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Functional metabolomics using UPLC-Q/TOF-MS
combined with ingenuity pathway analysis as

a promising strategy for evaluating the efficacy and
discovering amino acid metabolism as a potential
therapeutic mechanism-related target for
geniposide against alcoholic liver diseaset
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Metabolomics has been used as a promising strategy to evaluate the efficacy of and potential targets for
natural products. Alcoholic liver disease (ALD) as a result of chronic ethanol consumption has high
morbidity and mortality. Geniposide possesses a hepatoprotective activity against ALD, but its
mechanism of action is still not clear. In this study, serum metabolomics based on ultra-performance
liquid chromatography-quadrupole time of flight-tandem mass spectrometry (UPLC-Q/TOF-MS)
combined with ingenuity pathway analysis was used to explore the therapeutic mechanisms of
geniposide. We found that the levels of AST, ALT, MDA, TG, and y-GT in the geniposide-treated group
were significantly decreased, and the level of GSH was significantly increased, compared with the model
group. Meanwhile, geniposide effectively inhibits apoptosis and caspase-3 activity in liver tissue. A total
of 33 metabolites were identified and related with the model group to illuminate the pathogenesis of
ALD, 21 of which are regulated by geniposide, involving the relevant metabolic pathways, such as amino
acid metabolism, arachidonic acid metabolism, pyruvate metabolism, TCA cycle, etc. Furthermore,
a significant change in amino acid metabolism suggested that it might be a promising mechanism-
related target for geniposide against ALD. It also showed that a metabolomic strategy using UPLC-Q/
TOF-MS combined with ingenuity pathway analysis is a potentially powerful tool for providing
a comprehensive understanding of the therapeutic mechanisms of natural products, but it also offers
a theoretical basis for the prevention or treatment of disease.

cirrhosis."” It is a clinical syndrome characterized by rapid
hepatic decompensation, such as jaundice, coagulation

Alcoholic liver disease (ALD) is one of the most important
causes of chronic liver disease worldwide, and has seriously
endangered social public health. It begins with a fatty liver,
continuing with progressive fibrosis that eventually leads to
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impairment and encephalopathy.®> The pathogenesis of ALD
refers mainly to hepatic steatosis, oxidative stress,
acetaldehyde-mediated toxicity, and cytokine or chemokine-
induced inflammation.* Compared with other kinds of liver
disease, the distinctive spectrum of alcoholic hepatitis (AH),
that is still detected by a liver biopsy test as the gold standard
for diagnosis in clinics, can develop any time in the pathological
natural history of ALD, but its invasiveness means it has
a relatively high cost to sufferers.>® The etiology of alcoholic
liver disease is clear; however, its specific pathogenesis is
complex. If the patients cannot be treated in time, it will cause
death in up to 50% of cases.” The prevention and treatment of
ALD and other related diseases lack effective means of inter-
vention and corresponding drugs, and this has become a diffi-
culty and “bottleneck” in the field of public health. Therefore, it
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is an urgent task to carry out more in-depth research on ALD to
find an effective way of discovering new treatment methods.
Traditional Chinese medicine (TCM) has been used in China
for a long time, and has been applied to various kinds of
disease, such as chronic liver disease.®*® Yin Chen Hao Decoc-
tion originated from “Treatise on Febrile Diseases” is used to
control Yang Huang syndrome that is highly correlated with
hepatobiliary function and the clinical manifestations of
ALD."" The results of previous studies showed that the
protective effect of Yin Chen Hao Decoction on ALD, and the
chromatographic fingerprint of the samples in rats before and
after oral administration were established using the serum
pharmacochemistry method of traditional Chinese medi-
cine.*»*® The in vitro and in vivo compounds were respectively
detected and, using correlation analysis, the potential phar-
macodynamic material basis of Yin Chen Hao Decoction in the
treatment of liver injury was explored and it was found that
three chemical components including geniposide were closely
associated with the metabolism of liver damage.** As one kind
of iridoid glycoside compound, geniposide can reduce the free
radical scavenging ability, enhance the ability to scavenge free
radicals, inhibit lipid peroxidation, and significantly regulate
the metabolic pathways of multiple disorders. In addition to its
medicinal use, it can also be applied as a plant growth inhibitor
and biological detection agent.'> However, there is insufficient
exhaustive information about the medicinal mechanism in the
therapeutic process of geniposide. The efficacy and treatment
concept of TCM has received more and more attention from the
international community. It is puzzling that the methods and
theories of Chinese medicine for understanding diseases still
lack a suitable modern scientific system of expression.
Metabolomics has come up with a noninvasive means and
comprehensive probe for integral metabolic profiling by
monitoring small molecules with 1000 Da molecular weight in
urine, saliva, blood and other biological fluids and has become
a pivotal element in systems biology.'® As the endpoint of the
omic cascade, metabolome is the closest point to the pheno-
type, so that it identifies characteristic changes bound up with
any physiological perturbations from in vitro and in vivo inter-
ference.”” The connection and dynamical rule between physio-
logical and diseased changes are disclosed using qualitative
analysis and quantitative determination of endogenous
metabolites coupled with pattern recognition and other chem-
ical detection sciences.’® Currently, the application of
metabolomics in ALD has been carried out in the research fields
of diagnosis, prognosis, pathogenesis and therapeutic
effects.””* It was suggested that the accumulation of free fatty
acids in the liver may lead to the earliest pathological change in
ALD. The rise of metabolomics provides a method of integrating
and analyzing multi-level and multidimensional data from the
system level and expressing the role of TCM in modern scien-
tific language.?® This feature is thoroughly comparable to the
probity and systemic traits of TCM, suggesting it has the ability
to demonstrate the latent usefulness and therapeutic mecha-
nisms of TCM. This study employed a metabolomics strategy to
explore the metabolic profile changes, and then analyze the
biomarkers, metabolic pathways and key metabolic enzymes in
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an alcohol-induced mouse liver injury model. It is expected that
it will reveal the pathological mechanism of ALD and seek the
key target of geniposide in the treatment of ALD to provide
a novel target for drug discovery for an ALD remedy.

