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Danggui Buxue decoction alleviates cyclophosphamide-induced myelosuppression
by regulating b-hydroxybutyric acid metabolism and suppressing oxidative stress
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ABSTRACT
Context: Danggui Buxue Decoction (DBD) is an effective complementary medicine in alleviating myelo-
suppression after chemotherapy (MAC). However, its mechanism of action is elusive.
Objective: To illustrate that regulating b-hydroxybutyric acid (b-OHB) metabolism and suppressing oxida-
tive stress could be a potential mechanism of action for DBD in alleviating MAC.
Materials and methods: After HPLC quantification and dose testing (3, 6 and 10g/kg, gavage) of DBD,
Sprague-Dawley rats were divided into control, cyclophosphamide (CTX) (30mg/kg CTX for 5 days, intra-
peritoneal administration) and CTXþDBD groups (6 g/kg DBD for 14 days, gavage). Blood cell counts,
thigh bone histological examination, b-OHB levels, oxidative stress indices and HDAC1 activity were
tested. The biological function of b-OHB was verified in vitro (hBMSC cells were incubated in culture
mediums that contained 40lM CTX and b-OHB in 0, 1, 2.5, 5, 10mM) and in vivo (MAC rat model, 3 g/kg
b-OHB for 14 days, gavage).
Results: Rats in the CTXþDBD group showed upregulated blood cell counts (118–243%), b-OHB levels
(495 nmol/mL in blood, 122nmol/mg in marrow supernatant) and downregulated HDAC1 activity (59%),
and oxidative stress indices (60–85%). In vitro, 5mM b-OHB improved hBMSC cell migration (123%) and
proliferation (131%). In vivo, rats treated with 3 g/kg b-OHB showed upregulated blood cell counts (121–
182%) and downregulated HDAC1 activity (64%) and oxidative stress indices (65–83%).
Discussion and conclusions: DBD, a traditional Chinese medicine, alleviates MAC by intervening in
b-OHB metabolism and oxidative stress.
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Introduction

Chemotherapy is one of the common methods widely used to
treat malignant tumors by inhibiting or killing tumor cells.
However, most chemotherapeutic drugs have low selectivity and
may damage normal cells, tissues or organs at the same time,
thereby inducing a variety of adverse reactions (Pich et al. 2019).
Among them, myelosuppression after chemotherapy (MAC) is
the most common side effect with the highest incidence. Nearly
80% of patients with malignant tumors have MAC, mainly mani-
fested by the reduced number of platelets, erythrocytes, granulo-
cytes and subsequent hematopoietic dysfunction (Qiu et al.
2021). MAC can also cause immune system dysfunction, leading
to a severe infection or discontinued treatment (Hiam-Galvez
et al. 2021). Currently, MAC is mainly treated by the infusion of
hematopoietic growth factors, glucocorticoid hormone, etc.
Although these methods have an immediate effect and good
therapeutic action, they may also cause a series of iatrogenic dis-
eases, such as severe bone pain, fever, interstitial pneumonia,
cardiac failure and thrombus (He et al. 2021). Therefore, devel-
oping effective and safe methods to supplement or replace the
above treatments is a topic of general clinical interest.

Traditional Chinese medicines (TCMs) are widely used as
complementary medicines and have been shown to reduce tox-
icity and enhance the efficacy of chemotherapy (Yang et al.
2020). Related research has shown that TCM is a safe and effect-
ive adjuvant in the clinical prevention and treatment of MAC
(Hou et al. 2017; Yang et al. 2021). Danggui Buxue Decoction
(DBD) is a traditional recipe comprising Astragalus membrana-
ceus (Fisch.) Bunge (Fabaceae) radix and Angelica sinensis (Oliv.)
Diels (Apiaceae) radix at a fixed-ratio (5:1). As a classic formula
for nourishing ‘Qi’ and enriching ‘Blood’, DBD has been con-
firmed to have a series of pharmacological effects, including
promoting hematopoiesis, immunity regulation and anti-vaso-
constriction (Guo et al. 2021; Liu, Chang et al. 2021). Clinically,
DBD has a significant effect against chemotherapy-induced
anemia, renal anemia, leukopenia and other hematopoietic dys-
function and, therefore, can be used for the prevention and treat-
ment of MAC (Shi et al. 2020; Liu, Yang et al. 2021).

Modern pharmacological studies have revealed that in add-
ition to the active components acting directly on the targets and
signal pathways, TCM can also exert its efficacy indirectly by
intervening in the endogenous metabolites (Yan et al. 2015). The
small endogenous metabolites, such as amino acids, bile acids
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and lipids, work as functional ligands to influence environmental
homeostasis, drug metabolism or disease progression (Wishart
2016). The disruption of metabolic homeostasis has been linked
to biological mechanisms underlying several diseases (Wishart
2019).

