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Introduction: Radiation-induced thrombocytopenia (RIT) is a serious
complication of cancer radiotherapy, for which therapeutic options are
limited. This study investigates wedelolactone (WED), a metabolite of a
botanical drug, as a potential treatment for RIT.

Methods: In vitro experiments were conducted using Meg-01 and K562 cell lines
to evaluate the effects of WED on megakaryocyte differentiation and maturation.
Flow cytometry and phalloidin staining were employed to assess the expression
of megakaryocyte-specific markers CD41 and CD61, as well as nuclear
polyploidization. A mouse model of RIT was established to assess the efficacy
of WED in restoring platelet counts and regulating hematopoiesis. RNA
sequencing and western blot analyses were performed to explore the
underlying molecular mechanisms.

Results: In vitro experiments revealed that WED enhanced megakaryocyte
differentiation in a dose-dependent manner, increasing the expression of
lineage-specific markers CD41 and CD61, and promoting polyploidization and
cytoskeletal reorganization. In vivo, WED significantly restored platelet counts in
the mouse model of RIT and promoted the production of hematopoietic stem
cells (HSCs), megakaryocytes, and reticulated platelets. RNA sequencing and
western blot revealed that WED-induced megakaryocyte differentiation involves
the regulation of mitochondrial oxidative phosphorylationmediated by the AMPK
signaling pathway and activation of the MAPK signaling pathway. Inhibition of
mitochondrial oxidative phosphorylation or MAPK signaling suppressed WED-
induced megakaryocyte differentiation, highlighting the central role of
these pathways.
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Discussion: These findings indicate that WED could be a promising therapeutic
candidate for RIT, acting through the modulation of oxidative phosphorylation and
MAPK signaling pathways to enhance thrombopoiesis.
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differentiation, thrombopoiesis

1 Introduction

Thrombocytopenia is a prevalent hematological disorder
defined by a peripheral blood platelet count below the normal
threshold of 150 × 109/L (Raghunathan et al., 2022). It often
results in bleeding tendencies, coagulation abnormalities, and, in
severe cases, life-threatening conditions (Greenberg, 2017). The

etiology of thrombocytopenia is multifactorial, frequently linked
to either impaired platelet production or accelerated platelet
clearance (Chen et al., 2022). This condition can arise from
diverse causes, including genetic predispositions, acquired
disorders, microbial infections, or as a consequence of
radiotherapy and chemotherapy. Thrombocytopenia significantly
worsens patient prognosis and restricts the efficacy of treatments,

particularly in those undergoing radiotherapy and chemotherapy

(Du et al., 2023). Additionally, it can precipitate serious

complications, such as arterial and venous thrombosis, ischemic

stroke, and myocardial infarction, thereby contributing substantially

to global morbidity and mortality (Xu et al., 2016). Consequently,

the rapid and effective elevation of platelet counts is a critical

therapeutic objective in the management of thrombocytopenia.
Platelets are small cytoplasmic fragments shed from

megakaryocytes in the bone marrow (BM), playing critical roles
in several physiological processes, including hemostasis, thrombosis,
and immunomodulation. With an average lifespan of 7–10 days,
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continuous platelet production is essential to maintain normal platelet
counts (Liu et al., 2014). In healthy individuals, platelets are produced
from hematopoietic stem cells (HSCs) through a complex series of
differentiation and maturation processes known as thrombopoiesis.
HSCs differentiate into megakaryocytes, which undergo differentiation
and polyploidization to form platelet precursors that release platelets
into the vascular lumen (Ghalloussi et al., 2019). This process is
regulated by several key signaling pathways, such as JAK/STAT,
PI3K/AKT, and MAPK. These activated pathways regulate the
expression of critical transcription factors, including GATA1,
RUNX1, NF-E2, FOS, and TAL1, which are pivotal in
megakaryocyte differentiation, maturation, and thrombopoiesis
(Yang et al., 2022; Lai et al., 2023). Furthermore, recent studies have
suggested that mitochondrial metabolism may represent a novel
regulatory mechanism in megakaryocyte differentiation. For
instance, atmospheric particulate matter has been reported to induce
thrombopoiesis by modulating mitochondrial oxidative
phosphorylation (Jin et al., 2021). Similarly, virodhamine has been
shown to promote megakaryocyte differentiation by regulating
mitochondrial function (Sharma et al., 2021), while Justicia
adhatoda L. [Acanthaceae] induces differentiation via mitochondrial
reactive oxygen species (ROS) production (Gutti et al., 2018). These
findings underscore the emerging significance of mitochondrial
pathways in regulatingmegakaryocyte maturation and thrombopoiesis.