2. Experimental method
2.1 Chemicals and reagents

Analytical grade alcohol was bought from Tianjin Chemical
Reagent Co. (Shanghai, China). Distilled water was obtained
from Watson's Food & Beverage Co. (Guangzhou, China).
Leucine enkephalin was obtained from Sigma-Aldrich (USA)
with a purity of more than 99%. The reference substance of
geniposide was purchased from Shanghai Chemical Reagent
Co. (Shanghai, China) of more than 99.7% purity. Saline solu-
tion was obtained from Tong Ren Tang Chinese Medicine Co.,
Ltd. (Beijing, China). The assay kit for alanine amino-
transferase (ALT), aspartate aminotransferase (AST), maleic
dialdehyde (MDA) and glutathione (GSH) were obtained from
the Weifang SanWei Biotechnology Institute (Beijing, China).
The assay kits for +y-glutamyl transpeptidase (y-GT) and
triglyceride (TG) were obtained from Cobioer Biosciences
Company (Nanjing, China). The assay kits for hepatocyte
apoptosis and caspase-3 activity detection were obtained from
Roche Applied Science (Roche, Germany).

2.2 Establishment and administration of animal models

Male BALB/c mice (four-weeks-old, weighing 20 + 2 g) came
from the Drug Safety Evaluation Center in Heilongjiang
University of Chinese Medicine. All mice were raised under
a controllable temperature of 24 + 2 °C, humidity 50 & 5%, 12 h
light and 12 h dark cycles and free water and food for a one-
week acclimation period. Then, thirty mice were split into
three groups at random, a control, model and geniposide-
treated group, with ten animals in each group. The model of
ALD in mice was established for seven consecutive days, during
which the model and the geniposide-treated group were intra-
gastrically administered with 60% (v/v) ethanol every day
according to the body weight formula of 0.15 mL/10 g, and mice
in the control group were administered an equal dose of puri-
fied water daily in the same way. The geniposide solution was
prepared as follows: 9 mg of geniposide was dispersed in 0.4 mL
of water and 0.4 mL of glycerol, followed by 10 min of ultrasonic
processing for homogeneous mixing. The geniposide-treated
group was given 1 mL/100 g of the geniposide solution daily.
The control and the model group were nourished with an equal
amount of purified water every day. All groups of mice were fed
on a conventional diet and the treatment period was fourteen
days. The experimental procedures were approved by the
Animal Care and Ethics Committee at Heilongjiang University
of Chinese Medicine and all experiments were performed in
accordance with the declaration of Helsinki.

2.3 Biochemical index and histopathology detection

After two weeks of treatment, blood from the eyeball in the
control, model and geniposide-treated groups was collected on

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09305b

Open Access Article. Published on 15 January 2020. Downloaded on 6/14/2026 6:11:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the 22nd day. Subsequently, the liver was immediately removed.
Blood samples were centrifuged at 3000 rpm at 4 °C for 10 min,
and then the obtained serum was taken and reserved in
a refrigerator at —80 °C until use. Serum ALT and AST activities
were determined by the continuous monitoring method
according to the instructions in the kit. The liver tissue was
rinsed with ice-cold saline until there was no blood color and
wiped dry with blotting paper. 0.5 g of left liver lobe and 4.5 mL
of physiological saline were mixed to prepare a 10% liver tissue
homogenate, and then centrifuged at 4500 rpm for 15 minutes
at 4 °C. The liquid supernatant was used for a biochemical
index assay according to the instructions of the kit, in which the
r-GT activity was determined by the continuous monitoring
method, the GSH activity was determined by chemical color-
imetry, the MDA content was measured by the thiobarbituric
acid colorimetric method and the TG content was measured by
the glycerol oxidase-end point method. Part of the left lobe of
the liver from the mouse was fixed with 10% formalin solution
for liver histopathological examination. A cross-section was
taken from the middle left lobe of the liver, and samples were
taken to carry out HE staining and microscopic examination.
Cell pathological changes were recorded, and the main lesion
types were observed.