Chemotherapy can induce serious oxidative stress injury
(Rtibi et al. 2017), which has been shown to contribute to the
pathophysiology of MAC by inducing hematopoietic stem cell
(HSC) senescence (Wei and Frenette 2018). In a previous study,
we demonstrated that the b-hydroxybutyric acid (b-OHB) level
was directly correlated with the degree of MAC (Gao et al.
2019). As the major component of the ketone body (Møller
2020), b-OHB can serve as endogenous histone 1 deacetylase
(HDAC1) inhibitor, which is associated with increased histone
acetylation to initiate the expression of antioxidant transcription
factor FoxO3a (Shimazu et al. 2013; Ji et al. 2022). FoxO3a can
promote the expression of antioxidant proteins in response to
oxidative stress, such as superoxide dismutase (SOD) (Samadi
et al. 2021). Moreover, HDAC1 has been shown to be involved
in hemocytogenesis (Rosborough et al. 2012; Adeshakin et al.
2020). Therefore, regulating the b-OHB/HDAC1 pathway and
oxidative stress homeostasis in the hematopoietic microenviron-
ment could be a potential effective method for the prevention
and treatment of MAC.

In this study, we test the efficacy of DBD in alleviating myelo-
suppression and unravel its underlying mechanism using a cyclo-
phosphamide (CTX)-induced MAC rat model. CTX, a traditional
chemotherapeutic drug, induces serious myelosuppression
(Zhang et al. 2022). We evaluated b-OHB levels, HDAC1 activity
and related oxidative stress indices in the circulatory system and
hematopoietic microenvironment. Furthermore, the biological
function of b-OHB in suppressing oxidative stress and alleviating
CTX-induced hematopoiesis dysfunction was verified both
in vitro and in vivo. This study will provide insights into the
mechanisms of DBD in alleviating MAC and help underpin the
efficacy of DBD in preventing and treating several oxidative
stress-related diseases.

Materials and methods

Chemicals and reagents

Cyclophosphamide (CTX, 97%, Lot No: L8C0S28) and b-hydrox-
ybutyric acid (b-OHB, 95%, Lot No: LF70Q06) were purchased
from Bailingwei (Beijing, China). Normal saline for injection and
4% paraformaldehyde were obtained from Rhawn (Shanghai,
China). NP-40 lysis buffer, Tris-HCl and EDTA were purchased
from Beyotime Biotechnology (Shanghai, China). hBMSC culture
medium was purchased from iCell Bioscience (Shanghai, China).
Herbal reference standards were obtained from Herbpurify Co.,
Ltd. (Chengdu, China), including: caffeic acid (98%, Lot No:
K00311812016), ferulic acid (98%, Lot No: A00211812016), ono-
nin (98%, Lot No: M01301904002), calycosin (98%, Lot No:
M02111809026) and formononetin (98%, Lot No:
C01801905020).

Preparation of DBD and chemical reagents

Dried decoction pieces of Astragalus membranaceus radix and
Angelica sinensis radix were purchased in 2021 from
Zhangzhongjing Pharmacy (Henan, China) and identified by Dr
Zhang Nan; the specimens were stored at Xinxiang Medical
University, Henan. DBD was prepared following the procedure

described in a previous study (Liu, Chang et al. 2021). Briefly,
20 g Angelica sinensis radix and 100 g Astragalus membranaceus
radix were weighed and immersed in 700mL distilled water for
1 h, then decocted with boiling water for 1 h. Next, the decoction
was filtered using gauze, and the residue was again decocted
with 300mL of boiling water for 1 h. The decoctions collected in
both steps were combined and concentrated to 120mL (1 g/mL)
and stored at 4 �C until further use.

CTX for injection was prepared by dissolving CTX in normal
saline to 10mg/mL. The solution was sterile-filtered using
0.22 lm membrane filters and stored at 4 �C until further use.

Analysis methods for DBD fingerprint

Deionized water (380 lL) was added to 20 lL DBD and vortex-
mixed. After centrifugation (4 �C, 3500 g, 10min), the super-
natant was separated for DBD fingerprint analysis and the key
active ingredients quantification (ThermoFisher Dionex Ultimate
3000, USA).

The analytical conditions were as follows: column (Ultimate
XB-C18, 4.6� 250mm, 5 lm) temperature was set at 30 �C; a
gradient elution with 1.00mL/min flow rate (phase A: 0.1% for-
mic acid, phase B: acetonitrile) was carried out with 85% A for
0–35min, 50% A for 35–60min, 20% A for 61–63min then lin-
early brought back to 85% A and maintained for 2min. UV
detector was set at 280 nm.

Animal experiments and sample collection

All animal experiments were performed according to the Guide
for the Care and Use of Laboratory Animals and approved by
the Animal Ethics Committee of Xinxiang Medical University
(approval number: XYLL-20210157). All the male Sprague-
Dawley rats (SPF grade, 180 ± 10 g) were purchased from SiPeiFu
Biotechnology Co., Ltd. (Beijing, China) and housed in a tem-
perature-controlled environment under a 12-h dark/light cycle.

