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Abstract

The testis plays a vital role in male reproduction, and its function directly impacts
spermatogenesis and male fertility. Cyclophosphamide, a commonly used
chemotherapeutic agent, induces severe testicular toxicity; however, effective strategies
for prevention or treatment are currently lacking. In this study, we isolated and
identified exosome-like nanovesicles derived from Cistanche deserticola (CDELNSs),
characterized their composition, and investigated their therapeutic effects and
molecular mechanisms on cyclophosphamide-induced testicular injury. Specifically,
we found that CDELNSs are preferentially taken up by testicular Sertoli cells, and this
uptake process is mediated by heparan sulfate proteoglycans (HSPG). Mechanistically,
miR159b-3p derived from CDELNSs alleviates cell cycle arrest and restores testicular
function by inhibiting the expression of the cell cycle inhibitor P21, thereby promoting
the phosphorylation-dependent activation of cyclin-dependent kinase 1 (CDKI).
Furthermore, single-cell transcriptomic analysis of testicular tissues from patients with
non-obstructive azoospermia (NOA) in published database revealed that Sertoli cells
and P21 are critically involved in male reproductive disorders, suggesting that
CDELNSs-based intervention strategy targeting P21 holds broad prospects for clinical
translation. Collectively, our study reveals firstly that CDELNs, a novel bioactive
substrate of Cistanche deserticola, exert therapeutic effects on male testicular injury by

regulating the cell cycle pathway through their miRNA.

Introduction

The testis is essential for male reproductive health, playing a critical role in both
spermatogenesis and androgen synthesis!?>. With the increasing incidence of tumors in
modern society, the application of chemotherapeutic agents in cancer treatment has
become more prevalent; among these, cyclophosphamide is one of the most widely
used chemotherapeutics in clinical practice>. However, the reproductive toxicity of
cyclophosphamide has also attracted widespread concern*¢. Cyclophosphamide can

induce inhibition of testicular cell proliferation and damage to spermatogenic function,



42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

leading to reduced sperm quality and quantity, and may even affect fertility and the

growth and development of offspring’?.

Therefore, in-depth exploration of the
mechanisms underlying cyclophosphamide-induced testicular injury and search for
effective intervention strategies hold significant clinical importance.

Testicular injury involves multi-level pathological changes in both germ cells and
somatic cells’. Research indicates that cyclophosphamide exposure results in a
significant reduction in the number of testicular spermatogonia and spermatocytes,
accompanied by the accumulation of DNA damage and gene mutations in germ
cells!®! As key somatic cells that provide structural support and nutrients within the
seminiferous tubules, Sertoli cells are also highly susceptible to chemotherapeutic
agents'> 4. Cyclophosphamide has been demonstrated to trigger the generation of
reactive oxygen species (ROS) and promote the process of lipid peroxidation, causing
vacuolation, numerical reduction, structural destruction, and secretory dysfunction of
Sertoli cells. Ultimately, this leads to Sertoli cell inactivation and subsequent

spermatogenic disorders!> !’

. Nevertheless, systematic analysis of transcriptomic
changes and molecular mechanisms during testicular injury remains insufficient.
Meanwhile, there is a severe lack of drugs to alleviate or treat reproductive damage
caused by chemotherapeutic agents such as cyclophosphamide.

Plant-derived exosome-like nanovesicles (PELNs) possess a lipid bilayer structure,
containing proteins, lipids, nucleic acids, and bioactive small molecules'® %, Owing to
their natural origin, sustainable high-yield potential, low immunogenicity, and good
tolerance by mammalian cells, PELNs exhibit the potential to deliver bioactive

21,22 Recent studies have

molecules across species and exert therapeutic effects
demonstrated that PELNs derived from plants such as ginseng®, ginger*, and
platycodon grandiflorum?®, can significantly alleviate inflammation?®, inhibit tumor
growth?’, and improve metabolic diseases?®?°. Despite the therapeutic potential of
PELNSs in various disease models, their role in male reproductive protection has not
been reported to date.

Cistanche deserticola is a valuable traditional Chinese medicinal herb with both

9930

medicinal and edible properties, known as the “ginseng of the desert™". As a root-
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parasitic plant, it parasitizes the roots of Haloxylon ammodendron, a plant that stabilizes
sand dunes and prevents desertification®!. Thus, the research and development of C.
deserticola are not only of great significance to the health industry but also hold
important social value for promoting local ecological management. C. deserticola has
the traditional efficacy of “tonifying the kidney and replenishing essence”. It is
commonly used to improve sexual function and treat male reproductive disorders such
as oligoasthenospermia and erectile dysfunction, with a long history of application in
Asian countries®?. Traditionally, its small-molecule components (e.g., phenylethanoid

glycosides) have been used for the treatment of reproductive diseases*-*

, while reports
about its nanovesicles are absent. In this study, we isolated and purified exosome-like
nanovesicles from C. deserticola (CDELNs) using differential centrifugation combined
with sucrose density gradient centrifugation. The morphology, particle size distribution,
surface charge, and molecular composition of these nanovesicles were systematically
characterized via transmission electron microscopy, particle size analysis, zeta potential
measurement, and multi-omics integration analysis (proteomics, transcriptomics, and
lipidomics). Meanwhile, in vitro and in vivo experiments revealed that CDELNs can
act as a natural nanoplatform to deliver intrinsic functional miRNAs. By alleviating cell
cycle arrest in testicular Sertoli cells and restoring their physiological functions,

CDELNSs significantly improve cyclophosphamide-induced testicular injury and

spermatogenic dysfunction.

Results

Isolation and Characterization of CDELNs

CDELNSs were isolated from the fresh fleshy stems of Cistanche deserticola collected
from Turpan, Xinjiang, using differential centrifugation combined with sucrose density
gradient centrifugation (Fig. 1A). Sucrose gradient centrifugation showed that
CDELNs primarily sedimented at the 30%-45% interface. The morphology of
CDELNs was characterized by transmission electron microscopy (TEM), which

revealed that CDELNs exhibited a typical spherical nanovesicle structure (Fig. 1B).
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Nanoparticle tracking analysis (NTA) demonstrated that the purified CDELNs had an
average particle size of approximately 168.6 nm (Fig. 1B). Zeta potential measurements
revealed that CDELNSs possessed a surface charge of —28.7 mV (Fig. 1C); zeta potential
is a critical parameter for evaluating the stability of nanoparticles, and a higher absolute
value predicts good stability in aqueous dispersions, effectively preventing spontaneous
aggregation between particles®>. The polydispersity index (PDI) of the CDELNs
solution was < 0.2, indicating that CDELNs had a concentrated particle size distribution
and good homogeneity, which is favorable for in vivo studies (Fig. 1D). Bicinchoninic
acid (BCA) assay showed that approximately 2.1 mg of CELN protein could be
obtained per kilogram of fresh C. deserticola (Supplementary Fig. 1A), confirming that
this medicinal plant can be used for efficient acquisition of nanovesicles. When
comparing different storage conditions, CDELNs were found to be stably stored at —
80°C, with no significant changes in morphology and particle size after one month
(Supplementary Fig. 1B-D). Furthermore, to investigate the universality of the
isolation method and the influence of raw material sources, we further compared
fresh C. deserticola samples from different geographical origins (Alxa League, Inner
Mongolia; Baiyin City, Gansu Province) and aqueous extracts of traditionally processed
herbal slices. The results showed that CDELNs could be successfully isolated from
fresh samples of all geographical origins, although there were slight differences in their
particle size distributions. Numerous vesicular structures were also observed in samples
prepared by the traditional aqueous decoction process, with a small number of vesicles
showing rupture (Supplementary Fig. 1E).

Plant-derived exosome-like nanovesicles typically contain multiple components,
including lipids, proteins, nucleic acids, and various bioactive small molecules®!-*S.
Previous studies have reported that phenylethanoid glycosides (e.g., echinacoside),
major bioactive components of C. deserticola, exhibit anti-reproductive injury activity,
which can effectively restore sperm count and motility, increase luteinizing hormone

and testosterone levels, and alleviate sperm damage’’*%.

However, liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis of small molecules

revealed that the main small-molecule compounds in CDELNs were betaine (peak area
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ratio: 26.9%), malate (11.62%) and choline (6.63%), while the content of
phenylethanoid glycosides was extremely low (0.03%) (Fig. 1E). This suggests that
CDELNs may exert their functions through other components.

Lipidomic analysis revealed that CDELNs were enriched in glycerolipids (GL:
41.19%), glycerophospholipids (GP: 29.51%), and fatty acyls (FA: 17.99%), mainly
including diglycerides (DG), N-acylethanolamines (NAE), and phosphatidylcholines
(PC) (Fig. 1F, G). According to previous reports, glycerolipids can alter membrane
curvature and fluidity, promoting the formation and release of CDELNs*. As the major
phospholipid component of cell membranes, phosphatidylcholines contribute to
maintaining the integrity and stability of the CDELNs membrane*’.