2.4 Hepatocyte apoptosis and caspase-3 activity detection

The liver tissue was firstly fixed with 4% paraformaldehyde, and
then the prepared TUNEL reaction solution was added so that
the A and B solutions in the kit were mixed in a proportion of
9 : 1 under dark conditions. The cell slice was processed at 37 °C
for 1 h followed by a phosphate buffer saline (PBS) solution
wash. After staining with Hoechst dye for 5 min, the state of
hepatocyte apoptosis was observed under a fluorescence
microscope and photographed. Liver tissue sections, after
management with ice methanol, 1% Triton and 10% bovine
serum albumin (BSA), were added to caspase-3 antibody and
goat anti-rabbit immunoglobulin G-fluorescein isothiocyanate
(IgG-FIFC) reagent for caspase-3 activity detection in the mouse
liver. 1 pg mL~* 4',6-diamidino-2-phenylindole (DAPI) solution
was applied to the stain tissue section for 10 min, according to
the instruction of the kits, and E800 immunofluorescence was
performed for observation and photographing under
a microscope.

2.5 Metabolomics study of serum samples

2.5.1 Handling of serum samples. The serum was thawed
at4 °C and vortexed for 10 s. 200 pL of serum sample was mixed
with 800 uL of methanol, then the blend was shaken for 30 s,
sonicated for 1 min and centrifuged at 13 000 rpm under 4 °C
for 10 min. 800 pL of supernatants were performed in a 40 °C
water bath, and then evaporated to dryness under a nitrogen gas
stream at 45 °C. The residue was redissolved in 1 mL of 80%
methanol and centrifuged at 13 000 rpm at 4 °C for 10 min. The
obtained supernatant was delivered into a centrifuge tube and
passed through a 0.22 pm membrane for the instrumental
analysis. A quality control sample is considered to be an
outstanding sample associated with all the constituents of the
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sample to be resolved and is applied to explore the essential
information of the column state, which was prepared in equal
volumes of three different groups in a corresponding time.

2.5.2 Chromatography and mass spectrometry analysis.
Serum metabolomics analysis was conducted on a Waters
ACQUITY UPLC H-Class (Waters Technology Co., Ltd., USA)
system furnished with a pump, binary solvent delivery and auto
sampler. A 2 uL solution was injected for separation by an UPLC
ACQUITY BEH C18 column (1.7 pm, 2.1 x 100 mm) under 0.4
mL min~" at 45 °C. The optimized elution system consists of
solvent A (acetonitrile with 0.1% formic acid) and solvent B
(water with 0.1% formic acid). The gradient procedure was
optimized as follows: 0-2 min, 1-50% A; 2—-4 min, 50-60% A; 4-
7 min, 60-80% A; 7-8 min, 80-94% A, 8-9 min, 100% A. To
ensure the durability and repeatability of the UPLC-MS system,
the QC sample was disclosed every 10 samples from beginning
to end. A needle wash cycle was carried out during the metab-
olomics analysis in order to dislodge the remains and prepare
the next injections.

The obtained elution was promptly delivered to a Waters
Micromass Q-TOF Micro Synapt High Definition Mass Spec-
trometer (Manchester, UK) equipped with an electrospray ion
source in the positive ion mode and negative ion mode without
splitting. The MS condition was set as follows: in positive ion
scan mode, the capillary voltage was 3.0 kV; in negative ion
mode, the capillary voltage was 2.6 kV; the cone voltage of the
samples was set at 20 V; the desolvation gas temperature was set
at 350 °C and the desolvation gas flow was set at 800 L h™".
Accurate mass determination and centroided data during the
MS analysis was ensured using 0.1 ng mL ™" leucine-enkephalin
solution ([M + H]" = 556.2771 and [M-H]|™ = 554.2615) as the
lock mass solution at 140 puL min~", during which the param-
eters settled as follows: fragment voltage of 70 V, collision
energy of 30 V, cell accelerator voltage of 20 V. The mass scan
range was m/z 50-1200 Da. Nitrogen was used for gas drying and
collision.

2.5.3 Data processing and pattern recognition analysis.
Preprocessing of the original data includes peak data extraction,
peak denoise, peak matching, peak alignment, and data export
for non-target metabolomics by Progenesis QI software
(Nonlinear Dynamics, 2014, version 1.0). After unit variance
scaling and mean-centered method processing, the intensity of
each ion was normalized to the total ion count and then
a multivariate data matrix consisting of retention time (Rt), m/z
value as well as the normalized peak area was produced and
exported for further multivariate data analyses using EZinfo
software (Waters Corp., Milford, USA). An unsupervised prin-
cipal component analysis (PCA) was conducted to visualize
common clustering and tendency. Orthogonal partial least-
squared discriminant analysis (OPLS-DA) was used to ratify
the PCA model, in which the parameters containing R’X, R’Y,
and Q> were calculated to evaluate the goodness of fit and
predictive ability. Values of R’Y and Q close to 1.0 indicate an
outstanding model. The S-plots were established following
OPLS analysis according to their contribution to the mutation
and conjunction rate of the changes in metabolic profiling in
three different groups. Differential ions were selected from
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a VIP-plot arising from the loading plots of the OPLS-DA
between the control and model groups. Variables where VIP >
1.0 in the OPLS-DA model, P < 0.05 in ANOVA and ¢-test and fold
change value > 1.5 were selected as potential variables. The MS/
MS fragment analysis was executed by the MassFragment™
application manager (Waters MassLynx V 4.1). Subsequently,
the latent biomarkers were preliminarily identified by
comparing the combination of accurate mass charge ratio and
MS/MS fragmentation patterns to an online database such as
METLIN or HMDB with a mass error of less than 20 ppm. The
metabolic pathway analysis of potential biomarkers of genipo-
side against ALD was executed with metabolomics pathway
analysis (MetPA) in MetaboAnalyst software 3.0 to discover the
changed pathways.

