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Abstract
Ionizing radiation (IR) can cause severe dysfunction of hematopoietic stem cells (HSCs), leading to acute or 
prolonged myelosuppression. In recent years, physical exercise has been recognized as a healthy lifestyle as it can 
fight a variety of diseases. However, whether it provides protection against IR is not fully understood. In this study, 
we revealed that long-term moderate exercise mitigated IR-induced hematopoietic injury by generating carnosine 
from skeletal muscles. We found that exercised mice displayed reduced loss of HSC number and function after IR, 
accompanied by alleviated bone marrow damage. Interestingly, these effects were largely abrogated by specific 
deletion of carnosine synthase Carns1 in skeletal muscles. In contrast, carnosine treatment protected HSCs against 
IR-induced injury. Mechanistically, we demonstrated that exercise-generated carnosine was specifically transported 
to HSCs via Slc15a2 and then inhibited p53 transcriptional activity by directly interacting with its core DNA-binding 
domain, which led to downregulation of the p53 target genes p21 and Puma, thus promoting the proliferation 
and survival and inhibiting the senescence of irradiated HSCs. More importantly, a similar role of the carnosine/
Slc15a2-p53 axis was observed in human cord blood-derived HSCs. Collectively, our data reveal that moderate 
exercise or carnosine supplementation may be potential antiradiation strategies.
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Introduction
Hematopoietic stem cells (HSCs), as the most primi-
tive cells in the hierarchy, are responsible for sustain-
ing the hematopoietic homeostasis throughout life [1, 
2]. Under normal circumstances, most primitive HSCs 
are located in the endosteal niche and are retained in a 
dormant state, which is required to avoid exhaustion of 
the stem cell pool [3, 4]. After the occurrence of hema-
topoietic stresses, HSCs are rapidly activated to meet the 
body’s demand for blood cells [5, 6]. However, they may 
lose regenerative capacity when subjected to strong fac-
tors, such as high doses of ionizing radiation (IR) [7, 8]. 
As proposed, DNA damage induced by IR can trigger a 
series of biological reactions, including cell cycle arrest, 
apoptosis and senescence, in HSCs, resulting in acute 
bone marrow (BM) failure or long-term hematopoietic 
dysfunction [9, 10]. Given the current increasing risk of 
nuclear exposure, novel measures to effectively prevent 
hematopoietic failure following IR are urgently needed.

Overwhelming evidence has revealed that physical 
exercise has a wide range of beneficial effects on health 
[11, 12]. Moderate rather than intense exercise not only 
promotes muscle adaptation in terms of morphology and 
function, but also improves the functions of other tissues, 
including the liver, blood vessels, gastrointestinal tract, 
and immune system [12, 13]. In particular, endurance 
exercise can maintain the homeostasis of multiple tissues 
by inhibiting stem cell dysfunction [14]. In recent years, 
exercise has been shown to influence the hematopoiesis, 
which mainly involves relatively activated hematopoietic 
progenitor cells located in the vascular niche [15, 16]. 
However, the primitive HSCs are still uninfluenced by 
exercise at steady state [16, 17].

Exercise is a crucial strategy for improving the abil-
ity of the body to fight various stresses [18, 19]. Notably, 
clinical data have shown that moderate exercise provides 
protection against the side effects of radiation therapy 
[20]. Consistent with these findings, hematopoietic cells 
from exercised mice display reduced damage after expo-
sure to IR [21, 22]. Exercise can increase bone mass and 
mineral density, which may affect the BM niche [22, 23]. 
Additionally, skeletal muscle is an endocrine organ that 
secretes soluble factors, namely, myokines [24]. However, 
how exercise elicits potential effects on hematopoiesis in 
the context of radiation is poorly understood.

In the present study, we found that moderate exer-
cise alleviated both acute and long-term myelosuppres-
sion following IR exposure, which was mainly mediated 
by skeletal muscle-derived carnosine. Further inves-
tigation revealed that carnosine relieved HSC injury 
after IR via the transporter Slc15a2. Mechanistically, 
carnosine inhibited the transcriptional activity of p53 
through direct binding to the p53 protein, which pro-
moted the proliferation and survival of irradiated HSCs. 

Importantly, a strong radioprotective role of carnosine in 
HSCs from human cord blood (CB) was also determined. 
Overall, carnosine was showed to safeguard HSCs from 
IR-induced injury, and could serve as a potential radio-
protectant for clinical use.

Materials and methods
Animals  Normal wild-type mice were obtained from 
Laipite Biotechnology Company (Chongqing, China). 
Carns1flox/flox/HSA-Cre mice were generated by cross-
ing Carns1flox/flox mice (Cyagen Biosciences Inc, Suzhou, 
China) with HSA-Cre mice (Cyagen Biosciences Inc), 
and the global depletion of Carns1 was induced by inject-
ing the mice with 75 mg/kg tamoxifen (Sigma, St. Louis, 
MO, USA) for 5 consecutive days. Slc15a2flox/flox/Mx1-Cre 
mice were generated by crossing Slc15a2flox/flox mice (Cya-
gen Biosciences Inc) with Mx1-Cre mice (Shanghai Model 
Organisms Center, Shanghai, China), and the deletion of 
Slc15a2 in the hematopoietic system was induced after 
intraperitoneal injection of polyinosinic: polycytidylic 
acid (pIpC) (Sigma), according to our previously published 
protocol [25]. The p53−/+ mice were purchased from Bio-
cytogen Co., Ltd (Beijing, China), and the CD45.1 mice 
were kindly provided by Prof. Jinyong Wang. All mice 
used in this study were male, C57BL/6J background, and 
6–8 weeks old. The experiments were performed with the 
approval of the Animal Care Committee of Third Military 
Medical University.

Exercise  A long-term exercise mouse model was estab-
lished using a small animal treadmill (SA101B; SANS Bio-
technology Co., Ltd, Jiangsu, China). The exercise protocol 
was as follows: after 3 days of acclimation to treadmill 
running, the mice were allowed to run with no inclination 
for 65 min/day, once every other day, at a speed of 11.5 m/
min. All the mice were exercised for 12 weeks, and age-
matched sedentary mice served as controls.

Radiation  The cells were irradiated at a dose of 2.0 Gy 
using an X-ray biological irradiator (X-Rad 320; PXI, 
North Branford, CT, USA). The mice were subjected to 
2.25, 5.0, 8.0 or 10.0 Gy total body irradiation using a 60Co 
irradiator (Third Military Medical University Irradiation 
Center).

