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Abstract 

Background  Obesity is accompanied by inflammation, which significantly affects the homeostasis of the immune 
microenvironment. Hematopoietic stem cells (HSCs), residing primarily in the bone marrow, play a vital role in main-
taining and producing diverse mature blood cell lineages for the adult hematopoietic and immune systems. However, 
how HSCs development is affected by obese-promoting inflammation, and the mechanism by which HSC hemat-
opoietic potency is affected by inflammatory signals originating from the obese-promoting changes on bone marrow 
niche remain unclear. This study elucidates the relationship between obesity-promoting inflammation and HSC fate 
determination.

Methods  The obesity mice model was established by feeding C57BL/6J mice a high-fat diet (HFD) containing 60% 
kcal fat. After 6 weeks, HSCs were analyzed using flow cytometry and identified key inflammation cytokine. Transcrip-
tome sequencing techniques were used to discern the distinct pathways in HSCs. Ultimately, confirming the biologi-
cal mechanism of obesity-induced HSC fate changes via Anakinra blocking specific inflammatory signals.

Results  Obesity caused by HFD changed the physical and biochemical properties of the bone marrow niche. In 
the HFD mice, the population of long-term HSCs in the bone marrow was decreased and facilitated HSCs differentia-
tion towards the myeloid lineage. In addition, HFD increased expression of the inflammatory factor IL-1β in the bone 
marrow, and a significantly increased expression of IL-1r1 and active p38/MAPK signaling pathway were detected 
in the HSCs. Inhibition of IL-1β further normalized the expression of genes in p38/MAPK pathway and reversed HSC 
fate.

Conclusions  These findings have been demonstrated that the p38/MAPK signaling pathway in HSCs is activated 
by elevated levels of IL-1β within the HSC niche in obese models, thereby regulating HSC differentiation. It suggested 
a direct link between obesity-promoting inflammation and myeloid differentiation bias of HSCs in the HFD mice.
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Graphical abstract

Background
Obesity has emerged as a global epidemic over the past 
5 decades [1], leading to various physiological issues and 
contributing significantly to conditions such as insu-
lin resistance, atherosclerosis, hyperlipidemia, cancer, 
non-alcoholic fatty liver disease, among others [2]. Fur-
ther exploration has increasingly revealed that inflam-
mation plays a crucial role in the progression of obesity 
and its related complications [3]. Obesity elevates levels 
of inflammatory cytokines, including tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6) and interleukin-1β 
(IL-1β), which cause chronic low-grade inflammation 
and lead to obesity-associated immune dysregulation in 
multiple organ systems [4]. Furthermore, obesity-pro-
moting inflammation is characterized by the infiltration 
of immune cells into metabolic tissues, such as adipose 
tissue [5]. For instance, in comparison to mice fed a 

normal diet (ND), those fed a high-fat diet (HFD) exhibit 
increased macrophages in adipose tissue, which further 
promote the expression of inflammatory cytokines [6]. 
Additionally, the number of mast cells and natural killer 
T cells in the adipose tissue of obese animals increases, 
which in turn contribute to inflammation and metabolic 
disorders [4].

Bone marrow, an important immune organ, which 
is composed of various types of immune and blood 
cells. It has been reported that 8–20% of mononuclear 
cells in bone marrow belong to lymphocytes [7]. The 
homeostasis of bone marrow immune microenviron-
ment is affected by age, metabolism and inflammation, 
and responds to infection and stress. Previous studies 
in rodent models induced by HFD have demonstrated 
elevated levels of pro-inflammatory cytokines (such as 
IL-1β, IL-6, and TNF-α) in bone marrow [8, 9]. Bone 
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marrow hematopoietic stem cells (HSCs) play a pivotal 
role in continuously replenishing the blood with millions 
of cells, including erythrocytes, T-cells, and B-cells [10–
12]. The bone marrow provides the necessary mechanical 
support [13] and biochemical signals to maintain HSC 
characteristics, such as self-renewal and differentiation, 
which is essential for the maintaining hematopoietic 
homeostasis [11, 14, 15]. Substantial evidence now indi-
cates that HSCs isolated from obese individuals display 
a tendency towards myeloid differentiation [7, 8, 16, 17]. 
However, it remains poorly understood whether specific 
inflammatory cytokines influence HSC fate transition in 
the bone marrow niche during the progression of obesity.

To investigate the impact of obesity-promoting bone 
marrow inflammation on HSC behaviors that determine 
changes in hematopoietic homeostasis, we constructed 
obesity mice model and analyzed the differences in the 
proliferation and differentiation of HSCs between obese 
and normal mice. Through comprehensive analysis of 
inflammatory cytokines in the bone marrow, IL-1β with 
higher expression emerged as a potent regulator of HSC 
fate changes in the obesity-associated bone marrow. 
Moreover, high-throughput transcriptome sequencing 
analysis of bone marrow HSCs revealed that IL-1β influ-
ences HSC fate by activating the p38/MAPK signaling 
pathway based on the ligand-receptor interaction.