2.6 Statistical analysis

The SPSS 20.0 software program (IBM, SPSS, Chicago, IL, USA)
was employed for the statistical analysis. Data was presented as
mean + SD and scaled to Pareto variance. The statistical
implication between the groups was analyzed by the Student's ¢-
test, which is significant when the p values are less than 0.05,
and is extremely significant when the p values are less than 0.01.

3. Results

3.1 Histopathological observations and biochemical
analysis

In Fig. S1a,T the hepatic lobule structure of the mice in the
control group was integrated, and the hepatocytes were fixed up
neatly in the center of the central vein. The HE staining was
uniform, and the nucleus that was present was large and the
circle was mostly in the center of the cell. The contour of the
hepatic sinus was clear. The liver lobule structure in the model
group was disordered. Intravenous and hepatic sinus expansion
was obvious. Hepatocytes were swollen, crowded and necrotic.
In the cells, lipid droplets, fat vacuoles, and a large number of
infiltrated inflammatory cells were observed. After treatment
with geniposide, the liver lobular structure of the mouse grad-
ually returned to normal and some cells were regularly
arranged. The central vein and hepatic sinus were expanded
and congested, and the blood vessels in the portal area had
proliferated. Liver cells were still swollen and crowded, and the
hepatocyte necrosis was reduced.

In Fig. S1b-g,} the liver function indexes, such as ALS and
ALT, in mice with alcoholic liver injury were significantly
increased, which can better evaluate the degree of alcoholic
liver injury. Compared with the control group, the serum levels
of AST and ALT in the model group had increased remarkably (P
<0.01). The AST and ALT levels in the geniposide-treated group
were significantly lower than those in the model group (P <
0.05). An alcohol-induced liver injury model can easily lead to
lipid peroxidation, in which the changed content of GSH and
MDA can be detected to reflect the oxidative damage in mice.
Compared with the control group, the GSH content in the
model group had decreased significantly (P < 0.05), and the
MDA content had increased significantly (P < 0.05). Compared
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with the model group, the GSH content in the geniposide-
treated group was significantly up-regulated (P < 0.01) and the
MDA content was down-regulated (P < 0.05). The detection of
serum TG content can indicate lipid metabolism in the liver.
Compared with the control group, the increased TG content in
the model group was significant (P < 0.05). Compared with the
model group, the TG content in the geniposide-treated group
was significantly lower (P < 0.05). When liver injury occurs in
mice caused by alcohol, intrahepatic biliary excretion is disor-
dered and y-GT in serum is significantly elevated, which are
good indicators for evaluating alcoholic liver injury. Compared
with the control group, the serum y-GT content in the model
group was significantly increased (P < 0.05). Compared with the
model group, the y-GT content in the geniposide-treated group
was significantly lower (P < 0.05).

3.2 Hepatocyte apoptosis and caspase-3 activity detection

In Fig. S2a,T a TUNEL in situ terminal apoptosis assay showed
that the control group was evenly stained and only a few positive
cells were distributed, showing a normal state. The apoptosis
cells in the liver tissue of the model group were dense and
deeply stained. The geniposide-treated group had a certain
degree of reversal effect on hepatocyte apoptosis induced by
alcoholic liver injury. In Fig. S2ct the apoplastic cell density had
decreased significantly and tended towards the control, which
was notably different from the model group (P < 0.01). Caspase-
3 as the most vital terminal cleavage enzyme in the process of
apoptosis plays an irreplaceable role in metabolism. From the
CASPASE-3 activity assay in Fig. S2b,T the model group was
heavily stained, indicating the strong activity of CASPASE-3, the
wide distribution range, and the high areal density value. After
administration of geniposide, the expressive activity of CAS-
SASE was inhibited, which was very different from the model
group (P < 0.01) in Fig. S2d.T

