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Abstract 

Background Myelodysplastic syndrome (MDS) is a clonal disorder of hematopoietic stem cells (HSCs), characterized 
by ineffective hematopoiesis and a high risk of progression to acute myeloid leukemia. Elucidating the mechanism 
underlying the dysfunction of MDS-HSCs is crucial for exploring the pathogenesis of the syndrome. While previous 
studies have implicated mesenchymal stem cells (MSCs), a principal component of the bone marrow (BM) micro-
environment, in the inhibition of normal hematopoiesis, the precise molecular mechanisms have not been fully 
elucidated. In this study, we investigated the effects of MSCs from MDS patients on hematopoietic functions of HSCs 
from a metabolic perspective.

Methods MSCs were isolated from BM of MDS patients. The proliferation, apoptosis, differentiation and support 
for hematopoiesis of these cells were analyzed using CCK-8 assay, FC and induction medium and CFU (colony forming 
units) assay, respectively. Expression levels of metabolic molecules were used as indicators to screen MSCs with dif-
ferent metabolic pathways and were detected by RT-PCR and Western blotting. Exosome derived from MSCs were 
isolated from the culture supernatant and confirmed by Transmission Electron Microscope, Dynamic Light Scattering 
and Western blotting. The effects of these exosomes on HSCs were analyzed using the same methods as those used 
to assess MSCs function.

Results Our findings demonstrated that MDS-MSCs exhibited significant functional impairments, including reduced 
proliferation, impaired differentiation, diminished support for hematopoiesis, and increased apoptosis. Notably, we 
observed an upregulation of lipid metabolism in these MSCs, which appears to contribute to their dysfunction. 
Intriguingly, the aberrant lipid metabolic profile can be effectively reversed by the administration of etomoxir (ETO), 
an inhibitor of carnitine palmitoyltransferase 1A (CPT-1A). Furthermore, MSCs with enhanced lipid metabolism could 
transmit this dysfunction to HSCs through the secretion of exosomes that are enriched in CPT-1A.

Conclusions We suggest that the MDS BM microenvironment disrupts MSCs metabolism by increasing the expres-
sion of CPT-1A, which impairs the ability to support normal HSCs. Interestingly, the suppressive effect is mediated 
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by exosomes rich in CPT-1A, which derived from MSCs. These findings provide novel insights into MDS MSCs-metabo-
lism-Exosome axis in ineffective hematopoiesis and offer new strategies for the treatment of MDS.

Keywords Myelodysplastic syndrome, Mesenchymal stem cell, Hematopoietic stem cell, CPT-1A, Exosome

Introduction
Myelodysplastic syndrome (MDS) arise from a small 
population of clonal disorder hematopoietic stem cells 
(HSCs) that characterized by aberrant differentiation, 
peripheral-blood cytopenia, and frequent progres-
sion to acute myeloid leukemia[1, 2]. Researchers have 
found that MDS show an increased incidence with age, 
often making it challenging to arrive at the appropriate 
diagnosis[3, 4]. Consequently, it is essential to explore 
the key mechanism in MDS so that retard the disease 
process or cure it for an aging society. In clinic prac-
tice, the therapy of this disease could be divided into 
two aspects. One is epigenic therapy, which uses medi-
cine such as azacitidine, decitabine to target the DNA 
hypermethylation to relieve symptom, but sometimes it 
is difficult to achieve a proper response for the patients 
[5]; Another is allogeneic HSCs transplantation, which 
treated as the only potentially curative option, but 
some studies indicate that the limited success of HSCs 
transplantation is attributed to the altered bone mar-
row (BM) microenvironment in MDS patients[6].

As one of the important components of BM micro-
environment, mesenchymal stem cells (MSCs) can 
form a unique hematopoietic niche with HSCs [7–9], 
through secreting chemokine (C-X-C motif ) CXCL12 
to promote the homing of HSCs to the bone marrow 
[10], and releasing osteopontin to support HSCs expan-
sion [11]. In addition, as multipotent cells, they can 
also differentiate into osteoblasts secreted chemokine 
CXCL12 ligand, stem cell factor (SCF), angiogenin, 
thrombopoietin [12], or into adipocytes secreted SCF 
to support HSCs hematopoietic function [13]. How-
ever, the regulatory role of MSCs on HSCs function in 
MDS is still controversial. Some researchers have found 
that MDS-MSCs exhibit functional changes, primarily 
characterized by reduced secretion of angiogenic fac-
tors, CXCL12, hematopoietic support cytokines, and 
proliferation compared to healthy controls [14–17]. 
Co-transplantation of BM-MSCs and HSCs has been 
shown to improve the success rate of transplantation in 
the MDS model [18]. However, some studies suggested 
that they haven’t detected any quantitative or qualita-
tive changes in MDS-MSCs [19]. These cells reportedly 
retain their typical morphology, growth characteristics, 
surface epitopes, differentiation potential, and immu-
nophenotype [17, 20–22]. Therefore, the regulatory role 
of MDS-MSCs on HSCs requires further investigation.