We comprehensively report changes in prolifera-
tion and differentiation of HSCs, and clearly identify 
IL-1β induced by obesity plays a pivotal role that driv-
ing changes in the bone marrow HSCs. Our finding pro-
vides insights into better understanding of the influence 
of obesity on hemopoietic homeostasis, highlighting 
inflammation as a key mechanism regulating HSC dif-
ferentiation. The IL-1β-triggered p38/MAPK signaling 
pathway offers a fresh look at how obesity impacts the 
decisions made by HSCs about their fate, revealing new 
insights into this process.

Methods
Experimental animals
The experimental subjects consisted of C57BL/6J male 
mice, adhering to the specific pathogen-free (SPF) stand-
ard. These mice, aged 5 weeks and weighing between 
17 and 19  g, were procured from the Animal Culture 
Center of the Medical Research Institute at Xi’an Jiao-
tong University. Subsequently, they were housed within 
the animal facility at the Life College of Northwest Poly-
technical University. To ensure acclimation, a one-week 
period of adaptive feeding was provided before the mice 
were randomly allocated into two groups. The experi-
mental protocols involving mice followed the ARRIVE 
guidelines 2.0 (Animal Research: Reporting of In  Vivo 
Experiments).  These groups were administered distinct 

diets every three days: a 60% high-fat diet (Catalog No. 
D12492, Research Diets) and a 10% low-fat diet (Cata-
log No. D12450J, Research Diets) [17]. Weekly monitor-
ing of mice weights was conducted throughout the study. 
To interrupt IL-1β signaling, a human IL-1β receptor 
antagonist, anakinra (SOBI, #AB666-5823407), was intra-
peritoneally injected at a dosage of 10mg/kg following 
four weeks of the HFD [18]. The mice were euthanized 
via cervical dislocation, preceded by anesthesia induced 
through inhalation of an overdose of isoflurane (Iflurane, 
CAS: 26675-46-7). It is important to note that in this 
study, no anesthesia of any kind was administered to the 
animals except during the euthanasia process. This spe-
cific procedure was designed with the aim of minimizing 
discomfort and pain experienced by the animals. A more 
detailed description of the anesthesia protocol utilized 
during euthanasia is provided in the subsequent section 
outlining the specific experimental methods.

Sample preparation
The mouse was placed beneath a clean beaker, along-
side a cotton ball pre-saturated with 100  μL of isoflu-
rane. It was then allowed to remain undisturbed for a 
period of 1–2 min, during which time the mouse’s tail 
could be gently pinched to assess its level of anesthesia. 
The experiment was commenced only after confirming 
that the mouse had achieved complete anesthesia and 
loss of consciousness, in order to minimize any poten-
tial pain or discomfort. Subsequently, blood was col-
lected via ocular puncture. Following the completion of 
the blood collection procedure, the mouse was eutha-
nized by cervical dislocation, and then the dissection 
experiment was conducted. Blood samples were col-
lected from the orbital sinus and promptly pipetted into 
anticoagulant tubes for blood component analysis. The 
remaining blood was reserved for serum isolation [19]. 
After orbital blood collection, various adipose tissues 
were meticulously dissected, including epididymal fat, 
perirenal fat, subcutaneous fat, intestinal membrane 
fat, and dorsal brown fat, each of which was weighed 
using an electronic balance. Subsequently, femur and 
tibia specimens from the mice were immersed in 4% 
paraformaldehyde (Servicebio, #G1101-500ML) for a 
minimum of 48 h and then subjected to EDTA decalci-
fication (Servicebio, #G1105-500ML) for approximately 
15  days. The decalcification solution was replenished 
every three days, and the decalcification process was 
deemed successful when bone penetration occurred 
effortlessly. These specimens were then utilized for 
subsequent immunohistochemistry and hematoxy-
lin and eosin (HE) staining. Following femur isolation, 
bone marrow was gently flushed out using PBS and 
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promptly frozen for sectioning. Atomic force micros-
copy was employed to determine the Young’s modulus 
of fresh bone marrow tissue [20].

In vivo assays
Mice, following an overnight fast, received glucose solu-
tion (kermel, CAS: 50-99-7) via gavage at a dose of 1 g/
kg. Blood glucose levels were monitored and recorded 
at 15-min intervals for up to 120 min post-gavage. Blood 
samples are obtained by pricking the tail of the mouse, 
and only 5  µl of blood need to be gently squeezed out 
each time. To reduce stress on the mouse, its tail can be 
gently stroked every day for a week before the experiment 
begins. This data was employed to construct blood glu-
cose value curves at six time points, and the area under 
the curve was calculated to assess mouse blood glucose 
tolerance [21].

For the measurement of total cholesterol, triglyceride, 
low-density lipoprotein, and high-density lipoprotein lev-
els in the serum, we used the corresponding kits (Nanjing 
Jiancheng, #A111-1-1, #A110-1-1, #A113-1-1, #A112-1-
1) to conduct the tests.

Cell preparation and flow cytometry
Femoral and tibial specimens were collected after eutha-
nizing the mice using the previously described methods. 
Bone marrow cells were harvested by flushing femurs 
and tibias and subsequently suspended in phosphate-
buffered saline (PBS) containing 2% fetal bovine serum 
(FBS). After filtration to remove cell debris, red blood 
cells were lysed using red blood cell lysis buffer (TIAN-
GEN, RT122-02) [19]. Bone marrow mononuclear cells 
were collected following two PBS washes.