3.3 Trajectory and metabolic profiling analysis

As shown in Fig. S3, metabolic profiles of the serum samples
were obtained using UPLC-Q/TOF-MS in the positive and
negative ion modes. The trajectory analysis of the PCA score
plots in the control, model and geniposide-treated groups
shows clear separations in both positive (Fig. 1a) and negative
ion modes (Fig. 1b). 3D PCA score plots are more easily visual-
ized for explaining the liver injury caused by alcohol and the
pharmacodynamic activity of geniposide, in which the clus-
tering in the model group showed the maximum separation
trend from the control group causing significant metabolic
disturbance and pathobiological changes; in addition, the
geniposide-treated group was located between the control and
the model group, and remained relatively far from the model
group in both positive (Fig. 1c) and negative ion modes (Fig. 1d).
Significant metabolic differences between the control and the
model group indicated that the establishment of the animal
model was successful and further multivariate statistical anal-
ysis for seeking discriminative metabolites is essential to
distinguish the relationships among the three different groups.
The OPLS-DA model in both positive (Fig. 2a) and negative ion

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Score plots of PCA analysis in both ion modes of blood samples in the control, model and geniposide-treated groups. (a) and (b) are 2D
maps in positive and negative ion modes; (c) and (d) are 3D maps in positive and negative ion modes. C: control group; M: model group; G:

geniposide-treated group.

modes (Fig. 2b) derived from UPLC-Q/TOF-MS data displayed
an obvious separation between the control and model groups.
The parameters R*Y and Q” obtained by cross-validation were
0.924 and 0.675 in the positive mode, and 0.908 and 0.707 in the
negative mode, which suggested that these models have satis-
factory goodness-of-fit and goodness-of-prediction to the data.

3.4 Metabolite selection and identification

In the S-plot (Fig. 2c and d), the ions further away from the
origin make a greater contribution to the ALD disorder in the
metabolic trajectory and are likely to be considered as potential
metabolites. Identified biomarkers were selected in accordance
with their VIP values from the V-plots (Fig. 2e and f) followed by
OPLS-DA between the control and the model group. In general,
the VIP values reflects the influence of each variable, which the
longer the distance, the greater the impact value. Hence, the
serum VIP value standard was increased to narrow down the
targets. A total of 33 metabolites in the serum from positive and
negative ion mode were screened out and identified with VIP
values greater than 1.5 and P-values from the ¢-test of less than
0.05, combined with the accurate mass number, Rt, MS/MS
information, standard sample spectra and online database

This journal is © The Royal Society of Chemistry 2020

information, which were differentially expressed between the
control and ALD model groups (Table S17). 21 biomarkers are
effectively regulated by geniposide, of which 10 metabolites
were elevated in content compared with the model group,
including isocitric acid, uridine, asparagine, adenine, gluta-
mine, glucose, taurocholic acid, pyruvic acid, LysoPC (15 : 0)
and LysoPC (16 : 0). Meanwhile, 11 metabolites were reduced in
content compared with the model group, including ornithine,
arginine, lysine, uric acid, citric acid, proline, phenylalanine,
corticosterone, prostaglandin E2, sphingosine and arachidonic
acid. Further, the differentially abundant metabolites are visu-
alized as a heat-map in Fig. 3a, which directly shows the vari-
ation in relative concentrations in the identified metabolites of
the serum between the control, model and geniposide-treated
groups. In Fig. 3b and c, relative signal intensities of identi-
fied serum metabolites using UPLC-MS are listed.

3.5 Metabolic pathway analysis

To find the impacts of these selected metabolites and to analyze
the possible metabolic pathway of geniposide against ALD,
MetPA was built to determine the most pertinent pathways
modified by geniposide treatment in Fig. 4a. After using the

RSC Adv, 2020, 10, 2677-2690 | 2681


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09305b

Open Access Article. Published on 15 January 2020. Downloaded on 6/14/2026 6:11:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
[ | b
2
40 | . C
BN
[
0 & 5 oM 10
e e I gl
8 ? L | = g L:. i
a
2
0 m 10 . o
40 . O
-20
-600 |
<140 <120 -100 80 -60 40 20 0 20 40 60 $0 100 120 14 70 60 50 40 -30 20 <10 0 10 20 30 40 50 60 70
1.0 ‘c % 1.0
i . sud ‘
ios §M
i g
: 502
f.‘, 0.0 :-)'-ﬂ.v
) Z 0
%4);- §-0.4
- b =08 E oood
A0 10 itk
0003 0002 0001 0000 0001 0002 0.003 0004 0003 0002 0001 0000 0001 0002 0003  0.004
13
€ 14 f
12 . & S’ &
10 ) b '
E s T 5 g
5 _ & ~ g ¥ 2% A
' 5 . 2
4 4 g
2 3
. 1
0 ‘ 0
0004 0003 0002 0001 0000 0001 0002 0003 0.00: 0004 0003 0002 0001 0000 0001 0002 0003  0.004

Fig.2 OPLS-DA score plot, S-plot and VIP-plot of the OPLS-DA model between the control and the model group in the positive and negative
ion modes of blood samples. (a) OPLS-DA score plot in the positive ion mode; (c) S-plot in the positive ion mode; (e) VIP-plot in the positive ion
mode; (b) OPLS-DA score plot in the negative ion mode; (d) S-plot in the negative ion mode; (f) VIP-plot in the negative ion mode. C: control

group; M: model group.

