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Abstract
Ginseng, the root and rhizome of Panax ginseng C. A. Mey. (Araliaceae), is one of
the most famed dietary and medicinal herbs worldwide due to its multifaceted
efficacies. Ginsenosides and carbohydrates are demonstrated the major bioactive
components of ginseng. Ginseng materials are always formed under various conditions,
e.g. different growth years or different post-harvest processing/handling manners.
These conditions can impact chemical profiles and thereby cause different quality and
efficacy of ginseng. To address this issue, it will be necessary to understand the
correlation between the quality and efficacy of ginseng materials formed under
different conditions. Previous studies have attempted to investigate how growth years
and post-harvest processing/handling manners affect the quality and efficacy of
ginseng. In the most of these cases, several chemical components and biological
parameters were selected as the indicators for evaluating the quality and efficacy of
ginseng, respectively. However, it has been well recognized that the therapy of ginseng
is featured by “multiple components against multiple targets”. Therefore, several
selected indicators may fail to comprehensively characterize the quality and efficacy of
ginseng, thus cannot accurately reveal their correlations. Instead, holism-based
approaches should be employed.
In this study, we integrated chemomics, metabolomics and gut microbiota
genomics to investigate the correlation between the quality and efficacy of ginseng in
the conditions of growth years, steam-processing and sulfur-fumigation. First,
chemomics approach was developed to qualitatively and quantitatively determine
major ginsenosides and carbohydrates (poly-, oligo- and monosaccharides) by
ultra-high performance liquid chromatography-tandem triple quadrupole mass
spectrometry (UHPLC-QqQ-MS/MS) and high performance liquid chromatography
coupled with evaporative light scattering detector (HPLC-ELSD) for characterizing
the

overall

quality

chromatography-quadrupole

of

ginseng.

Second,

time-of-flight

ultra-performance
mass

liquid

spectrometry

(UPLC-QTOF-MS/MS)-based metabolomics and 16S rRNA gene sequencing-based
gut microbiota genomics coupled with biochemical parameters determination were
ii

performed to evaluate anti-fatigue and anti-obesity activities of the different ginseng on
animal models. Third, the obtained multi-omics data were processed by multivariate
statistical analysis and then were integrated to discuss the correlation between the
quality and efficacy of ginseng materials in different conditions.
The results indicated that: 1) ginseng with 4-6 growth years possessed different
anti-fatigue activity in multiple targets due to the different effects of ginsenosides and
carbohydrates on endogenous metabolism and gut microbiota; 2) steam-processing
qualitatively and quantitatively altered ginsenosides and carbohydrates in ginseng,
resulting in different anti-obesity activity between white ginseng and red ginseng, and
the mechanisms potentially involve chemically structural/compositional specificity to
gut microbiota; 3) SO2 residual content caused by sulfur-fumigation did not correlate
with the quality, efficacy and toxicity changes of sulfur-fumigated ginseng, more
specifically, less SO2 residue did not indicate higher quality, better efficacy nor weaker
toxicity. The research provides scientific insights for guiding the clinical and dietary
practice of ginseng and offers new methodology for comprehensively exploring the
correlation between the quality and efficacy of herbal medicines.
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Chapter 1 General introduction
1.1 Ginseng
Ginseng, the root and rhizome of Panax ginseng C. A. Mey. (Araliaceae), is one of
the most famed dietary and medicinal herbs worldwide due to its tonic and panacea
properties [1]. Ginseng is traditionally used to invigorate qi, and currently prescribed to
treat over-fatigue, obesity, inflammation

[2, 3]

, etc. Ginsenosides, types of triterpenoid

saponins, are commonly considered the most important bioactive chemicals of ginseng.
The chemical and bioactive properties of ginsenosides have been well elucidated. Three
major structural types of ginsenosides are found thus far, namely protopanaxadiol
(PPD), protopanaxatriol (PPT) and oleanolic acid (OLE) types, based on their different
aglycones. Ginsenosides have been demonstrated to possess various favorable
bioactivities, such as antineoplastic, anti-inflammation, anti-stress and antioxidant
activities

[4]

. With this advanced understanding, ginsenosides have always been the

protagonists in chemical analysis of ginseng

[1]

. However, such chemical

characterization actually cannot reveal the “holistic” quality of ginseng because it
overlooks other types of important chemical components in ginseng, among which
carbohydrates are the most representative.
In recent years, the significant contribution of carbohydrates to ginseng
bioactivities has been progressively revealed. First, the bioactivities of ginseng’s
carbohydrates--as

with

its

ginsenosides--are

multifaceted,

i.e.

anti-fatigue,

immune-regulatory, antineoplastic and antioxidant activities [5]. Besides, we previously
demonstrated that ginseng polysaccharides possess prebiotic-like effects, with the
ability to restore the gut microbial ecosystem by selectively stimulating the growth of
certain probiotics (i.e. Bacteroides and Lactobacillus). Moreover, the promoting gut
microbiota by ginseng polysaccharides results in enhanced intestinal metabolism of
ginsenosides, which is a crucial step for their in vivo bioactivities

[6]

. That is to say,

ginseng polysaccharides can not only directly exert biological effects but also indirectly
affect the bioactivities of ginsenosides. Given their interrelated bioactivities, we
propose that synchronous analysis of carbohydrates and ginsenosides is requisite for
1

characterizing and understanding the wide range of ginseng’s bioactivities, what might
be described as its “holistic” quality.
In herbal markets, medical materials of ginseng are always derived from various
conditions, e.g. from different growth years or by different post-harvest processing
and handling manners

[7-9]

. These conditions can significantly impact the chemical

profiles of ginseng and thereby lead to its different quality

[10-12]

. As a result, ginseng

materials derived from different conditions, even being clinically prescribed as the
same medicine, should possess distinct efficacies

[13, 14]

. This situation is unfavorable

for not only exploring the therapeutic basis of ginseng but also for promoting rational
utilization of natural ginseng resources. To address this issue, it is necessary to
understand the quality and efficacy of ginseng materials formed by different
conditions.
Previous studies have attempted to investigate how growth years and
post-harvest processing/handling manners affect the quality and efficacy of ginseng as
well as their correlation

[7, 13, 14]

. In the most of these cases, only several chemical

components and pharmacological parameters were selected as the indicators for
evaluating the quality and efficacy of ginseng, respectively

[8, 9, 13, 15, 16]

. However, it

has been well recognized that the therapy of herbal medicines is featured by “multiple
components against multiple targets” [17, 18]. Therefore, several selected indicators may
fail to comprehensively characterize the quality and efficacy of ginseng, thus cannot
accurately reveal their correlations. Instead, holism-based approaches should be
employed.
1.2 Omics strategy
Omics technique aims to quantitatively and qualitatively characterize the
biological molecules, then translate into the function and dynamics of organisms

[19]

.

Through the collective characterization and quantification of molecules, a large
number of multi-dimensional data will be obtained. Then the dimension of obtained
omics data is reduced by a series of computational analysis, enabling a holistic and
direct observation of the variations in detected molecules. The omics technique
2

provides a holistic view for exploring the mechanisms involved in the disease or drug
intervention

[20]

. Therefore, omics strategy may help to understand how

extrinsic/intrinsic conditions affect the quality and efficacy of ginseng as well as their
correlations.
1.2.1 Chemomics
Herbal medicine chemomics is a newly-coined research filed that involves
comprehensive characterizations of the whole chemical components, mainly including
secondary metabolites and carbohydrates, by integrated analytical techniques

[21]

.

Secondary metabolites can be well characterized by high-throughput analysis
technologies coupled with modern mass spectrometry based separation and detection
technologies, which provide collectively characterizing and quantifying information of
secondary metabolites [22-24]. Carbohydrates are separately analyzed in terms of their
structural characteristics, i.e. molecular weight distribution of polysaccharides,
monosaccharides

composition

of

polysaccharides

or

oligosaccharides,

reducing/non-reducing oligosaccharides or monosaccharides contents. Thus, from a
holistic perspective, herbal medicinal chemomics is a promising approach to reveal
the holistic quality variation of ginseng in different extrinsic/intrinsic conditions.
1.2.2 Metabolomics
Metabolomics is a popularly omics science involving comprehensive
characterization of metabolites and metabolism in biological systems

[20]

. As a branch

of systems biology, metabolomics is leading to a growing number of mainstream
biomedical applications, such as diagnosing diseases, exploring disease mechanisms
and identifying drug targets

[25]

. By studying the global changes of metabolites in

organisms, metabolomics can discover and identify the potential biomarkers
contributing to the development and treatment of disease. In recent years,
metabolomics coupled with pathological models is extensively used to explore the
relationships between herbal medicines and disease treatment based the holistic
concept of systems biology

[26, 27]

. The application of metabolomics helps to
3

understand how herbal medicines exert therapeutic effects as well as which type of
component contributes to the effects of herbal medicines. Therefore, metabolomics
will be a powerful method to evaluate the holistic efficacy of herbal medicines since
the property of metabolomics coincides with the holism-based philosophy of herbal
medicines.
1.2.3 Gut microbiota genomics
Except for the human host, gut microbiota has been elucidating as the other
territory where herbal medicines exert therapeutic effect [28]. A large number of studies
revealed that gut microbiota can trigger the metabolism of chemical components in
herbal medicines to generate metabolites with different properties and bioactivities [29].
For example, polysaccharides and glycosides can be digested by gut microbiota as
their carbon sources via the stepwise cleavage of glycosyl moieties, and the obtained
metabolites normally possess better intestinal absorption and thereby better
bioavailability and bioactivity. On the other hand, the chemical components in herbal
medicines are able to improve the composition of gut microbiota, consequently
ameliorating its dysfunction as well as associated pathological conditions, typically
metabolic disorders

[6, 30]

. Given that, gut microbiota should play a vital role in the

therapeutic effect of herbal medicines. Gut microbiota genomics is therefore
developed to analyze the whole microbiome in terms of taxonomic composition and
bacterial function by several culture independent technologies

[31]

. 16S rRNA gene

sequencing-based genomics has been by far the most common approach to study gut
microbial compositions by characterizing bacterial phylogeny and taxonomy

[32, 33]

.

Using the observed dynamic variation in gut microbiota induced by herbal medicines
treatment, gut microbiota genomics generates new insights for analyzing the effects of
herbal medicines on gut microbial ecology from a holistic perspective [34].
Considering the benefits of omics technique, the integration of multi-omics
including chemomics, metabolomics and gut microbiota genomics might yield a
comprehensive and complete understanding of the corresponding information.
Simultaneously, such integrated techniques will generate an immense amount of data.
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Therefore, a series of computational analysis, such as principle components analysis
(PCA) and Spearman correlation analysis, will be necessary to mine the functional
relationships between chemical components with metabolites/gut microbiota. The
analysis will construct a visualized network for elucidating the correlation between the
quality and efficacy of herbal medicine, and then provide a quickly analytical method
to find efficacy-related components for quality control of herbal medicines.
1.3 Objectives of this study
In this study, the integrated chemomics, metabolomics and gut microbiota
genomics strategy was practiced, and ginseng formed by different conditions was
selected as a pilot study. Firstly, ginseng samples from different conditions (including
growth years, post-harvest handling and processing manners) were collected. Secondly,
herbal medicinal chemomics was developed to quantitatively and qualitatively
determine carbohydrates and ginsenosides using ultra-high performance liquid
chromatography-tandem triple quadrupole mass spectrometry (UHPLC-QqQ-MS/MS)
and high performance liquid chromatography coupled with evaporative light
scattering detector (HPLC-ELSD) for characterizing the holistic quality of ginseng.
Then, ultra-performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS/MS)-based metabolomics and 16S rRNA gene
sequencing-based gut microbiota genomics along with pathological model was
employed to respectively analyze metabolites and gut microbiota for evaluating the
holistic efficacy of ginseng. Following, the obtained omics data was summarized to
investigate the correlation between the quality and efficacy of ginseng formed by
different conditions (Figure 1-1).
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Figure 1-1 Research scheme of using integrated multi-omics to investigate the
correlation between the quality and efficacy of ginseng formed by different
conditions.
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Chapter 2 Correlation between the quality and anti-fatigue activity of ginseng in
4-6 growth years
2.1 Introduction
Ginseng has the potential for treating fatigue, a type of chronic disease that
associates metabolic disorder and gut microbiota dysbiosis

[6]

. However, ginseng

materials harvested by different growth years (in particular 4-6 years) are available in
commercial herbal markets. It is indicated that certain ginsenosides in different growth
years of ginseng are quantitatively different

[10, 35]

. Nevertheless, correlation between

the overall quality and anti-fatigue activity of ginseng in different growth years has not
been revealed.
The integrated multi-omics strategy was therefore developed to investigate the
quality and anti-fatigue activity of ginseng in 4-6 growth years. First, chemomics was
developed by UHPLC-QqQ-MS/MS and HPLC-ELSD to quantitatively and
qualitatively determine ginsenosides and

carbohydrates (poly-, oligo- and

monosaccharides) for characterizing the overall quality of ginseng in 4-6 growth years.
Second,

UPLC-QTOF-MS/MS-based

metabolomics

and

16S

rRNA

gene

sequencing-based gut microbiota genomics coupled with biochemical parameters
determination were performed to evaluate anti-fatigue activity of 4-6 growth years
ginseng on model rats. Third, the obtained multi-omics data were processed by
multivariate statistical analysis and then were integrated to discuss the correlation
between the quality and anti-fatigue activity of ginseng in 4-6 growth years (Figure
2-1).
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Figure 2-1 Research scheme of the correlation analysis between the quality and
anti-fatigue activity of ginseng in 4-6 growth years.

2.2 Materials and Methods
2.2.1 Chemicals and materials
LC-MS-grade acetonitrile, ethyl acetate, formic acid, ammonium acetate and
methanol were purchased from Merck (Darmstadt, Germany). Ultra-pure water was
produced by a Milli-Q water purification system (Millipore, Bedford, MA, USA).
Trifluoroacetic acid (TFA) used for acid hydrolysis of carbohydrates was from
Riedel-de Haën (Seelze, Germany). 1-Phenyl-3-methyl-5-pyrazolone (PMP) for
monosaccharide and oligosaccharide derivatization was bought from Sigma (St. Louis,
8

MO, USA).
The reference substances of ginsenosides, including PPT type: ginsenoside Re,
Rg1, Rf, notoginsenoside R2 (N-R2), Rg2, Rh1, 20(R)-Rg2, 20(R)-Rh1, F1, F4, Rk3, Rh4,
PPD type: ginsenoside Rb1, Rc, Rb2, Rb3, Rd, Rs3, F2, notoginsenoside Ft1 (N-Ft1), Rg3,
20(R)-Rg3, Rk1, Rg5, compound K (CK), Rh2, 20(R)-Rh2 and OLE type: ginsenoside
Ro, chikusetsusaponin IVa (IVa), zingibroside R1 (Z-R1) were purchased from
Shanghai Yuanye Biotechnology (Shanghai, China). The reference glucan substances,
dextrans with known molecular sizes (1-670 kDa), together with D-galacturonic acid
monohydrate (GalA), D-glucuronic acid (GlcA), L-arabinose (Ara), D-mannose (Man),
D-galactose (Gal), D-glucose (Glc), L-rhamnose monohydrate (Rha), D-fucose (Fuc),
D-fructose (Fru), Maltose (Mal), Maltotriose (Tri), Maltopentaose (Pen), Maltohexaose
(Hex), Maltoheptaose (Hep), Cellobiose (Cel), Melibiose (Meli), Sucrose (Suc),
Trehalose (Tre), Melezitose (Mele), Raffinose (Raf) and Stachyose (Sta) were
purchased from Sigma (St. Louis, MO, USA). The purity of these references was higher
than 95.0% indicated by HPLC analysis.
Ginseng samples with 4-6 growth years were collected from Jilin Province, China,
the geoauthentic production area of ginseng. The collected ginseng samples were
authenticated by Prof. H.-B. Chen according to the monographs on ginseng
documented in Chinese Pharmacopoeia (Part I, 2015 Version)

[36]

. The voucher

specimens were deposited at the School of Chinese Medicine, Hong Kong Baptist
University (Hong Kong).
2.2.2 Sample preparation
2.2.2.1 Ginseng extract preparation
Ginseng slices (100 g) of 4-6 growth years were respectively weighted and
extracted with 10-fold water at 100 °C (1.5 h × 2 times), then twice-extracted
decoctions were combined and concentrated to generate ginseng extracts (200 mL),
namely G4, G5, and G6 (corresponding to the ginseng materials in 4-6 growth years,
respectively), for further analysis.
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2.2.2.2 Sample preparation for ginsenosides analysis
Stock solutions: 30 ginsenosides references were dissolved with methanol to get
stock solutions, respectively, and were stored at 4 °C.
Reference standards mixture solution: certain amounts of above 30 stock
solutions were mixed and then diluted with methanol to get reference standards
mixture solutions for UHPLC-QqQ-MS/MS analysis.
Ginsenosides preparation in G4, G5 and G6: G4, G5 and G6 extracts (50 μL)
were diluted with methanol (1 mL), then centrifuged at 14000 rpm for 10 min before
UHPLC-QqQ-MS/MS analysis.
2.2.2.3 Sample pretreatment for polysaccharides analysis
G4, G5 and G6 extracts (50 μL) were diluted with water (4 mL) and then
precipitated by adding ethanol to make a final concentration of 90%, and left overnight
(12 h) at 4 °C. After centrifugation (4500 rpm) for 10 min, the precipitate was washed
with ethanol three times and dried in a water bath at 60 °C to remove residual ethanol.
The dried extract was then re-dissolved with 1 mL hot water for further analysis. For the
determination of molecular weight distribution, the polysaccharide solution was
directly injected into high-performance gel permeation chromatography (HPGPC); for
the analysis of monosaccharide composition, the solution was subjected to acid
hydrolysis and then PMP derivatization.
2.2.2.4 Sample pretreatment for analysis of free monosaccharides and
oligosaccharides
The supernatant by ethanol precipitation, prepared as described above, was
collected and evaporated at 55 °C on a rotary evaporator until dry. Then 1 mL water
was added to dissolve the residue. The solution was centrifuged at 14000 rpm for 10
min, and the supernatant was employed for further analysis. For non-reducing
monosaccharide and oligosaccharide analysis, the obtained supernatant was analyzed
by HPLC-ELSD; for reducing carbohydrates determination, PMP derivatization was
performed prior to UHPLC-QqQ-MS/MS analysis.
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2.2.2.5 Acid hydrolysis of polysaccharides
The polysaccharide solution (50 μL) was mixed with 50 μL water and 500 μL of 2
M TFA solution in a sealed glass bottle (10 mL), and then hydrolyzed for 2 h at 120 °C
(the temperature of metal heater). After cooling, the hydrolysate was evaporated at
55 °C on a rotary evaporator until dry. Then 200 μL water was added to dissolve the
hydrolysate, and the precipitate was removed after centrifugation (14000 rpm, 5 min),
the supernatant was then subjected to PMP derivatization.
2.2.2.6 PMP derivatization of reducing monosaccharides and oligosaccharides
100 μL sample solution was mixed with 100 μL NH3 solution and 200 μL 0.5 M
PMP methanolic solution. The mixture was allowed to react at 70 °C for 30 min and
then was cooled to room temperature. Afterwards, 100 μL glacial acetic acid and 500
μL chloroform were successively added to neutralize the reaction solution and remove
the excess PMP reagents, respectively. After vigorous shaking followed by
centrifugation at 14000 rpm for 5 min, the organic phase was discarded. The operation
was performed five times, and finally the aqueous layer was diluted and centrifuged at
14000 rpm for 10 min before UHPLC-QqQ-MS/MS analysis. The standard solution
was also treated as described above.
2.2.3 Chemomics analysis
2.2.3.1 UHPLC-QqQ-MS/MS for ginsenoside analysis
UHPLC was performed on an Agilent 1200 system (Agilent Technologies, Palo
Alto, CA, USA) equipped with a binary solvent delivery system and auto-sampler. The
chromatographic separation was achieved with a Waters ACQUITY HSS T3 (2.1 mm ×
100 mm, i.d. 1.8 μm). The mobile phase consisted of (A) 0.1% formic acid in water and
(B) 0.1% formic acid in acetonitrile. The elution condition was optimized as follows:
15%-30% B (0-2 min), 30%-34% B (2-4 min), 34%-36% B (4-12 min), 36%-60% B
(12-16 min), 60% B (16-24 min). The flow rate was 0.4 mL/min. The column was
maintained at 35 °C. The injection volume was 2 μL.
Mass spectrometry was performed on an Agilent 6460 Triple Quadrupole Mass
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Spectrometer system equipped with electrospray ionization (ESI) source. The
conditions of the ESI source were as follows: drying gas (N2) flow rate, 10.0 L/min;
drying gas temperature, 300 °C; nebulizer pressure, 45 psi; capillary voltage, 3500 V.
The analysis was performed in MRM mode, and the mass range was set at 100-1700 Da
in the positive mode. Agilent Mass Hunter Quantitative Analysis Software B.04.00 was
used to collect and process mass data.
2.2.3.2 UHPLC-QqQ-MS/MS for reducing monosaccharides and oligosaccharides
analysis
UHPLC was performed on an Agilent system equipped with a binary solvent
delivery system and auto-sampler. The chromatographic separation was performed
with a Waters ACQUITY HSS C18 (2.1 mm ×100 mm, i.d. 1.8 μm). The mobile phase
consisted of (A) 20 mM ammonium acetate in water and (B) acetonitrile. The elution
condition was optimized as follows: 19% B (0-9 min), 19%-30% B (9-14 min). The
flow rate was 0.3 mL/min. The column was maintained at 35 °C. The injection volume
was 2 μL.
Mass spectrometry was performed on an Agilent 6460 Triple Quadrupole Mass
Spectrometer system equipped with electrospray ionization (ESI) source. The
conditions of the ESI source were as follows: drying gas (N2) flow rate, 10.0 L/min;
drying gas temperature, 300 °C; nebulizer pressure, 45 psi; capillary voltage, 3500 V.
The analysis was performed using MRM mode, and the mass range was set at 100-1700
Da in the positive mode. Agilent Mass Hunter Quantitative Analysis Software B.04.00
was used to collect and process mass data.
2.2.3.3 HPLC-ELSD for non-reducing monosaccharides and oligosaccharides
analysis
The analysis was performed on an Agilent 1100 series HPLC-DAD system
coupled with evaporative light scattering detector (ELSD). The separation was
achieved on Shodex Asahipak NH2P-50 4E column (250 mm × 4.6 mm, i.d. 5 μm)
system operated at 40 °C. The mobile phase consisted of (A) water and (B) acetonitrile.
12

The elution condition was optimized as follows: 65% B (0-7 min), 65%-62% B (7-9
min), 62%-60% B (9-15 min). The flow rate was 1.0 mL/min. The signal from ELSD
was transmitted to Agilent Chemstation for processing through an Agilent 35900E
interface. The parameters of ELSD were set as follows: the drift tube temperature,
110 °C; nebulizer nitrogen gas flow rate, 3.2 L/min; impact off mode. An aliquot of 20
μL solution was injected for analysis.
2.2.3.4 HPGPC-ELSD for polysaccharide analysis
The analysis was performed on an Agilent 1100 series HPLC-DAD system
coupled with ELSD. The separation was achieved on a TSK GMPWXL column (300
mm × 7.8 mm, i.d. 10 μm) system operated at 40 °C. 20 mM Ammonium acetate
aqueous solution was used as mobile phase at a flow rate of 0.6 mL/min. The signal
from ELSD was transmitted to Agilent Chemstation for processing through an Agilent
35900E interface. The parameters of ELSD were set as follows: drift tube temperature,
120 °C; nebulizer nitrogen gas flow rate, 3.2 L/min; impact off mode. An aliquot of 20
μL solution was injected for analysis.
Aqueous stock solutions of dextrans with known molecular weights (1 kDa, 5
kDa, 12 kDa, 25 kDa, 50 kDa, 80 kDa, 150 kDa, 270 kDa, 410 kDa, 670 kDa) were
injected into the HPGPC using the same conditions for the construction of the
molecular weight-retention time calibration curve by plotting the logarithm of the
molecular weight versus the retention time of each analyte.
2.2.3.5 Method validation
The methods for quantitative analysis of ginsenosides, monosaccharides,
oligosaccharides and polysaccharide were validated in terms of linearity, sensitivity,
precision, accuracy and stability.
Working solutions of the mixed reference standards were diluted to appropriate
concentrations for the construction of calibration curves. Six different concentrations of
each compound were analyzed in triplicate, and then the calibration curves were
constructed by plotting the peak areas versus the concentrations of analytes.
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Exceptionally, for HPLC-ELSD quantitation, the logarithms of both the peak area and
the concentration of analytes were used to establish the calibration curves. The limits of
detection (LODs) and limits of quantification (LOQs) under the present conditions
were determined at an S/N (signal to noise) of about 3 and 10, respectively. Intra- and
inter-day variations were chosen to assess the precision of the developed assay. For
intra-day variability test, the ginseng sample was extracted and analyzed in six
replicates within one day. For inter-day variability tests, the same sample was analyzed
in duplicate for three consecutive days. Variations were expressed by the RSDs of the
data. The spike recovery test was conducted to evaluate the accuracy of the method.
The ginseng sample with known contents of the target analytes were weighed and
different amounts (high, middle and low level) of reference were spiked, then extracted
and analyzed in triplicate. The spike recoveries were calculated from the following
equation: spike recovery (%) = (total amount detected - amount original) × 100% /
amount spiked. The stability test was performed by analyzing the ginseng sample
extract over periods of 0 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h and 24 h. The RSDs of the peak
areas of each analyte were taken as the measures of stability.
2.2.4 Animal trial
Sixty-four male Sprague-Dawley rats (six weeks old) were purchased from the
Shanghai Laboratory Animal Co. Each rat was housed on 12 h light/dark cycle at room
temperature (23-27 °C, and 30-60% relative humidity) and allowed free access to
standard rodent food and water during the experiments. All the animal experimental
protocols were approved by the Animal Care Ethics Committee, Jiangsu Province
Academy of Euthanasia for Animals, and the methods were carried out in accordance
with Administrative Measures of Experimental Animals in Jiangsu Province. Rats were
randomly divided into eight groups containing eight animals each: control,
over-fatigue (OF), OF+G4, OF+G5 and OF+G6 groups. Rats were housed in groups
of four animals per cage, and were fed with a standard chow diet. Each group of rats
was daily i.g. administered distilled water (control and OF groups) or G4/G5/G6 water
extracts at 2 g/kg (the effective dose from pretest study) calculated according to the
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clinical dose 20 g/60 kg (OF+G4, OF+G5 and OF+G6 groups), for fourteen days.
Meantime, except for control rats, other rats were forced loaned-swimming by hanging
a clog (5% of the rat body weight) on the tail in a self-manufactured swimming pool. At
8 pm on day 13, all rats were put into metabolic cage for 12 h to collect urine and
feces samples for metabolomics analysis. After fourteen days-forced swimming, all
rats were anesthetized with 10% chloral hydrate. The blood samples were collected by
carotid artery method, and then the blood sample was centrifuged at 5000 rpm for 10
min at 4 °C to get serum (supernatant) samples for biochemical and metabolomics
analysis. Then the spleen and liver were collected, weighed and their weights relative to
final body weight were calculated. Fresh feces samples were collected from colon for
gut microbiota analysis.
2.2.5 Biochemical parameters determination
Contents of glucose (Glc), lactic dehydrogenase (LDH), blood urea nitrogen
(BUN) and triglyceride (TG) in the serum were determined by an auto-analyzer
(Hitachi 7060, Japan). Levels of creatine phosphokinase (CP), lactic acid (LA),
malondialdehyde (MDA) and glutathione peroxidase (GPx) in the serum were
determined using commercially available kits (Nanjing Jiancheng Bioengineering
Institute, China). Serum levels of cytokines IL-1β, IL-6 and TNF-α were determined by
using Elisa kits (ExCell Biotech Co., China).
The obtained liver samples were cut into pieces and then transferred to a 2-mL
tube. These tissues were ultrasonic-extracted with PBS in an ice bath. Then the proteins
were separated by SDS-PAGV and transferred to PVDF membranes. For
immunoblotting, PVDF membranes were blocked and probed with antibodies G
protein-coupled receptor TGR5 and β-actin overnight at 4 ºC, respectively.
Immunocomplexes were visualized with horseradish peroxidase-coupled secondary
antibodies. The band intensity was measured and quantified using Image J (NIH, USA).

15

2.2.6 Metabolomics by UPLC-QTOF-MS/MS
2.2.6.1 Sample preparation of serum, urine and feces
The serum or urine sample (200 μL) was mixed with 800 μL methanol to remove
protein, and the mixture was centrifuged at 14000 rpm for 10 min at 4 °C. The
supernatant was transferred and evaporated to dryness at 45 °C under a gentle stream of
air. The residue was dissolved with 200 μL methanol solution, and then centrifuged at
14000 rpm for 10 min at 4 °C to get the supernatant. The feces samples (0.1 g) were
ultrasonic-extracted with 2 mL methanol for 30 min, and then the extracts were
centrifuged at 14000 rpm for 10 min at 4 °C to get the supernatant.
2.2.6.2 UPLC-QTOF-MS/MS analysis
Metabolic profiles of the prepared serum, urines and feces samples were then
respectively determined by UPLC-QTOF-MS/MS, equipped with a binary solvent
delivery system and an auto-sampler. The chromatographic separation was achieved
using a Waters ACQUITY HSS T3 (2.1 mm × 100 mm, I.D., 1.8 μm) at a flow rate of
0.3 mL/min. The mobile phase consisted of (A) 0.1% formic acid in water and (B)
acetonitrile containing 0.1% formic acid. The elution condition was optimized as
follows: 5% B (0-2 min), 5-50% B (2-8 min), 50-95% B (8-8.2 min) and 95% B (8.2-11
min).
Mass spectrometry was performed on a SYNAPT G2-S QTOF-MS mass
spectrometer (Waters Corporation, USA), which was equipped with ESI source. Data
were acquired in both negative and positive ion modes with a scan range from 50-900
Da. The flow rate of desolvation gas was set to 800 L/h at 450 °C. The cone gas was 40
L/h. The source temperature was 100 °C. The capillary voltage and cone voltage were
set at 3000 V and 35 V, respectively. The QTOF acquisition rate was 0.2 s. The energies
for collision-induced dissociation (CID) were set at 4 eV and 20-30 eV respectively for
the fragmentation information.
All MS data were centroided during acquisition using independent reference
lock-mass ions via the LockSprayTM interface to ensure mass accuracy and
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reproducibility. The [M-H]- (m/z 554.2615) ion and [M+H]+ (m/z 556.2771) of
leucine-enkephalin was used as the reference lock mass at a concentration of 1 ng/μL
and a infusion flow rate of 5 μL/min. Dynamic range enhancement was applied
throughout the MS experiment to ensure accurate mass measurement over a wide
dynamic range. The data were acquired using MassLynx V4.1 software (Waters).
2.2.6.3 Metabolomics method validation
Quality control (QC) samples were prepared by pooling equal amounts of serum,
urine or feces samples and subjected to the same protocol as the samples 31. The
mixture of equal amount (100 μL) of serum, urine or feces supernatant was
centrifuged at 14000 rpm for 10 min at 4 °C to get the supernatant (QC sample),
respectively. This pooled QC sample provided a representative “mean” sample
containing all analytes that was encountered during the analysis. Within-run precision
and between-run precision of the UPLC-QTOF-MS/MS assay were evaluated by
determining five QC samples within one run and determining three QC samples of
three runs within two consecutive days, respectively. The stability of the QC sample
was determined by one to five cycles of freezing (-80 °C) and thawing (room
temperature). The variations were expressed by the RSDs of peak areas, retention
times and m/z values of selected chromatographic peaks. The remainder QC samples
were injected in series at the beginning and the end of the analysis, allowing us to
observe the quality of the chromatographic runs. The acquired data from the QC
samples were statistically processed by partial least squared discriminant analysis
(PLS-DA) to determine the analytical variability over the whole run of each batch.
2.2.7 Gut microbiota genomics by 16S rRNA gene sequencing
Fresh feces samples from rat ileum were stored at -80 °C before gene sequencing.
Fecal genomic DNA was extracted using an InviMag Stool DNA Kit (Invitek,
Germany). For each fecal stool sample, the V3-V4 regions of the 16S rRNA gene were
amplified

by

PCR

using

the

primer

(5’-ACTCCTACGGGAGGCAGCA-3’)

pairs

consisting
and
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of

338F
806R

(5’-GGACTACHVGGGTWTCTAAT-3’), where barcode is an eight-base sequence
unique to each sample. PCR reactions were performed in triplicate in a 20 μL mixture
containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5
μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA. The PCR reaction
conditions were: 95 °C for 3 min, followed by 27 cycles of 95 °C for 30 s, 55 °C for 30
s, 72 °C for 45 s, and a final extension of 72 °C for 10 min. Amplicons were extracted
from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, USA) and quantified using QuantiFluor™-ST (Promega, USA) according
to the manufacturer’s instructions. Purified amplicons were pooled in equimolar and
paired-end sequences (2 × 250) on an Illumina MiSeq platform according to the
standard protocols. The raw reads were deposited into the NCBI Sequence Read
Archive (SRA) database. Raw fastq files were de-multiplexed and quality-filtered
using QIIME (version 1.17) with the following criteria. Firstly, the 300 bp reads were
truncated at any site receiving an average quality score < 20 over a 50 bp sliding
window, discarding the truncated reads that were shorter than 50 bp. Then, for exact
barcode matching, 2 nucleotide mismatch in primer matching, reads containing
ambiguous characters were removed. After that, the sequences that overlap longer than
10 bp were assembled according to their overlap sequence. Then, sequences of each
sample were separated according to barcodes (exactly matching) and primers (allowing
2 nucleotide mismatching), and reads containing ambiguous bases were removed.
Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff
using UPARSE (version 7.1, http://drive5.com/uparse/) with a novel ‘greedy’ algorithm
that performs chimera filtering and OTU clustering simultaneously. The taxonomy of
each

16S

rRNA

gene

sequence

was

analyzed

by

RDP

Classifier

(http://rdp.cme.msu.edu/) against the silva (SSU115) 16S rRNA database using
confidence threshold of 70%.
2.2.8 Multivariate statistical analysis
The obtained data were analyzed and visualized with Prism software (Graphpad,
USA). Data were presented as mean ± SD. Differences between two groups were
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assessed using two-tailed, unpaired Student's t-test with Welch's correction. Statistical
differences involved in three or more groups were assessed by one-way ANOVA
followed by Newman-keuls post hoc tests. The differences were considered
statistically significant for p<0.05 and p<0.001.
The contents of ginsenosides and carbohydrates in G4, G5 and G6 water extracts
were considered as the variables for PCA (SIMCA-P, Sweden) of chemomics.
The acquired UPLC-QTOF-MS/MS data from serum, urine and feces were used
for the metabolomics analysis by MarkerLynx V4.1 software (Waters). The data were
analyzed by EZinfo software 2.0 (Waters). All the variables were mean-centered and
Pareto-scaled prior to PLS-DA and orthogonal partial least squared discriminant
analysis (OPLS-DA). PLS-DA was applied to examine differentiation in overall
metabolic profile among different treated groups. After that, OPLS-DA was conducted
to classify the group’s segregation and identify the most important metabolites
responsible for the greatest differences between groups. Validation of the models was
done using double cross validation and assessed using the value of cross-validation
parameter (R2 and Q2). Variable importance on projection (VIP) values presented the
impact of each metabolite in the OPLS-DA model.
In gut microbiota genomics analysis, the relative abundance of representative
sequences of OTUs were used for weighted and unweighted UniFrac principal
coordinate analysis (PCoA) by R Programming language (version 3.1.1, Austria) to
analyze and compare the variation of modeling and G4, G5, G6 treatment.
Redundancy analysis was performed using R Programming language.
Spearman correlation analysis was applied to explore the correlation between the
quality and efficacy of G4, G5 and G6. For metabolome data collection, the VIP
values of detected ions were adjusted above 5 to remove less important and
representative objects. And OTUs at genus level of gut microbiome were collected for
the correlation analysis. Then the chemomics, metabolomics and gut microbiota
genomics data were analyzed using R Programming language. The correlations
between these multi-omics data were assessed by determining correlation coefficients
(r values) of analytes abundance. The significant correlation was then filtered by p
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values using the R function cor.test (p<0.05 and p<0.001). And graphical presentation
of Spearman correlation network was made with Cytoscape (version 3.6.1, USA).
2.3 Results
2.3.1 Optimization of sample preparation procedure
The extraction conditions for different analytes in ginseng were optimized. Two
repeated extractions under the current conditions followed by quantitative analysis
indicated that more than 95% of ginsenosides in the ginseng materials were extracted.
The carbohydrates in the samples could be completely extracted at 100 °C after two
extractions because no saccharide was detected by sulfuric acid-phenol method in the
subsequent third extraction.
The acid hydrolysis of polysaccharides and the PMP derivatization of acid
hydrolysates and/or reducing carbohydrates were accordingly performed, in which the
conditions for acid hydrolysis were investigated, and 2 M TFA, 120 °C and 2 h were
selected as the optimal conditions (Figure 2-2).

