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Proteomic analysis for busulfan-induced spermatogenesis disorder
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ABSTRACT
Background: Busulfan is the most commonly used drug for the treatment of chronic myelogenous 
leukemia and pretreatment for hematopoietic stem cell transplantation, which can damage the 
reproductive and immune system. However, little is known about the protein expression profiling 
in busulfan treated testis.
Methods:  This research studies the proteomics for busulfan-induced spermatogenesis disorder. 
The model of busulfan-induced mouse spermatogenesis disorder was subjected to label-free 
quantification proteomics analysis. Clustering heatmap, gene ontology, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway and protein interaction analyses were performed and 
validated by molecular experiments.
Results:  The busulfan-treated mouse model showed abnormal testis morphology and reduced 
sperm number and testis weight. Testicular and sperm damage was most severe at 30 days after 
busulfan treatment. The busulfan-treated mouse testes were subjected to label-free quantification 
proteomics, which revealed 190 significantly downregulated proteins including lactate 
dehydrogenase A like 6B (LDHAL6B) and ubiquitin-specific protease 7 (USP7). In addition, the 
testis and spermatozoa in the epididymis progressively improved from 70 to 80 days after busulfan 
treatment, and that the testis weight and spermatozoa number gradually increased from 40 to 
80 days after busulfan treatment. Western blotting revealed that LDHAL6B protein significantly 
increased at 10 days, decreased from 20 to 60 days, and then gradually elevated from 70 to 
80 days after busulfan treatment.
Conclusion: We revealed 190 significantly downregulated proteins in busulfan-treated mouse testes at 
30 days and indicated that 70 days is the cut-off point of spermatogenic recovery for busulfan-treated 
mouse testis, increasing our understanding of this reproductive disorder model. An increased 
understanding of busulfan’s toxic effect will help to prevent and treat reproductive diseases.

Introduction

Clinically, busulfan is the most commonly used drug for 
the treatment of chronic myelogenous leukemia and pre-
treatment for hematopoietic stem cell transplantation, 
but can damage the reproductive and immune system 
[1,2]. Injection of pregnant rats with busulfan can lead to 
developmental disorders of the central nervous system in 
the pups [3]. Human amnion mesenchymal stem cells 
can resist busulfan-induced spermatogenesis disorder, 
with a reduction in cell apoptosis, increased cell prolifer-
ation and lower amounts of oxidative damage [4], which 
mean that toxic effect of busulfan can be recovered by 
the body its self. Alginate oligosaccharides can restore 

busulfan-induced spermatogenesis disorder by improving 
spermatogenic development and the testicular tissue 
microenvironment [5]. The protein expression level of 
phosphoribosyl-pyrophosphate synthetase 2 (PRPS2) is 
significantly reduced in busulfan-induced spermatogene-
sis disorder mouse testis and knockdown of Prps2 pro-
motes germ cell apoptosis [6]. Thus, understanding of 
the proteomics in busulfan-induced spermatogenesis dis-
order will be helpful for the treatment of male infertility.

The clinical use of busulfan in the treatment of spe-
cial diseases can cause a series of side effects of repro-
ductive disorders. We wanted to know through what 
protein pathway the reproductive side effects of 
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busulfan affect spermatogenesis. In addition, we spec-
ulated that these side effects of busulfan might disap-
pear over time. The further study on the reproductive 
side effects and spermatogenesis recovery can provide 
reference value for clinical rational use of busulfan. In 
this study, the busulfan-induced spermatogenesis dis-
order mouse testes were subjected to label-free quan-
tification proteomics and clustering heatmap, gene 
ontology, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway and protein interaction analyses.

