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Abstract 

Perimenopause is a natural transition to menopause, when hormone disturbance can result in both 
short-term mental disorders, such as anxiety, and long-term neuroinflammation due to blood-brain 
barrier (BBB) impairment, which may lead to more serious neurological disorders later on, such as 
dementia. Effective treatments may prevent both short-term and long-term neurological sequela, 
which formed the aim of this study. In aged female C57BL/6 mice (16-18 months of age), 
mesenchymal stromal cells (MSCs) differentiated from human-induced pluripotent stem cells 
(iPSCs), were administered via tail vein injection. Mice showed increased blood estrogen levels, 
alleviated anxiety and neuroinflammation, and improved BBB integrity. Interestingly, transplanted 
MSCs were located close to ovarian sympathetic nerves and decreased ovarian norepinephrine levels, 
which in turn increased ovarian estrogen secretion. Moreover, the administration of anastrozole, an 
inhibitor of estrogen synthesis, diminished the therapeutic effects of MSCs in vivo, suggesting the 
effect to be estrogen-dependent. In vitro study confirmed the impact of MSCs on sympathetic nerves 
via mitochondria exchange. In conclusion, iPSC-derived MSCs may provide a novel option to 
manage perimenopause-related hormonal dysregulation and neurological disorders during the female 
aging process. 

Keywords: estrogen, cognition, blood-brain barrier, sympathetic nerve, mitochondria  

  



3 
 

Introduction 

Perimenopause is a transition period during the female aging process 1, mainly caused by a drop in 
endogenous estrogen levels. Such hormone disturbance often results in perimenopausal neurological 
changes, including short-term increase in anxiety level and age-related blood-brain barrier (BBB) 
impairment which marks the initiation of long-term/permanent neurological dysfunctions 2. 
Neuroinflammation due to impaired BBB protection against blood-borne neural toxins can increase 
the risk of neurodegenerative diseases, such as dementia and Alzheimer's disease 3. Estrogen has been 
shown to exert neuroprotective effects by strengthening BBB integrity and exerting anti-
inflammatory properties 4-6. As a result, hormone replacement therapy is effective in improving both 
short-term perimenopausal anxiety and long-term neurological function7. However, hormone 
replacement therapy can also increase the risks of coronary vascular diseases and breast cancer, 
limiting the application of such a treatment. Exogenous hormone at a standard dose may also disturb 
the natural rhythm of estrogen and other sex hormone secretion 8,9. Therefore, novel approaches are 
needed to improve life quality during perimenopause by improving endogenous estrogen production 
according to the needs of the individuals. 

Traditionally, the hypothalamic-pituitary-ovarian axis is believed to be the primary regulator of 
estrogen secretion. However, recent research has focused on direct sympathetic control within the 
ovary as another crucial neuroendocrine mechanism underlying estrogen-related physiological 
activity 10. Optimal sympathetic stimulation is essential for ovarian follicle growth and estrogen 
secretion 11. Hyperactivity of ovarian sympathetic tone has been found during aging 2, which impairs 
follicular development resulting in reduced estrogen secretion and ovarian degeneration 12,13. 
Increased ovarian sympathetic activities are also the feature underlying dysregulated estrogen 
secretion in polycystic ovarian syndrome 14,15. Indeed, mental health disorders, including anxiety, are 
common among patients with polycystic ovarian syndrome16. Given the close link between sex 
hormone deregulation and cognitive impairment during the perimenopausal period, therapeutic 
strategies that can improve both endocrine functions of the ovary and alleviate neuronal dysfunction 
are appealing. 

