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Abstract

Background: Cyclophosphamide (CTX) can lead to hepatotoxicity and low immunity. Astragaloside IV (AS-IV) can enhance the

body's immune function.

Objectives: This study aimed to investigate whether AS-IV can improve CTX-induced liver injury in mice through the

phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathways and to explore whether its mechanism is related to

immunosuppression and oxidative stress.

Methods: Forty-eight BALB/C mice aged 6 - 8 weeks were randomly divided into control groups, CTX group, AS-IV group,

CTX+AS-IV low, medium, and high dose treatment groups, CTX+LY294002 group, and CTX+AS-IV-H+LY294002 group (n = 6 mice

in each group). Mice in the control group and CTX group were given 1% starch paste by gavage daily. Mice in the AS-IV group and

CTX+AS-IV groups were intragastrically administered AS-IV every day. Mice in the LY294002 group were intraperitoneally

injected with LY294002 every 2 days. After 14 days, CTX was intraperitoneally injected for 2 consecutive days to induce a mouse

liver injury model. The immune function of the mice was evaluated using HE staining and an Enzyme-Linked Immunosorbent

Assay (ELISA) kit. The degree of oxidative stress and liver injury was detected by DHE fluorescent probe and ELISA kit. The

PI3K/Akt axis protein expressions were detected using Western blot.

Results: Compared with the CTX group, AS-IV significantly increased the cytokines and immunoglobulin levels (P < 0.05) and

reduced the levels of reactive oxygen species (ROS). Malondialdehyde (MDA) levels reduced from 0.788 nmol/mg to 0.475

nmol/mg, and liver injury indices increased. Superoxide dismutase (SOD) levels increased from 5.393 U/mg to 9.867 U/mg, and

catalase (CAT) levels increased from 4.617 U/mg to 8.248 U/mg, restoring the integrity and clarity of liver cell structure (P < 0.05).

The AS-IV also significantly increased protein levels; p-PI3K increased from 0.526 to 0.880, and p-Akt increased from 0.263 to

0.720. After LY294002 was applied on the basis of AS-IV intervention, CTX-caused liver damage was aggravated again. The

cytokines, immunoglobulin, SOD, and CAT levels were significantly decreased, and the levels of liver injury indicators were

significantly increased (P < 0.05).

Conclusions: The AS-IV improved CTX-induced immunosuppression and oxidative damage in mice by activating the PI3K/Akt

axis and played a hepatoprotective role.
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1. Background

Cyclophosphamide (CTX) is an immunosuppressant

and anticancer drug used clinically. The liver is the

major site of CTX metabolism and also the target organ

of its toxic effects (1, 2), which greatly limits its clinical

application and therapeutic efficacy (3). Cytochrome

P450 is present in the liver of mice (4). In mammalian

livers, CTX is metabolized by cytochrome P450 into

acrolein and phosphamide mustard (5). These

metabolites have strong electrophilic abilities, which

can promote lipid peroxidation in hepatocytes and bind
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to the antioxidant glutathione (GSH) in exhausted liver

tissue, resulting in small focal necrosis of hepatocytes

and inflammatory cell infiltration (6). The CTX can also

cause the liver to produce many reactive oxygen species

(ROS), disrupt oxidative balance, induce oxidative stress

in the liver, and cause drug-induced liver injury (7).

Analysis revealed that CTX-induced liver injury is

associated with oxidative stress imbalance. The immune

system is an important protective mechanism of the

human body. When immune function is impaired,

immunosuppression occurs, which is manifested as

persistent or transient immune dysfunction. The CTX

kills small lymphocytes (LYMs) while targeting tumor

cells. Due to its cytotoxic effects, its application often

leads to abnormalities in blood routine, cytokines, and

other indicators, resulting in a decline in the body's

immune function. Immunosuppression is an important

precipitating factor in the development of many

diseases. Therefore, it is important to find drugs that can

reduce CTX-induced liver injury and

immunosuppression.

Astragaloside IV (AS-IV) is a natural saponin extracted

from Astragalus membranaceus, which is the most active

component of A. membranaceus. Clinically, it has been

found that A. membranaceus improves liver function,

enhances liver blood circulation, and delays liver

fibrosis. At the same time, AS-IV is also the principal

effective ingredient in Shenqi Fuzheng injection (SFI),

which is commonly used in the clinical treatment of

tumors. The SFI can activate tumor-infiltrating T LYMs to

improve immunosuppression. Studies have shown that

AS-IV has definite curative effects, including anti-

oxidation and immune regulation (8-11). Previous

studies have confirmed that AS-IV enhances immunity,

activates the attack of immune cells on tumor cells, and

reduces the resistance of tumors to chemotherapeutic

drugs (12, 13). Moreover, AS-IV can alleviate cisplatin-

induced renal injury, oxidative stress, and inflammation

(14). The AS-IV can also play a hepatoprotective role by

inhibiting oxidative stress and inflammation (15).