Figure 2-2 Influence of TFA concentration (A), reaction time (B) and temperature of
metal heater (C) on the acid hydrolysis of ginseng polysaccharides.
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2.3.2 Optimization of analytical conditions
LC-MS/MS coupled with MRM mode is a powerful tool for analyzing
complicated chemical ingredients in foods and medicinal herbs, especially for
quantitative determination, due to its superior analytical specificity and sensitivity [37].
We thus employed UHPLC-QqQ-MS/MS in the MRM mode to simultaneously
determine thirty ginsenosides in the samples (Figure 2-3A). Both positive and negative
ion modes were optimized, and higher sensitivity was provided by positive ion mode.
Then the collision energy and fragmentation voltage in positive ion mode were
individually optimized (Table 2-1). Under the optimized conditions, we found that all
parent ions of ginsenosides presented the same abundant parent ions with sodium
adduct ions, but the abundances of their daughter ions were absolutely different,
namely sodium adduct ions [M+Na]+ (Rh1, 20(R)-Rh1, Rk3, Rh4, Rh2, 20(R)-Rh2),
deglycosylated adduct ions (Re, Rg1, Rd, Rs3, F2, Rb3, Ro), sugar adduct ions (F1, CK,
Rf, Rb1, Rg3, 20(R)-Rg3, Rk1, Rg5, N-R2, Rg2, 20(R)-Rg2, F4, Rc, Rb2, N-Ft1), C2O3
adduct ion [C2O3+Na]+ (IVa), and C2H2O2 adduct ion [C2H2O2+Na]+ (Z-R1) (Table 2-1
and Figure 2-4). The potential fragmentation pathways for generating the daughter ions
are indicated in Figure 2-4. Therefore, these daughter ions together with the parent ion
[M+Na]+ were selected as ion-pairs for quantitative determination of ginsenosides by
the MRM mode.
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Figure 2-3 Typical chromatograms of ginsenosides (A), reducing carbohydrates (B),
non-reducing

carbohydrates

(C)

and

polysaccharides

(D)

UHPLC-QqQ-MS/MS, HPLC-ELSD and HPGPC-ELSD, respectively.
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detected

by

Figure 2-4 MS spectrums of representative ginsenosides and reducing carbohydrates
reference standards monitored with MRM mode.
NH2 (amide) column is commonly used for chromatographic analysis of
monosaccharides and oligosaccharides, and its application is highlighted by the fact
that the saccharides can be directly analyzed without pretreatment

[38]

. However, the

resolution of NH2 column is limited especially for isomeric carbohydrates, e.g. glucose
and galactose

[39]

. Besides, NH2 column is also incapable of eluting uronic acid since

the carbonyl in uronic acid could react with the amino group bonded in the column
under nucleophilic addition

[40]

. Therefore, pre-column PMP derivatization, by which

carbohydrates are chemically modified to be well separated using reverse-phase
chromatography and to be detectable with UV and mass spectrometry, appears to be
more frequently used for analysis of monosaccharides and oligosaccharides [41, 42]. But
PMP derivatization also has drawbacks, the most serious of which, for purposes here,
was its inability to detect non-reducing carbohydrates. These facts suggest that the two
methods could cooperate to achieve a more comprehensive analysis. Thus here we
combined

NH2

column

and

pre-column
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PMP

derivatization

to

analyze

monosaccharides and oligosaccharides in the samples. The PMP-derivative reducing
carbohydrates were separated by reverse-phase chromatography, for which we
developed a new analytical method using UHPLC-QqQ-MS/MS in MRM mode.
Positive ion mode, which provided higher sensitivity, was selected; the collision energy
and fragmentor voltage were then optimized as summarized in Table 2-1. All
PMP-derivative oligosaccharides and monosaccharides possessed abundant parent ion
and daughter ion with protonated molecular ions [M+H]+ and PMP protonated
molecular ions [PMP+H]+ (Figure 2-4), respectively. They were therefore selected as
the ion-pairs to be monitored in MRM mode. By the established method, eight
monosaccharides and seven oligosaccharides were determined within 12 min (Figure
2-3B). The analytical performance was greatly improved compared with conventional
HPLC-DAD analysis for PMP-derivative carbohydrates

[43]

. Meanwhile, the

non-reducing carbohydrates were eluted by HPLC-ELSD using a NH2 column (Figure
2-3C). By this two-pronged approach, totally twenty-one monosaccharides and
oligosaccharides in the samples were quantified. Besides, molecular weight
distribution of polysaccharides was determined by HPGPC-ELSD (Figure 2-3D).
2.3.3 Method validation
The linearity, sensitivity, precision, accuracy and stability of all analytes were
summarized in Table 2-1. The results showed good linearity (R2 ≥ 0.9900 for
UHPLC-QqQ-MS/MS analysis, R2 ≥ 0.9990 for HPLC-ELSD analysis) within the test
ranges. The LODs and LOQs of the analytes respectively were 0.48 ng/mL and 0.97
ng/mL for UHPLC-QqQ-MS/MS analysis, 7.16 μg/mL and 14.31 μg/mL for
HPLC-ELSD analysis. The inter- and intra-day variations were no more than 10.17%
and 10.95% for UHPLC-QqQ-MS/MS analysis, 4.98% and 4.97% for HPLC-ELSD
analysis, respectively. The developed methods also provided acceptable accuracy with
a spike recovery ranging from 86.28%-113.96% and 95.29%-104.73% for
UHPLC-QqQ-MS/MS and HPLC-ELSD analysis, respectively. Furthermore, as to the
stability test, the RSDs for analytes detected within 24 h were lower than 10.94% and
4.79% for UHPLC-QqQ-MS/MS, and HPLC-ELSD analysis, respectively.
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Table 2-1 MRM conditions in UHPLC-QqQ-MS/MS analysis and method validation for quantitative determination of 30 ginsenosides, 15
reducing carbohydrates and 6 non-reducing carbohydrates.
Analyte

MRM

(RSD, %)

Sensitivity

Collision

Calibration curve
(ng/mL)

voltage
2

Precision (n=6)

Spike Recovery (n=3)

Stability

(eV)

Range(μg/mL)

Equation

R

LODs

LOQs

Intra-day

Inter-day

Low

Middle

High

(n=8)

UHPLC-QqQ-MS/MS
Re

969.5→789.5

45

0.20-6.25

y=22406.53x+3110.84

0.9959

0.78

1.56

5.82

4.51

94.15 (2.68)

93.80 (2.96)

96.55 (3.49)

7.91

Rg1

823.5→643.4

45

0.20-3.13

y=67053.58x+8007.11

0.9942

0.78

1.56

8.65

1.54

91.33 (2.18)

90.24 (0.43)

93.30 (2.38)

10.67

Rf

823.5→365.1

57

0.20-25.00

y=39702.07x+6594.55

0.9981

0.78

1.56

4.73

3.77

96.54 (5.22)

90.65 (2.56)

96.53 (2.12)

3.19

N-R2

793.5→335.1

49

0.01-10.00

y=13192.23x+2134.92

0.9993

0.78

1.95

4.95

4.64

98.23 (3.21)

93.97 (9.94)

88.66 (2.34)

10.94

Rb1

1131.6→365.1

65

0.20-25.00

y=36234.38x-3714.87

0.9966

0.78

1.56

2.72

0.34

96.29 (2.47)

86.28 (1.36)

102.77 (2.79)

4.62

Rg2

807.5→349.1

49

0.04-12.50

y=5875.29x+2516.47

0.9994

0.78

3.91

8.81

1.85

96.22 (6.31)

93.06 (2.89)

100.84 (5.39)

3.75

Rh1

661.5→661.5

5

0.08-5.00

y=78702.37x+43786.54

0.9949

1.95

3.91

2.38

7.33

95.22 (3.44)

97.74 (5.26)

90.22 (3.47)

6.76

20(R)-Rg2

807.5→349.1

53

0.01-5.00

y=9564.77x+2238.61

0.9994

0.78

3.91

3.00

2.33

96.04 (4.78)

88.69 (3.74)

102.94 (5.60)

8.58

Rc

1101.6→335.1

85

0.20-25

y=18199.56x-118.99

0.9966

1.56

7.81

1.63

1.76

90.75 (5.76)

94.71 (6.52)

90.62 (1.27)

3.49

20(R)-Rh1

661.5→661.5

5

0.01-0.31

y=229052.66x+6108.53

0.9962

0.78

3.91

2.14

6.68

97.07 (4.73)

94.49 (4.96)

108.59 (4.69)

5.94

Ro

979.5-641.4

49

0.20-25.00

y=4539.36x+21.57

0.9998

1.56

7.81

2.46

4.62

91.84 (1.25)

95.40 (2.56)

97.98 (2.57)

7.66

Rb2

1101.6→335.1

69

0.20-25.00

y=45539.36x-18074.30

0.9983

0.78

1.56

0.73

1.25

95.32 (2.64)

106.08 (5.98)

95.41 (0.51)

0.90

Rb3

1101.6→789.5

61

0.01-10.00

F1

661.4→203.1

IVa

817.4→95.1

Z-R1

817.4→81.1

117

Rd

969.5→789.4

Rs3

849.5→669.4

y=33695.70x-2846.36

0.9988

1.95

3.91

1.41

3.72

103.59 (9.63)

95.37 (0.84)

95.57 (1.39)

5.12

-3

y=31.26x-28.15

0.9995

0.49

0.98

4.31

6.70

100.43 (8.90)

97.19 (5.58)

100.80 (1.07)

5.95

-3

y=2.46x+20.14

0.9987

1.95

3.91

10.17

6.51

99.41 (0.39)

96.61 (2.46)

107.48 (2.13)

10.37

-3

7.81×10 -0.25

y=3.44x+0.77

0.9994

1.95

7.81

8.56

10.95

95.88 (3.45)

96.39 (4.33)

92.48 (4.63)

7.87

53

0.04-25.00

y=45921.30x-1896.36

0.9979

0.78

3.91

2.51

7.64

106.61 (3.99)

98.16 (0.23)

97.52 (8.64)

3.78

57

0.20-12.50

y=23587.59x+20257.23

0.9922

0.78

3.91

-

-

-

-

-

-

37
141

0.98×10 -0.25
7.81×10 -0.50
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F4

789.5→349.2

45

0.01-2.50

y=6404.48x+666.54

0.9932

0.78

3.91

3.53

1.83

88.65 (0.10)

91.76 (3.63)

87.87 (2.39)

3.45

Rk3

643.5→643.5

5

0.01-2.50

y=24450.22x+4420.51

0.9936

3.91

9.77

3.99

1.01

111.37 (1.01)

92.53 (2.80)

95.60 (1.07)

3.98

Rh4

643.5→643.5

5

0.20-6.25

y=14151.12x+8363.04

0.9900

3.91

9.77

3.17

1.33

100.97 (2.02)

101.86 (9.20)

108.08 (7.96)

4.96

F2

807.5→627.4

41

1.95×10 -0.13

y=123.50X+97.01

0.9997

0.49

0.98

4.83

6.58

96.64 (0.85)

91.65 (1.05)

92.98 (1.62)

4.70

N-Ft1

939.5→497.1

69

0.01-2.50

y=5227.78x+181.50

0.9984

3.91

9.77

-

-

-

-

-

-

Rg3

807.5→365.2

57

0.04-12.50

y=16519.39x+9756.78

0.9906

0.78

3.91

1.70

0.99

92.76 (0.99)

96.49 (10.68)

98.97 (4.45)

1.99

20(R)-Rg3

807.5→365.2

57

0.04-6.25

y=22734.57x+7510.16

0.9925

0.78

3.91

1.52

0.67

95.38 (0.77)

91.42 (5.52)

91.79 (3.99)

1.64

Rk1

789.5→365.1

57

0.04-25.00

y=22335.36x+9249.14

0.9979

0.78

3.91

1.50

0.91

94.01 (5.92)

92.39 (0.39)

97.42 (3.38)

1.49

Rg5

789.5→365.1

57

0.20-50.00

y=7011.62x+3417.74

0.9985

0.78

3.91

1.87

0.79

101.29 (1.11)

93.03 (3.39)

90.52 (5.42)

1.64

CK

645.4→203.1

37

1.95×10-3-0.25

Rh2

645.4→645.4

20(R)-Rh2

645.4→645.4

5

Hep

1483.6→175.0

Hex

-3

y=38.38X-31.13

0.9997

0.98

1.95

4.35

7.78

105.18 (6.83)

104.85 (1.63)

107.24 (2.33)

6.00

-3

y=131.70x+65.62

0.9999

0.98

1.95

6.34

7.15

102.06 (7.96)

103.65 (7.29)

97.40 (3.72)

7.04

-3

1.95×10 -0.13

y=134.60x-37.39

0.9997

0.98

1.95

6.27

5.52

111.66 (0.74)

106.70 (9.64)

100.20 (2.99)

6.95

100

0.01-1.44

y=11.27x-0.50

0.9998

0.92

1.85

9.48

5.08

109.26 (0.35)

102.41 (5.55)

100.75 (10.21)

9.94

1321.4→175.1

81

0.01-0.90

y=29.53x-29.21

0.9980

1.15

2.29

4.11

6.82

105.47 (5.48)

98.28 (1.11)

87.28 (2.06)

5.89

Pen

1159.4→175.0

81

0.01-0.89

y=91.65x-37.83

0.9987

1.14

2.28

8.01

8.55

97.90 (3.09)

104.20 (8.91)

88.41 (2.26)

9.64

Meli

673.3→175.0

49

0.20-25.00

y=36234.38x-3714.87

0.9966

0.52

1.03

3.49

4.27

105.35 (1.65)

89.02 (2.03)

87.87 (2.94)

2.82

Tri

835.3→175.0

49

0.01-5.00

y=9564.77x+2238.61

0.9994

0.78

1.57

3.67

6.51

101.86 (1.43)

87.77 (2.09)

113.17 (1.26)

2.99

Mal

673.3→175.0

37

0.01-0.31

y=229052.66x+6108.53

0.9962

0.74

1.48

0.71

0.59

113.96 (0.80)

99.62 (2.94)

109.35 (5.61)

0.82

Cel

673.3→175.0

41

0.20-25.00

y=4539.36x+21.57

0.9998

0.51

1.02

-

-

-

-

-

-

Man

511.2→175.0

21

0.01-16.96

y=4178.80x-3685.45

0.9995

0.68

1.36

4.22

7.06

95.12 (4.36)

86.05 (0.10)

111.60 (1.95)

5.84

GlcA

525.2→175.0

25

0.04-12.50

y=5875.29x+2516.47

0.9994

0.54

1.07

3.96

1.64

89.31 (1.51)

95.96 (4.26)

102.92 (2.94)

3.66

Rha

495.2→175.0

25

0.08-5.00

y=78702.37x+43786.54

0.9949

0.52

1.04

5.60

4.12

92.48 (1.88)

97.05 (3.40)

91.01 (4.82)

5.25

GalA

525.2→175.0

25

0.20-25

y=18199.56x-118.99

0.9966

0.97

1.95

3.13

2.36

101.81 (2.57)

101.84 (5.28)

90.76 (1.71)

2.45

Glc

511.2→175.0

25

0.20-25.00

y=45539.36x-18074.30

0.9983

0.74

1.49

2.50

9.84

107.63 (3.46)

105.04 (2.49)

101.61 (7.75)

1.59

Gal

511.2→175.0

25

0.01-10.00

y=33695.70x-2846.36

0.9988

0.48

0.97

2.28

2.96

97.93 (8.99)

93.67 (3.39)

100.15 (8.08)

1.93

5

1.95×10 -0.13

26

Ara

481.2→175.0

Fuc

495.2→175.0

25

0.98×10-3-0.25
-3

y=31.26x-28.15

0.9995

0.64

1.27

4.84

2.71

85.70 (0.48)

108.61 (1.86)

113.02 (1.92)

6.48

25

7.81×10 -0.50

y=2.46x+20.14

0.9987

1.02

2.05

4.88

4.15

91.19 (2.12)

99.00 (6.37)

95.38 (1.15)

7.32

HPLC-ELSD
Fru

-

-

35.38-2264.00

y=2.13x-1.57

0.9996

17.69*

35.38*

3.83

4.62

103.93 (1.36)

104.73 (0.14)

103.56 (1.04)

4.79

Suc

-

-

18.34-587.00

y=1.81x-0.70

0.9990

9.17*

18.34*

4.98

4.97

96.45 (1.21)

98.24 (4.21)

98.41 (0.95)

4.19

Tre

-

-

17.65-564.95

y=1.81x-0.65

0.9992

8.83*

17.65*

4.67

4.55

95.29 (0.20)

95.60 (0.44)

95.49 (0.12)

4.08

Mele

-

-

16.97-543.00

y=1.81x-0.76

0.9994

8.48*

16.97*

3.13

4.12

101.73 (0.51)

99.24 (2.61)

103.88 (0.43)

3.17

Raf

-

-

21.44-686.00

y=1.83x-0.82

0.9993

10.72*

21.44*

-

-

-

-

-

-

Sta

-

-

14.31-916.00

y=1.77x-0.82

0.9995

7.16*

14.31*

3.63

3.76

104.17 (0.82)

98.38 (2.88）

99.45 (0.45)

3.97

*: the units of LOD, LOQ were μg/mL
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2.3.4 Quality of G4, G5 and G6
As shown in Figure 2-5A, the contents of 28 ginsenosides varied differently in
G4, G5 and G6, and are not necessarily correlated with the increase of growth years.
To be specific, G4 contained the highest contents of F1, CK, Rh2 and 20(R)-Rh2 but
the lowest content of IVa. The contents of most ginsenosides except for IVa, Rh2 and
20(R)-Rh2 are the lowest in G5, whereas G6 possessed the highest contents of most
ginsenosides (except for F1, CK, Rh2 and 20(R)-Rh2) (Table 2-2). Along with the
increase of growth years, the total ginsenoside content significantly (p<0.05)
decreased from G4 (4.37 mg/g) to G5 (1.46 mg/g), thereafter it significantly (p<0.05)
increased in G6 (6.03 mg/g).

Figure 2-5 Contents of ginsenosides (A), carbohydrates (including poly-, oligo- and
monosaccharides) (B) in G4, G5 and G6. PCA score plot (C) of ginsenosides and
carbohydrates based chemomics analysis. (*: p<0.05, compared with left sample, i.e.
G5 with G4, G6 with G5)

28

Table 2-2 Content variations of ginsenosides, polysaccharides, oligosaccharides and
monosaccharides in G4, G5 and G6 (μg/g, ±SD).
Analyte

G4

G5

G6

Re

861.28 ±48.80

115.42 ±8.10*

947.31 ±96.64*

Rg1

1173.28 ±59.96

184.54 ±7.82*

1581.77 ±37.66*

Rf

145.55 ±6.49

62.46 ±1.88*

170.43 ±6.95*

N-R2

49.76 ±1.65

34.92 ±1.64*

73.33 ±4.48*

Rb1

258.17 ±16.13

62.38 ±2.19*

411.70 ±16.27*

Rg2

87.06 ±10.94

34.34 ±1.80*

99.63 ±3.25*

20(R)-Rg2

25.46 ±1.16

5.35 ±2.21*

28.14 ±6.13*

Rh1

82.95 ±4.32

34.95 ±1.47*

104.29 ±3.78*

20(R)-Rh1

47.66 ±3.08

21.16 ±1.09*

67.98 ±0.60*

Rc

133.40 ±4.18

71.87 ±1.55*

206.03 ±6.76*

Rb2

109.32 ±4.17

42.30 ±5.53*

233.45 ±9.34*

Rb3

10.56 ±0.28

6.70 ±0.47*

42.91 ±23.88

F1

0.25 ±0.01

0.12 ±0.01*

0.21 ±0.01*

Rd

76.28 ±4.03

25.14 ±0.31*

112.80 ±4.29*

Ro

143.99 ±3.17

110.06 ±4.91*

178.60 ±3.24*

IVa

-

-

0.09 ±0.01*

Z-R1

0.10 ±0.12

-

3.13 ±0.17*

F2

0.39 ±0.01

0.11 ±0.06*

0.58 ±0.03*

F4

79.74 ±3.24

40.50 ±1.82*

112.40 ±4.85*

Rk3

24.43 ±0.69

13.39 ±0.29*

45.04 ±0.53*

Rh4

43.11 ±1.57

14.65 ±0.55*

87.07 ±1.85*

Rk1

53.68 ±2.56

34.52 ±0.67*

85.91 ±1.81*

Rg5

278.93 ±14.52

166.32 ±2.38*

469.25 ±6.96*

Rg3

407.72 ±18.94

242.90 ±17.71*

650.67 ±38.00*

20(R)-Rg3

269.89 ±11.60

138.63 ±11.24*

314.77 ±43.85*

CK

0.31 ±0.01

0.38 ±0.00*

0.29 ±0.01*

Rh2

1.47 ±0.02

1.41 ±0.01*

1.37 ±0.01*

20(R)-Rh2

0.72 ±0.02

0.69 ±0.03

0.67 ±0.03

Hep

210.86 ±5.36

481.56 ±20.36*

181.14 ±7.46*

Hex

77.55 ±2.38

711.52 ±27.93*

76.66 ±2.81*

Pen

46.73 ±1.65

60.36 ±1.05*

42.96 ±2.14*

Meli

17431.46 ±1278.56

37723.73 ±2619.73*

66137.42 ±3960.74*

Tri

275.51 ±4.58

1142.51 ±47.50*

333.08 ±12.46*

Mal

26762.91 ±1959.64

57873.36 ±4026.18*

101344.60 ±6009.90*

Suc

338954.30 ±850.94

254180.30 ±1329.35*

190917.00 ±1284.45*

Tre

11100.97 ±146.92

10888.69 ±374.75

11464.38 ±106.43

Mele

14745.30 ±719.98

11841.36 ±34.03*

9868.11 ±17.39*

Sta

3176.88 ±21.76

4429.33 ±3.96*

5230.95 ±116.78*
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Man

186.36 ±2.08

240.49 ±8.80*

113.43 ±4.77*

GlcA

3.15 ±0.07

6.36 ±0.17*

4.18 ±0.12*

Rha

25.75 ±0.64

34.31 ±1.12*

17.53 ±0.46*

GalA

28.46 ±0.69

21.46 ±0.35*

22.02 ±0.35

Glc

4337.51 ±831.60

10421.12 ±702.31*

3953.10 ±740.43*

Gal

543.60 ±15.88

670.62 ±60.83

737.75 ±10.16

Ara

190.80 ±13.00

234.21 ±14.11*

117.61 ±6.82*

Fuc

14.71 ±1.02

14.61 ±1.12

7.63 ±0.65*

Fru

13555.79 ±165.65

19428.19 ±441.30*

20232.47 ±44.63

Total polysaccharide

32097.89 ±1861.87

47508.92 ±2080.03*

29799.45 ±1263.47*

*: p<0.05, G5 compared with G4, G6 compared with G5.
The content of polysaccharides was 32.10 mg/g in G4, 47.51 mg/g in G5 and
29.80 mg/g in G6 (Figure 2-5B and Table 2-2). The monosaccharide composition
analysis showed that polysaccharides in G4-G6 were composed of Glc, Gal, Ara,
GlcA, GalA, Man, Rha and Fuc with different mole ratios (i.e. 4188: 249: 147: 514:
433: 77: 28: 1 in G4; 3584: 111: 110: 190: 160: 28: 30: 1 in G5; 3545: 133: 99: 165:
139: 25: 16: 1 in G6, respectively). The total amount of oligosaccharides had a similar
variation trend with that of ginsenosides, i.e. first declined from 412.78 mg/g in G4 to
379.33 mg/g in G5 (p<0.05), and then increased to 385.60 mg/g in G6 (Figure 2-5B).
Nevertheless, individual oligosaccharides may show different content variations. For
example, the highest contents of Hep, Hex, Pen, Tri were found in G5, and the lowest
contents of Tri, Meli, Mal, Sta were found in G4 (Table 2-2). The total content of free
monosaccharides was significantly (p<0.05) increased from 37.77 mg/g in G4 to
62.14 mg/g in G5, then it was greatly (p<0.05) decreased to 50.41 mg/g in G6 (Figure
2-5B). Most of the monosaccharides, i.e. Man, GlcA, Rha, Glc and Ara quantitatively
changed in a similar way (Table 2-2).
All the data clearly showed that ginsenosides and carbohydrates in G4, G5 and
G6 were quantitatively different, thus suggesting different quality of these three
ginseng samples. To further visualize the overall quality differences of G4, G5 and G6,
the quantitative data of ginsenosides and carbohydrates were integrated to perform
PCA (Figure 2-5C). The score plots by PCA (R2X=0.956 and Q2=0.925) indicated that
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the plots of G4, G5 and G6 respectively clustered in different regions. This pattern
further demonstrated the different overall quality of G4, G5 and G6. Moreover,
pairwise comparison indicated that the distance between G5 and G6 was the longest
(G4-G6: 9.96; G4-G5: 10.18; G5-G6: 13.64) (Figure 2-5C), suggesting their quality
was the most significantly different among the three ginseng samples.
2.3.5 Anti-fatigue activity of G4, G5 and G6
2.3.5.1 Body signs and biochemical parameters
Compared with control group, the body weight of rats in OF group was
significantly decreased by 23.98% (p<0.05) after the forced-swimming for fourteen
days (Figure 2-6A). With the treatment of G4, G5 and G6, the body weight of
over-fatigue rats were differently recovered, especially, G5 treatment greatly
improved by 13.95% (p<0.05) of the body weight of rats (Figure 2-6A). Besides, the
spleen and liver indexes in OF group were decreased compared to control group
(Figure 2-6B), in which spleen index was significantly reduced by 34.62% (Figure
2-6B1). The ginseng treatment improved the spleen index, in particular, G5 treatment
significantly improved by 16.75% (p<0.05) of spleen index compared with that in the
OF group.

Figure 2-6 Body signs of over-fatigue rats after G4, G5 and G6 treatment. A: body
weight ratio compared to 0 day, respectively; B1: spleen index compared to 14-day
body weight; B2: liver index compared to 14-day body weight. (: p<0.05, compared
with control group; +: p<0.05, compared with OF group)
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In addition, over-fatigue is reported to cause the release of reactive oxygen
species, characterized by the lipid peroxidation, simultaneously induces the
accumulation of LA

[44, 45]

. Compared to control group, the forced-swimming

significantly (p<0.05) increased the serum levels of CP, LDH, MDA, LA, BUN, TG
and decreased the levels of GPx, Glc (Figure 2-7A), resulting in lipid peroxidation
and metabolic abnormalities. After the interventions by G4, G5 and G6, these
parameters were differently restored: CP, GPx, LA, BUN and Glc by G4; CP, LDH,
LA, BUN and TG by G5; CP, LA, BUN and Glc by G6 (Figure 2-7A). Besides, the
over-fatigue modeling induced the over-expression of inflammatory cytokines IL-1β,
TNF-α and IL-6 in rat serum (IL-1β: 119.79%; TNF-α: 17.68%; IL-6: 220.96%,
compared to the control group). Ginseng treatments inhibited their production (Figure
2-7B), in particular, G4, G5 and G6 greatly (p<0.05) decreased IL-1β by 71.59%,
71.99%, 67.30%, respectively (Figure 2-7B1). Besides, the relative expression of
TGR5, a bile acid membrane receptor in liver, were significantly (p<0.05) decreased
by 31.66% in the OF group compared to that in the control group. After the
intervention of G4, G5 and G6, the levels of TGR5 were significantly (p<0.05)
improved by 68.12%, 53.55% and 74.87%, respectively, compared to the OF group
(Figure 2-7C).
It has been reported that both ginsenosides and polysaccharides could exert
anti-fatigue activity as well as prevent lipid oxidation and inflammation by recovering
certain biochemical indicators (such as CP, LDH, MDA, GPx, LA, BUN, Glc and TG)
and inflammatory cytokines (such as IL-1β)

[2, 44, 46]

. Thus, the different anti-fatigue

activity of G4, G5 and G6 may be due to the varied contents of ginsenosides and
polysaccharides.
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Figure 2-7 Biochemical parameters of over-fatigue rats after G4, G5 and G6 treatment.
A1: CP; A2: LDH; A3: MDA; A4: GPx; A5: LA; A6: BUN; A7: Glc; A8: TG; B1:
IL-1β; B2: TNF-α; B3: IL-6; C: TGR5. (: p<0.05, compared with control group; +:
p<0.05, compared with OF group)

2.3.5.2 Metabolome
The extracted chromatographic peaks of thirty ions with the highest ion
intensities were selected for precision and repeatability validation in both negative
and positive ion modes. The within-run precision and between-run precision (RSD%)
of m/z, retention time and peak area were less than 0.00047%, 0.67% and 19.81%,
respectively (Table 2-3). The stability of m/z, retention time and peak area were less
than 0.00066%, 1.53% and 19.73%, respectively (Table 2-3). The QC samples of
serum, urine and feces were statistically processed by PLS-DA, respectively. The
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score plots revealed that the QC samples for within-run precision and between-run
precision test as well as the stability test were highly superimposed (Figure 2-8),
further indicating the excellent precision and stability of this metabolomics method.

Figure 2-8 PLS-DA score plots of serum, urine and feces in positive (A1, B1, C1)
and negative ion modes (A2, B2, C2) based metabolomics analysis, respectively.
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Table 2-3 The results of metabolomics method validation.
Selected ion

Within-run precision (RSD%)

Between-run precision (RSD%)

Stability (RSD%)

QC sample
Serum (ESI-)

+

Serum (ESI )

-

Urine (ESI )

Urine (ESI+)

-

Feces (ESI )

m/z

tR (min)

m/z

tR

Peak area

m/z

tR

Peak area

m/z

tR

Peak area

167.0223

1.07

0.00020

0.00

4.63

0.00014

0.00

19.36

0.00033

0.51

10.92

322.9506

5.64

0.00005

0.00

4.68

0.00011

0.00

18.83

0.00019

0.00

15.11

754.8221

6.37

0.00006

0.00

5.90

0.00011

0.08

18.95

0.00003

0.09

17.22

319.2290

11.22

0.00016

0.00

13.17

0.00015

0.04

15.95

0.00012

0.00

14.17

383.1887

11.81

0.00014

0.15

4.29

0.00012

0.11

12.15

0.00008

0.10

6.94

188.0706

4.46

0.00003

0.10

19.44

0.00022

0.00

17.90

0.00026

0.00

16.05

834.8875

5.84

0.00014

0.08

15.47

0.00016

0.00

19.26

0.00012

0.08

17.38

520.3392

11.12

0.00014

0.04

18.54

0.00015

0.04

14.88

0.00004

0.08

19.73

425.2156

11.56

0.00007

0.04

18.29

0.00013

0.04

17.87

0.00005

0.00

9.60

420.2147

11.85

0.00004

0.05

19.73

0.00011

0.05

17.49

0.00006

0.05

17.59

191.0208

1.16

0.00015

0.47

17.77

0.00015

0.00

9.57

0.00016

0.94

19.50

172.9915

4.46

0.00024

0.00

17.19

0.00016

0.00

14.37

0.00024

0.10

19.60

212.0047

5.04

0.00047

0.00

19.78

0.00018

0.08

12.48

0.00066

0.11

10.23

178.0524

5.29

0.00021

0.10

16.54

0.00009

0.00

8.25

0.00025

0.00

19.23

201.0245

6.97

0.00039

0.06

18.68

0.00012

0.00

8.52

0.00051

0.10

17.93

126.0668

1.18

0.00032

0.38

18.68

0.00021

0.64

16.48

0.00020

1.53

13.95

136.0399

1.64

0.00008

0.67

9.47

0.00007

0.39

17.95

0.00003

0.67

17.60

297.1453

3.75

0.00014

0.12

15.05

0.00009

0.20

15.86

0.00014

0.15

18.14

206.0452

4.37

0.00017

0.00

13.87

0.00013

0.12

19.22

0.00020

0.10

10.83

170.0605

6.89

0.00010

0.00

15.00

0.00013

0.06

18.92

0.00014

0.06

10.28

514.2909

7.53

0.00012

0.06

13.68

0.00018

0.11

16.07

0.00017

0.12

12.05
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+

Feces (ESI )

514.2938

8.34

0.00015

0.00

9.50

0.00016

0.05

12.11

0.00013

0.00

9.32

498.2908

9.24

0.00013

0.08

9.23

0.00011

0.06

15.03

0.00010

0.05

15.45

498.2893

9.49

0.00017

0.05

15.97

0.00020

0.07

19.03

0.00011

0.05

16.72

407.2812

9.70

0.00014

0.06

15.22

0.00008

0.04

14.10

0.00014

0.00

13.22

480.2773

7.54

0.00011

0.06

19.25

0.00006

0.11

11.19

0.00012

0.07

19.34

462.2669

8.34

0.00012

0.05

14.84

0.00007

0.50

9.99

0.00009

0.06

16.30

355.2620

9.29

0.00012

0.05

19.81

0.00010

0.09

10.43

0.00005

0.05

17.06

355.2614

9.48

0.00014

0.00

19.43

0.00013

0.14

9.73

0.00008

0.12

19.40

355.2620

9.71

0.00014

0.06

19.27

0.00009

0.09

9.67

0.00007

0.05

17.67
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In order to examine whether the over-fatigue modeling disordered the metabolic
functions of rats as well as whether the ginseng treatments alleviated the disorder,
PLS-DA

analytical

models

were

constructed

based

on

the

acquired

UPLC-QTOF-MS/MS data of the serum, urine and feces in both positive and negative
ion modes. The cross-validation presented high values of R2Y and Q2 in serum, urine
and feces: R2Y =0.592, Q2=0.549 in negative ion mode of serum; R2Y =0.656, Q2=0.515
in positive ion mode of serum; R2Y =975, Q2=0.656 in negative ion mode of urine; R2Y
=0.743, Q2=0.616 in positive ion mode of urine; R2Y =0.753, Q2=0.702 in negative ion
mode of feces; R2Y =0.744, Q2=0.0.723 in positive ion mode of feces, respectively,
indicating that PLS-DA models were fit and good for prediction.
In the OPLS-DA diagrams (Figure 2-9), the score plots of the control and OF
groups were highly segregated into two clusters in both negative and positive ion
modes of the serum, urine and feces samples, indicating a significant different of
endogenous metabolites in the control and OF groups. The treatments of G4, G5 and
G6 differently restored the fatigue-induced metabolic disorder, with the PLS-DA score
plots of these three groups approaching those of the control group (Figure 2-8). To
better compare the effects of different treatments, the ratio between the distances of
G4/G5/G6 to control and OF groups from PLS-DA score plots of serum, urine and feces
samples was individually calculated by the following equation:

in which

,

and

represented the mean values of the distances of all samples to

x-axis in the G4/G5/G6-treated group, control group and OF group, respectively; and
,

and

signified the mean values of the distances of all samples to y-axis in the

G4/G5/G6-treated group, control group and OF group, respectively. A smaller α value
indicated nearer distance to the control group but farther distance from the OF group.
The results of all the three biofluid samples (Table 2-4) showed that α values for G5
were the smallest (α values: G5<G4<G6), suggesting that G5 exerted the strongest
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effect on alleviating the fatigue-induced metabolic disorders.

Figure 2-9 OPLS-DA score plots of metabolites in serum (A), urine (B) and feces (C)
detected in negative ion (A1, B1, C1) and positive ion (A2, B2, C2) modes,
respectively.

