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Abstract
Background A triplet chemotherapy regimen of docetaxel, cisplatin, and 5-fluorouracil (TPF) is used to treat head 
and neck squamous cell carcinoma; however, it is toxic to bone marrow mesenchymal stem cells (BMSCs). We 
previously demonstrated that Ganoderma spore lipid (GSL) protect BMSCs against cyclophosphamide toxicity. In this 
study, we investigated the protective effects of GSL against TPF-induced BMSCs and hematopoietic damage.

Methods BMSCs and C57BL/6 mice were divided into control, TPF, co-treatment (simultaneously treated with GSL 
and TPF for 2 days), and pre-treatment (treated with GSL for 7 days before 2 days of TPF treatment) groups. In vitro, 
morphology, phenotype, proliferation, senescence, apoptosis, reactive oxygen species (ROS), and differentiation of 
BMSCs were evaluated. In vivo, peripheral platelets (PLTs) and white blood cells (WBCs) from mouse venous blood 
were quantified. Bone marrow cells were isolated for hematopoietic colony-forming examination.

Results In vitro, GSL significantly alleviated TPF-induced damage to BMSCs compared with the TPF group, recovering 
their morphology, phenotype, proliferation, and differentiation capacity (p < 0.05). Annexin V/PI and senescence-
associated β-galactosidase staining showed that GSL inhibited apoptosis and delayed senescence in TPF-treated 
BMSCs (p < 0.05). GSL downregulated the expression of caspase-3 and reduced ROS formation (p < 0.05). In vivo, GSL 
restored the number of peripheral PLTs and WBCs and protected the colony-forming capacity of bone marrow cells 
(p < 0.05).

Conclusions GSL efficiently protected BMSCs from damage caused by TPF and recovered hematopoiesis.
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Background
Chemotherapy is a crucial treatment for head and neck 
squamous cell carcinoma (HNSCC) [1]. The preferred 
chemotherapy regimen for HNSCC is triplet docetaxel, 
cisplatin, and 5-fluorouracil (TPF), which improves the 
progression-free and overall survival of patients [2, 3]. 
However, TPF exhibits extreme hematopoietic toxic-
ity and can damage the hematopoietic microenviron-
ment (HME), leading to myelosuppression in patients 
with HNSCC [4–6]. The HME, also known as the niche, 
comprises mesenchymal stem cells (MSCs), stromal 
cells, and a specific extracellular matrix [7]. Hematopoi-
etic stem cells (HSCs) are regulated by various hema-
topoietic signals from the HME that help maintain the 
balance between self-renewal and differentiation [7]. 
Therefore, disruption to the HME leads to hematopoi-
etic disorders. Several studies have reported that HME 
homeostasis largely relies on bone marrow mesenchymal 
stem cells (BMSCs) [8, 9]. BMSCs participate in the con-
struction of HME and directly regulate hematopoiesis by 
secreting hematopoietic stimulating factors and provid-
ing cellular contact [8, 9]. In contrast, damage to BMSCs 
interferes with the viability and function of HSCs and 
their depletion may even cause irreversible myelosup-
pression that severely impairs hematopoiesis [10, 11]. 
However, many chemotherapeutic drugs are cytotoxic to 
BMSCs, including docetaxel, cisplatin, and 5-fluoroura-
cil [12–15]. 5-Fluorouracil damages BMSCs by inducing 
oxidative stress, resulting in decreased levels of hema-
topoietic stimulating factors, including stem cell factor, 
stromal cell-derived factor, and granulocyte-macrophage 
colony-stimulating factor [15]. Taxane compounds, such 
as docetaxel and paclitaxel, trigger premature senescence 
in BMSCs [13]. Moreover, cisplatin promotes BMSC 
apoptosis by activating the PI3K-AKT-mTOR pathway 
and increasing the expression of caspase-3 and p21 [14]. 
Therefore, TPF can damage BMSCs, which may acceler-
ate the HME and impede hematopoiesis. Hence, protect-
ing BMSCs may help ameliorate hematopoietic toxicity 
and myelosuppression induced by TPF.

