was consistent
with the experimental hypothetical structure proposed by
Liu et al.”®

The structure obtained using GaMD was then subjected to
infrared (IR) spectroscopy in the Gaussian 09 software package
under the 6-311+g(d,p) basis set by the B3LYP method. The
calculated IR spectrum was compared to the experimental IR
spectrum, and the IR spectrum obtained using theoretical cal-
culations was found to be in good agreement with the experi-
mentally measured IR spectrum (Fig. S6T). Additionally, the
two hydroxyl groups of the GA molecule were found to be in
very close proximity to the phosphate group of the lecithin
molecule; hydrogen bond interactions might form among
these groups, which will be verified in the subsequent MD-
simulation section.

Thus, the non-covalent bond structure sampled using
GaMD was selected as the final structure of the SL-GAC and
served as the starting point for subsequent studies. To investi-
gate how the SL-GAC structure interacted with hPTP, we con-
structed a complex structure of hPTP and SL-GAC by using
molecular docking (Fig. 3C). This SL-GAC-hPTP complex
structure was used as the starting structure for the subsequent
MD simulations.

We performed 200 ns MD simulations for the apo-hPTP
and complex-hPTP systems in both an aqueous and an ethanol
environment. The root mean square deviation (RMSD) can
provide the overall structural stability of the simulated
systems. We determined that the apo-hPTP system underwent
large structural changes relative to the complex-hPTP system
in an ethanol environment (Fig. 3D). We also performed MD
simulations for the apo-hPTP and complex-hPTP systems in an
aqueous environment, and the RMSD results showed that the
hPTP protein had a smaller degree of conformational change
than the apo-protein system after binding to the SL-GAC
(Fig. S71). Thus, the SL-GAC structure played a positive role in
stabilizing the conformation of the hPTP protein in both
ethanol and aqueous solution. Root mean square fluctuation
(RMSF) analysis can provide details about the fluctuations of
each residue during the simulation period. All of the residues
belonging to the apo-hPTP system possessed higher RMSF
values than those of the complex-hPTP system, which indi-
cated that the overall structural flexibility of the apo-hPTP
system was greater than that of the complex-hPTP system in an
ethanol environment (Fig. 3E). In the previous section, we
speculated that there was a hydrogen bond interaction
between the phosphate group of lecithin and the hydroxyl
group of GA. Using the trajectory files generated by the MD
simulations, we monitored the hydrogen bonding between
these two groups (Table S11). We found that stable hydrogen
bonds formed between the hydroxyl group of GA and the phos-
phate group of the lecithin molecule throughout the simu-
lation period, which indicated that lecithin and GA formed a
stable complex via non-bonded interactions.

This journal is © The Royal Society of Chemistry 2019
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Clustering analysis was performed using the average-
linkage algorithm (Fig. 3F). Three structures were superim-
posed together. Compared to the crystal and complex-hPTP
structures, the representative structure of apo-hPTP had large
structural differences. In the apo-hPTP system, a section of the
a-helical structure deviated from its original position. The
structure of the complex-hPTP system was similar to the crystal
structure.

To assess the binding affinity between the SL-GAC and
hPTP, we calculated the binding free energy of the SL-GAC-
hPTP complex system (both in an ethanol and in an aqueous
environment). The calculation was carried out using molecular
mechanics/generalized Born surface area (MM/GBSA)
methods, and a detailed description of the calculation is pro-
vided in ESIL} The results showed that the SL-GAC had a
strong binding affinity with hPTP in both ethanol and aqueous
solution (Table S271). The SL-GAC stabilized the conformations
of hPTP in the solution by tightly binding to it.

Acute toxicity of SL-GAC

All mice survived the 7-day observation period. There were no
clinical signs of toxicity throughout the experimental period
(ESIt). These results suggest that the SL-GAC is safe for the
organism.

Effects of SL-GAC on body weight, liver weight, and liver index

In C57BIl6/] mice with iron-overload ALD, ethanol caused no
significant change in the body weight (p > 0.05, Fig. 4A), but
significantly increased the liver weight (Fig. 4B) and liver index
(Fig. 4C) as compared to the control group (p < 0.05). The
administration of the SL-GAC for 12 weeks effectively
improved these indicators, especially at a dose of 200 mg per
kg body weight (BW).