Carnosine or Nutlin-3a treatment  The mice received 
saline or carnosine (10, 50, 100 or 200 mg/kg) via intra-
peritoneal injection once a day for 3 days. Within an hour 
of the last injection, the mice were subjected to IR, and 
then administered the same dose of carnosine for another 
7 days. Nutlin-3a (MedChemExpress, Monmouth Junc-
tion, NJ, USA) was intraperitoneally injected into the 
mice at a dose of 20 mg/kg immediately after IR.
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Isolation of human CB CD34+ cells  CD34+ cells were 
purified from human CB using a Human CD34 Posi-
tive Selection Kit (Stem Cell Technologies, Vancouver, 
Canada) according to the manufacturer’s instructions. 
The cells were then used for further experiments, includ-
ing flow cytometric sorting of hematopoietic stem and 
progenitor cell (HSPC) populations and lentiviral trans-
fection. CB samples were obtained from the First Affili-
ated Hospital of Third Military Medical University and 
informed consent was obtained from all donors. The 
study was authorized by the institutional review board 
of the First Affiliated Hospital of Third Military Medical 
University.

Human CB CD34+ cell culture  CD34+ cells transfected 
with shCtrl or shSLC15A2 were cultured in StemSpan 
SFEM (Stem Cell Technologies) supplemented with 20 
ng/mL human TPO (PeproTech, Rocky Hill, NJ, USA), 
100 ng/mL human SCF (PeproTech), 100 ng/mL human 
Flt3L (PeproTech), 20 ng/mL human IL-6 (PeproTech) 
and 1× penicillin/streptomycin (Beyotime Biotechnology, 
Shanghai, China). After culturing at 37 °C for 10 days, the 
cells were collected for further experiments.

Colony formation assay  A total of 3 × 102 LT-HSCs 
freshly sorted from the BM of irradiated mice treated 
with saline or carnosine were seeded in MethoCult™ GF 
M3434 medium (Stem Cell Technologies). After 14 days 
of culture, the colonies were counted under an inverted 
microscope.

Flow cytometry  To analyze the hematopoietic pheno-
type in mice, nucleated cells from the BM or peripheral 
blood (PB) were stained with the following monoclonal 
antibodies: lineage cocktail (CD3e, Mac-1, Gr-1, B220 and 
Ter-119), Sca-1, c-Kit, Flk2, CD34, CD150, CD48, CD127, 
CD16/32, Mac-1, Gr-1, CD3e, B220, CD45.1 and CD45.2. 
To analyze the hematopoietic phenotype in humans, CB-
derived cells were stained with the following monoclonal 
antibodies: lineage cocktail (CD3, CD14, CD16, CD19, 
CD20 and CD56), CD38, CD34, CD45RA, CD90, CD33, 
CD19 and CD45. The cell cycle, in vivo 5-bromodeoxy-
uridine (BrdU) incorporation, apoptosis and intracellular 
protein staining analyses were conducted after incuba-
tion with the above surface markers, as we have previ-
ously described [26, 27]. The samples were detected with 
a FACSVerse or FACSCanto flow cytometer (BD Biosci-
ences, San Jose, CA, USA), and cell sorting was conducted 
by a FACSAriaIII sorter (BD Biosciences). The data were 
analyzed using a FlowJo10.0 software (TreeStar, San Car-
los, CA, USA). The antibodies used in the present study 
were purchased from eBioscience (San Diego, CA, USA) 
or BioLegend (San Diego), and the details of the antibod-
ies used are provided in Supplementary Table S1.

Competitive transplantation assays  A total of 5 × 102 
LT-HSCs purified from the BM of control (Ctrl) mice or 
mice treated with saline or carnosine after IR, together 
with 5 × 105 CD45.1 BM cells, were transplanted into 
lethally irradiated (10.0  Gy) CD45.1 recipients through 
intravenous injection. Sixteen weeks later, 1 × 106 BM cells 
from primary recipients were transplanted into lethally 
irradiated (10.0 Gy) CD45.1 recipients. At the indicated 
times after primary and secondary transplantation, the 
chimerism and lineage distribution in the PB or BM of 
recipients were analyzed by flow cytometry.

Xenotransplantation assay  Human CB CD34+ cells 
transfected with shCtrl or shSLC15A2 were exposed to 
2.0  Gy IR in the presence of vehicle or carnosine. After 
being cultured for 10 days, CD34+ CD38− cells (1 × 103) 
were sorted and then transplanted into 2.25  Gy-irradi-
ated immunodeficient (M-NSG) mice (Shanghai Model 
Organisms Center). Sixteen weeks later, the chimerism 
and lineage distribution of hCD45+ cells in the BM of 
recipient mice were analyzed by flow cytometry.

Lentiviral transfection  CB CD34+ cells were transfected 
with lentivirus carrying shCtrl or SLC15A2, as described in 
our previous article [27]. The transduced cells (mCherry+) 
were subsequently purified via flow cytometry and used 
for further experiments. All lentiviruses were purchased 
from Hanbio Co., Ltd. (Shanghai, China). The sequences 
of the shRNAs are provided in Supplementary Table S2.

Carnosine concentration measurement  The carno-
sine concentration in the serum and BM extracellular 
fluid (ECF) of the mice was determined using a high-
performance liquid chromatography (HPLC) system, as 
reported previously [28].

Quantitative PCR (qPCR)  The relative mRNA expres-
sion of the genes mentioned in this study was detected 
using a CFX96 real-time PCR platform (Bio-Rad, CA, 
USA) as we have previously reported [27]. The sequences 
of the primer used are listed in Supplementary Tables S3 
and S4.

Western blotting  Mouse soleus muscle samples, LSKs 
(pooled from 7 to 8 mice) or human CD34+ CB cells were 
lysed in RIPA buffer, and separated by SDS-PAGE fol-
lowed by incubation with anti-MYH1/2 (Abcam, Cam-
bridge, UK), anti-GAPDH (Invitrogen, Carlsbad, CA, 
USA), anti-p53 (Abcam), anti-p-p53 (Ser15) (Invitrogen), 
anti-p21 (Abcam), anti-Puma (Invitrogen), SLC15A2 
(Novus, Colorado, USA) or anti-β-actin (Cell Signaling 
Technology, Danvers, MA, USA). The details of the anti-
bodies used are provided in Supplementary Table S1.



Page 4 of 16Zeng et al. Cell Communication and Signaling          (2024) 22:582 

Citrate synthase activity assay  The tissue homogenate 
supernatant samples were obtained from the soleus mus-
cles of mice. Then, citrate synthase activity was detected 
using the citrate synthase assay kit (Sigma) following the 
manufacturer’s protocol.