Mesenchymal stromal cells (MSCs) are self-renewable cells that possess osteogenic, chondrogenic, 
and adipogenic progeny 17-19. They are one of the most commonly studied stem cells for cell-based 
therapies. Due to the ability to secrete neurotrophic and antioxidative factors, MSCs have been 
proposed in anti-aging 20 and neurodegenerative disease treatments to improve neurological function, 
such as Parkinson's disease and Alzheimer's disease 21,22. The primary MSCs from human donors 
(bone marrow-derived) are heterogeneous, determined by their origin (biological niche) or the 
conditions of the donors (eg. age, sex, disease status) 23,24. Additionally, primary MSCs only have 
limited passages. Such properties of primary MSCs have limited their clinical application and pose a 
significant manufacturing challenge. Human induced pluripotent stem cells (iPSCs) can differentiate 
into homogenous MSCs, which can overcome the above limitations of primary MSCs in future 
clinical trials. Therefore, this study aimed to investigate whether iPSCs-derived MSCs can improve 
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neuroendocrine disorders in aged female mice. Here, MSC transplantation increased the circulating 
estrogen levels in aged female mice, accompanied by alleviated anxiety-like behaviors, BBB integrity 
and neuroinflammation. Interestingly, transplanted MSCs were localized near ovarian sympathetic 
nerve fibers and inhibited ovarian sympathetic activities. In vitro study suggests the mitochondria 
exchange between sympathetic neurons and MSCs is vital in the interactions between MSCs and 
sympathetic nerves.  

Materials and Methods 

Animal experiments 

This study was approved by the Ethical Committee of Sun Yat-Sen University (2021001559) and 
performed according to the guide for the care and use of laboratory animals. Female C57BL/6 mice 
aged between 2-3 months (young) and 16-18 months (aged) were obtained from the Guangdong 
Medical Laboratory Animal Center (Guangzhou, China) and housed under a 12 h light/dark cycle 
(lights on at 7:00, lights off at 19:00) and 22 ± 2°C, with ad libitum access to food and water. Young 
mice were used as the healthy control. The aged mice were randomly assigned to 3 groups: Control, 
MSC treatment, and ANS (anastrozole) + MSC.  
Prior to the behavioral tests, mice were habituated to the apparatus for 3 days. All experiments were 
performed during the light cycle. Locomotion and anxiety-like behaviors were assessed by the open-
field test. Mice were placed in a 45 x 45 cm arena and tracked by TopScan software (CleverSys Inc, 
VA, USA). Anxiety-like behaviors were examined by the time spent in the central zone. Locomotion 
was evaluated by the total distance travelled. An elevated plus maze was illuminated by 60Lx in the 
open arms and 10–20Lx in the close arms. Mice were habituated with 10–20Lx light for 1h before 
the test. During the test, a mouse was introduced to the closed arm and allowed to explore the maze 
freely for 5min and filmed. Videos were analyzed by an experimenter blinded to the group codes. 
Anxiety-like behaviors were reported as the percentage of time spent in the open arm during the 5 
minutes. 

MSC treatment  

The lentiviral vectors were designated as pLV/puro-EF1a-dtomato, as previously described 25. 
Lentiviral particles were harvested from 293FT cells. Briefly, when 293FT cells reached 70% 
confluent, transiently transfecting 293FT with lentiviral vectors together with packaging vectors 
pMD2-VSVG and pPAX2 by using Fugene 6 (Promega, WI, USA). Supernatant was collected 48 h 
after transfection. MSCs (passage 3) were transfected with tdTomato vector to trace in vivo. Three 
days after transduction, MSCs were sorted using fluorescence-activated cell sorting (FACS, Influx, 
Becton Dickinson, CA, USA). 

For MSC administration, 1x106 cells (passages 4-8) were suspended in 0.1 ml PBS and administered 
via the caudal vein ten days prior to the behavioral tests. To determine whether the effect of MSC is 
estrogen-dependent, MSC treated group was also given anastrozole (0.2mg/kg/day, Selleck in water, 
ZD-1033, oral administration) for 10 days, which is an inhibitor of aromatase enzyme that can 
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effectively reduce circulating estrogen levels 26.   

Cell culture 

The human iPSCs line was established as previously described 27. The cells were cultured on Matrigel 
(BD Bioscience, CA, USA)-coated plates in mTeSR1 medium (Stemcell Technologies, AB, Canada). 
The cells were passaged every 4-5 days using the StemPro Accutase Cell Dissociation Reagent 
(Thermo Fisher, CA, USA).  