Traditional Chinese agents have positive effects on 
the hematopoietic system. Some herbal extracts or com-
pounds can relieve the hematopoietic toxicity of che-
motherapeutic drugs by protecting BMSCs [14–17]. 
Ganoderma lucidum is a popular medical mushroom 
that has been widely used in oriented countries for thou-
sands of years [18]. In a recent study, Ganoderma spore 
lipids (GSL) were extracted from sporoderm-broken 
germinating Ganoderma spores using supercritical fluid 
carbon dioxide. This extraction process concentrated on 

the major bioactive components of G. lucidum, includ-
ing triterpenoids, polysaccharides, fatty acids, and ste-
rols. Several studies have reported that GSL have more 
pharmaceutical activities than normal G. lucidum and 
show excellent anti-inflammatory and anticancer effects 
[19, 20]. Our previous study also demonstrated that GSL 
reduce cyclophosphamide-induced BMSC damage and 
protect against hematopoiesis [21]. However, it remains 
unclear whether GSL can protect BMSCs and hemato-
poietic cells from TPF-induced damage.

In this study, we investigated the protective effects 
of GSL against TPF-induced damage to BMSCs and 
hematopoiesis.

Methods
Reagents and antibody
GSL were supplied by Holistol International Ltd. (Hong 
Kong, China). Docetaxel, cisplatin, 5-fluorouracil, 
dexamethasone, ascorbic acid, β-glycerol phosphate, 
indomethacin, and rosiglitazone were obtained from 
Sigma–Aldrich (St. Louis, MO, USA). Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS), 
and 0.25% trypsin/0.02% EDTA were purchased from 
Gibco-BRL Life Technologies (New York, NY, USA). 
Antibodies against CD73 (1:200, ab175396), CD90 
(1:200, ab3105), CD105 (1:200, ab221675), pro-cas-
pase-3 (1:10000, ab32499) and cleaved caspase-3 (1:1000, 
ab13847), β-actin (1:1000, ab8226) were purchased from 
Abcam (Cambridge, UK).

Isolation and culture of BMSCs
C57BL/6 mice were euthanized by asphyxiation with 
CO2. Bone marrow cells were collected by flushing the 
femurs and tibias and cultured in DMEM supplemented 
with 10% (vol/vol) FBS and antibiotics (100 U/mL peni-
cillin G and 100  µg/mL streptomycin). Then, the cells 
were seeded into normal tissue culture flasks under the 
condition of 37℃ and 5% CO2. The culture medium was 
changed on day 3 and non-adherent cells were carefully 
removed. Subsequently, the medium was replaced after 
4 days and the BMSCs were used within two or three 
passages.

BMSC treatment
Two passages of BMSCs were seeded in 6-well plate at 
a density of 3000 cells/cm2 and were divided into four 
groups: control, TPF, GSL pre-treated, and GSL co-
treated. The GSL was dissolved in dimethyl sulfoxide 
(DMSO). The control group was treated with 1% DMSO. 
The TPF group was treated with docetaxel (1.5 ng/mL), 
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cisplatin (2 µg/mL), and 5-fluorouracil (1  µg/mL) in a 
total volume of 80  µg. The GSL pre-treated group was 
treated with 0.1% GSL for 7 days followed by 2 days of 
80  µg TPF at the above-defined doses. The GSL co-
treated group was simultaneously treated with 0.1% GSL 
and 80 µg TPF at the above-defined doses for 2 days.

Cell viability assay
Cells (1 mL) were seeded at a density of 3,000/mL in 
24-well plates with 10% FBS. The medium was replaced 
with fresh medium. The cell number was determined by 
counting each sample in duplicate using a hemocytom-
eter under an inverted microscope (Olympus, Tokyo, 
Japan) every 48 h for 8d.

Flow cytometry analysis
The surface markers CD73, CD90, and CD105 in BMSC 
were detected using flow cytometry. BMSCs were incu-
bated at 4℃ with primary monoclonal anti-CD73, 
-CD90, and -CD105 for 30 min. After washing the cells 
with phosphate buffered saline (PBS) supplemented with 
5% fetal calf serum and 0.4% NAN3 (FACS buffer), they 
were incubated with the indicated primary antibodies for 
15  min. After washing the FACS buffer, flow cytometry 
was performed using a flow cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA) and analyzed using CellQuest 
version 5.1 (BD Biosciences). The experiments were 
repeated in triplicate.

BMSC apoptosis analysis
BMSC apoptosis was analyzed using an Annexin 
V-FITC/propidium iodide (PI) apoptosis detection kit 
(BD Biosciences). BMSCs in each group were detached 
using trypsin/EDTA at the end of treatment. After wash-
ing with PBS, the cells were stained using the Annexin 
V-FITC Apoptosis Detection Kit. Apoptotic BMSCs 
were detected using FACS Calibur and CellQuest (BD 
Biosciences).