After oneweek of acclimatization to the raising condition, 30
male Sprague-Dawley rats were randomly divided into three
groups: CTXþDBD (n¼ 12), CTX (n¼ 12) and control (C,
n¼ 6). Rats in CTXþDBD and CTX groups were treated with
CTX (30mg/kg/day) by intraperitoneal injection (i.p.) for five
consecutive days (Days 8–12) to establish the MAC model. Rats
in CTXþDBD group were treated with DBD (6 g/kg/day) by
intragastric administration (i.g.) for twoweeks (Days 1–14). Rats
in C group were treated with the same dose of distilled water
(DW) and normal saline (NS).

Blood samples on Days 0, 7 and 14 were collected for blood
cell counts and biochemical examination. Thigh bone samples
were collected for histological examination and biochemical
examination. All the samples were stored at �80 �C until
analysis.

The administration dosage of DBD was confirmed as follows.
Thirty male Sprague-Dawley rats were randomly divided into
CTX group, control group and CTXþDBD (low, medium and
high dosage) group. Rats in CTXþ L, CTXþM and CTXþH
group were treated with DBD by intragastric administration (i.g.)
for twoweeks (Days 1–14) at the dosage of 3, 6 and 10 g/kg/day,
respectively. Rat blood cell counts were tested by automatic
blood cell analyzer (Mindray BC-2800, Shenzhen, China).
b-OHB in circulatory system and hematopoietic microenviron-
ment were detected following the assay kits instruction. The
results of DBD dosage experiment are shown in Discussion.
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Biological sample preparation

All groups’ biological samples were treated with the same meth-
ods for preparation. After collection, the blood samples (contain-
ing anticoagulant) were divided into two parts: one was used for
blood cell counts (including erythrocyte, leukocyte, platelet, neu-
trophil and lymphocyte), and the other was used to obtain
plasma samples. Briefly, the blood samples were centrifuged
(1000 g, 4 �C, 10min), and the supernatant was separated to
obtain plasma samples.

The right thigh bone samples of rats were collected, immedi-
ately immersed in 4% paraformaldehyde and used for histological
examination. The left thigh bone was collected, weighed and tri-
turated in NETN buffer (comprising 0.5% NP-40, 20mM Tris-
HCl, 1mM EDTA) and used to assess the level of proteins in
marrow samples.

Histological studies

After decalcifying, paraffin embedding and staining with hema-
toxylin & eosin (H&E), tissue sections of the right thigh samples
were observed using confocal microscopy (Olympus FV1200,
Japan).

Western blotting

The triturated bone samples were centrifuged (3500 g, 4 �C,
10min), and the marrow supernatant and precipitate were sepa-
rated and stored at �80 �C. Afterward, the marrow precipitate
samples were washed using NETN buffer and resuspended in
100lL 0.2M HCl at 4 �C for 2 h. After centrifugation (3500 g,
4 �C, 10min), 1M Tris was added to the supernatant for neutral-
ization, and histones were harvested. The protein level in each
sample was measured using BCA Protein Assay kit (Beyotime
Biotechnology, Shanghai, China). After adding loading buffer,
histones samples were denatured in a boiling water bath for
10min. The proteins were separated using SDS-PAGE and trans-
ferred onto PVDF membranes for immunoblotting. After block-
ing in 5% defatted milk for 30min, PVDF membranes were
incubated with anti-histone H3 (ab1791) and anti-acetylated his-
tone H3K9 (ab32129) primary antibodies (Abcam, Shanghai,
China) overnight at 4 �C. Subsequently, the PVDF membranes
were washed and incubated with secondary antibodies at 25 �C
for 30min, and ECL solution (Beyotime Biotechnology,
Shanghai, China) was added. The films were observed using
ChemiDocTM XRSþwith Image Lab software (Bio-Rad, USA).

Biochemistry examination

Rat blood cell counts were tested by automatic blood cell ana-
lyzer (Mindray BC-2800, Shenzhen, China). Total antioxidant
capacity (T-AOC), malondialdehyde (MDA) and superoxide dis-
mutase (SOD) were detected by assay kits (Beyotime
Biotechnology, Shanghai, China). 4-hydroxynonenal (4-HNE),
advanced oxidation protein products (AOPP) and b-OHB were
detected by ELISA kits (Jianglai Biological Technology Co., Ltd.
Shanghai, China). HDAC1 and FoxO3a were detected by ELISA
kits (Jining Industrial Co., Ltd. Shanghai, China). All biochemis-
try examinations were detected following the instructions.

Assessment of the biological function of b-OHB in vitro

Human bone marrow stromal cell (hBMSC) lines were pur-
chased from iCell Bioscience (Shanghai, China). Cells were incu-
bated in the hBMSC culture medium and cell culture dishes
were incubated in constant temperature incubator (at 37 �C) con-
taining 5% CO2.