RNA sequencing (RNA-seq)  LT-HSCs were freshly 
sorted from the BM of unirradiated or irradiated mice 
treated with saline or carnosine, followed by immediate 
isolation of total RNA. After quality control, the sequenc-
ing was performed at Sinotech Genomics Co., Ltd. (Shang-
hai, China). The differentially expressed genes (DEGs) 
were screened based on the criteria of a fold change > 1.5 
and a q-value < 0.05 and are represented in a volcano plot. 
Gene set enrichment analysis (GSEA) was performed as 
we described previously [4]. All the raw data have been 
uploaded to the Gene Expression Omnibus (GEO) data-
base (no. GSE252894 and no. GSE281040).

Chromatin immunoprecipitation (ChIP)  This assay 
was performed according to our previous report [27]. 
Briefly, Lin− c-Kit+ Sca1+ cells (LSKs) were first isolated 
from the BM of irradiated mice treated with saline or 
carnosine. The binding of p53 to the promoter regions 
of Cdkn1a and Bbc3 was subsequently analyzed with a 
NovoNGS® CUT&Tag 2.0 High-Sensitivity Kit (Novo-
protein Scientific, Inc., Shanghai, China) according to 
the manufacturer’s instructions. The antibodies and 
sequences of the primers used are listed in Supplementary 
Tables S1 and S5, respectively.

Molecular docking  The binding affinity of carnosine 
for p53 was analyzed using AutoDock Vina software 
1.5.6 (Scripps Research Institute, La Jolla, CA, USA). In 
brief, the protein structure of p53 was acquired through 
homologous modeling, and the carnosine structure was 
obtained from the PubChem database. The protein and 
small molecules were then prepared through the addition 
of hydrogens, charges and solvation parameters, using 
AutoDock Tools, followed by a docking procedure. The 
optimal binding conformation was selected based on 
the lowest binding energy for analysis of the interaction 
model and binding sites.

Surface plasmon resonance (SPR)  The SPR assay was 
performed according to the manufacturer’s instructions. 
Briefly, recombinant p53 protein was immobilized onto 
a CM5 sensor chip (GE Healthcare, Uppsala, Sweden). 
A range of carnosine concentrations was subsequently 
flowed through the chip. The binding of carnosine 
with p53 was tested using a Biacore T200 system (GE 
Healthcare).

Statistical analysis  Differences between two groups were 
compared using a Student’s t test, and one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test was 
used to determine differences among multiple groups. 
The survival rates of the mice in multiple groups were 
calculated using the pairwise log-rank test. All data were 
analyzed with GraphPad Prism 8.0.0 (La Jolla, CA, USA) 
or SPSS 22.0 (IBM, Chicago, USA) and are presented as 
mean ± standard deviation (SD). A p < 0.05 was defined as 
the threshold for a statistically significant difference.

Results
Long-term moderate exercise alleviates IR-induced 
hematopoietic injury in mice
To systematically assess the radioprotective effects of 
physical exercise, we established a mouse model of long-
term treadmill running (Fig.  1A; Supplementary Figure 
S1A). The improved muscle function in mice after exer-
cise was confirmed by varying degrees of elevation in 
levels of myosin heavy chain and citrate synthase activity 
(Supplementary Figures S1B, C). Consistent with the pre-
vious report [17], exercised mice did not exhibit signifi-
cant changes in hematopoietic phenotypes and functions 
at steady state (Supplementary Figures S1D-I). Interest-
ingly, exercise promoted the recovery of white blood cells 
(WBCs), red blood cells (RBCs) and platelets (PLTs) in 
the PB of mice after exposure to 5.0  Gy IR (Fig.  1B-D). 
Considering that the differences between the two groups 
were greatest on day 15 after IR, a critical period for 
hematopoietic regeneration, we focused on this time 
point for subsequent analyses. Compared with sedentary 
controls, exercised mice presented an increased number 
of total BM cells after IR (Fig.  1E; Supplementary Fig-
ure S1J). In particular, using flow cytometric analysis, 
we found that exercise attenuated the loss of LSKs and 
myeloid progenitors (MPs) in the BM of irradiated mice 
(Fig. 1F, G). Further analysis revealed that the numbers of 
all three LSK subpopulations, including long-term HSCs 
(LT-HSCs), short-term HSCs (ST-HSCs) and multipotent 
progenitors (MPPs), as well as various lineage-commit-
ted progenitors were greater in exercised mice after IR 
(Fig. 1F, H; Supplementary Figures S1K, L). More impor-
tantly, an increased survival rate was observed in exer-
cised mice subjected to lethal IR (Fig. 1I).

In addition to acute hematopoietic syndrome, radia-
tion can induce chronic BM injury principally due to 
HSC senescence, which may last a lifetime [29, 30]. 
Although conventional parameters largely recovered in 
mice 2 months after 5.0  Gy IR, HSC function was still 
abnormal at this time, which was characterized by ele-
vated senescence-associated β-galactosidase (SA-β-gal) 
activity, myeloid skewing and loss of self-renewal abil-
ity [30–32]. Importantly, we discovered that exercise 
reduced SA-β-gal activity in HSCs 2 months after IR 
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(Fig.  1J). In addition, HSCs from exercised mice exhib-
ited decreased myeloid skewing following IR exposure, 
as determined through the detection of the percentage of 
CD150hi cells in LT-HSCs and the lineage distribution in 
the PB (Fig.  1K, L). To evaluate whether exercise could 
improve the self-renewal capacity of irradiated HSCs, 

we performed a competitive transplantation experiment 
using purified LT-HSCs (Supplementary Figure S1M). 
The chimerism levels of exercised mouse-derived cells 
in recipient mice were significantly greater than those 
in control-derived cells (Fig. 1M, N). Moreover, reduced 
myeloid reconstruction of irradiated HSCs was also 