Pareto method to standardize the data, it was shown that some
metabolic pathways in the blood, involved in phenylalanine,
tyrosine and tryptophan biosynthesis, phenylalanine metabo-
lism, arachidonic acid metabolism, glyoxylate and dicarboxylate
metabolism, arginine and proline metabolism, pyruvate
metabolism, citrate cycle (TCA cycle), alanine, aspartate and
glutamate metabolism, glycolysis or gluconeogenesis, sphin-
golipid metabolism, glycerophospholipid metabolism, starch
and sucrose metabolism, steroid hormone biosynthesis, galac-
tose metabolism, primary bile acid biosynthesis, cysteine and
methionine metabolism, were associated with the process of
geniposide acting against ALD. The metabolic pathway

2682 | RSC Adv, 2020, 10, 2677-2690

influence value is displayed in Fig. 4b, where a metabolic
pathway with an influence value greater than or equal to 0.10
can be selected as a potential key metabolic pathway for drugs.
Then, integrated network analysis of geniposide in ALD was
performed to outline the biochemical relationships. From the
KEGG global metabolic network, which can map metabolites in
model animals with ALD after geniposide administration and
enzymes/KOs (KEGG Orthologs) (Fig. S4aft), it is appropriate to
confirm the results from common metabolomics and meta-
genomics studies, mostly relating to amino acid metabolism,
citrate cycle (TCA cycle), aminoacyl-tRNA biosynthesis, glyox-
ylate and dicarboxylate metabolism, taurine and hypotaurine

This journal is © The Royal Society of Chemistry 2020
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Fig. 3

(a) Heatmap visualization of 21 metabolites in serum samples from the control, model and geniposide-treated groups. Different colors

show changes in the relative level of metabolites. Red indicates an increase in content, and blue indicates a decrease in content. (b) and (c)
Relative signal intensities of the metabolites identified by UPLC-Q/TOF-MS between the control, model and geniposide-treated groups.

metabolism, glycolysis or gluconeogenesis, purine metabolism,
nitrogen metabolism. A metabolite-metabolite interaction
network based on reactions from similar chemical structures
and similar molecular activities that highlight potential func-
tional relationships between a wide set of annotated

This journal is © The Royal Society of Chemistry 2020

metabolites is shown in Fig. S4b,7 where seven metabolites,
pyruvic acid, citric acid, r-lysine, t-glutamine, r-arginine, orni-
thine and adenine, stand out with 230, 131, 114, 103, 102, 93
and 89 degrees. The relationships of genes and the main
metabolites of the serum sample under CA exposure are

RSC Adv, 2020, 10, 2677-2690 | 2683


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09305b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 15 January 2020. Downloaded on 6/14/2026 6:11:47 PM.

(cc)

View Article Online

RSC Advances Paper

a

-log(p)

Pathway Impact

b

Cysteine and methionine metabolism
Primary bile acid biosynthesis
Galactose metabolism
Steroid hormone biosynthesis
Starch and sucrose metabolism
Glycerophospholipid metabolism
Sphingolipid metabolism !
Glycolysis or Gluconeogenesis
Alanine, aspartate and glutamate metabolism 7
Citrate cycle (TCA cycle)
Pyruvate metabolism
Arginine and proline metabolism
Glyoxylate and dicarboxylate metabolism
Arachidonic acid metabolism
Phenylalanine metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis

T

0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 4 (a) Pathway analysis of metabolic changes in serum samples after geniposide treatment. (1) Phenylalanine, tyrosine and tryptophan
biosynthesis; (2) phenylalanine metabolism; (3) arachidonic acid metabolism; (4) glyoxylate and dicarboxylate metabolism; (5) arginine and
proline metabolism; (6) pyruvate metabolism; (7) citrate cycle (TCA cycle); (8) alanine, aspartate and glutamate metabolism; (9) glycolysis or
gluconeogenesis; (10) sphingolipid metabolism; (11) glycerophospholipid metabolism; (12) starch and sucrose metabolism; (13) steroid hormone
biosynthesis; (14) galactose metabolism; (15) primary bile acid biosynthesis; (16) cysteine and methionine metabolism. (b) The metabolic pathway
influences the value of different pathways.

