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HIGHLIGHTS GRAPHICAL ABSTRACT
« A set of nine selected agents were Primary screen in TBI-induced premature aging Assessment of HSC rejuvenating efficacy in
first tested for their effects on the of the hematopoietic system naturally aging mice

premature aging of the hematopoietic
system in total body irradiated (TBI)
mice.

« 2,3,5,4'-tetrahydroxystilbene-2-0-p-
D-glucoside (TSG) was successfully
identified as a potent rejuvenating
agent for aging HSCs.

« TSG treatment significantly increased
the absolute number of common
lymphoid progenitors (CLPs) along
with their downstream B
lymphocytes both in TBI mice and
naturally aging mice.

« TSG treatment boosted the HSCs/CLPs
repopulation potential of aging mice
without causing any significant
adverse effects.

« TSG supplementation restored the
loss of regenerative capacity and
decline in lymphopoiesis via AMPK-
Tet2 axis.
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Introduction: Aging of hematopoietic stem cells (HSCs) has emerged as an important challenge to human
health. Recent advances have raised the prospect of rejuvenating aging HSCs via specific medical inter-
ventions, including pharmacological treatments. Nonetheless, efforts to develop such drugs are still in
infancy until now.

Objectives: We aimed to screen the prospective agents that can rejuvenate aging HSCs and explore the
potential mechanisms.

Methods: We screened a set of natural anti-aging compounds through oral administration to sub-lethally
irradiated mice, and identified 2,3,5,4'-tetrahydroxystilbene-2-0-B-D-glucoside (TSG) as a potent rejuve-
nating agent for aging HSCs. Then naturally aged mice were used for the follow-up assessment to deter-
mine the HSC rejuvenating potential of TSG. Finally, based on the transcriptome and DNA methylation
analysis, we validated the role of the AMP-activated protein kinase (AMPK)-ten-eleven-translocation 2
(Tet2) axis (the AMPK-Tet2 axis) as the underlying mechanisms of TSG for ameliorating HSCs aging.
Results: TSG treatment not only significantly increased the absolute number of common lymphoid pro-
genitors (CLPs) along with B lymphocytes, but also boosted the HSCs/CLPs repopulation potential of aging
mice. Further elaborated mechanism research demonstrated that TSG supplementation restored the
stemness of aging HSCs, as well as promoted an epigenetic reprograming that was associated with an
improved regenerative capacity and an increased rate of lymphopoiesis. Such effects were diminished
when the mice were co-treated with an AMPK inhibitor, or when it was performed in Tet2 knockout mice
as well as senescent cells assay.

Conclusion: TSG is effective in rejuvenating aging HSCs by modulating the AMPK- Tet2 axis and thus rep-
resents a potential candidate for developing effective HSC rejuvenating therapies.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The human body possesses certain multipotent precursors in
the form of hematopoietic stem cells (HSCs), found primarily in
the bone marrow niche, which have the ability to self-renew, pro-
liferate, and differentiate into myeloid and lymphoid progenitors,
leading to the balanced production of both myeloid and lymphoid
lineages to maintain the homeostasis of the blood lineage and the
immune system of our body [1]. However, aging of the human
body causes the HSCs to lose the ability of maintaining homeosta-
sis of the hematopoietic system, resulting in the attenuated lym-
phopoiesis but myeloid-biased pattern of differentiation as well
as the deterioration in repopulation capacity through HSCs trans-
plantation[2,3] (for simplicity, such HSCs are referred to as “aging
HSCs” herein). As the average human lifespan continues to extend,
so does the proportion and the absolute number of individuals
with advanced ages. Consequently, the loss of homeostasis and
the diseases associated with the aging of the hematopoietic system
pose a substantial challenge[4,5]. Recent animal studies have
established that aging HSCs could be partially revitalized by opting
for specific genetic or pharmacological intervention in mice, which
serves as the proof-of-concept demonstrating the feasibility of
rejuvenating aging HSCs|[6,7]. This breakthrough offers the possi-
bility of rejuvenating aging humans HSCs through specific medical
interventions, such as pharmacological drug treatments. Nonethe-
less, efforts to develop such drugs are still in their infancy to date.

Currently, several compounds including rapamycin, CASIN,
TN13, SB203580 and ABT263[6], have been reported to possess
certain capacities of rejuvenating aging HSCs under various exper-
imental settings. However, the task of getting any of them to be
approved as an HSC rejuvenating drug would likely still prove
costly and time consuming. Meanwhile, it has been recognized that
certain formulas of traditional Chinese medicine (TCM) have been
claimed to possess the property of rejuvenating aging HSCs and
safe for human uses even over a long period of time. While the effi-
cacy aspects of such claims are usually not based on unbiased ran-
domized clinical trial experiments, the safety aspects are general
accepted when they are used according to the specific guidelines.
Thus, if the efficacy issue would be validated, the paths to a suc-
cessful clinical development for such medicine would be much
more desirable. The proof of the clinical efficacy of a TCM, on the

one hand, would greatly encourage the effort to conduct the proper
randomized clinical trials to improve its quality and use in the
form of TCM; while on the other hand, could significantly minimize
the concern of the risk issue of modern drug development should a
compound-based modern drug development path be chosen.

In this study, we screened a set of presumed natural anti-aging
compounds derived from several well-known TCM formulas and
identified 2,3,5,4'-tetrahydroxystilbene-2-0-B-D-glucoside (TSG)
as a powerful rejuvenator for aging HSCs. The corresponding
mouse equivalent dose for each compound was derived from the
human dose in accordance with the recognized safety require-
ments and the well-regarded effectiveness for the parent TCM
ingredient. TSG is a natural derivative of polyphenols from the
TCM “Heshouwu”, that had been well known for a multitude ben-
eficial effects including anti-oxidation[8], anti-inflammation[9],
anti-hyperlipidaemia[10] and neuroprotection[11,12] as well as
anti-aging. In this study, we found that TSG treatment not only
greatly raised the absolute quantity of common lymphoid progen-
itors (CLPs) along with their downstream B lymphocytes, but also
enhanced the ability for the HSCs/CLPs repopulation through the
rapid expansion in donor chimerism of aging mice. Furthermore,
TSG could restore the quiescence of aging HSCs and promote the
epigenetic reprogramming that exhibited to alter DNA methylation
profile for the control of HSC fate decisions by activating the AMP-
activated protein kinase (AMPK) and its substrate Ten-eleven-
translocation 2 (Tet2). This study opened an avenue to mitigate
HSCs aging by activating AMPK and positively identified TSG as a
very promising candidate acting as a natural AMPK activator for
developing anti-aging drugs for rejuvenating aging HSCs in
humans.

Materials and methods
Mice

“Young” (approximately 8-week-old) wild-type C57BL/6] mice
(CD45.2) of both genders were acquired from Sipeifu Biotechnol-
ogy Co., Ltd. (Beijing, China), while “aging mice” (approximately
80-week-old) mice were bred and aged in-house. The recipient
mice used in the transplantation assays were either CD45.1 or
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CD45.1/CD45.2 mice (C57BL/6] congenic strain of mice). The Tet2
mutant mice (Tet2™™, herein after termed as Tet2 Mut) was a gen-
erous gift from Drs. Shaorong Gao and Jiayu Chen of Tongji Univer-
sity. Details about generation of Tet2 catalytic mutant mouse are
described in the supplementary materials. The mice were housed
under a 12-hour light-dark cycle, with unrestricted access to food
and water. For our studies, we employed mice of both sexes, with-
out employing any particular randomization or blinding
approaches in the selection process.

