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Introduction: Astragalus is a commonly used traditional Chinese medicine in China, which has
been widely applied to enhance the immunomodulatory function of the body. The main bioactive
components are complicated. To explore the role of the components, various techniques have been
applied in Astragalus extraction. Membrane separation technique featured with green processing
condition and high efficiency is of signification interest in the application of Astragalus treatment.
Methods: In this study, a new ingredients group A4 was separated from Astragalus using
membrane separation technique. The quantification and identification of A4 were achieved
by UV-vis spectrometry and UPLC-MS measurements. Pathological approaches along with
serum metabolomics were utilized to study the immunoprotective effects of the extracts and
explore the underlying mechanisms on metabolic activity.

Results: It was observed that A4 could promote the secretion of IL-2 and IFN-y, stimulate the
activated CD4"CD25" and CD8" CD25" T lymphocytes in splenocytes and protect rat spleen
to some extent. Seven crucial biomarkers that related to immunity regulations were screened
out and identified through serum metabonomic analysis coupled with nuclear magnetic reso-
nance. The enrichment analysis revealed that A4 alleviated the immune dysfunction by
modulating amino acid metabolism and energy metabolism for the first time.

Conclusion: The new ingredients group A4 isolated from the Astragalus membrane can
reduce the immune dysfunction by regulating the amino acid metabolism and energy
metabolism of rats.
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Introduction
Astragalus (AR) is the dried roots of leguminous plant Astragalus membranaceus
(Fisch.) Bge. Var. Mongholicus (Bge.) Hsiao and A4stragalus membranaceus (Fisch.)
Bge. It is one of the largest flowering plants in Leguminosae and widely distributed in
temperate and arid areas.' As a commonly used traditional Chinese medicine in China,
AR is known for its therapeutic benefits on immune-related diseases, such as inflam-
mation, cancer, diabetes and hyperglycemia.” It has been proven that AR exhibits its
immunomodulatory effects through improving the immune organ developments,’
regulating the secretion of mucus, enhancing the quantity and activity of innate
immunity,* promoting the proliferation and differentiation of acquired immunity
cells, and increasing the concentration of serum antibodies.’

In AR, there are over 100 ingredients and the main bioactive components are
saponins, flavonoids and polysaccharides.” To have a better understanding of the
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underlying mechanism, various techniques have been
applied to extract and purify AR, including organic solvent
extraction,” macro-porous resin chromatography, enzyme-
assisted extraction,” and ultrafine pulverization.® However,
these processes either are time-consuming with low-yield, or
involve organic solvents, or create a great deal of secondary
waste. In comparison, membrane separation with the char-
acteristics of mild conditions and high efficiency, makes the
process green.” Recently, membrane separation technology

d*!° and traditional

has been widely used in processing foo
Chinese medicine.''"'? Negin et al concentrated the poly-
phenolic compounds from pistachio hull extract through
a polysulfone membrane assembled in a batch dead-end
filtration plastic cell and evaluated the antioxidant activity.”
Avram et al extracted polyphenols from blueberry pomace
through crossflow filtration technology with nanofiltration
membranes.' Pei et al successfully isolated the antimicro-
bial peptides from the mucus of A. davidianus using the
magnetic cell membranes.'' Tang et al employed sequential
ultrafiltration membranes to purify polysaccharide fractions
from the water extract of Lentinus edodes.? However, lim-
ited researches have been focused on AR membrane filtra-
tion. Thus, it is of great significance to explore the
application of membrane separation in AR ingredients.
Metabolomics is a useful tool aiming to identify the
interactions between the endogenous metabolites and exter-
nal stimulation, and determine its influences on the patho-
biology of disease."® Since the metabolites are sensitive to
the disturbance of physiological homeostasis, their changes
dynamically reflect the physiological and pathological state
in the body."* Recently, metabolomics has been extensively
applied to the discovery and therapeutic evaluation for the
physiological functions of AR. Jia et al explored AR
mechanism responding to progressive drought stress through
analyzing its transcriptome and metabolome.'> Liu et al
applied urine metabolomics to discuss the benefits of drug
efficacy when adding honey in AR."'® Wang et al proved that
AR polysaccharide could ameliorate the digestive and

absorptive functions by serum metabolomics.'” Zeng et al
reported that AR polysaccharide regulated the energy meta-
bolism of heat stressed dairy cows through glucose metabo-

% Metabolomics s

lism and amino acid metabolism.
therefore a desirable technique to study the immunomodu-
latory mechanism of AR ingredients.