BMSC senescence analysis
Staining of senescence-associated β-galactosidase (SA-β-
GAL) was performed as previously described [22]. 
BMSCs in each group were fixed and then stained with 
β-galactosidase staining kits according to the manufac-
turer’s instructions (Cell Signaling Technologies, Boston, 
MA, USA). Images of labeled cells were captured using a 
microscope (Olympus) and staining intensity was quanti-
fied using ImageJ.

ROS detection
The levels of intracellular reactive oxygen species (ROS) 
were measured using an ROS assay kit (Beyotime Bio-
technology, S0033, Shanghai, China) according to the 
manufacturer’s instructions. After treatment, BMSCs 

in each group were incubated with serum-free medium 
containing 10 µM dichlorodihydrofluorescein diacetate 
(DCF-DA) at 37 ℃ for 30  min and washed with PBS 
three times. Fluorescence was observed using an inverted 
fluorescence microscope (Olympus). Fluorescence inten-
sity was measured using ImageJ.

BMSC differentiation assay
After treatment, the normal medium of each BMSC 
group was replaced with the differentiation medium. 
Osteogenic differentiation medium consisted of DMEM 
containing 10% FBS, 10 mM b-glycerophosphate, 1 µM 
dexamethasone, and 0.2 mM ascorbic acid. The medium 
was replaced every 3 days until day 21. Adipogenic dif-
ferentiation was induced by DMEM containing 10% 
FBS, 2 mM L-glutamine, 1 µM dexamethasone, 500 µM 
1-methyl-3-isobutylxanthine, 10  µg/mL insulin, and 
100 U/mL penicillin/streptomycin; BMSCs were incu-
bated in adipogenic induction medium for 7 days. When 
morphological signs of BMSC differentiation were vis-
ible, cells were fixed with polyformaldehyde for 20 min. 
Chondrogenic differentiation was performed using a 
STEMPRO Chondrogenesis Differentiation Kit (Gibco 
Life Technologies, Frankfurt, Germany) according to the 
manufacturer’s protocol. Osteogenesis, adipogenesis, and 
chondrogenesis were examined using Alizarin Red S, Oil 
Red O, and Alcian blue staining, respectively. The cells 
were observed under an inverted phase microscope.

Real-time polymerase chain reaction
Total RNA from MSCs after differentiation induc-
tion was extracted using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). RNA samples were converted into 
complementary DNA using the Superscript III First-
Strand Synthesis System for Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) (Invitrogen) 
according to the manufacturer’s instructions. Gene 
transcripts were quantified on a 7,500 Real-time PCR 
System using Power SYBR Green dye (Applied Bio-
systems). PCR conditions were one cycle of 50 ℃ for 5 
min and 95 ℃ for 10 min, followed by 50 cycles of 94 
℃ for 10 s and 60 ℃ for 1 min. The primer sequences 
used for RT-PCR were: glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) forward, 5’-tgtgatgggtgtgaac-
cacg-3’; GAPDH reverse, 5’-cagtgagcttcccgttcacc-3’; 
osteocalcin forward, 5’-tacacgtgcaggtcaatccc-3’; osteo-
calcin reverse, 5’-gggcagcacaggtcctaaat-3’; parathyroid 
hormone receptor (PTHr) forward, 5’-aagcacgaagtgggag-
tagc-3’; PTHr reverse, 5’-ggagccattaaggaagccgt-3’; per-
oxisome proliferation-activated receptor-γ (PPARγ) 
forward, 5’-aagcacgaagtgggagtagc-3’; PPARγ reverse, 
5’-ggagccattaaggaagccgt-3’; lipoprotein lipase (LPL) 
forward, 5’-ccagctgggcctaactttga-3’; LPL reverse, 
5’-aactcaggcagagccctttc-3’.
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Western blotting
BMSCs from each group were washed with ice-cold PBS 
and lysed in Laemmli sample buffer containing prote-
ase and phosphatase inhibitors. After centrifugation 
at 12,000  rpm for 20  min, the protein concentration of 
the supernatant was determined using a bicinchoninic 
acid assay. Equal amounts of proteins were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred onto methanol-activated polyvinyli-
dene difluoride membranes (Millipore, Massachusetts, 
USA). The membranes were blocked in Tween supple-
mented with 5% non-fat skim milk at room temperature 
for 2 h, incubated with primary antibody against caspase 
3 at 4 ℃ overnight, and blotted with appropriate sec-
ondary antibody conjugated to horseradish peroxidase. 
Electrochemiluminescence was performed using a che-
miluminescence system (Alpha, California, USA) accord-
ing to the manufacturer’s instructions.