Recent findings have indicated that metabolism 
plays an important role for the functions of MSCs 
including the differentiation potential [23, 24], migra-
tion, chemotactic localization [25], inflammatory 
response [26], tissue repair, and angiogenesis [27, 28]. 
However, the mechanisms by which MSCs metabo-
lize and how these metabolic abnormalities affect the 
hematopoiesis of HSCs in the context of MDS require 
further investigation. In the present study, we investi-
gated the mechanism by which dysfunctional MSCs 
impair normal hematopoiesis. MDS-MSCs suppressed 
normal hematopoiesis by shifting their metabolism 
towards lipid metabolism, which inhibited prolifera-
tion, differentiation, supporting for hematopoiesis and 
induced apoptosis in cells. Our integrated biological 
analyses demonstrated that exosomes secreted from 
MSCs play a crucial role in disrupting the function of 
HSCs, thereby suppressing the niche function that sup-
ports for normal hematopoiesis. Moreover, blocking 
CPT-1A with ETO to disrupt the lipid metabolism of 
MDS-MSCs restored the ability of these MSCs to sup-
port normal hematopoiesis. These data indicate that 
the impairment of metabolism, mediated by exosomes 
or their embedded CPT-1A, is a principal cause of BM 
failure in MDS and suggest that restoring the support-
ive niche could be a potential therapeutic approach.

Methods
Patient samples and controls
We included primary BM samples from diagnostic BM 
aspirations of n = 21 patients diagnosed with MDS. 
Patient characteristics are depicted in Table 1. As con-
trols, primary BM from donors (n = 10 age ranges from 
22 to 84  years) diagnosed with IDA (iron deficiency 
anemia) at the Department of Hematology, the Second 
Hospital of Dalian Medical University, China, was used. 
The use of primary material followed written informed 
consent of patients and approval by the ethics commit-
tee of the Second Hospital of Dalian Medical University 
(2019-151), in accordance with the Declaration of Hel-
sinki. Samples were processed by Ficoll density gradient 
centrifugation to enrich for mononuclear cells (MNCs).

Isolation and culture of bone marrow‑derived MSCs
MSCs were isolated as described previously [29]. 
Briefly, Sterile bone marrow samples were centrifuged 
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at 1500  rpm for 5  min, and the supernatant was col-
lected and placed at − 80  °C. An equal volume of 
1 × PBS solution was added to the supernatant, mixed 
thoroughly, and then added to 5 mL Ficoll, taking care 
to slowly add it to maintain a stable liquid level. After 
centrifugation at 800  g with slow acceleration and 
deceleration for 20  min, the MNCs were aspirated, 
washed with 1 × PBS, seeded into T25 cell culture 
flasks and MSCs were enriched by their plastic adher-
ence. The non-adherent cells were frozen after 24 h or 
culture with Human SCF (PeproTech), Human IL-6 
(PeproTech), and Human IL-3(PeproTech), while the 
remaining adherent cells were fed with half the volume 
of fresh medium every 3 days. Cells were stored viably 
in liquid nitrogen after 21 days.

CCK‑8 assay
MSCs from different groups were inoculated in 96-well 
cell culture plates with 5 ×  103 per well. Cell proliferation 
was determined every 24 h by measuring absorbance at 
450 nm with a Multiskan-FC (Thermo Fisher) according 
to the instructions of the CCK-8 kit (Vazyme).

Apoptosis assay
The cells were treated according to the instructions of the 
eBioscience Annexin V-FITC Apop Kit (Thermo Fisher) 
and detected by flow cytometry. Finally, the data were 
statistically analyzed using Graphpad Prism software to 
plot the cell distribution. Three replicates were set for 
each group.

Assay of adipogenic differentiation and osteogenic 
differentiation
MSCs were cultured with adipogenesis induction 
medium (α-MEM containing 10% FBS, 5 μg/mL insulin, 
0.5  mmol/L 3-isobutyl-1-methylxanthine, and 1  μmol/L 
dexamethasone) in 6-well plates with 1 ×  105 cells per 
well for 14 days, and changed the culture medium every 
three days. Finally, Oil Red O staining was used to dis-
tinguish mature adipocytes from preadipocyte. For oste-
ogenic differentiation, MSCs were inoculated in 6-well 
plates and cultured in freshly formed osteogenic medium 
(OM) for 21  days. Alizarin Red staining was used to 
detect bone mineralization.

Colony forming unit (CFU) assay
Thawed MNCs (5 ×  105 cells per well) were cocultured 
with MSCs (1 ×  104 cells per well) in 48-well plates for 
5 days. Then, MNCs (1 ×  104 cells per well) were cultured 
with methylcellulose media (MethoCult™ H4434 Classic, 
Stemcell) in 6-well plates for 14  days and colonies were 
counted using an inverted microscope.