Mouse models and treatments

To screen a library of natural anti-aging compounds on radia-
tion induced premature aging of the hematopoietic system, 8-
week-old C57BL/6] mice were subjected to either sham irradiation
as controls or a sublethal 4 Gy dose of X-ray radiation (RS2000XE,
Rad Source) for total body irradiation (TBI), with a dose rate of
0.4 Gy/min. After TBI treatment, the mice were treated with either
vehicle (saline) or compound solutions. All following compounds
were administered at the various doses (mg per kg body weight
per day (mg/kg/d)) as the following: astragaloside IV at 50 mg/
kg/d, berberine at 100 mg/kg/d, cordycepin at 100 mg/kg/d, emo-
din at 30 mg/kg/d, ferulic acid at 100 mg/kg/d, ginsenoside Rg1
at 60 mg/kg/d, icariin at 50 mg/kg/d, notoginsenoside R1 at
30 mg/kg/d, and tetrahydroxy stilbene glucoside (TSG) at
120 mg/kg/d were administered to the TBI mice by gavage for
60 days, respectively. Subsequently, aging C57BL/6] mice received
TSG orally at a dosage of 120 mg/kg/day for 60 days, while 5-
aminoimidazole-4-carboxamide riboside (AICAR, absin,
abs812834, China) was administered intraperitoneally at a dose
of 50 mg/kg daily for the same period. The administration of com-
pound C (Com C, Selleck, S7306, USA) at 10 mg/kg intraperitoneally
every alternate day was followed by TSG oral dosing. 40-week-old
Tet2 Mut mice displayed a more evident CLP decrease and skewed
myeloid/lymphoid ratio than 16 weeks of age[13]. Tet2 Mut mice at
40-week-old were treated with vehicle (saline) or TSG solution by
gavage for 60 days, respectively. All natural compounds were
sourced from Chengdu Pufei De Biotech Co., Ltd., China. Each
experiment consisted of 4 mice per group, and mice were sacrificed
to analyze as described below. All experiments were replicated a
minimum of three times.

FACS analyses

Immunostaining of preparations of bone marrow (BM), thymus,
and peripheral blood (PB) were performed according to standard
protocols and analyzed with LSRII/Fortessa (BD Biosciences, USA)
or sorted by Influx (BD Biosciences, USA). BM cells were harvested
by mechanically disrupting leg, pelvic bones, and spines in a stain-
ing medium, specifically phosphate-buffered saline (PBS, Sigma,
USA) enriched with 0.2 % bovine serum albumin (BSA, Sigma,
USA). Individual thymus was isolated and disintegrated through
45-um cell strainers (Corning BD Falcon, USA) in PBS to yield
single-cell suspensions. Each PB sample was collected from the
orbital vein into a EDTA (0.1 M)-containing tube. Erythrocytes
were removed by red blood cell lysis buffer (BD Biosciences,
USA). For hematopoietic stem/progenitor cells analysis, BM cells
were stained with biotinylated anti-mouse cocktail antibodies
specific for the following lineage (Lin) markers (Biolegend, USA):
CD4 (RM4-5), CD8 (53-6.7), B220 (RA3-6B2), CD11b (M1/70),
TER-119, and Gr-1 (RB6-8C5) to label lineage-negative (Lin-) cells
and then stained with c-Kit (ACK2, eBioscience, USA), Sca-1 (EI3-
161.7, Biolegend, USA), streptavidin (BD Biosciences, USA), CD48
(HM48-1, Biolegend, USA), CD150 (TC15-12F12.2, Biolegend,
USA), CD34 (RAM34, BD Biosciences, USA), Flk2 (A2F10, BD Bio-
sciences, USA), IL-7R (A7R34, BD Biosciences, USA), and CD16/32
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(93, BD Biosciences, USA). For B, T, and myeloid cells analyses,
BM cells were stained with CD4 (RM4-5, Biolegend, USA), CD8
(53-6.7, Biolegend, USA), B220 (RA3-6B2, Biolegend, USA), CD43
(eBioR2/60, eBioscience, USA), CD19 (eBio1D3, eBioscience, USA),
IgM (11/41, Biolegend, USA), and CD11b (M1/70, BD, USA); PB
and spleen cells were stained with CD4 (RM4-5, Biolegend, USA),
CD8 (53-6.7, Biolegend, USA), B220 (RA3-6B2, Biolegend, USA),
and CD11b (M1/70, BD, USA). For thymic T cell analyses, cells were
stained with CD4 and CD8. Enrichment of c-Kit"* cells was achieved
using anti-APC c-Kit microbeads (Miltenyi Biotec, Germany) and
MACS Separation LS Columns (Miltenyi Biotec, Germany), with
LTs sorted on BD Influx (Becton Dickson, USA) post-staining with
c-Kit, Sca-1, streptavidin, CD34, and Flk2. For BM and PB donor-
derived chimerism analyses, cells were stained with conventional
label scheme together with CD45.1 (A20, Biolegend, USA) and
CD45.2 (104, eBioscience, USA). Stained cells were re-suspended
in staining media with 1 pg/ml 4/,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich, USA) to exclude dead cells. Intracellular
staining involved initial antibody application, followed by anti-
Ki67 (eBioscience, 11-5698-80, USA) staining in perm/wash for
40 min at room temperature, shielded from light. After a wash in
perm/wash, cells were suspended in PBS with 1 pg/ml DAPI for a
20-minute incubation followed by fluorescence-activated cell sort-
ing (FACS) analysis. Data analysis was conducted using the Flow]o
software.

Bone marrow transplantation

Competitive transplantation experiments were performed by
transplanting 500 LTs purified from donor mice (C57BL/6]
CD45.2) together with total BM cells (5 x 10°) from young (2-4-
month-old) competitor mice (CD45.1) into lethally irradiated
(8 Gy) recipients (CD45.1/CD45.2). Transplanted mice were fed
antibiotic-containing water for 2 weeks, and the degrees of
donor-derived chimerism were evaluated one a month by a
FACS-based analysis of blood from retro-orbital bleeding. After
12 weeks of transplantations, recipients were sacrificed to measure
the donor-derived contribution in the PB and BM. For non-
competitive repopulation assays, 10° CLPs were immediately
transplanted intravenously into irradiated (4 Gy) congenic
C57BL/6] Ly5.1 mice. Three weeks after transplantation, donor cell
contributions to the PB and BM of recipient mice were analyzed.
Inhalation of ether for anesthesia was used when transplantation
experiments were performed.

Ethics statement

Experimental procedures involving animals received approval
from the Animal Welfare and Ethics Committee of the Fifth Medi-
cal Centre of the Chinese PLA (People’s Liberation Army) General
Hospital, and were conducted adhering to the established ethical
guidelines, with the ethical approval number IACUC-2020-0048.

Cell culture

IMR-90 fibroblasts (catalog number CCL-186) were initially pro-
cured from the American Type Culture Collection in Manassas, VA,
USA. These cells were cultured in Dulbecco’s Modified Eagle Med-
ium, with 10 % fetal bovine serum (FBS), 100 U/ml penicillin, and
100 pg/ml streptomycin (all reagents sourced from Gibco, USA).
The culturing environment was a humidified incubator, main-
tained at 37 °C with a 5 % CO, atmosphere. The IMR-90 fibroblasts,
after surpassing 25 passages, entered a phase of replicative senes-
cence. To promote this senescence, the cells were subcultured reg-
ularly until a marked reduction in division rate was observed,
typically around the 40th passage. IMR-90 cells at 60-70 % conflu-
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ency and at the 40th passage were treated with varying concentra-
tions of tetrahydroxy stilbene glucoside (TSG, 10 and 100 pM) for
48 h. In some instances, these cells were also exposed to the AMPK
inhibitor Compound C (Com C, 10 puM, Selleck, USA) in combination
with TSG, or to the AMPK activator AICAR (0.5 mM, absin, China)
for the same duration. After the treatments, the cells were har-
vested for protein analysis via western blotting.