Animal model
Forty male C57BL/6 mice were provided by the Ani-
mal Facility of Shenzhen University, Shenzhen, China. 
All mice were 7 weeks old and weighed 36 g. Mice were 
fed under standard laboratory conditions (25 ± 2 ℃, 60% 
± 10% relative humidity, and 12  h light–dark cycle). All 
experimental procedures were approved by and con-
ducted in accordance with the guidelines of the Institu-
tional Animal Ethics Committee of Shenzhen University 
Medical School.

The mice were randomly allocated into four groups: 
control group (n = 10), TPF group (n = 10), GSL pre-
treated group (n = 10), and GSL co-treated group (n = 10). 
Mice in the TPF group received TPF via intraperitoneal 
injection (docetaxel 20  mg/kg, cisplatin 6  mg/kg, and 
5-fluorouracil 17  mg/kg). Mice in the pretreated group 
received 1  mg/kg GSL daily for 7 days and were intra-
peritoneally injected with TPF for 2 days. Mice in the co-
treated group simultaneously received 1 mg/kg GSL and 
TPF for 2 days. The control group received equal quanti-
ties of saline by oral gavage.

Routine blood analysis
At the end of treatment, blood samples (0.5 mL) from the 
posterior vena cava of CO2 anesthetized mice were col-
lected into tubes containing ethylenediaminetetraace-
tic acid. Routine blood analysis was performed using an 
automatic hematology analyzer (VetAutoread, USA) for 
white blood cell (WBCs) and peripheral platelet (PLTs) 
counts.

Hematopoietic colony-forming cell assay
Bone marrow cells were collected and cultured in 
Iscove’s Modified Dulbecco’s Medium supplemented 
with FBS, bovine serum albumin, β-mercaptoethanol, 

and methylcellulose. For colony-forming cell assay, the 
bone marrow cells (2 × 104 cell per dish) were seeded into 
35 mm dishes with the following growth factors: 100 ng/
mL recombinant mouse SCF, 10 ng/mL recombinant 
mouse interleukin 3, 10 ng/mL recombinant mouse inter-
leukin 6, 10 ng/mL mTPO, 3 U/mL recombinant human 
erythropoietin, 10 ng/mL recombinant human granu-
locyte colony-stimulating factor. After 10 days of incu-
bation, the dishes were observed under a microscope, 
and the granulocyte–macrophage colony-forming units 
(CFU-GM), erythroid colony-forming units (CFU-E), 
and erythroid burst-forming units (BFU-E) were counted.

Statistical analysis
Data are expressed as mean ± standard deviation (SD). 
Statistical differences were analyzed using one-way 
analysis of variance (ANOVA) and Tukey’s test. Statisti-
cal significance was set at p < 0.05. All experiments were 
repeated at least three times.

Result
GSL protects the morphology and phenotype of BMSCs 
from TPF-induced cytotoxicity
To investigate the toxicity of TPF to BMSCs and the pro-
tective effects of GSL, we first examined the morphology 
and phenotype of BMSCs in various groups. BMSCs in 
the control group displayed a typical fibroblast-like spin-
dle morphology, whereas large proportions of BMSCs 
lost this typical morphology and exhibited round or 
irregular shapes after TPF treatment. In contrast, GSL 
pretreatment and co-treatment relieved TPF-induced 
morphological damage, with more BMSCs showing 
typical characteristics. Moreover, more cells in the pre-
treatment group had a fibroblast-like morphology than 
those in the co-treatment group (Fig. 1A). Flow cytomet-
ric analysis showed that the expression rates of CD73, 
CD90, and CD105 in the DMSO (Control) group were 
79%, 78.4%, and 74.5%, respectively, whereas TPF treat-
ment resulted in significant reductions of 29.8%, 27%, 
and 26.6%, respectively (Fig. 1B). In contrast, after treat-
ment with GSL, the expression levels of these markers 
recovered. The expression rates of CD73, CD90, and 
CD105 in the co-treatment group were 53.9%, 50.9%, 
and 45.8%, respectively, whereas pre-treatment resulted 
in higher expression rates, reaching 69.5%, 61.5%, and 
55.3%, respectively. These results demonstrated that GSL 
reduced the morphological and phenotypic changes in 
BMSCs induced by TPF.