Real‑time quantitative polymerase chain reaction
For quantification of gene expression, RNA was extracted 
from BM-MSCs of Control (They were diagnosed with 
IDA) or patients with MDS using a RNeasy Micro Kit 
or Rneasy Mini Kit (Qiagen). cDNA was synthesized 
from RNA using Superscript IV Reverse transcription 
(Thermo Fisher) (37  °C for 15  min, 65  °C for 10  min). 
Real-time PCR analysis was set up with the SYBR Green 
qPCR Supermix kit (Invitrogen, Carlsbad, CA) and car-
ried out in the iCycler thermal cycler. mRNA expression 
levels were calculated using the 2 − ΔΔCt method with 
β-actin as the endogenous controls.

Table 1 Patients characteristics of the material used for in vitro 
experiments

NO Disease Age Sex

1 IDA 60 M

2 IDA 72 M

3 IDA 63 M

4 IDA 36 F

5 IDA 84 F

6 IDA 67 M

7 IDA 49 F

8 IDA 22 F

9 IDA 69 F

10 IDA 56 F

11 MDS-EB2 47 F

12 MDS-EB1 56 M

13 MDS-EB1 65 M

14 MDS-EB2 73 M

15 MDS-EB1 77 M

16 MDS-MLD 52 F

17 MDS-MLD 34 M

18 MDS-EB1 67 F

19 MDS-MLD 89 M

20 MDS-EB1 60 F

21 MDS-MLD 67 F

22 MDS-EB1 73 F

23 MDS-EB1 74 M

24 MDS-EB1 71 M

25 MDS-EB2 61 M

26 MDS-EB1 59 M

27 MDS-EB2 82 M

28 MDS-RS 81 F

29 MDS-EB2 78 F

30 MDS-EB2 50 F

31 MDS-EB2 63 M
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Name Forward Reverse

β-actin CAT GTA CGT TGC TAT 
CCA GGC 

CTC CTT AAT GTC ACG 
CAC GAT 

SCF ACC CAA TGC GTG GAC 
TAT CTG 

GGC GAC TCC GTT TAG 
CTG TT

IGF CCT CTC AAG AGC CAC 
AAA TGC 

TCC AGC AGC CAA GAT 
TCA GA

CXCL12 TCA ATT GCA TCT CCC 
AGA TAA TGT 

CAC GTG CGT ATA GGA 
ATT GG

LDHA TTG ACC TAC GTG GCT 
TGG AAG 

GGT AAC GGA ATC GGG 
CTG AAT 

G6PD GGC CGT CAC CAA GAA 
CAT TC

TGG TCG ATG CGG TAG 
ATC TG

CD36 CTT TGG CTT AAT GAG 
ACT GGGAC 

GCA ACA AAC ATC ACC 
ACA CCA 

CPT-1A TCC AGT TGG CTT ATC 
GTG GTG 

TCC AGA GTC CGA TTG 
ATT TTTGC 

CRAT TTC ACC GTG TGC CTA 
GAT GC

CAG CGT CTT GTC GAA 
CCA G

ACADVL TCA GAG CAT CGG TTT 
CAA AGG 

AGG GCT CGG TTA GAC 
AGA AAG 

HADHA ATA TGC CGC AAT TTT 
ACA GGGT 

ACC TGC AAT AAA GCA 
GCC TGG 

Western blot analysis
MSCs or exosomes were lysed with RIPA peptide lysis 
buffer (Sevenbio, # SW104-02). Protein concentrations 
were determined by BCA method and separated on 10% 
sodium dodecyl sulfatepolyacrylamide gel electropho-
resis (SDS-PAGE). Then, the proteins were incubated 
with specific antibodies (1:1000). Anti-CD63 Rabbit pAb 
(Wanleibio, # WL02549), CPT1A (D3B3) Rabbit mAb 
(CST, #12252).

Flow cytometry
Harvested cells were incubated with respective antibod-
ies for 40 min at 4  °C after washing twice with 1 × PBS. 
The antibodies utilized are listed in Table  2. All stained 
cells were measured using NovoCyte (Agilent). The data 
were analyzed with Novoexpress.

Exosome isolation
Supernatants from MSCs with over 95% viability were 
collected, and exosomes were isolated by ultracentrifuga-
tion as described in MeilunBio (#MA0402). Briefly, cell 
culture medium was sequentially centrifuged at 300  g 
for 10 min, 2000 g for 30 min and 10,000 g for 70 min at 
4 °C to remove dead cells and cell debris. Then, the super-
natant was filtered through a 0.22 μm filter, mixed with 
the extract agent, and incubated overnight at 4 °C. After 
incubation, centrifuged at 2 ~ 8  °C and 10,000 g for 1 h. 
The supernatant was aspirated and discarded, and the 
exosomes were found in the pellet at the bottom of the 
tube. The protein content of the concentrated exosomes 

was measured using the BCA Protein Assay Kit (Seven-
bio, # SW101-02). Each sample was diluted to a concen-
tration of 2 μg/μl with 1 × PBS and stored at − 80  °C for 
subsequent use.

Electron microscopy
Exosomes were suspended in 1 × PBS. 10 μL of exosomes 
suspension were placed onto a copper grid and allowed 
to precipitate for 1  min, after which the excess liquid 
was blotted with filter paper. Then 10 μL of acetate ura-
nyl acetate was added to the copper grid and the grid was 
allowed to stand for an additional minute before blotting 
the excess liquid with filter paper. The grid was then left 
to air-dry at room temperature for several minutes. Elec-
tron microscopy imaging was performed at 100 kV using 
a Hitachi HT-7700 microscope. Transmission electron 
microscopy images were obtained.

