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Martynoside (MAR) is a bioactive glycoside of Rehmannia glutinosa, a traditional Chinese herb frequently pre-
scribed for treating chemotherapy-induced pancytopenia. Despite its clinical usage in China for thousands of
years, the mechanism of MAR’s hematopoietic activity and its impact on chemotherapy-induced antitumor ac-
tivity are still unclear. Here, we showed that MAR protected ex vivo bone marrow cells from 5-fluorouracil (5-
FU)-induced cell death and inflammation response by down-regulating the TNF signaling pathway, in which II1b
was the most regulatory gene. Besides, using mouse models with melanoma and colon cancer, we further
demonstrated that MAR had protective effects against 5-FU-induced myelosuppression in mice without
compromising its antitumor activity. Our results showed that MAR increased the number of bone marrow
nucleated cells (BMNCs) and the percentage of leukocyte and granulocytic populations in 5-FU-induced mye-
losuppressive mice, accompanied by an increase in numbers of circulating white blood cells and platelets. The
transcriptome profile of BMNCs further showed that the mode of action of MAR might be associated with the
increased survival of BMNCs and the improvement of the bone marrow microenvironment. In summary, we
revealed the potential molecular mechanism of MAR to counteract 5-FU-induced bone marrow cytotoxicity both
ex vivo and in vivo, and highlighted its potential clinical usage in cancer patients experiencing chemotherapy-
induced multi-lineage myelosuppression.

1. Introduction

[3,4]. Mild myelosuppression can lead to dose reductions and treatment
delays, while severe myelosuppression causes death-threatening com-

5-Fluorouracil (5-FU) is one of the most frequently used chemo-
therapeutic drugs for the treatment of solid tumors [1,2]. However, as
the cell-killing mechanism is not tumor-specific, 5-FU may lead to severe
side effects such as myelotoxicity. Manifested with neutropenia,
thrombocytopenia, and anemia, myelotoxicity is the primary
dose-limiting cytotoxicity when 5-FU is given as an intravenous bolus

plications such as fatal infections and uncontrollable bleeding.

Chinese herbal medications have historical therapeutic applications
and are important sources of new drugs [5,6]. Besides, various
plant-derived compounds have been found to have hematopoietic
properties for chemo-induced myelosuppression [7-9]. In Eastern Asian
countries, multiple Chinese herbal medications have been practiced
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clinically to alleviate chemotherapy-related myelosuppression [7,
10-141], such as Ginseng, Herba Epimedii, Radix Sanguisorbae. Rehmannia
glutinosa is also widely utilized in multiple Chinese medicine pre-
scriptions as a tonic for nourishing blood [15,16], such as Rehmannia
Six Formula (Liuwei Dihuang Wan) [17], Siwu decoction [18], and
Fufang Ejiao syrupy [10,19]. Martynoside (MAR), the active ingredient
found in Rehmannia [20,21], is a phenylpropanoid glycosidic compound
with several known pharmacological features, especially hematopoietic
activity [19,22,23]. Previously, we found that the application of MAR
could facilitate the proliferation of hematopoietic stem cells (HSCs) in
5-FU-induced myelosuppressive mice [19]. However, the therapeutic
effects of MAR in 5-FU-induced pancytopenia need a further detailed
investigation, and its impact on the antitumor activity of 5-FU remains
unknown.

In this study, we described the ex vivo and in vivo chemoprotective
activity of MAR against 5-FU-induced bone marrow cytotoxicity without
compromising its antitumor activity. Applying mRNA sequencing tech-
nology (mRNA-Seq) and transcriptome-based data analysis, we further
investigated the biological processes, molecular pathways, and regula-
tory genes involved in MAR’s myeloprotection function, both ex vivo and
in vivo.

2. Materials and methods
2.1. Chemicals

MAR (purity > 95%) was purchased from BioBioPha Company
(Yunnan, China), dissolved in dimethyl sulfoxide (DMSO) at 100 mg/ml
and stored at — 20 °C. 5-FU and uridine were purchased from the Yuanye
Bio-Technology Co., Ltd. (Shanghai, China) and Bide Pharmatech Ltd.
(Shanghai, China), respectively. 50 pg/ml MAR, 12.5 pg/ml 5-FU, and
0.1 mM uridine were used in the cellular model.

2.2. Preparation of bone marrow nucleated cells

Bone marrow nucleated cells (BMNCs) and bone marrow stromal
cells (BMSCs) were harvested as previously described [22]. Briefly, the
femurs of the mice were taken out and soaked in a-MEM medium
(Gibco) after the mice were sacrificed. A 1 ml syringe was used to flush
bone marrow cells (BMCs) out with «-MEM medium. The BMNCs were
obtained after erythroid bone marrow cells were lysed with ammonium
chloride buffer (NH4Cl). BMNCs were allowed to grow in cell culture
plates for 24 h, and the adherent cells were taken as BMSCs. The primary
cells were grown in oa-MEM medium with 10% FBS (Gibco) and 100
U/ml of penicillin-streptomycin.