Proteomic analysis identified 987 proteins in CDELNs (Supplementary Fig. 1F),
including plasma membrane-associated proteins (e.g., aquaporins PIP1-3/PIP1-4), key
proteins involved in metabolic processes (e.g., ATP synthase), proteins related to
protein folding and processing (e.g., chaperones CPN60), and ribosomal proteins (e.g.,
ubiquitin-S27a). Additionally, heat shock proteins 70 and 90, frequently reported in
exosome studies, were also detected*. Gene Ontology (GO) enrichment analysis
categorized these proteins into three major classes: biological processes, cellular
components, and molecular functions (Fig. 1H), revealing that CDELNs-contained
proteins exhibit diverse biological functions, varied cellular localizations, and
participate in multiple biological regulatory processes. Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis further showed that the main regulated
pathways included glycolysis/gluconeogenesis, pyruvate metabolism, histidine
metabolism, B-alanine metabolism, and tryptophan metabolism (Fig. 11).

Exosomes are also rich in nucleic acids. Transcriptomic analysis of mRNAs in
CDELNSs identified 35,272 genes. GO enrichment analysis revealed that these genes in
CDELNs exhibit diverse biological functions, varied cellular localizations, and
participate in multiple biological regulatory processes, including cellular
macromolecular metabolic processes, biosynthetic processes, and actin polymerization

or depolymerization processes (Fig. 1J). KEGG pathway enrichment analysis showed
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Fig. 1 | Identification and characterization of CDELNs. A Schematic of the preparation process

of CDELNs. B TEM images and size distribution from 30%/45% interface of sucrose gradient

solution. C, D Zeta potential (C) and PDI (D) of CDELNSs by dynamic light scattering (DLS). Data

are presented as the means + SDs. n = 3 biological replicates. E, F Small molecule metabolites (E)



165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

and lipids (F) in CDELNs by LC-MS/MS. H, I GO (H) and KEGG pathway (I) enrichment analysis
of proteins in CDELNs. J, K GO (J) and KEGG pathway (K) enrichment analysis of mRNAs in

CDELNSs.

that the main regulated pathways were sulfur metabolism and gap junctions (Fig. 1K).
This suggests that CDELNs may enhance the antioxidant stress capacity of recipient
cells by delivering sulfur metabolism-related factors, and maintain intercellular
communication and structural integrity by regulating gap junctions and the actin
cytoskeleton, thereby synergistically improving the physiological functions of recipient
cells****. Collectively, these results demonstrate that CDELNSs are enriched with small-

molecule metabolites, lipids, proteins, and nucleic acids.

Cellular uptake and stability of CDELN:Ss in vitro

Cellular uptake is an essential prerequisite for plant-derived exosome-like nanovesicles
to deliver their bioactive cargo and subsequently mediate intended therapeutic
outcomes. In this study, we investigated the uptake of CDELNs by four types of
testicular cells. First, we assessed the cytotoxicity of CDELNs against GCl1
spermatogonia cells, GC2 spermatocyte cells, TM3 Leydig cells, and TM4 Sertoli cells.
CDELN:Ss exhibited no cytotoxicity toward these cells and even promoted cell viability
within 25 pg/mL, which was selected for subsequent experiments (Supplementary Fig.
2A). Next, these cells were co-incubated with DiD-labeled CDELNs. Long time-lapse
imaging showed that CDELNs could be taken up by all these testicular cell types, with
significantly higher uptake efficiency in TM4 Sertoli cells (Supplementary Fig. 2B, C).
The differential uptake efficiency of CDELNs among these cells may be attributed to
the heterogeneity of their surface receptors. Fluorescence microscopic imaging
revealed that CDELNs were mainly localized in the cytoplasm of TM4 cells (Fig. 2A).
Flow cytometry analysis demonstrated that TM4 cells continuously and efficiently took
up CDELN:Ss in a time-dependent manner, with the percentage of CDELNs-containing
cells increasing from 34% at 3 h to 98% at 24 h (Fig. 2B, C). To further clarify the

internalization mechanism of CDELNs by TM4 cells, cells were treated with appro-
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Fig. 2 | Cellular uptake and stability of CDELNS in vitro. A Representative confocal image of
TM4 cells treated with CDELNSs or Vehicle. CDELNs and cell membrane were stained with EV link
(green) and Cell link (red). B Flow cytometric analysis of TM4 cells treated with DiD-CDELNSs for
different time. C Quantitative analysis of DiD-CDELNSs" cells in (B) (z = 3). D Flow cytometric
analysis of TM4 cells treated with different endocytosis inhibitors. E Quantitative analysis of DiD-
CDELNSs" cells in (D) (n = 3). F Flow cytometric analysis of TM4 cells treated with different dose
of Heparin. G Quantitative analysis of DiD-CDELNs" cells in (F) (z = 3). H Changes in the mean
particle sizes and mode sizes of CDELNS after incubation in PBS or SBF at 37 °C for 1 h, 3 h, 6 h,

12 h, 24 h and 48 h. All data are presented as the means = SDs.

priate concentrations of inhibitors, including amiloride (macropinocytosis inhibitor),

chlorpromazine (clathrin-mediated endocytosis inhibitor), indometacin (caveolin-
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mediated endocytosis inhibitor), heparin (heparan sulfate proteoglycan (HSPG)-
mediated endocytosis inhibitor), and MBCD (lipid raft-mediated endocytosis inhibitor)
(Supplementary Fig. 2D)*+*®. Flow cytometry analysis showed that heparin exerted a
significant inhibitory effect, reducing CELN internalization by 51.6% compared to the
control group (Fig. 2D, E), and this inhibitory effect was dose-dependent (Fig. 2F, G).
These findings indicate that HSPG-mediated endocytosis is the primary mechanism
underlying CELN uptake by TM4 cells.

Among various administration routes, intraperitoneal injection is widely used due
to its advantages: it enables rapid drug onset, is easy to operate, and has low
requirements for patients. However, the complex intraperitoneal microenvironment
poses considerable challenges for the intraperitoneal delivery of biomaterials. To
evaluate the stability of CDELNSs in the intraperitoneal cavity, CDELNs were co-
incubated with phosphate-buffered saline (PBS) or simulated body fluid (SBF) for
different durations. Nanoparticle tracking analysis (NTA) was used to detect changes
in their particle size distribution. As shown in Fig. 2H and Supplementary Fig. 2E, the
particle size of CDELNs remained stable in both PBS and SBF at all time points. These
findings indicate that CDELNs can maintain their integrity for at least 48 h after

entering the intraperitoneal cavity.

CDELNs ameliorate Sertoli cells injury via P21 in vitro

To determine whether CDELNs could promote cyclophosphamide-induced testicular
cell injury, TM4 cells were treated with 4 uM 4-hydroperoxycyclophosphamide (4-HC),
the active metabolite of cyclophosphamide, for 8 h, followed by treatment with
CDELNSs for 24 h. MTT assays showed 4-HC treatment significantly inhibited cell
viability, reducing the survival rate to 59.5%. In contrast, CDELNs improved cell
viability in a dose-dependent manner. The survival rates of TM4 cells treated with 6.25,
12.5 and 25 pg/mL CDELNSs were 83.8%, 108.9% and 121.0%, respectively (Fig. 3A).
These results suggest that CDELNSs not only effectively counteract the cytotoxicity of
4-HC but may also contain bioactive components that promote cellular metabolism or

proliferation, thereby further enhancing the overall viability of cells after injury repair.
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Previous studies have shown that the cytotoxicity of cyclophosphamide is often
closely associated with oxidative stress, DNA damage, and cell cycle arrest*’*®. To
explore the protective mechanism of CDELNSs, we first detected intracellular reactive
oxygen species (ROS) levels using the ROS-specific fluorescent probe DCFH-DA.
Flow cytometry analysis showed that 4-HC treatment increased ROS levels, while
CDELNSs significantly reversed this phenomenon (Fig. 3B, C). Similarly, the same
result was observed when ROS levels were detected by fluorescence microscopy
(Supplementary Fig. 3A, B). Oxidative stress leads to severe DNA damage,
characterized by a significant increase in the fluorescent signal of y-H2AX, a marker of
DNA double-strand breaks. Consistently, CDELNSs treatment substantially reduced this
signal (Fig. 3D, E). Subsequently, DNA damage activates cell cycle checkpoints,
triggering proliferation arrest. Cell cycle analysis via flow cytometry revealed that 4-
HC treatment induced a typical G2/M arrest, a classic cellular response to pause
division for DNA repair after damage, while CDELNSs intervention alleviated this cell
cycle arrest (Fig. 3F, G).

The G2-M transition is primarily driven by the activation of the Cyclin-Dependent
Kinase 1/Cyclin B (CDK1/CCNB) complex, whose activity can be suppressed by the
cyclin-dependent kinase inhibitor p21 (CDKN1A) in response to cellular stress, such
as DNA damage*.To investigate the molecular mechanism underlying cell cycle arrest,
we detected the expression levels of P21. qRT-PCR results showed that P21exhibited
an expression pattern consistent with the cell cycle arrest phenotype, whose expression
was significantly upregulated after 4-HC treatment and effectively reversed by
CDELNSs (Fig. 3H). This trend was further verified at the protein level by western blot
analysis (Fig. 31, J). Immunofluorescence staining further confirmed that the nuclear
signal of P21 was markedly enhanced after 4-HC treatment, and this enhancement was
efficiently reversed by CDELNs (Fig. 3K, L). Collectively, these results suggest that
P21 may be a key target of CDELNs for reversing cell cycle arrest and exerting
protective effects.

To directly investigate the function of P21, we overexpressed P21 in TM4 cells.