HSCs were identified using phycoerythrin FITC-con-
jugated antibodies [22] against CD3, B220, CD11b, Ter-
119, and Gr-1 (eBioscience, #22-7770-72); PE anti-Sca-1, 
clone D7 (eBioscience, #12-5981-81); AF700 anti-c-kit 
clone 2B8 (BioLegend, #105846); APC anti-CD34, clone 
MEC14.7 (BioLegend, #119309); BV510 anti-CD16/32, 
clone 93 (BioLegend, #101333); Pecp/cyanine 5.5 anti-
IL-7R, clone A7R34 (BioLegend, #135022); BV421 
anti-CD135, clone A2F10 (BioLegend, #135313). Flow 
cytometry (model: BDFACSCelesta, BD, San Jose, CA, 
USA) was employed for cell analysis, with data evalu-
ation conducted using FlowJo (version 10.6.2) [19]. The 
Annexin V/PI apoptosis Kit (dojindo, #AD10) was uti-
lized to assess bone marrow mononuclear cell apoptosis. 
Cell cycle analysis was performed using the PI/RNase 
Staining Kit (dojindo, #C543). Flow cytometry (model: 
BD FACS Celesta, BD, San Jose, CA, USA) was employed 
for analysis, and results were evaluated using FlowJo 
(version 10.6.2) [19, 23].

Colony formation assay
To compare the multi-lineage potential of HSCs form dif-
ferent groups, following isolation of bone marrow mono-
nuclear cells, after accurate cell counting, 500–2000 cells 
were suspended in IMDM medium and 2% FBS to reach 
a volume of 0.1 mL. Subsequently, 1mL of Metho Cult® 
(M3434, stem cell technology, Canada) was added to each 
cell suspension to create a methylcellulose medium. The 
cell-methylcellulose mixture was vortexed vigorously and 
left undisturbed for approximately 5 min to allow bubbles 
to dissipate. Each 35 mm Petri dish was then inoculated 
with the cell-methylcellulose mixture, with two 35  mm 
Petri dishes placed in each 100 mm Petri dish. An addi-
tional 35 mm Petri dish containing 3 mL of sterile water 
was also included. The inoculated Petri dishes were incu-
bated at 37  °C in a 5% CO2 incubator for 12–14 days, 
with no disturbances during this period. Afterward, cell 
colonies became visible to the naked eye. Colonies were 
assessed, classified, and quantified using an inverted 
microscope [24].

Lin− c‑kit+ cells enrichment
A buffer comprising 5% serum was introduced into 
MACS [24, 25], and the resulting mixture was centri-
fuged at 300 × g for 10 min to eliminate supernatant. 
Cells were resuspended in 40  μL of buffer after super-
natant removal. Subsequently, 10  μL of biotin antibody 
cocktail was added and mixed thoroughly, followed by a 
10 min incubation at 4 °C in darkness. After incubation, 
30 μL of buffer was introduced, mixed, and then supple-
mented with 20 μL of anti-biotin microbeads. A 15 min 
incubation in darkness at 4 °C followed. Cells were then 
washed with 1000 μL of buffer, centrifuged at 300 × g for 
10  min to eliminate supernatant, and resuspended in 
500μL of buffer. Magnetic separation using MS sorting 
columns was carried out. Lin− cells, which were not mag-
netically labeled, were collected. In the subsequent step, 
Lin− cells were collected and centrifuged at 300 × g for 10 
min to remove supernatant. Cells were resuspended in 
80 μL of buffer, and 20 μL of CD117 magnetic beads were 
added. After thorough mixing, the cells were incubated at 
4 °C for 15 min. Following incubation, cells were washed 
with 1000 μL of buffer, centrifuged at 300 × g for 10 min 
to remove supernatant, and then resuspended in 500 μL 
of buffer. The sorting column was moistened with 500 μL 
of buffer, and the cell suspension was introduced into 
the column. Cells were collected from the sorting col-
umn after the cell drops ceased. Subsequently, the sorting 
column was washed with 500  μL of buffer three times. 
Upon removal from the sorter, the sorting column was 
placed on a 15 mL sterile centrifuge tube. Finally, 1000 μL 
of buffer was rapidly introduced to elute magnetically 
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labeled cells in the sorting column, yielding Lin− c-kit+ 
cells, which was used for transcriptome sequencing.

Transcriptome sequencing and data analysis
The transcriptome sequencing project was entrusted to 
Hangzhou Lianchuan Biotechnology Co., Ltd. The intri-
cate RNA-Seq library construction process encompassed 
a series of meticulous steps: initially, total RNA extrac-
tion; subsequently, a rigorous quality assessment of the 
extracted RNA; followed by the purification of mRNA 
and its fragmentation; then, cDNA synthesis; further, 
PCR-mediated enrichment of library fragments; next, a 
thorough quality inspection of the constructed library; 
ultimately, sequencing on the advanced Illumina plat-
form. The analysis of the acquired RNA-Seq data under-
went a series of refined procedures: commencing with 
the retrieval of offline sequencing data, followed by data 
filtration to ensure purity; then, a comprehensive qual-
ity assessment; subsequent alignment to the reference 
genome; quantification of gene expression levels; differ-
ential expression analysis to identify significant changes; 
cluster analysis, including Pearson correlation and Prin-
cipal Component Analysis (PCA), to uncover patterns 
and relationships; and lastly, enrichment analysis lev-
eraging the Lianchuan Cloud platform, encompassing 
gene ontology (GO) and kyoto encyclopedia of genes and 
genomes (KEGG) pathways, to decipher the biological 
significance of the results. The transcriptome sequencing 
data are included in the supplementary materials.