Nanoparticle tracking analysis
Nanoparticles were tracked using a Malvern Zetasizer 
Nano ZS90 (Malvern, UK) following the manufacturer’s 
instructions. Exosomes derived from MSCs were diluted 
with 1 × PBS (1:1000). The mean particle size and size 
distribution were analyzed by Dynamic Light Scattering 
(DLS) method through Malvern Zetasizer Nano ZS-90 
(Malvern, UK).

Statistical analysis
All data are presented as means ± SD of three or more 
independent experiments. Statistical comparisons 
between two groups were performed using a Student’s 
t-test. Oneway ANOVA followed by Tukey’s post-hoc 
test was used to compare the differences among more 
than two groups, followed by the Bonferroni post hoc 
test. GraphPad Software Prism 6.0 was used for statisti-
cal analysis. Statistically significant differences were set at 
*p < 0.05, **p < 0.01.

Table 2 Antibodies of Flow cytometry used for in vitro 
experiments

Antibody Company Cat. No.

Anti-human CD90 PerCPCy5.5 eBioscience 45–0909-42

Anti-human CD105 PE eBioscience MHCD10504

Anti-human CD45 FITC eBioscience 11–0459-42

Anti-human CD34 APC Biolegend 343608

Anti-human Lineage 
(CD3/14/16/19/20/56) FITC

Biolegend 348801

Anti-human 7-AAD PerCPCy5.5 BD 559925
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Results
Evidence of BM‑MSCs dysfunction in MDS
To analyze the function of MSCs, BM-derived cells 
were isolated from BM aspirates of patients diagnosed 
with MDS or Iron deficiency anemia (IDA) and were 
expanded ex  vivo as previously described [29]. Pri-
mary MSCs were successfully obtained from all sam-
ples and showed a typical fibroblastoid elongated shape 
with the marker  CD90+CD105+CD34−CD45− used for 
identification after 21  days (Figure  S1A and S1B) [30, 
31].We found that the number of BM-MSCs in the 
MDS group significantly decreased during the process 
of in  vitro culture, and this is in accordance with the 
findings of Giulia Corradi et  al. [17]. To investigate 
the functional status of MDS-BM-MSCs, we assessed 
their proliferation ability using CCK8 and found 
that compared with the control group, the prolifera-
tion ability of MDS-MSCs was significantly reduced, 
with statistical significance at 24  h (p = 0.0086), 48  h 
(p = 0.0441), and 72 h (p = 0.0093) (Fig. 1A). Addition-
ally, we observed an increase in the proportion of early 
apoptosis (Annexin  V+PI−) and late apoptosis (Annexin 
 V+PI+) cells in MDS-MSCs compared with the control 
group (Fig.  1B). BM-MSCs can differentiate into vari-
ous bone marrow stromal cells, including osteoblasts 
and adipocytes, which are essential components of the 
bone marrow niche[32]. We observed significant Oil 
Red O (left) or Alizarin red (right) positive staining in 
osteogenic-differentiated and adipogenic-differentiated 
MSCs cultures, respectively. Interestingly, there were 
significant differences detected in the intensity of dif-
ferentiation-specific staining in MDS-MSCs compared 
with IDA-MSCs, suggesting a reduced differentiation 
capacity of MSCs precursors in MDS patients (Fig. 1C, 
D). Furthermore, we detected the expression of related 
hematopoietic factors in MDS-MSCs and found that 
the expression of SCF was significantly down-regu-
lated compared with the control group, while IGF and 
CXCL12 showed a downward trend. (Fig. 1E). To inves-
tigate the effect of MSCs on HSCs differentiation, we 
co-cultured MDS-MSCs with IDA-BM-MNCs in  vitro 
and found a significant reduction in the apoptosis 
of  CD34+ cells in IDA-BM-MNCs from MDS group 
(Fig.  1F). Additionally, the percentage of  CD90+ cells 
was significantly lower in the Lineage-CD34+ cells after 
co-culture, indicating that MDS-MSCs may impair the 
population of long-term HSCs in the BM (Fig. 1G and 
S2). To confirm the effect of MDS-MSCs on HSCs dif-
ferentiation, we assessed colony formation of MNCs 
through methylcellulose Colony forming unit (CFU) 
assay. The results revealed impaired colony formation 
in the MDS-MSC samples compared to those from 

IDA patients, characterized by the smaller size of CFU, 
which was consistent with their defective apoptosis and 
the presence of aberrant cell subsets (Fig. 1H).