GSL relieves the damage of BMSC proliferation induced by 
TPF
To test whether GSL protect the proliferative ability of 
BMSCs, we used a cell viability assay to study the influ-
ence of TPF on BMSC proliferation and the protective 
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effects of GSL. The proliferative ability of BMSCs in the 
TPF group was lower than that in the control group 
(p < 0.01; Fig.  2), illustrating that TPF directly impaired 
the viability of BMSCs. However, the TPF effect was 
reversed by GSL, as evidenced by a significant increase 
in the proliferative ability of the co-treatment and pre-
treatment groups compared with the TPF group (p < 0.05 
Co-treated vs. TPF; p < 0.01 Pre-treated vs. TPF). Addi-
tionally, BMSCs in the pre-treatment group showed more 
vigorous proliferation than those in the co-treatment 

group (p < 0.01 vs. TPF). Therefore, GSL effectively allevi-
ated TPF-induced inhibition of BMSC proliferation.

GSL inhibits the apoptosis of BMSCs induced by TPF
Annexin V/PI staining followed by flow cytometry was 
performed to examine TPF-induced BMSC apoptosis 
and the anti-apoptotic effects of GSL. The Annexin V/
PI staining chart was divided into four parts. Viable cells 
were Annexin V (-)/PI (-), early-stage apoptotic cells 
were Annexin V (+)/PI (-), middle- and late-stage apop-
totic cells were Annexin V (+)/PI (+), and necrotic cells 

Fig. 1 Effect of GSL on morphology and surface markers of MSCs. A. Representative images of morphology. The original magnification was 100×. B. 
Representative flow cytometry analysis of characteristic MSC surface markers CD73, CD90, and CD105 in the DMSO group, CTX group, Co-treated group, 
and Pre-treatment group
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and cellular debris were Annexin V (-)/PI (+) [23]. The 
apoptotic rate of TPF-treated BMSCs was significantly 
higher than that of the control group (p < 0.01; Fig. 3A, B). 
In contrast, BMSCs with pre-treatment and co-treatment 
showed a low apoptotic rate (p < 0.05 Co-treated vs. TPF; 
p < 0.01 Pre-treated vs. TPF), and GSL pre-treatment 
led to a lower apoptotic rate than co-treatment (p < 0.01 
vs. TPF). To elucidate the underlying mechanisms of 
GSL against TPF-induced apoptosis, we measured the 
expression of caspase-3 in the BMSCs of all groups. 
Western blotting showed that TPF induced high expres-
sion of cleaved caspase-3, which was decreased by GSL 
pre-treatment and co-treatment (Fig.  3C). These results 
revealed that GSL attenuated TPF-induced BMSC apop-
tosis by suppressing cleaved caspase-3 expression.

GSL inhibits premature senescence of BMSCs induced by 
TPF
Premature senescence after treatment with TPF and GSL 
was evaluated by staining of SA-β-GAL. We observed a 
significant increase of SA-β-GAL-positive cells in the 
TPF group (p < 0.01 vs. DMSO; Fig.  4A, B). In contrast, 
the number of SA-β-GAL-positive cells decreased in the 

Fig. 3 Effect of GSL on MSC apoptosis. A, B. Flow cytometry analysis of Annexin V/PI staining. C. Western blot results for pro-caspase-3 and cleaved-
caspase-3 in MSCs. β-Actin served as an internal control. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01 versus DMSO; ##p < 0.01, Co-treated and 
Pre-treated versus TPF.

 

Fig. 2 Effect of GSL on MSC proliferation. The proliferative capacity of 
the MSCs was measured using a cell viability assay. Data are expressed as 
mean ± SEM. **p < 0.01 TPF versus DMSO; #p < 0.05, ##p < 0.01, Co-treated 
and Pre-treated versus TPF.
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pre-treatment and co-treatment groups (p < 0.05 Co-
treated vs. TPF; p < 0.01 Pre-treated vs. TPF). Moreover, 
the pre-treatment group had fewer senescent cells than 
the co-treatment group (p < 0.01 vs. TPF). These results 
show that although TPF triggers premature senescence of 
BMSCs, GSL can inhibit this effect.

GSL reduces TPF-induced ROS formation
ROS are associated with apoptosis and senescence [24]. 
ROS accumulation leads to DNA impairment and pro-
motes apoptosis and senescence. The ROS content in 
BMSCs treated with TPF was higher than that in the 
DMSO group (p < 0.01; Fig.  4C), whereas the ROS con-
tent significantly decreased after GSL pre-treatment and 
co-treatment (p < 0.05 Co-treated vs. TPF; p < 0.01 Pre-
treated vs. TPF). Additionally, cells pretreated with GSL 
showed lower ROS levels than those co-treated with 
GSL (p < 0.01 vs. TPF). These results suggested that GSL 
reduced TPF-induced ROS formation.