The primary treatments for thrombocytopenia currently include
pharmacological therapy, platelet transfusion, and dietarymodification.
Pharmacological interventions typically involve glucocorticoids,
immunoglobulins, and thrombopoietin receptor agonists to enhance
platelet production. However, these approaches often come with
significant drawbacks, including high relapse rates, limited efficacy,
and the development of drug tolerance (Lasne et al., 2020). Platelet
transfusion, while capable of rapidly increasing platelet levels, is not a
sustainable long-term solution due to limited donor resources and the
risk of transfusion-related reactions (Katsube et al., 2019).
Consequently, significant challenges persist in the management of
thrombocytopenia. There is an essential demand for the
development of innovative and effective interventions that can safely
and rapidly elevate platelet counts and improve patient outcomes.

The metabolites of botanical drugs are widely recognized as
valuable precursors for drug development due to their unique
chemical structures and diverse biological activities (Sun et al.,
2020). The metabolites derived from plants, microorganisms, and
marine organisms offer significant chemical diversity, providing
novel insights for drug discovery. Wedelolactone (WED), a
polyphenol sharing a coumarin skeleton with a benzofuran
moiety at C-3 and C-4, belongs to a class of secondary
metabolites renowned for diverse pharmacological effects.
Isolated from traditional medicinal plants such as Eclipta
prostrata (L.) L. [Asteraceae], Sphagneticola calendulacea (L.)
Pruski [Asteraceae], WED has been extensively studied for its
potent bioactivities, including antifibrotic, anti-inflammatory,
anticancer, and antidiabetic properties (Tu et al., 2021; Swami
et al., 2023; Zhang J. et al., 2023). These effects are primarily
attributed to its molecular structure, which facilitates interactions
with various cellular targets, influencing key signaling pathways (Tu
et al., 2021; Zhang J. et al., 2023). The intrinsic molecular properties
ofWED, such as its stability and reactivity, drive ongoing research in
the biomedical and pharmaceutical fields, particularly for the

development of novel therapeutic interventions (Swami et al.,
2023). In addition, the use of botanical drug metabolites like
WED is increasingly recognized as a promising alternative to
synthetic drugs, offering a more sustainable and often less toxic
approach to treatment. The potential of WED as an effective
therapeutic agent underscores the importance of exploring
botanical drug metabolites in modern medicine (Swami et al.,
2023). WED was previously identified as a potential therapy for
thrombocytopenia through virtual screening, demonstrating its
ability to restore platelet counts in radiation-induced
thrombocytopenia (RIT) mice models without systemic toxicity
(Mo et al., 2023). However, the precise mechanism underlying
WED’s efficacy in treating thrombocytopenia remains unclear.
The molecular mechanism underlying WED-induced
megakaryocyte differentiation was investigated using RNA
sequencing. Experimental validation further confirmed that WED
promotes megakaryocyte differentiation and maturation by
regulating mitochondrial metabolism and activating the MAPK
pathway. These findings emphasize the potential impact of
mitochondrial metabolism in hematopoiesis and indicate that
WED could be a prospective candidate for treating RIT clinically.

2 Materials and methods

2.1 Chemicals

WED, with a purity exceeding 99.66% was ascertained through
High Performance Liquid Chromatography, was procured by
Chengdu Pusi Biotechnology Co., Ltd. and dissolved as per the
instructions.

2.2 Cell culture

The human chronic myeloid leukemia cell line (K562) and
human megakaryocytic leukemia cell line (Meg-01) were
obtained from the American Type Culture Collection (Bethesda,
MD, United States). These cells were cultured in RPMI-1640
medium, with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin.