Cell migration rate was evaluated using the wound healing
test. Briefly, the cells were incubated in 24-well plates containing
40 lM CTX and b-OHB in 0, 1, 2.5, 5 and 10mM. A wound
was marked on the bottom of the plate, and the dimension of
the wound was recorded under a microscope. After incubation
in a serum-free medium for 24 h, the dimension of the wound
was re-recorded, and the cell migration rate (%) was calculated
as follows:

Cell migration rate ð%Þ ¼ 1� A24h � A0hð Þ=A0h½ � � 100%:

Cell proliferation rate was tested using Cell Counting Kit-8
(Beyotime Biotechnology, Shanghai, China). Briefly, the cells
were seeded in 96-well plates containing 40lM CTX and b-OHB
in 0, 1, 2.5, 5 and 10mM and incubated for 24 h. After incuba-
tion, 10 lL CCK-8 was added to each well, and the absorbance
(OD) at 450 nm was measured using microplate reader
(SpectraMax i3, USA).

Cell samples were collected from culture dishes. After cell
counting, the culture medium was removed, the plates were
washed using 4 �C phosphate-buffered solution and a quantita-
tive cell lysis solution was added. Afterward, the solution was
centrifuged (3500 g, 4 �C, 10min), and the MDA and AOPP lev-
els in the supernatant were estimated.

Assessment of the biological function of b-OHB in vivo

Thirty-eight male Sprague-Dawley rats were randomly divided
into four groups: CTXþ bOHBþDBD (n¼ 8), CTX-
bOHBþDBD (n¼ 8), CTXþ bOHB (n¼ 8), CTX (n¼ 8) and
control (C, n¼ 6). Rats in CTXþ bOHBþDBD, CTX-
bOHBþDBD, CTXþ bOHB and CTX groups were treated with
CTX (30mg/kg/day, i.p.) for five consecutive days (days 8–12) to
establish MAC model. Rats in CTXþ bOHBþDBD and
CTXþ bOHB groups were treated with b-OHB (3 g/kg/day, i.g.)
for twoweeks (Days 1–14). Rats in CTXþ bOHBþDBD and
CTX-bOHBþDBD groups were treated with DBD (6 g/kg/day,
i.g.) for twoweeks (Days 1–14). Rats in C group were treated
with the same dose of distilled water (DW) and normal saline
(NS). The administration dosage of b-OHB was decided based
on previous related studies (Ji et al. 2022). The blood cell counts
were tested using an automatic blood cell analyzer. The levels of
MDA, SOD, AOPP, HDAC1, FoxO3a and b-OHB were detected
following the assay kits’ instructions.

Statistical analysis

The experimental data were statistically analyzed using SPSS
(version 25.0, USA) and GraphPad Prism (version 6.0, USA). All
the results are shown as mean ± standard deviation (SD).
Statistical significances between the two groups were obtained by
two-tailed Student’s t-test and non-parametric analysis (Mann–
Whitney U test). p< 0.05 was considered statistically significant.
Pearson correlation analysis was used to evaluate the possible
association between two continuous variables. The absolute value
of Pearson correlation coefficient (P) greater than 0.7 represented
highly -positive or -negative correlations (Mukaka 2012).
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Results

Quality assurance of DBD

The HPLC analysis results of DBD are shown in Figure 1. Five
main active components in the DBD fingerprint were quantified
using reference standards: caffeic acid (37.31 ± 5.33lg/mL), ferulic
acid (103.98 ± 8.50 lg/mL), ononin (83.06 ± 5.24lg/mL), calycosin
(47.25 ± 7.42lg/mL) and formononetin (31.93 ± 6.32 lg/mL). Data
are expressed as mean ± SD (n¼ 6).

Efficacy of DBD against CTX-induced MAC

The process of sample collection is shown in Figure 2(A).
Compared with the C group, rats in the CTX group showed a
decreased appetite, lower daily weight gain rate and lower blood
cell counts (Figure 2(B,C)). These results indicated that the CTX
group experienced more severe myelosuppression than the C
group. Histological examination of thigh bone samples also

revealed more severe damage, such as hematopoietic cell necrosis
and inflammatory infiltration, in the CTX group than those in
the C group (Figure 2(D,E)). However, rats treated with DBD
showed milder symptoms with increased daily weight gain rate,
elevated blood cell counts and hematopoietic cells and decreased
inflammatory cells compared with those in the CTX group
(Figure 2(B,C,F)). The baseline blood cell counts (days 0 and 7)
did not differ significantly. All these results confirmed the estab-
lishment of the CTX-induced MAC rat model and the potential
efficacy of DBD to alleviate hematopoiesis dysfunction in the
CTX-induced MAC rat model.

b-OHB levels in the circulatory system and hematopoietic
microenvironment

b-OHB in rat blood samples (Days 0, 7 and 14) and marrow super-
natant samples (day 14) were analyzed to assess b-OHB metabolism
in the circulatory system and hematopoietic microenvironment,

Figure 1. HPLC fingerprint of DBD. (A) Standard solution (10lg/mL). (B) DBD sample solution. 1: caffeic acid; 2: ferulic acid; 3: ononin; 4: calycosin; 5: formononetin.
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respectively. Compared with the other two groups, b-OHB levels in
the circulatory system of the rats in the CTXþDBD group differed
significantly after oral administration of DBD for sevendays; on

Day 14, blood and marrow supernatant b-OHB levels were also sig-
nificantly increased (Figure 3(A,B)). The results demonstrated that
DBD could influence b-OHB metabolism.