GSL attenuates the damage of MSC differentiation induced 
by TPF
The ability to undergo multi-lineage differentiation is a 
hallmark of functional BMSCs [25]. Under specific induc-
tion conditions, BMSCs can differentiate into osteoblasts, 
adipocytes, and chondrocytes. After GSL and TPF treat-
ment, BMSCs were induced to differentiate into adipo-
cytes, osteoblasts, and chondrocytes and quantified by 
Alizarin Red S, Oil Red O, and Alcian blue staining. A 

strong reduction in induced differentiation was observed 
following TPF treatment. However, cotreatment and 
pretreatment significantly attenuated the reduction in 
TPF-induced osteogenic, adipogenic, and chondro-
genic differentiation (Fig.  5A). Moreover, RT-PCR con-
firmed that TPF significantly reduced the expression 
of characteristic osteogenic (Osteocalcin and PTHr) 
and adipogenic (PPARγ and LPL) markers (p < 0.01 vs. 
DMSO; Fig. 5B), whereas GSL treatment reversed these 
effects (Osteocalcin, p < 0.05 Co-treated vs. TPF, p < 0.01 
Pre-treated vs. TPF; PTHr, PPARγ and LPL, p < 0.05 vs. 
TPF). These results demonstrate that GSL recovered 
TPF-induced damage to the differentiation potential of 
BMSCs.

GSL reduces the damage of hematopoiesis induced by TPF 
in vivo
Mouse models were established to estimate the protec-
tive effects of GSL on hematopoiesis in vivo. At the end 
of treatment, the bone marrow of mice in all groups was 
isolated and cultured in hematopoietic colony-forming 
medium to test the colony formation capacity. The num-
ber of colonies was significantly lower in the TPF group 
than in the control group (BFU-E, p < 0.05 vs. Control; 
CFU-E and CFU-GM, p < 0.01 vs. Control; Fig.  6A). 
However, GSL co-treatment increased the formation 
of CFU-GM colonies (p < 0.05 vs. TPF). Moreover, the 
pre-treated GSL group had more colonies than the co-
treatment group (BFU-E, p < 0.05 vs. TPF; CFU-E and 

Fig. 4 Effect of GSL on senescence and ROS of MSCs. A. SA-β-GAL staining to detect senescent BMSCs. Senescent cells are blue-green stained. The 
original magnification was 200×. B. Positive ratio of SA-β-GAL staining. C. The level of ROS measured by DCF. Data are presented as mean ± SEM. *p < 0.05, 
**p < 0.01 versus DMSO; #p < 0.05, ##p < 0.01, Co-treated and Pre-treated versus TPF.
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CFU-GM, p < 0.01 vs. TPF). To further investigate the 
protective effects of GSL in vivo, we examined periph-
eral PLTs and WBCs at different time points for 14 days 
after GSL and TPF treatment. TPF treatment led to a 
significant decrease in PLTs and WBCs (p < 0.01 vs. Con-
trol; Fig. 6B), which was reversed by GSL treatment. Pre-
treatment with GSL had a better effect in recovering the 
PLTs number than co-treatment (p < 0.01 vs. TPF). These 
results illustrate that GSL treatment can alleviate hema-
topoietic damage caused by TPF.

Discussion
Application of the TPF regimen significantly increases 
the effectiveness of chemotherapy in HNSCC. However, 
its efficacy comes at the expense of substantial toxicity, 
such as intestinal barrier injury and vascular endothelial 
dysfunction, whereas TPF-induced acute hematopoietic 
toxicity is particularly common [4–6, 26, 27]. Previous 
clinical studies have shown that most patients experi-
ence severe neutropenia after TPF treatment and require 
high-dose antibiotics to prevent fatal infection [3, 6, 28]. 
Moreover, bleeding due to thrombocytopenia is com-
mon [28]. Pancytopenia is the most severe adverse effect, 

Fig. 5 Effect of GSL on MSC differentiation potentials. A. Representative images of alizarin red S, oil red O, and Alcian blue staining of MSCs following 
osteogenic, adipogenic, and chondrogenic inductions. The original magnification was 200×. B. RT-PCR results of the expression of Osteocalcin, PTHr, LPL, 
and PPARγ. Data are expressed at mean ± SEM.*p < 0.05, **p < 0.01, versus DMSO; #p < 0.05, ##p < 0.01, Co-treated and Pre-treated versus TPF.
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which not only causes anemia, infection, and bleeding 
but also delays the initiation of the next cycle of chemo-
therapy [29]. Furthermore, long-term treatment with 
TPF can cause chronic bone marrow damage, which is a 
concern in patients with HNSCC who require multiple 
cycles of chemotherapy. This can result in myelosuppres-
sion as the destruction of hematopoietic stem cells pro-
gresses [30, 31]. In this study, we provide direct evidence 
that TPF is toxic to BMSCs and impairs hematopoiesis. 
These results may partially explain the hematopoietic 
damage observed in patients treated with TPF.