Metabolism of MDS‑MSCs shifted towards lipid 
metabolism
We analyzed the glycometabolism in MDS-MSCs using 
RT-PCR to detect the essential enzyme and found it 
decreased significantly (data not shown). We believed 
that there was an energy metabolism shifted in MDS-
MSCs when glycolysis was downregulated. Next, we 
analyzed the expression of genes related to lipid metab-
olism. The results showed that compared with the con-
trol group, the expression of CD36, a molecule involved 
in fatty acid transport, was significantly upregulated 
in MDS- MSCs. Meanwhile, the expression of CPT-
1A, a key enzyme in fatty acid oxidation, was also sig-
nificantly increased. Although there were no significant 
differences in the expression of CRAT, ACADVL, and 
HADHA, which are related to fatty acid oxidation, their 
expression showed an upward trend (Fig.  2A). Protein 
level showed the same phenomenon that the expression 
of CPT-1A in MDS-MSCs was significantly upregulated 
compared to the control group (Fig. 2B). We speculated 
that when glycolysis is abnormal in MDS-MSCs, the 
cell’s energy supply shifted towards lipid metabolism to 
keep energy balance.

To explore the impact of lipid metabolism devia-
tion on MDS-MSCs function, we used ETO (Sigma) to 
inhibit the function of CPT-1A and investigated MSCs 
function again. The results showed that the prolifera-
tion capacity of MDS-MSCs significantly increased fol-
lowing ETO treatment, compared with the untreated 
control group (Fig.  3A). Additionally, this treatment 
decreased the apoptosis of MDS-MSCs, especially early 
apoptosis (p = 0.0048) (Fig. 3B), and restored the adipo-
genic and osteogenic abilities (Fig.  3C, D). To explore 
the impact of treated MDS-MSCs on HSCs, we co-
cultured MDS-MSCs with IDA-MNCs before or after 
blocking CPT-1A. The results showed that compared 
with the untreated group, the apoptosis of  CD34+ IDA-
MNCs increased after co-culturing with MDS-MSCs 
pretreated with ETO (Fig.  3E). Additionally, the pro-
portion of  CD90+ cells in Lineage-CD34+ IDA-MNCs 
significantly increased (p = 0.013) (Fig. 3F). At the same 
time, the colony formation ability of IDA-MNCs co-
cultured with ETO-pretreated MDS-MSCs significantly 
recovered (Fig.  3G), indicating that the function of 
MDS-MSCs partially recovered.
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Exosomes from MDS‑MSCs inherit the lipid metabolism 
abnormalities blocking the hematopoietic differentiation 
of HSCs
To further explore the mechanism by which MDS-MSCs 
with lipid metabolism abnormalities regulate HSCs and 
exacerbate the progression of MDS, we analyzed the 
GEO database (GSE140101) of MDS-MSCs and found 
that compared with healthy controls (HC), the expres-
sion of vesicle transport-related genes was upregulated 

in MDS-MSCs (Fig.  4A, B). Additionally, differentially 
expressed genes were enriched in physiological processes 
related to membrane composition changes (Fig. 4C).

Exosome, one products of vesicle transport under 
lipid metabolism regulation, can mediate exchange of 
cell membrane constituents and regulate the target cells’ 
function [33]. To investigate whether exosomes secreted 
by MSCs affect the hematopoietic function of HSCs, we 
first isolated exosomes from the culture supernatant of 

Fig. 1 Evidence of BM-MSCs dysfunction in MDS. A The proliferation of BM-MSCs analyzed with the CCK8 assay. B The apoptosis of BM-MSCs 
analyzed with Flow cytometry. C Oil Red O staining analyzed adipogenic differentiation of BM-MSCs. D Alizarin Red staining analyzed osteogenic 
differentiation of BM-MSCs. E The expression of hematopoiesis-related genes in MSCs were analyzed by RT-PCR. F The apoptosis of  CD34+ MNCs 
that co-cultured with BM-MSCs for 24 h analyzed with Flow cytometry. G The percentage of  CD90+ cells in the Lineage-CD34+ cells that co-cultured 
with BM-MSCs for 24 h analyzed with Flow cytometry. H CFU-colony forming of MNCs were analyzed after co-incubation with MSCs. (***p < 0.001, 
** p < 0.01and * p < 0.05 compared with control)
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BM-MSCs using exosome extraction kit. Subsequently, 
exosomes were verified as small vesicles of approximately 
100  nm in size by transmission electron microscopy 
(TEM), and their expression of CD63 was confirmed 
(Fig. 4D). The size distribution of the exosomes was pre-
dominantly within the range of 50–150  nm (Fig.  4E). 
Interestingly, protein content analysis showed a signifi-
cant increase in exosome content in the culture super-
natant of MDS-MSCs (Fig.  4F), indicating that vesicle 
transport pathways may play a regulatory role by enhanc-
ing exosome secretion. To explore whether exosomes 
from MDS-MSCs inherit the function of blocking HSCs 
hematopoiesis, we co-incubated exosomes from MDS-
MSCs with IDA-MNCs in  vitro. The results indicated 
that after treatment, the colony formation of the cells 
was significantly reduced compared to the exosomes 
untreated group (Fig. 4G). Although there was no signifi-
cant difference in the positive expression rate of CD90 
in  Lineage−CD34+IDA-BM-MNCs, there was a down-
ward trend (Fig. 4H). Additionally, analysis after exosome 
incubation also found that compared with the control 
group, the cells apoptosis was significantly reduced in 
MDS-MSCs’ exosomes treated group (Fig.  4I). This is 
consistent with the previous results of decreased HSCs 
apoptosis after MDS-MSCs treatment.