Studies have confirmed that AS-IV can effectively inhibit

ferroptosis and alleviate cisplatin-induced liver injury,

inflammation, and oxidative stress (16). Furthermore,

AS-IV can alleviate acute liver injury by regulating

macrophage polarization and pyroptosis (17). The above

experiments indicate that AS-IV may be a promising

therapeutic option for liver injury and

immunosuppression. However, the specific therapeutic

effects and mechanisms of AS-IV on CTX-induced liver

injury and immunosuppression are still unclear.

The phosphoinositide 3-kinase (PI3K)/protein kinase

B (Akt) signaling pathway is involved in various

pathological and physiological processes of liver injury

and is a key target in the regulation of liver injury. The

PI3K facilitates the synthesis of phosphatidylinositol-

3,4,5-triphosphate (PIP3) at the cellular membrane. The

phosphorylation of serine and threonine amino acids

triggers the activation of Akt, assisted by a kinase that

depends on PI3K. The Akt is activated by p-PI3K and

transmits biological signals downstream, activating or

inhibiting downstream signaling pathways. The PI3K

exists in the cytoplasm and can activate T LYMs to

produce a series of biological effects, such as promoting

the proliferation of T LYMs, enhancing the antiviral

ability of T LYMs, and activating its downstream

molecule Akt. Studies have shown that activation of the

PI3K/Akt pathway can significantly reverse sepsis-

induced immunosuppression (18). Vitexin-2-O-

rhamnoside can up-regulate the phosphorylation level

of the PI3K/Akt signaling pathway and improve CTX-

induced immunosuppression and oxidative stress (19).

This indicates that the PI3K/Akt pathway is closely

related to immune function. It was found that 25-

Hydroxycholesterol 3-Sulfate could reduce the oxidation

level and promote the recovery of liver function via the

PI3K/Akt axis (20). Activation of the PI3K/Akt pathway

can also improve liver injury by regulating

inflammatory response, apoptosis, and oxidative stress

(21-24). The above experiments demonstrate that the

PI3K/Akt+ pathway is one of the mechanisms to improve

liver injury. Further, studies have found that AS-IV can

improve atherosclerosis and ulcerative colitis by

regulating the PI3K/Akt pathway (25, 26). However,

whether AS-IV can improve liver injury through the

PI3K/Akt pathway is unknown.

Accordingly, this study speculates that AS-IV exerts a

hepatoprotective effect in mice. The acute liver injury

model of mice was established by pre-intervention with

AS-IV and then CTX. The preventive effect of AS-IV on

acute liver injury was observed, and its possible

mechanism was discussed from the perspective of anti-

oxidative stress and immunosuppression, offering novel

insights for the prevention and therapy of liver injury
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and providing theoretical bases for AS-IV medical

practice.

2. Objectives

The focus of this study was to investigate the effects

of AS-IV on CTX-induced liver injury,

immunosuppression, oxidative stress, and the PI3K/Akt

signaling pathway in mice. This study provides a new

perspective on the mechanism by which AS-IV reduces

liver injury.

3. Methods

3.1. Construction and Grouping of Animal Models

Forty-eight SPF BALB/C mice, aged 7 weeks and

weighing 20 - 24 g, were purchased from Sberfo

Biotechnology Co., Ltd. (Beijing, China). The animals

were raised in the laboratory, and cages were used to

acclimate the animals to the feeding conditions. The

room temperature was maintained at 25 ℃ , with

humidity levels between 40 - 60%, and a 12-hour day and

night cycle was implemented. During the feeding

period, the animals had free access to food and water.

The animal experiment protocol of this study was

approved by the School of Food and Biological

Engineering, Xuzhou University of Technology Ethics

Committee. After 1 week of adaptive feeding with

ordinary maintenance feed, the mice were randomly

divided into the control group, CTX group, AS-IV (AS-IV-

H, 0.5 mg/kg) group, AS-IV low-dose treatment (CTX+AS-

IV-L) group, AS-IV medium-dose treatment (CTX+AS-IV-M)

group, AS-IV high-dose treatment (CTX+AS-IV-H) group,

LY294002 intervention (CTX+LY294002) group, and AS-

IV high-dose treatment + LY294002 intervention

(CTX+AS-IV-H+LY294002) group. There were 6 mice in

each group. Mice in the control group and CTX group

were intragastrically administered 1% starch paste every

day, while the remaining mice were intragastrically

administered 25, 50, and 100 mg/kg AS-IV (S3901, Selleck,

Shanghai, China) every day for 14 consecutive days.

Additionally, mice in the LY294002 group were

intraperitoneally injected with 25 mg/kg LY294002

(S1105, Selleck) every 2 days from day 1 to day 14.

Subsequently, the CTX group was intraperitoneally

injected with 100 mg/kg CTX (22011925, Hengrui

Pharmaceutical Co., Ltd., Jiangxi, China) on the 14th and

15th days to induce liver injury, and the remaining mice

were intraperitoneally injected with an equal volume of

normal saline.

3.2. Tissue Sampling

Twenty-four hours after the last treatment, the mice

in each group were fasted without water and

anesthetized by intraperitoneal injection of 1%

pentobarbital sodium (50 mg/kg). The eyeballs were

extracted, and blood (about 500 μL) was collected, with

the supernatant obtained after centrifugation. The mice

were euthanized, and the liver, spleen, and thymus were

dissected on a sterile operating table, weighed, and the

Organ Index (organ weight/body weight) was calculated.