2.3 Quantification of cells surface markers

Following the 5-day treatment involving WED (2.5, 5, and 10 μM)
alongwith Phorbol 12-myristate 13-acetate (PMA) (Mo et al., 2023), the
cells were collected and were subsequently incubated with FITC-CD41
and PE-CD61(4A Biotech, Beijing, China) antibodies for a duration of
30 min, shielded from light. The quantification of CD41 and
CD61 expression levels were quantified using flow cytometer (BD
Biosciences, San Jose, CA, USA).

2.4 DNA ploidy analysis

Cells were harvested and washed three times with phosphate-
buffered saline (PBS), as previously described. They were then fixed
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overnight at 4°C, followed by two additional washes with PBS. Next,
the cells were incubated with propidium iodide/RNase staining
buffer for 15 min at room temperature. Finally, the stained cells
were analyzed using flow cytometry.

2.5 Phalloidin staining

Cells were collected as previously outlined and fixed with 4%
paraformaldehyde for 10 min, followed by permeabilization with
0.5% Triton X-100. They were then shielded from light and stained
with tetramethylrhodamine-labeled ghost pen cyclic peptide
(Solarbio, Beijing, China) for 1 h. Afterward, the nuclei were
counterstained with 100 nM 4′,6-diamidino-2-phenylindole
(Solarbio, Beijing, China) for 30 s. Fluorescence images were
captured using a fluorescence microscope (Leica,
Wetzlar, Germany).

2.6 Animals

Kunming (KM) mice, aged 8–10 weeks, were acquired from
Liaoning Changsheng Biological Co. Ltd. They were provided a
standard diet and kept in an environment with a 12-hour light/
dark cycle.

2.7 Establishment and treatment of RIT
mice model

The mice were divided randomly into four groups: control
group, RIT model group, recombinant human thrombopoietin
(TPO) positive group (3000 U/kg) (Lin et al., 2021), and WED
(2.5, 5, and 10 mg/kg) group (Mo et al., 2023). All groups, except the
control group, received total body irradiation (TBI) with 4 Gy X-rays
at a dose rate of 4 Gy/min to establish thrombocytopenic model
mice. Briefly, KM mice were irradiated in well-ventilated acrylic
plastic boxes at room temperature. The boxes were positioned at the
center of the irradiation field within the 95% isodose region of the
irradiator to ensure uniform dose delivery across multiple samples
(Du et al., 2023; Wang et al., 2023). Following irradiation, both the
control andmodel groups received daily intraperitoneal injections of
normal saline. The TPO and WED groups received intraperitoneal
injections of TPO or WED daily for 12 consecutive days,
respectively. Blood samples of 40 µL were collected from the
ocular venous plexus (days 0, 3, 7, 10, 12) and analysed using a
haematology analyser (Sysmex XT-2000iV, Kobe, Japan).

2.8 Flow cytometry analysis of BM

Femur cells of mice were harvested (Liu et al., 2024). Antibody
labeling followed standard protocols. For haematopoietic stem
progenitor analysis, cells were labelled with FITC-conjugated
anti-CD34 and PE-conjugated anti-CD117. For megakaryocyte-
erythroid progenitor cell analysis, cells were labelled with FITC-
conjugated anti-CD41 and PE-conjugated anti-CD117 For
megakaryocyte analysis, cells were labelled with FITC-conjugated

anti-CD41 and PE-conjugated anti-CD42d. All antibodies were
incubated for 20 min and tested by flow cytometry. All
antibodies are from Beijing Sizhenbai Biotechnology Co.

2.9 Reticulocyte platelet assay

Whole blood from mice orbits was collected and diluted in
Tyrode’s solution. Platelets were labeled with anti-CD61-APC
antibody and thiazole orange, then incubated for 20 min in the
dark before analysis by flow cytometry.

2.10 Immunohistochemical analysis

Mice were euthanized, and the femur and spleen were isolated
and fixed in 10% paraformaldehyde. The femur was decalcified in a
decalcification solution for over a month. Organs were subsequently
embedded in paraffin, sectioned, and stained with antibodies against
CD41 (Abmart, Shanghai, China).

2.11 Mitochondrial assay

Investigated mitochondrial metabolic function using established
methods (Chen et al., 2023). Mitochondrial mass was assessed by
staining with Mito-Tracker Green (MTG), while Mitochondrial
Membrane Potential (MMP) was evaluated using the
Mitochondrial Membrane Potential Assay Kit JC-1. Levels of
mitochondrial ROS were measured with the ROS Assay Kit.
After staining, cells were analyzed by flow cytometry.
Additionally, adenosine triphosphate (ATP) levels were
quantified following the manufacturer’s instructions using the
ATP Assay Kit. All assay reagents were obtained from Beyotime
Biotechnology Technologies Ltd.