Table 2-4 α values calculated from the distances of score plots in PLS-DA.
α

Serum
+

Urine
-

+

Feces

value

ESI

ESI

ESI

ESI

ESI

ESI-

G4

0.69

1.10

2.13

0.55

2.79

3.66

G5

0.27

0.46

2.28

0.40

1.28

0.93

G6

1.24

1.14

2.70

0.69

3.20

2.51
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-

+

In order to prioritize among the abundance of observed metabolites induced by
over-fatigue, metabolites with the value of VIP>5 were defined as the most important
metabolite markers in the OF model segregation (Figure 2-10). Biomarkers were
identified based on chromatographic retention behavior, mass assignment, and online
database query. On the basis of online library of the Human Metabolome Database
(HMDB: http://www.hmdb.ca/), a subset of 87 metabolites were identified as the
over-fatigue biomarkers, including 28 metabolites in serum, 36 in urine and 37 in feces
(Table 2-5). Of these metabolites, 24 were classified as bile acids, 9 as amino acids, 9 as
fatty acids and 8 as lysophospholipids (Table 2-5), responding to the pathways of bile
acid metabolism, amino acid metabolism, fatty acid metabolism and lipid metabolism,
respectively.
Then, the relative ion intensities of the biomarkers in different groups were
determined for semi-quantitation. It was found that the levels of biomarkers were
significantly different between the control and OF groups (Figure 2-11A). For example,
compared to the control group, arachidonic acid, tryptophan and lysophospholipid
(LPC) (16:0) in serum and cholic acid (CA) and hyocholic acid (HCA) in feces
significantly decreased, whereas indole sulfate in urine and tauroursocholic acid
(TUCA), glycocholic acid (GCA), hydroxycholic acid (HDCA) and butyrate in feces
were significantly (p<0.05) increased in the OF group (Figure 2-11B). The intervention
of G4, G5 and G6 selectively recovered these metabolites: G4 increased arachidonic
acid, LPC (16:0), CA, HCA and decreased indoxyl sulfate, TUCA, GCA, HDCA,
butyrate; G5 elevated arachidonic acid, tryptophan, LPC (16:0) and declined indoxyl
sulfate, TUCA, GCA, HDCA, butyrate; G6 improved arachidonic acid, tryptophan,
LPC (16:0), CA and reduced indoxyl sulfate, TUCA, GCA, HDCA, butyrate.
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Figure 2-10 VIP plots of metabolites in serum (A), urine (B) and feces (C) detected in
negative ion (A1, B1, C1) and positive ion (A2, B2, C2) modes, respectively.
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Table 2-5 Identification of biomarkers with VIP>5 in serum (S), urine (U) and feces (F) of rat based systemic metabolism profiling.
No.
S1
S2

tR (min)
1.05
4.45

Mass fragments
169.0352 [M+H]

+

188.0705 [M+H-NH3]

+

144.0804 [M+H-NH3-CO2]
S3

10.24

431.2753 [M+Na]+

Formula

Biomarker identification

VIP

Classification

C5H4N4O3

Uric acid

5.01

Xanthines

C9H17NO5

Tryptophan

18.12

Amino acids

+

7.02
C24H40O5

Cholic acid (CA)

391.2832 [M-H2O+H]+

-

373.2728 [M-2H2O+H]+

-

+

10.30

+

337.2511 [M-4H2O+H]

-

-

-

355.2627 [M+H-3H2O]

453.2846 [M+HCOO]
407.2799 [M-H]
S4
S5
S6
S7
S8

10.36
10.71
10.82
10.89

-

-

Bile acids

-

496.3396 [M+H]

+

C24H50NO7P

LPC(16:0)

11.55

Lysophospholipids

468.3080 [M+H]

+

C22H46NO7P

LPC(14:0)

8.78

Lysophospholipids

400.3409 [M+H]

+

C23H45NO4

L-palmitoylcarnitine

5.21

Acyl carnitines

494.3238 [M+H]

+

C24H48NO7P

LPC(16:1)

14.87

Lysophospholipids

+

10.98

184.0730 [M+Na]

C10H11NO

Tryptophanol

10.88

Indoles

S9

11.20

343.2238 [M+K]

+

C20H32O2

Arachidonic acid

7.99

Fatty acids

S10

11.20

303.2317 [M+H]+

C20H30O2

Retinyl ester

28.65

Retinoids

285.2201 [M+H-H2O]+
S11
S12
S13

11.36
11.84
11.84

-

301.1412 [2M+H]+
398.2324 [M+K]

+

524.3707 [M+H]

+

C9H10O2

Hydrocinnamic acid

29.05

Phenylpropanoic acids

C19H37NO5

3-hydroxydodecanoyl carnitine

20.96

Acyl carnitines

C26H54NO7P

LPC(18:0)

-

Lysophospholipids

+

420.2144 [M-C5H13NO]

17.71
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S14
S15
S16

11.86
7.07
7.51

373.2107 [M+NH4]+
187.0978 [M-H]

-

514.2837 [M-H]

-

498.2885 [M-H2O+H]
S17

8.24

498.2886 [M-H]

C14H30NO7P

LPC(6:0)

9.88

Lysophospholipids

C9H16O4

Azelaic acid

8.81

Fatty acids

C26H45NO7S

Tauroursocholic acid (TUCA)

14.38

Bile acids

+

-

C26H45NO6S

482.2916 [M-H2O+H]

Tauroursodeoxycholic acid (TUDCA)

+

11.12

Bile acids

-

+

464.2816 [M-2H2O+H]

-

S18

8.28

496.2725 [M-H2O-H]-

C26H45NO7S

Taurallocholic acid (TLCA)

5.35

Bile acids

S19

8.34

514.2837 [M-H]-

C26H45NO7S

Taurocholic acid (TCA)

21.05

Bile acids

498.2871 [M-H2O+H]+

-

+

480.2765 [M-2H2O+H]
S20
S21

8.93
9.24

242.1760 [M-H]

-

498.2886 [M-H]

-

C13H25NO3

N-undecanoylglycine

7.04

Amino acids

C26H45NO6S

Taurochenodesoxycholic acid (TCDCA)
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10.43

Amino acids

Figure 2-11 Heatmap of identified metabolites (A) and content variations of some
respective metabolites (B) in feces, serum and urine. (The metabolites number was
the same as table 2-5.) (: p<0.05, compared with control group; +: p<0.05,
compared with OF group)
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2.3.5.3 Gut microbiome
Compared with the control group, the over-fatigue modeling disturbed the gut
microbiota composition of mice, characterized by the significant (p<0.05) decrease of
Bacteroidetes (46.51%) and the increase of Firmicutes (78.64%) as well as the
Firmicutes-to-Bacteroidetes ratio (376.32%) at the phylum level (Figure 2-12A). After
the intervention of G4, G5 and G6, the phyla Firmicutes-to-Bacteroidetes ratio was
decreased by 30.40%, 28.36% and 36.52%, respectively, compared to the OF group
(Figure 2-12A2). Moreover, taxonomy-based analysis at the genus level showed that
the over-fatigue modeling significantly (p<0.05) reduced the abundance of
Lactobacillus (Firmicutes) (73.52%), Bifidobaberium (Actinobacteria) (97.28%) and
Bacteroides (Bacteroidetes) (82.52%), while it increased the abundance of bacteria
Anaerotruncus (146.61%) and Streptococcus (Firmicutes) (723.65%) (Figure 2-12B).
G4, G5 and G6 treatment selectively restored the genus level of gut microbiota: G4
significantly (p<0.05) decreased the level of Anaerotruncus (53.00%), G5 significantly
(p<0.05) increased the content of Lactobacillus (231.41%), G6 significantly increased
the level of Lactobacillus (380.45%) and reduced Anaerotruncus (50.96%) (Figure
2-12B2). Weighted and unweighted UniFrac PCoA based OTUs abundance showed
that gut microbiota composition of over-fatigue rats had clearly diverged from the
control group (Figure 2-13). After G4, G5 and G6 treatments, the gut microbiota
compositions were gathered closely to the control group compared to the OF group; the
distances, ranked in descending order, were: OF>G5>G4>G6 (Figure 2-13B).
Redundancy analysis was used to identify the specific bacterial phylotypes that
responded to the influence of OF, G4, G5 and G6. Totally 70 OTUs were significantly
(p<0.05) altered by OF compared to control group, belonging to the families
Prevotellaceae (16 OTUs), Ruminococcaceae (11 OTUs), Bacteroidales_S24-7_group
(13 OTUs), etc. (Figure 2-14). Compared to OF group, G4 treatment greatly (p<0.05)
restored 37 OTUs (19 increased, 18 decreased), G5 significantly (p<0.05) restored 35
OTUs (18 increased, 17 decreased), while G6 obviously (p<0.05) recovered 41 OTUs
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(17 increased, 24 decreased). The results demonstrated that G4, G5 and G6 treatments
differently alleviated the OF induced gut microbiota dysbiosis, and G6 had a better
effect than G4 and G5.

Figure 2-12 Effects of G4, G5 and G6 on gut microbiota composition. A1: phylum
level; A2: Firmicutes-to-Bacteriodetes ratio; B1: genus level; B2: some selective
genera. (: p<0.05, compared with control group; +: p<0.05, compared with OF
group)
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Figure 2-13 Weighted (A, C) and unweighted (B) Unifrac PCoA of gut microbiota
based on the OTU data. A, B: each point represents each sample; C: each point
represents the mean of PC scores in a group and error bars represent the standard
error.
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Figure 2-14 Heatmap showing the abundance of significantly changed OTUs in
over-fatigue rat based on RDA. B: control group; M: OF group; G4: OF+G4 group;
G5: OF+G5 group; G6: OF+G6 group.

2.3.6 Correlation analysis between quality and anti-fatigue activity
Spearman correlation analysis was employed to normalize the different types of
omics data, and then to explore the relationships between these data sets. The results
showed that approximately 6.77*105 correlations existed between the chemome and
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metabolome/gut microbiome. Using a cutoff of correlation coefficient (r value)
between chemome and metabolome/gut microbiome higher than 0.5 and their statistical
confidence (p value) less than 0.05, total a list of 1392 distinguished correlations were
screened out for exploring the strongest contributors to the relationships: 915 total
interactions in ginsenosides and 477 in carbohydrates. While using a less stringent
cutoff of r value greater than 0.5 and p value less than 0.001, the analysis showed that a
total of 150 distinguished correlations were found: 135 total interactions in
ginsenosides and 15 in carbohydrates. Then the resulting interaction network of
significant correlations between the chemome and metabolome/gut microbiome was
constructed (Figure 2-15).
Analysis of the chemome-associated gut microbial modules suggested, at p<0.05,
ginsenosides were significantly correlated with 411 gut microbial nodes, while
carbohydrates were correlated with 232 gut microbial nodes (Figure 2-15A). The
ginsenosides were specifically correlated with thirty-five gut microbial genera, e.g. IVa,
20(R)-Rg3 and 20(R)-Rh2 were negatively correlated with the genera Butyricimonas,
Mucispirillum, Acetatifactor, Lachnoclostridium, Oscillibacter, Coprococcus and
Anaerotruncus; IVa was positively correlated with Bacteroides. The carbohydrates
were specifically correlated with eight gut bacterial genera, i.e. Glc, Hex, Tri and
polysaccharides

were

negatively correlated

with

the

genera

Allobaculum,

Jeotgalicoccus and Streptococcus; Fuc and GalA were positively correlated with
Peptoclostridium, Leucobacter, Methylobacterium, Weissella and Clostridium (Figure
2-15A). Besides, ginsenosides and carbohydrates were simultaneously correlated with
the other gut bacteria, but they showed opposite correlations with some gut microbiota
genera. For example, ginsenosides Rb1, Rb2 and Rc were positively correlated with the
genera Lactobacillus and Bifidobacterium, but polysaccharides were negatively
correlated with these two genera. At p<0.001, there were significant 50 and 1 gut
microbial nodes in ginsenosides and carbohydrates, respectively (Figure 2-15B).
Moreover, ginsenosides were specifically correlated with forty-seven gut microbial
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genera, while no specific correlation was found in carbohydrates. For example,
ginsenosides IVa, 20(R)-Rg3 and F4 were positively correlated with the genera
Parabacteroides and Veillonella; IVa was negatively correlated with the genera Dorea
and Sutterella (Figure 2-15B).
Within the constructed network (Figure 2-15A), the chemome-associated
metabolic modules showed that ginsenosides were significantly (p<0.05) correlated
with 504 metabolic nodes, while carbohydrates were correlated with 245 metabolic
nodes. Ginsenosides were specifically correlated with twelve metabolites: i.e.
ginsenosides Rd, Z-R1, IVa and CK were positively correlated with CA, α-MCA,
taurohyodeoxycolic acid (THDCA), TCA and 3-hydroxyanthranilic acid; IVa and
20(R)-Rh2 were negatively correlated with TCA, TUCA, tauro-βMCA, 7-sulfocholic
acid,

sulfolithocholylglycine,

L-palmitoylcarnitine,

N2-succinyl-L-ornithine,

3-hydroxyanthranilic acid, cinnamic acid and THDCA. However, carbohydrates were
specifically correlated with two metabolites: i.e. Glc and Hex were negatively
correlated with glycohyocholic acid (GHCA); Glc was positively correlated with
HDCA (Figure 2-15A). In addition, ginsenosides and carbohydrates also showed
correlation with the other metabolites, but they were oppositely correlated with some
metabolites. For example, ginsenosides Re, Rg1, Rb1, Rc, Rh1, F1, CK were positively
correlated with GCA, HCA, arachidonic acid and negatively correlated with tryptophan,
indoxyl sulfate, while carbohydrates Glc, GlcA, Hex, Tre, polysaccharides were
opposite. At p<0.001, 85 metabolic nodes and 14 metabolic nodes were observed in
ginsenosides and carbohydrates, respectively (Figure 2-15B). Moreover, ginsenosides
were specially correlated with thirty-eight metabolites: e.g. IVa, Rd, Re and Rh1 were
positively correlated with CA, α-MCA, uric acid and phenol glucuronide; IVa was
negatively correlated with TCA, TCDCA, TUDCA, 7-ketodeoxycholic acid,
tryptophan and LPC (16:0) (Figure 2-15B). Carbohydrates were characteristically
correlated with three metabolites, i.e. Suc and Mele were negatively correlated with
ω-MCA and 4-ethylphenylsulfate; Tre was positively correlated with retinyl ester
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(Figure 2-15B). The analysis suggested that ginsenosides with connectivity were
greater than carbohydrates in interaction networks that may be supposed with high
biological importance.
A

B

Figure 2-15 The correlation network of chemical components with metabolites and
gut microbiota by Spearman correlation analysis. A: p<0.05; B: p<0.001.
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2.4 Discussion
In this study, we demonstrated that G4, G5 and G6 contained qualitatively and
quantitatively different ginsenosides and carbohydrates. Moreover, G4, G5 and G6
also differently exerted anti-fatigue activity as well as alleviated the fatigue-associated
gut microbiota dysbiosis and metabolic disorder. Multivariate statistical analysis of the
omics data indicated that ginsenosides and carbohydrates were specifically correlated
with gut bacteria and endogenous metabolites. Such specific correlation networks
should significantly contribute to the different anti-fatigue activity of G4, G5 and G6.
Some potential mechanisms involved in the correlation were discussed as follows.
Both ginsenosides and carbohydrates in ginseng contain abundant glycosyl groups,
which can be digested as carbon sources by gut bacteria through carbohydrate-active
enzymes (CAZymes) encoded in their genomes

[47]

. In this manner, the ginsenosides

and carbohydrates are engaged in substantial interaction with gut microbiota, by which
the ginsenosides and carbohydrates are digested (e.g. ginsenosides are deglycosylated
to be secondary ginsenosides and/or aglycon) while the related bacteria growth is
stimulated

[48]

. For example, Lactobacillus delbrueckii is able to metabolize

ginsenosides Rb2 and Rc [49]; Bifidobacterium H-1 is expert in degrading Rb1 [50]. Such
specific interplay should be largely responsible for the positive correlation between
these ginsenosides and Lactobacillus/Bifidobacterium (e.g. G6 contained higher
contents of Rb1, Rb2 and Rc and resulted in higher levels of Lactobacillus and
Bifidobacterium than G4 and G5). Very interestingly, the polysaccharides showed a
negative correlation with these two probiotics. Similar with ginsenosides, the
interaction

between

polysaccharides

and

gut

microbiota

also

presents

glycosyl-structural selectivity due to that CAZymes residing in different gut bacteria
are compositionally specific

[47]

. Therefore, the structural property of polysaccharide,

rather than its content, is the decisive factor for driving the interaction and thus the
correlation with gut microbiota. In this study, the chemical analysis showed that G6
possessed a characteristic monosaccharide composition compared with G4 and G5
although it contained the fewest polysaccharides. We thus assumed
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that G6

polysaccharides are favourably digested by Lactobacillus and Bifidobacterium, thereby
most stimulating the growth of these two probiotics. The exact mechanisms involved
deserve further exploration.
Previous studies by us

[6]

and other research groups

[51-53]

have indicated that

ginseng improves fatigue-induced metabolic disorders, mainly involving bile acid,
amino acid, fatty acid and lipid metabolism, which were confirmed in this study.
Besides, here we further found that ginseng chemicals were specifically correlated with
endogenous metabolites. However, the mechanisms involved in the anti-metabolic
disorders of ginseng as well as the correlation between ginseng chemicals and
endogenous metabolites still remain unknown. As described above, both ginsenosides
and carbohydrates in ginseng are engaged in substantial interaction with gut microbiota
after oral administration. Moreover, gut microbiota significantly participates in host
lipid, bile acid, fatty acid and amino acid metabolism. The two facts inspire that gut
microbiota may play an important mechanistic role as a key connect node in mediating
the anti-metabolic disorders of ginseng as well as in the correlation between ginseng
chemicals and endogenous metabolites. For example, one species in the genus
Lactobacillus (i.e. Lactobacillus acidophilus ATCC4356) and two species in the genus
Bifidobaberium (i.e. Bifidobacterium animalis RH and Bifidobaberium longum
ATCC15708) show strong inhibition ability for the serum lipid peroxidation, associated
with reducing the contents of MDA (an oxidative product)

[44, 54, 55]

. The genera

Bacteroides and Clostridium promote the deconjugation of TUCA to HDCA via the
encoded 7α-dehydroxylase

[56]

; Parabacteroides distasonis transfers the primary bile

acids ( such as CA) to secondary bile acids [57]. Furthermore, bile acids are able to enter
the physical system by enterohepatic circulation, and then regulate glucose metabolism,
lipid metabolism, energy expenditure and inhibit systemic inflammation through
activating specific receptor TGR5

[58, 59]

. In addition, Bacteroides fragilis (genus

Bacteroides) has been reported to promote arachidonic acid metabolism

[60]

.

Clostridium sporogenes and Clostridium bartlettii degrade tryptophan to indole using
tryptophanase colonized in intestine, then further transfer to indoxyl sulfate (a uremic
toxin)

[61]

. These facts collectively suggest that the higher abundance of the genera
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Lactobacillus, Bifidobaberium and the lower abundance of the genera Bacteroides,
Parabacteroides, Clostridium contribute to more CA, TUCA, tryptophan, arachidonic
acid, less HDCA, indoxyl sulfate, higher expression of TGR5 as well as lower
expression of serum MDA and TNF-α in the G6-treated group (Figure 2-16).
Additionally, the strains in the genera Butyricimonas and Coprococcus are reported to
mediate short-chain fatty acids (SCFAs) metabolism, particularly generate butyrate. To
be specific, the bacteria Butyricimonas faecihominis and Butyricimonas paravirosa
produce butyrate and isobutyrate as the end products from glucose

[62]

; Coprococcus

comes and Coprococcus eutactus actively ferment carbohydrates (such as hexose and
pentose) to generate butyrate

[63]

. Butyrate is the preferred energy substrate for

colonocytes and exerts a trophic effect. Furthermore, butyrate limits intestinal
inflammation by promoting the formation of the regulatory T cells

[64]

. LA is also the

substrate for forming butyrate by a subset of gut microbiota. This process prevents the
accumulation of LA during over-fatigue. Thus, the higher levels of the genera
Butyricimonas and Coprococcus in the G5-treated group might contribute to its less
serum LA and higher butyrate content as well as lower expression of IL-β, while G6
was opposite. However, the genera Dorea and Sutterella are associated with the
inflammation and potentially increase gut permeability to trigger pro-inflammatory
capacities [65]. Ginsenoside IVa was found to be negatively correlated with Dorea and
Sutterella. Therefore, the higher content of IVa in G6 might explain the lower
abundance of Dorea and Sutterella as well as less inflammation in the G6-treated
group.
In summary, G5 exerted stronger anti-fatigue activity and anti-metabolic disorders
than G4/G6 that could be due to its lower contents of ginsenosides IVa and 20(R)-Rh2,
while G6 showed the best effects on alleviating gut microbiota dysbiosis than G4/G5
due to the higher amounts of ginsenosides Rb1, Rb2, Rc, IVa, Fuc and the specific
structure of polysaccharides. The results suggested that the chemical components in
ginseng may differently correlate with the disease phenotypes, resulting in the different
therapeutic effects of G4, G5 and G6. This study developed an integrated chemoimcs,
metabolomics and gut microbiota genomics strategy for
58

comprehensively

characterizing the quality and efficacy of herbal medicines as well as exploring the
effect mechanisms. This will be a promising method for quickly finding the bioactive
components that significantly contribute to the disease phenotypes, which provides
scientific basis for guiding the clinical application of herbal medicines.

Figure 2-16 Anti-fatigue mechanism of ginseng treatment.

59

2.5 Conclusion
In this study, using the integrated chemomics, metabolomics and gut microbiota
genomics strategy, it was observed that G4, G5 and G6 possessed different quality and
also exerted different anti-fatigue activity in improving biochemical parameters,
metabolic disorder and gut microbiota dysbiosis. Furthermore, the quality significantly
correlated with the anti-fatigue activity, as indicated by the specific correlation
networks

between

ginsenosides/carbohydrates

and

gut

bacteria/endogenous

metabolites. The potential mechanisms involved in the correlations include the
structural specificity-based interaction between ginsenosides/carbohydrates and gut
microbiota and then the gut microbiota-driven impacts on endogenous bile acid, amino
acid, fatty acid and lipid metabolism. The case study provides a promising strategy to
comprehensively investigate the correlation between the quality and efficacy of herbal
medicine, and guide their clinical application in terms of different disease phenotypes.
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Chapter 3 Correlation between the quality and processing chemistry of ginseng
3.1 Introduction
In herbal markets, ginseng is normally available as either white ginseng (WG) or
red ginseng (RG). WG is unprocessed sundried ginseng, and RG is processed by
steaming fresh ginseng at 95-100 °C for a certain time [66]. WG and RG are empirically
thought to possess different qualities, and thus have different uses in healthcare. Indeed,
experimental research has indicated that, with regard to certain specific bioactivities,
RG is better than WG; these bioactivities include anti-inflammatory [16], antineoplastic
[14]

and antioxidant

[67]

. Theoretically, the bioactive differences between WG and RG

should be due to steaming-induced chemical variation. The processing chemistry of RG
has been examined with a focus on ginsenosides. The studies on RG processing showed
that the steaming easily triggers chemical degradation of multiple primary ginsenosides
into secondary ginsenosides through deglycosylation and/or dehydration, and the
secondary ginsenosides always exhibit better bioavailability and bioactivity than their
precursors

[48, 68]

. Therefore, steam-induced degradation of ginsenosides is generally

deemed the chemical basis for the clinical differences in the use of WG and RG.
Meanwhile, little effort has been spent attempting to understand how steam-processing
alters the carbohydrates in ginseng. Previous studies revealed that total polysaccharide
content in RG and WG is significantly different

[69]

. The quantitative difference

suggests that physiochemical properties of ginseng polysaccharides are changed by
steam-processing. It has been fully recognized that physiochemical parameters of
natural carbohydrates, such as solubility, molecular size, types and ratios of constituent
monosaccharides, are closely correlated with their biological activities

[70]

. For

example, inulin-type fructans of longer degree of polymerization are able to exert more
pronounced in vitro prebiotic effects

[71]

. These facts indicate that, in order to fully

understand the chemical basis for the clinical differences between WG and RG, we
must understand the influence of steaming not only on ginsenosides, but also on
carbohydrates.
In this study, we therefore seek to further study the processing chemistry of RG by
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simultaneously analyzing ginsenosides and carbohydrates (poly-, oligo- and
monosaccharides) in both steamed ginseng materials and steaming liquid. The study
proceeded in three phases. First, to observe dynamic chemical variation along with
increased steaming time, seven RG samples were prepared at seven consecutive time
points during 12-h steaming. Second, the chemicals in the WG sample, RG samples and
the steaming liquids by each processing were qualitatively and quantitatively
characterized

using

three

analytical

techniques,

i.e.

UHPLC-QqQ-MS/MS,

ultra-performance liquid chromatography coupled with photodiode array detector
(UPLC-PDA) and HPLC-ELSD. Third, based on the obtained data, the chemical and
physical mechanisms potentially involved in the qualitative and quantitative
transformation during the RG processing were proposed and discussed.
3.2 Materials and Methods
3.2.1 Ginseng materials
Fresh ginseng was collected from Tonghua, Jilin Province in China, a
geo-authentic production area of ginseng. All collected samples were authenticated by
Prof S.-L. Li and Prof H.-B. Chen according to the monographs on ginseng documented
in the China Pharmacopoeia (PartⅠ, 2015 Version). The voucher specimens were
deposited at the Department of Metabolomics, Jiangsu Province Academy of
Traditional Chinese Medicine, Nanjing, and the School of Chinese Medicine, Hong
Kong Baptist University, Hong Kong.
3.2.2 Preparation of red ginseng
According to the actual processing conditions adopted by the farmers and
wholesalers in Tonghua, the preparation of red ginseng was performed using a covered
stainless steel container (2 L) that can be electrical-heated. The container was separated
into upper and lower layers with a steamer tray. Fresh ginseng samples of similar size
were selected and then randomly divided into seven portions. Each portion of the
ginseng sample (100 g) was put onto the upper layer of the container, meanwhile the
lower layer was poured into water (500 mL). After that, the container was continuously
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heated to maintain the water boiling for steaming. Seven RG samples were respectively
prepared by 1 h, 2 h, 3 h, 4 h, 6 h, 8 h and 12 h of steaming and then 24 h of oven drying
(60 °C). WG sample was directly dried without steaming. Each kind of sample was
prepared in triplicate. All the prepared samples were then vacuum packed, and stored
for further analysis.
3.2.3 Sample preparation for chemical analysis of steaming liquid
The steaming liquid by each processing was collected and freeze-dried. Then the
interested analytes in the dried powder were extracted as described above.
3.2.4 Ginsenosides and carbohydrates analysis
Ginsenosides and carbohydrates were characterized by the developed
UHPLC-QqQ-MS/MS and HPLC-ELSD methods, respectively.
3.2.5 Data analysis
The obtained qualitative and quantitative data were processed by Prism software
and/or SIMCA-P 11.5 software (Umetrics AB, Sweden). Data were presented as mean
±SD of triplicate determinations. Significant difference is indicated in the figures by p<
0.05.
3.3 Results and Discussion
3.3.1 Optimization of sample preparation procedure
The steaming time for RG processing has been not specified by regulatory
agencies. Our preliminary experiment suggested a maximum steaming time of 12 h
because, after that, the ginseng material turned to be mush. Therefore, in order to
observe the dynamic chemical variation along with the increased processing time
within 12 h, we selected seven time points at 1 h, 2 h, 3 h, 4 h, 6 h, 8 h and 12 h as the
steaming times to prepare the seven RG samples (RG1-RG7), respectively.
3.3.2 Chemical variation in ginseng processed by 12-h steaming
Ginsenosides, monosaccharides and oligosaccharides in the ginseng materials
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(WG and RG) and the steaming liquid were determined by the developed
UHPLC-QqQ-MS/MS (ginsenosides, reducing monosaccharides and oligosaccharides)
and HPLC-ELSD (non-reducing monosaccharides and oligosaccharides). The
polysaccharides in these samples were qualitatively and quantitatively analyzed by the
HPGPC-ELSD and UHPLC-QqQ-MS/MS methods with regard to molecular weight
distribution

and

monosaccharide

composition,

respectively.

The

typical

chromatograms are given in Figure 3-1 and 3-2. The quantitative variations of these
analytes during the processing are summarized in Figure 3-3, and Table 3-1 and 3-2. It
can be clearly seen that the steaming process substantially and differently altered the
investigated chemicals, as described below.
3.3.3.1 Ginsenosides
As indicated in Figure 3-3A, total detected ginsenosides in the ginseng sample
were decreased significantly (p<0.05) from 15.57 mg/g (WG) to 11.90 mg/g by the 1st-h
steaming but thereafter increased gradually by the following steaming to 29.85 mg/g at
the last time point (12th h). Accumulating previous researches [9, 72] have demonstrated
that certain primary ginsenosides in ginseng are degraded into secondary ginsenosides
by steaming via deglycosylation and/or dehydration. Such degradation should be
largely responsible for the content decrease of ginsenosides in the RG1 sample. For
example, the primary ginsenosides in the sample, namely Re, Rg1, Rf, were reduced
(Re: 1.82 mg/g to 0.45 mg/g; Rg1: 1.64 mg/g to 0.57 mg/g; Rf: 1.90 mg/g to 1.04 mg/g),
and their deglycosylated and dehydrated products, Rg2, 20(R)-Rg2, Rh1, 20(R)-Rh1, F4,
Rk3 and Rh4 were accordingly increased (Rg2: 0.88 mg/g to 0.91 mg/g; 20(R)-Rg2: 0 to
0.03 mg/g; Rh1: 0.02 mg/g to 0.06 mg/g; 20(R)-Rh1: 0 to 0.01 mg/g; F4: 0 to 0.02 mg/g;
Rk3: 0 to 0.05 mg/g; Rh4: 0 to 0.13 mg/g). However, the ensuing gradual increase of
ginsenoside amounts in RG2-RG7 samples could be driven by hydrolysis of malonyl
(Ma) and/or acetyl (Ac) ginsenosides

[69]

. Under the conditions of steaming,

malonylated and acetylated primary ginsenosides belonging to PPT and PPD types (e.g.
Ma-/Ac-Re, Rg1, Ma-Rb1) could be hydrolyzed to release primary ginsenosides (Re,
Rg1, Rb1), which could be further degraded into their secondary ginsenosides (e.g. Rg2,
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Rh1, F4, Rg3) as mentioned above. Consequently, as the final products of the cascade
reaction, many secondary ginsenosides, such as Rg2, 20(R)-Rg2, Rh1, 20(R)-Rh1, F4,
Rk3, Rh4, Rg3, 20(R)-Rg3, Rk1, Rg5 were quantitatively increased, and tendency of their
contents to increase during 2-h to 12-h of steaming indicated that the chemical reaction
continued.

Figure 3-1 Typical UHPLC-QqQ-MS/MS chromatograms of thirty ginsenosides (A)
and fifteen reducing carbohydrates (B) in WG and RG. A1, B1: WG; A2, B2: RG; B3:
polysaccharides of WG; B4: polysaccharides of RG.
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Figure 3-2 Typical chromatograms of HPLC-ELSD (A) and HPGPC-ELSD (B). A1:
WG; A2: RG.

Figure 3-3 Quantitative variations of multiple components in RG during the 12-h
steam-processing. A: ginsenosides; B: polysaccharides; C: oligosaccharides; D:
monosaccharides. (*: p＜0.05, compared with the previous one)
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Table 3-1 Quantitative variations of ginsenosides, reducing carbohydrates, non-reducing carbohydrates and polysaccharides contents in WG and
RG samples (μg/g, ± SD).
Analyte

WG
3

RG1

RG2

RG3

RG4

RG5

RG6

RG7

Re

1.82*10 ±33.16

447.39±46.65

420.52±7.68

413.10 ±2.93

487.43 ±3.23

410.27 ±16.52

426.98 ±7.46

333.29 ±18.58

Rg1

1.64*103±73.49

566.81 ±56.97

609.26 ±20.43

625.54 ±4.97

688.51 ±12.11

572.57 ±27.69

514.60 ±7.16

389.10 ±37.26

Rf

3

1.90*10 ±113.37

3

1.04*10 ±42.36

3

1.01*10 ±39.21

1.07*10 ±4.96

3

1.14*10 ±35.61

3

1.18*10 ±16.47

1.16±6.23

1.13*103±15.77

N-R2

368.45 ±0.60

197.70 ±0.95

121.62 ±2.40

174.02 ±5.63

268.05 ±1.38

139.06 ±0.16

234.76 ±5.87

225.90 ±1.86

3

3

3

3

3

2.90*103±28.76

Rb1

3

2.61*10 ±99.16

2.39*10 ±141.33

2.93*10 ±82.05

3

3.02*10 ±10.92

Rg2

877.56 ±60.10

906.78 ±8.30

426.50 ±2.02

485.10 ±5.40

3

3.83*10 ±9.23

3.48*10 ±55.05

3.29*10 ±25.23
3

600.03 ±5.07

856.88 ±12.99

1.13*10 ±1.78

1.50*103±16.27

Rh1

20.05 ±0.20

64.19 ±3.58

193.45 ±13.61

319.35 ±4.76

511.68 ±6.45

613.03 ±10.71

642.80 ±4.40

839.95 ±11.04

20(R)-Rg2

-

33.23 ±1.15

47.77 ±1.33

75.92 ±0.20

148.61 ±3.24

171.12 ±8.59

253.73 ±2.01

378.83 ±10.91

Rc

1.50*103±38.38

1.16*103±79.38

1.53*103±45.41

1.65*103±1.68

1.68*103±8.67

1.71*103±21.87

1.75*103±7.41

1.38*103±33.36

20(R)-Rh1

-

13.51 ±0.44

47.90 ±2.59

73.18 ±0.48

117.07 ±5.60

163.59 ±1.50

181.21 ±0.52

255.76 ±5.21

Ro

3

2.86*10 ±183.82

3

1.79*10 ±77.20

3

1.19*10 ±57.42

3

1.43*10 ±22.02

3

1.80*10 ±29.01

3

1.65*10 ±71.79

3

1.46*10 ±49.43

1.40*103±19.52

Rb2

1.20*103±61.70

1.52*103±13.43

2.41*103±34.84

2.41*103±35.80

2.53*103±221.90

2.49*103±29.30

1.95*103±15.59

1.12*103±22.12

Rb3

196.63 ±8.62

161.97 ±6.37

198.91 ±5.12

237.98 ±4.00

257.12 ±16.37

212.72 ±17.84

250.86 ±2.13

173.27 ±1.56

F1

6.56 ±0.18

6.36 ±0.02

5.84 ±0.03

6.95 ±0.08

6.49 ±0.41

7.54 ±0.52

8.41 ±0.05

8.50 ±0.38

IVa

24.90 ±1.50

25.49 ±0.20

-

-

-

-

-

-

Z-R1

29.52 ±1.51

31.73 ±0.33

-

-

-

-

-

-

Rd

413.85 ±6.08

645.75 ±2.42

753.20 ±28.46

1.02*103±15.21

1.36*103±65.95

1.36*103±99.58

1.10*103±11.08

1.42*103±87.86

F4

-

15.58 ±1.31

48.02 ±0.64

89.57 ±3.79

131.38 ±3.58

203.48 ±13.94

315.64 ±7.39

458.33 ±19.82

Rk3

-

53.10 ±1.46

124.88 ±3.25

213.11 ±3.56

325.47 ±15.49

478.56 ±23.07

590.66 ±19.52

862.58 ±0.29

3

Rh4

-

133.24 ±11.62

286.46 ±9.07

493.14 ±6.63

746.15 ±20.20

1.02*10 ±40.14

1.25*10 ±8.25

1.79*103±34.38

F2

8.67 ±0.34

2.15 ±0.14

43.19 ±1.83

2.41 ±0.04

22.27 ±0.61

14.15 ±1.42

4.52 ±0.26

11.46 ±0.47

Rg3

16.22 ±0.32

41.59 ±4.14

90.98 ±1.18

206.48 ±1.44

308.26 ±7.64

306.80 ±13.70

374.98 ±26.71

620.50 ±2.77

20(R)-Rg3

11.56 ±0.73

75.87 ±1.68

102.47 ±0.28

179.99 ±3.72

270.16 ±13.22

404.54 ±12.44

551.98 ±12.94

910.94 ±2.40

891.96 ±38.87

3

1.96*103±22.95

Rk1

-

100.78 ±11.19

178.42 ±4.39

399.18 ±7.37
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539.72 ±16.02

3

1.29*10 ±15.54

Rg5

62.15 ±9.75

487.54 ±5.25

820.02 ±24.22

1.95*103±32.58

2.62*103±88.26

4.48*103±176.23

6.39*103±108.05

9.78*103±87.49

CK

2.11 ±0.05

1.86 ±0.55

1.31 ±0.00

1.35 ±0.09

1.35 ±0.07

1.69 ±0.04

2.36 ±0.04

3.38 ±0.10

Rh2

-

0.20 ±0.01

1.41 ±0.01

0.61 ±0.04

2.90 ±0.08

3.35 ±0.33

2.72 ±0.11

5.35 ±0.35

20(R)-Rh2

-

0.03 ±0.01

0.42 ±0.03

0.21 ±0.02

1.91 ±0.31

2.33 ±0.15

1.40 ±0.02

3.35 ±0.02

Hep

6.52 ±0.01

48.63 ±1.13

54.00 ±1.08

46.89 ±0.58

55.74 ±4.87

38.96 ±3.29

70.11 ±3.27

52.42 ±2.79

Hex

10.67 ±0.01

43.67 ±1.10

41.17 ±0.01

37.66 ±1.79

45.59 ±2.67

34.93 ±1.93

58.07 ±0.43

41.75 ±0.05

Pen

9.25 ±0.05

33.01 ±1.74

26.56 ±2.09

31.46 ±2.37

32.73 ±1.77

25.00 ±0.54

50.69 ±0.16

36.59 ±0.31

Meli

10.58 ±0.11

46.30 ±1.15

74.42 ±0.34

52.15 ±3.49

80.29 ±0.53

82.30 ±0.59

192.10 ±0.11

201.96 ±1.52

Tri

9.00 ±0.09

42.30 ±0.16

52.43 ±1.17

41.54 ±0.43

100.56 ±3.31

52.28 ±2.45

73.87 ±1.06

125.36 ±10.14

Mal

3

22.48*10 ±112.79

3

28.96*10 ±201.14

Suc

(222.09±6.09)*10

3

3

Tre

4.81*103±114.14

Mele

3

9.72*10 ±32.86

20.65*10 ±55.97

Sta

1.85*103±3.89

4.60*103±104.90

Man

(486.64±1.39)*10

(12.52 ±1.01)*103
3

9.29 ±0.21

3

3

28.06*10 ±28.63

36.96*10 ±64.73

3

3

70.08*10 ±3.45

3

45.78*10 ±177.71
3

343.34*10 ±155.09

338.95*10 ±850.94

(254.18±1.33)*10

11.95*103±0.26

11.10*103±146.92

10.89*103±374.75

3

151.99 ±0.90

3

16.22*10 ±11.64

3

14.75*10 ±719.98

8.39*103±27.23

3.18*103±21.76

238.14 ±9.45

389.37 ±8.39

(190.92±1.28)*10

3

3

73.55*103±839.80

47.11*10 ±61.39
(251.28±2.08)*10

3

277.24*103±316.30

11.46*103±106.43

20.86*103±121.67

10.25*103±106.41

11.84*10 ±34.03

3

9.87*10 ±17.39

3

12.79*10 ±327.43

7.42*103±5.84

4.43*103±3.96

5.23*103±116.78

5.79*103±95.14

2.54*103±50.20

3

264.70 ±8.24

3

248.19 ±4.26

1.19*10 ±8.07

936.52 ±6.20

GlcA

4.86 ±0.02

7.12 ±0.35

6.70 ±0.21

6.12 ±0.17

6.50 ±0.22

5.92 ±0.56

7.46 ±0.17

7.40 ±0.17

Rha

15.26 ±0.15

11.36 ±1.32

10.59 ±0.43

10.53 ±0.39

13.37 ±1.19

11.35 ±0.88

30.44 ±0.38

24.33 ±2.51

GalA

1.77 ±0.00

5.94 ±0.32

6.89 ±0.95

5.00 ±0.54

9.27 ±1.08

7.80 ±0.11

15.95 ±1.83

18.20 ±1.18

Glc

2.63*103±35.39

5.42*103±105.22

11.17*103±145.07

10.82±61.46

12.96*103±70.68

19.21*103±193.12

62.31*103±573.10

47.28*103±158.15

Gal

20.51 ±0.02

67.73 ±0.12

134.31 ±1.01

127.47 ±1.49

158.35 ±2.73

136.96 ±0.15

376.83 ±2.64

274.05 ±2.85

Ara

23.27 ±0.10

39.44 ±0.26

41.24 ±0.19

39.80 ±2.64

47.90 ±0.47

45.27 ±0.79

157.89 ±1.22

120.41 ±7.42

Fuc

15.88 ±0.12

10.39 ±0.72

9.05 ±0.14

8.80 ±0.03

9.37 ±0.67

8.25 ±0.49

15.82 ±0.21

15.53 ±1.12

3

3

Fru
Total polysaccharide

3

5.76±64.46
(109.04±2.72)*10

3

15.06*10 ±24.50
3

(209.75±4.46)*10

17.97*10 ±72.44
3

(192.28±5.47)*10

12.86*10 ±157.19
3

(228.34 ±5.63)*10
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3

17.93*10 ±407.17
(188.64 ±2.83)*10

3

3

3

17.61*10 ±38.86
(209.68 ±5.24)*10

32.73*103±2.47

56.69*10 ±39.23
3

(250.11±1.55)*10

3

(219.27±1.59)*103

Table 3-2 Amounts of ginsenosides, reducing carbohydrates, non-reducing carbohydrates and polysaccharides contents in steaming liquid of RG
samples (μg, ± SD).
Analyte