Parts of the spleen, thymus, and middle part of the left

hepatic lobe (2 mm × 2 mm × 2 mm) of the mice in each

group were cut and placed in tissue fixative (G1101,

Servicebio, Wuhan, China) for fixation, ethanol

dehydration, xylene infiltration, and paraffin

embedding, using 5 μm thickness sections for HE

staining. The remaining fresh tissue was stored in a

refrigerator at -80℃ for subsequent experiments.

3.3. Determination of Whole Blood Index

Two hundred microliters of blood were taken from

the eyeball and added to the anticoagulant tube, and

then the whole blood automatic analyzer was used

(TEK5000P, Tekang Technology Co., Ltd., Jiangxi, China).

The white blood cell (WBC), platelet (PLT), LYM, red

blood cell (RBC), hemoglobin (HGB), and granulocytes

(Gran) were measured.

3.4. HE Staining

The spleen, thymus, and liver tissue sections of each

group were immersed in hematoxylin (H3136, Sigma) for

3 minutes, differentiated in 1% hydrochloric acid

ethanol, blue-backed in 0.6% ammonia water, and

washed with pure water. Eosin dye solution (E4009,

Sigma) was added dropwise for about 3 minutes,

gradient dehydrated in ethanol, cleaned with xylene for

10 minutes, and sealed with neutral gum. A microscope

(NIKON ECLIPSE E100, Nikon, Tokyo, Japan) was used to

examine swelling, congestion, inflammatory cell

infiltration, and vacuolization. The histopathological

changes observed were evaluated using a semi-

quantitative scoring system: No points, no liver cell

damage; 1 point, < 10% of the regional cells showed

vacuolization, swelling, congestion, and inflammatory
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cell infiltration; 2 points, < 30% of the regional cells

appeared vacuolization, swelling, congestion,

inflammatory cell infiltration; 3 points, < 60% of the

regional cells appeared vacuolization, swelling,

congestion, inflammatory cell infiltration; 4 points, >

60% of the regional cells showed vacuolation, swelling,

congestion, and inflammatory cell infiltration (27). The

average was taken as the final score.

3.5. Spleen Cell Proliferation Assay

The spleen tissue of mice was taken on the ultra-clean

bench, and the surrounding fat and connective tissue

were removed. After thorough grinding, the LYM

suspension was prepared using a 200-mesh sieve. The

obtained spleen LYMs were diluted with an RPMI-1640

complete medium into a 3 × 106/mL cell suspension. One

hundred microliters of cell suspension were inoculated

into 96-well plates, 100 μL RPMI-1640 of complete

culture medium was added to the control well, 80 μL

RPMI-1640 of complete culture medium was added to

the stimulation well, and 20 μL LPS (20 μg/mL) and ConA

(50 μg/mL) were added to the stimulation well. Three

replicates were set in each group. After incubation at

37℃ for 20 hours, the LYM proliferation rate of mice was

measured by an MTT cell detection kit. ConA-induced

spleen cell proliferation reflects T LYM function, and LPS-

induced spleen cell proliferation reflects B LYM

function.

3.6. Enzyme-Linked Immunosorbent Assay

Interferon-γ (IFN-γ, ab282874, Abcam), interleukin

(IL)-2 (ab100706, Abcam), IL-6 (ab222503, Abcam), IL-4

(ab100710, Abcam), IL-10 (ab255729, Abcam), IL-12

(ab100699, Abcam), immunoglobulin G (IgG, ab151276,

Abcam), IgA (ab314603, Abcam), and IgM (ab133047,

Abcam) Enzyme-Linked Immunosorbent Assay (ELISA)

kits were employed to determine serum cytokine and

immunoglobulin levels in mice. The standard used the

same initial concentration and the same diluent, with a

fixed dilution multiple to obtain the standard working

solution. The sandwich ELISA technique was used in the

kit: The capture antibody was coated on the microtiter

plate to capture the analytes in the sample and the

standard. After incubation and washing, the biotin-

labeled detection antibody was added for incubation

and washing to form the 'capture antibody-antigen-

detection antibody' immune complex. Then, the

streptavidin-coupled horseradish peroxidase was added

for incubation. After the incubation was completed, the

TMB chromogenic solution was added. If the analyte in

the sample was present, it turned blue, and the

termination solution was added to stop the reaction.

The free components were washed away during the

detection process, and the OD value was measured at

450 nm with a microplate reader. The color depth was

proportional to the content of the analyte in the sample,

and the concentration of the analyte in the sample was

calculated by drawing a standard curve.