2.3. Cell viability staining

Dead cells were stained with fixable viability dye (Zombie Red™
Fixable Viability Kit). After finishing the indicated treatments, cells were
washed and incubated with the fixable viability dye (1:300) at room
temperature (RT) for 30 min in darkness. After washing, cells were fixed
with freshly prepared 4% paraformaldehyde (PFA) at RT for 10-15 min.
Then cells were permeabilized on ice with PBS/0.25% Triton X-100 for
10 min and counterstained with 2 pg/ml DAPI (Beyotime, Jiangsu,
China).

2.4. Mouse experiments

Wild type (WT) female C57BL/6 mice at 7 weeks of age were pur-
chased from the Shanghai Laboratory Animal Company (SLAC,
Shanghai, China) and maintained at Zhejiang University Laboratory
Animal Center. Mice experiments were performed in compliance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. A total of 5 x 10° B16-F10 melanoma cells and 2 x 10° MC38
colon cancer cells were injected subcutaneously (s.c.) into the right flank
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of mice and tumor growth was measured every other day. The following
formula is used to calculate tumor volume.

Tumor Volume =1/2 x (length x width )

Treatment was initiated when the tumor size reached around
200 mm?®. Mice were randomly selected and divided into four groups:
the control group (CTR), MAR-only treatment group (MAR), 5-FU-only
treatment group (5-FU), and combined treatment group (5-
FU + MAR). 40 mg/kg 5-FU was administered intraperitoneally for 7
consecutive days to achieve a degree of peripheral blood abnormalities
similar to cancer patients receiving 5-FU treatment [24]. MAR was
administrated by oral gavage at a dosage of 20 mg/kg/d based on our
previous study and reported literature [22,23]. Correspondingly, the
control group received an equal volume of PBS. After finishing 7
consecutive days of treatment, the mice were anesthetized with 1.5%
pentobarbital sodium and blood samples were collected with the cardiac
puncture. Then the blood samples were stored in K2-EDTA tubes and
analyzed in an automatic hematology analyzer (BC-2800vet, Wuhan
Servicebio Technology, China). The femurs of mice from the different
groups were put into 4% PFA, decalcified in EDTA solution, embedded
in paraffin, and cut into slices. BMCs were collected from the medullary
canal of the right femurs and tibias. Cells (1 x1 0°~1 x 106) were stained
with Zombie, anti-CD11b, anti-CD45, and anti-Gr-1 antibodies. The
percentages of leukocytes (CD45+) and granulocytes (CD11b+Gr-1+)
in BMCs were calculated with flow cytometry. Besides, the number of
BMNCs was calculated using a counting chamber. The excised tumor
tissues were digested in a 37 °C water bath for 45 min at a collagenase A
(Sigma) concentration of 1 mg/ml. The tumor cells were passed through
70 pM falcon strainers by gravity flow and lysed with ACK lysis buffer
(Thermo Fisher Scientific). Tumor cells (5 x 105) were suspended with
Zombie in 100 pl FACS buffer (PBS + 4% FBS) (1:400), fixed with 2%
PFA at RT for 30 min, and incubated with anti-mouse CD45 antibody on
ice for 30 min.

2.5. mRNA-Seq and data processing

BMSCs were treated with 0.1% DMSO (DMSO), 50 pg/ml MAR
(MAR), 12.5 pg/ml 5-FU (5-FU), or 5-FU in combination with MAR (5-
FU + MAR) for 48 h before total RNA was extracted. In the B16-F10
model, mRNA-Seq analysis was performed in BMNCs isolated from 2
randomly selected mice in the CTR, 5-FU, and 5-FU + MAR groups. The
total RNA was purified with poly-T oligo attached magnetic beads. Then,
purified mRNA was fragmented and reverse transcribed. The sequencing
library was prepared and sequenced on the Illumina Novaseq platform.
Finally, 150 bp paired-end reads were obtained. Trimmomatic v0.36
software was applied to obtain clean data by removing low-quality bases
and adapters. Then clean data were aligned to the mouse reference
genome (Mus_musculus.GRCm38.94.chr.gtf) using Hisat2 software.
Then featureCounts software was used to generate gene counts. Differ-
entially expressed genes (DEGs) of BMSCs and BMNCs are shown in
Supplementary Table S1 and Supplementary Table S2, respectively.