Effects of SL-GAC on biochemical values, iron metabolism
indices, liver lipids, lipid peroxidation, and antioxidant
capacities in mice chronically fed ethanol

Compared with the blank-control group, the model group
showed significantly increased (p < 0.05) serum levels of ALT,
AST, y-GT (Fig. 4D-F), and iron (Fig. 5A) and an increased TS%
(Fig. 5C). However, TIBC was not significantly changed (p >
0.05, Fig. 5B), and UIBC was decreased (p < 0.05, Fig. 5D). In
addition, MDA, TC, TG (Fig. 6A, D and E), and iron (Fig. 5E) in
the liver tissue were significantly higher (p < 0.05) in the
model group than in the blank-control group. In contrast, the
levels of SOD and GSH in the liver tissue were significantly
decreased (p < 0.05, Fig. 6B and C).

Effects of SL-GAC treatment on histological findings and
oxidative stress in the liver and immunohistochemical analysis
for liver ferritin of mice chronically fed ethanol

Pathological examination with hematoxylin-eosin staining
revealed numerous fatty vacuoles and inflammatory cells infil-
trating the hepatic tissue in the model group (Fig. 7A). Some
of the normal hepatic lobules and cord structures had been
replaced by fibrosis. Compared with the model group, the

Food Funct, 2019, 10, 5203-5214 | 5207
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Fig. 4 Effects of the soybean lecithin—gallic acid complex (SL—GAC) on general health and serum transaminase levels in the mice given ethanol.
Male C57BL/6J mice were given ethanol with or without the SL-GAC for 12 weeks. The (A) initial body weight, final body weight, (B) liver weight, (C)
liver weight-to-body weight ratio; and (D) aspartate transaminase (AST), (E) alanine transaminase (ALT), and (F) gamma glutamyl transferase (y-GT)
levels in different groups are presented. Significant differences (p < 0.05) are indicated by the symbols on top of the bars. *: vs. the control group (A);
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Fig. 5 Effects of the soybean lecithin—gallic acid complex (SL-GAC) on the iron metabolism indices of the mice given ethanol. The levels of (A)
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mice administered SL-GAC 200 mg per kg BW showed less staining showed significantly increased oxidative stress (indi-
severe liver-cell injury, with small fat vacuoles, little inflamma- cated by red fluorescence) in the hepatic tissues in the model
tory cell infiltration, and no fibrosis. Dihydroethidium (DHE) group (p < 0.05, Fig. 7B and C).
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triglyceride (TG) in the different groups are presented. Significant differences (p < 0.05) are indicated by the symbols on top of the bars. *: vs. the
control group (A); #: vs. the ethanol group (B), the DFO group (C).
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Fig. 7 Effects of the soybean lecithin—gallic acid complex (SL-GAC) treatment on histological findings and oxidative stress in the livers of the mice
chronically fed ethanol. (A) Fixed liver-tissue sections of the mice stained with hematoxylin and eosin (magnification, 40x). (B) Detection of reactive
oxygen species (ROS) in the liver (magnification, 200x). (C) Statistical results of ROS fluorescence analysis in each group. (D) Immunohistochemical
staining of ferritin (magnification, 20x). Significant differences (p < 0.05) are identified by the symbols on top of the bars. *: vs. the control group (A);
#: vs. the ethanol group (B), the DFO group (C).

Ferritin is a soluble, iron-containing protein formed by the staining showed that compared with the control, the model group
combination of iron with apoferritin, a protein which has mice showed an increased ferritin expression (Fig. 7D). Compared
different proportions of two functionally distinct subunits: ferritin ~ with the model group, the 200 mg kg™' SL-GAC group had a
heavy chain H and ferritin light chain L.>* Immunohistochemical lower expression level of ferritin.
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Effects of SL-GAC on the expression of iron metabolism-
related proteins induced by chronic exposure to ethanol

Under physiological conditions, the liver cells take up iron
from the serum via endocytosis and acidification of the Fe*'-
Tf-TfR1 complex.>® However, TfR2, a liver transferrin receptor
on the cell membrane, has a high degree of homology to
TfR1.>' After 12 weeks of alcohol intervention, the liver TfR1
protein expression was significantly higher in the alcohol
(model) group than in the control group (p < 0.05, Fig. 8A and
C), while the TfR2 expression showed no significant difference
(p > 0.05, Fig. 8A and D). Treatment with the SL-GAC signifi-
cantly reduced the abnormal alcohol-induced T{R1
expression and brought it close to the level in the control
group (p < 0.05).