3.7. Kit Analysis

The mouse liver was homogenized with 0.9% sodium

chloride solution, and the supernatant was collected

after centrifugation. Simultaneously, the blood was

centrifuged, and the supernatant was gathered in

accordance with the instructions of content detection

kits: 8-hydroxy-2'-deoxyguanosine (8-Oxo-dG, SEKSM-

0038, Solarbio), malondialdehyde (MDA, BC0025,

Solarbio), superoxide dismutase (SOD, BC5165, Solarbio),

glutathione peroxidase (GSH-Px, BC1195, Solarbio),

lactate dehydrogenase (LDH, BC0685, Solarbio), and

aspartate aminotransferase (AST), alanine

aminotransferase (ALT), alkaline phosphatase (ALP),

nitric oxide (NO), and catalase (CAT; C010-2-1, C009-2-1,

A059-2-2, A013-2-1, A007-1-1, Institute of Bioengineering,

Nanjing, China). The oxidative stress and liver injury

indices in the mouse livers were detected using a

microplate reader (ELX808, BioTek, Beijing, China).

3.8. Dihydroethidium Fluorescent Staining

The level of ROS in the liver was measured using a

superoxide anion probe DHE. The liver tissue was made

into 5 μm frozen sections, washed with PBS buffer, and

then treated with a 1:1000 DHE (S0063, Beyotime,

Shanghai, China) working solution, incubated for 1 hour,

and finally stained with DAPI. The expression of

superoxide anion was observed under a fluorescence

microscope, and ROS levels were analyzed using Image J

software.

3.9. Western Blot

Liver and spleen tissues, each weighing 100 mg, were

taken from mice and placed in a 5 mL sterile EP tube. A

mixture of 100 μL of RIPA lysate (G20002, Servicebio), 1

μL of broad-spectrum enzyme inhibitor, and 1 μL of
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phosphatase inhibitor was added in proportion and

then lysed for 1 hour. Protein concentrations were

measured using a BCA kit (G2026, Servicebio). Samples

were diluted with a 5-fold loading buffer, boiled,

denatured, separated by SDS-PAGE gel electrophoresis,

transferred to a PVDF membrane, and blocked with 5%

skim milk powder for 1 hour. Primary antibodies,

including inducible nitric oxide synthase (iNOS,

ab178945, Abcam), cyclooxygenase-2 (COX-2, ab283574,

Abcam), PI3K (4292, Cell Signaling, Danvers, MA, USA), p-

PI3K (4257, Cell Signaling), Akt (ab314110, Abcam), p-Akt

(ab314038, Abcam), and GAPDH (ab9485, Abcam), were

added. The membranes were incubated with an IgG-

HRP-labeled protein secondary antibody (ab6734,

Abcam) for 2 hours. The target protein bands were

obtained by enhanced chemiluminescence (ECL, A38556,

Thermo Fisher Scientific, Massachusetts, USA). ImageJ

software was used to calculate the protein relative

expressions.

3.10. Statistical Analysis

GraphPad Prism 9.0 statistical software was used for

data analysis. Measurement data with normal

distribution were expressed as mean ± standard

deviation. One-way ANOVA analysis and Tukey tests were

used for comparison among multiple groups. P < 0.05

was regarded as statistically significant.

4. Results

4.1. Astragaloside IV Ameliorated Cyclophosphamide-
Induced Immunosuppression in Mice

After CTX induction, the counts of RBC, WBC, HGB,

PLT, LYM, and Gran in the mouse blood were

significantly decreased, as measured by an automatic

analyzer, indicating that the immune response of the

mice was weakened. After AS-IV treatment, the counts of

RBC, WBC, HGB, PLT, LYM, and Gran were significantly

increased and were close to the values of normal mice

(Table 1).

The body weight, spleen, and Thymus indices of the

mice markedly declined with CTX intervention. The AS-

IV significantly increased the body weight, spleen, and

Thymus Index of the mice in a dose-dependent manner

(Figure 1A - C). In the CTX group, the spleen cell and

thymocyte numbers of the mice decreased, necrotic

areas without cell structure appeared, and the

histological score increased significantly. In contrast,

after AS-IV treatment, the spleen and thymus cells were

arranged compactly and orderly, the nucleus was clear,

and the intercellular space was small, comparable to

normal mice (Figure 1D), and the histological score was

significantly reduced (Appendices 1A and 1B in the

Supplementary File). These results showed that AS-IV

markedly attenuated CTX-induced spleen and thymus

injury in mice, indicating that AS-IV enhanced immune

function. After CTX intervention, the proliferation of

spleen LYMs induced by ConA and LPS was significantly

decreased, suggesting that CTX can reduce the function

of T LYMs and B LYMs; after AS-IV treatment, there was a

significant increase in T LYMs and B LYMs (Figure 1E and

F). The CTX significantly reduced IFN-γ, IL-2, IL-6, IL-4, IL-

10, IL-12, IgG, IgA, and IgM levels, while AS-IV significantly

increased the levels of these indicators (Figure 1G - O). In

conclusion, AS-IV can enhance CTX-induced

immunosuppression in mice.

4.2. Astragaloside IV Attenuated Cyclophosphamide-Induced
Liver Oxidative Stress

The CTX significantly increased the fluorescence

intensity of DHE in liver tissue, indicating that the ROS

level was significantly elevated; AS-IV significantly

reduced the ROS level (Figure 2A and B). In addition,

after CTX induction, the contents of MDA, NO, and 8-Oxo-

dG increased significantly, while SOD, CAT, and GSH-Px

levels decreased significantly. With AS-IV treatment,

these indicators were significantly reversed (Figure 2C -

H), suggesting that AS-IV could inhibit CTX-induced liver

oxidative damage in mice.