Western blot analysis

Cell lysis was performed using RIPA buffer, followed by the
determination of protein concentrations via the bicinchoninic acid
(BCA) assay. The proteins were then separated using 8-16 % SDS-
PAGE gels supplied by Genscript (catalog number M81612). After
the electrophoresis, the proteins were transferred onto PVDF mem-
branes (Millipore). These membranes were subsequently blocked
with 5 % bovine serum albumin (BSA) in Tris-buffered saline with
0.1 % Tween (TBST) at room temperature for 60 min, followed by
an overnight incubation with primary antibodies at 4 °C. This step
was followed by triple washing with TBST and a subsequent 1-hour
incubation at 4 °C with the corresponding secondary antibodies.
Detection was performed using the Odyssey Infrared Imaging Sys-
tem from Bio-Rad. The primary antibodies utilized were rabbit
anti-AMPKa (Cell Signaling Technology, 2532, USA), rabbit anti-
phospho-AMPKa (Cell Signaling Technology, Thr172, 2535, USA),
rabbit anti-phospho-acetyl-CoA carboxylase (Cell Signaling Tech-
nology, Ser79, 3661, USA), rabbit anti-Tet2 (bioworld, BS7804,
China), and mouse anti-p-actin (Sigma, A1978, USA). For the sec-
ondary antibodies, IRDye 800CW Goat Anti-Rabbit IgG (Li-COR Bio-
sciences, 926-32211, USA) and IRDye 800CW Goat Anti-Mouse IgG
(Li-COR Biosciences, 926-32210, USA) were employed.

Seahorse metabolic flux experiments

Oxygen consumption rate (OCR) was measured by an XF96
extracellular flux analyzer (Seahorse Biosciences) adopting XF Cell
Mito Stress Test kit according to the manufacturer’s instructions
(Agilent Technologies). In brief, sorted Lineage™ Sca-1" c-Kit*
(LSK) cells were adjusted to a concentration of 10° cells/well with
180 pl pre-adjusted + cyt media into XF cell culture microplate pre-
coated for 3 h with poly-lysine (Sigma-Aldrich, P4707, USA) in 37 °C
CO,-free incubator. Compounds were then loaded into the appro-
priate ports of a hydrated sensor cartridge: The corresponding order
of compounds oligomycin (1 uM), FCCP (2 pM), and rotenone/an-
timycin A (0.5 puM) were port A, port B, and port C, respectively.
Mitochondrial ATP production was calculated based on the OCR dif-
ferences upon addition of oligomycin from basal rate.

Quantitative real-time PCR analysis

Total RNA from LSK cells was isolated utilizing the RNeasy Mini
Kit (Qiagen Germany). The synthesis of complementary DNA
(cDNA) was then conducted using the PrimeScript™ RT reagent
Kit (TAKARA, Japan). Quantitative PCR (qPCR) analyses were car-
ried out employing SYBR Premix Ex Taq™ (TAKARA, Japan) on a
CFX96 Real-Time System (Bio-Rad, USA). Details of the mouse-
specific primers utilized in the qPCR can be found in Supplemen-
tary Table S1.

Molecular docking prediction

The crystallographic structures of AMPK(a181y1) and AMPK
(02p1y1) were retrieved from the RCSB Protein Data Bank, bearing
the PDB codes 6C9F and 6B1U, respectively. These structures were
then prepared as receptor models, using PyMol software to excise
the original ligands and water molecules. For the small-molecule
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ligand, the two-dimensional structure of TSG was acquired from
the TCMSP database (accessible at https://old.tcmsp-e.com/
tcmsp.php) and saved in MOL2 file format. Subsequently, the 3D
crystal structures of both protein targets and the TSG ligand were
imported into the AutoDock 4.0 software for the purpose of con-
ducting molecular docking studies.

Surface plasmon resonance (SPR) analysis

The binding interactions between Tetrahydroxy stilbene glu-
coside (TSG) and the AMPK isoforms o1p1y1 and o2p1y1 were
examined using surface plasmon resonance (SPR) spectroscopy,
utilizing a Biacore T200 biosensor device from GE Healthcare. For
these analyses, each target protein was immobilized on a CM5 chip
via an amine-coupling procedure. The binding experiments were
conducted at a controlled temperature of 25°C and a flow rate set
at 30 pl/min. Various concentrations of the compounds (ranging
from 0.78 to 50 M) were prepared in a running buffer composed
of 40 mM Tris, 150 mM NacCl, 0.2 mM CaCl2, 20 mM MgCl2, and
Surfactant P20 (pH 7.4). These were then passed over the immobi-
lized targets at the indicated gradient concentrations. The kinetic
dissociation constant (KD) for each interaction was determined
using the Biacore T200 evaluation software version 2.0 provided
by GE Healthcare.

AMPK kinase activity assay

The ADP-Glo™ Kinase Assay (Promega, USA), a luminescent
assay for measuring kinase activity, was employed to assess the
activity of AMPK(a1B1y1) and AMPK(a2B1vy1). This assay quanti-
fies ADP produced in a kinase reaction, where ADP is subsequently
converted to ATP, and then to light by Ultra-Glo™ Luciferase. The
luminescence is directly proportional to the ADP quantity and
kinase activity. According to the ADP-Glo™ Kinase Assay instruc-
tions, AMPK was exposed to various concentrations of tetrahy-
droxy stilbene glucoside (TSG) (ranging from 0 to 1 pM), with
AMP serving as a positive control. Components including the
enzyme, substrate, ATP, and inhibitors were diluted in Kinase Buf-
fer. Within white, low-volume 384-well polystyrene plates, the
reaction setup included 1 pl of inhibitor, 2 pl of enzyme, and
2 pl of substrate/ATP mixture. TSG and AMPK kinase solutions
were also added. Control wells contained kinase buffer, substrate,
and ATP but lacked the enzyme. These plates were incubated at
room temperature for 60 min, followed by the addition of 5 pl of
ADP-Glo reagent, and a further incubation for 40 min. Subse-
quently, 10 pl of Kinase Detection Reagent was added, and the
plates were incubated for another 30 min at room temperature.
Optical density (OD) readings were then obtained using a GloMax®
Discover Multimode Microplate Reader (Promega Inc., USA). All
experiments were conducted in triplicate.

RNA sequencing

RNA extraction was carried out from approximately 20,000 long-
term hematopoietic stem cells (LTs) that were sorted using
fluorescence-activated cell sorting (FACS) and purified using the
RNeasy Micro Kit (QIAGEN Germany). The RNA sequencing (RNA-
Seq) service was performed by Novogene Co., Ltd.(Beijing, China).
Libraries for sequencing were constructed employing the NEBNext®
Ultra™ RNA Library Prep Kit (Illumina, USA). Sequencing was exe-
cuted on an Illumina Novaseq platform, generating 150 bp paired-
end reads. Analysis of differentially expressed genes was conducted
using the DESeq?2 package (version 1.16.1) in R, setting a significance
threshold at an adjusted P-value of < 0.05 and a fold-change of > 2.
The Cluster Profiler package was utilized for Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
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pathway analysis. Furthermore, Gene Set Enrichment Analysis
(GSEA) (available at https://www.broadinstitute.org/gsea/index.
jsp) was applied to pinpoint lymphoid-related gene sets in both
young and aged mice, and in aged mice treated with vehicle or
TSG. Gene sets pertaining to lymphopoiesis, hematopoietic stem cell
metabolism, and cell cycle were considered significantly enriched at
a P-value < 0.05 and a false discovery rate (FDR) < 0.25. The RNAseq
data have been deposited in the Sequence Read Archive (SRA) data-
base under the accession number PRJNA827524.