2.12 RNA sequencing

Briefly, total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA) following the treatment of cells with WED
(10 μM) for 3 days. Libraries were sequenced on the Illumina
HiSeq xten/NovaSeq 6,000 platform by Shanghai Metso
BioMedical Biotechnology Co. Differentially expressed genes
(DEGs) were identified using a fold change (FC) of ≥ 1.5 and a
p-value of < 0.05. DEGs were then subjected to enrichment analyses.
The RNA sequencing data were deposited to Sequence Read Archive
of National Center for Biotechnology Information, and the accession
number was PRJNA1162465.

2.13 Western blot

Briefly, samples were loaded onto 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis followed by polyvinylidene
difluoride membrane (BioRad, Hercules, CA). Transfer of
membrane was performed. Add primary antibody and incubate
overnight, then wash three times with PBST (PBS with 2% Tween-
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20), the secondary antibody was added and incubated at 37°C for 1 h.
Antibodies against RAS (Abmart, T56672S), p-MEK1/2 (CST,
9154S), MEK1/2 (CST, 8727 S), p-ERK1/2 (Abmart, TA1015S),

ERK1/2 (Abmart, TA0155), p-AMPK (Abmart, T55608F), AMPK
(Abmart, T55326F), NF-E2 (Proteintech, United States, 11089-1-
AP), GATA1 (Proteintech, United States, 10917-2-AP), FOS

FIGURE 1
WED inducesmegakaryocyte differentiation andmaturation. (A)CD41 and CD61 expression in the cells after 5 days of PMA andWED treatment. The
histograms illustrate the proportion of CD41+ CD61+ cells in each group. (B) DNA ploidy analysis of cells using flow cytometry after 5 days of PMA and
WED intervention. The histograms display the percentage of 2N, 4N, and ≥ 8N cells. (C) Phalloidin staining was conducted on two cell types treated with
WED and PMA for 5 days. Scale bar = 100 μm. Data are displayed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control
group. Ctrl: Control.
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(Proteintech, United States, 66590-1-Ig), GAPDH (Proteintech,
United States, 10494-1-AP).

2.14 Statistical analysis

The mean ± standard deviation (SD) of at least three
independent repeated trials were used to illustrate all calculated
data. Statistical analysis was performed using either Student’s t-test
or two-way ANOVA to compare the different groups in this study,
with a significance level set at p < 0.05.

3 Results

3.1 WED promotes megakaryocyte
differentiation and maturation in vitro

Megakaryocyte development involves a process of “excessive
hypertrophy”, marked by substantial cell volume expansion,
polyploidy formation, and elevated expression of megakaryocyte-
specific markers (Tang et al., 2024). To assess whether WED directly
influences megakaryocyte differentiation andmaturation, we treated
Meg-01 and K562 cells with varying doses of WED (2.5, 5, and
10 μM). PMA served as a positive control for in vitromegakaryocyte
differentiation (Ogura et al., 1988). Flow cytometry analysis,
conducted after 5 days of treatment, revealed a dose-dependent
increase in the expression of megakaryocyte lineage-specific markers
CD41 and CD61 in both WED-treated and PMA-treated
groups (Figure 1A).

Polyploidy, a hallmark of mature megakaryocytes (Chase et al.,
2010), was also evaluated. Flow cytometry indicated that WED
significantly enhanced DNA ploidy (Figure 1B). Given that
maturation of megakaryocytes and the formation of proplatelets
necessitate the reorganization of the actin cytoskeleton (Machlus
et al., 2016), we conducted phalloidin staining. The results indicated
that cells in the WED-treated and PMA-treated groups displayed a
notable enlargement of cell size and exhibited multilobed,
multinucleated nuclei, in contrast to the control group, which
showed minimal nuclear maturation (Figure 1C). Together, these
findings suggest that WED effectively promotes megakaryocyte
differentiation and maturation.