Methods

Construction of busulfan-induced spermatogenesis 
disorder mouse model

Institute of cancer research of American (ICR) mice were 
derived from two male and seven female albino Swiss 
mice from a non-inbred stock in the laboratory of Dr. de 
Coulon at the Centre Anticancereux Romand in 
Switzerland [7] and purchased from Skbex Biotechnology 
Co., Ltd (Anyang, Henan, China). Male ICR mice (2 months 
old) were injected intraperitoneally once with 30 mg/kg 
busulfan (Merck KGaA, Darmstadt, Germany) according to 
body weight or the vehicle alone, and then the mice 
were studied after 10, 20, 30, 40, 50, 60, 70 and 80 days 
which were set four mice in each group and repeated 
three times. Mice were sacrificed by carbon dioxide 
asphyxiation followed by cervical dislocation, which were 
weighed and disinfected with 75% alcohol (Lircon, 
Dezhou, China). The abdomen of the sacrificed mice was 
opened through surgical scissor, and then testes and epi-
didymes were pulled from the scrotum, dissected free of 
surrounding tissue and weighed. Separated testes and 
epididymes were used for morphological imaging, H&E 
staining of sections, spermatozoa counting, or protein 
detecting. For H&E staining, testicular and epididymal tis-
sues were incubated in 4% paraformaldehyde (MACLIN, 
Shanghai, China) for 24 h, dehydrated, and embedded in 
paraffin (Shanghai Huayong Paraffin Wax Co., LTD, 
Shanghai, China) using a previously described protocol 
[8]. The paraffin-embedded tissues were cut into 5 μm 
sections, which were mounted on glass slides, dewaxed, 
and rehydrated. The sections were then stained with H&E 
(Servicebio, Wuhan, China), dehydrated and sealed with 
neutral gum (Sinopharm Chemical Reagent Co., LTD, 
Shanghai, China). Finally, the slides were observed under 
a light microscope and photographed. To count the sper-
matozoa, the whole epididymis was clipped in 10 mL PBS 
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 
incubated at 37 °C for 20 min. Spermatozoa from the 
entire epididymis were released and then counted under 
a microscope using a cell counting plate.

Proteomic analysis of busulfan-treated testis

Busulfan-treated testis was separated from the mouse 
body and isolated proteins were subjected to label-free 
quantification proteomics (Aksomics Biotechnology Co., 
Ltd., Shanghai, China) [9]. Briefly, busulfan-treated testis 
was separated from the mouse body and proteins were 
extracted from testis using RIPA (25 mM Tris-HCl pH 7.6 
(Sigma‐Aldrich, Saint Louis, MO, USA), 150 mM NaCl 
(Sangon Biotech, Shanghai, China), 1% NP-40 (Sangon 
Biotech), 1% sodium deoxycholate (Sigma‐Aldrich), 1% 
SDS (Sangon Biotech)) supplemented with protease 
inhibitors inhibitor cocktail (Kangchen Biotech, Shanghai, 
China) and PMSF (Sigma‐Aldrich). Protein concentration 
was determined by BCA protein assay kit (Pierce, Rockford, 
IL, USA). Take 100 μg proteins and add prechilled acetone 
(Sangon Biotech) to alkylated proteins. Extracted proteins 
were solubilized in 100 mM ammonium bicarbonate 
(Sigma‐Aldrich) with 1% sodium deoxycholate and 
reduced by 5 mM tris (2‐carboxyethyl) phosphine hydro-
chloride (Sigma‐Aldrich) for 10 min at 55 °C, followed by 
alkylation with 10 mM iodoacetamide (Sigma‐Aldrich) for 
15 min in the dark at room temperature. The proteins 
were then digested overnight at 37 °C with sequencing 
grade modified trypsin (trypsin 1:50 protein w/w ratio; 
Promega, Madison, WI, USA). After clean‐up of SDC with 
2% trifluoroacetic acid (Sigma‐Aldrich), the tryptic pep-
tides were desalted using C18 columns (3 M) (Sigma‐
Aldrich) and the eluted peptides were dried with vacuum 
concentrator (Thermo Fisher Scientific). Above peptides 
were separated by nano-UPLC liquid phase system 
EASY-nLC1200 (Thermo Fisher Scientific) and then ana-
lyzed using Q‐Extractive mass spectrometer (Thermo 
Fisher Scientific). Raw data were processed with MaxQuant 
software (version 1.6.1.0) (Max Planck Institute of 
Biochemistry, Martinsried, Germany). Differentially regu-
lated proteins were identified using the standard of fold 
change ≥ 2 and p value ≤ 0.05, and were plotted in a 
volcano plot and clustering heatmap. The differentially 
expressed proteins in busulfan-treated mouse testis were 
predicted by gene ontology including biological process, 
cellular component and molecular function [10–12] and 
KEGG pathway analysis [13,14]. Finally, protein interac-
tions following busulfan treatment were predicted using 
the search tool for the retrieval of interacting genes 
(STRING) database to show potential pathways of differ-
entially expressed protein [15,16].