Herein, we report a new ingredients group extracted
from AR using polymer membranes. Identification and
quantification of the extracts were analyzed by UV-vis
spectrometry and UPLC-MS
Cyclophosphamide (CTX) and hydrocortisone (HC) were

utilized for the establishment of immunosuppressive rat

measurements.

models. Serum metabolomics along with pathological
approaches were further conducted to further explore its
immunomodulatory mechanism.

Materials and Methods

AR Separation and Purification

Dried AR 210 g was soaked in 10 times of distilled water
for 30 min, brought to boil over high heat and then
simmered for 40 min. The supernatant was collected by
filtration over 30 °C. The precipitant was soaked again in
10 times of distilled water and extracted by repeating the
above steps. The supernatants were centrifuged at
2500 rpm for 5 min and filtered again. The filtrates were
subjected to multi-stage membrane separation and the
process is shown in Figure 1.°7'? The fraction with mole-
cular weight of 600-2500 Da, which mainly saponins and
flavonoids, was collected and prepared as lyophilized pow-
der. To obtain the optimal separation condition, the separa-
tion conditions were carefully examined and determined
the temperature was 25 °C, solid-liquid was 1:25, pH was
4.85 and processing time was 9 min. The achieved new
ingredients group was designated as A4.

Quantification and ldentification of A4
UV-vis spectrometry was used to measure the contents of
saponins and flavonoids. A4 lyophilized powder was

4 N N N N
Concentrated Concentrated Concentrated , Concentrated
Solution Solution Solution 3% Solution A4
N T AN T T 2N T J
4 N [ N
Astragalus Polyethersulfone Polyethersulfone Polyamide Polyamide Filtrate
Filtrgates Membrane > Membrane > Membrane > Membrane (AMS-PT)
(30kDa) (10kDa) (2.5kDa) (0.6kDa)
. /L J J

Figure | Flow chart of Astragalus membrane separation process.
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dissolved in 0.1 mL distilled water. 0.4 mL ethanol,
0.5 mL 8% vanillin in anhydrous ethanol and 5 mL H,
SO, were added subsequently. The mixture was warmed in
water bath at 60 °C for 25 min and cooled to ambient
temperature for the measurement of the saponins quantity.
Similarly, the content of flavonoids was detected. 0.1 mL
A4 dissolved sample was mixed with 0.5 mL sodium
nitrite, 0.5 mL 10% aluminium nitrate and 4 mL NaOH
successively. The mixture was then thoroughly stirred for
10 min and dilute to 10 mL for further analysis.

To identify the ingredients in A4 lyophilized powder,
UPLC-MS was performed using Q-Exactive UPLC-MS
/MS system. The Acquity UPLC HSS T3 column
(100%x2.1 mm, 1.8 pum) was used with column temperature
maintained at 35°C. The mobile phases at a flow rate at
0.3 mL/min, were acetonitrile (A) and water (B). The
injection volume was 5 pL.

Animal and Drug Administration

A total of 25 males and 25 females specific-pathogen free
Sprague Dawley rats weighting 200+20 g were purchased
from Beijing Changyang Xishan Farm and acclimated to
the environment for 7 days before starting the experi-
ments. All rats were housed in an animal room with 12-
hr light/dark cycle and given ad libitum access to water
and food.