MTT analysis showed that P21 overexpression alone was sufficient to reduce cell
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Fig. 3 | CDELN:S alleviate 4-HC-induced TM4 cell damage through P21. A CDELNSs increased
cell viability against 4-HC induced injury in TM4 cells. B CDELNS reversed 4-HC induced ROS
increase in TM4 cells by flow cytometric analysis. C Quantitative analysis of mean fluorescence
intensity of ROS in (B) (z = 3). D Representative immunostaining images of y-H2AX in TM4 cells.
E Quantitative analysis of mean fluorescence intensity of y-H2AX in (D) (n = 3). F CDELNs
relieved 4-HC induced cell cycle arrest in TM4 cells by flow cytometric analysis. G Quantitative
analysis of cell cycle phase in (F) (n = 3). H qRT-PCR analysis of P21 expression in TM4 cells. I
Western blot analysis of P21 expression in TM4 cells. J Quantitative analysis of P21 expression in
(K) (n = 3). K Representative immunostaining images of P21 in TM4 cells. L Quantitative analysis

of mean fluorescence intensity of P21 in (K) (n = 3). M Western blot analysis of P21 expression in
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TM4 cells transfected with pCMV6-P21and P21 siRNA respectively. N P21 overexpression reduced
cell viability against 4-HC induced injury in TM4 cells (» = 3). O P21 knockdown increased cell
viability against 4-HC induced injury in TM4 cells (r = 3). P P21 knockdown relieved 4-HC induced
cell cycle arrest in TM4 cells by flow cytometric analysis (n = 3). All data are presented as the means

+ SDs.

viability, mimicking the damaging phenotype induced by cyclophosphamide (Fig. 3M,
N). More importantly, P21 overexpression significantly attenuated the protective effect
of CDELNSs on cell viability (Fig. 3N). This indicates that the upregulation of P21 is
sufficient to counteract the beneficial effects of CDELNs, confirming P21 as a critical
target for CELN-mediated functions. Conversely, knockdown of P21 in the 4-HC-
induced injury model successfully recapitulated the beneficial effects of CDELNS,
effectively improving cell viability and restoring cell cycle progression (Fig. 3M, O, P
and Supplementary Fig. 3C). These findings demonstrate that CDELNs exert
reproductive protective effects by targeting P21, establishing P21 as a potential

therapeutic target for reproductive injury.

miRNAs derived from CDELNSs regulate Sertoli cells viability and cell cycle

To identify the key bioactive components of CDELNSs that exert reproductive protective
effects, we conducted a series of component function validation experiments. First,
CDELNSs were heated at 98 °C for 10 min to denature proteins. Transmission electron
microscopy (TEM) results showed that heat-treated CDELNS still maintained intact
nanovesicle structures (Fig. 4A), and their ability to ameliorate cyclophosphamide-
induced reduction in cell viability was not impaired (Fig. 4B). This ruled out the
possibility that proteins in the vesicles serve as the key bioactive components.
Subsequently, we evaluated the effects of the three most abundant small-molecule
metabolites in CDELNSs (betaine, malate, and choline). None of these metabolites could
reverse the cyclophosphamide-induced decrease in cell viability, suggesting that small-
molecule metabolites in the vesicles are not the bioactive components (Supplementary

Fig. 4A—C). We then extracted total RNA from CDELNSs and directly transfected it into
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TM4 cells. MTT analysis showed that CDELNs-derived RNA was sufficient to mimic
the effects of intact CDELNSs, significantly alleviating cyclophosphamide-induced
reductions in cell viability and cell cycle arrest. Further extraction of miRNAs from
CDELNSs and transfection into TM4 cells exhibited the same protective effects (Fig.
4C-E). Collectively, these results indicate that RNA in CDELN:S, particularly miRNAs,
are the key bioactive components mediating their reproductive protective functions.
Small RNAs are defined as short non-coding RNAs that, following their
intercellular transport via extracellular vesicles, mediate sequence-specific gene
silencing by binding to complementary messenger RNAs in animal systems>*>2. To
identify the key functional miRNAs in CDELNs, miRNA sequencing analysis was
performed. In eukaryotes, the specific cleavage of precursor miRNAs by Dicer enzyme
typically results in a strong species-conserved preference for the first base at the 5° end
of mature miRNA sequences>***. To explore the biological characteristics of miRNAs
carried by CDELNs, we analyzed the distribution of the first base in miRNAs of
different lengths and statistically examined the base distribution pattern at each position
of the miRNAs. The first base at the 5° end of these miRNAs did not exhibit the typical
uridine preference of plant miRNAs; instead, they showed a preference for cytosine and
guanine. The position-specific base distribution map further confirmed this atypical
base distribution feature at the first position (Supplementary Fig. 4D). This suggests
that C. deserticola, as a parasitic plant, may enrich a large number of species-specific
miRNAs. Based on miRNA sequencing data, with TPM > 1 as the threshold, 32 high-
abundance miRNAs were screened (Fig. 4F). To identify molecules that can be
efficiently taken up by mammalian cells and have potential regulatory activity, the
expression profile of endogenous miRNAs was detected in TM4 cells after CELN
treatment. QRT-PCR analysis showed four miRNAs with significantly upregulated
expression levels were identified, including miR159b-3p, miR168a-5p, miR858b, and
miR6300 (Fig. 4G). Subsequent functional validation of these four miRNAs was
conducted through transfecting the corresponding miRNA mimics into TM4 cells.
Three miRNAs (miR159b-3p, miR858b, and miR6300) alleviated the

cyclophosphamide-induced decrease in cell viability, while miR159b-3p, miR168a-5p,
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or miRNA from CDELNSs increase cell viability against 4-HC induced injury in TM4 cells. D Total
RNA or miRNA from CDELNSs relieved 4-HC induced cell cycle arrest in TM4 cells by flow
cytometric analysis. E Quantitative analysis of cell cycle phase in (D) (n = 3). F The expression
levels of the 32 miRNAs from CDELNs with TPM > 1. G qRT-PCR analysis of miRNA expression
in TM4 cells treated with CDELNs. H Three miRNAs (miR159b-3p, miR6300, miR858b) increased
cell viability against 4-HC induced injury in TM4 cells. I Three miRNAs (miR159b-3p, miR168a-
5p, miR858b) relieved 4-HC induced cell cycle arrest in TM4 cells by flow cytometric analysis. J

Quantitative analysis of cell cycle phase in (I) (n = 3). All data are presented as the means + SDs.

and miR858b significantly improved cell cycle arrest (Fig. 4H-J and Supplementary
Fig. 4E-H). Collectively, these results indicate that these miRNAs are potential key
bioactive components of CDELNs. They may bind to specific cell cycle-related genes
and act as post-transcriptional regulators to downregulate the expression of target
proteins by inhibiting translation or triggering mRNA degradation, thereby exerting

reproductive protective effects.

CDELNS rescue 4-HC-induced Sertoli cell injury through miR159b-3p/P21

To investigate whether CDELNSs derived miRNAs target P21, we transfected miR159b-
3p, miR6300 and miR858b mimics in TM4 cells, respectively, and tested P21
expression level. qRT-PCR analysis showed that all three miRNAs significantly
inhibited the 4-HC-induced upregulation of P21 expression; notably, miR159b-3p
exhibited the most prominent inhibitory effect, reducing P21 expression by
approximately 50% compared to the 4-HC treated group (Fig. 5A). Similar results were
obtained via Western blot analysis (Fig. 5B, C). In addition, we verified the binding
interaction between miR159b-3p and P2/ mRNA 3’UTR using a dual-luciferase
reporter assay. miR159b-3p mimic significantly inhibited the relative luciferase activity
of the wild-type (WT) P27 3°’UTR, but had no significant effect on the mutant (MUT)
3’UTR in 293T cells (Fig. 5D, E). This indicates that miR159b-3p can post-
transcriptionally regulate P21 expression by targeting mRNA 3’UTR.

To further explore the function of miR159b-3p, gain-of-function and loss-of-
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along with miR159b-3p mimic or negative control (NC) mimic. F miR159b-3p mimic increased
cell viability against 4-HC induced injury in TM4 cells. Inversely, miR159b-3p inhibitor attenuated
the protective effects of CDELNs. G qRT-PCR analysis of P21 gene expression in TM4 cells treated
with 4 uM 4-HC upon intervention with CDELNs, CDELNs+ miR159b-3p inhibitor, or miR159b-
3p mimic (n = 3). H Western blot analysis of P21 gene expression in TM4 cells treated with 4 pM
4-HC upon intervention with CDELNs, CDELNs + miR 159b-3p inhibitor, and miR159b-3p mimic.
I Quantitative analysis of P21 expression in (H) (n = 3). J Representative immunostaining images
of P21 in TM4 cells treated with 4 uM 4-HC under the interventions of CDELNs, CDELNs +
inhibitor, and miR159b-3p mimic. K Quantitative analysis of mean fluorescence intensity of P21 in
(J) (n=3). L P21 overexpression reduced cell viability of TM4 cells treated with 4 uM 4-HC upon
intervention with miR159b-3p (n = 3). M Western blot analysis of CDK1 and p-CDK1 in TM4 cells
treated with 4 pM 4-HC under the interventions of CDELNs, CDELNSs + inhibitor, and miR159b-
3p mimic. N, O Quantitative analysis of CDK1 (N) and p-CDK1/CDK1 (O) expression in (M) (n =

3). All data are presented as the means = SDs.

function research were conducted in TM4 cells. Overexpression of miR159b-3p
effectively reversed the 4-HC-induced decrease in cell viability, mimicking the
protective effect of CDELNs. Conversely, inhibiting miR159b-3p function with its
inhibitor significantly attenuated the protective effect of CDELNs (Fig. 5F). This
confirms that miR159b-3p is very critical for mediating the beneficial effects of
CDELN:Ss. At the molecular level, both qRT-PCR and Western blot analysis verified that
overexpression of miR159b-3p significantly inhibited the 4-HC-induced upregulation
of P21 mRNA and protein levels, while inhibition of miR159b-3p exerted the opposite
effect (Fig. 5G-I). Similar results of P21 were observed via immunofluorescence
imaging (Fig. 5J, K). More importantly, overexpression of P21 significantly attenuated
the beneficial effect of miR159b-3p on cell viability (Fig. SL), which further confirms
that P21 is its key target. Collectively, miR159b-3p rescues 4-HC-induced Sertoli cell
injury by directly targeting P21 and inducing its mRNA degradation.