To differentiate iPSCs into neuromesodermal progenitors, iPSCs were dissociated into single cells by 
incubation with Accutase (Thermo Fisher, CA, USA) at 37℃ for 2-3 minutes and cultured on 
Matrigel-coated plates in mTeSR1 medium containing 10 μM Y27632 (Sigma-Aldrich, MO, USA) 
for 24 hours. Then, these cells were cultured in the Essential 6 medium supplemented with basic 
fibroblast growth factor (20 ng/ml, Thermo Fisher, CA, USA), TGFβ1 (2-5 ng/ml, Peprotech, NJ, 
USA), and CHIR99021 (10 μM, Stemgent, MA, USA) for 2-5 days. For MSCs differentiation, 
neuromesodermal progenitors were cultured in animal component-free (ACF) and serum-free 
medium (MesenCult™-ACF Plus Medium; Stemcell Technologies, VAN, CAN) for 2-3 weeks. The 
differentiated cells were maintained in MesenCult™-ACF Plus Medium. 

For sympathetic neuron differentiation, CHIR99021 (1.5 μM)-treated day 3 cell aggregates were 
cultured in Essential 6 medium supplemented with FGF2 (20 ng/mL), retinoic acid (1μM, Sigma-
Aldrich, MO, USA) and Purumorphamine (1μM, Sigma-Aldrich, CA, USA). At day 10, the cells 
were dissociated into single cells to isolate CD49d-eGFP+ cells by FACS. CD49d-eGFP+ cells were 
cultured on Growth Factor Reduced Matrigel Matrix-coated culture plates with Neurobasal Medium 
(Gibco, CA, USA), N2 and B27 supplement (Gibco, CA, USA), Compound E (100 nM, Gibco, CA, 
USA), neurotrophic factors BDNF and GDNF (both 10 ng/mL, Gibco, CA, USA). Y27632 (20 μM, 
Sigma-Aldrich, MO, USA) was added in the first two days. The cells were passaged once at 7-10 28.  

To examine the ability to differentiate into osteogenic, adipogenic, and chondrogenic neurons, iPSCs-
derived MSCs were cultured in the relevant differentiation medium for 2 or 3 weeks and analyzed 
with alizarin red, oil red O, and toluidine blue staining as previously reported 29. 

iPSCs-derived MSCs and sympathetic neurons (iPSCs-SN) were co-cultured (10:1 ratio, total 11,000 
cells) on a scaffold made from collagen I in a mixture of MSCs medium and sympathetic neurons 
medium described above (1:1 ratio, supplied with Cytochalasin D (1μM, Sigma-Aldrich, MO, USA)) 
at 37°C (21% O2 and 5% CO2) for 48h before experiments. A 12-well Transwell system (pore size 
0.4 µm; Corning Incorporated, NY, USA) was used to prevent direct contact between two cell types. 
Sympathetic neurons were seeded in the lower layers (103 cells/well), while iPSCs-derived MSCs 
were seeded in the upper layers (104 cells/well). The same MSCs medium and sympathetic neurons 
medium mixture were used for 48h before experiments. 

For the mitochondria transfer experiment, MSCs were transfected with GFP lentivirus（Roche, BS, 
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Switzerland） as previously described30. The medium was changed 12h after transfection. Three days 

after transfection, GFP-labeled MSCs were purified by FACS (Influx, Becton Dickinson, CA, USA). 
iPSCs-SNs were stained with MitoTracker Red according to the manufacturer's instructions 
(Invitrogen, CA, USA). Briefly, a pre-warmed staining solution containing 100 nM MitoTracker was 
added to iPSCs-SNs for 30min. Then, iPSCs-SNs were washed with phosphate-buffered saline (PBS) 
and GFP+ MSCs were added. iPSCs-SNs and MSCs were directly co-cultured in a mixture of MSCs 
medium and sympathetic neurons medium described above (1:1 ratio) for 48h.  