Fig. 1  Long-term moderate exercise alleviates IR-induced hematopoietic injury in mice. (A) The strategy of sedentary (Sed) or exercise (Ex) treatment 
in mice. (B-D) The counts of (B) WBCs, (C) RBCs and (D) PLTs in the PB of Sed or Ex mice at the indicated time after 5.0 Gy IR (n = 10). (E) The number of 
total BM cells (one femur and tibia) from Sed or Ex mice at day 15 after 5.0 Gy IR (n = 10). (F) Representative flow cytometric analysis of MPs, LSKs, LT-HSCs, 
ST-HSCs and MPPs from the BM of Sed or Ex mice at day 15 after 5.0 Gy IR. (G, H) The numbers of (G) MPs, LSKs, (H) LT-HSCs, ST-HSCs and MPPs in the BM 
(one femur and tibia) of Sed or Ex mice at day 15 after 5.0 Gy IR (n = 6). (I) The survival rates of Sed or Ex mice after 8.0 Gy IR (n = 10). (J) Flow cytometric 
analysis of the percentage of SA-β-gal+ cells in LT-HSCs from the BM of Sed or Ex mice 2 months after 5.0 Gy IR (n = 6). (K) Flow cytometric analysis of the 
percentage of CD150hi cells in LT-HSCs from the BM of Sed or Ex mice 2 months after 5.0 Gy IR (n = 6). (L) Flow cytometric analysis of the lineage distribu-
tion in the PB from Sed or Ex mice 2 months after 5.0 Gy IR (n = 6). (M, N) LT-HSCs isolated from the BM of Sed or Ex mice 2 months after 5.0 Gy IR, along 
with CD45.1 BM cells, were transplanted into lethally irradiated CD45.1 mice. Sixteen weeks later, the BM cells from primary recipients were transplanted 
into lethally irradiated secondary recipients. The percentage of CD45.2+ cells in the PB of recipients at the indicated time after primary and secondary 
transplantation was analyzed by flow cytometry (n = 6). (M) Representative flow cytometric plots at 16 weeks after primary and secondary transplantation 
are shown. Data are shown as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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observed in exercised mice (Supplementary Figure S1N). 
Taken together, these findings suggested that exercise 
might play a critical role in counteracting acute and long-
term BM injury following IR stress.

Exercise-generated carnosine contributes to protection 
against IR-induced HSC injury
Exercise can cause significant changes in multiple factors 
in the circulation that are secreted from skeletal muscles 
[24]. Carnosine is an endogenous dipeptide composed of 
β-alanine and L-histidine, the synthesis of which is cata-
lyzed by carnosine synthase Carns1, which is mainly dis-
tributed in skeletal muscles [33, 34]. Studies have shown 
that carnosine is capable of accelerating the healing of 
IR-induced lung and testicular seminiferous tubule dam-
age [35, 36]. Notably, carnosine levels gradually increased 
in the serum and BM ECF of mice after exercise (Fig. 2A; 
Supplementary Figures S2A-D), which was consistent 
with the findings of previous studies [37, 38]. To inves-
tigate whether carnosine mediated the radioprotective 
effect of exercise, we next generated a skeletal muscle-
specific Carns1 knockout mouse model (Supplementary 
Figure S2E). Deletion of Carns1 was confirmed in the 
skeletal muscles of Carns1flox/flox/HSA-Cre+ (hereafter 
referred to as CarncKO) mice but not Carns1flox/flox/HSA-
Cre− (hereafter referred to as Carnfl/fl) mice (Supple-
mentary Figure S2F). Accordingly, even after exercise, 
carnosine was nearly undetectable in the BM ECF of 
CarncKO mice (Fig.  2B). Importantly, Carns1 deficiency 
largely abolished the protective effects of exercise on 
HSC injury caused by IR, although it was dispensable 
for homeostatic hematopoiesis (Fig.  2C-K; Supplemen-
tary Figures S2G-M). Hence, these findings illustrated 
that exercise protected HSCs from IR injury primarily by 
increasing carnosine production.

Carnosine injection ameliorates HSC damage in mice 
following IR exposure
To determine whether carnosine could serve as a poten-
tial radioprotective agent for hematopoiesis, we treated 
mice with different doses of carnosine in the context of IR 
(Fig. 3A). Compared with exercise, injecting doses greater 
than 50 mg/kg could achieve higher levels of carnosine in 
mice (Supplementary Figures S3A, B). It was found that 
carnosine increased the survival rate of mice, as well as 
acute hematopoietic recovery, after IR in a dose-depen-
dent manner within 100  mg/kg, while the effects could 
be not further improved when the dose was increased to 
200 mg/kg (Fig. 3B-F). On the basis of the above results, 
100 mg/kg may be an ideal dose for further study, which 
may have a stronger antiradiation effect than exercise. 
Notably, flow cytometric analysis revealed that carnosine 
supplementation significantly increased the numbers of 
HSCs and various hematopoietic progenitor cells in the 

BM of irradiated mice (Fig. 3G-I; Supplementary Figure 
S3C). Similarly, IR-induced HSC senescence was also 
substantially mitigated in mice when treated with car-
nosine (Fig. 3J-M; Supplementary Figures S3D, E). These 
data indicated that carnosine could effectively ameliorate 
BM damage caused by IR.

Carnosine protects HSCs from IR via the transporter 
Slc15a2
Current studies suggest that carnosine crosses the cellu-
lar membrane primarily via the oligopeptide transporter 
family members Slc15a1-4 [39, 40]. Through analy-
sis of public microarray data and our previously pub-
lished RNA-seq data, we found that Slc15a2 was highly 
expressed in HSCs from the BM of normal mice (Fig. 4A, 
B). This finding was further verified by qPCR analysis of 
purified BM subpopulations (Fig. 4C). To clarify whether 
Slc15a2 mediated the radioprotective effect of carno-
sine, we used hematopoietic-specific Slc15a2 conditional 
knockout mice (Supplementary Figure S4A). Com-
pared with Slc15a2flox/flox/Mx1-Cre− (hereafter, referred 
to as Slcfl/fl) mice, Slc15a2 depletion was only induced 
in hematopoietic cells from Slc15a2flox/flox/Mx1-Cre+ 
(hereafter, referred to as SlccKO) mice by pIpC injection 
(Supplementary Figure S4B). However, we discovered 
that Slc15a2 was not essential for adult hematopoiesis at 
steady state (Supplementary Figures S4C-G). Intriguingly, 
carnosine injection accelerated acute hematopoietic 
recovery and increased the survival rate in normal mice 
but not in Slc15a2-deficient mice following IR (Fig. 4D-
H). Moreover, carnosine supplementation did not inhibit 
IR-induced long-term functional compromise in HSCs 
after Slc15a2 ablation (Fig.  4I-L). Overall, the uptake of 
carnosine by Slc15a2 was required to facilitate hemato-
poietic regeneration after IR.