Western blotting and immunofluorescence

For western blotting, total protein was isolated from testic-
ular tissues using RIPA (Millipore, Bedford, MA, USA) 
according to manufacturer’s instruction, measured by 
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Enhanced BCA Protein Assay Kit (Beyotime, Shanghai, 
China), separated by SDS-PAGE (Beyotime) electrophoresis, 
transferred to nitrocellulose membrane (Pall Corporation, 
Show Low, AZ, USA), and then incubated with primary 
antibodies for LDHAL6B (ABclonal Technology, Wuhan, 
China) and β-actin (ABclonal Technology) and secondary 
antibody (ABclonal Technology). Protein levels were quan-
tified using Image Lab software version 3.0 (Bio-Rad, 
Hercules, CA, USA). For immunofluorescence, testicular tis-
sues were first fixed with 4% paraformaldehyde and then 
paraffin-embedded and sectioned. Immunofluorescence 
for LDHAL6B protein was detected using a previously 
described protocol [17]. 4′,6-diamidino-2-phenylindole 
(DAPI) (Servicebio) and fluorescent secondary antibody 
(Servicebio) were purchased from Servicebio.

Statistical analysis

All experiments in this study were conducted inde-
pendently at least three times. Data is displayed as 

mean ± standard error of the mean (SEM) and was ana-
lyzed with Student’s t-test using GraphPad Prism 8 
(Graph Pad Software Inc., La Jolla, CA, USA). p < 0.05 
was regarded as a significant difference.

Results

Most spermatocytes and spermatids disappeared 
in busulfan-induced spermatogenesis disorder 
mouse testis

The model of busulfan-induced mouse spermatogenesis 
disorder was used to study the protein expression in 
male infertility. 10, 20 and 30 days after busulfan treat-
ment, hematoxylin and eosin (H&E) staining showed 
that damage to the testis and spermatozoa in the epi-
didymis progressively worsened, which included vacu-
oles, cell sloughing, multinucleated giant cells, 
disappearance of most spermatocytes and spermatids, 
and spermatid retention (Figure 1A). Weight detecting 
demonstrated that the testicular weight gradually 

Figure 1. O bvious damage of testis and spermatozoa in epididymis appeared at 30 days after busulfan treatment. Mice were 
injected intraperitoneally once with busulfan, and then testes and epididymes were separated for H&E staining (A) and measure-
ment of testis weight (B) and spermatozoa number (D) after 10, 20 and 30 days treatment. Arrow heads indicate abnormal germ 
cells (A). Body weight was also recorded before and after busulfan treatment (C). NC, negative control; *p < 0.05.
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decreased from 10 to 30 days after busulfan treatment 
(Figure 1B) and body weight didn’t change significantly 
from 10 to 30 days before and after busulfan treatment 
(Figure 1C). In addition, spermatozoa counting revealed 
that spermatozoa number also gradually decreased 
from 10 to 30 days after busulfan treatment (Figure 1D). 
Testicular and spermatogenic damage was most severe 
on 30 days after busulfan treatment (Figure 1A–D). 
These results proved that busulfan can prompt the dis-
appearance of most spermatocytes and spermatids in 
busulfan-induced mouse spermatogenesis disorder.