Immunofluorescence staining  

Cells were fixed with 4% Paraformaldehyde at room temperature for 20 min and rinsed three times 
with PBS. Cells were permeabilized with 0.3% Triton X-100 and incubated with primary antibody or 
isotype control containing 5% BSA or goat serum overnight at 4°C, followed by relevant secondary 
antibodies for 1h at room temperature (antibody details in Supplementary Table 1). Samples were 
then counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich, MO, USA). 
Sectioned frozen brain samples (100 µm) were used for immunostaining. Tight junction protein (ZO-
1) was co-stained in the isolectin B4 (IB4) positive endothelial cell. Immune cells in the brain were 
stained with Ly6g or CD3. All images were taken by Dragonfly highspeed confocal microscopy 
(ANDOR, Oxford Instruments, OXF, UK). Image J 1.52a (NIH, USA) was used to analyze the images. 

Flow cytometry  

MSCs were incubated for 30min with the appropriate antibody such as CD29, CD44, CD73, CD90, 
CD34, CD45 (Invitrogen, CA, USA) in the dark at 4°C, and then analyzed by flow cytometry using 
Influx (BD) or Gallios (Beckman Coulter, CA, USA) flow cytometers. Each analysis was performed 
on three separate cell preparations. The data were analyzed by FlowJo software (Version 7.6.1, 
Treestar, USA) 

Bioassays  

Serum estrogen was measured by a commercial ELISA kit (CusaBio, DE, USA) following the 
manufacture’s instructions. Briefly, serum and HRP-conjugated test solution were incubated for 1 
hour at 37ºC, followed by incubation with Substrate A and B for 15 minutes at 37°C. The color change 
was measured using a microplate reader at 450nm ( ). Norepinephrine secretion in culture media was 
measured by commercially available ELISA kits according to the manufacturer's instructions 
(MAISHA, Shanghai, China). 

Total ROS and mitochondrial ROS were stained using the fluorescent probes, CellROX Deep Red 
and MitoSOX (Molecular Probes, Thermo Fisher, CA, USA), respectively, and analyzed by flow 
cytometry and confocal microscopy. 

Quantitative real-time PCR  

Total mRNA from the cells and tissues was extracted using the TRIzol Reagent (Invitrogen, CA, 
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USA), and reverse transcription was performed using a QuantiTect Reverse Transcription kit (Qiagen, 
DE USA) according to the manufacturer's instructions. Quantitative real-time PCR analysis was 
performed using a DyNAmo ColorFlash SYBR Green qPCR kit (Thermo Fisher, CA, USA) and the 
LightCycler 480 Detection System (Roche, BS, Switzerland). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the housekeeping gene, and target gene expression was 
calculated as fold change using the 2-ΔΔCt method. Primer details are provided in Supplementary Table 
1. 

Statistical analysis   

Data are reported as mean ± SEM and analyzed using unpaired Student's t test, one-way ANOVA, or 
Χ2 test where applicable (GraphPad Prism 7, GraphPad, CA, USA). Six mice were used for each 
group. Three independent experimental repeats were used for all in vitro studies. P < 0.05 was 
considered statistically significant. 

 
Results 
Cell phenotype confirmation 

The pluripotency of iPSCs was confirmed by the positive immunostaining of pluripotency markers, 
including Nanog, SOX2 and Oct4 (Figure S1a). iPSCs derived MSCs showed high levels of MSC-
specific markers, including CD29, CD44, CD73, and CD90. In contrast, there was no staining of 
markers for immune cells (CD45, CD34) and endothelial cells (CD31, Figure S1b). Tri-lineage 
differentiation showed that iPSCs-derived MSCs can be differentiated into three cell types, ie. 
adipocytes, osteoblasts, and chondrocytes (Figure S1b).  

MSC treatment alleviated anxiety-like behaviors in the aged mice. 