2.6. Functional analysis

The functional analysis of mRNA-Seq data was based on DEGs. 5-FU
and MAR co-regulated DEGs (cDEGs) were obtained by Venn diagrams
using Venny 2.1.1. A hierarchically clustered heatmap was applied to
compare the expression of cDEGs in 5-FU vs CTR and 5-FU + MAR vs 5-
FU groups using Multiple Experiment Viewer (MeV). Gene ontology
(GO) and KEGG pathway enrichment analysis were conducted using
DAVID Bioinformatics Resources 6.8 and the P values < 0.05 were
considered as statistically significant [25,26]. Protein-protein interac-
tion (PPI) network was obtained and visualized with String and Cyto-
scape platforms [27,28]. Hub genes were identified using the
CytoHubba plugin and the MCC calculation method [29]. Key
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sub-networks were obtained using the MCODE plugin [30].
2.7. Flow cytometry
Flow cytometry was conducted on the BD LSRFortessa™ cell

analyzer and Beckman Coulter’s CytoFLEX cytometer on the Core fa-
cilities, School of medicine, Zhejiang University.

A 5-FU
Jekk k%
150 - E3 Fkkk
S
< 100
2
E
s
2 50
[
o
0 1 1
24h 48 h

M DMSO [ 6.25 pg/m! [l 12.5 pg/m! M 25 pg/ml

BMNCs )
* n.s
150 —
S +
> 100 —
= .
8 )
2 50
]
[&]
0 T T T P,
O & & & &
0@9 QY’ \){\b\ 0)& \)xQ?" x\)\
£
« q,g
DMSO MAR 5-FU

Biomedicine & Pharmacotherapy 138 (2021) 111501
2.8. Reverse transcription-quantitative PCR analysis

Reverse transcription-quantitative PCR (RT-qPCR) was used to assess
the gene expression of several inflammatory genes in BMSCs receiving
different treatments and BMNCs obtained from different treatment
groups. Total RNA was extracted with the Ultrapure RNA kit (CWBIO,
Beijing, China) and reverse-transcribed with the HiFiScript cDNA Syn-
thesis kit (CWBIO, Beijing, China). RT-qPCR was carried out on the
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Fig. 1. MAR attenuates 5-FU-induced cytotoxicity in BMNCs and BMSCs ex vivo. (A) Ex vivo cytotoxicity of 5-FU and MAR in BMNCs. CCK-8 assay evaluated the
toxicity effects of different concentrations of 5-FU and MAR for BMNCs. (n = 4 for 5-FU, n = 3 for MAR). (B) MAR increases the cell viability reduced by 5-FU in
BMNCs and BMSCs. CCK-8 assay evaluated the effects of MAR (50 pg/ml) and uridine (0.1 mM) on 5-FU (12.5 pg/ml)-induced cytotoxicity for 48 h. (n = 4). (C) MAR
reverses the pro-apoptotic effects of 5-FU in BMSCs. The dead cells were determined by zombie red staining in BMSCs after received 48 h of indicated treatment.
Scale bar = 100 um. The histogram shows the percentage of dead cells. (n = 3). All data are presented as mean =+ SD. *P < 0.05, **P < 0.01, ***P < 0.001,
*#**P < 0.0001, n.s. = no significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CFX96 Touch Real-Time PCR system (Bio-Rad, Hercules, CA) using a 1X
T5 fast QPCR mix (TsingKe, Hangzhou, China). GAPDH was used as an
endogenous control. The relative expression was analyzed with the 2
AACT ethod and presented as the fold change (FC) relative to the
control. The primer sequences that were synthesized by SunYa (Hang-
zhou, China) are listed in Supplementary Table S3.

2.9. Antibodies

The Zombie NIR™ fixable viability kit (423105), Zombie red fixable
viability kit (423109), APC anti-mouse CD45 antibody (103112), PE
anti-mouse Ly-6G/Ly-6C (Gr-1) (108407), and FITC anti-mouse/human
CD11b antibody (101205) antibody were obtained from Biolegend (CA,
USA).

2.10. Statistical analysis

Without specific notification, all statistical data are shown as
means + SD and the statistical significance analysis was performed by a
two-tailed Student’s t-test. The statistical significance and P value
analysis were specified in each figure legend.

2.11. Data availability

The sequencing data have been deposited to the NCBI BioProject
database, with the BioProject ID PRINA616155.