4.3. Astragaloside IV Improved Cyclophosphamide-Induced
Liver Injury

After CTX induction, the Liver Index of the mice was

significantly decreased (Figure 3A), and AST, ALT, ALP,

and LDH levels were obviously raised (Figure 3B - E),

suggesting that the mouse livers were damaged and

that AS-IV could ameliorate CTX-induced liver injury.

After CTX intervention, the liver cells of the mice were

loosely arranged, some cells were swollen and

congested, cytoplasmic vacuolization was evident, the

inflammatory reaction of the cells was significantly

aggravated, vacuoles formed between the hepatocytes,

and the histological score was significantly increased.

After AS-IV treatment, the mouse livers improved
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Table 1. The Effect of Astragaloside IV on the Amount of Immune Cells in the Blood of Cyclophosphamide-induced Mice (N = 6) a

Parameters Control CTX AS-IV-H CTX+AS-IV-L CTX+AS-IV-M CTX+AS-IV-H

RBC (× 10 12/L) 11.56 ± 1.18 8.39 ± 0.07 b 12.09 ± 0.05 8.72 ± 0.15 c 9.41 ± 0.48 d 10.87 ± 0.54 d

WBC (× 10 9/L) 10.83 ± 0.78 7.68 ± 0.50 b 10.02 ± 0.31 7.84 ± 0.08 c 9.15 ± 1.19 d 10.11 ± 1.06 d

HGB (g/L) 137.83 ± 3.47 124.45 ± 4.26 b 144.33 ± 4.12 126.68 ± 4.08 c 131.37 ± 5.23 d 135.17 ± 2.14 d

PLT (× 10 9/L) 827.16 ± 18.15 538.16 ± 13.74 b 798.28 ± 21.22 547.33 ± 7.66 c 608.69 ± 14.61 d 725.35 ± 10.29 d

LYM (× 10 9/L) 8.43 ± 0.25 5.57 ± 0.43 b 8.39 ± 0.32 5.82 ± 0.30 c 6.11 ± 0.24 d 6.37 ± 0.24 d

Gran (× 10 9/L) 7.25 ± 0.28 6.83 ± 0.09 b 7.20 ± 0.31 6.92 ± 0.11 c 7.07 ± 0.07 d 7.13 ± 0.05 d

Abbreviations: CTX, cyclophosphamide; AS-IV, astragaloside IV; RBC, red blood cell; WBC, white blood cell; HGB, hemoglobin; PLT, platelet; LYM, lymphocyte; Gran, granulocytes.

a Values are expressed as mean ± SD.

b P < 0.01 vs. control group.

c P < 0.05 vs. CTX group.

d P < 0.01 vs. CTX group.

overall; the liver cell structure was relatively complete

and clear, the arrangement was relatively neat, and the

cellular inflammatory response was reduced (Figure 3F),

with the histological score significantly reduced

(Appendix 1C in the Supplementary File). In addition,

AST, ALT, ALP, and LDH contents in the AS-IV-H group

were consistent with those in the control group (Figure

3B - E), the liver cells were closely arranged, and the

morphology was normal (Figure 3F), indicating that AS-

IV showed no hepatotoxicity. Finally, iNOS and COX-2

protein levels were significantly increased after CTX

induction and significantly decreased after AS-IV

treatment, showing a dose-dependent manner (Figure

3G and H). In summary, AS-IV can significantly reduce

CTX-induced hepatotoxicity.

4.4. Astragaloside IV Alleviated Cyclophosphamide-Induced
Immunosuppression by Up-Regulating the Phosphoinositide
3-Kinase/Protein Kinase B Pathway in Mice

The CTX significantly reduced p-PI3K and p-Akt

expressions in the liver and spleen tissues of mice, while

AS-IV significantly increased p-PI3K and p-Akt

expressions (Figure 4A - C), indicating that AS-IV could

activate the PI3K/Akt axis in mice.

Due to the most pronounced hepatoprotective effect

of 100 mg/kg AS-IV, this concentration was selected for

subsequent experiments (28). Compared with the CTX

group, the levels of p-PI3K and p-Akt protein in spleen

tissue increased significantly after AS-IV treatment but

decreased significantly after LY294002 intervention;

compared with the CTX+AS-IV-H group, the levels of p-

PI3K and p-Akt protein in the CTX+AS-IV-H+LY294002

group were also significantly decreased (Figure 5A and

B). In addition, IFN-γ, IL-2, IL-4, IL-10, IL-12, IgG, and IgA

levels in the CTX+AS-IV-H+LY294002 group were also

significantly decreased (Figure 5C - I), indicating that

suppression of the PI3K/Akt axis could weaken the AS-IV

effect on CTX-induced immunosuppression. Thus, AS-IV

can improve CTX-induced immunosuppression by

activating the PI3K/Akt axis.