DNA methylation analysis

For each DNA preparation, DNA was extracted 1 x 10> to
4 x 10° cells from the bone marrow (BM) using the DNeasy Blood
& Tissue Kit (Qiagen Germany). The preparation of reduced repre-
sentation bisulfite sequencing (RRBS) libraries from a limited
quantity of LTs involved the adaptation and refinement of a
single-tube method. This approach notably decreased the number
of PCR cycles necessary for library amplification, thereby preserv-
ing the integrity of the results, in line with previously established
methods. Typically, a13 cycle-PCR of approximately 10 ng of geno-
mic DNA was used to obtain sufficient DNA for the further analysis.
After the PCR amplification, DNA fragments of 150 to 500 bp were
harvested using SPRI select beads from Beckman Coulter and used
to construct a library as described. For sequencing, the RRBS
libraries were combined with either 20 % PhiX Control from Illu-
mina or other balanced libraries, and pair-end 150 bp sequencing
was conducted using the HiSeq 2500 sequencer (Illumina). The
alignment of RRBS sequencing reads to the bisulfite-converted
mouse genome (mm10) was executed with Bismark v0.10.1
(Babraham Bioinformatics). DNA methylation analysis was carried
out as described previously[14].

Co-culture experiments

OP9 cells were maintained in o-MEM with 20 % fetal bovine
serum (FBS), 40 uM 2-mercaptoethanol, and 2 mM L-glutamine.
For the induction of lymphoid differentiation, LSK cells from the
bone marrow of 8-week-old mice were co-cultured with 80 % con-
fluent OP9 cells. The culture medium was o-MEM with 20 ng/ml
FIt3 ligand (FIt3L), 10 ng/ml interleukin-7 (IL-7), and 100 ng/ml
stem cell factor (SCF) (R&D Systems). For some experiments, TSG
(10 and 100 pM) or the Tet2 inhibitor Bobcat339 (1 and 10 pM)
were incorporated for around 72 h (determined by preliminary
experiments). Subsequently, cells were labeled with anti-CD19
and anti-B220 antibodies for flow cytometry analysis.

Statistical analysis

Data sets were characterized by normal variance. Statistical
results are presented as the mean # standard deviation (S.D.).
The statistical analyses were conducted using the SPSS 13.0 soft-
ware (SPSS Inc., Chicago, IL, USA). For datasets involving multiple
groups, either one-way ANOVA or two-way ANOVA, supplemented
by a Tukey Kramer post hoc test, were employed to determine the
p-values. The outcomes are expressed as mean + SD. The symbols
'ns’ denotes non-significance, whereas asterisks indicate levels of
significance: *p < 0.05; **p < 0.01; ***p < 0.001.

Results
Screening for compounds capable of rejuvenating aging HSCs

It has been previously reported that total body irradiated (TBI)
8-week-old mice possessed premature aging of the hematopoietic
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system having key features reminiscent of those in naturally aging
mice[15,16]. Since such TBI mice can be readily generated, we pos-
ited that they could be adopted as a model for the initial assess-
ment on the potential of individual agents for rejuvenating aging
HSCs. Such a model could then be used in conjunction with a
follow-up confirmation test in the naturally aging mice as a system
for identifying agents that possess the property of rejuvenating
aging HSCs (Fig. 1a). Here, we chose to screen a unique library with
a small number of hand-picked compounds that are known to
exhibit highly conducive effects on hematopoiesis in humans. First,
we conducted a preliminary experiment identified 9 candidate
compounds derived from 9 different TCM formulas and established
the proper equivalent oral dose for mice for each of them based on
the corresponding dose that was recommended for humans
(Table S2). When these compounds were subsequently screened
under the TBI model system evaluated by the homeostasis of the
hematopoietic system in the bone marrow (BM) using FACS analy-
sis, one compound, 2,3,54'-tetrahydroxystilbene-2-0-B-D-gluco
side (TSG), stood out by its potent capability of increasing the num-
ber of CLPs per mouse and the total number of both total B and pre-
B cells in the TBI mice without any significant impact on the quan-
tity of hematopoietic stem progenitor cells (HSPCs) and myeloid
cells (data not shown) (Fig. 1b-e). Furthermore, TSG treatment sig-
nificantly enhanced the TBI-induced drastic decrease of lymphoid
lineages in the bone marrow, thymus, and the peripheral blood
without any major adverse effects on the various components of
the hematopoietic system including long-term hematopoietic stem
cells (LTs), short-term hematopoietic stem cells (STs), common
myeloid progenitors (CMPs), granulocyte/macrophage progenitors
(GMPs) and megakaryocyte/erythroid progenitors (MEPs) in the
bone marrow (Fig. S1a-g). Considering these data, TSG was identi-
fied as the first “hit” from the primary screen.

TSG exhibited a potent potential in rejuvenating aging HSCs without
any significant adverse effects

The identification of TSG as the first “hit” from the primary
screen then prompted us to further assess whether it could also
rejuvenate aging HSCs in naturally aging mice. Hematopoietic stem
cells (HSCs) can produce all known hematopoietic lineages and
undergo self-renewal, accompanied by debilitations of lym-
phopoiesis during aging due to the decline in the capability of
HSCs|[5]. Studies showed that HSCs in mice of 80 weeks and older
exhibit considerable aging characteristics, making such 80-week-
old mice as an excellent model for studying the reversibility of
HSC aging[17]. Thus, to examine the potential of TSG in rejuvenat-
ing aging HSCs, we administered TSG or the vehicle to cohorts of
naturally aging mice for 60 days, and then evaluated the home-
ostasis of the hematopoietic system in the bone marrow. The
results showed that mice treated with TSG had a significantly
higher number of common lymphoid progenitors (CLPs, FIk2*IL-
7R'linage c-kit™9Sca1™9) in the bone marrow per mouse
(Fig. 2a), and also much higher numbers of total, pro-, and pre-B
cells of the B lineage (Fig. 2b). Additionally, the TSG treatment on
the naturally aging mice did not produce any substantial effects
on the numbers of T and myeloid cells of the bone marrow
(Fig. 2¢). Nonetheless, it did result in significant elevations in the
total numbers of three main sub-types of T cells including CD4"-
CD8" T cells and single-positive CD4* or CD8" T cells of the thymus
(Fig. 2d). Moreover, compared to the untreated control, the TSG-
treated mice also exhibited a significant higher percentage of B
cells and a significant lower percentage of myeloid cells, but simi-
lar compositions of T cells in the peripheral blood (Fig. 2e).