After acclimated to the environment, rats were ran-
domly assigned into as follows: (1) control group in
which the rats were intraperitoneally injected physiologi-
cal saline for a total of 14 days and intragastrically admi-
nistered physiological saline for a total of 10 days
from day 4 of the experiment; (2) Cyclophosphamide
(CTX) and hydrocortisone (HC) groups, in which rats
were intraperitoneally injected 40 mg-kg '-d”' CTX and
HC for a total of 14 days and intragastrically administered
equal amount of physiological saline for a total of 10 days
from day 4 of the experiment, respectively; (3) CTX-A4
and HC-A4 groups in which the rats were intraperitoneally
injected 40 mg-kg '-d”' CTX and HC for a total of 14
days and intragastrically administered 50 mg-kg™'-d™' A4
aqueous solution for a total of 10 days from day 4 of the
experiment, respectively. Each group has 5 female rats and
5 male rats.

All animal procedures were performed in accordance
with the guidelines for Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1996), and
the study protocol was reviewed and approved by the

ethics committee of Shanxi University of Traditional
Chinese Medicine.

Sample Collection and Pharmacological

Index Testing

On the 14th day, rats were fasted overnight but allowed to
drink water at ad libitum. On the next day, within 0.5
h after intragastric administration, they were weighed,
and their blood samples were taken from the vein behind
eyeballs. After stand for 30 min, these blood samples were
centrifuged at 3500 rpm for 10 min and the serums were
collected and frozen at —80°C. Serum IL-2 and IFN-y
levels were tested by ELISA (purchased from Shanghai
Chuangshi Technology Co., Ltd.).

According to ethical requirements, we anesthetized the
rats with 5% sodium pentobarbital, took blood samples,
and then euthanized them. Afterwards, under sterile con-
ditions the spleens of the rats were collected in a sterile
environment. After removal of the surface blood with filter
paper, spleen samples were weighed freshly. Spleen of 4
rats in each group were fixed with 4% paraformaldehyde
fixation solution. The spleen was later sectioned, stained
using hematoxylin—eosin (HE) staining and examined
under a fluorescence microscopy imaging system (BX53,
Olympus, Japan).

Spleen samples from the other rats in each group were
used to isolate splenocytes after stimulated with concana-
valin A (Sigma, Germany), and stained with rat CD4,
CD8, and CD25 monoclonal antibodies (eBioscience ™,
Thermo Fisher Scientific, USA). A total of about 50,000
cells were subjected to flow cytometry analysis (FAC
Scanto II, BD, USA) to detect CD4'CD25" T cells and
CDS8'CD25" T cells.

Study on Serum Metabolomics in Rats

A total of 450 pL serum samples were thoroughly mixed
with 1500 pL methanol by vortexing for 1 min. After
incubated at —20°C for 20 min, precipitated proteins
were removed by centrifugation at 13,000 rpm at 4°C for
20 min. One milliliter of supernatant was transferred into
an EP tube, dried under a stream of nitrogen and recon-
stituted in 650 pL of 100 mM sodium phosphate buffer,
pH 7.4, containing 10% D,0O and 0.01% TSP. After cen-
trifugation again at 13,000 rpm at 4°C for 20 min, 600 pL
supernatant was transferred to a 5 mm NMR tube for
'"H NMR analysis on a Bruker Advance III 600 MHz
spectrometer (Bruker, Germany) at 25°C.

Drug Design, Development and Therapy 2021:15

submit your manuscript

1597

Dove


http://www.dovepress.com
http://www.dovepress.com

Zhang et al

Dove

Each 'H NMR spectrum was processed by Mest
ReNova software (V6.1.0-6624). After phase and baseline
calibration using TSP (50.00) as the standard, the spectrum
was integrated in the range of 60.0-10.0 ppm with inte-
gration interval of 0.02 ppm, except 34.70-5.05 (residual
water peaks) and 63.30-3.40 (residual methanol peaks).
The sum of the integral areas of the spectrum was normal-
ized to generate the data matrix of all segments and corre-
sponding areas. The data matrix was then imported into
Metabo Analyst online analysis platform (V4.0, https://
www.metaboanalyst.ca/faces/home.xhtml) for multivariate

statistical analysis.
The (PCA)
Orthogonal partial least squares-discriminant analysis

principal component analysis and
(OPLS-DA) analysis were subsequently used to identify
the differential metabolites using a variable importance
factor (VIP) >1.0 and P<0.01. The online analysis plat-
form Metabo Analyst was selected to analyze the meta-
bolic pathways related to the differential metabolites, and
the KEGG database was used to conduct a preliminary

discussion on the related metabolic pathways.