Quantitative real‑time PCR
Total RNA was extracted from MNCs using TRIzol (Inv-
itrogen, #10296010) and then reverse-transcribed using 
cDNA reverse transcription kit (TransGen, #AU341) 
following the manufacturer’s protocol (50  °C for 5  min, 
85  °C for5s). A qRT-PCR was conducted using SYBR-
green SuperMix (TransGen, AQ601) on real-time PCR 
systems (Bio-Rad, CFX96). The cDNA was subjected 
to 40 PCR cycles (95 °C for 3 min, 95 °C for 10 s, 56 °C 
for 30  s, 72  °C for 30  s). mRNA expression levels were 
normalized to β-actin mRNA and quantified using the 
2−∆∆Ct method. Primer sequences are provided in Table 1 
(primers designed by Shenggong, with primer specific-
ity verified through agarose gel electrophoresis following 
qRT-PCR) [19].

Statistical analysis
Data were presented as means ± standard error of the 
mean (SEM). Comparisons between two groups were 
evaluated using an unpaired Student’s t-test, while com-
parisons involving more than two groups were ana-
lyzed via a one-way ANOVA, followed by Tukey’s test 
(GraphPad Prism 9.0). The values of *P < 0.05, **P < 0.01, 

***P < 0.001 and ****P < 0.0001 were considered to be sta-
tistically significant.

Results
Establishment of obesity model
To systematically elucidate the impact of obesity on HSC 
proliferation and differentiation, we established an obe-
sity mice model by subjecting C57BL/6J mice to a high-
fat diet (HFD, containing 60 kcal% fat) and a normal diet 
(ND, containing 10  kcal% fat) [17]. After 6  weeks, the 
mice in the HFD group exhibited a 20% increase in body 
weight compared to those in the ND group (Fig. 1A, B). 
Body mass index (Fig. 1C) and Lee’s index (Fig. 1D) was 
assessed, which demonstrated significant improvements 

Table 1  Primer sequence

Target gene Primer sequence

β-actin Forward 5′-GCT​GTA​TTC​CCC​TCC​ATC​GTG-3′
Reverse 5′-CAC​GGT​TGG​CCT​TAG​GGT​TCAG-3′

Il-1β Forward 5′-CAC​TAC​AGG​CTC​CGA​GAT​GAA​CAA​-3′
Reverse 5′-TGT​CGT​TGC​TTG​GTT​CTC​CTT​GTA​C-3′

Il-6 Forward 5′-CAC​TGG​TCT​TTT​GGA​GTT​TGAG-3′
Reverse 5′-GGA​CTT​TTG​TAC​TCA​TCT​GCAC-3′

Tnf-α Forward 5′-ATG​TCT​CAG​CCT​CTT​CTC​ATTC-3′
Reverse 5′-GCT​TGT​CAC​TCG​AAT​TTT​GAGA-3′

Il-10 Forward 5′-GCT​CTT​ACT​GAC​TGG​CAT​GAG-3′
Reverse 5′-CGC​AGC​TCT​AGG​AGC​ATG​TG-3′

Il-12 Forward 5′-TGG​TTT​GCC​ATC​GTT​TTG​CTG-3′
Reverse 5′-ACA​GGT​GAG​GTT​CAC​TGT​TTCT-3′

Ccna2 Forward 5′-GCC​TTC​ACC​ATT​CAT​GTG​GAT-3′
Reverse 5′-TTG​CTG​CGG​GTA​AAG​AGA​CAG-3′

Cdk1 Forward 5′-AGA​AGG​TAC​TTA​CGG​TGT​GGT-3′
Reverse 5′-GAG​AGA​TTT​CCC​GAA​TTG​CAGT-3′

Csfr1 Forward 5′-TGT​CAT​CGA​GCC​TAG​TGG​C-3′
Reverse 5′-CGG​GAG​ATT​CAG​GGT​CCA​AG-3′

Gata1 Forward 5′-GTC​CTC​ACC​ATC​AGA​TTC​CACAG-3′
Reverse 5′-GAG​TGC​CGT​CTT​GCC​ATA​GG-3′

Gfi-1 Forward 5′-GCC​TCA​GAT​GAC​CAG​GGG​A-3′
Reverse 5′-TGT​TTG​GAC​CCT​CGG​ATA​CTC-3′

Runx-1 Forward 5′-TTT​CAA​GGT​ACT​CCT​GCC​TGA-3′
Reverse 5′-CAG​TGA​GAA​GGA​CCA​GAG​ACT-3′

Stat3 Forward 5′-CAA​TAC​CAT​TGA​CCT​GCC​GAT-3′
Reverse 5′-GAG​CGA​CTC​AAA​CTG​CCC​T-3′

Stat6 Forward 5′-CTC​TGT​GGG​GCC​TAA​TTT​CCA-3′
Reverse 5′-CAT​CTG​AAC​CGA​CCA​GGA​ACT-3′