Intriguingly, FACS analyses revealed that the absolute number
of long-term hematopoietic stem cells (LTs, CD150*CD48 linage -
c-kit*Sca1™) and short-term hematopoietic stem cells (STs,
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Fig. 1. A approach for screening agents with hematopoietic stem cell (HSC) rejuvenation potential. (a) A schematic illustration of the screening process. (b-d) A small
number of candidate compounds are first hand-picked from highly acclaimed TCM antiaging herbs for hematopoiesis and the mice dosages are calculated based on the
human dose. The primary experimental screen of nine selected agents is then first carried out with total body irradiated (TBI) mice to identify agents that have a significant
positive effect on the systematic analysis of the hematopoietic system. When a positive agent is identified, it is then subjected to a secondary experimental screen in naturally
aging mice based on the same criteria. When an agent passes this secondary screen, it is then subjected to a series of analyses for a full assessment of its efficacy in HSC
rejuvenation in naturally aging mice. (d) Tetrahydroxy stilbene glucoside (TSG), the sole agent that was found to significantly improve the number of CLPs based on this test.
(e) Specifically, the representative FACS plots and quantification of the total number of B cells and pre-B cells in the bone marrow (BM) of the untreated normal 8-week-old
mice (Ctrl), TBI mice treated with vehicle (TBI), and TBI mice treated with tetrahydroxy stilbene glucoside (TBI-TSG) are shown. Data is presented as mean + S.D. (n = 4). *:
p < 0.05; **: p<0.01; ***: p <0.001. 6
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Fig. 2. Effects of tetrahydroxy stilbene glucoside (TSG) on key attributes of HSCs of naturally aging (80-week-old) mice. Cohorts of aging mice were treated with either
vehicle (Old) or TSG (01d-TSG) for 60 days and analyzed. A cohort of 8-week-old mice was included as a control for young mice (Young). (a) Analysis of common lymphoid
progenitors (CLPs). Representative FACS plots (The left panel) and quantification of CLPs (the right panel) from the bone marrow of different cohorts. (b) Absolute numbers of
various sub-types of B cells in the bone marrow of different cohorts. (c) Absolute numbers of T and myeloid cells in the bone marrow of different cohorts. (d) Absolute
numbers of different sub-types of T cells per thymus of different cohorts. (e) Mean percentages of peripheral B, T, and myeloid cells of different cohorts. Throughout, data is

represented by mean + S.D. (n = 4). *: p < 0.05; **: p < 0.01; ns: no significance.

CD150°CD48 linage c-kit*Sca1™) were increased 4-5 folds in the
naturally aging mice as compared to the young mice. The TSG
treatment did not cause any significant changes on the naturally
aging mice (Fig. S2a). Besides, the TSG treatment did not produce
any significant changes in the number of common myeloid progen-
itors (CMPs) and granulocyte/macrophage progenitors (GMPs), as
well as the decreased number of megakaryocyte/erythroid progen-
itors (MEPs) in the bone marrow of naturally aging mice as com-
pared to the young mice (Fig. S2b). Moreover, the TSG treatment
did not alter the body weight, peripheral blood cells, blood chem-
istry, and the histological features of the liver in any prominent
manners (Fig. S2 c-g). Hence, TSG was quite effective in rejuvenat-
ing aging HSCs, including being very effective in promoting the
lymphopoiesis potential of aging HSCs without causing any signif-
icant adverse effects.

TSG can enhance the repopulation potential of aging HSCs

Aging HSCs are also known to exhibit a drastically reduced
repopulation potential[18]. Thus, we then examined whether TSG
could boost the repopulation capability of HSCs in aging mice.
Firstly, we conducted the competitive bone marrow transplanta-
tion experiment by transplanting 500 LT-HSCs from donors of
the young mice (8-week-old), the control aging mice (80-week-
old), and the aging mice that were treated with TSG for 60 days,
with half a million bone marrow cells from the competitor
C57BL/6] CD45.1 mice into individual recipients radiated by lethal
dose X-ray (C57BL/6] CD45.1/CD45.2 mice) and then examining
their repopulation potentials (Fig. 3a). The results showed that
the transplantation with the LT-HSCs with long-term multi-
lineage potential from the young and the aging mice led to the
highest and the lowest percentages of donor cell contribution for
the peripheral blood cells (Fig. 3b) as well as for three different
types of stem/progenitor cells (LSKs, HPCs, and LT-HSCs, respec-

tively) in the bone marrow (Fig. 3c). Comparatively, the mice that
received the LT-HSCs from the TSG-treated aging mice exhibited
higher contributions in all the cases (Fig. 3b, c).

A CLP transplantation experiment was also performed by trans-
planting 103 CLPs obtained from the young mice, the control aging
mice, and the aging mice that were treated with TSG for 60 days,
intravenously into irradiated recipient mice (C57BL/6] CD45.1
mice) followed by assessing the donor cell contributions to the
peripheral blood and to the bone marrow of the recipient mice at
three weeks post transplantation (Fig. 3d). It was found that trans-
planting CLPs from the control aging mice resulted in remarkably
lower percentages of total donor cell contribution and donor-
derived B and T-lineage cells in the peripheral blood. In contrast,
transplanting CLPs from the TSG-treated aging mice induced sig-
nificantly higher levels of donor cell contributions as compared
to those of the control aging mice, but lower than those of the
young mice group (Fig. 3e). Identical trends were observed in the
group with transplanted CLPs from the TSG-treated aging mice,
which produced significantly higher percentages of donor cell con-
tributions to both B and T cells in the bone marrow niche (Fig. 3f).
Collectively, the data derived from these two sets of experiments
manifests that the treatment of aging mice with TSG boosted the
repopulation capacity of the LT-HSCs as well as the CLPs.

TSG induced significant transcription changes and promoted a
quiescence signature

To investigate the potential mechanisms that govern the effects
of the TSG treatment on aging HSCs, we then investigated the
effects of the TSG treatment on CLP proliferation and apoptosis,
as well as reactive oxygen species (ROS). The results showed that
the TSG treatment did not significantly affect the percentages of
BrdU-positive CLPs and Annexin V-positive CLPs in aging mice
(Fig. S3a, 3b). The treatment also did not cause any significant
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Fig. 3. Effects of TSG on the repopulation potential of HSCs of naturally aging mice. (a) The experimental scheme for the competitive transplantation experiment. Long-
term hematopoietic stem cells (LTs) from donor mice were co-transplanted with bone marrow cells from competitor mice into recipient mice, which were analyzed at various
time points after the competitive LTs transplantation. (b) Percentages of donor-derived cells in peripheral blood (PB) at various time points after transplantation. (c)
Percentages of various subtypes of donor-derived bone marrow (BM) stem/progenitor cells at 12 weeks after transplantation (n = 5). (d) The experimental scheme for the
common lymphoid progenitor (CLP) transplantation experiment. For each transplantation, 10> CLPs were transplanted intravenously into irradiated (4 Gy) congenic 8-week-
old C57BL/6] CD45.1 mice. (e-f) Percentages of donor derived total cells, B cells, and T cells in the peripheral blood (PB) and bone marrow (BM) from recipient mice at 3 weeks

after transplantation. Data is presented as mean + S.D. (n = 5). *: p < 0.05; **: p < 0.01; ***: p < 0.001.

changes in the levels of intracellular ROS in LTs and CLPs compared
to the control aging mice (Fig. S3c, 3d).

Aging HSCs have also been associated with certain epigenetic
changes that are characterized by an altered transcriptional output
with the suppression of several lymphogenic genes during the
course of aging[19,20]. Thus, we also examined whether TSG could
have any impact on the epigenetic profiles in the aging HSCs by
conducting an analysis on the epigenetic modifications of long-
term hematopoietic stem cells (LT-HSCs) from young mice, control
aging mice, and TSG-treated aging mice. The results showed that
the transcriptome of the HSCs from the TSG-treated aging mice
exhibited a profile analogous to that of the “young” HSCs as com-
pared to the untreated aging mice (Fig. 4a). Furthermore, gene set
enrichment analysis (GSEA) and heat map analysis of 36 genes that
have important roles in lymphoid lineages revealed that lymphoid-
associated genes were significantly enriched in TSG-treated aging
mice, which resembled the high enrichment of the genes in young
mice (Fig. 4b, c¢). A quantitative RT-PCR (qRT-PCR) analysis of sev-
eral lymphoid/myeloid-responsive genes in LTs showed that the
TSG treatment substantially increased the mRNA levels in tran-
scription factors, including Pax5, PU.1, GATA3, Ikaros (encoding

genes: Zfpnlal and Zfpnla3), and cytokine receptors such as IL-7
and Flk2, which are linked to the lymphoid differentiation in aging
mice, even though TSG barely altered the expression of transcrip-
tional regulators related to myeloid differentiation including E/
CBPa, GATA1, and GATA2 (Fig. 4d). Recent studies have proven
metabolism to be the master of HSC fate based on its most vital
feature: quiescence or dormancy[21,22]. The results of the tran-
scriptome analysis also illustrated that TSG treatment resulted in
significant reductions in the expression of the oxidative phospho-
rylation (OXPHOS) genes, but increases in the expression levels
of the quiescence-associated genes (Fig. 4e, f). These results sup-
port the contention that the TSG treatment could promote the reju-
venation of aging HSCs by reversing the aging transcriptome
toward a state that is similar to that of young HSCs.