Data Processing

The experimental data was statistically analyzed using
SPSS 19.0 software, and the results were expressed as
mean =+ standard deviation. Differences between groups
were compared using the one-way analysis of variance,
and p<0.05 was considered statistically significant.

Results
Characterization of A4 Lyophilized

Powder

To avoid the introduction of organic solvent, membrane
separation was selected for AR treatment and a new ingre-
dients group A4 with high concentrations of saponins and
flavonoids was obtained. Considering that the temperature,
solid—liquid ratio, pH and processing time had significant
impacts on the separation efficiency, these factors were
carefully investigated and optimized. UPLC-MS measure-
ments were further applied to identify the constituents in
A4 (Figures S1 and S2). It was detected that the bioactive
powder mainly contains 14 types of flavonoids and 8 types

saponins (Table 1).

UV-vis spectrometry was further applied to quantify
the ingredient in A4. It was found that the contents of
saponins in A4 was 207.6 mg/g, which increased by 2.67
times compared that in AR stock solution (Figure 2A). The

content of flavonoids in AR stock solution and A4 were
5.8 mg/g and 2.2 mg/g, respectively (Figure 2B).
Moreover, the contents of typical substances,
Astragaloside IV (Figure 2A) and calycosin-7-O-f-
D-glucoside (Figure 2B), were determined UPLC mea-
surements, which were 1185.7 pg/g and 598.6 pg/g,
respectively.

Pathological Analysis of Rat Spleens
Microscopic examination of HE stained spleen specimens
was conducted and found that the spleen nodules in the
control rats were uniform in size without obvious abnorm-
alities (Figure 3). Compare to the control group (Figure
3A), the administration of CTX led to significant red pulp
admixed with inflammatory cells infiltration, moderate
membrane shrinkage, moderate white pulp atrophy and
mild fibrosis (Figure 3B). But these changes were alle-
viated to some extent after applying A4 (Figure 3C).
Similarly, the intake of HC moderately widened the spleen
margin and induced slight white pulp atrophy (Figure 3D),
but further administration of A4 reduced spleen margin
widening (Figure 3E). All these results indicated that A4
has a certain protective effect on spleen pathological
changes caused by CTX and HC.

Effects of A4 on Serum IL-2 and IFN-y in

Rats

The levels of interleukin-2 (IL-2) and Interferon-y (IFN-
Y) in rat serum were measured by ELISA. It was found
that IL-2 and IFN-y levels in the CTX-rats were signifi-
cantly reduced (P<0.01) as compared with those in the
control group, which indicating the successful establish-
ment of CTX-induced immunosuppression rat model
(Figure 4A). After the administration of A4, the serum
levels of IL-2 and IFN-y of rats in the CTX-A4 group
were obviously increased (P<0.05), proving that A4 was
effective on the immunity of CTX-induced rats. Similar
observations were achieved in HC-induced groups
(Figure 4B). Compared with those in the control group,
serum IL-2 and IFN-y levels of rats in the HC group were
also reduced (P<0.01), demonstrating the successful
establishment of HC-induced immunosuppression rat
model. Furthermore, compared with those of the HC
group, serum IL-2 level in the HC-A4 group were sig-
nificantly increased (P<0.05), illustrating that A4 is ben-
eficial for the
immunosuppression rats.