3. Results

3.1. MAR enhances bone marrow nucleated cell viability exposed to 5-FU
ex vivo

In this study, we first evaluated the effects of 5-FU and MAR on the
cell viability of BMNCs, which were isolated from the bone marrow of
WT C57BL/6 mice and cultured ex vivo. CCK-8 results showed that 5-FU
significantly inhibited the cell viability of BMNCs in a dose- and time-
dependent manner (P value < 0.05), while 50 ug/ml MAR showed no
significant effects up to 48 h (P value > 0.05) (Fig. 1A). 12.5 ug/ml 5-FU
treatment on BMNCs for 48 h, as the dose with mild but significant
cytotoxicity compared with DMSO treatment (P value < 0.0001), was
selected for the following experiments. We found that 5-FU caused a
decrease in total cell number and cellular shrinkage of adherent BMSCs
that could be partially reversed by additional MAR (Supplementary
Fig. 1). Consistent with morphology, CCK-8 assay demonstrated that the
reversal of 5-FU-induced BMNCs and BMSCs toxicity could be achieved
by 50 pg/ml MAR (Fig. 1B). Notably, both in BMINCs and BMSCs, the ex
vivo protective activity of MAR is comparable with 0.1 mM uridine,
which is the reported antidote with an effective dose against 5-FU-
induced bone marrow cytotoxicity [31,32]. Besides, viability staining
of BMSCs with zombie dyes identified that the treatment of 5-FU
significantly increased the percentage of apoptotic BMSCs to 60%,
which was reduced to ~30% by the additional MAR (Fig. 1C). This data
shows that the 5-FU-induced bone marrow nucleated cell cytotoxicity
can be partially reversed by MAR, confirming the protective effects of
MAR in this ex vivo myelosuppression model.

3.2. Identification and functional analysis of cDEGs from ex vivo mRNA-
Seq data

In the above section, we also found that MAR had protective effects
on BMSCs against 5-FU-induced cytotoxicity (Fig. 1B), indicating that
MAR may play a role in the reconstruction of the hematopoietic
microenvironment. To comprehensively analyze the chemoprotective
effects of MAR in the hematopoietic microenvironment, we performed
mRNA-Seq for ex vivo BMSCs that received different treatments. In this
model, the number of identified DEGs (DESeq2 P value < 0.05 and |
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log2FC| > 0.0) from different comparison groups was shown in Fig. 2A
(Supplementary Table S1). We identified 2,410 DEGs upon 5-FU treat-
ment for 48 h, 727 of which were up-regulated and 683 were down-
regulated. As shown in Fig. 2B, MAR oppositely down-regulated 51
DEGs and up-regulated 18 DEGs in 5-FU-treated BMSCs. To determine
the functional terms and pathways affected by MAR, we used DAVID to
conduct GO and KEGG pathway enrichment analysis for 69 ¢cDEGs in the
5-FU vs DMSO group and 5-FU + MAR vs 5-FU group. The 18 MAR
oppositely up-regulated cDEGs were significantly enriched in two bio-
logical processes (P value < 0.05), which were “negative regulation of
tumor necrosis factor production” and “response to peptide hormone”
(Fig. 2C). Meanwhile, the 51 MAR down-regulated cDEGs were pre-
dicted to participate in three biological processes, including inflamma-
tory response, response to lipopolysaccharide, and innate immune
response process (Fig. 2D). The corresponding KEGG pathway enrich-
ment analysis showed that the TNF signaling pathway, NF-kappa B
signaling pathway, and NOD-like receptor signaling pathway were
enriched (Fig. 2D). Notably, both MAR up- and down-regulated cDEGs
are associated with TNF signaling pathway, suggesting that it may be the
most relevant pathway response to additional MAR treatment in 5-FU-
treated BMSCs. Besides, PPI network analysis of cDEGs was performed
using String plugin in Cytoscape 3.6.1 (Fig. 2E). The up- and down-
regulated genes were colored in red and blue, respectively. The cDEGs
related to significantly enriched pathways and biological processes were
marked separately (P value < 0.05). Notably, 5-FU elevated the
expression of several inflammation-related genes, such as Fpr3, Fprl,
Irgl, II1b, TIr2, and Cxcl2. We found that additional MAR treatment
significantly down-regulated the expression of these inflammatory
genes. Using the CytoHubba plugin, the hub genes in the PPI network
were analyzed using the MCC method. Among them, two apoptosis and
inflammation-related genes II1b and Tlr2 with the highest connectivity
scores, were considered to be key regulatory genes (Fig. 2F). These re-
sults indicate that MAR is most likely to be involved in the regulation of
inflammatory response and the production of tumor necrosis factor in
the hematopoietic microenvironment to alleviate the hematopoietic
function damaged by 5-FU, through the TNF pathway.