After the treatment of iPSC-derived MSCs, the serum estrogen level was increased in the aged mice, 
suggesting that MSC therapy restored ovarian estrogen endocrine function (Figure 1a). Reduced 
estrogen level is closely associated with perimenopausal anxiety 2. Indeed, compared with the young 
mice, aged mice spent less time in the central zone and less active in the open field (Figure 1b-d), as 
well as less time in the open arms of the elevated plus maze (Figure 1e, f). The performance in both 
tests turned to the young mice level in aged mice treated with MSCs (Figure 1b-f), suggesting 
ameliorated anxiety and locomotion. 

MSCs migrated to the ovaries in close proximity to the sympathetic nerves in aged mice 

To locate transplanted iPSC-derived MSCs (Figure 2a) in vivo, MSCs were transfected with tdTomato 
lentivirus in red (Figure 2b). Interestingly, MSCs were found nearby the sympathetic nerve of the 
ovaries (Figure 2c). The ovarian sympathetic nerves are close to ovarian blood vessels (Figure S2a), 
via which MSCs gained access to ovarian sympathetic nerves. Both plasma and ovarian 
norepinephrine concentrations were increased in aged mice compared with the young mice (P<0.05), 
which were inhibited by MSCs in aged mice (P<0.05, Aged vs Aged + MSC. Figure 2d-e). Thus, 
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MSC therapy suppressed ovarian sympathetic hyperactivity to increase estrogen secretion.  

MSCs inhibited norepinephrine secretion from the sympathetic nerves in vitro 

To investigate how MSCs regulate ovarian sympathetic nerve activity, iPSC-SNs were generated 
(Figure 3a) and co-cultured with iPSC-derived MSCs. iPSC-SNs were tyrosine hydroxylase positive 
and spindle-shaped (Figure 3b), and capable of secreting norepinephrine (Figure 3c). In the direct co-
culture system, norepinephrine concentration in the culture media was inhibited by the presence of 
MSCs (P<0.05), but not in the transwell co-culture system (Figure 3c), suggesting the need for direct 
contact between these two cell types.  

The antioxidative ability of MSCs has been well documented in the direct co-culture system, where 
the total ROS and mitochondrial ROS levels in the iPSC-SNs were significantly decreased in the 
presence of MSCs (Figure 3d,e), suggesting a positive correlation between mitochondrial ROS 
production and sympathetic nervous activity.  

Mitochondria transfer between sympathetic neurons and MSCs to suppress oxidative stress. 

After co-cultured with MSCs, mitochondria in the iPSC-SNs labeled with MitoTracker Red were 
observed in the cytoplasm of MSCs (Figure 4a), which suggests that MSCs received mitochondria 
from iPSC-SNs. Interestingly, reverse transfer from MSCs to iPSCs-SNs was not observed (data not 
shown). Therefore, iPSC-SNs may signal MSCs to exert antioxidant effects by transferring stressed 
mitochondria to MSCs. 

Intercellular mitochondria transfer can be mediated by tunneling nanotubes (TNTs) 31,32. Here, 
positive TNT staining was found in the mitochondria transferred from iPSC-SNs to MSCs (Figure 
4b). We then used actin polymerization inhibitor cytochalasin D to block TNT formation in the co-
cultured cells. Mitochondria transfer from iPSC-SNs to MSCs was significantly reduced by 
cytochalasin D (Figure 4c). As a result, MSCs failed to inhibit norepinephrine secretion (Figure 4d) 
and ROS levels in the iPSC-SNs (Figure 4e-f), suggesting that mitochondria transfer from iPSC-SNs 
to MSCs is an important signal cue in MSC regulation of sympathetic tone. Among all the adhesion 
molecules measured here, N-Cadherin expression was significantly increased after co-culture, 
suggesting its involvement in the adhesion between MSCs and iPSC-SNs (Figure 4g). 

Anastrozole blocked the therapeutic effects of MSCs. 