immunity recovery of HC-induced
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Table | Identification of A4 by UPLC-MS Measurements
No. | Compound Retention Time Measured Value Theoretical Value Chemical CAS #
(Min) (m/z) (m/z) Formula
| Daidzein 0.82 255.05965 255.06518 CisH 004 486-66-8
2 Kumatakenin 291 315.08795 315.08631 C7H40¢ 3301-49-3
3 Calycosin-7—glucoside 6.69 447.12845 447.12857 Cx»nH»0)0 20633-67-
4
4 Rhamnetin 8.48 317.06863 317.06557 Ci¢H 207 90-19-7
5 Rhamnocitrin-3-O-f- 9.59 463.12381 463.12349 C»nH»O0y, 41545-37-
D—glycosides 3
6 Ononoside .12 431.13370 431.13365 Cx»H»04 486-62-4
7 Methylnissolin 12.06 301.10721 301.10705 Cy7H 605 73340-41-
7
8 Methylnissolin-3-O— 12.08 463.15985 463.15987 Cy3H2¢O10 94367-42-
glucoside 7
9 Astraisoflavanin 12.61 465.17603 465.17552 Cy3H2800 131749-
60-5
10 Calycosin 12.72 285.07574 285.07575 Ci¢H 1205 20575-57-
9
I Rhamnocitrin 15.19 301.07074 301.07066 Ci¢Hi20¢ 569-92-6
12 Astragaloside IV 16.48 785.46771 785.46818 C41HegO 14 84687-43-
4
13 Mucronulatol 17.23 303.12283 303.12270 C,7H,80s 20878-97-
|
14 Astragaloside Il 17.86 827.47864 827.47874 C43H7005 84676-89-
|
15 Soybean saponin BB 17.86 943.52570 943.52609 CugH780,8 51330-27-
9
16 Astragaloside | 19.37 869.48950 869.48931 C4sH720,6 84680-75-
|
17 Hederagenin 19.57 473.36246 473.36253 C30H4g04 465-99-6
18 Acetyl astragaloside | 19.84 911.49988 911.49792 C47H740,7 84687-47-
8
18 Sitogluside 20.01 577.44556 577.44627 C3sHe0O% 474-58-8
20 Lupenone 20.06 425.37793 425.37779 C30H4g0 1617-70-5
21 Astragaloside Il 20.27 785.46545 785.46818 C41HegO 114 84687-42-
3
22 Rutin 20.36 611.16833 611.16066 Cy7H30016 153-18-4
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Figure 2 The content of (A) saponins and (B) flavonoids in AR stock and A4.

Figure 3 Pathological analysis of rat spleens (HE, x200) in (A) control, (B) CTX, (C) CTX-A4, (D) HC, (E) HC-A4 groups.
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Figure 4 Effects of A4 on the levels of IFN-y (A) and IL-2 (B)in rats (Xzs, n=6). (**P<0.0] compared to the control group; “P<0.05 compared to the CTX group; “P<0.05
compared to the HC group).
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Figure 5 Effects of A4 on CD4"CD25" (A) and CD8'CD25" T cells (B), as well as the ratio of CD4"CD25"/CD8*CD25" (C) in rat splenocytes (Xits, n=6) (**P<0.01
compared to the control group; “P<0.05 compared to the CTX group; #P<0.05 compared to the HC group).

Effects of A4 on CD4"CD25" and

CD8"CD25" in Splenocytes

The levels of CD4'CD25" and CD8'CD25" were charac-
terized by flow cytometry (Figure 5). Compared with the
control group, rats in CTX group had the reduced propor-
tion of activated CD4'CD25" (Figure 5A) and
CD8'CD25" (Figure 5B) T lymphocytes, as well as
a decreased ratio of CD4'CD25"/CDS8'CD25" (Figure
5C), which illustrating that the administration of CTX
inhibited rat immunity. Moreover, the decrease was
reversed after A4 administration, indicating that A4
could boost immune activity and alleviate immunosup-
pression caused by CTX.

Similarly, compared with the control group, the propor-
tions of activated CD4"CD25" and CD8'CD25" T cells, as
well as the ratio of activated CD4"/CD8" were signifi-
cantly decreased in HC-induced immunosuppression rats,
indicating that administration of HC suppressed rat immu-
nity seriously (Figure 5). After A4 treatment, these
decreases were reversed again, demonstrating that A4
could effectively modulate the immune conditions in rats.

Effects of A4 on Metabolites in

Immunosuppression Rats

The metabolic profiling of the serum samples was performed
using NMR spectrometry (Figures S3 and S4). Moreover,
the metabolites were identified according to their chemical
shifts, coupling constants and peak splits (Table S1). PCA
analysis was further conducted to evaluate the alterations in

the metabolome in each group, which were at the marked
95% confidence interval and showed clearly separations in
both CTX (Figure 6A) and HC (Figure 6B) models.