Carnosine facilitates the proliferation and survival of HSCs 
after IR
To obtain insight into the underlying molecular mecha-
nism, we subsequently performed an RNA-seq analysis. 
The data revealed that a total of 2550 genes were dif-
ferentially expressed between the saline and carnosine-
treated groups after IR, whereas only 503 DEGs were 
found in those without IR (Fig.  5A; Supplementary Fig-
ure S5A), suggesting that carnosine treatment mainly 
changed the transcriptional levels in HSCs under IR con-
ditions. Interestingly, GSEA revealed that cell cycle- and 
proliferation-associated genes were upregulated, whereas 
quiescence-associated genes were downregulated in irra-
diated HSCs treated with carnosine (Fig.  5B). Consis-
tent with these findings, cell cycle analysis revealed that 
the percentage of HSCs in the G0 phase was decreased 
and that the percentage of HSCs in the G1 and S/G2/M 
phases was increased following carnosine administration, 
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which was further corroborated by the in vivo BrdU 
incorporation assay (Fig.  5  C, D). As anticipated, HSCs 
from IR-exposed mice injected with carnosine presented 
increased colony formation in vitro (Fig.  5E). On the 

other hand, GSEA revealed that carnosine supplementa-
tion inhibited IR-induced apoptosis in HSCs, which was 
verified by flow cytometric analysis (Fig.  5B, F). Similar 
results were obtained from the in vitro assay, with 40 

Fig. 2  Exercise-generated carnosine contributes to protecting HSC injury from IR. (A) The levels of carnosine in the BM ECF of mice at the indicated time 
after Sed and Ex treatment (n = 5). (B) The levels of carnosine in the BM ECF of Carnfl/fl or CarncKO mice with or without exercise for 12 weeks (n = 5). A 
twelve weeks exercise program was used for subsequent experiments. (C) The counts of WBCs in the PB of Carnfl/fl or CarncKO mice with or without exer-
cise at day 15 after 5.0 Gy IR (n = 10). (D) The number of total BM cells (one femur and tibia) from Carnfl/fl or CarncKO mice with or without exercise at day 
15 after 5.0 Gy IR (n = 6). (E) Representative flow cytometric analysis of LSKs and LT-HSCs from the BM of Carnfl/fl or CarncKO mice with or without exercise 
at day 15 after 5.0 Gy IR. (F, G) The number of (F) LSKs and (G) LT-HSCs in the BM (one femur and tibia) of Carnfl/fl or CarncKO mice with or without exercise 
at day 15 after 5.0 Gy IR (n = 6). (H) Flow cytometric analysis of the percentage of SA-β-gal+ cells in LT-HSCs from the BM of Carnfl/fl or CarncKO mice with 
or without exercise 2 months after 5.0 Gy IR (n = 6). (I) Flow cytometric analysis of the percentage of CD150hi cells in LT-HSCs from the BM of Carnfl/fl or 
CarncKO mice with or without exercise 2 months after 5.0 Gy IR (n = 6). (J) Flow cytometric analysis of the lineage distribution in the PB from Carnfl/fl or 
CarncKO mice with or without exercise 2 months after 5.0 Gy IR (n = 6). (K) LT-HSCs isolated from the BM of Carnfl/fl or CarncKO mice with or without exer-
cise 2 months after 5.0 Gy IR, along with CD45.1 BM cells, were transplanted into lethally irradiated CD45.1 mice. Sixteen weeks later, the BM cells from 
primary recipients were transplanted into lethally irradiated secondary recipients. The percentage of CD45.2+ cells in the PB of recipients at 16 weeks after 
secondary transplantation was analyzed by flow cytometry (n = 6). Data are shown as the mean ± SD. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001
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µM as the optimal carnosine concentration (Supplemen-
tary Figure S5B). Furthermore, through analysis of genes 
related to the cell cycle based on the RNA-seq data, we 
observed that expression of the cyclin-dependent kinase 
inhibitor p21 was markedly reduced in irradiated HSCs 

treated with carnosine (Fig.  5A). In addition, carnosine 
strikingly attenuated the expression of Puma, a dominant 
gene that drives HSC apoptosis [41], after IR (Fig.  5A). 
These results were further confirmed at the mRNA and 
protein levels (Fig.  5G-J, Supplementary Figures S5C, 

Fig. 3  Carnosine injection ameliorates the damage of HSCs in mice following IR exposure. (A) The strategy of IR and saline (Sal) or carnosine (Car) injec-
tion in mice. (B) The survival rate of control (Ctrl) mice or mice treated with Sal or different doses of Car (10, 50, 100 or 200 mg/kg) after 8.0 Gy lethally IR 
(n = 10). (C-E) The counts of (C) WBCs, (D) RBCs and (E) PLTs in the PB of Ctrl mice or mice treated with Sal or different doses of Car at day 15 after 5.0 Gy 
IR (n = 10). (F) The number of total BM cells (one femur and tibia) from Ctrl mice or mice treated with Sal or different doses of Car at day 15 after 5.0 Gy 
IR (n = 6). A 100 mg/kg injection dose of Car was used for subsequent experiments. (G) Representative flow cytometric analysis of MPs, LSKs, LT-HSCs, 
ST-HSCs and MPPs from the BM of Ctrl mice or mice treated with Sal or Car at day 15 after 5.0 Gy IR. (H, I) The numbers of (H) MPs, LSKs, (I) LT-HSCs, ST-
HSCs and MPPs in the BM (one femur and tibia) of Ctrl mice or mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (J) Flow cytometric analysis of 
the percentage of SA-β-gal+ cells in LT-HSCs from the BM of Ctrl mice or mice treated with Sal or Car 2 months after 5.0 Gy IR (n = 6). (K) Flow cytometric 
analysis of the percentage of CD150hi cells in LT-HSCs from the BM of Ctrl mice or mice treated with Sal or Car 2 months after 5.0 Gy IR (n = 6). (L) Flow 
cytometric analysis of the lineage distribution in the PB from Ctrl mice or mice treated with Sal or Car 2 months after 5.0 Gy IR (n = 6). (M) LT-HSCs isolated 
from the BM of Ctrl mice or mice treated with Sal or Car 2 months after 5.0 Gy IR, along with CD45.1 BM cells, were transplanted into lethally irradiated 
CD45.1 mice. Sixteen weeks later, the BM cells from primary recipients were transplanted into lethally irradiated secondary recipients. The percentage of 
CD45.2+ cells in the PB of recipients at the indicated time after primary and secondary transplantation was analyzed by flow cytometry (n = 6). Data are 
shown as the mean ± SD. Compared with IR + Sal group, **P < 0.01, ***P < 0.001; Compared with Ctrl group, ###P < 0.001
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D). In contrast, other cell cycle- or apoptosis-associated 
genes, with the exception of p27, which was slightly 
downregulated, were largely unchanged (Supplementary 
Figures S5C, D). Importantly, the above effects of car-
nosine were largely abrogated in the absence of Slc15a2 
(Supplementary Figures S5E-H). Of note, exercise had a 
similar role in facilitating HSC expansion and survival 

after IR, which disappeared after the deletion of Carns1 
in skeletal muscle (Supplementary Figures S5I-L). Thus, 
carnosine accelerated hematopoietic recovery post-IR, 
likely by regulating the proliferation and apoptosis of 
HSCs.