Il-1r1 Forward 5′-GTG​CTA​CTG​GGG​CTC​ATT​TGT-3′
Reverse 5′-GGA​GTA​AGA​GGA​CAC​TTG​CGAAT-3′

Myd88 Forward 5′-TCA​TGT​TCT​CCA​TAC​CCT​TGGT-3′
Reverse 5′-AAA​CTG​CGA​GTG​GGG​TCA​G-3′

Irak4 Forward 5′-CAT​ACG​CAA​CCT​TAA​TGT​GGGG-3′
Reverse 5′-GGA​ACT​GAT​TGT​ATC​TGT​CGTCG-3′

Mapk13 Forward 5′-ATG​AGC​CTC​ACT​CGG​AAA​AGG-3′
Reverse 5′-GCA​TGT​GCT​TCA​AGA​GCA​GAA-3′

MK2 Forward 5’-TTC​CCC​CAG​TTC​CAC​GTC​A-3’
Reverse 5’-GCA​GCA​CCT​TCC​CGT​TGA​T-3’
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in the HFD group. Furthermore, the HFD group mice 
exhibited a significant increase in the all areas of fat mass 
(Fig. 1E), accompanied by an expansion in adipocyte size 
(Fig.  1F). Obesity can lead to metabolic disturbances in 
mice [26]. Therefore, we investigated alterations in glu-
cose and lipid metabolism in HFD mice. The results indi-
cated that HFD significantly elevated blood glucose levels 
and reduced glucose tolerance in mice (Fig. 1G). In addi-
tion, the results of four serum lipid tests demonstrated 
increased blood lipid content in HFD mice (Fig.  1H). 

These findings collectively suggest that HFD disrupts 
metabolic homeostasis in mice. For the assessment of 
hematological parameters in mice, the analysis of blood 
components in both groups was conducted. Compared to 
the ND group, the HFD group exhibited reduced mean 
corpuscular volume and mean corpuscular hemoglobin 
content. Additionally, the HFD group mice showed a 
significant increase in the number of white blood cells, 
neutrophils, lymphocytes, and monocytes (Fig. 1I), indi-
cating an inflammatory state induced by HFD. These data 
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Fig. 1  Establishment of obesity animal model. (A) The change of body weight with time; (B) Body; (C) BMI; (D) Lee’s index; (E) Fat index; (F) 
Morphology of adipocytes; (G) The blood glucose value changes with time; Area under curve; (H) T-CHO, TG, LDL-C, HDL-C; (I) Peripheral blood 
components. (data = mean ± standard error, * represents a significant difference compared with ND group, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, ns represents no significant difference between the two groups. body mass index (BMI); mean corpuscular volume (MCV); mean 
corpuscular hemoglobin content (MCH); white blood cells (WBC); neutrophils (NEUT); lymphocytes (LYMPH); monocytes (MONO); Total Cholesterol 
(T-CHO) Triglyceride (TC); High Density Lipoprotein (HDL-C); Low Density Lipoprotein (LDL-C))
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highlight the alteration of physiological parameters as 
well as the immune system in mice subjected to HFD for 
6 weeks.

Obesity causes the biomechanical changes in the bone 
marrow
For identify the underlying link between HSC fate deci-
sion with obesity, changes in the bone marrow, that 
primarily maintain HSC function were investigated. 
Atomic force microscopy (AFM) measurements were 
performed on freshly extracted bone marrow samples 
to assess the biomechanical properties of the HSC niche 
[20]. Despite the generally low stiffness of bone mar-
row, obesity resulted in a decrease in Young’s modulus of 

bone marrow (Fig. 2A), indicating that the bone marrow 
becomes softer as obesity progresses. Micro-CT analy-
sis was then performed to explore whether HFD induces 
alterations in bone structure. The result revealed a lower 
structural model index in HFD mice compared to ND 
mice, suggesting transformations in the trabecular bone 
structure (Fig.  2B). Additionally, hematoxylin and eosin 
staining showed obvious adipose cell infiltration within 
bone marrow tissue in the HFD mice (Fig. 2C). To assess 
cellular apoptosis, caspase levels within the bone marrow 
were measured, revealing an increase in caspase-positive 
cells in the context of obesity (Fig.  2D). These findings 
collectively highlight that obesity disrupts the mechanical 
properties and homeostasis of the bone marrow niche.

Fig. 2  Deregulation of the bone architecture and BM niches by HFD exposure. (A) Stiffness measurement by Young’s modulus in young (Data were 
obtained from 600 assays); (B) Micro-CT scan morphology and SMI value of mice bone structure; (C) HE staining morphology of bone marrow; (D) 
Statistics of apoptosis of bone marrow mononuclear cells. (data = mean ± standard error, *represents a significant difference compared with ND 
group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represents no significant difference between the two groups. structural model index 
(SMI))
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HFD exposure leads to a reduction in the HSCs pool 
with active differentiation
In order to elucidate the influence of obesity on HSC 
fate, flow cytometry was used to analyze HSC prolifera-
tion and differentiation of obesity mice model. Assess-
ment of the percentage of LSK (Lin− Scal-1+ c-kit+) cells 
in the bone marrow niche revealed a significant decrease 
in the HFD group compared to the ND group (Fig. 3A). 
Furthermore, quantification of HSC sub-populations, 
including long-term HSCs (LT-HSCs, Lin− Scal-1+ c-kit+ 
CD34− CD135−), short-term HSCs (ST-HSCs, Lin− Scal-
1+ c-kit+ CD34+ CD135−), and multipotent progenitors 
(MPPs, Lin− Scal-1+ c-kit+ CD34+ CD135+), indicated a 
decreased percentage of LT-HSCs and an increased per-
centage of MPPs in HFD mice bone marrow compared 
to that of ND mice (Fig. 3B). Additionally, we observed a 
reduced proportion of LSK cells in the G1 phase but an 
increased proportion in the S/G2/M phase in HFD mice 
(Fig.  3C). These findings indicate that HFD exposure 
induces alterations in HSC proliferation and cell cycle 
dynamics, leading to a reduction in the HSCs pool. Nota-
bly, the subset of these HSCs appears to transition from a 
quiescent state to an actively differentiating state.