Proteomic analysis of busulfan-induced 
spermatogenesis disorder mouse testis

We next identified which proteins are involved in disap-
pearance of most spermatocytes and spermatids in the 
busulfan-induced spermatogenesis disorder model. 
30 days after busulfan treatment the mouse testes were 
subjected to label-free quantification proteomics, and a 
volcano plot (Figure 2A) and clustering heatmap (Figure 
2B and Figure S1) revealed 190 significantly downregu-
lated proteins (Table S1) using the standard of fold 
change ≥ 2 and p value ≤ 0.05, including lactate dehy-
drogenase A like 6B (LDHAL6B) and ubiquitin-specific 
protease 7 (USP7). The differentially expressed proteins 

underwent a gene ontology prediction, which showed 
that spermatid development (biological process), acroso-
mal vesicle (cellular component) and glycerol kinase 
activity (molecular function) may participate in 
busulfan-induced spermatogenesis disorder (Figure 3A 
and Table S2). KEGG pathway analysis subsequently iden-
tified the potential pathways affected by busulfan treat-
ment, such as protein processing in the endoplasmic 
reticulum, biosynthesis of amino acids, and pyruvate 
metabolism (Figure 3B and Table S3). Protein interactions 
were predicted using the STRING database with differen-
tially expressed proteins obtained from proteomics study, 
which revealed the interaction of spermatogenesis-related 
proteins such as LDHAL6B/phosducin-like 2 (PDCL2)/ 
lactate dehydrogenase C (LDHC)/protamine 2 (PRM2) 
(Figure 4) and USP7/tubulin alpha 8 (TUBA8)/ly-1 reactive 
clone (LYAR)/nuclear autoantigenic sperm protein (NASP) 
(Figure S2). In addition, predicted protein interactions of 
LDHAL6B (Figure S3) and USP7 (Figure S4) were con-
ducted using the STRING database with total proteins. 
30 days after busulfan treatment, immunofluorescence 
and western blotting demonstrated that the LDHAL6B 
(Figures 5, 7A and 7B) and USP7 (Figures S5, S6A and 
S6B) were significantly reduced in mouse testis. These 
results indicated that changed expression of LDHAL6B, 
USP7 and associated proteins in disappearance of most 

Figure 2.  Proteomic analysis of busulfan-treated mouse testis. 190 significantly downregulated proteins were identified in 
busulfan-treated mouse testis using volcano plot analysis (A). Partially downregulated proteins were shown in the clustering heat-
map (B). Mice were injected intraperitoneally once with busulfan, and then testes were separated for label-free quantification 
proteomics after 30 days. NC, negative control.
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Figure 3.  The differentially expressed proteins in busulfan-treated mouse testis were analyzed by bioinformatics. 190 significantly 
downregulated proteins were analyzed by gene ontology (A) and KEGG pathway analysis (B).

Figure 4.  Protein interactions in busulfan-treated testis were analyzed by bioinformatics. Partially downregulated proteins were 
analyzed using the STRING database. The colored lines show known or predicted interactions of protein. The color for the outer 
edge of the circle represents difference, and the lighter of the color means the greater of the difference.
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spermatocytes and spermatids in busulfan-induced sper-
matogenesis disorder.