Hepcidin regulates the expression level of ferroprotein and
thereby regulates the level of iron turnover in the intestinal
mucosal cells and macrophages, thus determining the level of
circulating iron and affecting the iron load of the main iron-
storage organs such as the liver.>> Hepcidin expression was sig-
nificantly lower in the model group than in the control group
(p < 0.05, Fig. 8B and E) and significantly higher in the SL-
GAC treatment group than in the model group (p < 0.05).
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Discussion

The results of the characterization of the SL-GAC suggested
that this complex had physicochemical properties that were
not consistent with those of GA, soybean lecithin, or their
physical mixture. Furthermore, the characterization results
were consistent between the various methods employed.
However, the characterization failed to elucidate the specific
binding pattern of the two compounds and the molecular con-
figuration of the complex. Previous studies on phospholipid
complexes of other drugs have also not represented the
specific configurations of the corresponding complexes, and
the binding mechanism of the drug-phospholipid complex
remains poorly explained.>** Therefore, a theoretical chemi-
cal method that establishes a theoretical model that can
predict the effects of intermolecular reactions may solve these
problems.

Based on the experimental data obtained using the charac-
terization, a computer-simulated configuration was created
after predicting the structure of the compound by using GaMD
simulation.’® Our results confirmed that as a membrane
protein, hPTP undergoes a conformational change after
binding to the SL-GAC, indicating that the complex has good

SL--GAC (mg/kg)

N
& & o
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S & &K &£
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(32 kDa)

GAPDH PR
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Relative protein expression of Hepcidin

Fig. 8 Effects of the soybean lecithin—gallic acid complex (SL-GAC) on the expression of iron metabolism-related proteins induced by chronic
exposure to ethanol. Expression levels of (A) TfR1 and TfR2, and (B) hepcidin in the liver tissue of the mice were detected by western blotting, and
GAPDH was used as a loading control. The protein bands of (C) TfR1, (D) TfR2, and (E) hepcidin were quantified using densitometry analysis and nor-
malized to GAPDH (n = 3). Significant differences (p < 0.05) are indicated by the symbols on top of the bars. *: vs. the control group (A); #: vs. the

ethanol group (B), the DFO group (C).
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affinity with hPTP. Furthermore, we found that the SL-GAC
stabilized the structure of hPTP in an aqueous and an ethanol
environment because of its phospholipid complex molecular
structure. Since hPTP is highly expressed in highly metabolic
tissues and it can efficiently transfer phosphatidylcholines
between membranes,'® we speculated that it could also
promote the rapid intermembrane delivery of the SL-GAC after
the body ingests alcohol and help the SL-GAC to achieve its
expected pharmacological function.

Modern medical studies have shown that the cytotoxicity of
ethanol metabolites (mainly acetaldehyde) and the metabolic
disorder that these metabolites induce are the main causes of
alcoholic liver injury.*®*” On this basis, lipid peroxidation
further aggravates hepatocyte injury, leading to liver-tissue
inflammation, necrosis, and fibrosis.*® Studies have shown
that oxidative stress, which causes hepatocyte damage, is
associated with the presence of trivalent iron ions in the
cells.* In addition, ALD patients often show abnormally elev-
ated iron markers, such as the serum iron level, transferrin sat-
uration, serum ferritin level, and hepatic iron concentration.
Even mild-to-moderate drinking increases the risk of iron over-
load.”® This study found that alcohol caused a surge in the
levels of reactive oxygen species (ROS) and iron in hepatocytes
and aggravated liver damage. These results not only indicated
that a mouse model of ALD with iron overload was successfully
established but also verified the above points.

The administration of different doses of the SL-GAC effec-
tively alleviated the adverse changes in the livers of the mice in
the alcohol-intake group, and the results of the middle-dosage
group were closest to those of the blank-control group. GA has
antioxidant potential due to its ability to chelate pro-oxidant
transition metals (e.g;, Cu and Fe) and inhibit ROS
production.*™**> However, it has been reported that at high
concentrations, GA autoxidizes to produce ROS.** This may
explain why the effects of the SL-GAC on ALD mice were not
dose dependent.

As an important organ of iron metabolism, the liver is
responsible for transferrin synthesis, iron storage and trans-
port, and the production of the raw materials required for
hemoglobin synthesis. The body lacks an effective way to elim-
inate iron, and hepatic iron overload can occur easily. Ferritin,
a soluble iron-containing protein formed by iron combining
with apoferritin, regulates iron metabolism balance.>® Cells
rich in ferritin, such as hepatocytes, have greater iron-storage
capacity.’® We found that the hepatic ferritin expression
increased in the mice administered ethanol. The result is con-
sistent with those of other laboratory studies.>>*® The mecha-
nism underlying the effect of alcohol consumption on ferritin
is poorly understood. Studies have demonstrated that ferritin
is not only a marker of iron deposition but also a potential
marker of both acute and chronic liver damage.*®*” We specu-
lated that alcohol may affect the ferritin expression in the fol-
lowing ways: altering iron absorption by changing gut per-
meability, inducing a hepatic inflammatory response with
resultant de novo ferritin synthesis, and ferritin release from
the liver cells.