CDK1 (also known as Cdc?2) is a core kinase that drives the G2/M phase transition

of the cell cycle, and its activity is negatively regulated by the CDK inhibitor P21>-°,
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Given that miR-159b-3p derived from CDELNSs can target and inhibit P21 expression,
we further investigated its regulatory role on CDKI1 activity. Western blot analysis
showed that 4-HC treatment did not alter CDKI1 protein levels but significantly
suppressed phosphorylation at its critical activation site, Thr161. Both CDELNs
intervention and miR-159b-3p overexpression effectively rescued this suppression,
restoring CDK 1 phosphorylation to normal levels. In contrast, inhibition of miR-159b-
3p abolished the ability of CDELNSs to restore CDKI1 activity (Fig. SM-O). These
findings indicate that miR-159b-3p delivered by CDELNs may alleviate 4-HC-induced
G2/M phase arrest by targeting P21, thereby relieving its inhibition of the CDK1 and

promoting CDK1 phosphorylation and activation.

Biodistribution of CDELNs and miRNA delivery in vivo

Prior to evaluating the efficacy of CDELNS in repairing testicular reproductive injury
in vivo, we investigated the testicular accumulation of CDELNs in C57BL/6 mice. The
CDELNSs labeled with fluorescent dye DiR (DiR-CDELNSs) were intraperitoneally
administered to mice, and the DiR fluorescence signals from mice were tracked
continuously using an in vivo imaging system. As indicated in Fig. 6A, DiR-CDELNs
exhibited significant accumulation in mice compared to the DiR dye-only group within
48 h. At different time points, mice were sacrificed, and fluorescence intensity in serum
and major organs was detected using fluorescence correlation spectroscopy (FCS). The
fluorescence signal in serum peaked at 4 h after DiR-CDELNSs injection and then
steadily decreased, indicating that CDELNSs effectively entered the circulatory system
(Fig. 6B). Notably, DiR-CDELNs showed obvious accumulation in testicular tissue,
with a steady increase in fluorescence signal over time (Fig. 6C). Additionally,
persistent fluorescence signals were detected in the liver, spleen, and kidney within 48
h (Supplementary Fig. 5A). These findings demonstrate that the nanovesicle structure
of CDELNs endows them with favorable in vivo circulation stability and a prolonged
retention time, as well as the potential to accumulate in testicular tissue, laying a
pharmacokinetic foundation for their reproductive protective effects. To verify the

efficacy of CDELNS as a delivery vector for functional miRNA, in situ hybridization
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was used to detect miR159b-3p in testicular tissue sections. Compared with the control
group, the CDELNSs-treated group exhibited a significant increase in the specific
hybridization signal of miR159b-3p in testicular tissue (Fig. 6D, E). This indicates that

CDELNSs successfully deliver and release functional miRNA cargo into testicular tissue.

Biosafety of CDELN:S in vivo

In accordance with drug safety evaluation guidelines, in vitro hemolysis assays are
necessary for injectable formulations that may enter the systemic circulation to rule out
the risk of hematotoxicity’’. CDELNs were co-incubated with freshly isolated murine
erythrocytes at 37 °C for 3 h across a concentration gradient of 25-100 pg/mL, using
Triton X-100 and PBS as positive and negative controls, respectively. Hemolytic
analysis demonstrated that all CDELNs-treated specimens maintained optical clarity
without visible hemolysis or precipitate formation, showing no significant difference
from the negative control. ~Absorbance measurements further confirmed CDELNSs did
not induce RBC rupture or hemoglobin release across the tested concentrations, and
thus exhibited no significant hemolytic activity (Fig. 6F, G). To further evaluate
systemic biosafety of CDELNs in vivo, healthy C57BL/6J mice were selected for
CDELNSs administration intraperitoneally at a dose of 2.5 mg/kg/d for two weeks, with
gender-, age-, and weight-matched mice treated with PBS serving as controls. In the
biosafety evaluation system for nanomedicines, monitoring the effect of drugs on
mouse body weight provides an initial assessment of potential systemic toxicity>®.
During the two-week administration period, no significant difference was observed in
the body weight growth curves between the CDELNSs-treated group and the control
group, indicating that CDELNSs did not cause systemic adverse effects (Supplementary
Fig. 5B). After two weeks of administration, serum biochemical, hematological, and
histological analyses were performed. Serological tests showed no significant changes
in key indicators related to liver and kidney function, including alanine transaminase
(ALT), aspartate transaminase (AST), albumin (ALB), and uric acid (UA) (Fig. 6H).
Hematological parameters such as neutrophil (Neu), white blood cell (WBC),

lymphocyte (Lym), and red blood cell (RBC) counts were all within physiological
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Fig. 6 | In vivo biodistribution and biosafety evaluation of CDELNs. A Small animal in vivo

imaging at 2, 4, 8, 12, 24, 36, and 48 h after intraperitoneal injection of DiR or DiR-CDELNs. B, C



476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505

Fluorescence intensity of DiR or DiR-CDELNSs in mouse serum and testis. Data are presented as
the means + SEMs. n = 10 technical replicates. D miRNA in situ hybridization in testicular sections
from mice treated with PBS or CDELNSs. E Quantitative analysis of mean fluorescence intensity of
miRNA in (D) (r = 3). F Hemolysis assay of erythrocytes incubated with 0.1% Triton X-100, PBS
and different concentrations (25, 50, 100 pug/mL) of CDELNs. G Quantitative analysis of hemolysis
ratio through absorbance measurement in (F) (z = 3). H Serum levels of AST, ALT, ALB, and UA
in mice after 14 days of intraperitoneal CDELNS injection (r = 6). I Levels of Neu, WBC, Lym, and
RBC in diluted blood from mice after 14 days of intraperitoneal CDELNSs injection (n = 6). J
Testicular index, sperm concentration and sperm motility in mice after 14 days of intraperitoneal
CDELN:Ss injection (n = 6). K Representative H&E-staining images from heart, liver, spleen, lungs,
kidneys, and testes of mice after 14 days of intraperitoneal CDELNS injection (n = 6). Data are

presented as the means + SDs.

ranges (Fig. 61 and Supplementary Fig. 5C), suggesting that CDELNSs did not induce
hematopoietic system disorders. Notably, evaluation of the male reproductive system
revealed no significant adverse effects of CDELNSs on testicular index using the ratio
of testis to body weight, and sperm concentration and sperm motility as assessed
by computer assisted sperm analysis (CASA) (Fig. 6J). In addition, histological
evaluations of five major organs (heart, liver, spleen, lung, kidney) and testis via
hematoxylin and eosin (H&E) staining showed that CDELNs did not cause obvious
morphological abnormalities or tissue damage (Fig. 6K). These findings demonstrate
that CDELNSs exhibit no observable in vivo toxic effects at the administered dose and

possess a favorable preliminary biosafety profile.

CDELNs ameliorate cyclophosphamide-induced testicular injury in mice by
regulating the cell cycle pathway

In vitro experiments demonstrated that CDELNs treatment ameliorates 4-HC-induced
decreases in TM4 cell viability and cell cycle arrest via the miR159b-3p/P21 axis.
Encouraged by these promising results, we investigated the therapeutic potential and

underlying mechanism of CDELNs on cyclophosphamide (CP)-induced testicular
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under the interventions of CDELNs and TP. Grade A: Sperms with rapid progressive motility, Grade
A+B: Sperms with rapid and slow progressive motility. VCL: Curvilinear velocity. VSL: Straight-
line velocity. VAP: Average path velocity. STR: Straightness. BCF: Beat-cross frequency. ALH:
Amplitude of lateral head displacement (n = 6). E Serum levels of T, GnRH, LH and FSH in CP-
treated mice under the interventions of CDELNs and TP (n = 5). F Representative H&E-staining
images of testicular sections from CP-treated mice under the interventions of CDELNs and TP (n =
3). G Representative immunostaining images of ZO-1, Occludin, and Claudin-1 in testicular
sections from CP-treated mice under the interventions of CDELNSs (n = 3). H Fertility assessment
of male mice treated with CP upon CDELNs and TP interventions (n (male mice) = 6, n (female

mice) =12). All data are presented as the means + SDs.