Figure 2. DBD alleviated hematopoiesis dysfunction in the CTX-induced MAC rat model. (A) Experimental protocols for MAC rat model establishment and sample col-
lection. (B) Body weight changes compared with Day 0. (C) Blood cell counts on Day 14. Representative histological examination of thigh bone samples in C (D), CTX
(E) and CTXþDBD (F) groups (scale bar, 50lm). Data are expressed as mean±SD. (C, control group) n¼ 6, (CTX, CTX-treated group) n¼ 12, (CTXþDBD, CTX and
DBD-treated group) n¼ 12. �p< 0.05, ��p< 0.01, ���p< 0.001.

Figure 3. b-OHB levels and HDAC1 activity. (A) b-OHB levels in blood samples on Days 0, 7 and 14. (B) b-OHB levels in marrow supernatant samples on Day 14. (C)
HDAC1 relative activity in hematopoietic microenvironment on Day 14 (compared with C group). (D) Representative Western blot results of H3 and AcH3K9. (E)
Acetylation ratio of AcH3K9 (data were normalized to C group). (F) FoxO3a expression levels in hematopoietic microenvironment on Day 14. Data are expressed as
mean±SD. (C, control group) n¼ 6, (CTX, CTX-treated group) n¼ 12, (CTXþDBD, CTX and DBD-treated group) n¼ 12. �p< 0.05, ��p< 0.01, ���p< 0.001.
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Changes in HDAC1 activity

To further explore the biological functions of b-OHB in the
hematopoietic microenvironment, the relative activity of HDAC1
in the thigh bone marrow samples was detected (Figure 3(C)).
Acetylated histone H3 lysine 9 (AcH3K9) has been used to meas-
ure histone acetylation levels and HDAC1 activity (Shimazu
et al. 2013; Ji et al. 2022). AcH3k9 in the purified histone H3
was tested using Western blot (Figure 3(D,E)). HDAC1 can
inhibit the expression of the antioxidant transcription factor
FoxO3a. The level of FoxO3a can also represent HDAC1 activity
to some extent (Figure 3(F)). On Day 14, HDAC1 relative activ-
ity, acetylation ratio of AcH3k9 and FoxO3a expression in the
CTXþDBD group were significantly changed, suggesting that
HDAC1 activity in hematopoietic microenvironment was inhib-
ited after oral administration of DBD.

Oxidative stress indices in the circulatory system and
hematopoietic microenvironment

T-AOC, SOD, MDA, 4-HNE and AOPP are the biomarkers for
oxidative stress measurement (Marrocco et al. 2017; Sanchez-
Rodriguez and Mendoza-Nunez 2019). These oxidative stress
indices in rat blood (Days 0, 7 and 14) and thigh bone marrow
samples (Day 14) were estimated to assess the oxidative stress
levels in the circulatory system and hematopoietic microenviron-
ment, respectively. The results revealed significant differences
between the C, CTX and CTXþDBD groups on Day 14 in the
circulatory system (Figure 4) and hematopoietic microenviron-
ment (Figure 5), which confirmed that MAC-induced oxidative
stress damage could be alleviated by DBD.

Biological function verification of b-OHB in vitro

Pearson correlation results revealed that b-OHB levels had high
negative correlations to HDAC1 activity (P¼�0.779), oxidative
stress (P¼�0.852) and myelosuppression (P¼�0.769). To ver-
ify that b-OHB can suppress hematopoietic microenvironment
oxidative stress induced by CTX, we performed in vitro experi-
ments using the hBMSC cell lines. After administration of CTX

(40 lM) in the culture medium, cell migration (Figure 6(A,B))
and proliferation (Figure 6(C)) were suppressed owing to the
drug toxicity. Meanwhile, the oxidative stress damage was signifi-
cantly enhanced by CTX (Figure 6(D,E)). However, increasing
the concentration of b-OHB in the culture medium improved
the hBMSC cell migration and proliferation and suppressed the
oxidative stress damage dose-dependently.