This journal is © The Royal Society of Chemistry 2019
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In this study, we found that the liver iron content was lower
in each SL-GAC group than in the model group, and the
expression of ferritin was correlated with the liver iron
content. The production of ROS through ethanol oxidation is
considered to play an important role in the pathogenesis of
ALD. We speculated that the liver iron content reduced in the
100 and 200 mg kg~ SL-GAC groups owing to the iron-chelat-
ing and antioxidant properties of hydroxyl in the SL-GAC.
However, the long-term administration of the SL-GAC at a
dose of 400 mg kg~' BW may induce an increase in the ROS in
the liver and a hepatic inflammatory response. Thus, the high
level of hepatic iron content in the mice administered 400 mg
kg™' SL-GAC may be attributable to the upregulated ferritin
expression via a self-protective mechanism. However, we
observed this phenomenon only over our experimental period
of 12 weeks, and the mechanism needs to be further eluci-
dated in future studies.

Studies suggest two possible mechanisms of hepatic iron
overload in ALD: increased TfR1 expression and decreased
hepcidin levels, which promote iron absorption in the
intestine.>**? Consistent with other studies,>****® our data
showed that in the model group, chronic ethanol feeding
induced TfR1 expression, which suggested that the TfR1
protein plays a role in ethanol-induced hepatic iron uptake.
However, TfR2 was found to have no considerable effect on
hepatic iron uptake in the setting of ALD with iron overload.
Additionally, the SL-GAC reduced the alcohol-induced increase
in TfR1 expression to a level close to that observed in the
control group. These findings suggest that the SL-GAC reduces
iron intake by adjusting the protein expression of TfR1 and
possibly also via its iron-chelating activity. However, compared
with the mice in the 200 mg kg™ SL-GAC group, those in the
400 mg kg™' group exhibited a higher hepatic iron content
despite the inhibition of TfR1 expression. This indicated that
other membrane proteins besides TfR1 might participate in
hepatic iron uptake under pathological conditions. Furthermore,
the role of oxidative stress injury in the destruction of the normal
iron-transport system in the hepatocytes cannot be excluded.
Thus, the underlying mechanisms warrant further studies.

Hepcidin is a small peptide hormone produced by the liver
that was discovered in 2000. A decrease in hepcidin secretion
leads to an increased iron absorption in the small intestine. In
this study, hepcidin expression was significantly lower in the
model group than in the control group, which is consistent
with other reports that alcohol reduces hepcidin expression in
the liver.***° In patients with alcoholism, low hepcidin
levels have been observed with a preserved liver function.”
This suggests that hepcidin suppression is a consequence of
alcohol consumption rather than of ALD. Several studies have
shown that additional factors (a second ‘hit’) may participate
in the inhibition of hepcidin by alcohol, such as a large
amount of iron accumulation in the hepatocytes in the pres-
ence of severe liver disease.”>>* However, other studies have
reported that iron deficiency occurs with low hepcidin levels
induced by alcohol consumption.>*” We speculate that dis-
ordered hepcidin metabolism might be a primary cause of the
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abnormal iron homeostasis induced by alcohol; however, the
mechanisms underlying the low levels of hepcidin are still
elusive and remain to be fully explained. We also found that
hepcidin expression was significantly higher in the SL-GAC
groups than in the model group, which implied that the SL-
GAC may reverse the ALD-associated iron overload by suppres-
sing the downregulation of hepcidin and decreasing the iron
absorption in the gut. The mechanism of how the SL-GAC
blocks the ethanol-induced suppression of hepcidin needs to
be elucidated.

Conclusions

In conclusion, our findings of the synthesis, computational
investigation, and biological evaluation of the role of SL-GAC
in ameliorating ALD with iron overload in mice can be sum-
marized as follows: (1) SL-GAC was found to possess new
physicochemical properties different from those of the raw
materials, (2) computational investigation confirmed the mole-
cular structure of SL-GAC and predicted that this complex may
exert beneficial pharmacological activity in vivo through effec-
tively combining with hPTP, (3) SL-GAC inhibited oxidative
stress and lipid peroxidation and alleviated hepatic injury and
iron accumulation induced by ALD, and (4) SL-GAC amelio-
rated alcohol-induced liver iron overload, possibly via the
downregulation of TfR1 and the upregulation of hepcidin.
These findings demonstrate the potential of SL-GAC as a pro-
tective treatment for ALD, especially for iron overload induced
by ethanol. The mechanisms underlying these protective
effects remain to be fully elucidated. Furthermore, SL-GAC
had no dose-dependent effect on ALD mice. This phenomenon
may be the result of autoxidation of SL-GAC at high doses, but
this hypothesis requires further study.
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