injury in mice. Specifically, after 7 consecutive days of cyclophosphamide injection,
mice received daily treatments with PBS (control), CDELNs (high dose (H), 2.5 mg/kg;
low dose (L), 1.25 mg/kg), or the positive control drug testosterone propionate (TP,
0.20 mg/kg, twice weekly) for 2 weeks. During this treatment period, CP was
supplemented once every 7 days, and the experiment was terminated on day 14 of
CDELNSs administration (Fig. 7A). CP treatment significantly reduced mouse body
weight and testicular index compared to the control group, which were partially restored
following CDELNs administration (Fig. 7B and Supplementary Fig. 6A). CASA
analysis of mouse sperm showed that CDELNs significantly improved sperm
concentration and motility. Notably, in terms of sperm motility and progressive motility,
the efficacy of CDELNs even exceeded that of the positive control TP (Fig. 7C, D).
Additionally, enzyme-linked immunosorbent assay (ELISA) was used to detect key
male endocrine hormones in serum, including testosterone (T), gonadotropin-releasing
hormone (GnRH), luteinizing hormone (LH) and follicle-stimulating hormone (FSH).
CP treatment decreased the levels of these hormones, while CDELNSs reversed this
reduction, confirming that CDELNs improve testicular endocrine function (Fig. 7E).
Histopathological analysis revealed that CP induced a reduction in seminiferous tubule
diameter, and epithelial thickness, which was accompanied by a loss of spermatocytes

and a loosening of the cellular arrangement. CDELNs eftfectively and significantly
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alleviated these injuries (Fig. 7F). Given the protective effect of CDELNs on Sertoli
cells in vitro, we further investigated whether CDELNs could improve the blood-testis
barrier (BTB) integrity in vivo, which is established and maintained by Sertoli cells>**¢°.
Occludin, Claudin, and ZO-1 are the core proteins that constitute cellular tight junctions,
serving as the structural foundation for maintaining barrier functions (such as the blood-

testis barrier and blood-brain barrier)®! %3

. Immunofluorescence analysis of tight
junction proteins showed that CP treatment reduced the fluorescence intensity of these
proteins, particularly ZO-1, along with a decrease in their co-localization regions,
which were significantly reversed by CDELNs (Fig. 7G). These findings suggest that
CDELNSs can alleviate Sertoli cell injury and enhance their function in vivo. Finally, we
evaluated the effects of CDELNs on male fertility. The results showed that CP
completely abolished the fertility of male mice, while CDELNS treatment significantly
increased the mating success rate and offspring number (Fig. 7H). These findings
demonstrate that CDELNSs can alleviate testicular reproductive injury in mice.

To further verify the molecular mechanism underlying the protective role of
CDELNSs against testicular injury in vivo, we performed transcriptomic sequencing on
testicular tissues. KEGG pathway enrichment analysis of differentially expressed genes
revealed a significant enrichment in the cell cycle pathway (Fig. 8A, B), which was
highly consistent with the results of in vitro cell experiments. In addition, Gene Set
Enrichment Analysis (GSEA) to explore specific signaling pathways involved in the
cell cycle showed that the p53 signaling pathway was specifically activated, which is
consistent with its well-established role under cellular stress®*®°. In contrast, the FoxO
and mTOR signaling pathways showed no significant changes (Supplementary Fig.
7A - C). This suggests that the p53 pathway plays a critical role in this process,
potentially inducing cell cycle arrest under CP stimulation by regulating the
transcription of its downstream target gene P21. To validate this, we examined the
expression of the key regulatory factor P21 in testicular tissues. Western blot, qRT-PCR,
and immunofluorescence consistently confirmed that CDELNs treatment significantly
reversed the CP-induced overexpression of P21 (Fig. 8C—G). Subsequently, we detected
CDK1, the key downstream protein of P21, and found that CDELNSs also reversed the
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Fig. 8 | CDELNs ameliorate CP-induced male reproductive injury through relieving cell cycle
arrest. A Venn diagrams of the mouse testicular transcriptomics data. B KEGG pathway enrichment
analysis of differently expressed genes that were consistently regulated by CP, CDELNs-L, and
CDELNs-H. C qRT-PCR analysis of P21 gene expression in CP-treated mice testes under the
interventions of CDELNSs (r = 5). D Western blot analysis of P21 protein expression in CP-treated
mice testes under the interventions of CDELNs. E Quantitative analysis of P21 protein expression
in (D) (n = 3). F Representative immunostaining images of P21 in testicular sections from CP-

treated mice under the interventions of CDELNs. G Quantitative analysis of mean fluorescence
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intensity of P21 in (F) (n = 3). H Representative immunostaining images of CDK1 and p-CDK1 in
testicular sections from CP-treated mice under the interventions of CDELNSs. I, J Quantitative
analysis of mean fluorescence intensity of CDK1 (I) and p-CDK1/CDK1 (J) in (H) (n = 3). K
UMAP plots of all testicular cells from single-cell transcriptome profiling of normal controls and
NOA patients in public database. L Violin plot of the expression levels of P21 in normal and NOA
Sertoli cells (n (Normal) = 6, n (NOA) = 7). M Violin plot of the expression levels of P21 in normal
and three types of pathological NOA Sertoli cells (» (Normal) = 6, n (AZFa_Del) = 1, n (KS) = 3,

n (iNOA) = 3). All data are presented as the means + SDs.

CP-induced reduction in the activating phosphorylation level of CDK1 (Fig. 8H-J).
These results validate the molecular mechanism of CDELNSs in rescuing testicular
injury via the P21/CDK1-mediated cell cycle pathway.

Non-obstructive azoospermia (NOA) is the most severe form of male factor
infertility, affecting 10%—15% of infertile men®®. It is commonly classified into three
subtypes, Klinefelter syndrome (KS, with an extra X chromosome), Y chromosome
AZFa region microdeletion (AZFa Del), and idiopathic NOA (iNOA) of unknown
causes®® 7. Among these, iNOA accounts for 80% of cases, which is clinically
intractable and lacks effective treatments’!’2. To evaluate the clinical translation
potential of CDELNSs, we conducted an in-depth analysis of publicly available single-
cell transcriptome dataset from LiangYu Zhao and colleagues’®. The results showed that
compared with healthy individuals (Normal), Sertoli cell populations in the testicular
tissues of NOA patients exhibited significant transcriptomic differences, with the most
prominent deviation observed in iNOA patients (Fig. 8K and Supplementary Fig. 7D).
This suggests that Sertoli cells may play a central role in the pathological progression
of NOA, which is consistent with previous reports. Notably, our in-depth analysis
revealed that the P21 gene was universally upregulated in the testicular tissues of NOA
patients, with specific high expression in Sertoli cells (Fig. 8L and Supplementary Fig.
7E). This indicates that despite the varied initial etiologies of NOA, P21 activation may
be one of the common downstream pathogenic pathways. Further analysis of different

NOA subtypes confirmed that P21 was consistently upregulated in patients with KS,
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AZFa Del, and iNOA; among these, the most significant upregulation was observed in
iNOA patients (Fig. 8M). Collectively, these bioinformatics analyses reveal that Sertoli
cells and the regulatory factor P21 are critically involved in male reproductive disorders.
This bridges the P21-targeting mechanism of CDELNs with the most urgent clinical
treatment needs, suggesting that P21-targeted intervention strategies, particularly
CDELNSs-based therapies, hold great promise for providing a novel therapeutic

approach to clinically refractory iNOA.
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Fig. 9 | Schematic illustration of CDELNs ameliorate cyclophosphamide-induced testicular
injury. miR159b-3p derived from CDELNSs binds to the 3’UTR of P21 mRNA to suppress its
expression, which enhances CDKI1 phosphorylation, alleviates cyclophosphamide-induced cell
cycle arrest, and boosts Sertoli cell proliferation. This process improves the blood-testis barrier in
mouse testes, maintains testicular microenvironment homeostasis, consequently reinstates the
production of the sex hormone testosterone, improves sperm concentration and motility, and

ultimately enhances male fertility.



627

628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

Discussion

Male infertility accounts for about 50% of infertility cases, primarily manifested as
sperm quality abnormalities including oligozoospermia, asthenozoospermia, and
azoospermia’*’>. Among various causative agents, chemotherapeutic drugs arise a
significant concern’®. Cyclophosphamide (CP), one of the most commonly used
chemotherapeutic agents, has been extensively demonstrated to severely impair male
reproductive function”’. Clinical studies have shown that CP-treated male cancer
patients exhibit varying degrees of reduced sperm count and motility. Notably,
approximately 90% of male children treated with CP develop azoospermia or
oligozoospermia in adulthood’”. These findings underscore the urgent need to
elucidate the mechanisms of CTX-induced reproductive damage and develop effective
interventions.

Current clinical interventions for male reproductive injury lack specific therapies,
relying primarily on non-specific protection or symptomatic support. For instance,
antioxidants (e.g., melatonin, vitamin E) are used to mitigate oxidative stress-induced
damage, and hormones (e.g., testosterone propionate) are administered to maintain

reproductive endocrine balance®*®!,

Despite their clinical applications, these
approaches generally suffer from unclear mechanisms, limited therapeutic efficacy, and
potential safety risks with long-term use. Certain plant-derived extracts exhibit
reproductive protective effects, yet their complex components and targets hinder the
precise therapeutic intervention. Emerging strategies, such as stem cell transplantation
(e.g., mesenchymal stem cells, spermatogonial stem cells) has shown promise in
repairing testicular injury and promoting spermatogenesis in animal models through
paracrine effects or direct differentiation®>®, However, its clinical application is still
constrained by risks of teratoma formation and immune rejection. Similarly, while
nanomaterials (e.g., selenium nanoparticles, cerium dioxide nanoparticles) can mimic
superoxide dismutase (SOD) activity to reduce reactive oxygen species (ROS)-induced
sperm damage, their potential biocompatibility issues and long-term in vivo toxicity

remain limit the clinical translation3*%>.