3.2 WED promotes platelet recovery in
RIT models

To evaluate the in vivo efficacy of WED in treating
thrombocytopenia, a RIT mouse model was established using
whole-body irradiation with 4 Gy X-rays. Following irradiation,
treatment included varying doses of WED (2.5, 5, and 10 mg/kg),
with TPO (3000 U/kg) serving as a positive control (Figure 2A).
Throughout the experimental period, the health status of the mice
was monitored daily. On the seventh day post-irradiation, the mice
exhibited lethargy and reduced physical activity. However, by day
twelve, no significant differences were observed in body weight,
mental state, locomotor activity, or food and water intake among
any of the treatment groups. These findings suggest that the mice

tolerated WED well at the tested dosage. In irradiated mice, platelet
counts declined to their lowest point on day 7, while counts in the
control group remained stable. However, from day 7 to day 12, both
WED and TPO-treated mice exhibited significant platelet recovery
compared to the model group, indicating that WED effectively
promotes platelet production in the RIT model (Figure 2B).
Platelet distribution width (PDW), mean platelet volume (MPV),
and platelet-large cell ratio (P-LCR) were significantly elevated in
irradiated mice compared to normal controls (Figures 2C–E). This
observation aligns with previous studies showing that surviving
megakaryocytes produce larger, more reactive platelets following
irradiation, which may serve as an emergency response to
compensate for the reduced hemostatic function caused by
cytotoxic damage (Du et al., 2023).

3.3 WED promotes the production of HSCs,
megakaryocytes, and reticulated platelets in
RIT mice

It is well established that hematopoietic cells are highly sensitive
to radiation and undergo apoptosis immediately following exposure
(Li et al., 2016). As the BM is the primary hematopoietic organ (Guo
et al., 2021), we examined the percentages of hematopoietic cells in
the BM of each group of mice. Flow cytometry analysis revealed
significant increases in the percentages of c-Kit+CD34+

(hematopoietic stem progenitor) (Figure 3A), c-Kit+CD41+

(megakaryocytic progenitor) (Figure 3B), and CD41+CD42d+

(megakaryocyte) (Figure 3C) cells in the TPO- and WED-treated
groups compared to the model group. These results suggest that
WED can promote various stages of megakaryopoiesis.

Previous studies demonstrated a gradual increase in peripheral
platelet counts in RIT mice following WED treatment. To
investigate the origin of this increase, we used thiazole orange
staining to assess the production of new platelets (Kostyak et al.,
2014). Flow cytometry analysis showed a significant increase in
thiazole orange-positive platelets in both the TPO andWED-treated
groups (Figure 3D), indicating enhanced de novo platelet production
following WED administration. Additionally, as megakaryocytes,
predominantly located in the BM and partially in the spleen, are
responsible for platelet production (Ma et al., 2019), we conducted
immunohistochemical staining for CD41 in the BM and spleen. The
data demonstrated a notable increase in megakaryocyte numbers in
the BM of TPO- and WED-treated mice compared with model
group, with analogous findings in the spleen (Figure 3E). These
findings suggest that WED promotes the generation of both
megakaryocytes and platelets in RIT mice.

3.4 Gene expression profile associated with
WED-induced megakaryocyte
differentiation

The molecular mechanisms underlying WED-induced
megakaryocyte differentiation were investigated through RNA
sequencing. A heat map highlighted the changes in overall gene
expression between control and WED-treated groups (Figure 4A).
Volcano plot revealed 1869 DEGs, with 732 upregulated and
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1,137 downregulated in the WED-treated group compared to
control (Figure 4B). To further understand the functional roles of
the WED-regulated DEGs, GO and KEGG pathway enrichment
analyses were conducted. GO analysis revealed that the DEGs were
predominantly associated with mitochondrial metabolism-related
processes, such as ATP metabolic process, positive regulation of
mitochondrial translation, positive regulation of megakaryocyte
differentiation, and ATPase activity (Figure 4C). KEGG analysis
revealed that these DEGs were significantly enriched in metabolic
pathways, oxidative phosphorylation, and related processes
(Figure 4D). These findings suggest that mitochondrial

metabolism is crucial for WED-induced megakaryocyte
differentiation.