As an aromatase inhibitor, anastrozole can inhibit estrogen production (Figure S3a). Anastrozole 
administration in MSC-treated aged mice reduced their activity and time spent in the central zone 
during the open-field test (Figure 5a-c) and the time spent in the open arms of the elevated plus maze 
(Figure 5d-e). These results suggest that estrogen is the key mechanism by which MSCs attenuate 
anxiety and promote locomotion in aged mice. 

MSC treatment improved BBB integrity and reduced neuroinflammation. 

Compared with the young mice, endothelial tight junction protein ZO-1 was reduced by half in aged 
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mice (Figure 6a, e), accompanied by significantly increased albumin leakage from the vessels (Figure 
6b, f). These results suggested disrupted BBB in aged mice, which was closely associated with 
increased infiltration of proinflammatory immune cells in the brain (Figure 6c, g, h) and microglial 
activation (Figure 6d, i). While MSC treatment in aged mice improved BBB integrity and ameliorated 
inflammatory responses in the brain, anastrozole nearly diminished such therapeutic effects of MSC 
(Figure 6). These results suggest that optimal endogenous estrogen production may play a vital role 
in preventing aging-related anxiety and BBB impairment.  

 

Discussion 

The major finding of this study is the ability of MSCs to reduce anxiety and improve BBB integrity 
and related neuroinflammation in aged female mice, by restoring the estrogen secretion function of 
the ageing ovaries. This discovery suggests a new option for managing neuroendocrine disorders and 
related complications, especially neurocognitive dysfunctions, among perimenopausal women.  

In this study, restored ovarian estrogen secretion is the key to MSC transplantation-induced 
improvement in anxiety and neuroinflammation of old female mice. The regulation of local 
sympathetic tone is suggested to be the underlying cause. Increased ovarian sympathetic tone 
contributes to an adverse ovarian microenvironment in aging and causes deterioration of ovarian 
endocrine function 33; while reduced estrogen level is closely associated with perimenopausal anxiety 
2. Here, the exogenous MSCs co-localized with the ovarian sympathetic nerve fibers, which resulted 
in a decrease in ovarian norepinephrine levels. This suggests that ovarian sympathetic activity was 
inhibited by MSC therapy, whereas enhanced ovarian sympathetic activity is a major cause of reduced 
estrogen production during aging.  

The co-culture system allows us to have an insight into how MSC suppress sympathetic tone in the 
ovary. With direct contact with MSCs, oxidative stress in the sympathetic neurons was significantly 
reduced. MSCs have been shown to secrete antioxidants 21,22, which may contribute to reduced ROS 
in the adjacent sympathetic neurons. From the transwell system, it is clear that close contact between 
these two cell types is needed. Further investigation showed mitochondria transfer between the cells 
is a vital signal message to the MSCs to exert antioxidative effects and reduce norepinephrine 
secretion in the sympathetic neurons. Mitochondria transfer is one of the mechanisms of cell-to-cell 
communication. It has been shown that mitochondrial transfer can reduce cellular stress 34,35 and 
restore the mitochondrial function in recipient cells 36. For example, after a stroke, astrocytes receive 
nonfunctional mitochondria from damaged neurons for disposal while transferring functional 
mitochondria to the injured neurons for recovery 37,38. In this study, we also showed that the 
mitochondria transfer between MSCs and sympathetic nerves relies on TNT formation. TNTs are 
nanotubular structures from the outgrowth of filopodia-like cell membrane protrusions that connect 
with the target cell. It is mainly composed of F-actin and transport proteins that facilitate the active 
transport of cargo, e.g. mitochondria 39. In addition, the adhesion molecule N-Cadherin is also the key 
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to the connection between sympathetic neurons and MSCs. Nevertheless, the interruption of TNT 
formation also diminished the effect of MSCs on decreasing ROS levels in the sympathetic neurons. 
It has been shown that oxidative stress can increase norepinephrine secretion40. Therefore, the 
antioxidant effect may be vital to inhibiting norepinephrine secretion by MSCs.  