Fig. 4  Carnosine protects HSCs from IR via the transporter Slc15a2. (A) The expression of Slc15a1-4 in murine hematopoietic cells. Data were obtained 
from the Gene Expression Commons database. (B) The expression of Slc15a1-4 in LT-HSCs from the BM of normal mice (n = 3). Data were obtained from 
SRA database (No. PRJNA891790). (C) qPCR analysis of expression of Slc15a2 in the indicated cell populations purified from the BM of normal mice (n = 3). 
The relative expression of Slc15a2 was compared with that in LT-HSCs. (D) The counts of WBCs in the PB of Slcfl/fl or SlccKO mice treated with Sal or Car at 
day 15 after 5.0 Gy IR (n = 10). (E) The number of total BM cells (one femur and tibia) from Slcfl/fl or SlccKO mice treated with Sal or Car at day 15 after 5.0 Gy 
IR (n = 6). (F, G) The numbers of (F) LSKs and (G) LT-HSCs in the BM (one femur and tibia) of Slcfl/fl or SlccKO mice treated with Sal or Car at day 15 after 5.0 Gy 
IR (n = 6). (H) The survival rates of Slcfl/fl or SlccKO mice treated with Sal or Car after 8.0 lethally Gy IR (n = 10). (I) Flow cytometric analysis of the percentage of 
SA-β-gal+ cells in LT-HSCs from the BM of Slcfl/fl or SlccKO mice treated with Sal or Car 2 months after 5.0 Gy IR (n = 6). (J) Flow cytometric analysis of the per-
centage of CD150hi cells in LT-HSCs from the BM of Slcfl/fl or SlccKO mice treated with Sal or Car 2 months after 5.0 Gy IR (n = 6). (K) Flow cytometric analysis 
of the percentage of myeloid cells in PB of Slcfl/fl or SlccKO mice treated with Sal or Car 2 months after 5.0 Gy IR (n = 6). (L) LT-HSCs isolated from the BM of 
Slcfl/fl or SlccKO mice treated with Sal or Car 2 months after 5.0 Gy IR, along with CD45.1 BM cells, were transplanted into lethally irradiated CD45.1 mice. 
Sixteen weeks later, the BM cells from primary recipients were transplanted into lethally irradiated secondary recipients. The percentage of CD45.2+ cells 
in the PB of recipients at 16 weeks after primary and secondary transplantation was analyzed by Flow cytometry (n = 6). Data are shown as the mean ± SD. 
ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001
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Carnosine directly inhibits the transcriptional activity of 
p53 in HSCs after IR
Increased p53 activity after IR is accountable for cell 
cycle arrest and apoptosis in HSCs, which results in 
acute hematopoietic injury [42, 43]. In addition, hyper-
activation of the p53/p21 axis can irreversibly arrest 

the cell cycle, ultimately inducing HSC senescence and 
residual myelosuppression following IR exposure [9, 
44]. Notably, the p53 signaling pathway and p53 targets 
markedly dampened in irradiated HSCs after carnosine 
intervention (Fig.  6A). Indeed, the effector molecules 
p21 and Puma are direct targets of p53 and can initiate 

Fig. 5  Carnosine facilitates the proliferation and survival of HSCs post IR. (A, B) RNA-Seq analysis of LT-HSCs in the BM of mice treated with Sal or Car at day 
15 after 5.0 Gy IR (n = 3). (A) Volcano plot revealing the DEGs between two groups. (B) GSEA of the indicated gene sets using the RNA-Seq data. (C) Flow 
cytometric analysis of the cell cycle of LSKs and LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (D) Flow cytometric 
analysis of the in vivo BrdU incorporation in LSKs and LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (E) Colony forma-
tion analysis of LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 5). (F) Flow cytometric analysis of the apoptosis of LSKs 
and LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (G) Flow cytometric analysis of the expression of p21 in LSKs and 
LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (H) Western blot analysis of the expression of p21 in LSKs sorted from 
the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 7–8 mice were pooled). (I) Flow cytometric analysis of the expression of Puma in LSKs 
and LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (J) Western blot analysis of the expression of Puma in LSKs sorted 
from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 7–8 mice were pooled). Data are shown as the mean ± SD. **P < 0.01, ***P < 0.001
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Fig. 6  Carnosine directly inhibits the transcriptional activity of p53 in HSCs after IR. (A) GSEA of the p53 pathway and p53 targets using the RNA-Seq data 
obtained from LT-HSCs in the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR. (B) qPCR analysis of the expression of p53 and its target genes in 
LT-HSCs sorted from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 3). (C) Flow cytometric analysis of the expression of p53 in LSKs and 
LT-HSCs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 6). (D) Western blot analysis of the expression of p53 in LSKs sorted from 
the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 7–8 mice were pooled). (E, F) Molecular docking shows the interaction of carnosine 
with p53 and the binding energy is -8.56 kcal/mol. (G, H) SPR analysis of the binding affinity of carnosine with p53. (I) ChIP-seq analysis revealing the p53 
binding sites in the promoter region of Cdkn1a and Bbc3 gene in mice. Data were obtained from BioStudies database (No. E-MTAB-3954). (J) ChIP analysis 
of the binding of p53 to the promoter region of Cdkn1a and Bbc3 in LSKs from the BM of mice treated with Sal or Car at day 15 after 5.0 Gy IR (n = 3). 
Cdkn1a, the gene name of p21; Bbc3, the gene name of Puma. (K) Flow cytometric analysis of the cell cycle of LT-HSCs from the BM of mice treated with 
Sal or Car, along with Veh or Nutlin-3a (Nut), at day 15 after 5.0 Gy IR (n = 6). (L) Flow cytometric analysis of the apoptosis of LT-HSCs from the BM of mice 
treated with Sal or Car, along with Veh or Nut, at day 15 after 5.0 Gy IR (n = 6). (M) The number of LT-HSCs in the BM (one femur and tibia) of mice treated 
with Sal or Car, along with Veh or Nut, at day 15 after 5.0 Gy IR (n = 6). (N) Flow cytometric analysis of the percentage of CD150hi cells in LT-HSCs from the 
BM of mice treated with Sal or Car, along with Veh or Nut, 2 months after 5.0 Gy IR (n = 6). (O) Flow cytometric analysis of the percentage of SA-β-gal+ cells 
in LT-HSCs from the BM of mice treated with Sal or Car, along with Veh or Nut, 2 months after 5.0 Gy IR (n = 6). (P) LT-HSCs isolated from the BM of mice 
treated with Sal or Car, along with Veh or Nut, 2 months after 5.0 Gy IR were transplanted into lethally irradiated CD45.1 mice, together with CD45.1 BM 
cells. The percentage of CD45.2+ cells in the PB of recipients at 16 weeks after transplantation was analyzed by flow cytometry (n = 6). Compared with 
IR + Sal or IR + Car + Veh group, **P < 0.01, ***P < 0.001; Compared with IR + Sal + Veh group, ###P < 0.001
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transcription after binding to specific DNA regions [44]. 
In addition, decreases in other p53 downstream genes 
were verified in irradiated HSCs in the presence of car-
nosine (Fig.  6B). Surprisingly, carnosine treatment did 
not affect the expression of p53 itself or p-p53, in HSCs 
following IR (Fig.  6B-D; Supplementary Figures S6A, 
B). These data prompted us to speculate that carnosine 
might be involved in directly suppressing the transcrip-
tional activity of p53. To validate this notion, we next 
conducted a molecular docking analysis of the p53 pro-
tein with carnosine and found that carnosine had a high 
affinity for p53 (Fig. 6E, F). Importantly, most amino acid 
residues that interact with carnosine were located in the 
core DNA-binding domain of p53 (residues 92–292), 
such as SSR96, ARG264, ARG155, and GLU255 (Fig. 6E, 
F). Subsequently, an SPR assay revealed that the equi-
librium dissociation (KD value) was 16.6 µM for the 
interaction of p53 with carnosine (Fig.  6G, H). On the 
other hand, a ChIP assay revealed an evident decrease in 
p53-mediated transcriptional activation of Cdkn1a and 
Bbc3 in irradiated HSCs after carnosine administration, 
further reinforcing our findings (Fig. 6I, J).