demonstrated in Fig. S4c,f mainly referring to prostaglandin 4 Discussion

E2, arachidonic acid, r-arginine, citric acid, ornithine, r-lysine,

L-glutamine and adenine, respectively. ALD is linked to the toxic effects of alcohol and its metabolites
on the liver caused by oxidative stress, immune-mediation and
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cytokines, apoptosis, endotoxin, genetic polymorphism, and
the superposition of viruses. Alcohol in the body is oxidized to
acetaldehyde and further oxidized to acetic acid by the action of
alcohol dehydrogenase.*®** During the oxidation of ethanol,
oxidized coenzyme I is converted to reduced coenzyme I, and
the cells are in a redox state. The accumulation of reduced
coenzyme I, high concentrations of free radicals and acetalde-
hyde affect the metabolism of fat, sugar and protein in the liver,
resulting in fatty acid metabolism, glycogen synthesis, protein
synthesis, secretion, excretion disorders, especially the citrate
cycle, amino acid oxidation and oxidative metabolism of fatty
acids. The increased synthesis of fatty acids and the level of
acceleration of 1-glycerol-3-phosphate and fatty acids lead to the
increased activity of TG synthesis, which is beyond the secretion
capacity of VLDL to synthesize TG, resulting in an accumulation
of fat in liver cells and a significantly elevated level of MDA.>>>¢
The results of biochemical indicators showed that the levels of
AST, ALT, TG and y-GT in the model group were abnormally
elevated, indicating that the liver and gallbladder function and
lipid metabolism were disordered in animals with alcoholic
livers. After treatment with geniposide, the levels of AST, ALT,
TG, MDA and y-GT in the model group decreased, and GSH
levels increased.

As the main organ for amino acid metabolism, the liver is
rich in enzyme content, leading to an active change in amino
acid metabolism. When there is liver injury or pathological
change, amino acid metabolism in liver cells decreases on
account of the liver function being presented with an obstacle,
which brings about a rise in the concentration of amino acid in
the blood and a lack of it in the body.”” The liver is the main site
of phenylalanine (Phe) metabolism, and Phe as an essential
amino acid in the human body must be provided by food.
Excessive Phe concentration can cause PKU, nervous system
damage, albinism and other diseases, and can lead to mental
retardation, stunted growth, coma and even death.”® The study
found that Phe levels were abnormally elevated in the model
group compared to the control group. Geniposide could
improve Phe levels by regulating phenylalanine, tyrosine, tryp-
tophan biosynthesis and phenylalanine metabolism pathways.
Damage to the liver by a high content of phenylalanine may be
related to lipid peroxidation. The body in a physiological and
pathological state can produce oxygen free radicals. When ROS
free radicals cannot be cleared in time, they will attack PUFA in
the biofilm, giving rise to lipid peroxidation and lipid peroxide
formation. A large amount of enzymatic removal agent, such as
GSH-PX in the model group, was expended, and then the
content of H,0, and superoxide anion free radicals in the body
was increased, eventually causing liver damage.* After genipo-
side treatment, the GSH level recovered to normal and was
significantly different from that of the model group. Glutamine,
the main energy source of intestinal mucosa, lymphocyte and
pancreatic acinar cells, provides a substrate for anabolism and
promotes cell proliferation. It is abundant in tissues and also
involved in the synthesis of the antioxidant glutathione. At
present, glutamine is not only considered as a conditional
amino acid, but also as a substance with pharmacological
effects.* Arginine is a component of ornithine circulation and

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

has an extremely important physiological function, which is its
ability to enhance the enzymatic activity of arginine in the liver,
contributing to the conversion of ammonia in the blood to urea
and excretion. The body cannot maintain a normal nitrogen
balance and physiological functions without arginine. The lack
of arginine in patients can lead to high blood ammonia, and
even coma. As a precursor of citrulline, proline, and glutamate,
ornithine is synthesized in the body from arginine, which
promotes the release of growth hormone. It is useful for
maintaining a normal immune system and liver function, such
as removing ammonia from the liver and repairing internal
tissue. In addition, levels of ornithine are high in skin and
connective tissue, which helps maintain a healthy skin and
restore damaged tissue.*>** Proline is not only an ideal osmotic
regulator, but also can be used for membrane and enzyme
protection, and as a free radical scavenger and cytoplasmic
osmotic balance regulator.®® The arginine, ornithine and
proline levels were down-regulated and the glutamine level was
up-regulated in the blood of mice from the model group by
regulating arginine and proline metabolism, and alanine,
aspartate and glutamate metabolism under geniposide treat-
ment. Pyruvate is one of the intermediate products involved in
the basic metabolism of the whole organism. It can realize the
mutual conversion of sugars, fats and amino acids in the body
through the acetyl CoA and citrate cycle (TCA cycle). Therefore,
pyruvate plays an important and pivotal role in the metabolism
of the three nutrients.>* The level of pyruvate is obviously
reduced in the model group, with reference to the disordered
changes of cysteine and methionine metabolism, alanine,
aspartate and glutamate metabolism, pyruvate metabolism,
glycolysis or gluconeogenesis, and TCA cycle in the model
group. Geniposide can relieve the pathological symptoms of
ALD patients by regulating the above metabolic pathways.
Arachidonic acid (AA) is a kind of omega-6 polyunsaturated
fatty acid, which possesses a series of physiological activities
such as cholesterol esterification, increase in vascular elasticity,
decrease in blood viscosity and blood cell function regulation. It
also plays a vital role in preventing cardiovascular disease,
diabetes and cancer. AA is a direct precursor of many bioactive
derivatives of cyclic eicosane acids, such as prostaglandin E2
(PGE2), prostaglandin (PGI2), thromboxane A2 (TXA2), and
leucocyte triene and C4 (LTC4). These bioactive substances have
important regulatory effects on lipid protein metabolism,
hemorheology, vascular elasticity, leukocyte function and
platelet activation.®® When the liver is injured, the uptake,
metabolic inactivation and excretion of AA and its metabolites
are bound to be impaired. Compared with the control group,
the blood AA and prostaglandin E2 level in the model group are
elevated, indicating that the arachidonic acid metabolism is in
an abnormal state. Prostaglandin can cause vasodilation,
erythema, pain and edema in inflammatory sites, which is
closely associated with the main cause of pain in the liver area
of clinical ALD patients.*® Bile acids usually retain an equilib-
rium state of free and bound forms in the peripheral circula-
tion. When liver or intestinal diseases occur, the balance is
impaired, especially the synthesis, reabsorption and excretion
of bile acids, which may result in abnormal changes in total bile