Biological function verification of b-OHB in vivo

Another independent experiment in vivo was performed to fur-
ther validate the biological function of b-OHB in suppressing
oxidative stress and alleviating hematopoiesis dysfunction
induced by CTX. b-OHB was administrated orally directly to
simulate the effect of DBD in regulating b-OHB metabolism.
The process of sample collection is shown in Figure 7(A). Blood
cell counts indicated that b-OHB could relieve hematopoiesis
dysfunction effectively (Figure 7(B)). The baseline blood cell
counts (Days 0 and 7) were also compared and did not show sig-
nificant differences. The level of b-OHB in the blood of rats in
the CTXþ bOHB group increased nearly three times compared
with that in rats in the C and CTX groups, after administration
of b-OHB for seven days. On Day 14, b-OHB in blood and mar-
row supernatant samples of the CTXþ bOHB group maintained
a higher level (Figure 7(C,D)) than that in the C and CTX
groups. Meanwhile, compared with the CTX� bOHBþDBD
group, HDAC1 relative activity, FoxO3a expression, MDA, SOD
and AOPP levels in marrow supernatant samples on Day 14
reached similar levels in the CTXþ bOHB group (Figure 7(E–
I)). These findings indicated that b-OHB inhibited HDAC1
activity, suppressed oxidative stress and alleviated hematopoiesis
dysfunction in the CTX-induced MAC rat model.

Discussion

MAC, induced by chemotherapeutic drugs, is one of the most
common adverse side effects that can lead to dysfunctional
immune system (Hiam-Galvez et al. 2021). As a classic TCM for-
mula, DBD is widely used as a complementary medicine to alle-
viate the side effects of MAC (Liu, Chang et al. 2021). In this

Figure 4. Levels of oxidative stress indices in rat blood samples on Days 0, 7 and 14. (A) T-AOC. (B) SOD. (C) MDA. (D) 4-HNE. (E) AOPP. Data are expressed as
mean± SD. (C, control group) n¼ 6, (CTX, CTX-treated group) n¼ 12, (CTXþDBD, CTX and DBD-treated group) n¼ 12. �p< 0.05, ��p< 0.01, ���p< 0.001.
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study, we explored the efficacy of DBD against MAC and unrav-
eled the underlying mechanism of action using an animal MAC
model. Here, the MAC model was established by administering
CTX to rats; subsequent experiments demonstrated the efficacy
of DBD in alleviating the CTX-induced MAC in rats. Oxidative
stress is a major etiological factor of MAC (Wei and Frenette
2018). Studies have demonstrated the efficacy of TCM mediated
via the pharmacodynamics mechanisms by intervening endogen-
ous metabolites (Yan et al. 2015). As an endogenous ketone
metabolite, b-OHB inhibits HDAC1, promotes FoxO3a expres-
sion and suppresses oxidative stress (Shimazu et al. 2013). Our
study demonstrated that the alleviating effects of DBD were
mediated via the regulation of the b-OHB metabolism and oxi-
dative stress homeostasis.

The hematopoietic microenvironment consists of bone mar-
row stromal cells, HSCs, cytokines, cell metabolites and extracel-
lular matrix (Silva et al. 2021). The hematopoietic
microenvironment is important for hematopoietic function
recovery and HSCs regeneration (Liu et al. 2014). Therefore, it is
necessary to consider the hematopoietic microenvironment as a
critical research object, focusing on the dynamic changes in both
the circulatory system and the hematopoietic microenvironment.
To test this hypothesis, we developed a CTX-induced MAC rat
model to evaluate the effect of DBD. CTX is a traditional chemo-
therapeutic drug and has been used to establish a MAC animal
model (Zhang et al. 2022). In this study, rats were treated with
CTX (i.p.) with 30mg/kg/day for five consecutive days to estab-
lish the MAC model. With this method, rat blood cell counts
kept dropping after CTX administration and fell to the lowest on
Day 14. However, currently, no generally accepted method for
clinical MAC treatment has been reported (Hou et al. 2017;
Yang et al. 2021); therefore, we could not find an appropriate
positive control drug for animal experiment model design.

According to our results, ketogenic substances may be used as
positive control drugs in follow-up studies.

Dosages of drugs can result in different pharmacological
activities. In this study, preliminary experiments were conducted
by administrating different dosages of DBD based on the human
equivalent dose to a MAC rat model to confirm the oral dosage
of DBD. The clinical dosage of DBD for humans is 1 g/kg,
equivalent to 6.3 g/kg in rats (Guo et al. 2021). Therefore, we
chose 6 g/kg as the medium dose, half of the clinical dosage
(3 g/kg) as the low dose and a higher dosage (10 g/kg) as the
high dose. The DBD oral dosage at 6 g/kg/day or 10 g/kg/day
showed a significant effect on increased blood cell counts and
b-OHB levels (Figure 8). Based on these results, we selected
6 g/kg/day as the oral dosage of DBD in the present study.

b-OHB is the major component of the ketone body and can
be oxidize to provide energy for organism. Besides, b-OHB also
plays a role in immune regulation (Møller 2020). These functions
of b-OHB are in accord with the theory of traditional Chinese
medicine (nourishing ‘Qi’ and enriching ‘Blood’). After adminis-
tration of DBD for two weeks, b-OHB levels in the blood and
marrow supernatant samples revealed a significant increase,
which proved that DBD could influence b-OHB metabolism.
Moreover, on Day 7 (before CTX administration), the b-OHB
level was significantly increased in the blood samples of the
CTXþDBD group compared with that in other groups. Similar
phenomena were also detected for some oxidative stress indices,
which further suggest that the protective effects of DBD on
MAC are associated with b-OHB metabolism and oxidative
stress.