3.3. Administration of MAR does not compromise the antitumor activity
of 5-FU in B16-F10 and MC38 tumor-bearing mice

In the above sections, we showed that MAR attenuated 5-FU-induced
cell death and inflammation response through the downregulation of the
TNF signaling pathway in primary BMSCs. This evidence provides a
rationale for MAR’s clinical use as an adjuvant medication to treat 5-FU-
induced myelosuppression. However, one question that needs to be
addressed is whether MAR can affect the antitumor effect of 5-FU. To
further characterize the impact of MAR on 5-FU-induced antitumor ac-
tivity and side effects of myelotoxicity in vivo, we employed two sub-
cutaneous tumor models in WT C57BL/6 mice: a melanoma model (B16-
F10) and a colon cancer model (MC38) (Fig. 3A and Fig. 4A). After the
subcutaneous tumors were established (~200 mm3), mice were
randomly divided into four groups: the control group (CTR), MAR-only
treatment group (MAR), 5-FU-only treatment group (5-FU), and com-
bined treatment group (5-FU + MAR). As expected, the continuous
administration of 5-FU significantly inhibited tumor growth in both
B16-F10 and MC38 mouse models (Figs. 3, B-D and 4, B and C). Co-
administration of MAR did not interfere with the in vivo antitumor ac-
tivity of 5-FU in both two tumor models. Interestingly, MAR-alone
treatment did not exhibit antitumor property in the immune-cold B16-
F10 model but showed slight antitumor activity in the MC38 mouse
model, which was probably due to the increased infiltration of leuko-
cytes (CD45+) (Fig. 4D).
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Fig. 2. cDEGs identification and functional analysis of BMSCs in the ex vivo myelosuppression model. (A) Number of up- and down-regulated DEGs. (B) Venn
diagram showing the number of commonly and uniquely DEGs. The blue and yellow circles represent genes differentially down-regulated and up-regulated by 5-FU
(vs DMSO), respectively. The green and pink circles represent genes differentially down-regulated and up-regulated by additional MAR (vs 5-FU), respectively. The
numbers depicted at the intersection between the circles represent the counts of genes that are co-regulated by 5-FU and MAR. (C) Functional analysis of the 18
cDEGs up-regulated in the 5-FU-MAR vs 5-FU group and down-regulated in the 5-FU vs DMSO group. The GO terms are arranged by P value. (D) Functional analysis
of the 51 cDEGs down-regulated in the 5-FU-MAR vs 5-FU group and up-regulated in the 5-FU vs DMSO group. The KEGG pathway terms are arranged by P value. (E)
PPI network of cDEGs in the 5-FU-MAR vs 5-FU group. The size of each node denotes the absolute value of 10g2FC, and the color of the node represents the gene
regulatory type. (F) PPI network analysis of the top 5 hub genes. The Cytoscape plugin CytoHubba and the MCC calculation method were used to identify the hub
nodes. Warm color nodes share higher connectivity degrees. The order of genes is arranged in the order of connectivity score from high to low. (For interpretation of
El1e references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Administration of MAR does not compromise the antitumor activity of 5-FU in B16-F10 tumor-bearing mice. (A) The schematic plot shows the setup of
mouse experiments. Seven consecutive days of treatment was initiated once subcutaneous melanoma tumors reached ~200 mm? at day 8 post-tumor establishment.
Four groups of mice were included: PBS control (CTR), 20 mg/kg/d MAR treatment only (MAR), 40 mg/kg/d 5-FU treatment only (5-FU), and combination group (5-
FU + MAR). (B) The growth curve of tumors from indicated groups is shown. (n = 6-7). (C) The weight of tumors in four different treatment groups is shown.
(n = 6-7). (D) A picture of the tumors on day 15 is shown for different groups of mice. The tumor volume data are presented as mean =+ S.E.M. The growth curve was
analyzed via two-way ANOVA with Bonferroni correction. The bar plots are presented as mean + SD and the significance was calculated using a two-tailed Student’s
t-test. *P < 0.05, **P < 0.01, n.s. = no significance.

3.4. Administration of MAR restores impaired hematopoiesis in 5-FU-
induced myelosuppressive mice

The antitumor effect of 5-FU usually comes with severe bone marrow
damage. Hematoxylin and eosin (H&E) staining of femurs showed
trabecular bone loss and bone marrow cell depletion in 5-FU-treated
tumor-bearing mice (Fig. 5A and Supplementary Fig. 2A). In both
models, MAR treatment attenuated 5-FU-induced bone marrow damage
with the regeneration of BMCs (Fig. 5A and Supplementary Fig. 2A).
Consistently, MAR treatment recovered the number of BMNCs in 5-FU-
treated tumor-bearing mice (Fig. 5B and Supplementary Fig. 2B). In the
B16-F10 melanoma-bearing mice, compared with the 5-FU-only treat-
ment group, co-administration of MAR significantly increased the per-
centage of leukocytes (CD45+) and granulocytes (CD11b+Gr-1+) in
BMCs (Fig. 5C). We further examined the effects of MAR on peripheral
blood of 5-FU-treated mice by complete blood count (CBC) analysis.
While 5-FU treatment dramatically reduced the number of platelets
(PLT), white blood cells (WBC), and red blood cells (RBC), co-
administration of MAR increased the number of WBC and PLT in

peripheral blood (Fig. 5D). Collectively, by employing two tumor-
bearing mouse models, we characterized the multi-lineage protective
effects of MAR on the 5-FU-induced bone marrow hematopoietic injury
without compromising 5-FU’s antitumor activity.