Spermatogenic recovery in busulfan-treated 
mouse model

To investigate the spermatogenic recovery of the 
busulfan-treated mouse model, we examined both 
molecular and morphological conditions in busulfan- 
treated mouse testis after 40 to 80 days. The results 
showed that the testis and spermatozoa in the epididy-
mis progressively improved (Figures 6A and S7) from 70 
to 80 days after busulfan treatment, and that the testis 
weight (Figure 6B) and spermatozoa number (Figure 6C) 
gradually increased from 40 to 80 days after busulfan 
treatment. At 80 days after busulfan treatment testicular 
and sperm recovery was better than 70 days after busul-
fan treatment (Figure 6 and Figure S7), but more time 
was needed for spermatogenesis to fully recover. 
Furthermore, we determined LDHAL6B and USP7 
expression in busulfan-induced spermatogenesis disor-
der mouse testis and found that the protein level of 
LDHAL6B obviously decreased from 10 to 60 days and 
increased from 70 to 80 days after busulfan treatment 
(Figure 7A and 7B) and USP7 protein also showed sig-
nificant decrease from 30 to 80 days after busulfan 
treatment (Figure S6A and S6B). Taken together, these 
results indicated that 70 days is the cut-off point of 
spermatogenic recovery for busulfan-treated mouse 

testis, increasing our understanding of this reproductive 
disorder model.

Discussion

Recent studies have focused on the omics analyses of 
testicular effects in the busulfan-induced model 
[5,18,19]. For example, the aging model of human 
lung fibroblasts stimulated with busulfan was analyzed 
by microRNA microarray, which identified some differ-
entially expressed microRNAs that may participate in 
busulfan-induced aging [19]. Single cell RNA sequenc-
ing was performed on the testicular samples treated 
with busulfan to explore and analyze changes at the 
molecular and cellular levels [5]. In the current study, 
busulfan-treated mouse testes were subjected to 
label-free quantification proteomics, which revealed 
190 significantly downregulated proteins. Gene ontol-
ogy suggested that spermatid development, acrosomal 
vesicle and glycerol kinase activity may participate in 
busulfan-induced spermatogenic disorder. KEGG path-
way analysis identified the potential pathways affected 
by busulfan stimulation, including protein processing 
in endoplasmic reticulum, biosynthesis of amino acids 
and pyruvate metabolism.

The STRING database revealed that the interaction of 
the spermatogenesis-related proteins LDHAL6B/PDCL2/
LDHC/PRM2 and USP7/TUBA8/LYAR/NASP may be regu-
lated by busulfan. LDHA deficiency in testis resulted in 
severe defects in spermatogenesis [20]. The protein of 
LDHAL6B is highly expressed in the brain, heart, lung, 
urine, skin, ovary and testis [21]. In the testis, LDHAL6B is 
located in the mitochondria of spermatogenic cells and 
may play important roles in spermatogenesis [22,23]. In 
addition, USP7 localizes to the sex chromosome [24] and 
may play important roles in the normal growth and 
development of body and physiological functions. The 
USP7 showed abnormal expression in the oligospermic 
human semen and can be considered as one of potential 
molecular markers in the human infertility of oligosper-
mia [25]. PDCL2 is critical for sperm acrosome develop-
ment and male fertility in mice [26]. TUBA8 shows a 
strong acrosomal localization and may have a role in 
spermatid development [27]. LDHC plays crucial roles in 
maintenance of the processes of glycolysis and ATP pro-
duction in the sperm flagellum [28]. NASP, a linker 
histone-binding protein, binds the testis-specific linker 
histone H1 in the cytoplasm by stimulating ATPase activ-
ity and translocate to the nucleus where the H1 is 
released for binding to the DNA and regulating sper-
matogenesis [29]. Based on changes in the expression of 
these proteins, we hypothesize that busulfan mainly 
destroyed spermatocytes and spermatids through 

Figure 5. LD HAL6B protein was significantly reduced after 
30 days for busulfan-treated mouse testis. Mice were injected 
intraperitoneally once with busulfan, and then testes were 
analyzed by immunofluorescence for detection of LDHAL6B 
protein after 30 days. NC, negative control.

https://doi.org/10.1080/07853890.2024.2442534
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impairing processes such as energy generation and acro-
some formation, which led spermatogenesis disorder in 
mouse testes. The significantly downregulated proteins in 
busulfan-treated mouse testes may mediate busulfan- 
induced reproductive toxicity, which provides guiding 
value for the clinical use and research of busulfan in the 
treatment of diseases and reducing the side effects of 
busulfan.