To verify that exosomes from MDS-MSCs inherit the 
lipid metabolism abnormalities and impaired HSCs 
hematopoiesis through their contents, we first deter-
mined the protein molecular weight range of exosome 
contents using protein gel staining. The results revealed 
protein expression around 170 kD, 80 kD, and 50 kD 

(Fig.  S3A). Subsequently, we detected the content of 
lipid metabolism-related enzymes in the above molecu-
lar weight range of exosomes by Western Blotting. The 
results showed that compared with IDA-MSCs, the con-
tent of CPT-1A in exosomes from MDS-MSCs signifi-
cantly increased (Fig.  4J). This suggested that exosomes 
may regulate HSCs hematopoiesis by carrying abun-
dant CPT-1A, which is inherited from MDS-MSCs 
with abnormal lipid metabolism. Since the production 
of exosomes is closely related to the lipid metabolism, 
which is inhibited by ETO, we investigated the changes 
in the content of exosomes in cell culture supernatant 
after treating the cells with ETO for 48 h. However, there 
was no significant change in the content of exosomes in 
the culture supernatant of MDS-MSCs after treatment 
(Fig. S3B).

Does the supportive effect of MDS-MSCs exosomes 
on HSCs hematopoiesis recover after ETO treatment? 
We extracted exosomes from the culture supernatant of 
MDS-MSCs after ETO pre-treatment, and co-incubated 
them with IDA-MNCs. Compared with the control 
group, exosomes derived from MDS-MSCs after ETO 
treatment significantly increased apoptosis in  CD34+ 
IDA-MNC cells (Fig. 5A). Moreover, although there was 
no significant difference in the positive rate of  CD90+ 
cells in  Lineage−CD34+ IDA-MNC cells (Fig.  5B), the 
colony-forming ability of IDA-MNCs co-incubated with 
conditioned exosome significantly recovered (Fig.  5C). 
This suggests that after ETO treatment, exosomes from 
MDS-MSCs regain their supportive roles for HSCs 
hematopoiesis.

Fig. 2 The up-regulation of lipid metabolism in MDS-MSCs. A The expression of genes related to lipid metabolism in MSCs were analyzed 
by RT-PCR. B The level of CPT-1A were detected by Western Blotting. Full-length blots/gels are presented in Supplementary Western Blot files. 
(***p < 0.001, **p < 0.01and *p < 0.05 compared with control)
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Fig. 3 Blocking CPT-1A by ETO can restore the function of MDS-MSCs. A The proliferation of BM-MSCs pre-treated for 24 h by ETO analyzed 
with the CCK8 assay. B The apoptosis of BM-MSCs pre-treated for 24 h analyzed with Flow cytometry. C Oil Red O staining analyzed adipogenic 
differentiation of BM-MSCs with 100 µmol/L DMSO or ETO. D Alizarin Red staining analyzed osteogenic differentiation of BM-MSCs with 100 µmol/L 
DMSO or ETO. E The apoptosis of  CD34+ MNCs that co-cultured with BM-MSCs that per-treated with ETO for 24 h analyzed with Flow cytometry. F 
The percentage of  CD90+ cells in the Lineage-CD34 + cells that co-cultured with BM-MSCs that per-treated with ETO for 24 h analyzed with Flow 
cytometry. G CFU-colony forming of MNCs were analyzed after co-incubation with MSCs. (***p < 0.001, **p < 0.01and *p < 0.05 compared 
with control)
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Fig. 4 Exosome derived from MDS-MSCs enriched with CPT-1A and impeded the hematopoietic differentiation of HSCs. A Heatmap 
of the dysregulated RNA expression profiles in HD and MDS patients in GSE140101. B and C Functional enrichment analysis up-regulation in MSCs 
from MDS patients through KEGG pathway and GO terms. D Transmission electron microscopy (TEM) of exosomes isolated from the supernatant 
of MSCs and the expression of exosome-specific markers CD63 analyzed by western blotting. E Size distribution and concentration of exosomes 
were measured by Nanoparticle Tracking Analysis. F The content of exosomes from the supernatant of MSCs were measured by BCA kit. G 
CFU-colony forming of MNCs treated with 50 μg/mL exosomes were analyzed. H The percentage of  CD90+ cells in the Lineage-CD34 + cells 
that co-cultured with 50 μg/mL exosomes for 24 h analyzed with Flow cytometry. I The apoptosis of MNCs (left) and  CD34+ MNCs (right) 
that co-cultured with 50 μg/mL exosomes for 24 h analyzed with Flow cytometry. J The level of CPT-1A in exosomes were detected by Western 
Blotting. Full-length blots/gels are presented in Supplementary Western Blot files. (***p < 0.001, **p < 0.01and *p < 0.05 compared with control)
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Discussion
Myelodysplastic syndrome (MDS) is commonly consid-
ered a pre-malignancy in the elderly [34], and its pro-
gression is closely related to MSCs in the bone marrow 
microenvironment [35]. However, the precise mecha-
nism remains unclear, severely limiting the application 
of MSCs in the diagnosis and treatment of MDS. Our 
results revealed that MDS-MSCs exhibited reduced 
proliferation, elevated apoptosis, diminished osteogenic 
and adipogenic potential, and altered cell metabolism; 
these alterations collectively contribute to the sup-
pression of hematopoietic function in HSCs. Further 
analysis revealed a shift in energy metabolism towards 
lipid metabolism, characterized by the upregulation of 
lipid metabolism-related gene CPT-1A, which directly 
regulated the functions of MDS-MSCs. Additionally, 
the vesicular transport pathway, closely linked to lipid 
metabolism, influenced HSCs hematopoietic function 
through exosomes enriched with CPT-1A. In summary, 