To determine the change in HSC differentiation direc-
tion after HFD exposure, the percentages of common 
lymphoid progenitor (CLP, Lin− CD135+ IL-7R+), com-
mon myeloid progenitor (CMP, Lin− c-kit+ CD34+ 
CD16/32−), megakaryocyte/erythrocyte progenitor 
(MEP, Lin− c-kit+ CD34− CD16/32−), and granulo-
cyte/monocyte progenitor (GMP, Lin− c-kit+ CD34+ 
CD16/32+) was quantified. Data revealed a shift towards 
increased CMP and GMP populations in the bone mar-
row of HFD mice, whereas CLP and MEP populations 
were diminished compared to ND mice (Fig.  3D). Con-
sequently, HFD promoted the differentiation of HSCs 
toward myeloid lineages. Microscopic examination of 
mouse bone marrow cell colonies after 14 days of culture 
indicated an increase in granulocyte colony-forming unit 
and granulocyte–macrophage colony-forming unit in 
the HFD group (Fig. 3E). These observations collectively 
demonstrate that HFD exposure induces heightened divi-
sion activity in HSCs and shifts their differentiation tra-
jectory from lymphoid to myeloid lineages.

Obesity‑promoting IL‑1β expression is a potential factor 
that triggers HSC fate changes
To gain a deeper understanding of the key inflamma-
tory cytokines induced by HFD that influence HSC fate 
decision, the expression of inflammatory genes within 
the bone marrow niche was measured. Results revealed 
increased expression of Il-1β, Il-6, Tnf-α, Il-10, and Il-12 
genes in the HFD group compared to the ND group, with 
Il-1β exhibiting the most significant change (Fig.  4A). 
Previous findings indicated that HFD could shift the HSC 
state from quiescence to differentiation, in particular 
towards the myeloid lineage. Therefore, the expression 
levels of genes related to HSC behavior and differen-
tiation were further determined. Figure  4B displays the 
expression of cell cycle activators Cdk1 and Ccna2, active 
HSCs genes Stat3 and Stat6, and HSC-related myeloid 
differentiation genes Csfr1, Runx1, Gfi-1, and Gata-1. 
To identify key inflammatory cytokines impacting HSC 
differentiation, the Pearson correlation between inflam-
matory genes and HSC functional genes was analyzed 
(Fig. 4C). Results indicated that Il-1β is the inflammatory 
gene most strongly associated with molecular changes of 
HSCs. To further ascertain whether obesity affects IL-1β 
levels within the HSCs niche, immunohistochemistry 
experiments were conducted, demonstrating an increase 
in IL-1β-positive areas in the bone marrow following 
a HFD regimen (Fig.  4D). In conclusion, it can be con-
cluded that IL-1β induced by obesity plays a pivotal role 
as an inflammatory cytokine driving changes in the fate 
of bone marrow HSCs.

IL‑1β drives alterations in the differentiation potential 
of HSCs via activation of the p38/MAPK pathway
For unravel the mechanism behind HFD-induced mye-
loid differentiation of HSCs, LK (Lin−/c-kit+) cells from 
HFD and ND mice were sorted from mouse bone mar-
row to conduct a transcriptome analysis. Principal 
component analysis (PCA) distinctly separated the two 
groups (Fig.  5A). A total of 414 differentially expressed 
genes were identified, consisting of 373 up-regulated and 
41 down-regulated genes in the HFD when compared to 
the ND (Fig. 5B). GO enrichment analysis revealed sev-
eral enriched GO terms in HFD, including “inflammatory 

Fig. 3  Changes in proliferation and differentiation of HSCs after 6 weeks of HFD. (A) Statistics of the proportion of LSK cells in bone marrow 
mononuclear cells; (B) Proportion of LSK cell subsets; (C) Cell cycle of HSCs; (D) Lineage differentiation of hematopoietic stem progenitor cells; 
(E) The microscope morphology of different colony forming units. (data = mean ± standard error, * represents a significant difference compared 
with ND group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represents no significant difference between the two groups. colony forming 
units (CFU); CFU-granulocyte–macrophage progenitor (CFU-GM); CFU-granulocyte, erythrocyte, monocyte and megakaryocyte (CFU-GEMM); Burst 
forming unit-erythroid (BFU-E))

(See figure on next page.)
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Fig. 3  (See legend on previous page.)