3.5 WED induces megakaryocyte
differentiation by regulating oxidative
phosphorylation

To elucidate the involvement of mitochondrial metabolism and
oxidative phosphorylation in WED-induced megakaryocyte
differentiation, several mitochondrial metabolism-related

FIGURE 2
WED promotes platelet recovery in RIT mice. (A) Schematic diagram illustrating the study design for the treatment of RIT model mice with WED.
(B–E) Changes in platelet parameters, including (B) platelet counts, (C) PDW, (D)MPV, (E) P-LCR, were measured in peripheral blood on days 0, 3, 7, 10,
and 12 after RIT mice were treated with WED. Data are displayed as mean ± SD (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the model. #p < 0.05, ##p <
0.01, ###p < 0.001 vs. control group. Ctrl: Control.
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indicators were examined, including MMP, cellular ATP levels, ROS
content, and mitochondrial mass. The data revealed that WED
treatment resulted in a decrease in MMP (Figures 5A,C),

accompanied by increased ATP levels (Figure 5B), elevated ROS
production (Figure 5D), and enhanced mitochondrial mass
(Figure 5E). Analogous results were detected in BM cells of RIT

FIGURE 3
WED stimulates the production of both megakaryocytes and platelets in vivo. (A–C) Flow cytometry analyses of c-Kit+CD34+ (A), c-Kit+CD41+ (B),
and CD41+CD42d+ (C) cell percentages in the BM after 10 days of treatment. Histograms represent the proportion of positive cells in each group. (D)
Thiazole orange-positive platelets in peripheral blood. Histograms represent the proportion of positive platelets in each group. (E) Immunohistochemical
staining of CD41 in the BM and spleen tissue. The CD41+ MKs are indicated by arrows. Scale bar = 50 μm. Histograms represent the proportion of
CD41+ cells in BM and spleen across groups. Data are displayed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. model group.
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mice (Supplementary Figure S1B,C). The MMP of BM cells
increased in both the TPO and WED-treated groups compared
to the model group, suggesting that WED may regulate MMP
(Supplementary Figure S1A). To further validate the involvement
of mitochondrial oxidative phosphorylation in megakaryocyte
differentiation, Carbonyl Cyanide m-Chlorophenylhydrazone
(CCCP), an inhibitor of mitochondrial oxidative phosphorylation,
was added, and flow cytometry analysis showed that CCCP

significantly inhibited WED-induced expression of CD41 and
CD61 (Figure 5F). Indicating that mitochondrial oxidative
phosphorylation is integral to WED-induced megakaryocyte
differentiation.

Moreover, RNA sequencing indicated that WED-induced
differential genes were significantly enriched in ATP metabolic
processes, ATPase regulator activity, ATP binding, ATPase
activity, and other pathways related to energy metabolism. Given

FIGURE 4
RNA sequencing analysis. (A) Heatmap displaying gene expression changes. (B) MA plot showing DEGs with upregulated (red) or downregulated
(blue). (C) GO enrichment analysis. (D) KEGG enrichment analysis.
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FIGURE 5
Mitochondrial oxidative phosphorylation contributes to WED-induced megakaryocyte differentiation. (A) Fluorescence images of JC-1-stained
K562 cells showing changes in MMP. (B) Intracellular ATP levels in K562 cells after 5 days of WED treatment. (C–E) Flow cytometry evaluation of MMP (C),
ROS levels (D), and mitochondrial mass (E) in K562 cells after 5 days of WED intervention. *p < 0.05, **p < 0.01, ***p < 0.001. vs the control group. (F)
Expression of CD41 and CD61. Histograms display the percentage of CD41+CD61+ cells. Data are displayed asmean ± SD (n = 3). ***p < 0.001 vs. the
WED group.
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FIGURE 6
MAPK signaling pathway is necessary forWED-inducedmegakaryocytematuration. (A-F)Western blot analysis showing the expression levels of RAS,
p-MEK, p-ERK, FOS, NF-E2, and GATA1 in cells exposed to WED (2.5, 5, and 10 μM). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group. (G) Flow
cytometry analysis, with histograms displaying the proportion of CD41+CD61+ cells. Data are displayed as mean ± SD (n = 3). ***p < 0.001 vs. the
WED group.
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that AMPK serves as a key regulator of energy metabolism (Herzig
and Shaw, 2018), we further investigated the effect of WED on the
AMPK signaling pathway. Western blot analysis confirmed that
WED significantly promoted AMPK phosphorylation
(Supplementary Figure S1D), while the addition of the AMPK
inhibitor compound C inhibited WED-induced ATP production
(Supplementary Figure S1E). These findings imply that AMPK
phosphorylation is essential for WED-regulated mitochondrial
oxidative phosphorylation, which may subsequently induce the
differentiation of megakaryocytes.