Estrogen can directly modulate anxiety behaviors 41. Three estrogen receptors, ER, ER and G-
protein-coupled estrogen receptors, are found in neurons that control cognitive behaviors and mood 
in the brain 42. Among them, ER plays an important role in anxiolytic-like effects in the central 
nervous system 43, through the hypothalamus-pituitary-adrenal axis and the serotonergic nervous 
system in the striatum 44. Reduced estrogen secretion can decrease the number of serotonergic neurons 
in the brain 45. Here, MSC treatment reduced anxiety and restored locomotor activities in aged mice, 
which largely depends on the blood estrogen levels in those mice. Future studies can examine the 
serotonergic nervous system, which is beyond the scope of this study. 

MSCs have been trialed in neurodegenerative diseases to improve neurological function 21,22. Here, 
the improved BBB function may also play a key role in improved cognitive function in the aged mice. 
BBB prevent neurotoxic substances in circulation from entering brain tissue, dependent on the normal 
function of tight junction proteins, such as ZO-1. BBB breakdown is common in aging patients, 
resulting in vascular leakage, inflammatory cell infiltration from the blood, and neuronal damage, 
which plays a crucial role in neurodegeneration and cognitive decline 46. Here, MSCs treatment 
restored tight junction protein levels in the aging brain, reducing the infiltration of circulating 
inflammatory cells. In addition, estrogen has anti-inflammatory and immunomodulatory capacity 6. 
Previous studies have suggested that estrogen can help maintain BBB integrity and limit 
inflammatory cell infiltration into the brain 6,47. Indeed, in this study, the concurrent increase in blood 
estrogen suppressed the inflammatory response in the aging brain. Therefore, MSC therapy may 
improve aging brain health and cognitive function in an estrogen-dependent manner. Future studies 
can titrate the protocol of MSCs treatment, such as frequency, alternative routes, and different dosages.  

Conclusions 
MSC transplantation improved estrogen secretion and alleviated aging-related anxiety by improving 
BBB function and neuroinflammation in aged female mice. Therefore, MSC has the potential to be 
an effective cell therapeutic strategy for managing perimenopasual neuroendocrine disorders. 
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Fig. 1. MSC treatment alleviated anxiety-like behavior in aged mice. Relative serum estrogen level 
(a, n = 3–4) in young mice (n = 3), aged mice (n = 4) and aged mice treated with MSCs (n = 3), Open-
field test performance (b), total distance traveled (c) and percent time spent in the center of the open 
field (d), as well as performance in the elevated-plus maze (e, n = 5–6) and total time spent in open 
arms (f) in young mice (n = 5), aged mice (n = 6) and aged mice treated with MSCs (n = 6). Results 
are presented as mean ± SEM, and analyzed using one-way ANOVA with Tukey post hoc tests. * P < 
0.05, ** P < 0.01, *** P < 0.001. 
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Fig. 2. iPSC-derived MSCs migrated to the ovaries and inhibited norepinephrine release from the 
sympathetic nerves. Schematic diagram of iPSC-derived MSCs (a). iPSC-derived MSCs were 
transduced with tdTomato lentivirus for tracing (Scale bar = 100 μm, b). Representative images of 
injected tdTomato-positive MSCs located close to ovarian sympathetic nerve stained with tyrosine 
hydroxylase (Th) in green (Scale bar = 50 μm, c). Plasma norepinephrine (NE) concentration in young 
mice (n = 4), aged mice (n = 4) and aged mice treated with MSCs (n = 3) (d). Ovarian NE 
concentration in young mice (n = 5), aged mice (n = 3), and aged mice treated with MSCs (n = 3) (e). 
Results are presented as mean ± SEM, and analyzed by one-way ANOVA with Tukey post hoc tests. 
* P < 0.05.  
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Fig. 3. MSCs inhibited norepinephrine secretion from sympathetic neurons in vitro. Schematic 
diagram of iPSC-derived sympathetic neuron (iPSCs-SNs) (a). Tyrosine hydroxylase (Th, green) 
staining in iPSC-derived sympathetic nerve (Scale bar = 100 ìm, b). Norepinephrine (NE) 
concentrations in the culture medium of sympathetic nerve alone (Control), direct co-culture 
(Coculture) and Transwell co-culture of MSCs and sympathetic neurons (n = 3, c). Whole cell (d) and 
mitochondrial (e) ROS levels reflected by flowcytometry relative mean fluorescence intensity (MFI) 
of CellROX staining in single-cultured iPSCs-SNs (Control) and direct cocultured (Coculture) iPSC-
SNs and MSCs (n = 3). The results are presented as mean ± SEM. The data were analyzed using one-
way ANOVA with Tukey post hoc tests (c), or unpaired student’s t test (d and e). * P < 0.05, *** P < 
0.001. 