In clinical practice, Granulocyte Colony-Stimulating 
Factor (G-CSF) is commonly used to prevent and treat 
TPF-induced myelosuppression [32]. G-CSF increases 
the number of peripheral granulocytes and macro-
phages, thereby improving resistance to infection 
without influencing other blood cell types [32]. Addi-
tionally, G-CSF enhances the proliferation and invasion 
of HNSCC, potentially facilitating cancer progression 
[33, 34]. Therefore, there is a need to develop new drugs 
that reduce TPF-induced hematopoietic toxicity and 
myelosuppression. Several published reports have indi-
cated that protecting BMSCs is an efficient approach for 
reducing chemotherapy-induced hematopoietic toxic-
ity [12, 15, 16, 21]. In our previous study, we found that 
GSL effectively protect BMSCs from cyclophosphamide 

cytotoxicity [21]. Moreover, the bioactive components 
of GSL like lactones, triterpenoids, and polysaccharides, 
reduce chemotherapy-induced BMSCs damage and 
apoptosis [35]. Based on these findings, we propose that 
GSL may reduce the toxicity of TPF in BMSCs.

In our dataset, GSL-pretreated and co-treated BMSCs 
sustained a typical fibroblast-like morphology, indicating 
that GSL reduced the morphological damage induced by 
TPF. Flow cytometry showed that under the protection 
of GSL, the expression of the characteristic BMSC sur-
face markers CD73, CD90, and CD105 was significantly 
higher than that with TPF treatment alone. CD90 and 
CD105 play important roles in the establishment and 
stability of HME. CD90 promotes the differentiation of 
BMSCs into osteoblasts, whereas CD105 facilitates their 
differentiation into chondroblasts, both of which may 
contribute to the establishment of HEM [36, 37]. In gen-
eral, GSL protected the morphology and phenotype of 
BMSCs from TPF damage.

Cell proliferation is an essential indicator of cell viabil-
ity. Although BMSCs have strong expansion capacity, 
our cell viability assay results indicated that this capac-
ity was significantly impaired by TPF. Therefore, it is con-
ceivable that most BMSCs are in a quiescent or inhibited 
state. Indeed, we observed a strong induction of apopto-
sis in TPF-treated BMSCs. To investigate the mechanism 

Fig. 6 Effect of GSL on the capacity of colony-forming in mouse bone marrow cells and the peripheral blood cell counting of mice. A. Number of CFU-E, 
BFU-E, and CFU-GM. B. Number of PLTs and WBCs. Data are expressed at mean ± SEM.*p < 0.05, **p < 0.01 TPF versus control; #p < 0.05, ##p < 0.01, Co-
treated and Pre-treated versus TPF.
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underlying TPF-induced apoptosis, we examined the 
expression of apoptosis-associated proteins. TPF-
induced apoptosis was attributed to an increase in 
caspase-3, a key protein in the caspase pathway that pro-
motes apoptosis [38]. However, when BMSCs were pre-
treated or co-treated with GSL, we observed a higher 
proliferation capacity and lower apoptotic rate and cas-
pase-3 levels than in the TPF group. These findings sug-
gest that GSL protects against the cytotoxic effects of 
TPF, promotes cell proliferation, and prevents apoptosis.

In addition to TPF-induced proliferation impairment 
and apoptosis, we found that the degrees of SA-β-GAL 
staining increased in BMSCs treated with TPF, indicat-
ing the appearance of premature senescence in these 
cells. DNA damage is a direct factor that induces cell 
senescence and can be caused by various factors, such as 
ionizing radiation, ultraviolet light, oxidative stress, and 
chemical mutagens [39, 40]. Among these factors, oxida-
tive stress plays a central role. In our dataset, TPF treat-
ment led to an increase in the intracellular ROS content 
in BMSCs. ROS, including superoxide anion, hydrogen 
peroxide, and hydroxyl radical, contribute to oxidative 
stress and DNA damage, ultimately leading to cell senes-
cence and apoptosis [39]. Therefore, TPF-induced 
senescence and apoptosis were strongly associated with 
ROS accumulation. In contrast, GSL potently delayed 
senescence caused by TPF by reducing ROS content. 
Thus, GSL possesses anti-senescence and anti-oxidation 
abilities that alleviate the TPF-induced impairment of 
BMSCs.