To eliminate the errors caused by individual difference and
biodiversity, OPLS-DA was adopted for sample discrimina-
tion, where the predicted score of the first principal compo-
nent, t[1] score, as the abscissa, and the predicted score of the

orthogonal principal component, to[ 1] score as the ordinate. It
was observed that the data collected was well separated and
without overfitting phenomenon in CTX (Figure 7A and B)
and HC (Figure 7C and D) models, indicating that the immu-
nosuppression models were successfully established, and A4
had obvious influences on the two models.

Permutations substitution test was also used to evaluate
each model predicted by OPLS-DA at the number of repeti-
tions setting to 1000. The results are shown in Figure 8, in
which R2 represents the interpretation rate of the built model
to the data matrix, and Q2 represents the model’s predictive
ability. It can be seen from Figure 8A that the parameters R2
and Q2 between control and CTX group are 0.945 and 0.138,
respectively. The value suggested that the model was well-
created and reliable. Similar speculations were achieved in
the other three comparable groups (Figure 8B-D).

Analysis of Potential Biomarker

Metabolites

VIP in the projection from OPLS-DA model was selected to
evaluate the potential biomarkers and variables with P<0.01
and VIP>1 were regarded as differential metabolites (Figure
S5). According to the order of influencing factors from high
to low, the metabolites with significant differences between
control and CTX groups, as well as between CTX and CTX-
A4 groups, were screened out (Figures S6 and S7). It was

illustrated that in CTX-induced immunosuppression model,
A4 might modulate the immune functions via regulating
lactate, creatine, glycerol, lysine, glycine, and ketoisocaproic
acid (KA). The analysis of related metabolic pathway was
then performed on Metabo Analyst and present in the bubble
chart by taking the pathway influence factor as the abscissa
and the P value as the ordinate. As shown in Figure 9A, the
main metabolic pathways affected between CTX and CTX-
A4 groups are serine and threonine metabolism, glycerol
metabolism, acid acid

glyoxylic and dicarboxylic
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metabolism, glutathione metabolism pathway and pyruvate
metabolism.
HC-induced

model, A4 improving the immune responses by regu-

Similarly, in immunosuppression

lating lactate, glucose, and KA (Figures S6 and S7).

Besides, the five influential metabolism pathways are
sweet starch and sucrose metabolism, pyruvate meta-
bolism, galactose metabolism, valine, leucine and iso-
leucine degradation, valine, leucine and isoleucine

biosynthesis (Figure 9B).
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Discussion

CTX is a DNA alkylating agent with striking immunity
suppression ability. It can inhibit the humoral and cellular
immune responses of animals by destroying the DNA
structure, interfering DNA synthesis and blocking cell
replication.'” HC also plays important roles in immune
process, which not only inhibiting the phagocytosis and
clearance of macrophages to antigens, but also decreasing
lymphocytes and antibody production.”® CTX and HC

both are commonly used immunosuppressive chemical
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Figure 9 Bubble chart of metabolic pathways of A4 in (A) CTX-rats (| serine and threonine metabolism; 2 glycerol metabolism; 3 glyoxylic acid and dicarboxylic acid
metabolism; 4 glutathione metabolism; 5 pyruvate metabolism), and (B) HC-rats. (I sweet starch and sucrose metabolism; 2 pyruvate metabolism; 3 galactose metabolism; 4
valine, leucine and isoleucine degradation; 5 valine, leucine and isoleucine biosynthesis).
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modeling drugs, but targeted to different objectives and
metabolized through different pathways. Therefore, it is
necessary to design two pathogenic models to evaluate
comprehensively the immunomodulatory effects of A4.

Spleen, containing numerous T and B lymphocytes, is
the largest immune organ in the body. It plays a key role in
humoral immunity and cellular immunity, so spleen index
is objective to reflect immune reactivity. When immuno-
suppression took place in vivo, the spleen was obviously
atrophied. In contrast, the treatment of A4 can relief the
shrinkage and restore spleen structure to some extent.
Therefore, A4 is a protective agent for immune organs.