To determine whether carnosine functions was depen-
dent on p53, we used the p53 agonist Nutlin-3a, which 
can prevent p53 protein degradation by inhibiting the 
interaction of the E3-ubiquitin ligase Mdm2 with p53 
[45, 46]. The upregulation of the expression of p53 was 
determined in HSCs after Nutlin-3a treatment (Supple-
mentary Figure S6C). As expected, Nutlin-3a administra-
tion increased the levels of p21 and Puma in irradiated 
HSCs treated with carnosine, thereby partly abolishing 
the radioprotective effect of carnosine (Fig. 6K-P; Supple-
mentary Figures S6D-J).

The carnosine/SLC15A2-p53 axis protects human HSCs 
from IR-induced injury
Finally, we sought to identify whether carnosine had a 
similar effect on human HSCs. The data from the pub-
lic microarray database revealed that SLC15A2 is also 
highly enriched in human HSCs, which was verified by 
qPCR analysis (Fig. 7A; Supplementary Figures S7A, B). 
Subsequently, we knocked down SLC15A2 expression 
in human CB CD34+ cells, and found that shSLC15A2-2 
was a great shRNA to downregulate the expression of 
SLC15A2 (Fig.  7B; Supplementary Figure S7C). Consis-
tent with the data from mice, knockdown of SLC15A2 
did not obviously affect the phenotype and function of 
human HSCs without IR (Supplementary Figures S7D-
F). Importantly, following IR exposure, the addition of 
carnosine impeded the decrease in total cell number and 
the percentage of HSCs in culture, whereas these changes 
almost disappeared after SLC15A2 knockdown (Fig. 7C, 
D). Moreover, carnosine treatment stimulated the prolif-
eration and suppressed the apoptosis of irradiated HSCs 

in the presence of SLC15A2 (Fig.  7E, F). Consequently, 
compared with the shSLC15A2 (hereafter referred to as 
the shSLC) group, shCtrl HSCs treated with carnosine 
after IR exhibited a greater ability to repopulate hemato-
poiesis in M-NSG mice, together with reduced myeloid-
skewed differentiation (Fig.  7G-I). Furthermore, the 
carnosine/SLC15A2 axis-mediated inactivation of the 
p53 signaling pathway in HSCs following IR was deter-
mined by detecting the expression of p21 and Puma at 
both the mRNA and protein levels (Fig. 7J; Supplemen-
tary Figures S7G-I). In summary, our data revealed that 
carnosine played an important role in mitigating IR-
induced HSC injury by inhibiting p53 activation (Fig. 7K).

Discussion
The hematopoietic system is extraordinarily vulner-
able to radiation injury, resulting in life-threatening 
changes including anemia, bleeding and infection [5, 8]. 
The depletion of functional HSCs, which can self-renew 
and differentiate into all types of blood cells, commonly 
occurs in people receiving intentional or accidental 
radiation exposure [47, 48]. After decades of research, 
the intrinsic mechanism of radiation damage specific 
to hematopoietic tissue has gradually been elucidated. 
However, the availability of suitable measures to protect 
against radiation is relatively insufficient. In the present 
study, we revealed for the first time that exercise-gener-
ated carnosine could alleviate acute and long-term hema-
topoietic injury after IR by restricting activation of the 
p53 signaling pathway in HSCs.

It is known that physical exercise has a profound 
impact on multiple tissues or organs in different ways 
[13, 24]. In this study, we systematically evaluated the 
effect of long-term moderate exercise on hematopoiesis 
in the context of IR and reported that exercise signifi-
cantly mitigated IR-induced acute myelosuppression in 
mice, which is strongly supported by related studies [14, 
20–22]. Meantime, our data revealed that IR-induced 
residual BM injury resulting from HSC senescence was 
also alleviated by exercise. Previous studies have focused 
more on classic factors generated from skeletal muscles, 
whereas carnosine, a multifunctional histidine-contain-
ing dipeptide, has been largely overlooked [24, 49]. On 
the basis of its biological characteristics, carnosine is 
involved in a variety of biological processes [34]. Notably, 
recent studies have reported that carnosine can relieve 
the BM damage induced by cyclophosphamide [50, 51]. 
Intriguingly, specific deletion of Carns1 in skeletal mus-
cles largely abrogated the exercise-mediated effects on 
HSCs after radiation, although exercise retained some 
effects on irradiated HSCs in CarncKO mice. These obser-
vations may be due to some other factors, such as IL-6, 
IGF-1 and FGF-2, also secreted by the muscles after 
exercise [24]. Specifically, we found that the carnosine 
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transporter Slc15a2 was highly expressed in mouse and 
human HSCs. Similar to that in exercised mice, acute 
hematopoietic recovery was substantially increased in 
irradiated mice after carnosine injection. Similarly, HSC 
senescence was evidently reversed in irradiated mice 
treated with carnosine, which is in accordance with the 

findings that both exercise and carnosine supplementa-
tion have the ability to treat aging-related diseases, such 
as Alzheimer’s disease, Parkinson’s disease and athero-
sclerosis [52–56]. However, carnosine showed a slight 
radioprotective effect on Slc15a2-deficient HSCs, indi-
cating that another transporter Slc15a4 might still allow 