RSC Adv, 2020, 10, 2677-2690 | 2685
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acid levels. Taurocholic acid can reduce the capillary perme-
ability of inflammatory tissues, inhibit inflammatory swelling,
and impede the production of NO, PGE2, histamine and other
inflammatory mediators.*” In this study, it was found that the
content of taurocholic acid in the model group was significantly
reduced, which was related to fever and inflammatory reaction
in patients with alcoholic livers. Geniposide with its analgesic
and anti-inflammatory role can increase the level of taurocholic
acid by improving the abnormality of the primary bile acid
biosynthesis pathway.

Functional metabolomics as a promising strategy can used
for discovering biomarkers,***° metabolic mechanisms,
evaluating efficacy,**”® and revealing the key metabolism
pathways as potential targets for natural products.””®® The
metabolic biomarkers and pathways are crucial to revealing the
pathological mechanism®-** and insight into the pharmaco-
logical targets of natural products.®**® The TCA cycle is the
ultimate universal oxidation pathway for fats, carbohydrates,
and amino acids, and is the key most central pathway linking
almost all individual metabolic pathways. In addition, the TCA
cycle is closely related to some liver diseases. Some studies re-
ported that lipid accumulation and a loss of insulin action
resulted in elevation of the oxidative and anaplerotic pathways
of the hepatic TCA cycle in mice, which accelerates insulin to
reserve and a fatty liver due to a high-fat diet.'® In our study,
citric acid levels in the model group were significantly increased
compared with the control group, while isocitric acid and b-
glucose levels were significantly decreased, which are involved
in galactose metabolism, starch and sucrose metabolism,
glyoxylate and dicarboxylate metabolism and the TCA cycle.
These changes were associated with hypoglycemia, decreased
appetite and other clinical symptoms of ALD illness. After
treatment with geniposide, the abnormal condition was
improved to close to a normal level. Glycerophospholipids
(GPs), as the stores of lipid mediators, act in the membrane
protein process, as transporters, receptors, and ion channels.
Ethanol-treated mice may go through lipid metabolism disor-
ders that can lead to liver damage. Lysolipids are metabolites of
GP metabolism and can be produced briefly during GP recon-
struction.”® It has been suggested that LysoPC plays a critical
role in the progression of liver injury and its deficiency reflects
rapid membrane phosphatidylcholine renewal in the early
stages of liver injury. Phosphatidylcholine (PC), as a major
supporting nutrient of the liver, has a significant protective
activity on liver damage caused by viruses, drugs, alcoholism
and other toxic effects.”"* In this study, LysoPC (18 : 1), LysoPC
(17 : 0), LysoPC (15 : 0), and LysoPC (16 : 0) levels were signifi-
cantly reduced in the model group, indicating that GP metab-
olism is down-regulated during ALD processes. By improving
the glycerophospholipid metabolism pathway after geniposide
treatment, the levels of LysoPC (15:0) and LysoPC (16 :0)
tended towards normal. Serum sphingosine levels were signif-
icantly elevated in ALD mice in this study, in which the changes
in sphingolipid metabolism may be related to inflammatory
response and increased ceramide. Ceramide, sphingolipid, free
sphingosine and others based on phosphates and complex
sphingolipids are considered to be highly diverse lipids. These
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lipids are involved in complicated signaling processes,
including proliferation, differentiation, and apoptosis, and thus
may affect the pathogenesis of various diseases, especially ALD.

5. Conclusion

This study aimed to systematically discover the biomarkers of
ALD and undertake an investigation into the mechanism of
geniposide based on an UPLC-Q/TOF-MS serum metabolomic
strategy. PCA analysis of serum metabolic profiles showed that
the geniposide-treated group was close to the control group in
the three-dimensional space and away from the model group.
Meanwhile, a total of 33 biomarkers were associated with ALD,
21 of whose levels were effectively regulated by geniposide. The
results of pathway analysis implied that amino acid metabolism
is a promising target for geniposide against ALD. In addition,
with the help of biochemical analysis and histopathological
observation, alcohol-induced ALD was confirmed and genipo-
side has the ability to ameliorate liver and gallbladder function,
antioxidant capacity and lipid metabolism of ALD mice in
keeping with the result of metabolomics. The metabolomics
technique could offer a thorough opinion of the properties of
ALD and also provide better direction for drug discovery and the
development of effective herbal medicines in ALD prevention
and treatment.
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