Adipocytes, osteoblasts, and chondrocytes, which dif-
ferentiate from BMSCs, are important components of 
the HME and are beneficial for the regulation of HSCs 
[25]. Therefore, damage to the differentiation ability will 
undermine hematopoiesis. In the present study, we found 
that TPF inhibited the differentiation of BMSCs into 
adipocytes, osteoblasts, and chondroblasts. In contrast, 
GSL restored the differentiation potential of BMSCs. The 
number of differentiated adipocytes, osteoblasts, and 
chondrocytes and the expression of genes related to adi-
pogenesis (PPARγ and LPL) and osteogenesis (Osteocal-
cin and PTHr) in co-treatment and pre-treatment groups 
were significantly higher than the BMSCs treated with 
TPF alone. Therefore, GSL restored the differentiation 
capacity of TPF-damaged BMSCs.

Animal models were established to investigate the 
protective effects of GSL in vivo after confirming that 
GSL reduced TPF toxicity in BMSCs in vitro. CFU-E 
and BFU-E assays show the potential of HSCs to gener-
ate erythrocytes, whereas CFU-GM has the ability to 
produce granulocyte–macrophage progenitors [21]. The 
formation assays indicated that TPF inhibited the pro-
duction of erythrocytes, granulocytes, and macrophages 
in the bone marrow. However, this effect was reversed 

by GSL treatment. Hematopoiesis in the bone marrow 
directly influences the number of peripheral blood cells. 
Consistent with the colony formation results, treat-
ment with GSL significantly restored the TPF-induced 
decrease in peripheral WBCs and PLTs caused by TPF 
treatment.

In addition, the protective effects of GSL may relate 
to restoring the abundance of gut microbiota. A recent 
study showed that Ganoderma lucidum polysaccharides 
ameliorate cisplatin and docetaxel-induced cachectic 
myopathy by recovering the microbiota [41]. Also, pro-
tecting gut microbiota is an important pathway to atten-
uate myelosuppression induced by cyclophosphamide, 
whereas GSL was demonstrated to remodel and restore 
the healthy gut microbiota [42, 43]. Therefore, further 
investigation on the association between TPF-induced 
hematopoietic damage and the recovery effect of GSL on 
gut microbiota is necessary.

Interestingly, the bioactive components of GSL were 
recently demonstrated to sensitize cancer cells to TPF 
[27, 44]. It has been detected that the combinational 
treatment of docetaxel and Ganoderma lucidum polysac-
charide significantly increased the number of prostate 
cancer cells arrested in G1/S, which may associated with 
the inhibition of the cell cycle regulator and the dysfunc-
tion of DNA damage response pathway [45, 46]. Further-
more, the ROS/ERK pathway was identified to mediate 
ganoderic acid d-induced cisplatin sensibilization in 
ovarian tumour [27]. Overall, these studies showed the 
potential value of GSL in enhancing the chemothera-
peutic effects of TPF. Further determining whether GSL 
increases the sensitivity of cancers and investigating the 
relevant mechanisms can effectively promote the under-
standing of the pharmaceutical effects of GSL.

The observed reduction in TPF-induced BMSC toxic-
ity after GSL treatment has potential clinical implica-
tions as the TPF regimen is commonly used in HNSCC 
treatment. Additionally, our study and others did not 
find evidence of GSL toxicity in normal cells [47, 48]. 
GSL pretreatment was more effective than co-treatment 
in reducing TPF-induced BMSC damage. One possible 
explanation for this observation is that GSL pretreatment 
permits the accumulation of more anti-apoptotic and 
antioxidant factors before exposure to TPF, which primes 
the BMSCs to defend against the toxicity of TPF. Over-
all, this result suggests that the timing of administration 
is associated with the effectiveness of GSL against TPF 
toxicity.

Conclusion
Collectively, our data revealed that TPF impaired BMSCs 
and bone marrow hematopoiesis, whereas GSL provided 
effective protection and reduced the damage induced by 
TPF. These results provide a potential adjuvant for the 
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prevention and treatment of TPF-induced hematopoietic 
impairment and myelosuppression.
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