RG1’

RG2’

RG3’

RG4’

RG5’

596.45 ±52.49

3

1.23*10 ±87.98

3

3.35*10 ±224.75

3

6.13*10 ±65.95

3

10.86*10 ±321.29

3

7.00*10 ±254.13`

7.97*103±307.92

Rg1

632.25 ±60.91

3

1.12*10 ±118.72

3

3.15*10 ±294.88

3

6.68*10 ±137.69

3

10.98*10 ±341.83

3

6.92*10 ±264.03

7.74*103±237.38

Rf

1.28*103±52.93

2.72*103±207.69

6.99*103±369.95

12.18*103±902.20

21.68*103±134.44

14.78*103±172.44

8.62*103±882.61

3

3

Re

3

3

N-R2

508.27 ±48.33

484.95 ±39.03

Rb1

3

3.36*10 ±32.94

3

1.47*10 ±3.46

2.39*10 ±4.17

10.93*10 ±579.44

26.83*10 ±78.89

(45.52 ±3.31)*10

Rg2

480.56 ±8.54

3

2.06*10 ±15.73

3

1.33*10 ±42.29

3

6.92*10 ±372.16

Rh1

214.31 ±2.65

686.38 ±43.49

1.92*103±7.13

3

RG6’

RG7’

3.91*10 ±138.45

2.82*10 ±110.78

782.55 ±67.36

3

3

53.56*10 ±722.78

(32.63±2.44)*103

15.50*10 ±80.51

3

11.03*10 ±247.01

10.36*103±734.83

3.06*103±213.76

6.78*103±236.41

5.02*103±121.54

5.12*103±237.27

3

3

3

3

80.51*10 ±767.43
3

20(R)-Rg2

59.70 ±3.12

172.22 ±16.77

849.15 ±25.95

1.02*10 ±63.17

2.70*10 ±49.76

2.22*10 ±132.00

1.71*103±29.53

Rc

1.78*103±19.60

6.69*103±142.42

15.15*103±140.89

(24.81 ±1.69)*103

(40.95 ±1.05)*103

29.78*103±393.55

(15.22±1.23)*103

3

20(R)-Rh1

17.40 ±1.04

69.12 ±2.80

339.18 ±9.54

629.95 ±33.01

1.44*10 ±1.40

1.25*10 ±17.71

1.94*103±93.40

Ro

1.45±15.32

3.17*103±109.83

9.15*103±181.58

15.11*103±863.93

30.21*103±765.20

(17.49±1.02)*103

9.89*103±740.88

Rb2

2.72*103±15.72

13.49*103±847.18

(27.77 ±1.18)*103

(43.54±2.43)*103

(75.79±3.55)*103

(51.37±1.17)*103

(14.65±1.00)*103

Rb3

229.62 ±7.51

3

3.48*10 ±85.48

4.86*10 ±0.84

3

7.50*10 ±61.26

3

13.69*10 ±742.47

3

9.98*10 ±749.80

1.15*103±83.15

F1

7.58 ±0.02

161.53 ±12.97

162.23 ±1.56

106.75 ±1.05

240.95 ±13.33

332.32 ±16.18

38.36 ±3.95

Rd

915.15 ±9.57

3

3.85*10 ±90.46

3

3.66*10 ±55.31

3

7.63*10 ±37.27

3

15.62*10 ±670.37

3

10.91*10 ±643.86

3.51*103±265.49

F4

58.44 ±0.68

84.64 ±4.51

463.09 ±6.64

296.03 ±13.79

1.01*103±9.54

461.57 ±7.68

1.01*103±68.23

3

3

3

Rk3

35.97 ±0.64

103.11 ±0.19

557.12 ±17.90

511.12 ±46.16

1.47*10 ±7.26

649.44 ±72.48

1.78*103±105.97

Rh4

63.64 ±3.37

245.75 ±3.81

1.33*103±49.42

1.37*103±81.92

3.54*103±140.31

1.20*103±29.66

4.19*103±142.36

F2

52.85 ±0.11

10.86 ±0.30

10.76 ±0.74

8.55 ±1.62

13.19 ±0.81

11.89 ±0.53

-

3

3

Rg3

100.32 ±4.17

129.36 ±10.25

959.39 ±42.29

518.48 ±59.92

1.61*10 ±108.19

773.28 ±83.81

3.47*10 ±178.94

20(R)-Rg3

135.84 ±7.09

745.58 ±18.45

1.44*103±0.97

871.44 ±26.16

2.05*103±41.93

2.00*103±94.27

2.55*103±196.95

Rk1

210.84 ±1.67

637.13 ±5.76

2.10*103±30.50

848.00 ±62.56

3.21*103±121.23

1.60*103±68.26

3.41*103±54.95

Rg5

993.71 ±18.02

3

3.14*10 ±67.43

3

10.50*10 ±252.56

3

6.30*10 ±32.40

3

17.06*10 ±586.39

3

9.46*10 ±151.68

18.74*103±351.45

CK

4.50 ±0.01

5.28 ±0.10

9.46 ±0.46

3.74 ±0.44

5.96 ±0.70

12.09 ±0.83

-
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Rh2

1.40 ±0.73

1.04 ±0.04

2.45 ±0.27

0.72 ±0.04

2.62 ±1.02

0.57 ±0.17

-

20(R)-Rh2

0.40 ±0.22

0.22 ±0.10

0.98 ±0.02

0.44 ±0.00

2.60 ±1.02

0.53 ±0.00

-

3

Hep

27.72 ±0.64

74.05 ±0.02

334.18 ±1.16

1.16*10 ±2.51

723.69 ±37.55

1.14*10 ±25.96

3.25*103±36.69

Hex

27.60 ±2.91

68.52 ±0.26

206.97 ±1.49

922.82 ±16.81

518.45 ±31.65

713.06 ±31.70

2.74*103±152.78

Pen

22.99 ±1.29

72.88 ±3.88

205.14 ±0.09

710.86 ±10.01

467.85 ±15.08

877.04 ±12.14

2.60*103±165.87

Meli

41.20 ±3.30

174.01 ±0.88

2.39*103±8.80

4.67*103±160.82

1.58*103±15.75

1.34*103±23.88

5.80*103±143.56

Tri

28.48 ±0.17

69.35 ±0.05

Mal

20.34*103±952.25
3

Suc

(428.00 ±2.53)*10

Tre

14.99*103±613.79

3

409.14 ±28.52

(92.76 ±1.04)*103
6

3

1.89*10 ±5.48

(219.37 ±18.25)*103

(387.13 ±2.31)*103

3.54*10 ±8.59*10

3

6

5.23*10 ±10.24*10

27.67*103±134.19

117.26*103±40.20

158.56*103±716.90

3

3

1.20*10 ±0.95

3

1.24*10 ±2.95*10

6

3

3

3

8.04*103±500.77

1.26*10 ±6.23

(603.67 ±2.80)*103
6

6.51*10 ±10.46*10

3

(281.18 ±12.05)*103
3

(393.65±2.46)*103
6

3.87*10 ±7.83*10

3

(229.01 ±2.45)*103

12.82*106±315.12*103
(392.80 ±1.95)*103
(369.53 ±14.64)*103

Mele

19.27±10.18

49.86±276.66

125.68*10 ±138.70

168.95*10 ±320.35

(304.66±1.27)*10

Sta

13.18*103±35.41

19.30*103±261.14

34.81*103±493.08

52.02*103±490.08

(117.64 ±2.56)*103

(103.10 ±1.95)*103

264.68*103±516.45

398.34 ±2.84

3

2.42*10 ±45.44

3

3

11.33*10 ±261.86

3

26.76*10 ±299.82

3

19.91*10 ±131.20

(70.57 ±4.84)*103

GlcA

7.04 ±0.16

19.05 ±2.25

55.13 ±3.87

82.74 ±0.93

148.81 ±19.18

95.97 ±6.70

282.76 ±1.76

Rha

12.92 ±0.29

43.64 ±5.10

121.94 ±9.99

227.51 ±16.37

475.70 ±4.27

290.18 ±4.15

863.51 ±9.57

Man

7.28*10 ±457.53

(257.48±3.26)*10

3

2.91*106±17.41*103

GalA

4.70 ±0.50

15.15 ±0.05

83.91 ±5.76

104.99 ±0.77

149.68 ±1.67

88.17 ±15.25

518.03 ±12.60

Glc

12.42*103±85.84

60.10*103±42.66

152.95*103±89.55

(232.76 ±1.92)*103

(771.18 ±7.44)*103

(308.61±1.45)*103

1.63*106±53.23*103

Gal

102.13 ±3.66

234.59 ±6.83

614.56 ±5.87

1.05*103±1.92

3.05*103±199.40

2.83*103±1.85

7.77*103±3.66

Ara

51.15 ±1.03

202.23 ±3.16

628.68 ±26.46

1.18*103±69.31

2.63*103±12.26

1.90*103±7.93

5.834*103±28.16
482.50 ±41.21

Fuc

-

-

-

-

-

-

Fru

7.31*103±483.38

12.45*103±126.95

16.46*103±40.13

21.74*103±797.11

20.48*103±55.49

14.18*103±113.04

Total polysaccharide

(106.97±1.18)*10

3

(238.15 ±4.57)*10

3

(923.46 ±11.83)*10

3

6

1.26*10 ±3.35*10
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3

6

2.04*10 ±21.92*10

3

6

1.08*10 ±1.54*10

3

6

1.25*10 ±17.40*103

Interestingly, the contents of the primary PPT- and PPD-type ginsenosides such as
Re, Rg1, and Rb1 remained steady or fluctuated only slightly during 2-12 h steaming,
suggesting their formation and degradation may occur simultaneously and could be
balanced. Besides, OLE-type ginsenoside Ro could be degraded into Z-R1 and IVa by
steaming via deglycosylation

[9]

. The content of Ro declined steadily from 2.86 mg/g

(WG) to 1.40 mg/g (RG7) in this study. However, Z-R1 and IVa were not detected at all
after the 2-h steaming, which was potentially due to further degradation; this
phenomenon warrants further investigation.
3.3.3.2 Carbohydrates
The content of polysaccharides was considerably increased from 109.04 mg/g
(WG) to 209.75 mg/g (RG1) during the first hour of steaming (p＜0.05), and then
fluctuated slightly in the RG2-RG7 samples from 192.28 mg/g (RG2) to 219.27 mg/g
(RG7) (Figure 3-3B). Monosaccharide composition analysis indicated that both WG
and RG polysaccharides consisted of Glc, Gal, Ara, GlcA, GalA, Man, Rha and Fuc,
but with different mole ratios. Moreover, the HPGPC analysis showed that the
steaming, even only 1 h, significantly broadened the molecular weight distribution of
ginseng polysaccharides (from 1-12145 kDa for WG to 1.6-24121 kDa for RG,
calculated by the established molecular weight-retention time calibration curve:
y=-0.596x+13.70, R2=0.996). These results suggest that ginseng polysaccharides were
both qualitatively and quantitatively changed by steam-processing. Several reasons
regarding physiochemical parameters of RG polysaccharides are potentially involved
in the variation: enhanced water solubility

[73]

and polymerization degree

[74]

could

result in more extraction yields and wider molecular weight distribution; the
degradation by hydrolysis to release oligosaccharides and/or monosaccharides likely
contributed to the decrease in polysaccharide contents in the RG samples.
The bar chart in Figure 3-3C illustrate that, during the first hour of steaming, the
total oligosaccharide content was sharply increased from 261.00 mg/g to 553.59 mg/g
(p< 0.05), and then dwindled to 371.47 mg/g by the 11-h steaming. Main explanation of
this is that the oligosaccharides in RG samples either to be generated by polysaccharide
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hydrolysis or to be further degraded into monosaccharides, resulting in an increase and
decrease of their respective contents. However, different oligosaccharides showed
different tendencies in their variation. For example, Suc, a disaccharide consisting of
glucopyranosyl and fructofuranosyl linked by (1→2) glycosidic bond, was depleted by
43.03% during the steaming, whereas another disaccharide, namely Mal (two
glucopyranosyls joined with (1→4) bond), was increased by 153.99%, suggesting their
generation and degradation were unequal. We have demonstrated that ginseng
polysaccharides are rich in Glc units but lack Fru; therefore they cannot easily release
Suc but could release Mal. Additionally, carbohydrate hydrolysis may be specific with
preference in glycosidic linkages. For example, it was found that the (1→2) glucosidic
bond in Sta, a natural tetrasaccharide, was more susceptible to acid hydrolysis than
other bonds within it

[24]

. Thus we speculated that (1→2) linked Suc might be more

easily hydrolyzed than Mal. That is to say that the more generation and less
consumption of Mal than Suc could collectively contribute to their different
quantitative variation.
As to the content of monosaccharides, this increased gradually in RG1-RG5
samples from 20.92 mg/g to 39.91 mg/g, and then presented a boost in RG6 samples
(125.61 mg/g (Figure 3-3D). However, the last steaming significantly depleted the total
content of monosaccharides to 90.74 mg/g (RG7). The earlier increase in
monosaccharides should come from the deglycosylation of different chemicals. For
example, Glc and Fru were the most abundant monosaccharides in the samples and also
were dramatically increased (Glc: 5.42 mg/g to 62.31 mg/g; Fru: 15.20 mg/g to 61.50
mg/g) by the first 8-h steaming. Glc commonly constituted ginsenosides,
polysaccharides and oligosaccharides, and therefore their degradation was able to
together result in the increased Glc. But the increased Fru should be largely released
from oligosaccharides, such as Suc, Mele and Sta, since it was not found in the detected
ginsenosides and polysaccharides. Besides, monosaccharides could be further
transformed by dehydration to generate furfural derivatives, which then participated in
the Maillard reaction

[75]

, subsequently contributing to the loss of monosaccharides.

Given the significant decrease in monosaccharide content in the RG7 sample, the major
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monosaccharide transformation appeared to be triggered by long steaming.
3.3.4.4 Steaming liquid
The processing of red ginseng is normally performed in a covered container with a
steam rack; the processed ginseng material is placed on the rack above boiling water
[66]

. The boiling water produces plenty of water vapor, some of which is then condensed

back to liquid when it contacts the “coolers”: i.e. the cap and wall of the container, the
rack and even the ginseng material. The accumulated distillate (including the drops of
distillate on the container) on the surface of the ginseng material could facilitate the
dissolving of certain chemicals in ginseng under high temperature. Then the distillate,
containing ginseng components, drops into the steaming liquid and consequently
represents a certain loss of chemicals from the ginseng material. Therefore, the
steaming liquid after the processing also deserves chemical analysis to further elucidate
the transformation of original chemicals in ginseng by the steaming. However, to the
best of our knowledge, the steaming liquid from herbal processing has never been
chemically investigated. Therefore, in addition to the ginseng materials, the steaming
liquid was collected after each processing and analyzed.
Figure 3-4 shows that the steaming liquid indeed contained many ginseng
components,

including

ginsenosides,

polysaccharides,

oligosaccharides

and

monosaccharides. All chemicals detected in the steaming liquid gradually increased
with time of processing up to 6 h. The total amounts of ginsenosides, polysaccharides,
oligosaccharides and monosaccharides increased from 15.91 mg, 106.97 mg, 496.29
mg and 16.92 mg to 156.49 mg, 1248.49 mg, 16782.84 mg and 77.04 mg, respectively.
However, after the 6th-h steaming, the contents of ginseng chemicals in the steaming
liquid of RG6 and RG7 showed drastic fluctuation (decrease and then increased). We
speculate that the steaming-induced chemical transformation in ginseng material, such
as the deglycosylation of ginsenosides, the hydrolysis of polymeric carbohydrates and
Maillard reaction on monosaccharides, also occurred to a considerable degree in the
steaming liquid.
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Figure 3-4 Quantitative variations of multiple components in RG steaming liquid
during the 12-h steam-processing. A: ginsenosides; B: polysaccharides; C:
oligosaccharides; D: monosaccharides. (*: p＜0.05, compared with the previous one)

To sum up, the quantitative results clearly demonstrated that, in addition to
ginsenosides, carbohydrates were significantly affected by steam-processing.
Moreover, each kind of components presented different quantitative variations and
involved specific potential chemical transformation mechanisms as summarized in
Figure 3-5. In other words, the impact of steaming on ginsenosides is unable to
characterize the overall quality difference between WG and RG. To further support our
conclusion, we statistically processed the quantitative data of ginsenosides and
carbohydrates using principle component analysis (PCA). The PCA results (Figure 3-6)
reveal completely different score plot patterns for ginsenosides and carbohydrates.
Inconsistent conclusions could be achieved based on the statistical results. For
example, according to the ginsenoside and carbohydrate patterns, the RG samples
possessing most different quality from WG were RG6 and RG7, respectively. The
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comparison further highlighted the necessity of simultaneous determination of
ginsenosides and carbohydrates in any investigation on the chemistry of RG
processing. The chemical variation should explain the bioactive differences between
WG and RG in terms of multiple biological mechanisms, in which ginsenosides and
carbohydrates are potentially interrelated as discussed above. For example, Rh1 has
been shown to have stronger anti-inflammatory activity than Rg1 [76]. It was found here
that Rg1 was decreased while Rh1 was increased in the RG samples, therefore possibly
contributing to better anti-inflammatory effect of RG than WG [16]. Besides, human gut
microbiota is able to transform Rg1 to Rh1 through deglycosylation

[77]

. The RG

polysaccharides altered by steam-processing may exert prebiotic-like effects on gut
microbiota composition different from WG polysaccharides, and thereby affect
differently the intestinal microbial metabolism and in vivo bioactivities of Rg1. Our
study lays the foundation for further biological evaluation and comparison of RG and
WG. In addition, we have experimentally verified that ginseng bioactive components
are transferred into the steaming liquid during RG processing, and that these chemicals
in the steaming liquid are further chemically transformed. From the perspective of
resource saving, we recommend that the steaming liquid generated in RG processing
can and should be utilized. For instance, Chinese Pharmacopoeia specifies that the
steaming liquid produced by the steam-processing needs to be mixed with the steamed
herbal materials. Our study provides scientific data that supports this empirical
approach since steaming liquid appears to contain abundant chemical ingredients, as in
the case of RG. In spite of this, the processing procedure of RG, which involves
multifaceted factors such as the steaming time and the steam liquid treatment, has not
been standardized yet. The present study clearly demonstrated that both the steaming
time and the steam liquid treatment could significantly impact the chemical profiles of
red ginseng. Thus, in the future, we will focus on how the impacts contribute to the
bioactivity of red ginseng so as to recommend optimal conditions for standardization of
red ginseng processing. For example, specific pharmacological actions of red ginseng
samples with different steaming time, or the samples mixed/unmixed steam liquid, will
be evaluated and compared.
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Figure 3-5 Proposed chemical and physical transformation mechanisms involved in
the processing chemistry of RG.

Figure 3-6 PCA score plots based on ginsenoside (A) and carbohydrate (B) contents
in the WG and RG samples.

3.4 Conclusions
In this study, using multiple analytical techniques, we reinvestigated the
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processing chemistry of RG by simultaneously determining types of bioactive
chemicals

including

ginsenosides

and

carbohydrates

(poly-,

oligo-

and

monosaccharides) in both the steamed ginseng materials and the steaming liquid. The
experimental results revealed that the steaming process quantitatively and qualitatively
changed the constituents via chemical and physical transformation. Potential
mechanisms

involved

were

proposed

and

discussed,

including

hydrolysis

(deglycosylation, demalonylation, deacetylation), dehydration, polymerization and the
Maillard reaction. The study advances the understanding of processing chemistry of
RG, and therefore should be helpful for elucidating the scientific basis of RG
preparation and application. The results reported here highlight the importance of
simultaneously investigating secondary metabolites and carbohydrates and of paying
attention to the steaming liquid in studies on the steam-processing of dietary herbs.
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Chapter 4 Correlation between the quality and anti-obesity activity of WG and
RG
4.1 Introduction
Obesity, characterized by an excess of fat accumulation, is a complex chronic
disease condition that is closely associated with metabolic disorders and low-grade
inflammation [78-80]. In modern society, obesity has been considered as a leading health
problem because it not only reduces people’s quality of life but also increases the risk
of various chronic diseases including type 2 diabetes, cardiovascular disease and
certain types of cancers

[81-83]

. Worldwide obesity has nearly tripled since 1975. In

2016, more than 1.9 billion adults (18 years and older) were overweight. Of these over
650 million were obese [84].
Solid evidence indicates that gut microbiota dysbiosis has a causative role as a
pathogen-like entity in the onset and progression of obesity

[85]

. Multifaceted

molecular mechanisms by different gut bacteria could be involved in preventing or
causing obesity, such as participating in the metabolism of polysaccharides, bile acids
and choline, releasing lipopolysaccharide (LPS) that triggers inflammation and
metabolic disorder, and regulating the expressions of certain lipid metabolism-related
proteins [86]. Given these crucial roles, gut microbiota has become a promising territory
for developing anti-obese therapies

[87]

. A number of treatments, including antibiotics

and prebiotics, are being evaluated for the management of obesity by targeting gut
microbiota [88].
Accumulated studies provide evidence that ginseng as well as its carbohydrates
and ginsenosides possess anti-obesity activity

[3]

. Previously a clinical trial indicated

that the water extract of ginseng can ameliorate the gut microbiota dysbiosis associated
with obesity

[89]

. In herbal markets, ginseng is normally available as either white

ginseng or red ginseng. White ginseng is unprocessed sundried ginseng, and red
ginseng is processed by steaming fresh ginseng at 95-100 °C for a certain time

[66]

.

Previous studies have revealed that carbohydrates and ginsenosides in white ginseng
and red ginseng are qualitatively and quantitatively different
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[90]

. However, whether

white ginseng and red ginseng possess different anti-obesity activity, which is a
significant issue for clinical practice, remains unknown thus far.
In this study, we aimed to compare the anti-obesity activity and discuss potential
mechanisms of water extracts of white ginseng and red ginseng (WEWG and WERG).
The study was designed as follows (Figure 4-1). First, carbohydrate and ginsenoside
components in WEWG and WERG were qualitatively and quantitatively determined,
and the structural and compositional properties of glycosyl groups in these chemicals
were highlighted. Then, in a model mice fed with high-fat diet (HFD), the effects of
WEWG and WERG on obesity phenotypes including fat accumulation, systemic
inflammation, enteric metabolic disorders and gut microbiota dysbiosis were
characterized by comparing with those in control (fed with chow diet) and HFD (fed
with HFD) groups. Finally, the experimental results were integrated to reveal the
differences in anti-obesity activity between WEWG and WERG and to explore the
potential mechanisms involved.
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Figure 4-1 Research scheme for investigating the anti-obesity activity differences
between WEWG and WERG and the potential mechanisms.

4.2 Materials and Methods
4.2.1 Preparation of WEWG and WERG
Fresh ginseng was collected from Tonghua, Jilin province in China, the
geo-authentic production area of ginseng. The collected ginseng samples were
authenticated by Prof. S.-L. Li and Prof. H.-B. Chen according to the monographs on
ginseng documented in China Pharmacopoeia (Part I, 2015 Version)
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[36]

. White

ginseng and red ginseng were prepared as described in our previous research

[90]

.

Briefly, white ginseng was obtained by oven-drying fresh ginseng for 24 h. Red
ginseng was prepared using a covered stainless steel container (2L) that can be
separated into upper and lower layers with a steamer tray. Fresh ginseng with similar
size was put onto the upper layer of the container, meanwhile the lower layer was
poured into water. Red ginseng was steamed at 95-100 °C for 3 h, then oven dried at
60 °C for 24 h. The voucher specimens were deposited in the School of Chinese
Medicine, Hong Kong Baptist University (HKBU), Hong Kong. White ginseng and
red ginseng slices (50 g) were respectively refluxed with 10-fold distilled water for
1.5 h, 2 times. The twice-extracted decoctions were combined and concentrated to
generate WEWG and WERG (200 mL, 0.25 g/mL), respectively.
4.2.2 Determination of carbohydrates and ginsenosides in WEWG and WERG
Qualitative and quantitative determinations of carbohydrates (polysaccharides,
oligosaccharides and monosaccharides) and ginsenosides in WEWG and WERG were
performed according to the methods we previously developed

[90]

. Carbohydrates in

WEWG and WERG were determined by UHPLC-QqQ-MS/MS with MRM mode
and HPLC-ELSD. In addition, samples of WEWG or WERG (1 mL) were
individually diluted with methanol (10 mL) for 28 ginsenosides analysis by
UHPLC-QqQ-MS/MS in MRM mode.
4.2.3 Animal treatment
Animal experiments were approved and performed in accordance with the
guidelines of the Committee on Use of Human and Animal Subjects in Teaching and
Research Division of HKBU. Male BALB/c mice (six weeks old) were purchased from
the Chinese University of Hong Kong (Hong Kong) and kept under controlled
conditions (12 h light/dark cycle), with free access to food and water for one week
before experiment. Twenty mice were randomly distributed into four groups, namely
control, HFD, HFD+WEWG and HFD+WERG groups. The mice were daily fed with a
standard chow diet (10% kcal fat; Research Diets, USA) for control group and a HFD
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(60% kcal fat; Research Diets, USA) for HFD, HFD+WEWG and HFD+WERG
groups, respectively, for ten weeks. HFD+WEWG and HFD+WERG groups were
additionally administrated (i.g.) 5.5 mL/kg (calculated according to the clinical dose 9
g/60 kg) WEWG and WERG for ten weeks, respectively; control and HFD were i.g.
administrated 5.5 mL/kg drinking water. During the experiments, the body weight of
mice was assessed every two weeks.
4.2.4 Histological assessment
After ten weeks treatment, the mice were anesthetized by pentobarbital sodium
anesthetic. Liver tissues were collected and processed with the haematoxylin and eosin
(HE) staining. The liver tissues were fixed in 10% formalin for 24 h, dehydrated with
gradient concentrations of ethanol and xylene, and embedded in paraffin. Then, the
tissues were cut into 5 μm thickness section. Paraffin wax tissue sections were
de-paraffinized in xylene. Then the tissue samples were hydrated with ethanol and
washed in distilled water, followed by the HE staining. After that, the stained liver
sections were examined under light microscopy (Leica Microsystems, Germany).
4.2.5 Cytokines and endotoxin LPS analysis
Liver adipose, visceral adipose and epididymal fat were collected and weighted
after the mice were sacrificed. The obtained liver adipose, visceral adipose and
epididymal fat were cut into pieces and then transferred to a 2 mL tube. These tissues
were ultrasonic extracted with PBS. The operation procedure was performed in an ice
bath. Then the extractions were centrifuged and used to determine cytokines IL-1β,
IL-6, IL-10, IFN-γ using commercial ELISA kits (ExCell Biotech, China).
Blood was collected from mice heart and then centrifuged at 5000 rpm for 10 min
at 4 °C to get supernatant serum sample. Serum LPS was quantified using a
commercial LAL chromogenic endotoxin quantification kit (ThermoFisher Scientific,
USA). Samples were diluted with 1:2 and measured on a microplate absorbance reader
(Bio-Rad, China) at 405 nm.
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4.2.6 Enteric metabolomics analysis
Fecal samples (0.1 g) were collected from the ileums, and then
ultrasonic-extracted with 2 mL methanol for 30 min. The extracts were centrifuged at
14000 rpm for 10 min at 4 °C before analysis. Metabolic profiles of the fecal extracts
were then determined using ultra-performance liquid chromatography coupled with a
SYNAPT G2-S quadrupole-time-of-flight mass spectrometry (UPLC-QTOF-MS/MS),
equipped with a binary solvent delivery system and an auto-sampler. The
chromatographic separation was carried out using a Waters ACQUITY HSS T3 (2.1
mm ×100 mm, I.D., 1.8 μm) at a flow rate of 0.3 mL/min. The mobile phase consisted
of (A) 0.1% formic acid in water and (B) acetonitrile containing 0.1% formic acid. The
elution condition was optimized as follows: 5% B (0-2 min), 5-50% B (2-8 min),
50-95% B (8-8.2 min) and 95% B (8.2-11 min). Data were acquired in negative ion
mode with a scan range from 50-900 Da. The desolvation gas was set to 800 L/h at
450 °C. The cone gas was 40 L/h. The source temperature was 100 °C. The capillary
voltage and cone voltage were set at 3000 V and 35 V, respectively. The QTOF
acquisition rate was 0.2 s. The energies for CID were set at 4 eV and 20-30 eV for the
fragmentation information.
All MS data were centroided during acquisition using independent reference
lock-mass ions via the LockSprayTM interface to ensure mass accuracy and
reproducibility. The [M-H]- (m/z 554.2615) ion of leucine-enkephalin was used as the
reference lock mass at a concentration of 1 ng/μL and a infusion flow rate of 5 μL/min.
Dynamic range enhancement was applied throughout the MS experiment to ensure
accurate mass measurement over a wide dynamic range. The data were acquired using
MassLynx V4.1 software.
Then, the acquired UPLC-QTOF-MS/MS data of all fecal samples were used for
enteric metabolomics analysis by MarkerLynx V4.1 software. The data were primarily
processed by setting the following parameters: retention time range, 1-11 min; mass
range, 50-900 Da; retention time tolerance, 0.1 min; mass tolerance, 0.05 Da; peak
width, 5% height (1 s); peak-to-peak baseline noise, 0.1; marker intensity threshold,
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100; noise elimination level, 6; and isotopic peaks were excluded. After that, lists of
intensities of the detected peaks were generated using retention time (tR) and mass data
(m/z) pairs as the identifier of each peak. Next, the multivariate data matrix was
analyzed by EZinfo software 2.0 (Waters). All the variables were mean-centered and
Pareto-scaled prior to PCA and OPLS-DA. The quality of OPLS-DA model was
validated by computing the cross-validation (double cross validation) parameter Q2.
The value of Q2 close to 1 indicated an excellent predictability of the model. VIP
values presented the impact of each metabolite in the OPLS-DA model.
4.2.7 16S rRNA gene sequencing
Feces samples from mice ileum were stored at -80 °C before gene sequencing.
Fecal genomic DNA was extracted using an InviMag Stool DNA Kit. For each fecal
stool sample, the V3-V4 regions of the 16S rRNA gene were amplified by PCR using
the primer pairs consisted of 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’), where barcode is an eight-base sequence
unique to each sample. PCR reactions were performed in triplicate 20 μL mixture
containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5
μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA. The PCR reaction
conditions were consisted of 95 °C for 3 min, followed by 27 cycles of 95 °C for 30 s,
55 °C for 30 s, 72 °C for 45 s, and a final extension of 72 °C for 10 min. Amplicons
were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel
Extraction Kit and quantified using QuantiFluor™-ST according to the manufacturer’s
instructions. Purified amplicons were pooled in equimolar and paired-end sequenced
(2 ×250) on an Illumina MiSeq platform according to the standard protocols. The raw
reads were deposited into the NCBI SRA database. Raw fastq files were
de-multiplexed, quality-filtered using QIIME with the following criteria. Firstly, the
300 bp reads were truncated at any site receiving an average quality score < 20 over a
50 bp sliding window, discarding the truncated reads that were shorter than 50 bp. Then
for exact barcode matching, 2 nucleotide mismatch in primer matching, reads
containing ambiguous characters were removed. After that, the sequences that overlap
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longer than 10 bp were assembled according to their overlap sequence. However, reads
which could not be assembled were discarded. OTUs were clustered with 97%
similarity cutoff using UPARSE and chimeric sequences were identified and removed
using UCHIME. The taxonomy of each 16S rRNA gene sequence was analyzed by
RDP Classifier (http://rdp.cme.msu.edu/) against the silva (SSU115) 16S rRNA
database using confidence threshold of 70%.
4.2.8 Statistical analysis
The obtained data were processed by Prism software. Data was presented as mean
± SD. Differences between two groups were assessed using two-tailed, unpaired
Student's t-test with Welch's correction. Statistical differences involved in three or
more groups were assessed by one-way ANOVA followed by Newman-keuls post hoc
tests. Significant differences were indicated in the figures by p<0.05.
4.3 Results
4.3.1 WEWG and WERG contain structurally and compositionally specific
carbohydrates and ginsenosides
The chromatograms of monosaccharide composition of polysaccharides were
shown in Figure 4-2A. The results indicate that polysaccharide contents in WEWG
(27.26 mg/mL) were significantly lower than those in WERG (57.09 mg/mL) (p<0.05)
(Figure 4-3A and Table 4-1). The monosaccharide composition analysis showed that
the polysaccharides in both WEWG and WERG were composed of Glc, Gal, Ara,
GlcA, GalA, Man, Rha, Fuc with different mole ratios (980: 146: 54: 3: 46: 8: 4: 1 in
WEWG and 921: 251: 127: 2: 197: 6: 9: 1 in WERG) (Figure 4-2A and Figure 4-3B).
Specifically, polysaccharides in WEWG were dominated by the Glc residue, while
polysaccharides in WERG contained higher molar ratios of GalA, Gal and Ara.
Previous studies have indicated that polysaccharides in ginseng can be structurally
divided into two major groups: starch-like glucans (100% glucose) and acidic pectins
(high molar ratios of GalA, Gal and Ara, etc.)