Both IL-2 and IFN-y are lymphokines secreted by helper
T lymphocytes and have positive correlations with the
body’s immune state. IL-2, known as T cell growth factor,
has a variety of immune regulatory functions. It adjusts the
proliferation and differentiation of immune cells, which
thereby reflecting the body’s cellular immune level and
specific immune response ability. IFN-y is a small polypep-
tide that stimulating immunoregulation by activation of
monocytes/macrophages, induction the increase of major
histocompatibility complex (MHC) molecule expression,
and promotion of T cell differentiation.”’ Our results showed
that the expression of IL-2 and IFN-y inhibited significantly
in the immunosuppression rats, and was partially reversed
after A4 intake. It was suggested that A4 is effective for
enhancing immunologic functions.

T lymphocyte, mediated cellular immunity, is the most
important part of immune system. It consists of T helper
cells with surface antigen CD4" and T suppressor cells
carrying surface antigen CDS8". CD4" T cells are critical
for immunologic functions, which regulate immune activity,
assist B cells to produce specific antibody, participate in
delayed inflammatory response mediated by cytotoxic and
local inflammatory response, transmit antigen information,
and secret a variety of cytokines.”> CD8" T lymphocytes are
involved in immune responses related to immunosuppres-
sion and cytotoxicity, such as attacking tumor cells and
virus-infected cells. In normal physiological condition, the
ratio of CD4"/CD8" in vivo maintains a homeostasis, which
indicating the stability of immune system. However, when
the ratio is less than 1, it was associated with biomarkers of
activation and inflammation.? Therefore, the CD4"CD25%/
CD8'CD25" ratio was considered as a frontier marker for
immune dysfunction. In the study, it was detected that the
contents of CD4'CD25" and CD8'CD25" decreased in
immunosuppression rat models and partially normalized

after the treatment of A4. Besides, the ratio of

CD4'CD25"/CD8'CD25" was remarkably elevated after
A4 injection. It was demonstrated that A4 is helpful to
maintain immune balance.

Metabolites are important in various human diseases and
the exploration of the relationship between metabolites and
diseases contributes to in-depth understanding of the patho-
genesis. In present study, the metabolites in rat serum were
carefully identified by NMR and the changes were analysed
by PCA and OPLS-DA methods, where seven differential
metabolites were figure out that close related to immunity
regulations (Figure 10). It was discovered that CTX and HC
mainly affected amino acid metabolism and energy metabo-
lism, which is consistent with previous reports.'>**?
Besides, the enrichment analysis revealed that A4 was
more inclined to regulate body’s amino acid metabolism in
CTX-rats and energy metabolism in HC-rats.

Amino acids are the basic substances of immune system,
which are involved in the immune system formation, organ
development and function implementation. It was known
that amino acids regulate the immune response by activating
T lymphocytes, B lymphocytes, natural killer cells and
macrophages; controlling the redox state of cells, gene
expression and lymphocyte proliferation; and adjusting the
production of antibodies, cytokines and other cytotoxic
substances.”® In our work, metabolomics analysis hinted
that A4 relieved the immune dysfunction in CTX and HC
rats by regulating amino acid metabolism (Table S2).

Lysine and glycine are essential amino acids for human
health. They are the basic structure of many important
substances such as methionine, glutathione, heme, purine
nucleotide and some hormones, and play protective effects
on anti-inflammatory, immunomodulatory and direct cyto-
protective actions.”’ >? Many studies have confirmed that
the lack of lysine and glycine could limit the protein
synthesis, the proliferation of lymphocytes and the anti-
body response.’®** Besides, glycine expresses immune
activity by stimulating the glycine-gated chloride channel
on Kupffer, macrophages and leukocytes cells, as well as
inhibiting tumor necrosis factor-alpha (TNF-a) and IL-1
production.’*** Our results showed that CTX decreased
the content of serum lysine and glycine, which were sub-
sequently reversed by A4. It was speculated that CTX led
to the excessive consumption of lysine and insufficient
glycine synthesis, and A4 effectively prevent the meta-
bolic disorders, which further modify the immune
reactivity.