Aging HSCs are also known to be characterized by an activated
metabolic state, including several modifications, such as increase
in OXPHOS levels, elevation in the propensity of leaving the quies-
cent (GO) state to enter the cell cycle (beginning by entering the G1
phase)[14,23], etc. We found that the TSG treatment in the aging
mice affected all these parameters in a positive manner. In partic-
ular, compared to the untreated control aging mice, the TSG treat-

>

Fig. 4. Analyses of transcriptome and metabolic status related to HSC aging. Cohorts of aging mice were treated with either vehicle (Old) or TSG (0Old-TSG) for four weeks.
A cohort of 8-week-old mice was included as a control for young mice (Young). (a) Clustered heatmap of the differentially expressed genes determined by RNA-seq in isolated
long-term hematopoietic stem cells (LTs) from the bone marrow. Rows represent genes while columns represent LTs with 3 replicates in each group. (b) Gene set enrichment
analysis (GSEA) for comparing lymphoid gene term between Young and Old as well as Old and Old-SG groups according to the results of RNA-seq. NES, normalized
enrichment score; FDR, false discovery rate. (c) Heatmap for the mean expression level of genes identified as lymphoid-specific in LTs from three groups based on RNA-seq
analysis. (d) Validation of lymphoid-associated and myeloid-associated genes expression by qRT-PCR in LTs isolated from the bone marrow of mice from different groups.
(n = 3). (e-f) Heatmap for the mean expression level of OXPHOS related genes and HSCs quiescence related genes, respectively. (g-h) OXPHOS levels and ATP production
measured by Seahorse Mito Stress analysis in the linage c-kit*Scal® hematopoietic stem cells (LSKs) isolated from bone marrow (n = 4). (i) Cell cycle distribution analysis of
isolated long-term hematopoietic stem cells (LTs) from the bone marrow by FACS with Ki67 and DAPI staining (n = 4). (j) LSKs from the bone marrow were isolated to harvest
total proteins for detection levels of p-AMPK (T172), total AMPK, and p-ACC (Ser79) by western blot (B-actin was used as loading control). (k) Semi-quantitative analysis of
the blots was determined by Image ] software (n = 3). Data is presented as mean + S.D. *: p < 0.05; **: p < 0.01; ***: p < 0.001. ns: no significance.
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Fig. 5. Tetrahydroxy stilbene glucoside (TSG) improves hematopoietic stem cell (HSC) lymphoid differentiation and repopulation potential defects of naturally aging
mice by activating AMPK. In addition to administration in mice according to the scheme shown in Fig. 1, aging mice were treated with TSG by gavage daily combined with
AMP-activated protein kinase (AMPK) inhibitor compound C (Com C) by intraperitoneal injection every other day as Old-TSG + Com C group (n = 4). (a) Absolute numbers of
CLPs in the bone marrow of different cohorts. (b) Absolute numbers of various sub-types of B cells in the bone marrow of different cohorts. (c) Quantification of the
percentages of B cells, T cells, and myeloid cells in the peripheral blood. (d-e) The naturally aging mice were treated further with an activator of AMPK 5-aminoimidazole-4-
carboxamide riboside (AICAR) for 60 days and analyzed. (n = 4). (d) The number of CLPs (the left panel in d) or the total number of B cells and pre-B cells (the right panel in d)
for the 8-week-old mice (Young), the naturally aging mice treated with Vehicle (Old), and the naturally aging mice treated with AICAR (Old-AICAR) are shown. (e) Mean
percentages of peripheral B, T, and myeloid cells of different cohorts. (f-i) Competitive LTs transplantation similar to experimental design of Fig. 2a (5 recipients per group). (f)
Percentage of donor-derived cells in the peripheral blood of recipient mice at 4, 8, and 12 weeks after competitive LT transplants. (g) Percentages of various subtypes of donor-
derived bone marrow stem/progenitor cells at 12 weeks post competitive LT transplantation. (h) Spleen analyzed for percentages of donor-derived cells at 12 weeks after
transplantation. (i) Thymus analyzed for percentages of donor-derived cells at 12 weeks after transplantation. Data is expressed as mean * SD. *P < 0.05, **P < 0.01, ***P < 0.001
compared between the indicated groups.

ment resulted in a shift in oxygen consumption rates (OCR) profile The effect of TSG in rejuvenating aging HSCs is dependent on the AMPK
from the aging phenotype toward a pattern that are closer to that pathway

of the young HSCs (Fig. 4g). In addition, the TSG treatment also led

to a significant suppression of the ATP utilization (Fig. 4h), a sub- To further validate the rejuvenation nature of AMPK in TSG for
stantial increase in the fraction of GO sub-population, along with HSC aging, we utilized specific AMPK inhibitor compound C (Com
a significant reduction in the fraction of G1 sub-population C) to inhibit the activation of AMPK to explore the effects of TSG

(Fig. 4i), indicative of a more quiescent state. Considering AMPK on HSC aging in mice. Notably, Com C considerably blocked the
is a critical energy sensor other than being one of the master reg- protective effects of TSG on the number of CLPs and downstream
ulators of energy metabolism, we investigated the possible effect B cells in the bone marrow, as well as the proportion of B cells in

of the TSG treatment on the AMPK pathway. The results showed the peripheral blood of aging mice (Fig. 5a-c). Furthermore, we also
that the level of AMPK-T172 phosphorylation (p-AMPK-T172) investigated whether 5-aminoimidazole-4-carboxamide riboside
and its substrate phosphorylation of acetyl-CoA carboxylase (p- (AICAR), an activator for AMPK, has a potency for rejuvenating
ACC-Ser79) were elevated in the extract of LSKs from the TSG- aging cells. As expected, we found that AICAR treatment could raise
treated aging mice. Yet, the total AMPK hardly suffered a change the numbers of CLPs and/or the total number of B and pre-B cells in
in protein levels (Fig. 4j-k). Overall, this data suggests that TSG the bone marrow, as well as redress the imbalance in the periph-

could suppress the metabolism of aging HSCs, promote the activa- eral blood as an increase in the percentage of B cells and decrease
tion of the AMPK pathway and a change toward a state of in the percentage of myeloid cells for the naturally aging mice in a
quiescence. similar manner (Fig. 5d-e). To determine whether repopulation

10
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Fig. 6. Tetrahydroxy stilbene glucoside (TSG) interacts with AMPK in vitro. (a-b) Molecular docking study of the binding affinity of TSG to AMPKo181v1 and AMPKo2B17y1
crystal structures. (c-d) SPR analyses of the interaction of TSG with AMPKa1p1y1 and AMPKa2B1v1. (e) Effect of TSG on the kinase activity of AMPK in a cell-free system.
AMPKat1p1y1 and AMPKo2B171 kinase enzyme system treated with AMP (positive control) or different concentration of TSG were detected using ADP-GloTM kinase assay
reagents for the luminescent signal (n = 4). (f) Representative western blot analysis of p-AMPK (T172), total AMPK, p-ACC (Ser79) and B-actin in senescent IMR-90 cells
treated with vehicle, different concentrations of TSG (10 and 100 pM), AMPK inhibitor Comp C (10 uM) combined with TSG or AMPK activator AICAR (0.5 mM) for 48 h. (g)