3.6 The MAPK signaling pathway is activated
during WED-promoted megakaryocyte
differentiation

GO analysis revealed that DEGs were enriched in the positive
regulation of megakaryocyte differentiation. The MAPK signaling
pathway is a crucial intracellular network that governs cellular
proliferation and differentiation (Lieu et al., 2017), with
numerous studies reporting its role in regulating megakaryocyte
differentiation (Manne et al., 2022; Zhou et al., 2024). Additionally,
previous research has shown that WED attenuates pulmonary
fibrosis in part by activating AMPK and modulating the MAPK
signaling pathway (Yang et al., 2019). Therefore, we investigated the
role of the MAPK signaling pathway in WED-induced
megakaryocyte differentiation. The results show that WED
significantly induced the expression of RAS protein and
promoted the phosphorylation of MEK and ERK (Figures 6A–C).
Additionally, WED enhanced the expression of transcription factors
FOS, NF-E2, and GATA1 (Figures 6D–F), which are essential for
megakaryocyte differentiation. Flow cytometry analysis further
demonstrated that both the AMPK inhibitor compound C and
the MAPK inhibitor SCH772984 suppressed WED-induced
CD41 and CD61 expressions (Figure 6G). These findings suggest
that AMPK-mediated oxidative phosphorylation and the MAPK
signaling pathway are essential for WED-induced megakaryocyte
differentiation.

4 Discussion

Thrombocytopenia is a prevalent and acute complication of
chemotherapy and radiotherapy, leading to symptoms such as
severe bleeding and increased infection risk, which can interrupt
treatment and negatively impact patient outcomes (Zhou et al.,
2024). Although current therapeutic strategies like platelet
transfusions, thrombopoietin receptor agonists, and
glucocorticoids are used to manage thrombocytopenia, their
limitations, including side effects and restricted applicability, have
driven the search for alternative treatments (Zhang T. et al., 2023).
The metabolites of botanical drugs offer a promising avenue for drug
development due to their diverse biological activities and low
toxicity (Kim et al., 2015). Extensive biomedical research on
WED has demonstrated its diverse pharmacological properties,
including anticancer, anti-inflammatory, antidiabetic, anti-obesity,
antioxidant, antiviral, and anti-aging activities. Additionally, WED
exhibits cardiovascular benefits and serine protease inhibition, with

notable protective effects on vital organs such as the liver, lungs,
bones, and teeth (Cheng et al., 2019; Das et al., 2019; Sarwar et al.,
2021; Ha et al., 2023). In this research, we explored the therapeutic
potential of WED, a natural bioactive metabolite, in promoting
megakaryocyte differentiation and platelet recovery in the context of
radiation-induced thrombocytopenia.

The findings of this research indicate that WED significantly
promotes the differentiation of megakaryocytes and enhances
platelet recovery in the RIT mice model. In vitro, WED markedly
increased the expression of megakaryocyte lineage markers
CD41 and CD61 and promoted megakaryocyte
polyploidization, a key step in platelet biogenesis. These
findings were further confirmed in vivo, where WED-treated
mice exhibited significant recovery of platelet counts following
irradiation. Flow cytometry analysis revealed that WED
enhanced the production of HSCs, megakaryocyte progenitors,
mature megakaryocytes, and new platelets in the BM. These
results were corroborated by immunohistochemical staining,
which showed an elevation in megakaryocyte numbers in both
the BM and spleen. Transcriptomic analysis provided insights
into the molecular basis of WED’s action, with GO analysis
revealed that the DEGs were predominantly associated with
mitochondrial metabolism-related processes, such as ATP
metabolic process, positive regulation of mitochondrial
translation and ATPase activity. Notably, KEGG pathway
analyses identified enrichment of oxidative phosphorylation
and metabolic processes. To validate the results from RNA
sequencing and enhance the reliability of our findings, the
molecular mechanism of WED-induced megakaryocyte
differentiation was further systematically confirmed using
Western blot and flow cytometry.