3.5. Identification and functional analysis of cDEGs from in vivo mRNA-
Seq data

Finally, for a better understanding of molecular changes involved in
the observed MAR-mediated in vivo myeloprotection effect, we exam-
ined the gene expression changes of the BMNCs isolated from different
treated groups of mice. The number of identified DEGs (DESeq2 P val-
ue < 0.05 and |log2FC| > 1.0) from different comparison groups was
shown in Fig. 6A (Supplementary Table S2). The results suggested that
there were 3,563 and 569 DEGs in 5-FU (vs CTR) and additional MAR-
treated (vs 5-FU) mice, respectively. It indicates that there are remark-
able changes in gene expression of BMNCs upon 5-FU and MAR treat-
ment. We then analyzed the intersection of 3,563 DEGs in the 5-FU vs
CTR group and 569 DEGs in the 5-FU + MAR vs 5-FU group. As shown in
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Fig. 6B, 385 cDEGs in the intersection of the above three datasets were
selected for further analysis. Then, 385 cDEGs were clustered and shown
as a heatmap in Fig. 6C. The expression profile in the two comparison
groups showed that MAR recovered most of the cDEG expression altered
by 5-FU. To further investigate the biological functions of 385 cDEGs,
GO and pathway enrichment analysis were conducted (Fig. 6D). “Cell
adhesion”, “extracellular matrix organization”, and “collagen fibril or-
ganization” were the top 3 enriched biological processes. “Proteinaceous
extracellular matrix”, “extracellular region”, and “extracellular matrix”
were the top 3 enriched cellular component terms. These molecular
functions were significantly associated with heparin-binding, extracel-
lular matrix structural constituent, and collagen binding. Besides, we
found that the significantly enriched KEGG pathways of these genes
were “ECM-receptor interaction”, “PI3K-Akt signaling pathway”, and
“focal adhesion” pathways. These results indicate that MAR may
modulate these pathways and biological processes, thus exhibiting
multi-lineage protective effects in 5-FU-induced myelosuppressive mice.

To analyze the potential regulatory networks of these cDEGs, a PPI
network of 385 cDEGs was obtained in the String database [28],

including 285 nodes and 1848 edges (Fig. 7A). To identify key DEGs in
the PPI network, we used the CytoHubba plugin to select the top 25 hub
genes with the highest degree of connectivity for further analysis. Re-
sults showed that extracellular matrix proteins (Fnl, Fbnl, Fstll,
Lambl, Sppl, Lamb2, Chrdll, Cyr61 and Tnc), collagens (Collal,
Col3al, Col6al, Col6a2 and Col6a3) and insulin-like growth
factor-binding proteins (Igfbp3, Igfbp5 and Igfbp7) were the key nodes
in the network (Fig. 7B). Furthermore, a separate enrichment analysis of
GO biological process terms of these genes was performed. Top 10 terms
were shown in Fig. 7C, including osteoblast differentiation, cell adhe-
sion, regulation of cell growth, positive regulation of cell migration,
wound healing, protein heterodimerization, skeletal system develop-
ment, and extracellular matrix organization, etc. Using the MCODE
plugin, we then provided a sub-network analysis to identify key func-
tional clusters. The 5 most interconnected sub-networks and the top 10
enriched GO biological process terms of these sub-networks are shown
in Fig. 8. In sub-network 3, only one GO term, GO: 0006508-Proteolysis,
was enriched. Besides, the genes involved in sub-network 1, 2, 4, and 5
were most enriched in the collagen fibril organization, T cell
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costimulation, G-protein coupled receptor signaling pathway,
response to peptide hormone, respectively. These data indicate

and
that

modulation of these biological processes may also be involved in the
protective mechanism of MAR. Notably, consistent with the ex vivo re-
sults, in vivo application of MAR significantly down-regulated the

apoptotic signaling pathway (sub-network 2) and inflammatory
response (sub-network 4) activated by 5-FU as well (P value < 0.05).
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3.6. MAR reduces the inflammation-related gene expression elevated by
5-FU

To further investigate the effects of MAR on 5-FU-induced bone
marrow inflammation, we selected 6 inflammation-related hub genes
(I11b, TIr2, Relb, Cxcl2, Cyr61, and Tnc) and verified their mRNA
expression levels by RT-qPCR. The fragments per kilobase million
(FPKM) values of these genes were shown in Fig. 9A and B (left panel).
After exposure to 5-FU, the expression of II1b, TIr2, Relb, and Cxcl2 in
BMSCs was significantly increased. Meanwhile, additional MAR signif-
icantly reduced the mRMA levels of these genes (Fig. 9A, right panel). In
5-FU-induced myelosuppressive mice, the expression of secreted extra-
cellular matrix molecule Cyr61 and extracellular matrix glycoprotein
Tnc was significantly elevated and MAR co-administration significantly
down-regulated their expression levels (Fig. 9B, right panel). These re-
sults suggest that MAR is most likely to be involved in the regulation of
inflammatory response in the hematopoietic microenvironment to
improve 5-FU-impaired hematopoietic function. Besides, these genes
showed similar mRNA expression patterns in transcriptomic and RT-
qPCR analysis, indicating the reliability of the mRNA-Seq data.
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4. Discussion

In China, a variety of Rehmannia glutinosa-included traditional Chi-
nese medicine formulas have been frequently prescribed for treating
chemotherapy-induced pancytopenia. In this study, we described the
protective effects of MAR, the active ingredient found in Rehmannia
glutinosa, on 5-FU-induced bone marrow cytotoxicity and characterized
its impact on the antitumor effect of 5-FU. Besides, based on the ex vivo
and in vivo transcriptomic analysis, we revealed the MAR’s associated
biological processes, signaling pathways, and pivot genes.