30 days after busulfan stimulation, we verified that 
the LDHAL6B and USP7 protein was significantly 
decreased in mouse testis. In addition, this study 
revealed that most spermatocytes and spermatids dis-
appeared in busulfan-induced testis. We analyzed 
LDHAL6B and USP7 expression in busulfan-induced 
spermatogenesis disorder mouse testis and found that 
70 days is the cut-off point of spermatogenic recovery 
for busulfan-treated mouse testis. The protein expres-
sion level of LDHAL6B clearly declined from 10 to 
60 days and increased from 70 to 80 days after busulfan 
treatment and USP7 also showed significant decrease 
from 30 to 80 days after busulfan treatment, which 

Figure 7. LD HAL6B significantly decreased from 20 to 60 days 
and increased from 70 to 80 days after busulfan treatment. 
Mice were injected intraperitoneally once with busulfan, and 
then testes were separated for detection of LDHAL6B after the 
specified number of days (A). Densitometry of protein band 
was analyzed (B). NC, negative control; *p < 0.05; ***p < 0.001

Figure 6. S permatogenic recovery in busulfan-induced spermatogenesis disorder mouse testis. Recovery of testis and spermatozoa 
in epididymis progressively improved from 70 days to 80 days after busulfan treatment. Mice were injected intraperitoneally once 
with busulfan, and then testes and epididymes were separated for morphological imaging and staining with H&E (A), and mea-
surement of testis weight (B) and spermatozoa number (C) after 40, 50, 60, 70 and 80 days. NC, negative control; *p < 0.05.
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indicated that LDHAL6B, USP7 and associated proteins 
may change dramatically in testis of busulfan-induced 
spermatogenesis disorder model with disappearance of 
most spermatocytes and spermatids. LDHAL6B and 
USP7 might behave as a biomarker for the busulfan 
treatment during spermatogenesis disorder, which may 
provide two targets for the effects of the clinical use of 
busulfan on other tissues and organs. However, the 
molecular regulatory mechanisms of LDHAL6B/USP7 
and associated signaling pathways have not been eluci-
dated in this research, which need to be further studied 
in future. Testis and spermatozoa in the epididymis pro-
gressively improved from 70 to 80 days after busulfan 
treatment, and that the testis weight and spermatozoa 
number gradually increased from 40 to 80 days after 
busulfan treatment. Our research revealed that it takes 
about 70 days for molecular expression levels to recover 
and more than 80 days for spermatogenic function and 
testicular tissue to recover. Taken together, these results 
indicated that 70 days is the cut-off point of spermato-
genic recovery for busulfan-treated mouse testis, 
increasing our understanding of this reproductive disor-
der model. The long-term reproductive effects and 
effects of busulfan on the offspring are still unclear and 
need to be further studied in future. These findings pro-
vide the molecular basis for the clinical application of 
busulfan and need to be corroborated by future clinical 
studies.

Conclusion

The model of busulfan-induced mouse spermatogenesis 
disorder was used to study the protein expression in this 
study. The damage to the testis and spermatozoa in the 
epididymis progressively worsened and spermatozoa 
number also gradually decreased from 10 days to 30 days 
after busulfan treatment. 30 days after busulfan treatment 
the mouse testes were subjected to label-free quantifica-
tion proteomics, which revealed 190 significantly down-
regulated proteins. Furthermore, we verified the 
downregulation of LDHAL6B and USP7 protein from 30 
to 80 days after busulfan treatment. We demonstrated 
that busulfan mainly destroyed spermatocytes and sper-
matids through impairing processes such as energy gen-
eration and acrosome formation. The testis and 
spermatozoa in the epididymis progressively improved 
from 70 to 80 days after busulfan treatment, but more 
time was needed for spermatogenesis to fully recover. 
These results indicated that 70 days is the cut-off point of 
spermatogenic recovery for busulfan-treated mouse tes-
tis. Further study of busulfan’s toxic effect on testes would 
be beneficial for the treatment of reproductive disorders.
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