[5]

. So the results suggested that

starch-like glucans predominate in WEWG polysaccharides, while acidic pectins are
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more abundant in WERG polysaccharides. In addition, WERG polysaccharides
contained broader molecular weight distributions (1.6-15981 kDa) than WEWG
polysaccharides (1-12145 kDa) (Figure 4-3C). These chemical parameters suggest
that polysaccharides in WEWG and WERG are not only quantitatively but also
structurally different.

Figure 4-2 Typical chromatograms of UHPLC-QqQ-MS/MS (A, B) and HPLC-ELSD
(C). A1: monosaccharide compositions of polysaccharides in WEWG; A2:
monosaccharide compositions of polysaccharides in WERG; B1: mixed references of
reducing carbohydrates; B2: reducing carbohydrates in WEWG; B3: reducing
carbohydrates in WERG; B1: mixed references of non-reducing carbohydrates; C2,
C3: non-reducing carbohydrates in WEWG; C4, C5: non-reducing carbohydrates in
WERG.
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Figure 4-3 Chemical contents and compositional characteristics of WEWG and
WERG. A: contents variations of ginsenosides, polysaccharides, oligosaccharides and
monosaccharides; B: mole ratio of monosaccharides in polysaccharides; C: molecular
weight distributions of polysaccharides; D: the ratios of oligosaccharides DP2-3
(di-/tri-saccharides)-to(tetra-/penta-/hexa-/hepta-saccharides);

oligosaccharides
E:

Suc-to-Meli;

DP4-7
F:

Mal-to-Tre;

high-polar-to-low-polar ginsenosides. (*: p<0.05, compared with WEWG)
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G:

Table 4-1 Quantitative variations of ginsenoside, polysaccharide, oligosaccharide and
monosaccharide contents in WEWG and WERG samples (μg/mL, ± SD).
Analyte

WEWG

WERG

Analyte

WEWG

WERG

Re

41.18 ±1.35

53.92 ±5.62

Rg5

64.62 ±2.24

144.35 ±7.78*

Rg1

111.14 ±2.57

117.33 ±4.99

CK

0.01 ±0.00

0.01 ±0.00*

Rf

29.12 ±0.52

64.18 ±5.18*

Rh2

0.09 ±0.00

0.08 ±0.00

N-R2

7.86 ±0.37

11.05 ±1.46

20(R)-Rh2

0.06 ±0.00

0.04 ±0.00

Rb1

32.92 ±2.88

44.23 ±3.80*

Hep

1.63 ±0.00

11.72 ±0.15*

Rg2

8.86 ±0.40

30.19 ±4.52*

Hex

2.67 ±0.00

9.41 ±0.45*

Rh1

13.58 ±0.01

24.51 ±0.21*

Pen

2.31 ±0.01

7.87 ±0.59*

20(R)-Rg2

4.40 ±0.49

14.41 ±1.93*

Meli

2.65 ±0.03

13.04 ±0.87*

Rc

15.26 ±1.26

25.06 ±2.62*

Tri

2.25 ±0.02

10.39 ±0.11*

20(R)-Rh1

14.10 ±0.71

33.48 ±1.56*

Mal

5620.83 ±28.20

9239.74 ±16.18*

Ro

10.86 ±1.07

17.63 ±1.48*

Suc

55521.90 ±1522.71

84738.57 ±212.73*

Rb2

17.85 ±1.36

40.87 ±7.01*

Tre

1203.27 ±28.54

2775.24 ±36.73*

Rb3

0.89 ±0.05

1.27 ±0.22*

Mele

2430.57 ±8.22

3686.33 ±179.99*

F1

0.02 ±0.00

0.02 ±0.00

Sta

461.71 ±0.97

794.22 ±5.44*

IVa

0.06 ±0.01

0.10 ±0.01*

Man

2.32 ±0.05

97.34 ±2.10*

Z-R1

0.43 ±0.04

0.59 ±0.03*

GlcA

1.21 ±0.00

1.53 ±0.04*

Rd

10.05 ±1.87

16.53 ±4.91

Rha

3.81 ±0.04

2.63 ±0.10*

F4

17.67 ±1.23

40.27 ±4.49*

GalA

0.44 ±0.00

1.25 ±0.13*

Rk3

13.49 ±0.20

27.71 ±1.07*

Glc

656.66 ±8.85

2704.93 ±15.36*

Rh4

31.52 ±0.58

50.89 ±1.84*

Gal

5.13 ±0.01

31.87 ±0.37*

F2

0.06 ±0.01

0.10 ±0.03

Ara

5.82 ±0.03

9.95 ±0.66*

Rg3

47.98 ±0.56

88.67 ±13.51*

Fuc

3.97 ±0.03

2.20 ±0.01*

20(R)-Rg3

29.06 ±5.28

61.49 ±3.63*

Fru

1438.94 ±16.12

3388.95 ±41.41*

Rk1

24.11 ±11.75

50.08 ±18.84*

Total polysaccharide

27259.07 ±680.25

57085.66 ±1407.03*

*: p<0.05,

compared with WEWG.

Both WEWG and WERG contained the determined ten oligosaccharides (Mal,
Tri, Pen, Hex, Hep, Meli, Suc, Tre, Mele, Sta) and nine free monosaccharides (GalA,
GlcA, Ara, Man, Gal, Glc, Rha, Fuc, Fru) (Figure 4-2B&C); however, their contents
in WERG were much greater (oligosaccharides: total 101.29 mg/mL in WERG, total
65.25 mg/mL in WEWG; free monosaccharides: total 6.24 mg/mL in WERG, total
2.12 mg/mL in WEWG) (p<0.05) (Figure 4-3A and Table 4-1). Similarly, as shown in
Figure 4-3A, Figure 4-4 and Table 4-1, the contents of twenty-eight ginsenosides,
including ten high-polar ginsenosides (Re, Rg1, Rf, N-R2, Rb1, Rc, Rb2, Rb3, Rd, Ro)
and eighteen low-polar ginsenosides (Rg2, Rh1, 20(R)-Rg2, 20(R)-Rh1, F1, F4, Rk3, Rh4,
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F2, Rg3, 20(R)-Rg3, Rk1, Rg5, CK, Rh2, 20(R)-Rh2, IVa, Z-R1), in WERG (total 0.94
mg/mL) were significantly higher than those in WEWG (total 0.53 mg/mL) (p<0.05).
Although absolute content of each oligosaccharide, monosaccharide and ginsenoside
was lower in WEWG than in WERG, relative content ratios of certain chemicals with
specific glycosyl groups showed the opposite trend. The relative content ratios of
oligosaccharides

DP2-3

(di-/tri-saccharides)-to-

(tetra-/penta-/hexa-/hepta-saccharides),

Suc

oligosaccharides

DP4-7

(glucosyl-fructosyl)-to-Meli

(glucosyl-galactosyl), Mal (1→4 linked glucosyls)-to-Tre (1→1 linked glucosyls)
and high-polar (more mono-/oligo-glycosyls)-to-low-polar ginsenosides (less
mono-/oligo-glycosyls) in WEWG (138.3, 20999.6, 4.7, 1.1, respectively) were
significantly higher than those in WERG (122.0, 6519.3, 3.3, 0.7, respectively)
(p<0.05) (Figure 4-3D-G). The results implied that the compositions of these
chemicals differ between WEWG and WERG.

Figure 4-4 Typical UHPLC-QqQ-MS/MS chromatograms of ginsenosides in WEWG
and WERG. A: mixed references; B: WEWG; C: WERG.
4.3.2 WEWG better prevents HFD-induced fat accumulation than WERG
After HFD feeding for ten weeks, body weight in the HFD group was greatly
increased by 14% compared to the control group (p<0.05) (Figure 4-5A). However,
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WEWG and WERG treatment inhibited the increase of body weight of HFD-fed mice.
Moreover, WEWG significantly reduced the body weight of HFD-fed mice by 8%
(p<0.05), but no significant loss in body weight was found in the WERG-treated group
(p>0.05) (Figure 4-5A). In addition, the liver index, which was increased by HFD,
was significantly decreased by 14% with WEWG treatment (p<0.05); however, there
was no significant change with WERG treatment (Figure 4-5B). Compared with the
control group, liver histological analysis showed visible accumulation of lipids in the
hepatocytes of HFD-fed model mice. WEWG and WERG treatment inhibited fat
deposition in hepatocytes induced by HFD-feeding, and WEWG’s inhibition of lipid
accumulation was more obvious than WERG’s (Figure 4-5C). All these results
indicate that WEWG exerted stronger anti-obesity activity than WERG.

Figure 4-5 Effects of WEWG and WERG on body weight (A), liver index (B), lipid
accumulation in liver (C). (*: p<0.05, compared with the control group; +: p<0.05,
compared with the HFD group; : p<0.05, compared with the WEWG-treated
group)
4.3.3 WEWG and WERG reduce HFD-induced systemic inflammation
Figure 4-6A illustrates how HFD-feeding affected the expression of
inflammatory cytokines IFN-γ, IL-1β, IL-6 and IL-10 in mice; in particular, the
pro-inflammatory cytokine IFN-γ in epididymal fat was significantly increased by
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167% (p<0.05) (Figure 4-6A1). Compared with the HFD group, WEWG and WERG
treatment selectively restored the levels of these cytokines in HFD-fed mice (Figure
4-6A). WEWG significantly (p<0.05) inhibited the expressions of pro-inflammatory
cytokines IFN-γ (78%) in epididymal fat and IL-1β (46%) in visceral adipose tissue
(Figure 4-6A1-2), while WERG significantly (p<0.05) reduced the pro-inflammatory
cytokine IL-6 (14%) in liver and improved anti-inflammatory cytokine IL-10 in both
epididymal fat (206%) and visceral adipose tissue (62%) (Figure 4-6A3-5). In
addition, the serum content of LPS in obesity mice was significantly (p<0.05) higher
than that in normal mice (39%). Compared with the HFD group, WEWG treatment
greatly (p<0.05) decreased serum LPS by 55%, and WERG treatment reduced LPS
(p>0.05) by 31% (Figure 4-6B). The findings suggest that WEWG and WERG both
reduced the inflammation in HFD-fed induced-obese mice, although they showed
different effects on the cytokine and LPS expressions.

Figure 4-6 Effects of WEWG and WERG on inflammatory cytokines (A) and serum
LPS (B). (*: p<0.05, compared with the control group; +: p<0.05, compared with the
HFD group; : p<0.05, compared with the WEWG-treated group)
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4.3.4 WEWG better ameliorates HFD-induced enteric metabolic disorder than
WERG
Enteric metabolic differences between the control and HFD groups were
characterized by a UPLC-QTOF-MS/MS-based untargeted metabolomics approach.
OPLS-DA score plot showed two separated clusters of intestinal metabolite profiling
between control and HFD groups (Figure 4-7A), indicating that HFD feeding led to
changes in the enteric endogenous metabolism in mice. After cross-validation, the
value of Q2=0.83 demonstrated this model was robust and not over-fitted. Metabolites
with the value of VIP>5 were defined as the most significant metabolite markers in
the model segregation (Figure 4-7B). Totally 5 metabolites were screened as
significantly changed markers, and their identities were temporarily explored by
matching accurate molecular mass and fragment ions with those of the reported
chemicals in our established in-house library (Table 4-2). To be specific, the
molecular formula of ion at m/z 487.2373 (tR 8.91) was calculated as C24H39O8S with
mass accuracy less than 5 ppm, which corresponded to the deprotonated molecular
ions [M-H]- of 7-sulfocholic acid. Its fragment ion at m/z 407.2796 was deduced to be
generated by neutral loss of sulfur trioxide. The ions (tR 9.28) at m/z 453.2852 and
m/z 407.2802 were assigned as [M+HCOO]- and [M-H]- of cholic acid (CA),
respectively. Similarly, the ions at m/z 453.2859 (tR 9.46) and m/z 407.2808 (tR 9.46),
m/z 453.2869 (tR 9.70) and m/z 407.2816 (tR 9.70) could be respectively [M+HCOO]and [M-H]- of muricholic acid (MCA) or an isomer of CA. In addition, the ion at m/z
471.2421 (tR 9.96) was deduced to be deprotonated molecular ion [M-H]- of
chenodeoxycholic acid sulfate (CDCA sulfate). Ion at m/z 407.2805 (tR 9.96) had 64
Da less than that of CDCA sulfate, which could be the desulfurization product ion
[M-H-SO2]- of CDCA sulfate.
Compared with the control group, the HFD-fed group showed obvious disorders
in enteric metabolism (Figure 4-7C). The amount of CDCA sulfate in the HFD group
was obviously reduced by 27% (p<0.05) (Figure 4-7D). WEWG and WERG
treatment selectively reinstated the levels of disordered enteric metabolism, and the
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effect of WEWG was slightly better than that of WERG (Figure 4-7C). The content
of CA declined by 58% (p<0.05) and 26% (p>0.05) in WEWG and WERG treated
groups, respectively (Figure 4-7D).

Figure 4-7 Effects of WEWG and WERG on enteric metabolism of HFD-fed mice. A:
OPLS-DA score plot of the control and HFD groups; B: VIP plot based OPLS-DA; C:
PCA score plot of four groups; D: contents variations of endogenous metabolites. 1,2:
7-Sulfocholic acid; 3-8: CA or MCA or isomer; 9,10: CDCA sulfate. (*: p<0.05,
compared with the control group; +: p<0.05, compared with the HFD group)

Table 4-2 Biomarker identification by UPLC-QTOF-MS/MS based metabolomics.
tR (min)
8.91

Biomarker identification
7-Sulfocholic acid

Formula
C24H40O8S

Mass fragments (ppm)
-

487.2373 [M-H] (1.4)

VIP value
15.8

-

407.2796 [M-H-SO3] (-0.2)
9.28

CA

453.2852 [M+HCOO]- (0.9)

C24H40O5

8.6

-

407.2802 [M-H] (1.2)
9.46

MCA

453.2859 [M+HCOO]- (1.5)

C24H40O5

11.1

-

407.2808 [M-H] (2.7)
9.70

CA isomer

453.2869 [M+HCOO]- (3.8)

C24H40O5

40.5

-

407.2816 [M-H] (4.7)
9.96

CDCA sulfate

C24H40O7S

471.2421 [M-H]- (1.1)
-

407.2805 [M-H-SO2] (2.0)
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16.7

4.3.5 WEWG better alleviates HFD-induced gut microbiota dysbiosis than
WERG
Compared with the control group, HFD-induced obesity obviously disturbed the
gut microbiota composition of mice, characterized by the significant (p<0.05)
decreases of Bacteroidetes (80%), Cyanobacteria (97%), Saccharibacteria (91%),
Tenericutes (100%) and the increase of Firmicutes (75%) as well as the
Firmicutes-to-Bacteroidetes ratio (833%) at the phylum level (Figure 4-8A&B). After
the intervention of WEWG and WERG, the phyla Firmicutes-to-Bacteroidetes ratio
was decreased by 65% (p<0.05) and 5% (p>0.05), respectively, compared to the HFD
group (Figure 4-8B). Moreover, taxonomy-based analysis at genus level showed that
HFD-induced obesity significantly reduced the abundance of Lactobacillus (79%),
Oscillibacter (63%) (Firmicutes), and norank_f_Bacteroidales_S24-7_group (78%),
Parabacteroides (68%) (Bacteroidetes), while it increased the abundance of
Desulfovibrio (103%) (Proteobacteria) and Ruminiclostridium (77%) (Firmicutes)
(Figure 4-8C). WEWG and WERG treatment selectively restored the genus level of
gut microbiota. WEWG significantly (p<0.05) increased Lactobacillus (279%),
unclassified_f_Lachnospiraceae (121%) (Firmicutes) and Parabacteroides (223%)
and reduced the Ruminiclostridium (77%), while WERG markedly (p<0.05)
diminished the contents of Desulfovibrio (26%) and increased the contents of
norank_f_Bacteroidales_S24-7_group (78%) and Peptococcus (Firmicutes) (not
detected in HFD group) (Figure 4-8C). Besides, it was found that the levels of
Lactobacillus, Eubacterium, Bacteroides and Pseudomonas in the WEWG-treated
group were, respectively, 3.0-, 4.3-, 1.3-, 0.8-fold greater than those in the
WERG-treated group (p>0.05) (Figure 4-8D).
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Figure 4-8 Effects of WEWG and WERG on the gut microbiota composition. A:
phylum level; B: Firmicutes-to-Bacteriodetes ratio; C: genus level; D: fold changes
of genera Lactobacillus, Eubacterium, Bacteroides and Pseudomonas in the
WEWG-treated group compared to the WERG-treated group. (*: p<0.05, compared
with the control group; +: p<0.05, WEWG compared with the HFD group; △:
p<0.05, WERG compared with the HFD group)

Unweighted UniFrac principal coordinate analysis (PCoA) based operational
taxonomic units (OTUs) abundance revealed that gut microbiota composition of
HFD-fed model mice clearly deviated from that of the control group (Figure 4-9A&B).
After WEWG and WERG treatments, their gut microbiota compositions were
gathered closely to the control group compared to the HFD group; the distances,
ranked in descending order, were: HFD ﹥ WERG ﹥ WEWG (Figure 4-9A&B).
Redundancy analysis was used to identify the specific bacterial phylotypes that
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responded to the influence of HFD, WEWG and WERG. Compared with the control
group, totally 63 OTUs were significantly (p<0.05) altered by HFD feeding,
belonging to the families Lachnospiraceae (14 OTUs) and Ruminococcaceae (17
OTUs) and the Bacteroidales_S24-7_group (11 OTUs) (Figure 4-10). In the
WEWG-treated group, 16 OTUs (8 increased, 8 decreased) were greatly (p<0.05)
restored compared to HFD group, while WERG obviously (p<0.05) recovered 15
OTUs (7 decreased, 8 increased) (Figure 4-10). The analysis demonstrates that
WEWG and WERG treatment alleviated the HFD-induced gut microbiota dysbiosis,
and that WEWG had a better effect than WERG.

Figure 4-9 Unweighted Unifrac PCoA of gut microbiota based on the OTU data. A:
each point represents each sample; B: each point represents the mean of PC scores in a
group and error bars represent the standard error. (Blank: control group; Model: HFD
group; WEWG/WERG: HFD+WEWG/WERG group)
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Figure 4-10 Heatmap showing the abundance of 85 significantly changed OTUs by
HFD-induced obesity, WEWG and WERG treatments based on RDA. (Control group:
B1-B5; HFD group: M1-M5; HFD+WEWG group: WG1-5; HFD+WERG group:
RG1-5) (↑: increase compared to the control/HFD groups; ↓: decrease compared to
the control/HFD groups)
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4.4 Discussion
In this study, we indicated that WEWG exerted stronger anti-obesity activity
than WERG with regard to fat accumulation, enteric metabolic disorders and gut
microbiota dysbiosis in HFD-fed obese mice. In addition, it was also shown that
WEWG

and

WERG

contained

qualitatively

and

quantitatively

different

carbohydrates and ginsenosides, which were due to steaming-induced chemical and
physical transformation

[90]

. Based on these two facts, how the different chemicals

potentially contributed to the differences in anti-obesity activity between WEWG and
WERG are discussed as follows.
We previously found that ginseng polysaccharides could exert prebiotic-like
effects

[6]

. In the present study, the results showed that polysaccharides in WEWG

could be dominated by starch-like glucans, while polysaccharides in WERG should
be predominated by acidic pectins. In addition, it has been shown that the genus
Eubacterium is good at digesting starch-like glucans
Pseudomonas is expert in fermenting pectins

[92]

[91]

; while the genus

. Hence, these specific interactions

may explain the higher levels of the genera Eubacterium and Pseudomonas in the
WEWG and WERG-treated groups, respectively. Several bacterial strains in the
genus Eubacterium are involved in enteric bile acid metabolism

[93]

. Eubacterium sp.

V.P.I. 12708 encodes 7α-dehydroxylase and thus has 7α-dehydroxylation activity for
metabolizing CA

[94]

. Besides, Lactobacillus promotes the hydrolysis of conjugated

bile acids to MCA via deconjugation; Ruminiclostridium leads to the esterification of
7-sulfocholic acid; Peptococcus activates the production of CDCA sulfate by bile
acid sulfatase [93, 95]. Both the gut bacteria as well as the bile acid metabolism-related
metabolites were significantly changed by the HFD. Therefore, we speculated that the
gut microbiota dysbiosis induced by HFD resulted in the disorder of bile acid
metabolism. Furthermore, bile acid metabolites enter the physical system by
enterohepatic circulation and show anti-inflammatory activity by suppressing the
expression of pro-inflammatory cytokines and promoting the production of
anti-inflammatory cytokines through activating G protein-coupled receptor in
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macrophages

[59]

. However, some species in the genus Pseudomonas, such as

Pseudomonas aeruginosa, are opportunistic pathogens. When they release LPS, the
major component of their outer membrane and so-called endotoxin

[96]

, LPS

penetrates the gut epithelial barrier into enterohepatic circulation where it activates
Toll-like receptor 4 signaling, consequently triggering the production of
pro-inflammatory cytokines by natural killer cells and macrophages, resulting in
systemic inflammation

[97]

. These facts suggest that higher abundance of the genus

Eubacterium might contribute to less enteric CA and lower expressions of IL-1β and
IFN-γ in the WEWG-treated group, while greater abundance of the genus
Pseudomonas might result in higher content of serum LPS in the WERG-treated
group. Then, due to the significant roles of metabolic disorder and systemic
inflammation in obesity pathogenesis, such differences could finally lead to the
stronger anti-obesity activity of WEWG over WERG.
Natural

oligosaccharides,

such

as

fructooligosaccharides

galactooligosaccharides, are well known as another type of prebiotics

[98]

and

. Moreover,

different types of oligosaccharides with specific glycosyls are competitively utilized
by gut microbiota [99]. Oligosaccharides composed of 1→4 1inked glycosyls are more
favored by Bacteroides and Lactobacillus than 1→1 1inked [100]. The relative content
ratio of disaccharides Mal (1→4 linked glucosyls) to Tre (1→1 linked glucosyls) in
WEWG was significantly (p<0.05) larger than that in WERG (Figure 4-11). Thus, the
higher Mal-to-Tre ratio should positively correlate with the greater abundances of
genera Bacteroides and Lactobacillus in the WEWG-treated group. Accumulating
evidence suggests that many strains belonging to genera Bacteroides and
Lactobacillus play beneficial roles in preventing obesity, although the exact
mechanisms still remain largely elusive. For example, low relative proportions of
Bacteroides vulgatus is associated with obese children

[101]

; co-housing or

transplantation with Bacteroides acidifaciens reduces body weight and improves
insulin sensitivity in mice [102]; supplementation with Lactobacillus curvatus HY7601
suppresses body weight gain and reduces the adipose tissue weight in HFD-mice [103].
Therefore, higher abundances of genera Bacteroides and Lactobacillus in the
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WEWG-treated group could contribute to the stronger anti-obesity activity of WEWG.
In addition, higher (p<0.05) relative content ratio of Suc (glucosyl-fructosyl)-to-Meli
(glucosyl-galactosyl) might also cause more abundance of genus Lactobacillus in the
WEWG-treated group since glucosyl-fructosyl (Suc) shows stronger effects on
[100]

enriching Lactobacillus than glucosyl-galactosyl (Meli)

. Except for the

preference in glycosidic linkage types and monosaccharide units, low-molecular
weight oligosaccharides are more easily fermented by gut microbiota, especially
those with one and two glycosidic linkages

[104]

. Compared to WERG, the relative

content ratio of oligosaccharides DP2~3 (di-/tri-saccharides) (with one and two
glycosidic linkages) to oligosaccharides DP4~7 (tetra-/penta-/hexa-/hepta-saccharides)
(with three to six glycosidic linkages) in WEWG is also significantly higher (p<0.05)
(Figure 4-11). Given that, the better effects of WEWG on shaping gut microbiota
might be derived from its higher content ratio of DP2~3 (di-/tri-saccharides)
compared to DP4~7 (tetra-/penta-/hexa-/hepta-saccharides).
However, several monosaccharides have been demonstrated to be pathogenic
factors in inducing and developing obesity. A high-glucose diet has been shown to
induce primary cell differentiation into adipocytes

[105]

; a high-fructose diet leads to

the increase of body weight and fat mass of animals

[106]

; both high-glucose and

high-fructose diets cause significant decrease of the phylum Bacteroidetes

[107]

.

Compared with WEWG, WERG contains significantly (p<0.05) greater amounts of
free monosaccharides, potentially leading to its weaker effects on gut microbiota
dysbiosis and obesity (Figure 4-11).
Additionally, as high-polar ginsenosides contain more mono-/oligo-glycosyls,
they are easily deglycosylated by gut microbiota to generate low-polar ginsenosides
[77]

. We found that the relative content ratio of high-polar-to-low-polar ginsenosides in

WEWG was significantly (p<0.05) higher than that in WERG. Therefore, the higher
percentage of high-polar ginsenosides might lead to the better effects of WEWG on
regulating gut microbiota dysbiosis. Compared to high-polar ginsenosides, low-polar
ginsenosides are more easily absorbed into blood circulation, thereby directly act on
immune cells to exert stronger anti-inflammatory activity
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[108]

. WERG contains

greater (p<0.05) contents of low-polar ginsenosides than WEWG, which could allow
more low-polar ginsenosides such as Rh1, Rh2, CK and Rg3 to enter systemic
circulation in the WERG-treated group, thus resulting in stronger anti-inflammatory
activity of WERG than WEWG with regard to certain cytokines (e.g. IL-10).
In summary, both carbohydrates and ginsenosides in ginseng harbor abundant
glycosyl groups, which can be digested as carbon sources by gut microbiota. In this
manner, the carbohydrates and ginsenosides might be engaged in substantial
interaction with gut microbiota. On the other hand, carbohydrases residing in different
gut bacteria, including glycoside hydrolases (GHs) and polysaccharide lyases (PLs),
are specific. This specificity could mean that intestinal bacteria present structurally or
compositionally distinct preferences in utilizing either glycosides or polysaccharides
[47]

. It is therefore suggested that the gut microbiota-targeted anti-obesity activity of

ginseng might derive from multiple actions, no matter beneficial or deleterious, of
various glycosyl-containing chemicals

[28]

. Moreover, compared to WERG, the

structural and compositional properties of WEWG components, i.e. narrower
molecular weight distribution and higher molar ratios of glucose residues of
polysaccharides,

higher

content

(di-/tri-saccharides)-to-

ratios

of

oligosaccharides

oligosaccharides

(tetra-/penta-/hexa-/hepta-saccharides),

Suc-to-Meli,

DP2~3
DP4~7

Mal-to-Tre

and

high-polar-to-low-polar ginsenosides, might be more favorable for correcting
obesity-associated gut microbiota dysbiosis. The gut microbiota improved by WEWG
could then better ameliorate systemic inflammation and enteric metabolic disorders,
finally contribute to the stronger anti-obesity activity of WEWG (Figure 4-11).
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Figure 4-11 Stronger anti-obesity activity of WEWG over WERG and the potential
mechanisms involving chemically structural/compositional specificity to gut
microbiota. Left dashed box: chemically structural and compositional features of
WEWG compared to WERG (green upward/downward arrows: significantly (p<0.05)
higher/lower in WEWG than WERG; blue slash: relative content ratio); Right dashed
box: stronger anti-obesity activity of WEWG than WERG (green upward/downward
arrows: significantly (p<0.05) more/less expressed in the WEWG-treated group than
the WERG-treated group; blue upward/downward arrows: non-significantly (p>0.05)
more/less expressed in the WEWG-treated group than the WERG-treated group;
yellow upward/downward arrows: hypothetically more/less expressed in the
WEWG-treated group than the WERG-treated group.

4.5 Conclusion
In this study, we found that both WEWG and WERG exert anti-obesity activity,
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with the effect of WEWG stronger than that of WERG. WEWG treatment better
ameliorated fat accumulation, enteric metabolic disorders and gut microbiota dysbiosis
in HFD-fed obese mice than WERG treatment. The carbohydrates and ginsenosides in
WEWG potentially present more structural and compositional specificity to
obesity-associated gut bacteria. This consequently better alleviates the enteric
metabolic disorders and systemic inflammation, thereby contributing to the stronger
anti-obesity activity of WEWG as compared to WERG.
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Chapter 5 Correlations of SO2 residue content and quality/efficacy/toxicity of
sulfur-fumigated ginseng
5.1 Introduction
Sulfur fumigation has been commonly employed in post-harvest handling of
dietary and medicinal herbs to keep them moist, preserve color and freshness, and
prevent infestation of insects and mould

[109, 110]

. However, the sulfur fumigation

processing generates sulfur dioxide (SO2) that has been experimentally shown to cause
an unpleasant taste, respiratory symptoms and visceral toxicity

[111, 112]

. Sulfur

fumigation is also capable of triggering chemical transformations of original herbal
components to yield new sulfur-containing derivatives. Such chemical transformations
can alter herbal quality (qualitative and quantitative profiles of components in an herbal
medicine mainly involving active and toxic chemicals) and thereby the efficacy
(therapeutic potential of an herbal medicine or its extracts/component(s) to all
indications)

and

toxicity

(degree

to

which

extracts/component(s) can damage an organism)

an

herbal

[8, 113, 114]

medicine

or

its

. Given these negative and

uncertain effects, the use of sulfur fumigation in herbal processing is controversial [110,
115]

.
For quality control of sulfur-fumigated herbs, the standards limiting SO2 content

are normally listed in official pharmacopoeias worldwide, including mainland China,
United States, Europe and Taiwan. Herbs with less SO2 residue are believed to be better
[36, 116-118]

. For example, the Chinese Pharmacopoeia specifies that the content of

residual SO2 in ten herbal materials/decoction pieces should not exceed 400 mg/kg,
while the limitation for other herbal materials/decoction pieces is 150 mg/kg

[36]

.

However, it has been reported that SO2 might be lost during storage and transportation
of herbal materials, whereas the sulfur-containing derivatives might not [119]. Moreover,
previous studies indicate that SO2 content in sulfur-fumigated herbs did not necessarily
correlates with the degree of sulfur fumigation-induced chemical transformation [114, 120,
121]

. These facts imply that the standards limiting SO2 content, which are determined on

the basis of the safe dose of SO2 alone, may not characterize chemical and biological
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changes in fumigated herbs, thus failing to characterize the herbal quality, efficacy and
safety. To confirm this, the correlation of residual SO2 content with the
quality/efficacy/toxicity of sulfur-fumigated herb needs to be further investigated.
Ginseng is one of the most famed dietary and medicinal herbs worldwide due to its
tonic and panacea properties. Biological evaluation has revealed that ginseng exerts
multiple efficacies, including anti-inflammatory, anti-shock and anti-stress activities [46,
122-124]

. Two kinds of chemical components, namely ginsenosides and carbohydrates

(especially polysaccharides), have been demonstrated to be largely responsible for the
efficacies of ginseng [5, 125-127]. Previously, a market survey in China, United States and
Canada showed that about 47.4% (18 of 38) of commercial ginseng samples were
sulfur-fumigated [8]. Further studies revealed that sulfur fumigation caused SO2 residue,
transformed original ginsenosides into sulfate and sulfite derivatives, and weakened the
efficacies of ginseng [12, 13, 128, 129]. For quality control of sulfur-fumigated ginseng, the
Chinese Pharmacopoeia specifies that the content limitation of residual SO2 in ginseng
is 150 mg/kg

[36]

. However, our previous study indicated that the sulfur-fumigated

ginseng samples collected from Chinese herbal markets contain SO2 with a broad
content range from 14.4-339.5 mg/kg, 40% of which were above 150 mg/kg [130]. In the
present study, the association of residual SO2 content with the quality/efficacy/toxicity
of sulfur-fumigated ginseng (SFG) was thus systemically investigated.
5.2 Experimental
5.2.1 Experimental design
The research plan and methodology were designed as shown in Figure 5-1. In Step
1, four different sulfur-fumigated ginseng samples (SFG1-SFG4) were prepared from
fresh ginseng (NFG). In Step 2, the contents of SO2 in SFG1-SFG4 were determined. In
Step 3, the quality of NFG and SFG1-SFG4 was characterized by qualitative and
quantitative determination of ginsenosides (including sulfur-containing ginsenoside
derivatives) and carbohydrates by UPLC-QTOF-MS/MS, UHPLC-QqQ-MS/MS and
HPLC-ELSD. In Step 4, the anti-inflammatory, anti-shock and anti-stress activities of
NFG and SFG1-SFG4 were evaluated on mouse, rat or cell models. In Step 5, the acute
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and chronic toxicities of NFG and SFG1-SFG4 were investigated on mouse and rat
models, respectively. In Step 6, the correlations between the SO2 residue and the
quality/efficacy/toxicity were assessed. (Step 4 and Step 5 were performed by Mr. Hu
Jia-Wei from Jiangsu Province Academy of Traditional Chinese Medicine.)

Figure 5-1 Research scheme for investigating the correlations between SO2 content
and quality/efficacy/toxicity of sulfur-fumigated ginseng.