MAR has been reported with several pharmacological properties,
including anti-sports anemia [23], estrogenic/antiestrogenic properties
[33], and reduction of skeletal muscle fatigue [34]. Previously, we found
that MAR could facilitate the proliferation of HSCs in 5-FU-induced
myelosuppressive mice , both ex vivo and in vivo [19,22]. In this
study, we further focus on the effects of MAR in BMSCs, the physio-
logical microenvironment in bone marrow, to provide a more compre-
hensive analysis of MAR’s hematopoietic activity.

BMNCs are composed of HSCs and BMSCs [35]. Located in the bone
marrow stroma, BMSCs are a group of pluripotent stem cells and can
generate osteocytes, adipocytes, endothelial cells, and fibroblasts, which
constitute most of the hematopoietic microenvironment and are
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Fig. 9. Verification of inflammation-related gene expression using RT-qPCR. (A) RT-qPCR was applied to verify the relative expression of inflammation-related
hub genes obtained from ex vivo transcriptomic data of BMSCs. The FPKM values from the mRNA-Seq analysis are shown in the left panel, two dots represent the two
biological replicates and the bar represents the average. mRNA expression levels of these genes were evaluated by RT-qPCR in BMSCs exposed to indicated conditions
for 48 h (right). (n = 4). (B) RT-qPCR was applied to verify the relative expression of inflammation-related hub genes obtained from in vivo transcriptomic data of
BMNCs. The FPKM values from the mRNA-Seq analysis are shown in the left panel, two dots represent the two biological replicates and the bar represents the
average. mRNA expression levels of these genes were evaluated by RT-qPCR in BMNCs obtained from different treatment groups (right). (n = 3). Data are shown as
mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, *** *P < 0.0001, n.s. = no significance.
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essential for maintaining hematopoietic function [36]. It has been re-
ported that even after receiving sufficient application of HSCs, patients
that received high-dose chemotherapy may still have abnormal pe-
ripheral blood counts [37], suggesting that hematopoietic microenvi-
ronment damage induced by chemotherapy may affect the bone marrow
hematopoietic reconstruction. Besides, it was well-demonstrated that
chemo-drugs could cause bone marrow stromal cell injury, of which
apoptosis is the main form of damage [38].

In this study, we established an ex vivo 5-FU-induced bone marrow
stromal cell injury model and demonstrated that MAR interfered with 5-
FU-induced apoptosis in BMSCs. The corresponding transcriptome and
RT-gPCR analysis revealed that MAR significantly down-regulated the
expression of inflammation-related genes elevated by 5-FU, including
key regulatory pro-inflammatory genes II1b, Tlr2, Relb, and Cxcl2. In
line with a previous study, 5-FU had an inhibitory effect on BMSCs
growth and increased the secretion of inflammatory factors [39]. Be-
sides, the oppositely down-regulated cDEGs by MAR were mostly
enriched in the TNF signaling pathway. Consistently, MAR up-regulated
the GO biological process of negative regulation of tumor necrosis factor
production. It is well-known that the TNF signaling pathway is closely
related to cell apoptosis, survival, and inflammation. Therefore, these
results indicate that MAR may attenuate 5-FU-induced bone marrow
stromal cell injury through the TNF pathway, thereby inhibiting
inflammation response and apoptosis, ultimately promoting hemato-
poietic function.

In B16-F10 and MC38 tumor-bearing mice, we first determined that
MAR did not interfere with the antitumor effect of 5-FU, providing ev-
idence for its further clinical application. Besides, in our in vivo 5-FU-
induced myelosuppression mouse model, we applied continuous appli-
cation of 5-FU to achieve a degree of neutropenia similar to that seen in
some cancer patients treated with 5-FU [24]. It is worth noting that the
in vivo chemoprotective activity of MAR in the hematopoietic system is
impressive. As reported, the characteristics of 5-FU-induced bone
marrow damage are the loss of BMINCs and the decrease of circulatory
WBC [40]. The BMNCs count in the bone marrow is a direct reflection of
the bone marrow health state [41]. We found that the total number of
BMNCs was significantly reduced after 5-FU treatment with apparent
bone marrow pathological damage, indicating the state of bone marrow
suppression. Compared with the 5-FU-only treatment group, the addi-
tional MAR significantly increased the count of BMNCs in the bone
marrow accompanied by the recovery of peripheral WBC and PLT
counts, indicating its clinical therapeutic potential. Furthermore, we
provided evidence that MAR increased the percentage of leukocytes
(CD45+) and granulocytes (CD11b+Gr-1+) in the bone marrow. These
results suggest that MAR possesses a broad relief activity on
multi-lineage myelosuppression, potentially overcoming the limitations
of current treatment strategies, such as the transfusion of blood cell
components and the administration of growth factors.