Fig. 7  Carnosine/SLC15A2-p53 axis prevents human HSCs from IR-induced injury. (A) qPCR analysis of expression of SLC15A2 in the indicated cell 
populations purified from human CB (n = 3). The relative expression SLC15A2 was compared with that in HSCs. (B) Western blot analysis of expression of 
SLC15A2 in CB CD34+ cells after transfected with lentivirus carrying shCtrl, shSLC15A2-1, shSLC15A2-2 or shSLC15A2-3 (n = 3). (C-I) Human CB CD34+ cells 
transfected with shCtrl or shSLC were subjected to 2.0 Gy IR in the presence of Veh or Car. These cells were cultured for 10 days and then used for further 
analysis. (C) The number of total cells in the culture (n = 5). (D) Flow cytometric analysis of the percentage of CD34+ CD38− cells in the culture (n = 5). (E) 
Flow cytometric analysis of the cell cycle of CD34+ CD38− cells in the culture (n = 5). (F) Flow cytometric analysis of the apoptosis of CD34+ CD38− cells in 
the culture (n = 5). (G-I) CD34+ CD38− cells isolated from the cultured cells were transplanted into irradiated M-NSG mice. (G) The strategy of xenotrans-
plantation. (H) The percentage of hCD45+ cells in the BM of recipients at 16 weeks after transplantation (n = 8). (I) The lineage distribution of hCD45+ 
cells in the BM of recipients at 16 weeks after transplantation (n = 8). (J) qPCR analysis of expression of TRP53, CDKN1A and BBC3 in CD34+ CD38− cells 
purified from cultured cells (n = 3). (K) The schematic diagram showing how carnosine alleviates IR-induced hematopoietic injury. Data are shown as the 
mean ± SD. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001
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partial carnosine’s transport in HSCs. Alternatively, car-
nosine may regulate HSCs via an extrinsic mechanism, 
such as in a microenvironment-dependent manner. Col-
lectively, these data indicated that exercise or carnosine 
supplementation could be a potential strategy to increase 
resistance of the body to IR.

Previous studies, including our own work, have indi-
cated that HSCs are maintained in a quiescent state to 
preserve their self-renewal ability [3, 26]. However, exces-
sive suppression of HSC activation may dampen hema-
topoietic reconstitution during acute BM injury [6, 47]. 
In addition, irreversible cell cycle arrest may cause HSC 
senescence, leading to long-term hematopoietic suppres-
sion [44]. In this work, exercise or the addition of carno-
sine promoted the rapid proliferation of HSCs after IR. 
On the other hand, the extreme increase in apoptosis, a 
fundamental reason for the decrease in the number of 
HSCs after IR, was distinctly alleviated by exercise or car-
nosine intervention. Accumulating evidence reveals that 
overactivation of p53 contributes to cell cycle inhibition 
and apoptosis after IR, whereas alternative p53 inhibi-
tors, especially those used in hematopoiesis, are relatively 
rare [43, 46]. Interestingly, the p53 signaling pathway was 
significantly decreased in IR-exposed HSCs after carno-
sine treatment. On the basis of RNA-seq analysis, we dis-
covered that expression of the cell cycle inhibitor p21 and 
the proapoptotic factor Puma, which are downstream 
target genes of p53, was significantly downregulated in 
irradiated HSCs after carnosine administration. Taken 
together, these findings indicated that skeletal muscle-
derived carnosine promoted the proliferation and sur-
vival of HSCs subjected to IR injury.

DNA double-strand breaks caused by IR can be rec-
ognized by ataxia telangiectasia mutated (ATM), which 
subsequently activates p53 via direct and indirect phos-
phorylation [9]. However, the level of p53 phosphoryla-
tion was comparable between irradiated HSCs treated 
with or without carnosine. As a small molecule, carno-
sine has been shown to bind certain target proteins, 
such as GNMT and MMP-9, thereby regulating their 
function [57, 58]. These findings suggest that carnosine 
may be involved in directly inhibiting the activity of p53 
independent of its phosphorylation. Molecular docking, 
combined with SPR assay, revealed that carnosine could 
interact with p53 protein, especially the DNA-binding 
domain. Furthermore, the transcriptional activity of p53 
was markedly compromised in HSCs in the presence of 
carnosine, as determined by ChIP analysis. Consequently, 
increasing p53 protein levels via Nutlin-3a partially 
counteracted the effects of carnosine on HSCs after IR, 
further strengthening our hypothesis. Carnosine ame-
liorates IR-induced hematopoietic injury, at least in part, 
by regulating p53 activity. On the other hand, many anti-
oxidants, such as metformin, nicotinamide riboside, and 

grape seed proanthocyanidin extract, possess better anti-
radiation effects [59–61]. Since carnosine has the abil-
ity to scavenge active oxygen species (ROS), we assume 
that this capability may also play a role. Moreover, data 
obtained from extensive cell and animal experiments 
have shown that carnosine has few side effects within a 
certain dose range [34, 40]. Hence, carnosine may be a 
promising and safe radiation protectant. Additionally, in 
order to avoid potential estrogen interference in irradia-
tion, we used only male mice to carried out the study. The 
role of carnosine in female mice and whether carnosine 
has a coordinated effect with estrogen still need extra 
investigations.

In conclusion, our findings demonstrate that skeletal 
muscle-derived carnosine is an ideal agent for mitigating 
hematopoietic injury induced by IR through the inhibi-
tion of p53-dependent cell cycle arrest and apoptosis in 
HSCs. These data reveal a critical role of exercise or car-
nosine supplementation in facilitating HSC regeneration, 
providing therapeutic approaches for patients experienc-
ing myeloablative stress.
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