KA is the transamination product of L-leucine and has
the functions of promoting the synthesis of skeletal
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Figure 10 A schematic diagram showing amino acids metabolism and energy metabolism interacting with each other during A4 treatment. The rectangles of different colors
represent different metabolic pathways and the identified biomarkers were marked with star-shape.

muscle, regulating the nitrogen balance in the body, inhi-
biting the secretion of glucagon, stimulating the secretion
of insulin, maintaining the balance of blood glucose and
enhancing immunity.>>>° Our results showed KA in rat
metabolites decreased after the intake of CTX and HC,
indicating the decomposition of leucine was disturbed.
Moreover, the elevation of KA confirming the efficacy of
A4 on adjusting the leucine metabolism pathway, which
was compatible with the enrichment analysis.

From the molecular point of view, the levels of meta-
bolites related to energy metabolism, including lactate,
glycerol, glucose and creatine, were significantly differ-
ent, when comparing the metabolites of CTX and HC
model group with those of the A4 groups (Table S2).
ATP is important for energy conversion and supply,
which is mainly formed through glucose metabolism
and lipid metabolism. In glucose metabolism pathway,
glucose under the catalysis of a variety of enzymes,
produces pyruvate during glycolysis. Through anaerobic
respiration, pyruvate transforms to lactate, while under
aerobic conditions, pyruvate enters mitochondria and
releases ATP through the tricarboxylic acid cycle. Lipid
metabolism is also the main source of ATP, where tri-
glycerides decomposed into glycerol and fatty acids for
energy metabolism, and glycerol converted into glycerol-
and releases normal

3-phosphate energy. Under

physiological conditions, the contents of lactate, glycerol
and glucose should be balance and stable. However, our
results showed a decrease of lactate and an increase of
serum glucose and glycerol in rats treated by CTX and
HC. It was hypothesized that the synthesis of the key
enzymes in energy metabolism was interfered by the
shortage of amino acids. In addition, the administration
of A4 reversed the levels of energy-related metabolites,
which is consistent with our detection that A4 treatment
could normalize amino acid contents, which are suffi-
cient for enzymes utilizations.

Creatine, composed of arginine, glycine and methio-
nine, is distributed in the brain, skeletal muscle and myo-
cardium. Creatine can be obtained not only from food, but
also from the synthesis of glycine, arginine and methionine
in liver. Previous studies have shown that creatine is
beneficial for immune modulation by inhibiting IFN—y,
enhancing IL-4 activity and stimulating the immune acti-
vation function of macrophages.’’ In the experiment, the
serum creatine was increased in the CTX group. It might
be attributed to the decreased exercise intensity of immu-
nosuppressive rats, which affected the transport of creatine
from exercise-related tissues. It is also possible due to the
lack of amino acids, which are the raw material for crea-
tine synthesis. The application of A4, however, improved
anabolism and catabolism of protein, strengthened the
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body movement system, which thereby reducing the crea-

tine contents and enhancing the immunoprotective
functions.

Although membrane separation has been widely used
in the pretreatment of natural drugs and bio-products.
However, its application in industry is sometimes
restricted by organic membrane fouling. Membrane foul-
ing can result in the degradation of the membrane perfor-
mance, especially in the permeate parameter, which may
adversely affect the membrane’s attraction and filtration.
Therefore, it is preferable to adopt assisted control method,
such as vibration, gas injection, recoil, pulsating flow and

electric field.

Conclusion

In this study, the bioactive components were extracted
from AR by green membrane separation. Serum metabo-
lomics coupled with histopathological analyses were sub-
sequently used to reveal the effect and mechanism of A4
in the immunosuppression rat models. It was demonstrated
that A4 could effectively alleviate the reduction of
immune functions by modulating amino acid metabolism
and energy metabolism. This work is expected to provide
potential application of membrane separation for AR treat-
ment and beneficial evidence for the clinical application of
Astragalus.
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