Mechanistically, the bone marrow toxicity of 5-FU may be related to
the increased bone marrow inflammation, osteoclast formation, and
accelerated bone loss [42]. Notably, the most enriched pathways of
cDEGs include ECM-receptor interaction and focal adhesion. Besides, we
found a group of associated hub c¢DEGs, including multiple extracellular
matrix glycoproteins and collagen genes, were oppositely altered upon
5-FU and MAR administration, such as Cyr61 and Tnc. It has been re-
ported that ECM is composed of collagen, proteoglycan, and glycopro-
tein, which is an indispensable component for maintaining the function
and structure of the bone hematopoietic microenvironment [43]. Our
results indicate that MAR may improve hematopoietic function by
regulating extracellular matrix organization interfered by 5-FU. Previ-
ous studies have shown that the destruction of ECM and adhesion
junctions may promote the development of inflammation-related dis-
eases [44]. Consistently, we found that 5-FU significantly induced the
expression of several pro-inflammatory related genes, including Fstl1,
Sppl, Gas6, Cyr61, and Tnc [45-49]. Fstll is a novel pro-inflammatory
cytokine and positively correlated with the severity of many arthritic
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diseases [46]. Sppl not only acts as a component of the extracellular
matrix but also exists as a soluble cytokine that is often up-regulated
during inflammation [45]. Gas6 and Cyr61 have been reported to pro-
mote inflammation, and the silencing of Tnc may relieve apoptosis and
inflammation response [48-50]. As previously reported, the inflamma-
tory activity may lead to the disorder of the bone marrow microenvi-
ronment and produce obvious harmful effects to the hematopoietic
system [51]. In 5-FU-induced myelosuppressive mice, we found that in
vivo administration of MAR significantly reduced the expression of these
pro-inflammatory genes increased by 5-FU, especially Cyr61 and Tnc. In
line with ex vivo results of BMSCs, this evidence strongly supported that
MAR might restore the hematopoietic function by inhibiting inflam-
mation in the hematopoietic microenvironment.

On the other hand, we found that 25 hub genes oppositely down-
regulated by MAR were most enriched in the osteoblast differentiation
process, including Chrdll and insulin-like growth factor-binding pro-
teins (Igfbp3, Igfbp5, and Igfbp7). These genes are important regulators
of osteoclast formation and bone metabolism, which is closely related to
the bone marrow microenvironment [52-55]. According to a previous
report, 5-FU might accelerate bone loss by inducing excessive differen-
tiation of osteoclasts [56]. Therefore, it is likely that MAR may suppress
the excessive differentiation of osteoclasts to maintain the bone marrow
microenvironment. Collectively, our results suggest that MAR may
restore the bone marrow microenvironment to improve hematopoietic
function by regulating extracellular matrix organization, suppressing
5-FU-induced inflammation, osteoblast differentiation, and bone loss.
One of the other most enriched pathways was the PI3K-Akt signaling
pathway. Previous studies have shown that excessive PI3K-Akt activa-
tion may lead to the depletion of HSCs [57]. Therefore, MAR may inhibit
the overactive PI3K/Akt signaling pathway induced by 5-FU, thereby
increasing the survival of HSCs to improve hematopoietic function.

In summary, we proposed a multi-pathway therapeutic mechanism
model of MAR and highlighted its regulatory role in the inflammation
response of the hematopoietic microenvironment. These results provide
a theoretical basis for the further development and clinical application
of MAR. To further reveal the potential mechanism of MAR, future work
may involve the validation of the associated biological processes
aforementioned.

5. Conclusion

MAR alleviates bone marrow injury and exhibits multi-lineage pro-
tective effects in 5-FU-induced myelosuppressive mice without
compromising its antitumor activity. Its molecular mechanism may be
related to the increased survival of BMNCs and the improvement of the
bone marrow microenvironment by regulating extracellular matrix or-
ganization, inhibiting osteoblast differentiation and inflammation
response, and reducing cell apoptosis. We highlighted the critical role of
inflammation-related genes upon 5-FU and MAR treatment, including
I11b, Tlr2, Relb, Cxcl2, Cyr61, and Tnc. Our findings provide a frame-
work for the continuous study of MAR and a theoretical basis for the
clinical usage of Rehmannia glutinosa.
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