our study suggests that the dysregulated upregulation 
of lipid metabolism in MDS-MSCs could impair their 
hematopoietic supportive capacity by secreting exosome 
enriched in CPT-1A.

While some studies have observed weakened expan-
sion capacity of MDS-MSCs compared to healthy con-
trols [36, 37], others suggest similar proliferation rates 
between MDS-MSCs and healthy controls [38, 39]. 
These differences in MSCs functional status may be 
attributed to varying disease severities among patients 
and differences in in vitro culture systems. In our study, 
all samples were obtained from high-risk MDS patients. 
After successfully isolating MSCs from the bone mar-
row of MDS patients, we confirmed a significantly 
reduction in cell proliferation, along with increased cell 
apoptosis. The slow growth and decreased cell num-
ber of MSCs may contribute to their reduced support 
of hematopoiesis. Additionally, osteoblasts and adipo-
cytes are crucial sources of cytokines such as stem cell 

Fig. 5 After blocking CPT-1A, the function of MDS-BM-MSC exosomes in supporting HSC hematopoietic differentiation can be restored. A 
The apoptosis of  CD34+ MNCs (right) that co-cultured with 50 μg/mL exosomes derived from MSCs with or without ETO for 24 h analyzed 
with Flow cytometry. B The percentage of  CD90+ cells in the Lineage-CD34+ cells that co-cultured with 50 μg/mL exosomes derived from MSCs 
with or without ETO for 24 h analyzed with Flow cytometry. C CFU-colony forming of MNCs treated with 50 μg/mL exosomes derived from MSCs 
with or without ETO were analyzed. (***p < 0.001, **p < 0.01and *p < 0.05 compared with control)
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growth factors that maintain the function of hemat-
opoietic stem cells [40]. However, controversy exists 
regarding the alterations in osteogenic and adipogenic 
potential of MDS-MSCs. Whereas some research-
ers report diminished the osteogenic and adipo-
genic capacities [41], others have found no significant 
changes in differentiation potential [17]. Our findings 
indicated that the osteogenic and adipogenic differen-
tiation abilities of MDS-MSCs were indeed weakened, 
potentially leading to the loss of hematopoietic niche 
and supportive factors for hematopoiesis, thereby 
impairing HSCs hematopoietic function. Nevertheless, 
constrained by the paucity of bone marrow samples 
from healthy controls, we elected to employ cells from 
individuals with iron deficiency anemia (IDA) a com-
parison group. This choice was based not only on the 
clinical similarities between IDA and MDS, but also on 
the understanding that IDA is primarily due to nutri-
tional deficiencies that influence erythropoiesis, rather 
than causing direct damage to the HSCs. This phenom-
enon requires further confirmation in healthy controls 
and mouse model.

Studies have revealed that  CD34+CD90+ HSCs, char-
acterized as long-term HSCs accumulated in MDS 
patients[1], play a pivotal role in BM regeneration 
and multilineage hematopoiesis [42, 43]. Therefore, 
when assessed the hematopoietic potential of HSCs, 
we detected the percentage of  CD90+ cells within the 
 Lineage−CD34+ cell population of IDA BM mononu-
clear cells (IDA-BM-MNCs) after co-incubating with 
MDS-MSCs for 24  h. The reduction in the subpopula-
tion of hematopoietic cells supports our viewpoint that 
MDS-MSCs inhibited HSCs hematopoiesis. However, 
 CD34+CD90+ cells are not the sole cell population con-
tributing to the abnormal hematopoietic process, such 
the common myeloid progenitors and granulocyte-
monocyte progenitors also accumulated in MDS [1]. To 
further validate our findings, we assessed the colony-
forming ability of IDA-BM-MNCs, rather than HSCs 
due to the limited number of cells, using experimental 
methods commonly employed in the functional evalua-
tion of MDS-HSCs [44]. We arrived at the same conclu-
sion, reinforcing the inhibitory effect of MDS-MSCs on 
hematopoiesis. It has been reported that the dysfunction 
of HSCs at the early stage of MDS BM may be attributed 
to aberrant apoptosis[45, 46], whereas advanced MDS 
progressing to AML is characterized by the accumulation 
of immature cells in the BM with a decrease in cell apop-
tosis [47, 48]. Our research demonstrated a significant 
decreased in cell apoptosis of  CD34+Linage− IDA-MNCs 

after co-culturing with MDS-MSCs, highlighting the dis-
tinct characteristics exhibited at different disease stages. 
This suggested to us that precise analysis tailored to 
individual patients is imperative to understanding these 
variations.