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

Plant-derived exosome-like nanovesicles (PELNs), which share structural and
compositional similarity with mammalian exosomes, serve as effective vehicles for
cross-kingdom regulation®®%7. Their cargo of plant-derived miRNAs can be delivered
across species to exert functional gene regulatory effects in recipient organisms®*%. In
recent years, PELNs have demonstrated significant therapeutic potential in various
disease models. For example, exosome-like nanovesicles derived from Brucea javanica
fruits deliver 10 specific miRNAs to regulate the PI3K/Akt/mTOR signaling pathway
and activate ROS/Caspase-mediated apoptosis, thereby suppressing triple-negative
breast cancer progression®’. Ginger-derived exosome-like nanovesicles deliver mdo-
miR7267-3p to target gut microbiota, inhibiting monooxygenase ycnE in Lactobacillus
rhamnosus, which reshapes the gut immune microenvironment and enhance the
mucosal barrier function, and ultimately alleviate colitis®. Despite the significant
therapeutic potential of PELNs in anti-inflammation, anti-tumor, and
immunomodulation, their role in male reproductive protection has not been explored to
date. Here, our study firstly demonstrates that CDELNs can effectively reverse CP-
induced reproductive injury by delivering miR159b-3p to testicular tissue, achieving a
breakthrough application of PELNs in male reproductive protection and opening new
avenues for cross-kingdom regulatory research.

The traditional Chinese medicine C. deserticola is widely used in clinical
prescriptions for male infertility due to its kidney-tonifying and essence-replenishing
properties. Its traditional efficacy is mostly attributed to small-molecule compounds
(e.g., phenylethanoid glycosides) rather than exosome-like nanovesicle®®. While
pharmacological studies have initially confirmed the reproductive protective effects of
phenylethanoid glycosides, their clinical translation and modern formulation
development are hampered by low bioavailability and unclear mechanisms®!?. This
study shifts the paradigm by identifying and validating CDELNSs as a novel, efficacious
nanomaterial for treating male reproductive injury. As a newly discovered bioactive
component of C. deserticola, CDELNSs have the potential to overcome the limitations
of traditional extracts and open new avenues for developing Cistanche-based

pharmaceuticals and health products.



686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715

CDELNSs exhibit unique advantages over existing therapeutic approaches for male
reproductive diseases. First, as naturally derived nanovesicles, CDELNs possess
excellent biocompatibility and stability, supported by no observed side effects in mice
at the tested doses, which overcoming the safety risks of chemical drugs, stem cell
therapies, and synthetic nanoparticles. Second, CDELNs have great testis-targeting
ability because their nanoscale size enables efficient penetration of the blood-testis
barrier (BTB) and enhanced accumulation in testicular tissue. Finally, they are natural
nanosystems with well-defined active components, delivering encapsulated functional
miRNAs to testicular tissue to ameliorate injury via precise mechanisms, such as P21-
targeted cell cycle regulation. Thus, CDELNSs uniquely integrate the safety of natural
products with the precision of targeted therapeutics, positioning them as a highly
promising candidate for treating male reproductive injury.

Sertoli cells, the core structural cells of the testicular seminiferous epithelium,
provide precise microenvironmental homeostasis for germ cells through physical
support, nutrient supply, and immune privilege regulation, serving as a key regulatory
hub for spermatogenesis®®. The preferential uptake of CDELNSs by Sertoli cells may
initially improve their nutrient supply and structural support functions, thereby
indirectly promoting the survival and proliferation of germ cells. This offers a novel
perspective for understanding the role of testicular somatic cell in reproductive
disorders. Moreover, in vitro experiments confirmed that CDELNs also directly
alleviate the CP-induced cytotoxicity on testicular germ cells (GC1, GC2) and Leydig
cells (TM3), demonstrating a broad cytoprotective effect across distinct testicular cell
types (Supplementary Fig. 8). Concurrently, CDELNs exhibit pro-proliferative activity
across these cell types (Supplementary Fig. 2A). These findings indicate CDELNs may
counteract the reproductive toxicity of cyclophosphamide through multi-target and
multi-pathway regulatory mechanisms, which provides an innovative protective
strategy for chemotherapy-induced infertility.

The chemotherapeutic agent cyclophosphamide commonly induces DNA damage
to activate the p53 pathway, which in turn triggers the abnormal overexpression of P21,

a key cell cycle regulator, ultimately leading to cell cycle arrest’ %, However, specific
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role of P21 in reproductive injury remains unclear. Our study reveals a novel therapeutic
mechanism of CDELNs in counteracting CP-induced male reproductive injury.
CDELNSs deliver miR159b-3p, which precisely targets the 3’ untranslated region
(3°UTR) of P21 mRNA, significantly inhibiting its post-transcriptional expression.
This downregulation relieves the inhibitory effect of P21 on CDKI1, thereby reversing
the cell cycle arrest of Sertoli cells, restoring their proliferation and blood-testis barrier
function, and ultimately maintaining testicular spermatogenesis. Consequently, the
sperm quality and fertility of CP-injured model mice are significantly improved.
Furthermore, single-cell transcriptomic analysis of clinical patients confirmed a
strong association between P21 dysregulation and male infertility. Thus, our study
innovatively links P21 post-transcriptional regulation to male reproductive injury,
establishing the P21 as a critical target and providing a new therapeutic framework for
reproductive diseases.

Notably, the beneficial effects of CDELNs may not rely solely on miRNA
regulation. As a naturally derived nanocarrier, CDELNs are also rich in bioactive
metabolites (e.g., diglycerides, N-acylethanolamines), which can directly regulate
metabolic pathways. More importantly, testicular metabolomic analysis showed that
CDELN:Ss intervention significantly reshapes the metabolic profile of CP-injured testes
(Supplementary Fig. 9), suggesting that CDELNs may orchestrate a metabolic
reprogramming of the testicular niche by regulating energy metabolism, amino acid
metabolism, and lipid homeostasis, thereby providing metabolic support for the
function recovery of germ cells.

In the process of drug development and clinical translation, safety evaluation of
CDELN:Ss is crucial. In this study, during CDELNSs treatment (2.5 mg/kg, once daily for
14 days), no malformations were observed in animals, and normal body weight gain
and food intake were maintained. Comprehensive assessment of male reproductive
system showed that testicular organ coefficient and sperm count, motility and
morphology were within the normal physiological range, indicating no significant
reproductive toxicity of CDELNs. Furthermore, hematological and serum biochemical

analyses, including liver and kidney function markers such as ALT, AST, ALB and UA,
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revealed no biologically significant abnormalities, demonstrating that CDELNs did not
cause obvious liver or kidney damage. Histopathological examination of the heart, liver,
spleen, lungs, kidneys, and testes showed no pathological changes or drug-related toxic
injury signs. Collectively, these results provide important evidence for the preliminary
safety of CDELNSs, while formal good laboratory practice (GLP) toxicological studies
are required before clinical trials.

In conclusion, our findings demonstrate CDELNs effectively mitigate
chemotherapy-induced testicular injury by delivering their miRNA that target P21,
thereby alleviating Sertoli cell cycle arrest and restoring blood-testis barrier integrity.
This process establishes a favorable microenvironment for germ cells and leydig cells,
ultimately improving male fertility (Fig. 9). This work reveals a specific molecular
target and a novel therapeutic strategy for reproductive injury, positioning CDELNSs as

a promising clinical therapeutic agent for the treatment of male infertility.

Methods

Ethics statement

All animal experiments adhered to the ethical regulations of Peking University, as
approved by the Institutional Animal Care and Use Committee (DLASBE0645).
Animals
C57BL/6J mice (male, 6—8-week-old) were purchased from the Department of
Experimental Animal of Peking University Health Science Center. All mice were
housed under standardized conditions. The reproductive injury model of mice was
established via daily intraperitoneal administration of cyclophosphamide (BD122998,
Bide Pharmatech, China) (CP) (60 mg/kg) to C57BL/6J males over 7 consecutive days.
Thereafter, the mice received daily treatments with PBS (control), CDELNSs (high dose
(H), 2.5 mg/kg; low dose (L), 1.25 mg/kg), or the positive control drug testosterone
propionate (TP, 0.20 mg/kg, twice weekly) for 2 weeks. During this treatment period,
CP was supplemented once every 7 days, and the experiment was terminated on day 14

of CDELNs administration. During the experiment period, the body weight of mice was
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measured daily. When the experiment was terminated, blood samples were collected,
and bilateral testes were weighed and preserved for further analysis. The left
epididymals were excised for sperm quality assessment.

Cell culture

HEK293T cells, GC1, GC2, TM3 and TM4 cells were obtained from Cell Resource
Center (CRC) National BioMedical Cell-line Resource (BMCR). Cells were cultured
in dulbecco's modified eagle medium (Gibco, C11995500BT) with 10% fetal bovine
serum (Abcam, AB-FBS0500) and 1% penicillin-streptomycin solution (Macgene,
CCO004). Culture procedures were carried out in a humidified Thermo incubator, set to
37°C and supplemented with 5% COx.