Page 10 of 15Yan et al. Stem Cell Research & Therapy          (2024) 15:336 

response”, “cell differentiation”, “immune response”, “posi-
tive regulation of population proliferation”, and other bio-
logical processes, with a higher number of significantly 
upregulated genes (Fig.  5C). Results from the KEGG 
pathway enrichment analysis indicated that these sig-
nificantly upregulated genes were enriched in multiple 
pathways, such as “osteoclast differentiation”, “leukocyte 
transendothelial migration”, “hematopoietic cell lineage”, 
and the “IL-17 signaling pathway” (Fig.  5D). Notably, 
the MAPK signaling pathway emerged as a central com-
ponent within these key pathways. Intriguingly, IL-1β 
was identified as an inflammatory signal for the activa-
tion of the p38/MAPK signaling pathway. Furthermore, 
the transcriptome data revealed that the expression of 

Il-1β between the HFD and ND groups was equivalent, 
indicating that LK cells make no contribution to the 
increase of IL-1β in the obesity-associated bone marrow 
microenvironment (Fig. 5E). Subsequently, based on the 
screening results of the transcriptome data, the expres-
sion of genes within the p38/MAPK pathway was further 
assessed, revealing significant overexpression of several 
pivotal genes involved in this pathway, including Il-1r1, 
Myd88, Irak4, Mapk13, and MK2 (Fig.  5F). Il-1r1 has 
been recognized as which is interact with IL-1β to active 
the p38/MAPK pathway [27]. The IL-1β-mediated p38/
MAPK signaling pathway provides a new perspective on 
the mechanism underlying obesity-induced changes in 
HSC fate decision.

B CA

D

100µm

ND

HFD

Fig. 4  IL-1β is a critical factor that triggers changes in HSCs. (A) Expression level of inflammatory genes in bone marrow niche; (B) Expression level 
of HSCs function gene; (C) Correlation network and heat map. (D) Bone marrow immunohistochemistry of IL-1β. (data = mean ± standard error, * 
represents a significant difference compared with ND group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represents no significant difference 
between the two groups)

Fig. 5  HFD causes changes in the transcriptome of hematopoietic stem progenitor cells. (A) Pearson correlation and PCA; (B) Volcano plot 
of differential genes; (C) Histogram of the number of genes enriched by GO and the p value of TOP20 biological process term; (D) Histogram 
of the number of genes enriched by KEGG and KEGG pathway of p value TOP20; (E) The FPKM value of Il-1β in the sequenced cells; (F) Expression 
level of genes in p38/MAPK pathway. (A ~ D n = 3, data = mean ± standard error, * represents a significant difference compared with ND group, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represents no significant difference between the two groups)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  Inhibition of IL-1β Changes in parameters caused by obesity. (A) Experimental scheme; (B) Statistics of the proportion of LSK cells in bone 
marrow mononuclear cells; (C) Proportion of LSK cell subsets; (D) Lineage differentiation of hematopoietic stem progenitor cells; (E) Expression 
level of genes in p38/MAPK pathway after anakinra treatment. (data = mean ± standard error, * represents a significant difference compared with ND 
group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represents no significant difference between the two groups)
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Rescue obesity‑induced HSC fate changes through IL‑1β 
inhibition: a promising outcome
To investigate whether the effects of HFD on HSCs 
could be counteracted by interfering with the interac-
tion of IL-1β and IL-1r1 and reducing the activation of 
p38/MAPK signaling, the human IL-1β receptor antago-
nist anakinra was administered for a duration of 14 days 
during the development of obesity in mice [28] (Fig. 6A). 
After 6 weeks of HFD, the proportion of LSK cells within 
the bone marrow was analyzed. The results demonstrated 
that mice treated with anakinra exhibited an increased 
percentage of LSK cells (Fig. 6B), and the proportions of 
HSC subpopulations, including LT-HSCs, ST-HSCs and 
MPPs (Fig.  6C). In addition, the differentiation patterns 
of myeloid and lymphoid lineages in the anakinra-treated 
bone marrow showed the same tend as that observed in 
the ND group (Fig.  6D). Furthermore, gene expression 
analysis indicated that key genes within the p38/MAPK 
signaling pathway were significantly downregulated fol-
lowing anakinra treatment, similar to the levels observed 
in the ND group (Fig.  6E). Collectively, these findings 
suggest that short-term blockade of IL-1β-induced p38/
MAPK signaling has the potential to ameliorate the 
HFD-induced HSC fate transition.

Discussion
Herein we demonstrate that exposure to a HFD reduces 
the pool of HSCs and promotes the differentiation of 
HSCs toward myeloid lineages. Previous studies have 
indicated that obesity can lead to diverse alterations in 
the HSC pool, including both its expansion in some cases 
[29, 30] and contraction in others [16, 31]. These stud-
ies have also revealed that HFD significantly reduced the 
proportion of LT-HSCs and increased the proportion of 
MPPs [17]. HSC in the HFD mice bone marrow exhib-
ited an actively differentiating towards myeloid lineages, 
in accordance with Cho’s study [32]. Lou et al. [17] reveal 
that HFD alters the HSC niche by increasing bone mar-
row adiposity via activation of PPARγ2, which can be 
recapitulated via microbiota transfer from obese mice. 
Lee et  al. [16] demonstrate that obesity produces dura-
ble in HSC function and the oxidative environment is a 
key driver. However, previous studies on the impact of 
inflammation on bone marrow HSCs were not based on 
obesity, and the research on the inflammation-mediated 
changes in HSC fate during the process of obesity has 
many gaps.