18 
 

  
Fig. 4. Mitochondria transfer between sympathetic nerves and MSCs to suppress oxidative stress. 
Representative images showing that mitochondria from iPSC-SNs (MitoTracker, red) internalized in 
adjacent MSCs (GFP, green) (Scale bar = 10 μm, a). Representative image shows the presence of 
tunneling nanotubes (TNTs) (F-actin, grey) containing mitochondria (MitoTracker, green) (arrow) in 
the co-culture system (Scale bar = 5 μm, b). Areas of positive MitoTracker staining in co-cultured 
MSCs and iPSC-SNs, with and without Cytochalasin D (n = 3, c). Norepinephrine (NE) concentration 
in the culture medium of iPSC-SNs cultured alone (Control) or with MSCs (Coculture), with and 
without Cytochalasin D (n = 3, d). ROS levels reflected by fluorescence intensity (MFI) of CellROX 
staining (n = 3, e, f). mRNA expression of adhesion molecules in iPSC-SNs cultured alone (Control) 
or with MSCs (Co-culture) (n = 3, g). The results are presented as mean ± SEM and analyzed using 
one-way ANOVA with Tukey post hoc tests (d, f) or unpaired student’s t test (c, g). ** P < 0.01. 
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Fig. 5. Anastrozole (ANS) suppressed the therapeutic effects of MSCs. Activities in the Open-field 
test (OFT) for young mice (n = 7), aged mice (n = 5), aged mice treated with MSCs (Aged+MSC, n 
= 5), and aged mice treated with MSCs and anastrozole (Aged+MSC+ANS, n = 4) (a), total distance 
traveled (b), and time spent in the center (c). Activities in the elevated plus maze for young mice (n 
= 7), aged mice (n = 5), aged mice treated with MSCs (Aged+MSC, n = 5), and aged mice treated 
with MSCs and anastrozole (Aged+MSC+ANS, n = 4) (d), total time spent in open arms (e). The 
results are presented as mean ± SEM, and analyzed using one-way ANOVA with Tukey post hoc tests. 
*P < 0.05, * *P < 0.01.   
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Fig. 6. MSC treatment improved BBB integrity and reduced neuroinflammation in aged mice. 
Representative images of tight junction protein ZO-1 (green) and lectin (red) co-staining (Scale bar 
= 20 μm), a), albumin (red) leakage from vessels (green) (Scale bar = 20 μm), b), Ly6g+ (green) or 
CD3+ (red) inflammatory immune cell infiltration (Scale bar = 50 μm), c) and IBA1+ microglial cells 
(red) (Scale bar = 20 μm), d) in the brains of young mice (n = 4), aged mice (n = 5), aged mice treated 
with MSCs (Aged+MSC, n = 5), and aged mice treated with MSCs and anastrozole 
(Aged+MSC+ANS, n = 4). Relative percentage of IB4 positive area associated with ZO-1 positive 
area (e); Relative mean fluorescence intensity (MFI) of albumin outside blood vessel (f); The relative 
number of Ly6g+ (g) or CD3+ cells (h), and IBA1+ cells per field (i). The results are presented as 
mean ± SEM, and analyzed using one-way ANOVA with Tukey post hoc tests. * P < 0.05, ** P < 
0.01, *** P < 0.001, **** P < 0.0001. 
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