4.5. Astragaloside IV Improved Cyclophosphamide-Induced
Oxidative Stress and Liver Injury by Up-Regulating the
Phosphoinositide 3-Kinase/Protein Kinase B Pathway

Compared with CTX intervention, the p-PI3K and p-

Akt proteins of the liver tissue were obviously decreased

after LY294002 intervention. Compared with the

CTX+AS-IV-H group, p-PI3K and p-Akt protein expressions

of the CTX+AS-IV-H+LY294002 group were also

significantly decreased (Figure 6A and B). After

LY294002 treatment, the liver cells of the mice were

loosely arranged again, and inflammatory cell

infiltration, cell swelling, congestion, and vacuolization

reoccurred. The pathological changes (Figure 6C) and

histological scores (Appendix 1D in the Supplementary

File) of the CTX+AS-IV-H+LY294002 group were between

the CTX group and the CTX+AS-IV-H group. Compared

with the CTX+AS-IV-H group, LY294002 significantly

increased AST, ALT, ALP, and MDA contents, and

significantly reduced SOD, CAT, and GSH-Px contents

(Figure 6D - J). In summary, AS-IV can inhibit CTX-

induced oxidative damage by activating the PI3K/Akt

axis, thereby exerting hepatoprotective effects.
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Figure 1. Astragaloside IV (AS-IV) ameliorated cyclophosphamide (CTX)-induced immunosuppression in mice: A - C, the final body weight of mice in each group was measured,
and the spleen and thymus indices were calculated. The body weight, spleen, and Thymus Index of mice were significantly decreased after intraperitoneal injection of CTX and
significantly increased after AS-IV treatment; D, the histological changes of the spleen and thymus were observed by HE staining. After CTX intervention, spleen cells and thymus
cells decreased, and necrosis occurred. After AS-IV treatment, the spleen and thymus cells were arranged compactly, the nucleus was clear, and the intercellular space was small

(× 20, 100 μm, green ▲: Red pulp; yellow #: White pulp; yellow →: Congestion; black →: Inflammatory infiltration; red →: Reduced cell density); E and F, the proliferation of spleen
lymphocytes (LYMs) was detected by an Enzyme-Linked Immunosorbent Assay (ELISA) kit. T and B LYM proliferation decreased markedly after CTX induction and increased

significantly after AS-IV treatment; G - O, the cytokines and immunoglobulins were detected by an ELISA kit. The contents of IFN-γ, IL-2, IL-6, IL-4, IL-10, IL-12, immunoglobulin G
(IgG), IgA, and IgM were notably decreased after CTX induction and significantly increased after AS-IV treatment (n = 6, ns P > 0.05; ** P < 0.01 vs. control group; # P < 0.05, ## P <
0.01 vs. CTX group).

5. Discussion

The CTX cytotoxins can disrupt the body's immune

system and cause immunodeficiency (29). The WBC

constitute a key part of the body's defense system, with

phagocytic activity and immune function as their main

protective mechanisms. Among these WBCs, LYM are

specialized immune cells that perform precise cellular

and humoral immune responses to specific antigens

and can eliminate foreign bodies. The RBC are the most

abundant cell type in the blood, rich in HGB, and

responsible for carrying oxygen and carbon dioxide. In

addition to this transport function, RBCs also have

certain immune defense capabilities and participate in
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Figure 2. Astragaloside IV (AS-IV) attenuated cyclophosphamide (CTX)-induced liver oxidative stress: A and B, DHE fluorescent probe detected liver reactive oxygen species (ROS)

levels, which increased significantly after CTX induction and decreased significantly after AS-IV treatment (× 40, 50 μm); C - H, the levels of oxidative damage indices in mouse
liver tissue were measured using kits. It was observed that after CTX induction, the levels of malondialdehyde (MDA), nitric oxide (NO), and 8-hydroxy-2'-deoxyguanosine (8-Oxo-
dG) increased significantly, while superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) levels decreased significantly. Following AS-IV treatment,
Oxidative Damage Index levels were significantly reduced (n = 6, ns P > 0.05; ** P < 0.01 vs. control group; # P < 0.05, ## P < 0.01 vs. CTX group).

the immune processes of T and B cells. Therefore, they

are essential elements of the immune system. The core

function of PLT is to promote blood coagulation, form

thrombi, and repair damaged blood vessels. The PLT

surface can adsorb proteins and coagulation factor III

required for coagulation, undergo activation

deformation during vascular injury, increase surface

viscosity, and form aggregates. Prothrombin is

converted into thrombin by activating factor III on the

surface, which further converts fibrinogen into fibrin

and forms thrombi with other blood cells. It was found

that CTX could significantly reduce the counts of WBC,

RBC, and PLT in mice (30). The data from this research

showed that RBC, WBC, HGB, PLT, LYM, and Gran counts

https://brieflands.com/articles/hepatmon-164840


Sun YE et al. Brieflands

Hepat Mon. 2025; 25(1): e164840 9

Figure 3. Astragaloside IV (AS-IV) improved cyclophosphamide (CTX)-induced liver injury: A, the Liver Index of mice was calculated. It decreased significantly after
intraperitoneal injection of CTX and increased significantly after AS-IV treatment; B - E, the levels of liver injury indices were tested using kits. Aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), and lactate dehydrogenase (LDH) levels were markedly elevated following CTX induction and decreased
significantly after AS-IV treatment; F, the histological changes in the livers were observed using HE staining. Following CTX induction, liver cells were loosely arranged, with