5.2.2 Chemicals, reagents, herbal materials, animals and cell lines
Cyclophosphamide was from Jiangsu Shengdi Medical Co., Ltd. (Lianyungang,
China). Shenfu injection was acquired from Ya'an Sanjiu Pharmaceutical Co., Ltd.
(Ya'an, China). Pentobarbital sodium was obtained from Sigma (St. Louis, USA). Fresh
ginseng was collected from Tonghua (China), the geo-authentic production area of
ginseng. All collected samples were authenticated by Prof S.-L. Li according to the
monographs on ginseng documented in the China Pharmacopoeia (2015 Edition). The
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voucher specimens were deposited at the Department of Metabolomics, Jiangsu
Province Academy of Traditional Chinese Medicine.
Male/female Kun-Ming mice (six weeks old) and Sprague-Dawley rats (six weeks
old) were purchased from the Shanghai Laboratory Animal Co., Ltd. Each animal was
evaluated to be in good health, and then acclimated to the laboratory environment (12 h
light/dark cycle, at 23-27 °C, and 30-60% relative humidity) for one week before
experiment. Standard rodent food and potable water were provided ad libitum during
the experiments. All the animal experimental protocols were approved by the Animal
Care Ethics Committee, Jiangsu Province Academy of Euthanasia for Animals, and the
methods were carried out in accordance with Administrative Measures of Experimental
Animals in Jiangsu Province. The amount of mice needed for each group were
calculated by standard formula that indicates the optimum number of animal needed to
attain statistical significance of p<0.05 with a 90% probability [131].
H9c2 cells were from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China), and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, 100 μg/mL streptomycin and 100 IU/mL penicillin.
5.2.3 Sample preparation of non-fumigated ginseng (NFG) and sulfur-fumigated
ginseng (SFG)
Sulfur fumigation was performed as described in our previous study

[114]

. Three

SFG samples, namely SFG1, SFG2 and SFG3, were prepared by burning 6.7 g, 12.5 g
and 20 g sulfur, respectively, and then sealed. Half of the SFG3 sample was stored in
open air for two weeks to obtain a fourth sample, SFG4. NFG was obtained by drying
the fresh ginseng. The NFG and SFG1-SFG4 samples were individually weighed and
extracted with 10-fold water at 100 °C (1.5 h × 2 times). The extracts were combined
and then concentrated to generate the water extracts of NFG and SFG1-SFG4 for
further analysis.
5.2.4 SO2 residue determination and quality characterization
The residual SO2 in SFG1-SFG4 was quantitatively determined using the standard
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method documented in the Chinese Pharmacopoeia (2015 edition)

[132]

. Ginsenosides

and carbohydrates (polysaccharides, oligosaccharides, monosaccharides) in NFG and
SFG1-SFG4

were

qualitatively

and

quantitatively

determined

by

UHPLC-QqQ-MS/MS and HPLC-ELSD. Sulfur-containing ginsenoside derivatives in
SFG1-SFG4 were assessed using a UPLC-QTOF-MS/MS-based method previously
developed

[8]

. The sulfur-containing ginsenoside derivatives were temporarily

identified by comparing the accurate mass of their quasi-molecular ions and fragment
ions with those documented in reference

[8]

, and then were semi-quantified using ion

intensities.
5.2.5 Anti-inflammatory activity
Seventy Kun-Ming mice were randomly divided into seven groups (five male and
five female for each group): control, cyclophosphamide (CyP), CyP+NFG and
CyP+SFG1-SFG4 groups. The mice were daily administered (i.g.) 0.9 g/kg distilled
water (for control and CyP groups), NFG and SFG1-SFG4 water extracts (for
ginseng-treated groups) for seven consecutive days. In addition, on the first and fourth
days, CyP and ginseng-treated groups were additionally injected (i.p.) with 100 mg/kg
CyP. The control group received the same volume of saline solution in the same way.
After the administration, all mice were anesthetized with pentobarbital sodium.
The spleens and thymus were collected and weighed. The cytokines of IL-2, IL-6, IL-8,
IFN-γ in serum were detected by mouse ELISA kit. The levels of white blood cell
(WBC), red blood cell (RBC), hemoglobin (HGB) and blood platelet (PLT) were
determined using animal blood analyzer (Biocode Hycel, Franch), peripheral
lymphocyte cells CD3+, CD4+/CD8+, CD19+ were analyzed by flow cytometry (BD
Biosciences, USA).
5.2.6 Anti-shock activity
Sixty-four Sprague-Dawley rats were randomly divided into eight groups (four
male and four female for each group): blank, model, NFG, SFG1-SFG4 and positive
control groups (Shenfu injection). Blank and model group rats were i.g. administrated
108

10 mL/kg saline, NFG and SFG1-SFG4 group rats were i.g. administrated 0.6 g/kg
NFG and SFG1-SFG4 water extracts, and the control group was i.v. injected with 10
mL/kg Shenfu injection. All rats were anesthetized by pentobarbital sodium. The right
carotid artery was separated and connected to a MP100 monitor (BIOPAC, USA) by PE
tubes for collecting physiological parameters including heart rate (HR), systemic
arterial pressure (SAP), mean arterial pressure (MAP), diastolic arterial pressure (DAP).
Except for the blank group, hemorrhagic shock was developed through bleeding at the
right carotid artery catheter to achieve a MAP of 40 mm Hg which was maintained for 1
h for recording HR, SAP and HR. Then, the rats were allowed to recover from the initial
procedures by the reinfusion of blood at 0.5 mL/min. After resuscitation, MAP, DAP,
SAP and HR were observed at 0-120 min, respectively. During the experiment, the 24-h
survival rates of all rats were recorded.
5.2.7 Anti-stress activity
5.2.7.1 Anti-fatigue stress
Sixty Kun-Ming mice were randomly divided into six groups (five male and five
female for each group): OF, OF+NFG and OF+SFG1-SFG4 groups. Mice were daily
i.g. administered distilled water (OF group) and 0.9 g/kg NFG and SFG1-SFG4 water
extracts (ginseng treated groups), respectively, for seven consecutive days. After that,
all mice suffered from weight-bearing swimming by hanging a clog (5% of the mouse
body weight) on the tail in a self-manufactured swimming pool until drowning. The
swimming time of the mice in each group was recorded.
5.2.7.2 Anti-hypoxic stress
Sixty Kun-Ming mice were same divided into six groups (hypoxic, H; H+NFG;
H+SFG1-SFG4 groups) and then treated for seven consecutive days. After that, all
mice were putted in an airtight bottle contained 5 g soda lime. The survival time of the
mice in each group was recorded.
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5.2.7.3 Anti-oxidative stress
H9c2 cells were cultured in DMEM at a density of 5×104/well in a 96-well plate
for 24 h in a humidified 37 °C incubator with 5% CO2. Subsequently, H2O2 (100
μmol/mL) was added in each well. After 3 h, different concentrations of NFG or SFG4
water extract (75, 150, 300, 600, 1200 μg/mL) were added, and the cells incubated at
37 °C for 24 h. The CCK-8 assay was used to determine cell viability according to the
manufacturer’s protocols. LDH, MDA, superoxide dismutase (SOD) and creatine
kinase (CreaK) levels were measured using commercial kits (Nanjing Jiancheng
Bioengineering Institute, China).
After the treatments, the cells were collected and mixed with Fluo-3/AM to
achieve cell suspension. The suspension was gently shaken for 30 min at 37 ºC, and
then centrifuged at 1000 rpm for 5 min. The cell precipitate was re-suspended in PBS.
After sequential additions of Triton X-100 and EGTA to the 1 mL measuring medium,
the fluorescence (F), Fmax and Fmin were recorded (alternating excitation at 488 nm and
emission at 526 nm, respectively). [Ca2+]i was calculated by the equation: [Ca2+]i =400
nmol/L × (F-Fmin)/(F-Fmax).
Cell morphology was evaluated using a Hoechst 33258 staining kit (Beyotime
Biotechnology, China). After the treatments, the cells were incubated with Hoechst
33258 for 5 min, and washed twice with PBS, then visualized by fluorescence
microscopy (Carl Zeiss, Germany).
Cell apoptotic rate was determined by double fluorescence staining using the
Annexin V-FITC/PI Apoptosis kit (BD Biosciences). After the treatments, the cells
were harvested, washed with cold PBS, incubated with 195 μL Annexin V-FITC and 1
μL PI working solution for 20 min in the dark at room temperature, and then cellular
fluorescence was measured by flow cytometry.
Mitochondrial membrane potential (△Ψm) was measured by JC-1 staining (BD
Biosciences). After thorough removal of medium, the cells were incubated with JC-1
dye at 37 ºC for 20 min. The cells were then immediately analyzed by flow cytometry
using 488 nm excitation and green or orange-red emission wavelengths.
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The proteins were separated by SDS-PAGV and transferred to PVDF membranes.
For immunoblotting, PVDF membranes were blocked and probed with antibodies
(Bcl-2, Bax, phosphorylated-Akt (P-Akt), Akt, cytochrome c, cleaved caspase-3, PARP,
GAPDH) overnight at 4 ºC. Immunocomplexes were visualized with horseradish
peroxidase-coupled secondary antibodies. The band intensity was measured and
quantified using Image J.
5.2.8 Acute toxicity
One hundred Kun-Ming mice were divided into five groups, NFG and
SFG1-SFG4 groups (ten female and ten male for each group). The mice in each group
were respectively i.g. administrated NFG and SFG1-SFG4 water extracts at a
maximum dose of 35.2 g/kg. After the administration, the mice were observed in terms
of their body weight, activity, hair, diet, defecation for two weeks. After that, the mice
were sacrificed by pentobarbital sodium anesthetic, and the size and color of heart, liver,
spleen, kidney and lung were macroscopically evaluated.
5.2.9 Chronic toxicity
One hundred and twenty Sprague-Dawley rats were randomly divided into six
groups (ten male and ten female for each group), i.e., control, NFG and SFG1-SFG4
groups. The control, NFG and SFG1-SFG4 group rats were daily i.g. administrated
water or 15 g/kg NFG and SFG1-SFG4 water extracts (50-fold of clinical dose). After
four weeks administration, half of the rats in each group were sacrificed by
pentobarbital sodium anesthetic, and the rest were maintained with free access to water
and food, but without ginseng treatment, for two more weeks, and then sacrificed by
pentobarbital sodium anesthetic. During the experiments, all rats were weekly weighed
and daily assessed for behavioral changes.
For each rat, the heart, liver, spleen, kidney, lung, adrenal gland, thymus, brain,
testis and prostate, or uterus and ovary were collected and weighed. The liver tissues
were stained with hematoxylin-eosin and examined under light microscopy. Serum
samples were collected for hematological analysis using animal blood analyzer,
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including prothrombin time (PT), activated partial thromboplastin time (APTT),
thrombin time (TT), fibrinogen (FIB), WBC, RBC, HGB, PLT, packed cell volume
(PCV), mean corpuscular volume (MCV), procalcitonin (PCT). Biochemical indicators
such as alanine transaminase (ALT), aspartate transaminase (AST), total protein (TP),
albumin (ALB), total bilirubin (T-BIL), alkaline phosphatase (ALP), blood urea
nitrogen (BUN), creatinine (CREA), glucose (Glc), total cholesterol (T-cho) were
determined by automatic analyzer (Hitachi, Japan).
5.3 Results and discussion
5.3.1 SO2 residue determination
Previous studies have determined that the amount of sulfur burned for fumigation
correlates directly with the residual SO2 in the fumigated herb [113, 120], and that storage
reduces that content because SO2 volatizes during storage

[119]

. Therefore, the

fumigated herbs with different amounts of sulfur burned and different storage time
should contain varied levels of SO2, and are good objects to be studied. In this study,
four SFG samples (SFG1-SFG4) were accordingly prepared from the NFG. As shown
in Figure 5-2A, the contents of SO2 in SFG1-SFG4 were 194.56 mg/kg, 436.22 mg/kg,
610.28 mg/kg and 403.47 mg/kg, respectively. The data suggest that the content of SO2
in sulfur-fumigated ginseng increased with increasing amounts of sulfur burned, and
decreased during storage. In other words, the amount of sulfur burned and storage
period are two crucial factors affecting the content of SO2 in sulfur-fumigated herbs.
5.3.2 Quality characterization
The major ginsenosides in NFG and SFG1-SFG4 were quantitatively determined
by UHPLC-QqQ-MS/MS (Figure 5-3A). Compared with the non-fumigated ginseng
sample, all sulfur-fumigated ginseng samples had a significantly decreased content of
ginsenosides (p<0.05) (Figure 5-2A and Table 5-1). We attribute this decrease to
transformation of ginsenosides to sulfur-containing derivatives [8]. To confirm this, we
qualitatively and semi-quantitatively characterized the newly generated ginsenoside
derivatives using UPLC-QTOF-MS/MS (Figure 5-3B). Totally 22 sulfur-containing
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ginsenoside derivatives were tentatively identified in SFG1-SFG4. For example, the
sulfates of ginsenosides Re (3), Rg1 (6, 7) and Rb1 (18, 20) were found (Table 5-2). The
formation of sulfate derivatives would necessarily decrease the total content of their
precursor ginsenosides in the fumigated samples. Among SFG1, SFG2 and SFG3, the
greatest amount of ginsenosides was found in SFG1 while the least amount was found
in SFG2 (Figure 5-2A). The results indicate that the degree to which the original
ginsenosides were transformed was not proportional to the content of SO2. Interestingly,
the same trend was observed in the contents of the ginsenoside sulfates in SFG1-SFG3
(Figure 5-2B). These two anomalies suggest that chemical mechanisms other than
sulfonation were involved in the sulfur fumigation-induced transformation of
ginsenosides. We speculate that the sulfur fumigation created an acidic condition,
which allowed the hydrolysis of certain malonyl/acetyl ginsenosides (e.g.
malonyl/acetyl-Re to Re) and/or primary ginsenosides (e.g. Re sulfate to Rh1 sulfate),
thereby at least partially resulting in more ginsenosides in SFG3 and less sulfates in
SFG2 [8, 12]. In addition, SFG4 possessed less original ginsenosides and more sulfated
derivatives than SFG3 (Figure 5-2A&B). This result suggests that ginsenoside
sulfonation continued to occur during storage, gradually consuming the residual SO2.
Carbohydrates including polysaccharides, oligosaccharides and monosaccharides
in NFG and SFG1-SFG4 were also qualitatively and quantitatively determined (Figure
5-4). First, the molecular weight distributions of polysaccharides were characterized by
HPGPC-ELSD based on a molecular weight-retention time calibration curve
(y=-0.596x+13.70, R2=0.996) (Figure 5-4C). The result showed that sulfur fumigation
broadened the molecular weight distributions of ginseng polysaccharides in the water
extracts (e.g. from 1-12145 kDa in NFG to 2-15981 kDa in SFG4). Monosaccharide
composition analysis by UHPLC-QqQ-MS/MS indicated that the polysaccharides in
NFG and SFG1-SFG4 samples were mainly composed of Glc, Gal, Ara, GlcA, GalA,
Man, Rha and Fuc (Figure 5-4A4&A5), and their total contents in SFG1-SFG3 were
significantly (p<0.05) lower than that in NFG (Figure 5-2C). These results suggest that
the acidic conditions created by sulfur fumigation facilitated first the extraction of
ginseng polysaccharides, such as acidic pectin, and then the hydrolysis of the
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polysaccharides to oligosaccharides and/or monosaccharides [90, 133]. Consequently, the
oligosaccharides and monosaccharides in SFG1-SFG4 were significantly (p<0.05)
more abundant than NFG (Figure 5-2D&E). The results also revealed variation in the
content of carbohydrates in SFG1-SFG3 were not directly related to the content of SO2.
In addition, SFG4 exhibited the highest contents of polysaccharides and
monosaccharides but the lowest content of oligosaccharides (Figure 5-2C-E). This
demonstrates that chemical transformation in carbohydrates also continued to occur
during storage.

Figure 5-2 Contents of SO2 residue, ginsensoides (A), sulfur-containing ginsenoside
derivatives (B), polysaccharides (C), oligosaccharides (D) and monosaccharides (E)
in NFG and SFG1-SFG4. (*, +: p<0.05, compared with NFG; #: p<0.05, compared
with left sample, i.e. SFG2 with SFG1; SFG3 with SFG2; SFG4 with SFG3; the peak
numbers in sulfur-containing ginsenoside derivatives are the same as in Table 5-2)
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Figure

5-3

Typical

chromatograms

of

UHPLC-QqQ-MS/MS

(A)

and

UPLC-QTOF-MS/MS (B). A1: mixed references of ginsenosides; A2, B1: NFG water
extracts; A3, B2: SFG1 water extracts. (The peak numbers in B2 are the same as in
Table 5-2)
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Figure 5-4 Typical chromatograms of UHPLC-QqQ-MS/MS (A), HPLC-ELSD (B)
and HPGPC-ELSD (C). A1: mixed references of reducing carbohydrates; A1:
reducing carbohydrates of NFG; A3: reducing carbohydrates of SFG1; A4:
polysaccharides of NFG; A5: polysaccharides of SFG1; B1: mixed references of
non-reducing carbohydrates; B2, B3: non-reducing carbohydrates of NFG; B4, B5:
non-reducing carbohydrates of SFG1.
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Table 5-1 Contents of ginsenosides and carbohydrates in NFG and SFG1-SFG4 (μg/g, ± SD).
Analyte

NFG

SFG1

SFG2

SFG3

SFG4

Re

503.77 ±0.26

371.57 ±3.39

-

21.09 ±0.45

160.98 ±8.58

Rg1

395.96 ±25.66

318.79 ±21.84

-

14.86 ±0.36

274.24 ±9.49

Rf

1118.07 ±11.57

817.37 ±21.96

262.46 ±2.92

532.51 ±4.04

218.80 ±2.19

N-R2

437.05 ±2.14

115.63 ±3.55

27.85 ±0.95

-

54.97 ±4.06

Rb1

3517.20 ±249.23

2693.94 ±19.05

37.27 ±0.23

546.98 ±3.60

273.10 ±3.26

Rg2

2629.84 ±82.24

1879.60 ±43.12

430.76 ±10.56

1290.17 ±13.32

291.09 ±1.54

20(R)-Rg2

1224.07 ±0.74

489.54 ±28.82

189.74 ±1.85

383.01 ±15.76

88.02 ±0.71

Rh1

1211.45 ±55.40

568.12 ±54.09

315.40 ±2.51

444.53 ±24.31

216.51 ±5.30

20(R)-Rh1

1540.30 ±12.11

267.31 ±19.66

124.61 ±3.68

192.24 ±14.19

101.66 ±1.77

Rc

1870.23 ±99.69

1611.77 ±9.99

13.27 ±0.20

257.03 ±12.44

90.85 ±0.19

Ro

4184.65 ±8.04

695.16 ±59.83

462.19 ±2.60

709.70 ±8.10

381.47 ±17.62

Rb2

2218.52 ±2.52

2041.28 ±140.90

76.44 ±4.52

83.43 ±4.45

71.32 ±1.40

Rb3

276.19 ±1.01

161.79 ±10.46

18.53 ±0.32

44.21 ±0.26

13.59 ±0.02

F1

10.15 ±0.84

7.67 ±0.97

0.36 ±0.03

1.73 ±0.02

1.33 ±0.33

IVa

7.67 ±0.20

6.89 ±0.07

3.05 ±0.85

7.41 ±2.15

2.82 ±1.07

Z-R1

17.19 ±1.59

8.45 ±1.09

2.50 ±0.49

6.78 ±0.21

5.45 ±1.54

Rd

2377.46 ±4.29

1577.96 ±33.78

31.57 ±0.30

359.70 ±12.33

95.30 ±2.38

F2

6.30 ±0.03

22.47 ±0.56

0.76 ±0.07

8.65 ±0.12

2.04 ±0.05

Rg3

2291.68 ±86.24

1652.51 ±55.10

927.99 ±10.47

1470.67 ±11.25

372.25 ±10.58

20(R)-Rg3

924.90 ±17.53

778.60 ±22.75

438.15 ±2.21

758.32 ±12.33

191.13 ±19.59

F4

1140.21 ±24.00

364.37 ±2.24

120.29 ±0.48

251.64 ±5.16

14.28 ±1.91

Rk3

1156.69 ±65.11

679.68 ±5.25

283.57 ±1.65

465.23 ±20.27

162.07 ±4.95

Rk1

4651.66 ±25.50

1813.57 ±23.33

641.79 ±7.45

1626.37 ±25.73

188.91 ±3.31

Rh4

3359.91 ±170.55

2076.87 ±25.22

1007.88 ±2.16

1519.20 ±71.08

392.99 ±8.66

Rg5

15138.15 ±1112.19

10726.85 ±93.40

4590.91 ±88.89

9946.81 ±61.08

1518.03 ±31.63

CK

2.26 ±0.09

4.01 ±0.04

0.42 ±0.02

2.25 ±0.01

0.50 ±0.00

117

Rh2

7.54 ±0.41

29.92 ±0.35

10.29 ±0.19

24.06 ±0.35

3.32 ±0.06

20(R)-Rh2

4.36 ±0.04

17.10 ±0.45

7.22 ±0.17

16.95 ±0.37

5304.58 ±165.80

Hep

6.52 ±0.01

48.63 ±1.13

54.00 ±1.08

46.89 ±0.58

55.74 ±4.97

Hex

10.67 ±0.01

43.67 ±1.10

41.17 ±0.01

37.66 ±1.79

45.59 ±2.67

Pen

9.25 ±0.05

33.01 ±1.74

26.56 ±2.09

31.46 ±2.37

32.73 ±1.77

Meli

10.58 ±0.11

46.30 ±1.15

74.42 ±0.34

52.15 ±3.49

80.29 ±0.53

Tri

9.00 ±0.09

42.30 ±0.16

52.43 ±1.17

41.54 ±0.43

100.56 ±3.31

Mal

22483.30 ±112.79

28959.07 ±201.14

28059.55 ±28.63

36958.97 ±64.73

70077.44 ±3.45

Man

9.29 ±0.21

71.23 ±0.83

115.34 ±9.29

113.50 ±0.65

68.22 ±0.29

GlcA

4.86 ±0.02

12.47 ±0.04

12.84 ±1.41

19.39 ±0.99

11.64 ±1.01

Rha

15.26 ±0.15

14.83 ±0.49

33.07 ±0.27

28.64 ±5.30

30.61 ±0.13

GalA

1.77 ±0.00

82.33 ±0.51

17.92 ±0.63

57.52 ±0.84

22.43 ±2.22

Glc

2626.62 ±35.39

3757.71 ±275.12

3403.64 ±50.32

5995.38 ±72.83

9186.60 ±234.24

Gal

20.51 ±0.02

583.71 ±2.42

708.88 ±1.61

1205.74 ±5.79

12641.43 ±400.23

Ara

23.27 ±0.10

73.13 ±2.90

115.31 ±0.51

124.00 ±0.40

202.43 ±0.97

Fuc

15.88 ±0.12

12.92 ±1.23

19.35 ±1.48

19.17 ±1.63

23.41 ±1.96

Fru

5755.77 ±64.46

15200.86 ±24.72

18364.12 ±74.01

13555.79 ±165.65

19428.19 ±441.30

Suc

222087.60 ±6090.85

486642.30 ±1385.89

343343.40 ±155.09

338954.30 ±850.94

254180.30 ±1329.35

Tre

4813.08 ±114.14

12524.12 ±1014.26

11951.33 ±0.26

11100.97 ±146.92

10888.69 ±374.75

Mele

9722.26 ±32.86

20648.96 ±55.97

16222.10 ±11.64

14745.30 ±719.98

11841.36 ±34.03

Sta

1846.86 ±3.89

4599.26 ±104.90

8393.54 ±27.23

3176.88 ±21.76

4429.33 ±3.96

Total polysaccharides

109036.28 ±3848.08

30143.71 ±1028.95

40252.98 ±1473.49

42326.03 ±1807.04

122253.47 ±8943.78
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Table 5-2 Sulfur-containing derivatives identified in sulfur-fumigated ginseng samples.
No.

1

2

3

4

5

6

7

tR (min)

2.61

2.72

2.87

2.98

3.20

3.48

3.65

Identity

25-Hydroxyl-Rg1 sulfate

25-Hydroxyl-Re sulfate

Re sulfate

25-Hydroxyl-Rg1 sulfite or isomer

25-Hydroxyl -Re sulfite

Rg1 sulfate or isomer

Rg1 sulfate or isomer

Mean measured mass

Theoretical exact mass

Mass accuracy

Empirical formula and ions for

(Da)

(Da)

(ppm)

identity confirmation

897.4515

897.4518

-0.33

C42H73O18S [M-H]-

717.3885

717.3884

0.14

C36H61O12S [M-H-Glc]-

537.3276

537.3250

4.84

C30H49O6S [M-2Glc]-

1043.5100

1043.5097

0.29

C48H83O22S [M-H]-

897.4503

897.4518

-1.67

C42H73O18S [M-H-(Rha-H2O)]-

879.4415

879.4412

0.34

C42H71O17S [M-H-Rha]-

699.3783

699.3778

0.71

C36H59O11S [M-H-Rha-Glc]-

537.3260

537.3250

1.86

C30H49O6S [M-H-Rha-2Glc+H2O]-

1025.4987

1025.4991

-0.39

C48H81O21S [M-H]-

845.4343

845.4367

-2.84

C42H69O15S [M-H-Glc]-

699.3791

699.3778

1.86

C36H59O11S [M-H-Glc-Rha+H2O]-

881.4565

881.4568

-0.34

C42H73O17S [M-H]-

701.3936

701.3935

0.14

C36H61O11S [M-H-Glc]-

539.3385

539.3406

-3.89

C30H51O6S [M-H-2Glc+H2O]-

1027.5137

1027.5148

-1.07

C48H83O21S [M-H]-

847.4504

847.4514

-1.18

C42H71O15S [M-H]-

879.4413

879.4412

0.11

C42H71O17S [M-H]-

537.3231

537.3250

-3.54

C30H49O6S [M-H-2Glc+H2O]-

879.4399

879.4412

-1.48

C42H71O17S [M-H]-

717.3898

717.3884

1.95

C36H61O12S [M-H-Glc+H2O]-

537.3271

537.3250

3.91

C30H49O6S [M-H-2Glc+H2O]-
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8

9

10

11

12

13

14

15

4.09

4.12

4.14

4.36

4.47

5.00

5.47

5.64

Rh1 sulfate or isomer

25-Hydroxyl-Rg1 sulfite or isomer

Rg2 sulfate or isomer

Rh1 sulfate or isomer

Rg2 sulfate or isomer

25-Hydroxyl-Rh2 sulfate

F4/Rh6 sulfate

Rh1 sulfate or isomer

717.3914

717.3884

4.18

C36H61O12S [M-H]-

537.3259

537.3250

1.67

C30H49O6S [M-H-Glc]-

881.4567

881.4568

-0.11

C42H73O17S [M-H]-

863.4492

863.4463

3.36

C42H71O16S [M-H-H2O]-

539.3387

539.3406

-3.52

C30H51O6S [M-H-2Glc+H2O]-

863.4500

863.4463

4.29

C42H71O16S [M-H]-

717.3916

717.3884

4.46

C36H61O12S [M-H-Rha+H2O]-

717.3885

717.3884

0.14

C36H61O12S [M-H]-

537.3249

537.3250

-0.19

C30H49O6S [M-H-Glc]-

863.4489

863.4463

3.01

C42H71O16S [M-H]-

717.3909

717.3884

3.48

C36H61O12S [M-H-Rha+H2O]-

719.4059

719.4040

2.64

C36H63O12S [M-H]-

539.3419

539.3406

2.41

C30H51O6S [M-H-Glc]-

845.4388

845.4357

3.67

C42H69O15S [M-H]-

699.3744

699.3778

-4.86

C36H59O11S [M-H-Rha+H2O]-

717.3913

717.3884

4.04

C36H61O12S [M-H]-

537.3262

537.3250

2.23

C30H49O6S [M-H-Glc]-

16

5.76

Rg2 sulfate or isomer

863.4491

863.4463

3.24

C42H71O16S [M-H]-

17

5.90

Rh1 sulfate or isomer

717.3911

717.3884

3.76

C36H61O12S [M-H]-

537.3246

537.3250

-0.74

C30H49O6S [M-H-Glc]-

1187.5500

1187.5519

-1.60

C54H91O26S [M-H]-

845.4395

845.4357

4.49

C42H69O15S [M-H-2Glc+H2O]-

1157.5396

1157.5414

-1.56

C53H89O25S [M-H]-

845.4344

845.4357

-1.54

C42H69O15S [M-H-Glc-Ara/Xyl+H2O]-

1187.5506

1187.5519

-1.09

C54H91O26S [M-H]-

18

19

20

6.02

6.28

6.87

Rb1 sulfate or isomer

Rc/Rb2/Rb3 sulfate or isomer

Rb1 sulfate or isomer
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1025.4988

1025.4991

-0.29

C48H81O21S [M-H-Glc+H2O]-

845.4334

845.4357

-2.72

C42H69O15S [M-H-2Glc+H2O]-

683.3806

683.3829

-3.37

C36H59O10S [M-H-3Glc+2H2O]-

21

6.95

Rh2 sulfate

701.3951

701.3935

2.28

C36H61O11S [M-H]-

22

7.06

Rc/Rb2/Rb3 sulfate or isomer

1157.5410

1157.5414

-0.35

C53H89O25S [M-H]-

845.4326

845.4357

-3.67

C42H69O15S [M-H-Glc-Ara/Xyl+H2O]-
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5.3.3 Anti-inflammatory activity
Figure 5-5A-D illustrates that the CyP treatment significantly (p<0.05) decreased
1) spleen and thymus indexes; 2) haematological indexes (WGB, RGB, PLT and HGB);
3) peripheral lymphocyte cell levels (CD3+, CD4+/CD8+ and CD19+) and 4)
inflammatory cytokine expressions of IL-2, IL-6, IL-8, IFN-γ of the rats, indicating
successful development of the inflammatory model [13]. The spleen and thymus indexes
in NFG-treated group were dramatically elevated by 58.85% and 63.70% (p<0.05),
respectively, compared with those in the CyP group, whereas in SFG1-SFG4-treated
groups these indexes showed no significant changes (Figure 5-5A). Moreover, the NFG
group showed greatly (p<0.05) improved WGB, RGB, PLT and HGB amounts
compared to the CyP group (Figure 5-5B). SFG1-SFG3 treatments restored the counts
of WBC and RBC (p<0.05), but no obvious effects on WBC, RBC, PLT and HGB were
observed after SFG4 treatment. Besides, the CyP-decreased CD3+, CD4+/CD8+ and
CD19+ were significantly increased (p<0.05) by 23.72%, 9.13% and 79.66%,
respectively, with NFG treatment, and they were selectively improved by the
intervention of SFG1/SFG2/SFG4 (Figure 5-5C). For example, SFG1 treatment
significantly increased (p<0.05) CD4+/CD8+ (6.49%) and CD19+ (38.69%), while
SFG2 treatment only recovered the level of CD19+ by 23.80% (p<0.05). As to
inflammatory cytokines, the expressions of IL-2, IL-6, IL-8 and IFN-γ were
significantly increased by (p<0.05) 29.74%, 15.95%, 37.77% and 56.32%, respectively,
with NFG treatment (Figure 5-5D). However, SFG1-SFG4 exhibited weaker effects on
inflammatory cytokines than NFG. For example, no significant increases in the
production of IL-6, IL-8 and IFN-γ were found in the groups of SFG3 and SFG4. In
SFG1-SFG3 groups, the spleen and thymus indexes, peripheral lymphocyte cell levels
and inflammatory cytokine expressions presented a gradually attenuated trend with
increasing SO2 residue, but such trend was not found in the haematological indexes.
The SFG4 exerted the weakest anti-inflammatory activity of all the sulfur-fumigated
groups.
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Figure 5-5 Anti-inflammatory activity of NFG and SFG1-SFG4. A1: spleen index;
A2: thymus index; B1: WBC; B2: RBC; B3: PLT; B4: HGB; C1: CD3 +; C2:
CD4+/CD8+; C3: CD19+; D1: IL-2; D2: IL-6; D3: IL-8; D4: IFN-γ. (△: p<0.05,
compared with control group; *: p<0.05, compared with CyP group; #: p<0.05,
compared with NFG group)
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5.3.4 Anti-shock activity
As shown in Figure 5-6A, the survival rate of rats in the model group of
hemorrhagic shock was 61.54%. Survival was improved by the intervention of Shenfu
injection (100%), NFG and SFG1-SFG4 (66.67% in NFG; 72.73% in SFG1, SFG3,
SFG4; 80% in SFG2). SAP, DAP, MAP and HR shared a similar trend in variation
during the experiments (Figure 5-6B). For example, at the normalcy, shock and
anabiosis (0 min) state, no significant change in SAP was found after Shenfu injection
and treatment with NFG and SFG1-SFG4 compared to the model group (Figure 5-6B1).
During the restoration period of 15-120 min, SAP, which was decreased by the
modeling, was increased by Shenfu injection, NFG and SFG1-SFG4 treatment (Figure
5-6B1). SAP was gradually decreased from SFG1 to SFG3 groups, with little
significant difference between SFG3 and SFG4 groups. The results suggest that sulfur
fumigation reduced the anti-shock activity of ginseng.
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Figure 5-6 Anti-shock activity of NFG and SFG1-SFG4. A: survival rate; B1: SAP;
B2: DAP; B3: MAP; B4: HR. (△: p<0.05 compared with blank; *: p<0.05, compared
with model; #: p<0.05, compared with NFG)

5.3.5 Anti-stress activity
5.3.5.1 Anti-fatigue activity
Forced swimming time testing was employed as the indicator for anti-fatigue
125

activity evaluation. Compared with OF group, NFG and SFG1 treatment showed
significantly prolonged forced swimming times (p<0.05) (from 6.50 min to 8.88 min
and 8.63 min, respectively), but no significant effect was found by the treatments of
SFG2-SFG4 (Figure 5-7A). In addition, the forced swimming time in SFG1-SFG3
presented a gradually decreasing trend, which suggests that the anti-fatigue activity of
fumigated ginseng was negatively correlated with SO2 content.
5.3.5.2 Anti-hypoxic activity
In the evaluation of anti-hypoxic activity, NFG and SFG1-SFG4 treatments
showed no significant effects on hypoxia tolerance time compared to the H group
(Figure 5-7B).

Figure 5-7 Anti-fatigue (A) and anti-hypoxic (B) activities of NFG and SFG1-SFG4.
A: swimming time; B: hypoxia tolerance time. (*: p<0.05, compared with OF and H
group, respectively)

5.3.5.3 Anti-oxidative activity
NFG and SFG4 were selected to investigate their anti-oxidative activity on H9c2
cell line model in vitro. Figure 5-8A1 showed that cell viability in the H2O2 group was
dramatically reduced by (p<0.05) 43% with the intervention of H2O2. Compared with
cell viability in the H2O2 group, the cell viability in the NFG treated group was
significantly increased (p<0.05); however, SFG4 treatment in the concentration ranges
of 75-1200 μg/mL showed no significant effect on cell viability (Figure 5-8A1). Since
no significant difference on the cell viability was observed after treatment with NFG at
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600 and 1200 μg/mL, the concentration levels of 300 μg/mL (NFG-L and SFG4-L) and
600 μg/mL (NFG-H and SFG4-H) were used for further anti-oxidative effect
evaluation.

Figure 5-8 Anti-oxidative activity of NFG and SFG4. A: cell viability; B1: LDH; B2:
CreaK; B3: MDA; B4: SOD; C: [Ca2+]i; D: △Ψm; E1: apoptosis rate; E2: oxidative
induced cell damage by Hoechst 33258 staining. (△: p<0.05, compared with control;
*: p<0.05, compared with H2O2; : p<0.05, compared with NFG-L)

As demonstrated in Figure 5-8B, H2O2 intervention strikingly (p<0.05) affected
the levels of LDH, CreaK, MDA and SOD, resulting in cellular oxidative damage [134,
135]

. Compared with releases in the H2O2 group, the releases of LDH, CreaK, MAD and
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SOD in NFG-L and NFG-H treated groups were greatly restored (p<0.05), but no
obvious changes were observed in SFG4-L and SFG4-H groups (Figure 5-8B). The
H2O2-treatment significantly increased [Ca2+]i by 73.93% in the H2O2 group (Figure
5-8C), leading to the overload of Ca2+ [136]. NFG-H greatly inhibited [Ca2+]i by 35.90%
compared to the H2O2 group, whereas neither SFG4-L nor SFG4-H treatment impacted
[Ca2+]i. △Ψm, which was elevated by H2O2, was respectively decreased by 32.55% and
47.61% with the treatments of NFG-L and NFG-H (Figure 5-8D), respectively, and was
characterized by a shift of fluorescence from center to right upper in the panel (Figure
5-9A). SFG4-L treatment also alleviated, albeit to a lesser degree, the H2O2-induced
increase of △Ψm (14.74%, p<0.05) (Figure 5-8D and Figure 5-9A). Compared with
cells in the control group, 51.54% cells underwent apoptosis in the H2O2 group (Figure
5-8E). However, NFG-L and NFG-H treatments significantly reduced the apoptotic rate
to 36.53% and 32.43% (p<0.05) (Figure 5-8E1), respectively, modulated nuclear
condensation to normal morphology in a dose-dependent manner (Figure 5-8E1 and
Figure 5-9B). However, SFG4-L and SFG4-H treatments did not obviously inhibit
H2O2-increased cell apoptosis. In addition, H2O2 inhibited the phosphorylation of
anti-apoptotic kinase Akt associated with the activation of PARP cleavage

[137, 138]

,

resulting in a significant decrease in the ratio of p-Akt/Akt (Figure 5-10A) and increase
in PARP cleaved rate (Figure 5-10B). Likewise, the anti-apoptotic member Bax and
pro-apoptotic members Bcl-2, cytochrome c and caspase-3

[139]

were significantly

(p<0.05) altered by H2O2 intervention (Figure 5-10C-E). NFG-H significantly (p<0.05)
restored the expressions of p-Akt/Akt (3.10), cleaved PARP (56.60%), Bcl-2/Bax
(1.43), cytochrome c (20.96%) and cleaved caspase-3 (15.23%) compared to H2O2
group (Figure 5-10A-E). While, SFG4-H only recovered (p<0.05) the levels of
p-Akt/Akt (2.20%) (Figure 5-10A) and cleaved caspase-3 (26.34%) (Figure 5-10E). All
these results indicated that NFG exerted stronger anti-oxidative activity than SFG4.
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Figure 5-9 Flow cytometry analysis of △Ψm (A) and oxidant-induced cell damage
(B) by flow cytometry analysis of cell apoptosis.
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Figure 5-10 Apoptosis-related protein levels detected by western blot. A: P-Akt/Akt;
B: Cleaved PARP; C: Bcl-2/Bax; D: Cytochrome c; E: Cleaved caspase-3. (△:
p<0.05, compared with control; *: p<0.05, compared with H2O2; #: p<0.05, compared
with NFG-H)

5.3.6 Acute toxicity
There were no macroscopic differences in the size and color of organs from NFG
and SFG1-SFG4 treated mice. Moreover, no significant variations in body weight were
observed in NFG and SFG1-SFG4 treated groups during acute toxicity experiments
(Table 5-3). The results indicate that NFG and SFG1-SFG4 at the administered dosages
did not cause acute toxicity in the mice.
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Table 5-3 Animal body weight variations in acute and chronic toxicity experiments (g,
±SD).
Time

Control

NFG

SFG1

SFG2

SFG3

SFG4

(week)
Acute

0

-

18.85 ±0.67

18.65 ±0.71

18.90 ±0.61

18.75 ±0.68

18.95 ±0.64

Toxicity

1

-

23.35 ±1.68

23.20 ±1.69

23.20 ±2.04

23.15 ±1.80

23.40 ±2.07

2

-

29.25 ±1.32

29.20 ±2.39

28.75 ±1.72

28.50 ±1.87

28.70 ±1.99

Chronic

0

196.46 ±11.36

197.22 ±14.36

195.38 ±12.42

194.34 ±9.34

192.64 ±10.83

195.07 ±10.07

Toxicity

1

221.89 ±29.94

220.62 ±17.00

219.95 ±29.16

205.05 ±12.55

209.36 ±23.01

214.26 ±20.74

2

247.69 ±45.64

243.42 ±32.70

246.15 ±43.46

229.75 ±18.95

232.16 ±39.71

240.06 ±36.14

3

260.29 ±56.34

257.12 ±44.70

260.95 ±56.16

243.45 ±30.45

244.76 ±50.41

251.66 ±46.84

4

270.79 ±64.94

268.62 ±52.30

271.05 ±64.96

252.65 ±39.95

255.26 ±59.21

260.26 ±54.64

1

277.19 ±61.54

275.52 ±55.70

277.45 ±61.56

259.45 ±34.35

262.46 ±55.81

266.76 ±51.24

2

281.09 ±68.54

281.92 ±56.90

279.35 ±68.56

264.95 ±45.55

266.56 ±64.81

268.56 ±61.94

Withdrawal

5.3.7 Chronic toxicity
As to chronic toxicity evaluation, NFG and SFG1-SFG4 treatments for four weeks
did not cause death nor any obvious effects on the size and color of organs. Compared
with AST in the control group, AST in the NFG and SFG1-SFG4 treated groups was
significantly (p<0.05) decreased (Figure 5-11A1). Similarly, ALT in the SFG1-SFG4
treated groups also declined significantly (p<0.05) (Figure 5-11A2), indicating that the
liver was damaged to varying degrees by the long-term intervention of NFG and
SFG1-SFG4. Besides, SFG4 treatment reduced the CREA level by 12.56% (p<0.05)
(Figure 5-11A3), associated with the kidney damage. The histopathological study
showed that SFG4 caused severe hepatic degeneration (Figure 5-11C1). No significant
changes in the body weights, organ indexes, hematological indexes and biochemical
parameters were observed in the NFG and SFG1-SFG4 treated groups (Tables 5-3, 5-4,
5-5). After withdrawal for two weeks, the levels of T-BIL and TP were selectively
increased in the SFG1/SFG3/SFG4 groups (Figure 5-11B). Slight hepatotoxicity was
found in SFG4 group (Figure 5-11C2). However, there were no obvious variations in
the body weights, organ indexes and hematological parameters in the NFG and
SFG1-SFG4 treatment groups compared to the control group (Tables 5-3, 5-6, 5-7).
The results suggest that SFG samples, especially SFG4, caused greater chronic toxicity
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than the NFG sample.