Isolation, purification, and characterization of CDELNSs

CDELNSs were extracted from C. deserticola juice using differential centrifugation. To
summarize, fresh C. deserticola was cleaned, chopped, and homogenized at a low
temperature to prepare the crude extract. The C. deserticola crude extract was then
centrifuged three times (1000 g for 10 min, 3000 g for 20 min, and 10,000 g for 30 min).
The supernatant was centrifuged at 100,000 g for 30 min. The resultant pellet was
resuspended in 2 mL of phosphate buffer (PBS) (G4202-500ML, servicebio, China)
and then loaded onto a pre-formed sucrose density gradient (30, 45, and 60%). After
ultracentrifugation at 150,000 g for 120 min, the intermediate bands were collected,
diluted with PBS, and subjected to another round of ultracentrifugation at 150,000 g for
60 min. The final material was resuspended in sterile PBS. The diameter and
concentration of the purified CDELNs were determined via Nanoparticle Tracking
Analysis (NTA) (Nanosight NS300, Malvern, Worcestershire, UK). Subsequent
analysis of zeta potential and polydispersity index (PDI) was conducted using a
Zetasizer (Zetasizer 3000, Malvern, Worcestershire, UK). Transmission electron
microscopy (TEM) (JEM-2100F, Hitachi, Kyoto, Japan) was used to analyze the
morphology of the CDELNS.

Quantification of CDELNSs

20 uL of the resuspended sample was aliquoted in triplicate into a 96-well plate, and

the BCA kit (DQ111-01, TransGen, China) was employed as described in the
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manufacturer’s instructions. Absorbance measurement at 562 nm, following incubation

with the BCA working solution at 37 °C for 30 min, enabled the calculation of CDELN

concentration using a standard curve.

Lipidomic Analysis

Lipidomic profiling was conducted using an Ultimate 3000 UHPLC system coupled to
a Q-Exactive HF MS (Thermo Fisher Scientific, Waltham, MA, USA).
Chromatographic separation was achieved on a reversed-phase BEH C18 column (2.1
mm x 100 mm, 2.5 um, Waters, USA) maintained at a constant temperature of 40 °C.
The software employs its integrated LipidBlast in silico spectral database (version:
LipidDBs-VS23-FiehnO) to provide the MS/MS data required for extracting
chromatographic peaks and quantifying lipid species.

Metabolomic Analysis

Metabolomics analysis was performed on an Ultimate 3000 UHPLC system coupled
with Q-Exactive HF MS (Thermo Fisher Scientific, Waltham, MA, USA). For
metabolomics, an XBridge amide column (100 x 2.1 mm i.d., 3.5 pm; Waters, USA)
was used at 30 °C. Compound identification was performed according to a previously
published procedure®’.

Proteomic Analysis

The protein extract from lysed CDELNs was denatured and resolved on a 10% SDS-
PAGE gel. Excised gel bands were subjected to in-gel digestion with trypsin. The
resulting peptides were analyzed by LC-MS/MS on a Thermo Vanquish Neo system
coupled to a Thermo Orbitrap Astral mass spectrometer. Separation was performed on
a PepMap RSLC CI18 column (150 pm ID, 150 mm length). Mass spectrometry data
were acquired in data-independent acquisition mode controlled by Xcalibur 4.7
software, comprising a full-scan Orbitrap spectrum (m/z 380-980, 240,000 resolution)
followed by data-independent MS/MS scans. All MS/MS spectra were processed using
Proteome Discovery (version 3.1) for database search and protein identification.

RNA sequencing

Total RNA was isolated with TRIzol reagent (15596018CN, Invitrogen, USA), and its
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integrity was evaluated through agarose gel electrophoresis along with an Agilent 2100
Bioanalyzer (Agilent Technologies, USA). Subsequently, cDNA libraries were
prepared and subjected to sequencing using an Illumina HiSeq2500 platform at BGI
Genomics (China). To identify differentially expressed genes across comparison groups,

the DESeq2 software was applied, utilizing a significance threshold of p-value < 0.05

and a |fold change| = 1.5.

miRNA Sequencing

miRNA sequencing was performed by BGI Genomics. The total isolated RNA
underwent purification was sequentially ligated with 3° and 5’ adapters through
incubation steps. Reverse transcription was performed using a prepared reaction
mixture in a programmed thermocycler, followed by PCR amplification. The resulting
PCR products were purified by PAGE gel electrophoresis and recovered in EB solution.
Depending on product requirements, an appropriate quality control protocol was
selected. Single-stranded PCR products were denatured and then circularized using a
specifically configured reaction system. Following enzymatic digestion of uncyclized
linear DNA, the resulting single-stranded circular molecules were utilized as templates
for rolling circle amplification, yielding DNA nanoballs (DNBs) comprising multiple
copies. Quality-qualified DNBs were then assembled onto patterned nanoarrays using
high-intensity DNA nanochip technology and subjected to sequencing through
combinatorial Probe-Anchor Synthesis (cPAS).

Stability of CDELN:S in vitro

CDELNSs were treated with simulated bodily fluid (MX0952, maokangbio, China) (SBF)
and phosphate-buffered saline (PBS) for 0, 1, 3, 6, 12, 24, and 48 h. The changes in
particle size were analyzed using nanoparticle tracking analysis.

Cellular uptake of CDELNSs

GC1, GC2, TM3, and TM4 cells were maintained at 37 °C in 5% CO: for 16h. DiD

(ab275319, Abcam, UK)-labeled CDELNSs (25 ug/mL) were co-incubated with these

cells for 24 h in the IncuCyte S3 Live-Cell Analysis System (Sartorius, Germany) for

continuously monitoring total cells and DiD positive cells. To analyze the uptake
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kinetics, TM4 cells were co-incubated with DiD-labeled CDELNs for different
durations (3, 6, 12, and 24 h) and then were collected for flow cytometry analysis
(CytoFLEX, Beckman Coulter, Inc., USA). To visualize cellular uptake, CDELNs were
labeled with the Evlink 505 Exosome-Labeling Kit (EL012100200, Tianjin Exosome
Technology Co., Ltd, China) and then incubated with TM4 cell for 12 h. .The cell
membrane was stained with the Celllink 555 Cell Membrane-Labeling Kit
(CL012100200, Tianjin Exosome Technology Co., Ltd, China), followed by cell
fixation and nuclear counterstaining with DAPI. All fluorescent images were acquired
using a confocal microscope (AXR, Nikon, Japan). To reveal the cellular uptake
pathway of  CDELNs, TM4 cells were pretreated with different endocytosis
inhibitors”®*°, including 50 uM amiloride (HY-B0285A, MedChemExpress (MCE),
USA), 50 uM indomethacin (HY-14397, MCE, USA), 50 uM Methyl-B-cyclodextrin
(HY-101461, MCE, USA)(MBCD), 5 uM chlorpromazine (31679, Sigma, USA), or 50
pg/mL heparin (A5066, APExBIO, USA) at 37 °C for 2 h. Then DiD-labeled CDELNs
were added for additional 4 h of co-incubation. Finally, cells were collected for flow
cytometry analysis.

Cell viability assay

The cell viability was assayed by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, M8180, Solarbio, China) method. Briefly, cells were plated
in 96-well plates with 4,000 cells/well and treated with 4 pM 4-HC for 8 h for
establishing cell injury model. Then, the cells were treated respectively with different
conditions including CDELNs, miRNA mimic, P21 siRNA, pCMV6-p21, betaine
(B105556, Aladdin, China), malic acid (DP0018, Desite, China) or choline (C875195,
Macklin, China) for 24 h. Finally, 10% MTT were added and incubated with cells for 3
h. Absorbance was measured using a microplate reader (800TS, BioTek, USA).

Cell cycle analysis

Cells were gathered, rinsed three times with PBS, and preserved for 12 h in a 70% v/v
cold ethanol solution. PI staining solution and RNase A solution (CA1510, Solarbio,
China) were added and incubated with the cells for 30 min. The DNA contents were

then measured using flow cytometry.
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ROS measurement

TM4 cells were incubated with the fluorescent probe DCFH-DA (S1105S, Beyotime,

China) at 37 °C for 30 min. The cells were collected and analyzed by flow cytometry.

In addition, fluorescent images were obtained using an inverted fluorescence
microscope (Olympus, Japan).

Immunofluorescence staining of y-H2AX

Immunofluorescence detection of y-H2AX was performed using the DNA Damage
Assay Kit (C20358S, Beyotime, Shanghai, China). Samples were incubated with anti-y-
H2AX primary antibody, followed by washing with Immunol Staining Wash Buffer.
Subsequently, cells were exposed to a fluorescein isothiocyanate under light-protected
conditions. After nuclear counterstaining with DAPI, fluorescence images were
captured.

Transient transfection

miRNA mimic (including miR858b, miR6300, miR168a-5p, and miR159b-3p mimics),
miR159b-3p inhibitor, P21 siRNA, the total RNA or miRNA extracted from CDELN:S,
and the pCMV6-Entry vector carrying the coding sequences for full-length mouse P21
were respectively transfected into TM4 cells using Lipofectamine 3000 (L3000015,
Thermo, USA) following the manufacturer’s instructions.

Dual-luciferase assay

HEK293T cells were co-transfected with 0.5 ug of either wild-type or mutant P21

3'UTR cloned to SV40-firefly Luciferase-MCS (GV272) and Tk promoter-luciferase
hRluc (CV308) vector (Genechem, China), along with 30 nM miR159b-3p, using
Lipofectamine 3000. After 24 h, luciferase activities were measured with a dual-
luciferase reporter assay system (DL101-01, Vazyme, China). The firefly luciferase
signal was normalized to that of Renilla luciferase for data analysis.