swelling, water ballooning, and inflammatory cell infiltration. The AS-IV could improve liver function (× 20, 100 μm, black →: Congestion; green →: Inflammatory cell
infiltration; yellow →: Cell vacuolization, edema); G and H, Western blot (WB) detected inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) protein levels in the
liver, which showed that they increased significantly after CTX induction and decreased significantly after AS-IV treatment (n = 6, ns P > 0.05; ** P < 0.01 vs. control group; # P <
0.05, ## P < 0.01 vs. CTX group).

were significantly reduced, reflecting the inhibitory

effect of CTX on immune function in rats. The AS-IV may

have the effect of enhancing immunity.

Immunosuppression is accompanied by reduced

body weight, impaired immune organs, reduced

cytokine levels, and decreased LYM counts (31, 32). Liver

injury is closely related to Body Mass Index (33). The

thymus and spleen are two vital immune organs.

Changes in their Organ Index reflect changes in

macrophage proliferation rate and represent the

strength of immune function. The spleen is the main

site for the storage of T and B cells, while the thymus is

where T LYMs mature. Additionally, spleen LYM

proliferation is a vital stage in the immune response

process. Therefore, the proliferation and differentiation

of spleen LYMs can be used to evaluate immune

function. ConA stimulates T LYM proliferation, and LPS

stimulates B cell proliferation. The production of

antibodies is a manifestation of humoral immunity. The

determination of antibody levels can serve as an

indicator of the body's humoral immunity level. The IgG

and IgM antibodies in serum are the main antibodies

produced in the first and second responses of the body,

which are vital for the early and late stages of the

immune response to infection. The levels of

immunoglobulins such as IgG and IgA are important

biomarkers for evaluating the state of the humoral

immune response. Studies indicate that helper T cells

are mainly classified into Th1 and Th2 subsets. Th1

mainly produces cytokines (IFN-γ, TNF-α, and IL-2) to

https://brieflands.com/articles/hepatmon-164840


Sun YE et al. Brieflands

10 Hepat Mon. 2025; 25(1): e164840

Figure 4. Astragaloside IV (AS-IV) activated phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) axis in mice: A - C, PI3K/Akt protein expressions in liver and spleen tissues were
detected by WB. The p-PI3K and p-Akt levels were markedly decreased after cyclophosphamide (CTX) induction and significantly increased after AS-IV treatment (n = 6, ns P >
0.05; ** P < 0.01 vs. control group; # P < 0.05, ## P < 0.01 vs. CTX group).

assist cellular immunity, while Th2 mainly produces

cytokines (IL-4, IL-5, IL-6, and IL-10) to assist humoral

immunity (34, 35). IL-2, IL-6, and IL-12 stimulate the

immune system, enhance immune cell activation and

proliferation, and cause inflammatory responses (36).

IFN-γ is a pro-inflammatory cytokine that promotes

macrophage activation and regulates apoptosis and

proliferation (37). The CTX can lead to

immunosuppression in mice. The AS-IV can significantly

ameliorate lymph injury, improve the condition of both

the spleen and thymus in mice, enhance the humoral

immune response, and reduce CTX-caused

immunosuppression.

Oxidative stress is one of the mechanisms of liver

injury, caused by excessive production of ROS. This

persistent oxidative stress amplifies the inflammatory

response (38). The SOD, CAT, and GSH-Px are important

antioxidant defense enzymes (39). They can remove

oxide molecules and maintain redox homeostasis.

Therefore, they are widely used as markers for

evaluating oxidative stress damage. Many studies have

shown that oxidation is the key mechanism by which

CTX exerts cytotoxicity and induces liver injury (40-42).

The CTX stimulates the liver to produce many ROS and

MDA. The former destroys the redox homeostasis of the

liver, interferes with the antioxidant enzyme defense

system with SOD and GSH-Px as the main members, and

even leads to apoptosis. The latter destroys the cell

membrane structure and further disrupts the balance of

the antioxidant system. The 8-Oxo-dG is a biomarker of

DNA oxidative injury and is widely used to assess

oxidative stress levels (43). This research showed that AS-

IV could significantly increase the activity of the liver

antioxidant system and inhibit CTX-induced oxidative

stress. Toxic chemicals can induce liver injury in rodents

(44, 45). When inflammation, swelling, or necrosis

occurs in hepatocytes, ALT and AST increase, indicating

that the liver is injured (46, 47). The levels of ALP and

LDH in serum can also reflect the degree of liver injury

(48). Therefore, ALT, AST, ALP, and LDH are often used as

key indicators to reflect liver function. Studies have

shown that acute liver injury can be alleviated by

regulating the expression of inflammatory factors (49,

50). Inhibition of iNOS and COX-2 activation can prevent

the recruitment of inflammatory mediators in liver

diseases, thereby improving liver function (51, 52). In

this study, CTX increased hepatotoxicity, leading to

impaired liver function. The AS-IV intervention could

significantly increase the Liver Index of mice, reduce the

pathological damage of hepatocytes, and reduce

markers of liver injury.