Histone deacetylation is one of the epigenetic modifications
of histones and plays an important role in cell differentiation
(Kim et al. 2020). Among histone deacetylases, HDAC1 can be
inhibited by b-OHB, resulting in a higher level of FoxO3a (Ji
et al. 2022). HDAC1 and FoxO3a can influence medullary

Figure 5. Levels of oxidative stress indices in rat thigh bone marrow samples on day 14. (A) T-AOC. (B) SOD. (C) MDA. (D) 4-HNE. (E) AOPP. Data are expressed as
mean± SD. (C, control group) n¼ 6, (CTX, CTX¼ treated group) n¼ 12, (CTXþDBD, CTX and DBD-treated group) n¼ 12. �p< 0.05, ��p< 0.01, ���p< 0.001.
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hematopoiesis function and have high clinical application value
(Ito and Suda 2014; Kim et al. 2020). Our results indicated that
after taking DBD orally, HDAC1 activity was inhibited, and the
FoxO3a level was increased, suggesting DBD has efficacy on his-
tone deacetylation.

As progenitor cells, HSCs can differentiate into erythrocytes,
platelets and immune cells in the hematologic system. The senes-
cence of HSCs induced by chemotherapeutic drugs plays a crucial
role in myelosuppression (Wei and Frenette 2018). A low level of
oxidative stress in the hematopoietic microenvironment is condu-
cive to the self-regenerative capability of HSCs. Conversely, a
higher level of oxidative stress can inhibit regeneration and further
induce senescence of HSCs (Shao et al. 2013). To evaluate oxida-
tive stress levels, T-AOC, SOD, MDA, 4-HNE and AOPP in the
circulatory system and hematopoietic microenvironment were
tested. Of these indices, MDA and 4-HNE are the most investi-
gated end product of lipid peroxidation (Sousa et al. 2017). 4-HNE
is also a signal molecule for inflammation and indicates inflamma-
tory responses associated with oxidative stress (Castro et al. 2017).
AOPP, the oxidation product of proteins with chlorinated oxi-
dants, is a biomarker of protein oxidative damage (Marrocco et al.
2017). AOPP also acts as a mediator of the inflammation process

(Cristani et al. 2016). SOD is a major antioxidant enzyme that can
scavenge free radicals and reduce oxidative stress levels (Serafini
et al. 2006). T-AOC represents the total nonenzymatic antioxidant
capacity. As these indices representing almost all types of oxidative
stress biomarkers (Sanchez-Rodriguez and Mendoza-Nunez 2019)
were evaluated in this study, the results could represent the effects
of DBD on hematopoietic microenvironment oxidative stress levels
from multiple aspects.

Pearson correlation is used to assess a possible association
between two continuous variables (Muhaidat et al. 2022). In this
study, Pearson correlations indicated that the pharmacodynamic
effects of DBD could correlate with the biological function of
b-OHB by inhibiting HDAC1 activity and resisting oxidative
stress. However, we did not find a direct correlation between
HDAC1 activity and FoxO3a level (P¼�0.294). It has been
reported that besides oxidative stress, inflammation also influen-
ces the expression of FoxO3a (Lin et al. 2004; Lee et al. 2013).
The histological examination and biochemical indices evaluated
in this study revealed the occurrence of inflammatory response
together with myelosuppression. Based on these results, we
speculated that FoxO3a level could be regulated by both HDAC1
and other inflammation-related pathways.

Figure 6. In vitro verification of the biological function of b-OHB. (A) hBMSC cell wound healing test (scale bar, 100lm). (B) The relative migration rate of cells calcu-
lated by wound healing test, n¼ 5 per group. (C) The relative survival rate of cells, n¼ 18 per group. (D) MDA levels in hBMSC cell, n¼ 8 per group. (E) AOPP levels
in hBMSC cell, n¼ 8 per group. Data are expressed as mean± SD. �p< 0.05, ��p< 0.01, ���p< 0.001.
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To further validate that the suppressing oxidative stress
function of b-OHB plays a role in the mechanisms of DBD
against MAC, we performed in vitro and in vivo verification
experiments. In vitro experiments revealed that increasing the
concentration of b-OHB in the culture medium could suppress
CTX-induced oxidative stress damage in hBMSC cells. However,
considering that blood cell counts are still the gold standard for
MAC diagnosis and grading (Brigle et al. 2017), we chose in vivo
rat model to further validate the biological function of b-OHB
against MAC. The results demonstrated the HDAC1 activity
inhibiting roles of b-OHB; it suppressed oxidative stress and alle-
viated hematopoiesis dysfunction in the MAC rat model. These
results suggest that approaches to regulating b-OHB metabolism,
such as the administration of DBD, could be applied to prevent
and treat several oxidative stress-related diseases.