Biodistribution of CDELNS in vivo

CDELNSs were stained with DiR (C11585, Psaitong, China) and then intraperitoneally
injected into mice. After 2, 4, 8, 12, 24, 36, or 48 h, fluorescence signals were measured

using the IVIS Spectrum system (PerkinElmer, USA). At 24 h post-administration,
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serum samples were collected and the aforementioned organs were homogenized to
prepare single-cell suspensions for fluorescence correlation spectroscopy (FCS)
analysis. The experimental group received DiR-labeled CDELNs. The experimental
setup for FCS was implemented in accordance with reference methods!®. Data
collection consisted of 10 recording cycles per sample, with each autocorrelation curve
measured for 10 seconds.

Hemolysis assays

Erythrocytes were isolated from healthy mouse blood through sequential saline washes.
The collected cells were then resuspended in saline to obtain a 2% (v/v) erythrocyte
suspension. This suspension was combined with an equal volume of saline containing
varying protein concentrations of CDELNSs. For control groups, phosphate-buftered
saline and 0.1% Triton X-100 (LS1394, Harveybio, China) were employed as negative
and positive controls, respectively. Mixtures were all incubated at 37 °C for 3 h before
centrifugation at 2000 rpm, and the absorbance at 541 nm was measured. The hemolysis

rate was determined according to Eq.

Hemolysis (%) — —_OD(CELNS) ~OD(PBS)
CMOYSIS L) = OD(Triton X — 100) — OD(PBS)

Biosafety of CDELN:S in vivo

To assess the biosafety of CDELNs, mice were randomly assigned to control group and
CDELNSs-treated group and received intraperitoneal injections of CDELNs (2.5
mg/kg/d) for two weeks. During the experiment period, body weight was measured
every other day. After two weeks, tissue samples from the heart, liver, spleen, lung,
kidney, and testis were collected for histological analysis. Serum levels of [alanine
aminotransferase (ALT) (C009-3-2), aspartate transaminase (AST) (C010-3-1),
albumin (ALB) (A028-1-1), uric acid (UA) (C012-1-1), and total serum protein (TP)
(A045-2-2)] were measured using commercial assay kits from Nanjing Jiancheng.
Haematological parameters were analyzed with a BC-5000Vet automated biochemical
analyzer (Mindray Animal, China). For reproductive toxicity evaluation, bilateral testes
were weighed and the left epididymal was dissected to assess sperm quality.

Sperm parameter testing
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The left epididymis was isolated from each group of mice and placed in 1 mL of pre-
warmed (37°C) HTF medium, after mincing and thorough mixing. A 20 pL aliquot of

sperm-containing HTF medium was transferred to a glass slide for microscopic

examination. CASA was performed using the SSA- || /PLUS system (SuiJia Software,

China). The sperm motility rate was assessed in four to five randomly selected
microscopic fields.

Enzyme-linked immunosorbent assay (ELISA)

Serum hormones were measured by ELISA kits (Beijing Feimo Biotechnology Co.,
Ltd., China). Briefly, samples and standard reagents were added to pre-coated
microwell plates. Sequential incubations with biotin and enzyme-conjugated solutions
were performed at 37°C. After adding chromogenic substrate, absorbance was
measured at 450 nm using a microplate reader (800TS, BioTek, USA). Concentrations
were calculated according to the standard curve equation.

Histological analysis

The tissues including heart, liver, spleen, lung, kidney and testis were harvested, rinsed
in physiological saline, and immediately fixed in 4% paraformaldehyde at 4°C for 24
h. Following gradient ethanol dehydration and clearing, the tissues were embedded in
paraffin and sectioned into 5 um-thick slices. After dewaxing and rehydration, the
sections were stained with hematoxylin and eosin (H&E), displaying dark blue nuclei
and pink cytoplasm. The stained sections were examined using a light microscope
(Nikon Eclipse ci, Japan) to evaluate morphological characteristics and pathological
alterations in the tissues.

RNA fluorescence in situ hybridization (FISH)

The Cy3-labeled miR159b-3p probe was designed and synthesized by Servicebio
Technology Co., Ltd. (China). The sequence of the probe is listed in Table S2.
Following fixation, tissues were dehydrated, embedded in paraffin, and sectioned. The
sections were then dehydrated with ethanol, followed by antigen retrieval and digestion.
Pre-hybridization solution was applied, and the sections were incubated at 37°C for 1

h. Subsequently, the FISH probe (500 nM) was co-incubated with the sections at 40°C
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overnight. After nuclear counterstaining with DAPI, fluorescence images were captured
with the Nikon Eclipse CI ortho-fluorescent microscope (Nikon, Japan).
Immunofluorescence (IF)

Pre-cultured and fixed TM4 cells and paraffin sections were incubated with primary
antibodies against P21 (1:5000/1:2000, 28248-1-1AP, Proteintech, China), CDKI1
(1:4000/1:3000, 19532-1-AP, Proteintech, China), p-CDK1 (1:1000, AF8137,
Aftbiotech, China), ZO-1 (1:1000, 21773-1-AP, Proteintech, China), Occludin (1:1000,
27260-1-AP, Proteintech, China), or Claudin 1 (1:500, 28674-1-AP, Proteintech, China)
at 4°C overnight. Following PBS washes, samples were treated with species-
appropriate horseradish peroxidase-conjugated secondary antibodies (anti-mouse or
anti-rabbit) for 1 h at ambient temperature. After nuclear counterstaining with DAPI,
fluorescence images were captured using an inverted fluorescence microscope
(Olympus, Japan)..

Fertility assay

6- to 8-week-old male mice (Ctrl, n=6; CP group, n=6; TP group, n=6; CDELNs-L
group, n=6; CDELNs-H group, n=6) were mated with 9- to 10-week-old female mice
respectively at a 1:2 ratio and co-housed overnight. Vaginal smears were collected from
female mice the next morning and examined microscopically. The presence of sperm
in the smear was considered evidence of successful mating, and these females were
subsequently housed separately. The number of pups per litter and pregnancy mice were
recorded for statistical analysis.

Quantitative real-time PCR for RNA expression

For analysis of mRNA expression, total RNA was extracted from cells or testicular
tissues using the FastPure® Cell/Tissue Total RNA Isolation Kit V2 (RC112-01,
Vazyme, China). 500 ng of total RNA was reverse transcribed into cDNA using
HiScript® III All-in-one RT SuperMix Perfect for qgPCR (R333-01, Vazyme, China).
Real-time PCR amplification was performed on an MXPro3005P Cycler (Agilent
Technology, Germany) with Taq Pro Universal SYBR qPCR Master Mix (Q712-02,

Vazyme, China) and the listed primers (Supplementary Tablel). Relative mRNA
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expression levels normalized to (B-actin were calculated using the 224“' method.

For analysis of miRNA expression, total RNA was polyadenylated at the 3' end
using Poly A polymerase (PAP) from the miRNA 1st Strand cDNA Synthesis Kit (by
tailing A) (MR201-02, Vazyme, China), followed by reverse transcription with
universal primers. Quantitative PCR was carried out on the MXPro3005P system
(Agilent Technologies, Germany) using the miRNA Unimodal SYBR qPCR Master
Mix (MQ102-02, Vazyme, China) and the listed primers (Supplementary Table 2).
Relative miRNA expression levels normalized to U6 were calculated using the 2744¢
method.

Western blot analysis

Testicular tissues and cells were lysed in ice-cold RIPA buffer (C1053, Feimobio, China)
supplemented with protease and phosphatase inhibitor cocktail (HY-K0013, MCE,
USA). Proteins were separated on 10% SDS—PAGE gelsand electrotransferred onto
PVDF membranes (PVDF045, CobBio, China). The PVDF membranes were blocked
with 5% nonfat powdered milk and incubated with specific primary and secondary
antibodies. Signal detection was performed with ECL (BF06053, Biodragon, China)
method using the Tanon-5200 imaging system (Bio-Tanon, China). Protein band
intensities were quantified via ImageJ software with normalization to GAPDH or f3-
Tubulin for relative expression analysis. Primary antibodies included anti-P21 (1:2000,
28248-1-1AP, Proteintech, China), anti-CDK1 (1:3000, 19532-1-AP, Proteintech,
China), anti-phos-CDK1 (1:1000, AF8137, Affbiotech, China), anti-GAPDH (1:5000,
10494-1-AP, Proteintech, China), and anti-pB-Tublin (1:2000, 10094-1-AP, Proteintech,
China). Secondary antibodies included HRP-conjugated Goat Anti-Rabbit/Anti-Mouse
IgG(H+L) (1:5000, SA00001-2/SA00001-1, Proteintech, China).

Online data analysis

Using the Singleron CeleLens cloud platform (https:/cn.singleronbio.com/),

differential expression analysis of P21 in testicular tissues from healthy individuals and
patients with non-obstructive azoospermia (NOA) was performed, with data sourced

from GEO (GSE149512).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (9.3.0 version, USA), with all

measurements presented as mean + SDs. Differences between groups were assessed by

one-way ANOVA or unpaired Student’s t-test as appropriate, with p < 0.05 defined as

statistically significant. Detailed statistical parameters and specific sample sizes are

provided in the corresponding figure legends.

Data availability

All data supporting the conclusions of this study are presented in the article and the

Supplementary Information. Source Data are provided in this paper. Source data are

provided in this paper.
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