The function of BM-MSCs is intricately linked to 
metabolism [49, 50], which reports suggest that enhanc-
ing glycolysis can boost their immune functions and 
therapeutic potential, while inflammatory stimulation 
primarily alters their lipid metabolism [51]. We initially 
assessed the metabolic state by examining the expres-
sion of genes related to glycolipid metabolism to evaluate 
aerobic oxidation, glycolysis, and the pentose phosphate 
pathway (data not shown). Preliminary results indicated 
a downregulation of glycolysis in MDS-MSCs, although 
we were unable to pinpoint which cellular functions are 
primarily affected by these changes. Interestingly, when 
investigated the expression of genes related with lipid 
metabolism, we observed a significant upregulation, sug-
gesting a metabolic imbalance in the cells. Studies have 
shown that AML-MSCs exhibit altered lipid metabolism, 
with a decrease in lipid content during the differentia-
tion and a propensity towards adipocyte differentiation, 
thereby promoting the formation of the HSCs niche 
under pathological conditions [52]. Our findings indi-
cated that the abnormal upregulation of lipid metabolism 
in MDS-MSCs may be linked to lipid breakdown during 
MSCs differentiation, resulting in a decreased lipid level. 
Furthermore, after inhibiting the function of CPT-1A, 
a key enzyme in fatty acid oxidation, the hematopoie-
sis-promoting function of MDS-MSCs was enhanced, 
suggesting a pivotal role of lipid metabolism in the func-
tional regulation of MDS-MSCs. Although we collected 
a total of 21 clinical samples for all the experiments, the 
inherent heterogeneity among the patient samples made 
it challenging to identify distinct differences in MSC 
metabolism across various subtypes with such a limited 
sample size. Consequently, we did not categorize them 
into separate subtypes for comparative analysis.

Lipid metabolism emerged as a crucial factor gov-
erning cell proliferation, notably showing a significant 
decrease in MDS-MSCs in our study. We were intrigued 
by how lipid metabolism regulated the function of HSCs. 
Bioinformatics analysis uncovered notable changes in the 
vesicular transport pathway, regulated by lipid metabo-
lism. Studies on exosomes, which are related to vesicu-
lar transport pathway and characterized by a size of 
30–150  nm and contain various functional molecules, 
have highlighted their role in transferring information 
between cells and altering target cells phenotype. Also, 
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exosomes derived from MSCs promote acute myeloid 
leukemia cell proliferation, invasion and chemoresist-
ance via upregulation of S100A4 [53]. This suggests that 
exosomes from MSCs or HSCs could serve as mediators 
of functional transfer between these cell types [2, 54, 55], 
and will lose their original function in pathological state. 
We observed that exosomes derived from MDS-BM-
MSCs enriched with CPT-1A could inhibit HSCs hemat-
opoiesis. Remarkably, inhibiting the activity of CPT-1A 
with ETO in MDS-MSCs restored the supportive role of 
exosomes in HSCs hematopoiesis but not the number. 
This suggested that the heightened lipid metabolism in 
supporting cells leads to increased secretion of exosomes 
enriched with CPT-1A, which may exert their func-
tion upon uptake by HSCs through endocytosis. How-
ever, further verification is needed to ascertain whether 
these processes directly influence HSCs function, and 
the mechanism of action of CPT-1A within HSCs war-
rants further investigation. While our study provided 
compelling evidence that MDS-MSCs and their derived 
exosomes inhibited HSCs hematopoiesis, these findings 
had yet to be verified within the complex microenviron-
ment of the bone marrow (BM) in vivo.

Conclusions
In conclusion, our results indicated that MDS bone mar-
row microenvironment alters the metabolism of MSCs by 
increasing the expression of CPT-1A which in turn ham-
pered the capacity of MSCs to facilitate normal hemat-
opoiesis in HSCs. Remarkably, this inhibitory effect 
could be propagated via exosomes that were enriched in 
CPT-1A and secreted by MSCs (Fig. 6). These discoveries 
illuminated a novel pathway involving MDS-MSCs, met-
abolic disturbances, and exosomes in the pathophysiol-
ogy of ineffective hematopoiesis, providing fresh insights 
and potential therapeutic approaches for the manage-
ment of MDS.
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Fig. 6 Graphical Abstract In summary, our findings suggest that MDS BM microenvironment perturbs MSCs metabolism by enhancing 
the expression of CPT-1A, which impairs the ability of MSCs to support normal HSCs. Enforcing MSCs lipo-metabolic balance with ETO rescues 
the suppressed normal hematopoiesis in vitro MDS models. Intriguingly, the suppressive effect is reversible and mediated by exosomes derived 
from MSCs. These findings shed light on the novel MDS MSCs-metabolism-Exo axis in ineffective hematopoiesis and provide new insights 
and strategies for the treatment of MDS
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