Semi-quantitative analysis of the blots was determined by Image ] software (n = 3). Data is presented as mean * S.D.

potential of LTs ameliorated by TSG depended on AMPK, we per-
formed the competitive transplantation experiment. The results
of the experiment showed that the degree of donor chimerism in
the peripheral blood decreased dramatically in TSG + Com C co-
treated aging mice compared to that of the mice treated with
TSG alone (Fig. 5f). Furthermore, the co-treatment with Com C also
led to a significant decrease in the percentage of donor-derived
HPSCs in the bone marrow of TSG-treated aging mice at twelve
weeks after the transplantation Fig. 5g). The treatment, however,
did not lead to any significant changes in the degrees of donor-
derived chimerism in spleen and thymus (Fig. 5h, i). Overall, these
results suggest that TSG could effectively enhance HSC function
and lymphoid differentiation mainly through the activation of
AMPK.

TSG could physically interact with AMPK in vitro

To further examine the molecular mechanisms of TSG for HSC
aging via activating AMPK, we applied drug-protein molecular
interaction analyses. Molecular docking was applied to investigate

*: p <0.05; **: p <0.01; ***: p <0.001.

the binding modes of TSG with AMPKo1B1y1 (PDB: 6C9F) and
AMPKo2B1y1 (PDB: 6B1U). The results showed that TSG could
bind to the kinase domain of the AMPKa1B1y1 and AMPKo2p1vy1
proteins with relative high docking-scores of —6.45 and —5.83,
respectively (Fig. 6a, b). Moreover, the results of a surface plasmon
resonance (SPR) revealed the association and dissociation of TSG
with immobilized AMPKa181y1 and AMPKa2B1y1. As shown in
Fig. 6¢c and 6d, TSG could bind to AMPKa1B17y1 with a higher affin-
ity (KD = 3.77 uM) than AMPKo2B1y1 (KD = 4.67 uM). Addition-
ally, ADPGIo™ kinase assay was performed to measure
luminescence-based AMPK activity. The results showed that AMP-
Ko1B1y1 and AMPKo2B1v1 were activated by the TSG at various
concentrations ranging from 0.1 nm to 1 pM (AMP was used as a
positive control) (Fig. 6e). Furthermore, we studied the effects of
the TSG in AMPK activity using specific AMPK inhibitor Com C
and AMPK agonist AICAR on senescent human fibroblasts (IMR-
90), since this cell line has been widely used to concentrate on
replicative prompted senescence in culture. Using the western
blotting, we found that AMPKa T172 and acetyl-CoA carboxylase
(ACC) phosphorylation levels were ultimately increased in a dose
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Fig. 7. Tetrahydroxy stilbene glucoside (TSG) affects the fate of hematopoietic stem cells (HSCs) through Tet2-mediated epigenetic regulation. (a) Linage c-kit*Scal”
hematopoietic stem cells (LSKs) from the bone marrow of different cohorts according to the experimental procedure of Fig. 5 were isolated to harvest total proteins for
detection levels of p-AMPK (T172), total AMPK, p-ACC (Ser79), and Tet2 by western blot (B-actin was used as loading control). (b) Semi-quantitative analysis of the blots was
determined by Image ] software (n = 4). (c) Representative western blot and semi-quantitative analysis of Tet2 and B-actin in senescent IMR-90 cells treated with vehicle,
different concentrations of TSG (10 and 100 pM), AMPK inhibitor Comp C (10 uM) combined with TSG or AMPK activator AICAR (0.5 mM) for 48 h (n = 3). (d-g) Long-term
hematopoietic stem cells (LTs) were isolated from the bone marrow for the DNA methylation analysis. (d) Bean plots of global DNA methylation of LTs from Young, Old, Old-
TSG, and Old-TSG + Com C groups. (e) Hierarchical clustering of representative 100 kb tiles of DNA methylation data of LTs from mice of four groups. (f) Number of 1 kb tiles
with significant methylation differences in pairwise comparisons between LTs isolated from different groups. Total comparisons with sufficient DNA methylation data from
three populations, Y-O: Young LTs to Old LTs, O-TSG: Old LTs to Old-TSG LTs, Old-TSG LTs to Old-TSG + Com C LTs. (g) Heat map of DNA methylation levels of lymphoid-
specific genes in LTs. Blue denotes low methylation levels and red denotes high expression. (h) 40-week-old Tet2 mutant mice were treated with vehicle or TSG by gavage
once a day continuously for 60 days, a cohort of 40-week-old littermate control mice were treated with vehicle (Ctrl). The number of CLPs (the left panel in h) and the total
number of B cells (the right panel in h) in the bone marrow of the mice are shown. (i) Lymphoid differentiation potential of LSKs from the bone marrow of 8-week-old mice.
1,000 sorted LSKs were seeded onto OP9 stromal cells supplemented with cytokines needed for lymphoid differentiation and numbers of B220 and CD19 double-positive cells
were calculated at the indicated intervals by FACS (n = 4). Error bars represent mean + SD. **P < 0.01, ***P < 0.001 compared between the indicated groups. (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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dependent manner after TSG treatment, which were even a little
better than the AICAR. Simultaneously, interference with Com C
with TSG, phosphorylation of AMPK and ACC were dramatically
decreased compared to the TSG treatment (Fig. 6f, g). Taken
together, these results indicate that TSG could promote AMPK acti-
vation through a direct interaction with the AMPK enzyme.

TSG could reverse methylation profile of aging HSCs through AMPK-
Tet2 axis

The epigenetic alterations are closely linked to the phenotypic
and functional changes that have been documented for HSCs
[24,25]. Ten-Eleven-Translocation 2 (Tet2), deemed as a crucial
epigenetic regulator, is instrumental in homeostasis and differenti-
ation of HSCs[26]. Previous studies have shown that AMPK activa-
tion is critical to maintain the Tet2 stability[27,28]. Thus, we then
also analyzed the effects of TSG on the activation of AMPK and the
expression of Tet2 (Fig. 7a, b). In cell culture, we also found that
TSG effectively increased the level of Tet2, but the effect was signif-
icant diminished by co-treatment with Com C (Fig. 7c). Since Tet2
contributed to the epigenetic status of DNA by oxidizing 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) to pro-
mote gene expression, we then assessed genomic-wide DNA
methylation status of LTs using the reduced representation bisul-
fite sequencing (RRBS) analysis. The results showed that LTs from
aging mice exhibited a significant increase in the level of global
DNA methylation, specifically at a level of 40.16 % compared to
37.36 % of those from the young mice. The TSG-treatment in aging
mice resulted in a significant decline in the level of DNA methyla-
tion, to a level that is very similar to that of the young mice. Fur-
thermore, this effect was diminished with the co-treatment of
Com C (Fig. 7d). Hierarchical clustering analysis of the methylation
profiles revealed that the LTs from the four groups fell into two cat-
egories, with the young and the old-TSG groups clustered together,
while the old and the o0ld-TSG + Com C groups fell in the same clus-
ter (Fig. 7e). A pairwise comparison analysis revealed a few thou-
sand loci that exhibited either a gain or a loss of DNA
methylation during HSC ontogeny (Fig. 7f). Specifically, the methy-
lation levels of lymphoid-regulated genes of LTs showed a decrease
in TSG-treated aging mice, but were elevated in TSG and Com C co-
treated aging mice (Fig. 7g). This data suggests that Tet2 could play
a key role in the effect of TSG on DNA methylation in aging HSCs.
Indeed, TSG treatment did not lead to a significant increase in
the absolute number of CLPs and B cells in Tet2 mutant mice
(Fig. 7h). We then also carried out an in vitro LSKs co-culture assay
to investigate the effect of TSG on lymphopoiesis. The results
showed that TSG treatment led to a significant increase in the
potential of lymphopoiesis of bone marrow LSKs from 8-week-
old mice, and that this effect was attenuated by Tet2 inhibitor Bob-
cat339 (Fig. 7i). In aggregate, these data support a model that Tet2
functions as a downstream effector of AMPK activation to promote
the lymphopoiesis potential of HSCs and that TSG could promote
lymphopoiesis by affecting this AMPK-Tet2 axis. All these experi-
ments were repeated at least three times and the results were
highly reproducible.