This study also found that the PI3K/Akt axis

contributed significantly to the hepatoprotective

impact of AS-IV. The Akt is a key downstream signaling

protein of PI3K (53). After activation, PI3K can bind to Akt

in the plasma membrane. Activated Akt can lead to

cytokine secretion imbalance and a series of

inflammatory responses by regulating downstream

factors and pathways (54). LY294002 is a broad-

spectrum inhibitor of PI3K (55). The activation of many

immune cells is affected by the PI3K/Akt pathway.

Studies have shown that inhibition of the PI3K/Akt axis
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Figure 5. Astragaloside IV (AS-IV) alleviated cyclophosphamide (CTX)-induced immunosuppression by up-regulating the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
pathway in mice: A and B, PI3K/Akt protein expressions in spleen tissue were detected by Western blot (WB). Compared with the CTX+AS-IV-H group, p-PI3K and p-Akt expressions
significantly declined following LY294002 intervention; C - I, an Enzyme-Linked Immunosorbent Assay (ELISA) kit was used to detect cytokines and immunoglobulins. Compared

with the CTX+AS-IV-H group, IFN-γ, IL-2, IL-4, IL-10, IL-12, immunoglobulin G (IgG), and IgA levels significantly decreased after LY294002 intervention (n = 6, ** P < 0.01 vs. control
group; ns P > 0.05, # P < 0.05, ## P < 0.01 vs. CTX group; & P < 0.05, && P < 0.01 vs. CTX+AS-IV-H group).

inhibits LYM proliferation; promoting the PI3K/Akt

pathway in the spleen can enhance immune function

(19). The PI3K/Akt axis is also associated with the

attenuation of liver injury. Leonurine can alleviate liver
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Figure 6. Astragaloside IV (AS-IV) improved cyclophosphamide (CTX)-induced oxidative stress and liver injury by up-regulating the phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt) pathway: A and B, PI3K/Akt protein expressions in liver tissue were detected by WB. Data demonstrate that LY294002 can significantly reduce the levels of p-PI3K
and p-Akt protein; C, the histological changes in mouse livers were observed by HE staining. After LY294002 intervention, liver tissue lesions were aggravated, inflammatory

infiltration was raised, and cell arrangement was loose (× 20, 100 μm, black →: Congestion; green →: Inflammatory cell infiltration; yellow →: Cell vacuolization, edema); D - J, the
liver injury indices and oxidative indices were measured using kits. Compared with the CTX+AS-IV-H group, LY294002 markedly raised aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), and malondialdehyde (MDA) levels, and significantly decreased superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GSH-Px) levels (n = 6, ** P < 0.01 vs. control group; ns P > 0.05, # P < 0.05, ## P < 0.01 vs. CTX group; & P < 0.05, && P < 0.01 vs. CTX+AS-IV-H group).

injury, reverse hepatocyte necrosis, inflammatory

response, and oxidative damage by triggering the

PI3K/Akt pathway (21). Ginkgo biloba extract can also

activate the PI3K/Akt pathway to alleviate inflammation

and reduce liver injury (56). This study indicated that

LY294002 significantly attenuated the enhanced

immune response of AS-IV and mitigated oxidative

stress and liver injury.

Moreover, the findings revealed that AS-IV can reduce

CTX-induced liver injury. The AS-IV improves the body's

cellular immunity and humoral immune function and

enhances the immune response in mice. On the other

hand, AS-IV can increase the activity of antioxidant

enzymes and inhibit liver oxidative stress. Therefore, AS-

IV may represent a potential adjunct treatment strategy,

pending further mechanistic and clinical validation.

However, this study has some limitations. The current

conclusions are largely derived from mouse models.

Due to the biological differences between humans and

animals, drugs that work in animals may not necessarily

work in humans. In the future, a humanized mouse

model needs to be constructed to improve mechanistic

research, and it is hoped that further clinical studies on

AS-IV in the treatment of liver injury can be carried out

to clarify its hepatoprotective effect in humans. At the
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same time, it is necessary to monitor the cumulative

effects and potential adverse reactions of AS-IV over an

extended period and to explore the long-term effects of

different concentrations of AS-IV.

5.1. Conclusions

To summarize, AS-IV significantly improved CTX-

induced liver injury in mice by reducing oxidative

injury and immunosuppression, with its mechanism

correlated with the PI3K/Akt axis. This research offers

new insights into the potential mechanism of AS-IV

against CTX-induced liver injury, suggesting it as a

candidate medication for drug-induced liver injury

therapy. Although this study revealed the anti-liver

injury mechanism of AS-IV to a certain extent, further

studies using gene knockdown, transcriptome, and

proteomics techniques are needed. The biochemical

indicators and inhibition of PI3K/Akt signaling by

LY294002 need to be further explained by

compensation mechanisms or feedback loops.
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