Inflammation is a hallmark of obesity [33]. Various 
inflammatory cytokines have been confirmed to affect 
HSCs in different ways, such as TNF-α [34], TGF-β 
[35], and IFN-γ [36] [37]. Studies also have revealed that 
chronic IL-1β exposure drives HSCs towards precocious 
myeloid differentiation at the expense of self-renewal [38]. 

We initially hypothesize that obesity creates an inflam-
matory environment within the HSC niche, which act as 
a regulator for HSC fate decision and strongly correlates 
with alterations in HSC differentiation [39–41]. After 
a systematic analysis of changes in the physicochemi-
cal properties of the bone marrow, we demonstrated 
the high expression of inflammatory cytokines, includ-
ing significantly elevated IL-1β by HFD and revealed a 
close relevance between obesity-promoting IL-1β with 
the molecular changes in bone marrow HSCs. Inhibi-
tion of IL-1β restored the number of HSCs and rescued 
the dysregulated HSC differentiated fate in bone mar-
row, highlighting the distinctive role of IL-1β in driv-
ing HSC activation during obesity development. Li et al. 
used a periodontitis-induced trained phenotype to show 
that IL-1β signaling in HSCs is essential for the sustained 
enhancement of myelopoiesis [42]. Transcriptomic pro-
filing revealed the activation of the p38/MAPK signaling 
pathway in HSCs following HFD exposure. The higher 
expression of IL-1r1 further indicated that IL-1β emerged 
as a potential activator of this pathway. Blocking IL-1β-
induced signaling attenuated HSC activation, elevated 
HSCs proportions, and mitigated the myeloid differentia-
tion biases, which is accordance with the results from Li 
et al. [42]. These findings provide novel insights into the 
mechanisms of IL-1β as a candidate target for the preven-
tion of inflammatory-induced HSC fate alterations.

From a clinical standpoint, these results offer a novel 
perspective for understanding the mechanism of bone 
marrow hematopoietic homeostasis in response to the 
obesity. It is worth mentioning that when assessing 
the physical properties of the HSC niche, a significant 
decrease in the Young’s modulus of the bone marrow was 
found. The contribution of obesity-induced changes in 
tissue stiffness that could direct regulate the fate decision 
of HSCs, will be future clarified. Furthermore, additional 
first and second transplantation assays should be con-
ducted to provide functional evidence that obesity indeed 
impacts HSC function. François et al. conducted a study 
to investigate the effects of HFD on the maintenance and 
functionality of HSCs [35]. Their findings revealed that, 
compared to controls, the total bone marrow cells har-
vested from mice fed with HFD demonstrated a nota-
bly reduced capacity for long-term reconstitution in 
both peripheral blood and bone marrow, as assessed 16 
weeks post-transplantation. Furthermore, the research-
ers observed a shift in the reconstitution pattern of bone 
marrow cells sourced from HFD-fed mice. Specifically, 
these cells gave rise to a higher proportion of mature 
myeloid lineage cells in the peripheral blood, whereas 
the reconstitution of T-lymphocytes was significantly 
impaired, and the reconstitution of B-lymphocytes 
remained unaffected by the HFD exposure. This suggests 
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that HFD not only changes the fate of HSC, but also 
changes the function of HSC.

Numerous obesity-related maladies are intrinsically 
linked to hematopoietic system dysregulation, mirroring 
the intricate interplay between inflammation and obesity 
[43]. This bolsters the notion that microenvironmental 
inflammation profoundly impacts HSC fate transitions. 
Understanding the therapeutic potential of modulating 
the HSC microenvironment to ameliorate metabolic dis-
orders in obesity represents a promising research direc-
tion. Future investigations may scrutinize the interplay 
of inflammation with hematopoiesis through the HSC 
niche. However, the potential contributions of other 
inflammatory cytokines remain enigmatic. Quantify-
ing the individual impact of these factors on HSC fate 
modification remains a formidable challenge. Conse-
quently, the pursuit of optimal anti-inflammatory strat-
egies to reverse HSC fate changes induced by HFD and 
their potential to alleviate obesity-related metabolic 
dysregulation warrants further investigation. Moreover, 
it is imperative to delve into the root causes of obesity-
induced inflammatory states. Unraveling the temporal 
and spatial sequences and causal links between inflam-
mation, metabolic alterations, and disease onset poses an 
intriguing avenue for future exploration. It is top priority 
task to ascertain whether interventions targeting specific 
nutrients or metabolic pathways can mitigate obesity-
associated inflammation, potentially reverting HSC fate 
changes. This necessitates comprehensive research to 
elucidate the intricate web of relationships among metab-
olism, inflammation, and HSC dynamics.

Conclusions
Our study advances the comprehension of the inter-
play among obesity, inflammation, and hematopoiesis. 
It has been demonstrated that the p38/MAPK signaling 
pathway in HSCs is activated by elevated levels of IL-1β 
within the HSC niche in obese models, thereby regulat-
ing hematopoietic stem cell differentiation. Undeniably, 
further research is necessary to unravel the complexities 
of how inflammation affects the fate of HSCs and its far-
reaching implications for obesity-related disorders.
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