Discussion

The demonstration of the reversible nature of HSC aging has
raised the prospect of rejuvenating aging HSCs through specific
interventions, including pharmacological drug treatments|6]. Yet,
the development of such drugs through the conventional modern
drug development paradigm is likely to be a challenging task with
major commitments of resources and time. In this context, the
claim of the existence of efficacious anti-aging TCM formulas pre-
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sents a unique alternative path for addressing this challenge. TCM
products are approved drugs in some regions/countries, particu-
larly in China, and have been known for their exceptional safety
attributes. Moreover, the major molecular entities of the key com-
ponents of these formulas have been extensively documented and
often times the candidate active compounds have been purified.
Yet, a major issue is that the claimed therapeutic effects are often
not proven by the results of proper modern randomized clinical tri-
als. Thus, we have argued that with respect to the formulas that
have been claimed to have potent anti-aging potentials, the valida-
tion of the efficacy would be a great start to the rapid expansion of
the use of these drugs and/or a great incentive for promoting the
development of the relevant compounds into anti-aging drugs
through the modern drug development path.

In this study, we have demonstrated that the system with the
use of both the TBI mice and naturally aging mice is a very effective
and a reliable system for assessing whether a compound is effec-
tive in rejuvenating aging HSCs. With the system, we have suc-
ceeded in identifying TSG, a compound isolated from the
acclaimed anti-aging TCM component “Heshouwu”, as an effective
agent for rejuvenating aging HSCs in aging mice. This has therefore
provided the proof-of-concept of the system for assessing the
potential of individual substances in rejuvenating aging HSCs. In
addition, we have also showed that TSG promoted the lym-
phopoiesis tendency as well as the potential of repopulation both
in naturally aging mice and TBI-induced aging mice by activating
AMPK-Tet2 axis. Such an exercise has demonstrated the power of
the system for interrogating the mechanisms of rejuvenating aging
HSCs for a substance of interest, which in the context of a screening
endeavor, would provide additional assurance for the efficacy of
the candidate identified.

Researches have proved both intrinsic and extrinsic mecha-
nisms are involved in regulating aging HSCs function or lymphoid
differentiation defect[29]. Age-related changes in the bone marrow
niche microenvironment influence these decline generally as
oxidative stress, hormone and inflammation[30]. Intriguingly, it
has also been reported that TSG could exert a significant anti-
degenerative effect in neuronal cells by modulating the Nrf2-HO-
1 pathway to maintain the redox homeostasis[31-34], raising the
prospect that TSG could work as a defense in oxidative stress-
driven degenerative diseases or perhaps others. Stem cells also
need to be protected from high oxidative stress to avoid stem cell
exhaustion and insufficient host immunity. However, TSG even
with powerful oxidation resistance had not reduced high ROS
levels of HSCs in ageing mice, which authentically needs further
in-depth study to search for the underlying causes or detailed
exploration. Another recent study demonstrated that sex steroid
ablation (SSA) induced hematopoietic and lymphoid recovery by
enhancing self-renewal of old HSCs, whereas the function of CLPs
does not change, but TSG remarkably strengthened the function
of old HSCs as well as CLPs[35]. Inflammation may play an impor-
tant role in HSCs ageing, but a recent study shows that reducing
the level of inflammation does not affect the rejuvenation of lym-
phocyte development[36]. All above statements suggest that the
pharmacological role of TSG against HSCs aging is likely extrinsic
context independent.

Metabolism and epigenetics intertwine in a very complex man-
ner and interplay between themselves to influence the aging pro-
cess. Inspired by the view of metabolic reprogramming with
epigenetic modifications for the control of HSC fate in aged mice,
we found that the activation of AMPK was instrumental in main-
taining HSC function and lymphoid differentiation, and conducive
effects of TSG on aging HSCs are AMPK-dependent through the
supplementation of AMPK inhibitor Com C or AMPK activator
AICAR. DNA methylation, termed the ‘epigenetic clock’ is used for
predicting chronological age in a variety of tissues, and is regulated
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by DNA methyltransferases and Tet enzymes, and certified to
underlie HSC aging[24,37]. Herein, we observed that the TSG treat-
ment altered DNA methylation profile of aging HSCs, and even
reverted them to a youthful level, and it was AMPK-dependent to
a great extent, as Com C effectively evaded changes caused by
TSG in methylation profile. AMPK-mediated phosphorylation sta-
bilizes Tet2 for tumor suppression by an epigenetic pathway[27],
and Tet2 mutant mice exhibits impairments of lymphopoiesis
[13], which prompted us to link TSG-activated AMPK to Tet2 for
probing this possibility in selective elevation of lymphoid gene
expression. As expected, activation of AMPK regulated by TSG coin-
cided with the increased protein level of Tet2 in aging mice, while
the TSG treatment in the Tet2 mutant mice failed to restore the CLP
counts as compared to the vehicle-treated Tet2 mutant mice, which
were further verified with the treatment of Tet2 inhibitor Bob-
cat339 in inhibiting lymphoid differentiation potential using
LSKs-OP9 co-culture assay in vitro. Our study demonstrated that
TSG operated anti-aging effects through the AMPK-Tet2 axis
in vivo, and fitness of AMPK-Tet2 may, thus, signify the therapeutic
targets for rejuvenating aging HSCs.

Like many TCM components, “Heshouwu” has been used for a
long time in China as either a medicinal herb or a nutritional sup-
plement. It has proven safe when the proper usage guidelines are
carefully followed[38]. Yet, this herb has also been known for its
potential of causing significant adverse effects when misused
[39]. It is worth noting that it has been reported that the trans-
isomer is the effective compound whereas its cis-isomer is not only
ineffective but could cause harmful effects[40,41]. In this context,
the demonstration of the efficacy of TSG in rejuvenating aging
HSCs has validated the claim of anti-aging effect of “Heshouwu”
and likely will promote the use of this herb. Together, this new
information could greatly enhance the safe use of this herb and/
or TSG, and promote the development of TSG-based drugs through
the modern drug development paradigm. In this regard, it is noted
that TSG is highly soluble in water and could have desirable attri-
butes for drug development.

In summary, we have successfully identified TSG as a potent
agent for rejuvenating aging HSCs with predilection for lymphoid
differentiation in mice, and activation of AMPK-Tet2 axis may thus
represent therapeutic targets for preventing HSCs aging. Together,
our data have provided the proof-of-concept of the efficacy of the
systematic strategy for evaluating the potential of individual
agents for rejuvenating aging HSCs. The research mode is compat-
ible with most conventional drug development programs and
hence, should prove invaluable for the development of drugs for
delaying and/or reversing impairments caused by aging of HSCs
in humans. Also, the demonstration that TSG exhibited excellent
efficacy in rejuvenating aging HSCs in mice could have a direct
impact in accelerating the clinical translation of this compound
as well as the TCM component from which it was isolated.
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