In our study, b-OHB was administrated directly to simulate
the effect of DBD. However, compared with those in the
CTX� bOHBþDBD group, rats in the CTXþ bOHB group
showed a higher b-OHB level, a similar effect on alleviating
hematopoiesis dysfunction in the MAC rat model. The
CTXþ bOHBþDBD group showed the best regulation effect
compared with other groups. These results revealed regulation of
b-OHB metabolism could be one of the mechanisms of DBD in

the prevention and treatment of MAC. Nevertheless, other
underlying mechanisms could also be existed, which need further
studies to gain better insights.

In summary, we demonstrate that the mechanism of DBD in
alleviating CTX-induced myelosuppression is related to the regula-
tion of b-OHB metabolism, HDAC1 activity and suppression of
oxidative stress (Figure 9). However, the complexities of TCM-
effective substances and pharmacodynamic mechanisms still
deserve further investigation. Our previous studies using systems
pharmacology and molecular docking have shown that the active
constituents of DBD, such as astragaloside and ferulic acid, could
regulate b-OHB levels by influencing metabolic enzymes involved
in b-OHB metabolism, such as b-hydroxybutyrate dehydrogenase;
however, it still needs to be confirmed. Furthermore, according to
TCM theory, DBD has two major drug effects (nourishing ‘Qi’ and
enriching ‘Blood’). Therefore, further studies are required to
explore the role of these two effects in the pharmacodynamic mech-
anisms of DBD. Our study also revealed that DBD could influence
inflammation. b-OHB can inhibit inflammatory response by
NLRP3 and NF-jB signal pathways (Youm et al. 2015; Wu et al.
2022). Therefore, investigating the relationship between b-OHB,
inflammatory responses and MAC could be another approach to
better understanding the precise mechanisms of DBD.

Figure 7. In vivo verification of the biological function of b-OHB. (A) Experimental protocols and sample collection strategy. (B) Blood cell counts on Day 14. (C)
b-OHB levels in rat blood samples on Days 0, 7 and 14. (D–I) b-OHB levels, HDAC1 relative activity (compared with C group), FoxO3a expression, MDA levels, SOD
activity and AOPP levels in hematopoietic microenvironment on Day 14. Data are expressed as mean± SD. (C, control group) n¼ 6, (CTX, CTX treated group) n¼ 8,
(CTXþbOHB, CTX and b-OHB-treated group) n¼ 8, (CTX�bOHBþDBD, CTX and DBD-treated group) n¼ 8, (CTXþbOHBþDBD, CTX, b-OHB and DBD-treated group)
n¼ 8. Compared with the CTX group, �p< 0.05, ��p< 0.01, ���p< 0.001.
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Conclusions

In this study, a CTX-induced MAC rat model was established
to investigate the mechanisms of DBD in alleviating myelosup-
pression. Evaluation of b-OHB levels, HDAC1 activity and oxi-
dative stress indices in the circulatory system and
hematopoietic microenvironment revealed the alleviating effects
of DBD against myelosuppression and in regulating b-OHB
metabolism and oxidative stress homeostasis. Furthermore, we

validated the biological function of b-OHB in alleviating CTX-
induced hematopoiesis dysfunction and oxidative stress in vitro
and in vivo. This study demonstrates that regulating b-OHB
metabolism and suppressing oxidative stress can be the poten-
tial mechanisms of DBD to prevent and treat MAC. Our find-
ings provide a new approach to understanding the
pharmacodynamic mechanisms of DBD, suggesting DBD can
be applied in the prevention and treatment of several oxidative
stress-related diseases.

Figure 8. Blood cell counts and b-OHB levels in DBD oral dosage experiments. (A) Erythrocyte counts, (B) Leukocyte counts, (C) Platelet counts, (D) Neutrophil counts,
(E) Lymphocyte counts, and (F) b-OHB levels in blood samples on Days 0, 7 and 14. (G) b-OHB levels in marrow supernatant samples on Day 14. Data are expressed
as mean± SD. (C, control group) n¼ 6, (CTX, CTX-treated group) n¼ 6, (CTXþ L, CTX and low dose DBD-treated group) n¼ 6, (CTXþM, CTX and medium dose DBD-
treated group) n¼ 6, (CTXþH, CTX and high dose DBD-treated group) n¼ 6. Compared with the CTX group, �p< 0.05, �� p< 0.01.

Figure 9. Schematic model of DBD alleviating CTX-induced MAC by regulating b-OHB metabolism and suppressing oxidative stress.
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