Mitochondria are essential for cellular energy production
through oxidative phosphorylation, which generates ATP, a
critical energy source for cell differentiation and proliferation
(Valentin-Vega et al., 2012). In this study, WED was found to
enhance mitochondrial activity by increasing ATP production and
mitochondrial mass while regulating MMP. These changes indicate
that WED modulates mitochondrial function to support the energy
demands of megakaryocyte differentiation. Furthermore, the
addition of CCCP, a mitochondrial oxidative phosphorylation
inhibitor, significantly suppressed WED-induced expression of
CD41 and CD61, confirming the involvement of mitochondrial
oxidative phosphorylation in this process. The process of oxidative
phosphorylation leads to the production of ROS (Lu et al., 2022),
and increased ROS has been reported to promote megakaryocyte
maturation and platelet production (Beaulieu et al., 2011).
Additionally, WED activates the AMPK signaling pathway, a key
regulator of energy metabolism (Lian et al., 2019). AMPK activation
is known to enhance mitochondrial biogenesis and promote
oxidative phosphorylation (Weimer et al., 2014; Herzig and
Shaw, 2018). Western blot analysis revealed that WED
significantly increased the phosphorylation of AMPK, while
inhibition of AMPK with compound C attenuated WED-induced
ATP production and megakaryocyte differentiation. These results
suggest that AMPK-mediated regulation of mitochondrial
metabolism is critical for the pro-differentiation effects of WED.
The MAPK pathway, particularly the MEK/ERK cascade, is
identified as modulating cell proliferation, differentiation, and
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survival (Wang et al., 2022). Western blot analysis confirmed that
WED significantly stimulated the expression of RAS and the
phosphorylation of MEK and ERK. Furthermore, WED enhanced
the expression of transcription factors FOS, NF-E2, and GATA1,
which are vital for the concluding phases of megakaryocyte
development and proplatelet synthesis (Kamal et al., 2018; Zhou

et al., 2024). Inhibition of the MAPK pathway with
SCH772984 suppressed WED-induced CD41/CD61 expression,
demonstrating the importance of MAPK signaling in WED-
mediated megakaryocyte differentiation.

However, like many polyphenols, WED has been identified as a
potential pan-assay interference compound. These compounds are

FIGURE 7
Schematic model showing the role of WED in regulating megakaryocyte differentiation and platelet generation. WED promotes megakaryocyte
differentiation and platelet generation by activating the MAPK signaling pathway (RAS/MEK/ERK1/2) and modulating oxidative phosphorylation via the
AMPK signaling pathway. Activation of MAPK signaling results in the upregulation of key hematopoietic transcription factors, including FOS, NF-E2, and
GATA1, which are essential for megakaryocyte differentiation and maturation. This process ultimately leads to the restoration of platelet counts, as
demonstrated in the RIT mice model. MEP: Megakaryocyte-erythroid progenitor.
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known for their ability to interact with multiple molecular targets
and exhibit so-called “promiscuous” binding, which can result in
non-specific or artifactual outcomes in various bioassays (Heinrich
et al., 2020). To address this limitation, future studies will
incorporate additional technical approaches—such as drug target
identification techniques, gene knockdown strategies, and multi-
omics analyses—to rigorously elucidate the molecular basis of
WED’s pro-hematopoietic effects.

In summary, this study demonstrates that mitochondrial
oxidative phosphorylation and MAPK signaling pathways play a
key role in WED-mediated promotion of megakaryocyte
differentiation and maturation. Moreover, WED was found to
enhance hematopoiesis and restore platelet counts in mice
following irradiation-induced injury. Based on both our in vitro
and in vivo findings, WED may represent a promising therapeutic
candidate for the treatment of thrombocytopenia. These results
provide a theoretical foundation and offer new insights for the
development of novel thrombocytopenia therapies (Figure 7).

5 Conclusion

These results offer fresh perspectives on the mechanisms by
which WED regulates megakaryocyte differentiation and highlight
its potential as a therapeutic agent for thrombocytopenia. Future
research should explore the clinical applicability of WED and
investigate the broader implications of mitochondrial regulation
in haematopoietic diseases.
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