Figure 5-11 Biochemical variations and liver damage by NFG and SFG1-SFG4
treatment (A, C1) and stopped NFG and SFG1-SFG4 treatment for two weeks (B,
C2). A1: AST; A2: ALT; A3: CREA; B1: T-BIL; B2: TP; C: liver damage. (*: p<0.05,
compared with control; #: p<0.05, compared with NFG)
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Table 5-4 Organ index variations of rats by NFG and SFG1-SFG4 treatments for 4
weeks (mg/g, ±SD).
Index

Control

NFG

SFG1

SFG2

SFG3

SFG4

Heart index

3.98 ±0.50

3.91 ±1.15

3.62 ±0.53

3.77 ±0.67

3.72 ±0.33

3.67 ±0.48

Liver index

31.21 ±3.50

29.97 ±3.45

28.30 ±5.58

29.93 ±1.87

30.89 ±3.79

31.54 ±3.54

Spleen index

2.93 ±0.53

2.72 ±0.42

2.32 ±0.62

3.01 ±1.02

3.42 ±0.74

2.79 ±0.53

Lung index

6.77 ±1.25

6.80 ±2.46

7.08 ±2.87

6.77 ±1.61

7.77 ±3.11

6.88 ±1.53

Kidney index

7.76 ±0.86

7.09 ±0.44

7.41 ±1.15

8.29 ±0.40

8.17 ±1.17

8.19 ±0.76

Adrenal index

0.22 ±0.08

0.31 ±0.16

0.38 ±0.32

0.34 ±0.10

0.30 ±0.14

0.30 ±0.11

Thymus index

1.62 ±0.39

1.65 ±0.53

1.81 ±1.54

1.22 ±0.36

1.30 ±0.20

1.42 ±0.33

Brain index

5.88 ±1.24

6.56 ±1.33

6.60 ±1.56

6.64 ±1.63

7.09 ±1.35

7.14 ±1.44

Testis index

12.08 ±1.49

11.56 ±0.78

11.17 ±0.67

11.84 ±1.32

12.42 ±1.41

12.32 ±1.65

Prostate index

1.65 ±0.29

1.68 ±0.37

1.63 ±0.33

1.61 ±0.50

1.61 ±0.30

1.67 ±0.33

Uterus index

2.73 ±0.21

2.71 ±0.45

2.76 ±0.51

2.81 ±0.62

2.80 ±0.32

2.73 ±0.63

Ovary index

0.90 ±0.16

0.90 ±0.16

0.98 ±0.23

0.90 ±0.20

0.85 ±0.19

0.97 ±0.12

Table 5-5 Haematological parameter and serum biochemical variations of rats by
NFG and SFG1-SFG4 treatments for 4 weeks (±SD).
Index

Control

NFG

SFG1

SFG2

SFG3

SFG4

PT/s

15.67 ±1.51

15.12 ±1.01

15.94 ±1.11

16.26 ±2.24

15.21 ±2.32

15.38 ±1.46

APTT/s

21.05 ±1.38

21.23 ±1.96

20.87 ±2.43

21.19 ±3.68

19.97 ±1.73

21.90 ±0.85

TT/s

31.10 ±3.28

32.27 ±2.46

36.47 ±5.76

29.31 ±6.71

36.58 ±3.53

33.87 ±9.89

FIB/(g/L)

2.43 ±0.35

2.29 ±0.28

2.03 ±0.60

1.61 ±0.66

2.23 ±0.30

2.43 ±0.30

9

6.05 ±2.83

5.94 ±2.12

5.03 ±2.87

5.47 ±1.68

7.53 ±1.59

6.57 ±2.98

12

RBC/(×10 /L)

7.65 ±0.77

7.83 ±0.71

7.35 ±0.32

7.37 ±0.93

7.45 ±1.13

7.70 ±0.69

HGB/(g/L)

143.63 ±12.15

149.75 ±8.10

142.25 ±9.81

142.50 ±14.49

145.78 ±22.29

147.11 ±9.01

PCV/fL

43.64 ±4.02

44.83 ±3.10

42.13 ±2.17

42.96 ±5.36

43.78 ±7.63

43.73 ±3.97

MCV/fL

57.10 ±2.01

57.40 ±2.15

57.34 ±1.85

58.33 ±1.49

58.63 ±2.79

56.84 ±2.28

PLT/(×10 /L)

986.88 ±196.92

1108.00 ±185.28

1136.75 ±202.98

1111.13 ±139.92

1152.33 ±220.45

1051.33 ±120.33

PCT/(ng/mL)

0.68 ±0.12

0.72 ±0.11

0.72 ±0.11

0.71 ±0.09

0.75 ±0.11

0.68 ±0.10

WBC/(×10 /L)

9

ALT/(U/L)

57.44 ±20.03

41.30 ±15.25

30.20 ±13.90*

31.40 ±7.88*

39.25 ±12.48*

22.60 ±7.63*

AST/(U/L)

221.33 ±67.01

152.80 ±54.48*

159.60 ±30.61*

145.20 ±28.49*

158.43 ±33.54*

118.90 ±45.71*

TP/(g/L)

68.53 ±8.32

67.49 ±3.96

64.78 ±2.54

66.68 ±4.61

65.01 ±11.57

68.30 ±5.08

ALB/(g/L)

38.86 ±7.97

38.27 ±5.01

36.27 ±5.23

37.96 ±5.08

35.02 ±4.59

40.43 ±7.11

T-BIL/(μmol/L)

1.18 ±0.38

1.03 ±0.24

0.96 ±0.26

0.92 ±0.18

0.87 ±0.31

0.79 ±0.23

ALP/(U/L)

97.67 ±41.94

87.45 ±38.06

107.36 ±36.08

93.90 ±37.07

124.44 ±52.83

100.30 ±50.08

BUN/(mmol/L)

6.16 ±0.92

6.47 ±1.25

6.64 ±0.70

6.86 ±2.19

7.81 ±2.28

6.83 ±0.73

CREA/(μmol/L)

35.11 ±4.57

34.55 ±3.24

34.73 ±4.61

38.30 ±3.59

41.33 ±9.08

30.70 ±3.65*

Glc/(mmol/L)

6.43 ±1.11

6.29 ±1.42

7.02 ±0.99

7.68 ±1.13

7.17 ±1.93

7.74 ±1.82

T-cho/(mmol/L)

1.63 ±0.79

1.36 ±0.16

1.31 ±0.14

1.28 ±0.31

1.26 ±0.27

1.53 ±0.27
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Table 5-6 Organ index variations of rats after stopped NFG and SFG1-SFG4
treatments for 2 weeks (mg/g, ±SD).
Index

Control

NFG

SFG1

SFG2

SFG3

SFG4

Heart index

3.88 ±0.55

3.84 ±0.47

3.52 ±0.72

3.72 ±0.60

3.85 ±0.24

3.82 ±0.51

Liver index

30.38 ±4.50

33.88 ±4.60

31.81 ±5.84

31.21 ±4.08

33.16 ±4.06

29.30 ±7.76

Spleen index

4.01 ±1.59

3.53 ±0.84

3.77 ±1.04

3.79 ±0.77

4.48 ±1.67

3.86 ±0.94

Lung index

7.87 ±1.39

7.50 ±1.78

9.74 ±2.26*

7.93 ±1.65

8.50 ±0.77

9.21 ±2.60

Kidney index

7.76 ±0.91

7.98 ±0.73

7.73 ±1.33

8.14 ±0.82

7.97 ±1.64

7.88 ±1.17

Adrenal index

0.32 ±0.11

0.36 ±0.16

0.34 ±0.15

0.34 ±0.14

0.32 ±0.12

0.31 ±0.11

Thymus index

1.69 ±0.71

1.68 ±0.52

1.62 ±0.43

1.41 ±0.36

1.48 ±0.44

1.50 ±0.56

Brain index

6.23 ±1.22

6.15 ±1.63

6.37 ±1.23

6.62 ±1.58

6.97 ±1.39

6.85 ±1.90

Testis index

11.48 ±1.42

11.91 ±0.8

10.61 ±0.64

11.60 ±1.29

11.80 ±1.34

12.44 ±1.67

Prostate index

1.57 ±0.28

1.73 ±0.38

1.55 ±0.31

1.58 ±0.49

1.53 ±0.29

1.69 ±0.33

Uterus index

2.78 ±0.20

2.76 ±0.46

2.82 ±0.48

2.87 ±0.59

2.86 ±0.30

2.78 ±0.60

Ovary index

0.92 ±0.15

0.92 ±0.16

1.00 ±0.22

0.92 ±0.19

0.87 ±0.18

0.99 ±0.11

Table 5-7 Haematological parameter and serum biochemical variations of rats after
stopped NFG and SFG1-SFG4 treatments for 2 weeks (±SD).
Index

Control

NFG

SFG1

SFG2

SFG3

SFG4

PT/s

16.68 ±3.37

17.53 ±4.14

18.26 ±4.68

16.23 ±0.80

16.54 ±1.88

17.59 ±1.73

APTT/s

24.56 ±6.81

26.33 ±12.48

20.68 ±4.07

20.84 ±1.69

22.27 ±7.61

28.55 ±7.61

TT/s

35.4 ±9.01

39.60 ±17.14

39.71 ±5.66

41.48 ±6.84

43.79 ±9.16

48.86 ±10.91

FIB/(g/L)

1.82 ±0.50

2.22 ±0.48

1.95 ±0.51

2.14 ±0.41

1.85 ±0.38

2.02 ±0.32

9

7.52 ±60

7.61 ±6.91

8.77 ±7.14

7.99 ±6.33

8.58 ±6.59

8.95 ±3.95

12

RBC/(×10 /L)

5.74 ±0.86

5.67 ±1.62

5.74 ±1.78

5.93 ±1.43

5.62 ±0.98

6.20 ±1.42

HGB/(g/L)

113.10 ±18.71

109.33 ±33.44

107.50 ±32.94

114.50 ±27.02

108.00 ±20.99

117.30 ±25.66

PCV/fL

30.28 ±4.80

29.81 ±9.06

29.84 ±9.50

30.35 ±6.93

29.56 ±5.62

31.77 ±7.08

MCV/fL

52.65 ±1.41

52.33 ±1.96

51.88 ±1.72

53.05 ±3.69

52.65 ±2.80

51.27 ±1.85

PLT/(×10 /L)

705.30 ±241.98

511.67 ±319.87

609.30 ±367.26

677.20 ±263.89

700.40 ±235.93

821.40 ±400.40

PCT/(ng/mL)

0.46 ±0.16

0.33 ±0.21

0.41 ±0.24

0.42 ±0.17

0.45 ±0.14

1.10 ±1.98

WBC/(×10 /L)

9

ALT/(U/L)

46.50 ±26.71

46.50 ±17.94

50.11 ±24.92

33.29 ±19.91

51.43 ±25.01

40.43 ±16.42

AST/(U/L)

134.57 ±30.38

161.25 ±38.66

166.63 ±38.89

133.50 ±26.43

166.67 ±31.37

163.00 ±35.93

TP/(g/L)

65.17 ±5.21

69.71 ±10.56

69.33 ±9.20

68.49 ±10.50

66.97 ±5.34

70.97 ±4.89

ALB/(g/L)

32.60 ±4.33

39.33 ±11.47

33.67 ±7.03

34.03 ±7.07

32.85 ±7.11

30.30 ±7.69

T-BIL/(μmol/L)

1.13 ±0.37

1.54 ±0.41

1.80 ±0.66*

1.36 ±0.71

1.81 ±0.85*

1.69 ±0.61*

ALP/(U/L)

94.22 ±47.76

85.29 ±54.99

111.50 ±49.15

83.56 ±22.31

110.38 ±44.84

124.22 ±89.33

BUN/(mmol/L)

7.89 ±1.15

8.88 ±2.48

8.86 ±1.68

7.89 ±2.78

9.48 ±1.55*

9.60 ±2.39

CREA/(μmol/L)

41.20 ±6.55

45.67 ±11.67

43.00 ±8.26

38.00 ±5.25

42.20 ±5.87

42.20 ±4.44

Glc/(mmol/L)

6.86 ±1.14

6.58 ±2.61

5.73 ±1.56

7.38 ±0.97

6.82 ±1.11

6.59 ±0.92

T-cho/(mmol/L)

1.44 ±0.46

1.69 ±0.72

1.44 ±0.31

1.48 ±0.47

1.62 ±0.55

1.41 ±0.34
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Our preliminary study has ever demonstrated that SFG4 exerted weaker
anti-inflammatory and anti-stress activity than NFG [129]. On this basis, here we further
investigated the variations in efficacies and toxicities of different sulfur-fumigated
ginseng samples with varied levels of SO2 residues. The weaker efficacies and stronger
toxicities of SFG1-SFG4 compared to NFG are most likely due to sulfur
fumigation-induced chemical transformation. Multiple chemicals in ginseng,
particularly ginsenosides and polysaccharides, have been previously demonstrated to
possess anti-inflammatory
anti-oxidative

[152-156]

[140-148]

, anti-shock

[149, 150]

, anti-fatigue

[44, 151]

and/or

bioactivities. Therefore, reduction of these chemicals in the

sulfur-fumigated ginseng samples (Figure 5-2) would logically lead to the weakened
efficacies. Moreover, we predicted that different molecular/cellular mechanisms were
involved in the bioactivities of these chemicals because the efficacy indicators varied
differently in SFG1-SFG4 groups. Furthermore, the sulfur-containing ginsenoside
derivatives generated by sulfur fumigation (Table 5-2) may contribute to the
aggravated chronic toxicity of SFG1-SFG4. In addition, excess SO2 could cause liver
and kidney toxicity [157], thus SO2 residues may be also at least partially responsible for
the chronic toxicity of sulfur-fumigated ginseng samples.
The results collectively demonstrate that SO2 content did not correlate with the
quality/efficacy/toxicity of fumigated ginseng. For example, the SO2 content increased
from SFG1 to SFG3, but the total contents of ginsenosides and carbohydrates in
SFG1-SFG3 were differently changed. We deduce that the transformation mechanisms
involved are complicated, such as sulfonation of ginsenosides, hydrolysis of certain
malonyl/acetyl/primary ginsenosides and ginseng polysaccharides/oligosaccharides,
enhanced water-solubility of ginseng polysaccharides

[8, 90]

. Some of these chemical

mechanisms were not directly involved in SO2. Moreover, because SO2 is so volatile,
its occurrence in the fumigated ginseng must be the result of a dynamic adsorption and
desorption process during the fumigation, storage and transportation

[114, 120]

. By

comparison, the sulfur fumigation-induced chemical transformation of original
ginseng chemicals is likely to be more stable [119]. These facts could rationalize the lack
of correlation between the contents of SO2 with the quality/efficacy/toxicity of
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fumigated ginseng. Such lack of correlation is more interestingly revealed by
comparing SFG3 with SFG4. After storage for two weeks, the SO2 residue was
significantly decreased in SFG4. However, SFG4 possessed less ginsenosides and
oligosaccharides, more sulfur-containing ginsenoside derivatives, polysaccharides and
monosaccharides, as well as weaker efficacies and stronger toxicities than SFG3. The
result indicates that the chemical transformations of original ginseng components still
occurred during storage, regardless of the loss of SO2, which thereby significantly
changed the efficacies and toxicities of SFG4. All these results suggest that SO2 content
is incapable of characterizing the variations in ginseng quality, efficacy and toxicity
caused by sulfur fumigation, and that less SO2 does not necessarily indicate higher
quality, better efficacy and/or weaker toxicity. Given this fact, the standards limiting
SO2 residue alone may be inadequate for quality control of sulfur-fumigated herbs, and
other indicators that can exactly reflect herbal efficacy and safety are needed. Since the
sulfur fumigation-induced chemical transformation

of original components

significantly contributes to the change in quality/efficacy/toxicity of fumigated herbs,
the chemicals generated by sulfur fumigation, such as sulfur-containing derivatives,
are promising candidates to be used as quality indicators to compensate for the
weaknesses of using SO2 content. In this regard, further investigation is essential. The
first step we suggest is to chemically isolate and structurally elucidate the
sulfur-containing derivatives. Then, bioactive and toxic properties of the derivatives
should be investigated to evaluate their contributions to the change in herbal efficacy
and toxicity by sulfur-fumigation. Finally, quality control approaches will be
developed by limiting the contents of those derivatives having significant roles in
efficacies and toxicities of fumigated herbs.
5.4 Conclusion
In this study, using ginseng as a pilot study object, the correlation of SO2 content
with the quality/efficacy/toxicity of sulfur-fumigated herbs were investigated. The
results indicated that there is no correlation between SO2 residue in sulfur-fumigated
ginseng and its quality/efficacy/toxicity, suggesting that the sulfur fumigation-caused
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variation in herbal quality, efficacy and toxicity cannot be reflected by the contents of
residual SO2. Therefore, the standards limiting SO2 residue alone may be inadequate
for the quality control of sulfur-fumigated herbs, and new standards including other
indicators that can exactly reflect herbal efficacy and safety are necessary.
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Chapter 6 Summary and future prospects
6.1 Summary
In this study, we firstly developed the integrated multi-omics technique strategy
to investigate the holistic quality and efficacy of ginseng derived from different
conditions as well as their correlations. The research progresses were summarized as
follows:
First, UHPLC-QqQ-MS/MS and HPLC-ELSD based targeted chemomics
method was firstly developed to comprehensively characterize the ginsenosides and
carbohydrates; UPLC-QTOF-MS/MS based untargeted chemomics method was
employed to characterize the holistic chemical profiles of ginseng, especially for
ginsenosides components. For the chemical characterization of ginseng, previous
studies mainly focus on several ginsenosides components but largely overlook
carbohydrates, thus failing to reflect the holistic quality of ginseng. Compared to
previous studies, this newly coined chemomics method achieved a holistic
characterization of the effects of growth years and processing/handling manners on
the quality of ginseng by simultaneously determining ginsenosides and carbohydrates,
which is effective for the quality analysis of ginseng samples.
Second, UPLC-QTOF-MS/MS-based metabolomics method was developed to
determine the total metabolism in animal serum, urine and feces. This metabolomics
method had excellent precision and stability, which could holistically reveal the
effects of ginseng treatment on the disease-disordered systemic metabolism.
Furthermore, by selecting and identifying the disease-related biomarkers, the potential
mechanisms of ginseng treatment were investigated and discussed, enabling us better
understating the therapeutic effects of ginseng.
Gut microbiota is increasingly considered as a key target in connecting the herbal
medicine and disease treatment, especially metabolic disease such as fatigue and
obesity. In this study, gut microbiota was firstly selected as an evaluating mean to
investigate effects of growth years and processing/handling manners on the
anti-fatigue/anti-obesity activity of ginseng. Here, 16S rRNA sequencing-based gut
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microbiota genomics method was applied to characterize the effects of ginseng on gut
microbiota composition. Then the obtained data of systemic metabolism and gut
microbiota coupled with pathologic parameters were integrated to investigate the
efficacy of ginseng derived from different conditions as well as explore their
correlation.
The results indicated that growth years greatly affected the contents and
compositions of carbohydrates and ginsenosides, thereby resulted in the different
quality and anti-fatigue, anti-metabolic disorder and anti-gut microbiota dybiosis
activities of G4, G5 and G6. Furthermore, the chemical components of ginseng were
significantly correlated with its anti-fatigue activity. The potential mechanisms may
include the structural specificity-based interaction between ginsenosides/carbohydrates
and gut microbiota, and then the gut microbiota-driven impacts on endogenous
metabolism/pathologic parameters.
Besides, steaming process quantitatively and qualitatively influenced the
components of ginseng via chemical and physical transformation, such as hydrolysis,
dehydration, polymerization, volatilization, reduction and the Maillard reaction,
resulting in the chemical difference between WG and RG. WEWG and WERG
possessed different structural/compositional characters. Furthermore, WEWG exerted
better anti-obesity activity than WERG with regard to fat accumulation, enteric
metabolic disorders and gut microbiota dysbiosis. This could be caused by their
structural/compositional specificity to gut microbiota. WEWG and WERG
polysaccharides harbored different glycosyl structures that interacted with gut
microbiota, potentially contributing to different gut microbiota-mediated mechanisms.
WEWG contained relative higher ratio of oligosaccharides DP2-3/4-7, Suc-to-Meli,
Mal-to-Tre and high-polar-to-low-polar ginsenosides than WERG, which potentially
contributed to the stronger anti-obesity activity of WEWG. The results revealed that
the composition ratio of these chemical, instead of their absolute amounts, might play
a crucial role in exerting the effects. The results promoted the understanding of
anti-obesity difference between WEWG and WERG.
For sulfur-fumigation, the data suggested that SO2 contents increased with the
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increase of sulfur burned, and decreased during storage. Sulfur-fumigated differently
changed the chemical compositions of ginseng, i.e. reducing ginsenosides, broadening
molecular weight distribution of polysaccharides, decreasing polysaccharides contents,
increasing oligosaccharides and monosaccharides, resulting in their quality difference
of NFG and SFG. Furthermore, the variations in the contents of ginsenosides and
carbohydrates were not correlated to residual SO2 contents. SFG exhibited weaker
anti-inflammatory, anti-shock and anti-fatigue activities than NFG, in particular,
stored SFG exerted the weakest anti-inflammatory, anti-shock and anti-oxidative
activities. As to toxicity analysis, SFG samples, especially stored SFG, caused greater
chronic toxicity than non-fumigated ginseng NFG. In overall, there is no correlation
between SO2 residue in sulfur-fumigated ginseng and its quality/efficacy/toxicity,
suggesting that the sulfur-fumigation-caused variation in herbal quality, efficacy and
toxicity cannot be reflected by the contents of residual SO2. For guaranteeing the
safety and efficacy of sulfur-fumigated medicines, not only SO2 residue but also other
parameters should be considered.
6.2 Future prospects
In this study, we demonstrated that growth years and processing/handling
manners significantly affected the quality and efficacy of ginseng, this may be due to
their different chemical composition. Ginseng simultaneously contain carbohydrates
and ginsenosides, which simultaneously contribute to the overcome of quality and
efficacy of ginseng. Thus, it is necessary to comprehensively characterize the
carbohydrates and ginsenosides for investigating the quality and efficacy of ginseng
as well as guiding its clinical and dietary application.
In

this

study,

we

developed an integrated multi-omics

strategy to

comprehensively characterize the quality and efficacy of ginseng. The results revealed
that different constituents in ginseng might correlate to different target including
endogenous metabolites and gut microbiota. Particularly, gut microbiota as a bridge
plays a vital role in the anti-fatigue/anti-obesity activity of ginseng, indicating a gut
microbiota mediated mechanism. In the future, we can further investigate and
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compare how different components in ginseng, in particular polysaccharides and
ginsenosides, exert therapeutic effects in an animal model and their potential
mechanisms involved by the developed multi-omics strategy. The experimental could
be designed as follows. First, the chemical structural of polysaccharides and
ginsenosides will be characterized by UPLC-QTOF-MS/MS. Secondly, the selected
anti-obesity activity of polysaccharides and ginsenosides will be compared in terms of
fat

accumulation,

inflammatory

cytokines,

protein

expression,

endogenous

metabolism and gut microbiota. Then, the potential mechanisms involved in
anti-obesity activity difference between polysaccharides and ginsenosides will be
discussed. This strategy can be applied to investigate other herbal medicines, which
will be useful for quickly finding the efficacy-related components for quality control
of herbal medicines as well as guiding the clinical application of herbal medicines in
terms of its specific chemical compositions/structures.
Last, most importantly, the safety of herbal medicines should be concerned since
sulfur-fumigation has been widely used to the pre-clinical processing of certain herbal
medicines. Thus, we should select appropriate standards for the quality control of
sulfur-fumigated herbal medicines. For example, first, we can develop a rapid
determining method of SO2 residue and sulfur-derivatives. Second, we can detect and
select appropriate toxicity biomarkers in sulfur-fumigated herbal medicines. Then, we
can explore a desulfurization approach to remove sulfur in chemicals. Also, we can
find a suitable technology to replace sulfur-fumigation for keeping moist, preserving
color and freshness of herbal medicines.

141

References
1.

Qi LW, Wang CZ, and Yuan CS. Isolation and analysis of ginseng: advances and
challenges. Natural Product Reports, 2011, 28 (3): 467-495.

2.

Ma GD, Chiu CH, Hsu YJ, Hou CW, Chen YM, and Huang CC. Changbai
mountain ginseng (Panax ginseng C.A. Mey) extract supplementation improves
exercise performance and energy utilization and decreases fatigue-associated
parameters in mice. Molecules, 2017, 22 (2): 237.

3.

Zhang LY, Virgous C, and Si HW. Ginseng and obesity: observations and
understanding in cultured cells, animals and humans. Journal of Nutritional
Biochemistry, 2017, 44 1-10.

4.

Leung KW and Wong AS. Pharmacology of ginsenosides: a literature review.
Journal of Chinese Medicine, 2010, 5 20.

5.

Sun YX. Structure and biological activities of the polysaccharides from the
leaves, roots and fruits of Panax ginseng C.A. Meyer: An overview.
Carbohydrate Polymers, 2011, 85 (3): 490-499.

6.

Zhou SS, Xu J, Zhu H, Wu J, Xu JD, Yan R, Li XY, Liu HH, Duan SM, Wang Z,
Chen HB, Shen H, and Li SL. Gut microbiota-involved mechanisms in
enhancing systemic exposure of ginsenosides by coexisting polysaccharides in
ginseng decoction. Scientific Reports, 2016, 6: 22474.

7.

Wang Y, Pan JY, Xiao XY, Lin RC, and Cheng YY. Simultaneous determination
of ginsenosides in Panax ginseng with different growth ages using
high-performance liquid chromatography-mass spectrometry. Phytochemical
Analysis, 2006, 17 (6): 424-430.

8.

Li SL, Shen H, Zhu LY, Xu J, Jia XB, Zhang HM, Lin G, Cai H, Cai BC, Chen
SL,

and

Xu

HX.

Ultra-high-performance

liquid

chromatography-quadrupole/time of flight mass spectrometry based chemical
profiling

approach

to

rapidly

reveal

chemical

transformation

of

sulfur-fumigated medicinal herbs, a case study on white ginseng. Journal of
Chromatography A, 2012, 1231 31-45.
9.

Zhang HM, Li SL, Zhang H, Wang Y, Zhao ZL, Chen SL, and Xu HX. Holistic
142

quality evaluation of commercial white and red ginseng using a
UPLC-QTOF-MS/MS-based

metabolomics

approach.

Journal

of

Pharmaceutical and Biomedical Analysis, 2012, 62: 258-273.
10.

Lee JW, Ji SH, Lee YS, Choi DJ, Choi BR, Kim GS, Baek NI, and Lee DY.
Mass spectrometry based profiling and imaging of various ginsenosides from
Panax ginseng roots at different ages. International Journal of Molecular
Sciences, 2017, 18 (6): 1114.

11.

Jin Y, Kim YJ, Jeon JN, Wang C, Min JW, Noh HY, and Yang DC. Effect of
white, red and black ginseng on physicochemical properties and ginsenosides.
Plant Foods for Human Nutrition, 2015, 70 (2): 141-145.

12.

Jin X, Zhu LY, Shen H, Xu J, Li SL, Jia XB, Cai H, Cai BC, and Yan R.
Influence of sulphur-fumigation on the quality of white ginseng: A quantitative
evaluation of major ginsenosides by high performance liquid chromatography.
Food Chemistry, 2012, 135 (3): 1141-1147.

13.

Ma B, Kan WL, Zhu H, Li SL, and Lin G. Sulfur fumigation reducing systemic
exposure of ginsenosides and weakening immunomodulatory activity of
ginseng. Journal of Ethnopharmacology, 2017, 195: 222-230.

14.

Lee JI, Ha YW, Choi TW, Kim HJ, Kim SM, Jang HJ, Choi JH, Choi MH,
Chung BC, Sethi G, Kim SH, Ahn KS, Choi SH, Shim BS, and Ahn KS.
Cellular uptake of ginsenosides in Korean white ginseng and red ginseng and
their apoptotic activities in human breast cancer cells. Planta Medica, 2011, 77
(2): 133-140.

15.

Shi W, Wang Y, Li J, Zhang H, and Ding L. Investigation of ginsenosides in
different parts and ages of Panax ginseng. Food Chemistry, 2007, 102 (3):
664-668.

16.

Lim CY, Moon JM, Kim BY, Lim SH, Lee GS, Yu HS, and Cho SI.
Comparative study of Korean White Ginseng and Korean Red Ginseng on
efficacies of OVA-induced asthma model in mice. Journal of Ginseng Research,
2015, 39 (1): 38-45.

17.

Kono T, Shimada M, Yamamoto M, Kaneko A, Oomiya Y, Kubota K, Kase Y,
143

Lee K, and Uezono Y. Complementary and synergistic therapeutic effects of
compounds found in Kampo medicine: analysis of daikenchuto. Frontiers in
pharmacology, 2015, 6: 159.
18.

Zhang M, Long Y, Sun Y, Wang Y, Li Q, Wu H, Guo Z, Li Y, Niu Y, Li C, Liu L,
and Mei Q. Evidence for the complementary and synergistic effects of the
three-alkaloid combination regimen containing berberine, hypaconitine and
skimmianine on the ulcerative colitis rats induced by trinitrobenzene-sulfonic
acid. European Journal of Pharmacology, 2011, 651 (1-3): 187-196.

19.

Joyce AR and Palsson BO. The model organism as a system: integrating 'omics'
data sets. Nature Reviews Molecular Cell Biology, 2006, 7 (3): 198-210.

20.

Wishart DS. Emerging applications of metabolomics in drug discovery and
precision medicine. Nature Reviews & Drug Discovery, 2016, 15 (7): 473-484.

21.

Wu YZ, Wang GJ, and Hao HP. Advances of metalolomic research of
traditional Chinese medicine. Journal of China Pharmaceutical University, 2014,
45: 129-135.

22.

Franzosa EA, Hsu T, Sirota-Madi A, Shafquat A, Abu-Ali G, Morgan XC, and
Huttenhower C. Sequencing and beyond: integrating molecular 'omics' for
microbial community profiling. Nature Reviews Microbiology, 2015, 13 (6):
360-372.

23.

Sumner LW, Lei Z, Nikolau BJ, and Saito K. Modern plant metabolomics:
advanced natural product gene discoveries, improved technologies, and future
prospects. Natural Product Reports, 2015, 32 (2): 212-229.

24.

Zhou L, Xu JD, Zhou SS, Mao Q, Kong M, Shen H, Li XY, Duan SM, Xu J, and
Li SL. Integrating targeted glycomics and untargeted metabolomics to
investigate the processing chemistry of herbal medicines, a case study on
Rehmanniae Radix. Journal of Chromatography A, 2016, 1472: 74-87.

25.

Hu CX and Xu GW. Metabolomics and traditional Chinese medicine.
Trac-Trends in Analytical Chemistry, 2014, 61: 207-214.

26.

Patti GJ, Yanes O, and Siuzdak G. Innovation: Metabolomics: the apogee of the
omics trilogy. Nature Reviews & Molecular Cell Biology, 2012, 13 (4):
144

263-269.
27.

Lee S, Wen H, An YJ, Cha JW, Ko YJ, Hyberts SG, and Park S. Carbon
isotopomer analysis with non-unifom sampling HSQC NMR for cell extract
and live cell metabolomics studies. Analytical Chemistry, 2017, 89 (2):
1078-1085.

28.

Xu J, Chen HB, and Li SL. Understanding the molecular mechanisms of the
interplay between herbal medicines and gut microbiota. Medicinal Research
Reviews, 2017, 37 (5): 1140-1185.

29.

Laparra JM and Sanz Y. Interactions of gut microbiota with functional food
components and nutraceuticals. Pharmacological Research, 2010, 61 (3):
219-225.

30.

Jia W, Li H, Zhao L, and Nicholson JK. Gut microbiota: a potential new
territory for drug targeting. Nature Reviews & Drug Discovery, 2008, 7 (2):
123-129.

31.

Bayram B, Gonzalez-Sarrias A, Istas G, Garcia-Aloy M, Morand C, Tuohy K,
Garcia-Villalba R, and Mena P. Breakthroughs in the health effects of plant food
bioactives:

A perspective on microbiomics,

nutri(epi)genomics,

and

metabolomics. Journal of Agricultural and Food Chemistry, 2018, 66 (41):
10686-10692.
32.

Jagathrakshakan SN, Sethumadhava RJ, Mehta DT, and Ramanathan A. 16S
rRNA gene-based metagenomic analysis identifies a novel bacterial
co-prevalence pattern in dental caries. European journal of dentistry, 2015, 9 (1):
127–132.

33.

Xu J, Lian F, Zhao L, Zhao Y, Chen X, Zhang X, Guo Y, Zhang C, Zhou Q, Xue
Z, Pang X, Zhao L, and Tong X. Structural modulation of gut microbiota during
alleviation of type 2 diabetes with a Chinese herbal formula. The ISME Journal,
2015, 9 (3): 552-562.

34.

Korem T, Zeevi D, Suez J, Weinberger A, Avnit-Sagi T, Pompan-Lotan M,
Matot E, Jona G, Harmelin A, Cohen N, Sirota-Madi A, Thaiss CA,
Pevsner-Fischer M, Sorek R, Xavier RJ, Elinav E, and Segal E. Growth
145

dynamics of gut microbiota in health and disease inferred from single
metagenomic samples. Science, 2015, 349 (6252): 1101-1106.
35.

Cui SQ, Wang J, Yang LC, Wu JF, and Wang XL. Qualitative and quantitative
analysis on aroma characteristics of ginseng at different ages using E-nose and
GC-MS combined with chemometrics. Journal of Pharmaceutical and
Biomedical Analysis, 2015, 102 64-77.

36.

Pharmacopoeia of the People’s Republic of China. 2015, Beijing: China
Medical Science Press.

37.

Rodriguez-Aller M, Gurny R, Veuthey JL, and Guillarme D. Coupling ultra
high-pressure liquid chromatography with mass spectrometry: constraints and
possible applications. Journal of Chromatography A, 2013, 1292: 2-18.

38.

Sanchez-Mata MC, Penuela-Teruel MJ, Camara-Hurtado M, Diez-Marques C,
and Torija-Isasa ME. Determination of mono-, di-, and oligosaccharides in
legumes by high-performance liquid chromatography using an amino-bonded
silica column. Journal of Agricultural and Food Chemistry, 1998, 46 (9):
3648-3652.

39.

de Leder Kremer RM and Gallo-Rodriguez C. Naturally occurring
monosaccharides: properties and synthesis. Advances in Carbohydrate
Chemistry and Biochemistry, 2004, 59: 9-67.

40.

Kakita H, Kamishima H, and Inouye K. Uronic acid determination by high
performance

liquid

chromatography

with

postcolumn

fluorescence

derivatization. Journal of Chromatography A, 2006, 1129 (2): 296-299.
41.

Xu J, Chen HB, Liu J, Kwok KY, Yue RQ, Yi T, Ho HM, Zhao ZZ, and Han QB.
Why are Angelicae Sinensis radix and Chuanxiong Rhizoma different? An
explanation from a chemical perspective. Food Research International, 2013, 54
(1): 439-447.

42.

Xu J, Li SL, Yue RQ, Ko CH, Hu JM, Liu J, Ho HM, Yi T, Zhao ZZ, Zhou J,
Leung PC, Chen HB, and Han QB. A novel and rapid HPGPC-based strategy
for quality control of saccharide-dominant herbal materials: Dendrobium
officinale, a case study. Analytical and Bioanalytical Chemistry, 2014, 406 (25):
146

6409-6417.
43.

Sun XM, Wang HH, Han XF, Chen SW, Zhu S, and Dai J. Fingerprint analysis
of polysaccharides from different Ganoderma by HPLC combined with
chemometrics methods. Carbohydrate Polymers, 2014, 114: 432-439.

44.

Wang J, Li S, Fan Y, Chen Y, Liu D, Cheng H, Gao X, and Zhou Y. Anti-fatigue
activity of the water-soluble polysaccharides isolated from Panax ginseng C. A.
Meyer. Journal of Ethnopharmacology, 2010, 130 (2): 421-423.

45.

Lin Y, Liu HL, Fang J, Yu CH, Xiong YK, and Yuan K. Anti-fatigue and
vasoprotective effects of quercetin-3-O-gentiobiose on oxidative stress and
vascular endothelial dysfunction induced by endurance swimming in rats. Food
and Chemical Toxicology, 2014, 68: 290-296.

46.

Yu T, Yang YY, Kwak YS, Song GG, Kim MY, Rhee MH, and Cho JY.
Ginsenoside Rc from Panax ginseng exerts anti-inflammatory activity by
targeting TANK-binding kinase 1/interferon regulatory factor-3 and p38/ATF-2.
Journal of Ginseng Research, 2017, 41 (2): 127-133.

47.

El Kaoutari A, Armougom F, Gordon JI, Raoult D, and Henrissat B. The
abundance and variety of carbohydrate-active enzymes in the human gut
microbiota. Nature Reviews Microbiology, 2013, 11 (7): 497-504.

48.

Niu T, Smith DL, Yang Z, Gao S, Yin TJ, Jiang ZH, You M, Gibbs RA,
Petrosino JF, and Hu M. Bioactivity and bioavailability of ginsenosides are
dependent on the glycosidase activities of the A/J mouse intestinal microbiome
defined by pyrosequencing. Pharmaceutical Research, 2013, 30 (3): 836-846.

49.

Chi H, Kim DH, and Ji GE. Transformation of ginsenosides Rb2 and Rc from
Panax ginseng by food microorganisms. Biological & Pharmaceutical Bulletin,
2005, 28 (11): 2102-2105.

50.

Jung IH, Lee JH, Hyun YJ, and Kim DH. Metabolism of ginsenoside Rb1 by
human intestinal microflora and cloning of its metabolizing beta-D-glucosidase
from Bifidobacterium longum H-1. Biological & Pharmaceutical Bulletin, 2012,
35 (4): 573-581.

51.

Dai W, Zhang F, Jia Z, Wei C, Gao P, Lu X, Wu Y, and Xu G. Evaluation of the
147

effect of the traditional Chinese medicine tongxinluo or ginseng on excess
fatigue

rats

studied

by

metabonomics

approach

based

on

liquid

chromatography-mass spectrometry. Se Pu, 2011, 29 (11): 1049-1054.
52.

Lin H, Pi Z, Men L, Chen W, Liu Z, and Liu Z. Urinary metabonomic study of
Panax ginseng in deficiency of vital energy rat using ultra performance liquid
chromatography coupled with quadrupole time-of-flight mass spectrometry.
Journal of Ethnopharmacology, 2016, 184: 10-17.

53.

Yan B, Liu Y, Shi A, Wang Z, Aa J, Huang X, and Liu Y. Investigation of the
Antifatigue Effects of Korean Ginseng on Professional Athletes by Gas
Chromatography-Time-of-Flight-Mass Spectrometry-Based Metabolomics. J
AOAC Int, 2018, 101 (3): 701-707.

54.

Lin MY and Chang FJ. Antioxidative effect of intestinal bacteria
Bifidobacterium longum ATCC 15708 and Lactobacillus acidophilus ATCC
4356. Digestive Diseases and Sciences, 2000, 45 (8): 1617-1622.

55.

Xu RH, Shang N, and Li PL. In vitro and in vivo antioxidant activity of
exopolysaccharide fractions from Bifidobacterium animalis RH. Anaerobe,
2011, 17 (5): 226-231.

56.

Pathak P, Xie C, Nichols RG, Ferrell JM, Boehme S, Krausz KW, Patterson AD,
Gonzalez FJ, and Chiang JYL. Intestine farnesoid X receptor agonist and the
gut microbiota activate G‐protein bile acid receptor‐1 signaling to improve
metabolism. Hepatology, 2018, 68 (4): 1574-1588.

57.

Wang K, Liao M, Zhou N, Bao L, Ma K, Zheng Z, Wang Y, Liu C, Wang W,
Wang J, Liu SJ, and Liu H. Parabacteroides distasonis Alleviates Obesity and
Metabolic Dysfunctions via Production of Succinate and Secondary Bile Acids.
Cell Rep, 2019, 26 (1): 222-235 e225.

58.

Pols TWH, Noriega LG, Nomura M, Auwerx J, and Schoonjans K. The bile acid
membrane receptor TGR5 as an emerging target in metabolism and
inflammation. Journal of Hepatology, 2011, 54 (6): 1263-1272.

59.

Li M, Cai SY, and Boyer JL. Mechanisms of bile acid mediated inflammation in
the liver. Molecular Aspects of Medicine, 2017, 56: 45-53.
148

60.

Bennett PR, Rose MP, Myatt L, and Elder MG. Preterm labor: stimulation of
arachidonic acid metabolism in human amnion cells by bacterial products.
American Journal of Obstetrics & Gynecology, 1987, 156 (3): 649-655.

61.

Behr C, Kamp H, Fabian E, Krennrich G, Mellert W, Peter E, Strauss V, Walk T,
Rietjens IMCM, and van Ravenzwaay B. Gut microbiome-related metabolic
changes in plasma of antibiotic-treated rats. Archives of Toxicology, 2017, 91
(10): 3439-3454.

62.

Sakamoto M, Tanaka Y, Benno Y, and Ohkuma M. Butyricimonas faecihominis
sp. nov. and Butyricimonas paravirosa sp. nov., isolated from human faeces, and
emended description of the genus Butyricimonas. International Journal of
Systematic and Evolutionary Microbiology, 2014, 64 (Pt 9): 2992-2997.

63.

Louis P, Hold GL, and Flint HJ. The gut microbiota, bacterial metabolites and
colorectal cancer. Nature Reviews Microbiology, 2014, 12 (10): 661-672.

64.

Koh A, De Vadder F, Kovatcheva-Datchary P, and Backhed F. From Dietary
Fiber to Host Physiology: Short-Chain Fatty Acids as Key Bacterial
Metabolites. Cell, 2016, 165 (6): 1332-1345.

65.

Hiippala K, Kainulainen V, Kalliomaki M, Arkkila P, and Satokari R. Mucosal
Prevalence and Interactions with the Epithelium Indicate Commensalism of
Sutterella spp. Frontiers in Microbiology, 2016, 7: 1706.

66.

Lee SM, Bae BS, Park HW, Ahn NG, Cho BG, Cho YL, and Kwak YS.
Characterization of Korean Red Ginseng (Panax ginseng Meyer): History,
preparation method, and chemical composition. Journal of Ginseng Research,
2015, 39 (4): 384-391.

67.

Hwang CR, Lee SH, Jang GY, Hwang IG, Kim HY, Woo KS, Lee J, and Jeong
HS. Changes in ginsenoside compositions and antioxidant activities of
hydroponic-cultured ginseng roots and leaves with heating temperature. Journal
of Ginseng Research, 2014, 38 (3): 180-186.

68.

Sun S, Qi LW, Du GJ, Mehendale SR, Wang CZ, and Yuan CS. Red
notoginseng higher ginsenoside content and stronger anticancer potential than
Asian and American ginseng. Food Chemistry, 2011, 125 (4): 1299-1305.
149

69.

Wan JY, Fan Y, Yu QT, Ge YZ, Yan CP, Alolga RN, Li P, Ma ZH, and Qi LW.
Integrated

evaluation

of

malonyl

ginsenosides,

amino

acids

and

polysaccharides in fresh and processed ginseng. Journal of Pharmaceutical and
Biomedical Analysis, 2015, 107: 89-97.
70.

Li SP, Wu DT, Lv GP, and Zhao J. Carbohydrates analysis in herbal glycomics.
Trac-Trends in Analytical Chemistry, 2013, 52: 155-169.

71.

van de Wiele T, Boon N, Possemiers S, Jacobs H, and Verstraete W. Inulin-type
fructans of longer degree of polymerization exert more pronounced in vitro
prebiotic effects. Journal of Applied Microbiology, 2007, 102 (2): 452-460.

72.

Li SL, Lai SF, Song JZ, Qiao CF, Liu X, Zhou Y, Cai H, Cai BC, and Xu HX.
Decocting-induced

chemical

transformations

and

global

quality

of

Du-Shen-Tang, the decoction of ginseng evaluated by UPLC-Q-TOF-MS/MS
based chemical profiling approach. Journal of Pharmaceutical and Biomedical
Analysis, 2010, 53 (4): 946-957.
73.

Whistler RL. Solubility of polysaccharides and their behavior in solution.
Carbohydrates in Solution, 1971, Chapter 14, 242-255.

74.

Chen XQ, Ye Y, Cheng H, Jiang YW, and Wu YL. Thermal effects on the
stability and antioxidant activity of an acid polysaccharide conjugate derived
from green tea. Journal of Agricultural and Food Chemistry, 2009, 57 (13):
5795-5798.

75.

Liu SC, Yang DJ, Jin SY, Hsu CH, and Chen SL. Kinetics of color development,
pH decreasing, and anti-oxidative activity reduction of Maillard reaction in
galactose/glycine model systems. Food Chemistry, 2008, 108 (2): 533-541.

76.

Lee SY, Jeong JJ, Eun SH, and Kim DH. Anti-inflammatory effects of
ginsenoside

Rg1

and

its

metabolites

ginsenoside

Rh1

and

20(S)-protopanaxatriol in mice with TNBS-induced colitis. European Journal
of Pharmacology, 2015, 762: 333-343.
77.

Wang HY, Qi LW, Wang CZ, and Li P. Bioactivity enhancement of herbal
supplements by intestinal microbiota focusing on ginsenosides. The American
Journal of Chinese Medicine, 2011, 39 (6): 1103-1115.
150

78.

Saltiel AR and Olefsky JM. Inflammatory mechanisms linking obesity and
metabolic disease. The Journal of Clinical Investigation, 2017, 127 (1): 1-4.

79.

Reilly SM and Saltiel AR. Adapting to obesity with adipose tissue inflammation.
Nature Reviews Endocrinology, 2017, 13 (11): 633-643.

80.

Heymsfield SB and Wadden TA. Mechanisms, pathophysiology, and
management of obesity. The New England Journal of Medicine, 2017, 376 (15):
1492.

81.

Bastien M, Poirier P, Lemieux I, and Despres JP. Overview of epidemiology and
contribution of obesity to cardiovascular disease. Progress in Cardiovascular
Diseases, 2014, 56 (4): 369-381.

82.

Klil-Drori AJ, Azoulay L, and Pollak MN. Cancer, obesity, diabetes, and
antidiabetic drugs: is the fog clearing? Nature Reviews Clinical Oncology, 2017,
14 (2): 85-99.

83.

Srivastava G and Apovian CM. Current pharmacotherapy for obesity. Nature
Reviews Endocrinology, 2018, 14 (1): 12-24.

84.

World

Health

Organisation,

Obesity

and

overweight.

2018.

http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight.
85.

Meijnikman AS, Gerdes VE, Nieuwdorp M, and Herrema H. Evaluating
causality of gut microbiota in obesity and diabetes in humans. Endocrine
Reviews, 2018, 39 (2): 133-153.

86.

Zhao L. The gut microbiota and obesity: from correlation to causality. Nature
Reviews Microbiology, 2013, 11 (9): 639-647.

87.

Delzenne NM and Bindels LB. Gut microbiota in 2017: Contribution of gut
microbiota-host cooperation to drug efficacy. Nature Reviews Gastroenterology
& Hepatology, 2018, 15 (2): 69-70.

88.

Li J, Riaz Rajoka MS, Shao D, Jiang C, Jin M, Huang Q, Yang H, and Shi J.
Strategies to increase the efficacy of using gut microbiota for the modulation of
obesity. Obesity Reviews, 2017, 18 (11): 1260-1271.

89.

Song MY, Kim BS, and Kim H. Influence of Panax ginseng on obesity and gut
microbiota in obese middle-aged Korean women. Journal of Ginseng Research,
151

2014, 38 (2): 106-115.
90.

Zhou SS, Xu J, Kong M, Yip KM, Xu JD, Shen S, Zhao ZZ, Li SL, and Chen
HB. Synchronous characterization of carbohydrates and ginsenosides yields
deeper insights into the processing chemistry of ginseng. Journal of
Pharmaceutical and Biomedical Analysis, 2017, 145: 59-70.

91.

Leitch ECM, Walker AW, Duncan SH, Holtrop G, and Flint HJ. Selective
colonization of insoluble substrates by human faecal bacteria. Environmental
Microbiology, 2007, 9 (3): 667-679.

92.

Hayashi K, Inoue Y, Shiga M, Sato S, Takano R, Hirayae K, Hibi T, and Hara S.
Pectinolytic enzymes from Pseudomonas marginalis MAFF 03-01173.
Phytochemistry, 1997, 45 (7): 1359-1363.

93.

Wahlstrom A, Sayin SI, Marschall HU, and Backhed F. Intestinal crosstalk
between bile acids and microbiota and its impact on host metabolism. Cell
Metabolism, 2016, 24 (1): 41-50.

94.

White BA, Lipsky RL, Fricke RJ, and Hylemon PB. Bile-acid induction
specificity of 7-alpha-dehydroxylase activity in an intestinal Eubacterium
species. Steroids, 1980, 35 (1): 103-109.

95.

Gerard P. Metabolism of cholesterol and bile acids by the gut microbiota.
Pathogens, 2013, 3 (1): 14-24.

96.

Goldberg JB and Pier GB. Pseudomonas aeruginosa lipopolysaccharides and
pathogenesis. Trends in Microbiology, 1996, 4 (12): 490-494.

97.

Paik YH, Schwabe RF, Bataller R, Russo MP, Jobin C, and Brenner DA.
Toll-like

receptor

4

mediates

inflammatory

signaling

by

bacterial

lipopolysaccharide in human hepatic stellate cells. Hepatology, 2003, 37 (5):
1043-1055.
98.

Swennen K, Courtin CM, and Delcour JA. Non-digestible oligosaccharides
with prebiotic properties. Critical Reviews in Food Science and Nutrition, 2006,
46 (6): 459-471.

99.

Lawley TD and Walker AW. Intestinal colonization resistance. Immunology,
2013, 138 (1): 1-11.
152

100.

Sanz ML, Gibson GR, and Rastall RA. Influence of disaccharide structure on
prebiotic selectivity in vitro. Journal of Agricultural and Food Chemistry, 2005,
53 (13): 5192-5199.

101.

Bervoets L, Van Hoorenbeeck K, Kortleven I, Van Noten C, Hens N, Vael C,
Goossens H, Desager KN, and Vankerckhoven V. Differences in gut microbiota
composition between obese and lean children: a cross-sectional study. Gut
Pathogens, 2013, 5 (1): 10.

102.

Yang JY, Lee YS, Kim Y, Lee SH, Ryu S, Fukuda S, Hase K, Yang CS, Lim HS,
Kim MS, Kim HM, Ahn SH, Kwon BE, Ko HJ, and Kweon MN. Gut
commensal Bacteroides acidifaciens prevents obesity and improves insulin
sensitivity in mice. Mucosal Immunology, 2017, 10 (1): 104-116.

103.

Yoo SR, Kim YJ, Park DY, Jung UJ, Jeon SM, Ahn YT, Huh CS, McGregor R,
and Choi MS. Probiotics L. plantarum and L. curvatus in Combination Alter
Hepatic Lipid Metabolism and Suppress Diet-Induced Obesity. Obesity, 2013,
21 (12): 2571-2578.

104.

Sanz ML, Cote GL, Gibson GR, and Rastall RA. Influence of glycosidic
linkages and molecular weight on the fermentation of maltose-based
oligosaccharides by human gut bacteria. Journal of Agricultural and Food
Chemistry, 2006, 54 (26): 9779-9784.

105.

Aguiari P, Leo S, Zavan B, Vindigni V, Rimessi A, Bianchi K, Franzin C,
Cortivo R, Rossato M, Vettor R, Abatangelo G, Pozzan T, Pinton P, and Rizzuto
R. High glucose induces adipogenic differentiation of muscle-derived stem
cells. Proceedings of the National Academy of Sciences of the United States of
America, 2008, 105 (4): 1226-1231.

106.

Elliott SS, Keim NL, Stern JS, Teff K, and Havel PJ. Fructose, weight gain, and
the insulin resistance syndrome. American Journal of Clinical Nutrition, 2002,
76 (5): 911-922.

107.

Do MH, Lee E, Oh M-J, Kim Y, and Park H-Y. High-glucose or -fructose diet
cause changes of the gut microbiota and metabolic disorders in mice without
body weight change. Nutrients, 2018, 10 (6): 761.
153

108.

Joh EH, Lee IA, Jung IH, and Kim DH. Ginsenoside Rb1 and its metabolite
compound K inhibit IRAK-1 activation-The key step of inflammation.
Biochemical Pharmacology, 2011, 82 (3): 278-286.

109.

Wu J, Shen H, Xu J, Zhu LY, Jia XB, and Li SL. Detection of sulfur-fumigated
Paeoniae Alba Radix in complex preparations by high performance liquid
chromatography tandem mass spectrometry. Molecules, 2012, 17 (8):
8938-8954.

110.

Jiang X, Huang LF, Zheng SH, and Chen SL. Sulfur fumigation, a better or
worse choice in preservation of Traditional Chinese Medicine? Phytomedicine,
2013, 20: 97-105.

111.

Goldring IP, Cooper P, Ratner IM, and Greenburg L. Pulmonary effects of sulfur
dioxide exposure in the Syrian hamster. I. Combined with viral respiratory
disease. Archives of environmental health, 1967, 15 (2): 167-176.

112.

Shapiro R. Genetic effects of bisulfite (sulfur dioxide). Mutation research, 1977,
39 (2): 149-175.

113.

Kong M, Liu HH, Xu J, Wang CR, Lu M, Wang XN, Li YB, and Li SL.
Quantitative evaluation of Radix Paeoniae Alba sulfur-fumigated with different
durations and purchased from herbal markets: Simultaneous determination of
twelve components belonging to three chemical types by improved high
performance liquid chromatography-diode array detector. Journal of
Pharmaceutical and Biomedical Analysis, 2014, 98: 424-433.

114.

Duan SM, Xu J, Bai YJ, Ding Y, Kong M, Liu HH, Li XY, Zhang QS, Chen HB,
Liu LF, and Li SL. Sulfur dioxide residue in sulfur-fumigated edible herbs: The
fewer, the safer? Food Chemistry, 2016, 192: 119-124.

115.

Kan WL, Ma B, and Lin G. Sulfur fumigation processing of traditional chinese
medicinal herbs: beneficial or detrimental? Frontiers in pharmacology, 2011, 2:
84.

116.

United States Pharmacopeia. Rockville: United States Pharmacopeial
Convention, 2017.

117.

European Pharmacopoeia 9.0. Vol. 9. 2016, Strasbourg: The Directorate for the
154

Quality of Medicines & HealthCare of the Council of Europe. Council of
Europe, 2016.
118.

Taiwan Herbal Pharmacopeia. Taiwan: Ministry Health and Welfare, 2016

119.

Li XY, Duan SM, Liu HH, Xu JD, Kong M, Liu HQ, and Li SL.
Sulfur-containing derivatives as characteristic chemical markers in control of
sulfur-fumigated Moutan Cortex. Acta Pharmaceutica Sinica, 2016, 51 (6):
972-978.

120.

Kang CZ, Lai CJS, Zhao D, Zhou T, Liu DH, Lv CG, Wang S, Kang LP, Yang J,
Zhan ZL, Huang LQ, and Guo LP. A practical protocol for comprehensive
evaluation of sulfur-fumigation of Gastrodia Rhizoma using metabolome and
health risk assessment analysis. Journal of Hazardous Materials, 2017, 340:
221-230.

121.

Wu CY, Kong M, Zhang W, Long F, Zhou J, Zhou SS, Xu JD, Xu J, and Li SL.
Impact of sulphur fumigation on the chemistry of ginger. Food Chemistry, 2018,
239: 953-963.

122.

Yu SS, Zhou XL, Li F, Xu CC, Zheng F, Li J, Zhao HX, Dai YL, Liu SY, and
Feng Y. Microbial transformation of ginsenoside Rb1, Re and Rg1 and its
contribution to the improved anti-inflammatory activity of ginseng. Scientific
Reports, 2017, 7 (1): 138.

123.

Sun CX, Chen Y, Li XZ, Tai GH, Fan YY, and Zhou YF. Anti-hyperglycemic
and anti-oxidative activities of ginseng polysaccharides in STZ-induced
diabetic mice. Food & Function, 2014, 5 (5): 845-848.

124.

Hossen MJ, Hong YD, Baek KS, Yoo S, Hong YH, Kim JH, Lee JO, Kim D,
Park J, and Cho JY. In vitro antioxidative and anti-inflammatory effects of the
compound K-rich fraction BIOGF1K, prepared from Panax ginseng. Journal of
Ginseng Research, 2017, 41 (1): 43-51.

125.

Kim HJ, Kim P, and Shin CY. A comprehensive review of the therapeutic and
pharmacological effects of ginseng and ginsenosides in central nervous system.
Journal of Ginseng Research, 2013, 37 (1): 8-29.

126.

Lee CH and Kim JH. A review on the medicinal potentials of ginseng and
155

ginsenosides on cardiovascular diseases. Journal of Ginseng Research, 2014, 38
(3): 161-166.
127.

Kim JH, Yi YS, Kim MY, and Cho JY. Role of ginsenosides, the main active
components of Panax ginseng, in inflammatory responses and diseases. Journal
of Ginseng Research, 2017, 41 (4): 435-443.

128.

Zhang L, Shen H, Xu J, Xu JD, Li ZL, Wu J, Zou YT, Liu LF, and Li SL.
UPLC-QTOF-MS/MS-guided isolation and purification of sulfur-containing
derivatives from sulfur-fumigated edible herbs, a case study on ginseng. Food
Chemistry, 2018, 246: 202-210.

129.

Hu JW, Zhou SS, Meng X, Wu ZH, Shen MQ, and Li SL. Comparison of
anti-stress and immunomodulatory activities between Ginseng and its
sulfur-fumigated sample. J Nanjing Univ Tradit Chin Med, 2017, 33 (3):
258-262.

130.

Zhou SS, Xu JD, Shen H, Liu HH, and Li SL. Development of
UPLC-Q-TOF-MS /MS combined with reference herb approach to rapidly
screen commercial sulfur-fumigated ginseng. China Journal of Chinese Materia
Medica, 2014, 39 (15): 2807-2813.

131.

Charan J and Kantharia ND. How to calculate sample size in animal studies?
Journal of pharmacology & pharmacotherapeutics, 2013, 4 (4): 303-306.

132.

Pharmacopoeia of the People’s Republic of China, General rule 9101. Vol. IV.
Beijing: China Medical Science Press, 2015.

133.

Chen QL, Chen YJ, Zhou SS, Yip KM, Xu J, Chen HB, and Zhao ZZ. Laser
microdissection

hyphenated

with

high

performance

gel

permeation

chromatography-charged aerosol detector and ultra performance liquid
chromatography-triple quadrupole mass spectrometry for histochemical
analysis of polysaccharides in herbal medicine: Ginseng, a case study.
Internatinal Journal of Biological Macromolecules, 2018, 107 (Pt A): 332-342.
134.

Passarella S, de Bari L, Valenti D, Pizzuto R, Paventi G, and Atlante A.
Mitochondria and L-lactate metabolism. FEBS Letters, 2008, 582 (25-26):
3569-3576.
156

135.

Schlattner U, Tokarska-Schlattner M, and Wallimann T. Mitochondrial creatine
kinase in human health and disease. Biochimica Et Biophysica Acta-Molecular
Basis of Disease, 2006, 1762 (2): 164-180.

136.

Peng TI and Jou MJ. Oxidative stress caused by mitochondrial calcium
overload. Annals of the New York Academy of Sciences, 2010, 1201: 183-188.

137.

Storling J, Binzer J, Andersson AK, Zullig RA, Tonnesen M, Lehmann R,
Spinas GA, Sandler S, Billestrup N, and Mandrup-Poulsen T. Nitric oxide
contributes to cytokine-induced apoptosis in pancreatic beta cells via
potentiation of JNK activity and inhibition of Akt. Diabetologia, 2005, 48 (10):
2039-2050.

138.

Chen KF, Yeh PY, Yeh KH, Lu YS, Huang SY, and Cheng AL. Down-regulation
of phospho-Akt is a major molecular determinant of bortezomib-induced
apoptosis in hepatocellular carcinoma cells. Cancer Research, 2008, 68 (16):
6698-6707.

139.

Sun X, Sun GB, Wang M, Xiao J, and Sun XB. Protective effects of cynaroside
against H2O2-induced apoptosis in H9c2 cardiomyoblasts. Journal of Cellular
Biochemistry, 2011, 112 (8): 2019-2029.

140.

Park EK, Choo MK, Han MJ, and Kim DH. Ginsenoside Rh1 possesses
antiallergic and anti-inflammatory activities. International Archives of Allergy
and Immunology, 2004, 133 (2): 113-120.

141.

Choi K, Kim M, Ryu J, and Choi C. Ginsenosides compound K and Rh2 inhibit
tumor necrosis factor-alpha-induced activation of the NF-kappa B and JNK
pathways in human astroglial cells. Neuroscience Letters, 2007, 421 (1): 37-41.

142.

Shin YM, Jung HJ, Choi WY, and Lim CJ. Antioxidative, anti-inflammatory,
and matrix metalloproteinase inhibitory activities of 20(S)-ginsenoside Rg3 in
cultured mammalian cell lines. Molecular Biology Reports, 2013, 40 (1):
269-279.

143.

Cheng WD, Wu DY, Zuo Q, Wang Z, and Fan WM. Ginsenoside Rb1 prevents
interleukin-1 beta induced inflammation and apoptosis in human articular
chondrocytes. International Orthopaedics, 2013, 37 (10): 2065-2070.
157

144.

Zhu J, Jiang Y, Wu L, Lu T, Xu G, and Liu X. Suppression of local inflammation
contributes to the neuroprotective effect of ginsenoside Rb1 in rats with
cerebral ischemia. Neuroscience, 2012, 202: 342-351.

145.

Wu CF, Bi XL, Yang JY, Zhan JY, Dong YX, Wang JH, Wang JM, Zhang RW,
and Li M. Differential effects of ginsenosides on NO and TNF-alpha production
by LPS-activated N9 microglia. International Immunopharmacology, 2007, 7
(3): 313-320.

146.

Park JS, Park EM, Kim DH, Jung K, Jung JS, Lee EJ, Hyun JW, Kang JL, and
Kim HS. Anti-inflammatory mechanism of ginseng saponins in activated
microglia. Journal of Neuroimmunology, 2009, 209 (1-2): 40-49.

147.

Ni WH, Zhang X, Wang B, Chen Y, Han H, Fan YY, Zhou YF, and Tai GH.
Antitumor Activities and Immunomodulatory Effects of Ginseng Neutral
Polysaccharides in Combination with 5-Fluorouracil. Journal of Medicinal
Food, 2010, 13 (2): 270-277.

148.

Jiao L, Zhang X, Li B, Liu Z, Wang M, and Liu S. Anti-tumour and
immunomodulatory activities of oligosaccharides isolated from Panax ginseng
C.A. Meyer. International Journal of Biological Macromolecules, 2014, 65:
229-233.

149.

Kim MS, Kwon B, Park MS, and Ji GE. Isolation of ginsenoside Rh1 and
compound K from fermented ginseng and efficacy assessment on systemic
anaphylactic shock. Food Science and Biotechnology, 2008, 17 (4): 805-808.

150.

Yang CS, Ko SR, Cho BG, Shin DM, Yuk JM, Li SJ, Kim JM, Evans RM, Jung
JS, Song DK, and Jo EK. The ginsenoside metabolite compound K, a novel
agonist of glucocorticoid receptor, induces tolerance to endotoxin-induced
lethal shock. Journal of Cellular and Molecular Medicine, 2008, 12 (5A):
1739-1753.

151.

Tan S, Zhou F, Li N, Dong Q, Zhang X, Ye X, Guo J, Chen B, and Yu Z.
Anti-fatigue effect of ginsenoside Rb1 on postoperative fatigue syndrome
induced by major small intestinal resection in rat. Biological & Pharmaceutical
Bulletin, 2013, 36 (10): 1634-1639.
158

152.

Zhang QH, Wu CF, Duan L, and Yang JY. Protective effects of total saponins
from stem and leaf of Panax ginseng against cyclophosphamide-induced
genotoxicity and apoptosis in mouse bone marrow cells and peripheral
lymphocyte cells. Food and Chemical Toxicology, 2008, 46 (1): 293-302.

153.

Budiarto BR and Chan WH. Oxidative stresses-mediated apoptotic effects of
ginsenoside Rb1 on pre- and post-implantation mouse embryos In vitro and In
vivo. Environmental Toxicology, 2017, 32 (8): 1990-2003.

154.

Li XY, Liang J, Tang YB, Zhou JG, and Guan YY. Ginsenoside Rd prevents
glutamate-induced apoptosis in rat cortical neurons. Clinical and Experimental
Pharmacology and Physiology, 2010, 37 (2): 199-204.

155.

Zu G, Guo J, Che N, Zhou T, Zhang X, Wang G, Ji A, and Tian X. Protective
effects of ginsenoside Rg1 on intestinal ischemia/reperfusion injury-induced
oxidative stress and apoptosis via activation of the Wnt/beta-catenin pathway.
Scientific Reports, 2017, 7: 45252.

156.

Li W, Yan MH, Liu Y, Liu Z, Wang Z, Chen C, Zhang J, and Sun YS.
Ginsenoside Rg5 ameliorates cisplatin-induced nephrotoxicity in mice through
inhibition of inflammation, oxidative stress, and apoptosis. Nutrients, 2016, 8
(9): 566.

157.

Meng ZQ. Oxidative damage of sulfur dioxide on various organs of mice:
Sulfur dioxide is a systemic oxidative damage agent. Inhalation Toxicology,
2003, 15 (2): 181-195.

159

Publications
1. Zhou SS#, Hu JW#, Kong M, Xu JD, Shen H, Chen HB, Shen MQ*, Xu J*, Li SL*.
Less SO2 residue may not indicate higher quality, better efficacy and weaker
toxicity of sulfur-fumigated herbs: Ginseng, a pilot study. Journal of Hazardous
Materials, 2019, 364: 376-387.
2. Zhou SS#, Auyeung KKW#, Yip KM, Ye R, Zhao ZZ, Mao Q, Xu J*, Chen HB*,
Li SL*. Stronger anti-obesity effect of white ginseng over red ginseng and the
potential mechanisms involving chemically structural/compositional specificity to
gut Microbiota. Phytomedicine, 2018, doi: 10.1016/j.phymed.2018.11.021.
3. Zhou SS#, Xu J#, Tsang CK#, Yi KM, Yeung WP, Zhao ZZ, Zhu S, Fushimi H,
Chang HY*, Chen HB*. Comprehensive quality evaluation and comparison of
Angelica sinensis radix and Angelica acutiloba radix by integrated metabolomics
and glycomics. Journal of Food and Drug Analysis, 2018, 26: 1122-1137.
4. Zhou SS#, Xu J#, Kong M, Yip KM, Xu JD, Shen S, Zhao ZZ, Li SL*, Chen HB*.
Synchronous characterization of carbohydrates and ginsenosides yields deeper
insights into the processing chemistry of ginseng. Journal of Pharmaceutical
and Biochemical Analysis, 2017, 145: 59-70.
5. Zhong WF#, Tong WS#, Zhou SS#, Yip KM, Li SL, Zhao ZZ, Xu J*, Chen HB*.
Qualitative and quantitative characterization of secondary metabolites and
carbohydrates in Bai-Hu-Tang using ultraperformance liquid chromatography
coupled with quadrupole time-of-flight mass spectrometry and ultraperformance
liquid chromatography coupled with photodiode array detector. Journal of Food
and Drug Analysis, 2017, 25: 946-959.
6. Zhou L#, Xu JD#, Zhou SS, Zhu H, Kong M, Shen H, Zou YT, Cong LJ, Xu J *,
Li SL*. Independent or integrative processing approach of metabolite datasets
from different biospecimens potentially affects metabolic pathway recognition in
metabolomics. Journal of Chromatography A, 2019, 1587: 146-154.
7. Zhou L#, Xu JD#, Zhou SS, Shen H, Mao Q, Kong M, Zou YT, Xu YY, Xu J*, Li
SL*. Chemomics-based marker compounds mining and mimetic processing for
exploring chemical mechanisms in traditional processing of herbal medicines, a
160

continuous study on Rehmanniae Radix. Journal of Chromatography A, 2017,
1530: 232-240.
8. Zhou L#, Xu JD#, Zhou SS, Mao Q, Kong M, Shen H, Li XY, Duan SM, Xu J *,
Li SL*. Integrating targeted glycomics and untargeted metabolomics to investigate
the processing chemistry of herbal medicines, a case study on Rehmanniae Radix.
Journal of Chromatography A, 2016, 1472: 74-87.
9. Yip KM#, Xu J*, Tong WS, Zhou SS, Yi T, Zhao ZZ, Chen HB*.
Ultrasound-assisted extraction may not be a better alternative approach than
conventional boiling for extracting polysaccharides from herbal medicines.
Molecules, 2016, 21: 1569.
10. Zhou SS#, Zhou J, Xu JD, Shen H, Yip KM, Zhao ZZ, Chen HB*, Xu J*, Li SL*.
Correlation between quality and efficacy of herbal medicine revealed by
integrating chemomics, metabolomics and gut microbiota genomics: Ginseng, a
pilot study (submitted).

161

CURRICULUM VITAE

Academic quantifications of the thesis author, Miss ZHOU Shanshan
-

Received the degree of Bachelor of Science from Nanjing University of Chinese
Medicine, June 2012.

-

Received the degree of Master of Medicine from Nanjing University of Chinese
Medicine, June 2015.

June 2019

162

