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Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder with motor deficits due to nigrostriatal dopamine depletion 
and with the non-motor/premotor symptoms (NMS) such as anxiety, cognitive dysfunction, depression, hyposmia, 
and sleep disorders. NMS is presented in at least one-fifth of the patients with PD. With the histological information 
being investigated, stem cells are shown to provide neurotrophic supports and cellular replacement in the damaging 
brain areas under PD conditions. Pathological change of progressive PD includes degeneration and loss of dopamin-
ergic neurons in the substantia nigra of the midbrain. The current stem cell beneficial effect addresses dopamine 
boost for the striatal neurons and gliovascular mechanisms as competing for validated PD drug targets. In addition, 
there are clinical interventions for improving the patient’s NMS and targeting their autonomic dysfunction, dementia, 
mood disorders, or sleep problems. In our and many others’ research using brain injury models, multipotent mesen-
chymal stromal cells demonstrate an additional and unique ability to alleviate depressive-like behaviors, independent 
of an accelerated motor recovery. Intranasal delivery of the stem cells is discussed for it is extensively tested in rodent 
animal models of neurological and psychiatric disorders. In this review, we attempt to discuss the repairing potentials 
of transplanted cells into parkinsonism pathological regions of motor deficits and focus on preventive and treat-
ment effects. From new approaches in the PD biological therapy, it is believed that it can as well benefit patients 
against PD-NMS.
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Background
In brain degenerative conditions on the middle-aged or 
the elderly ages, Parkinson’s disease (PD) occurs with 
progressively worse motor defects such as bradykinesia, 
myotonia, resting tremor, and rigidity and develops a 
wide range of non-motor/premotor symptoms (NMS).

Parkinson’s associated symptoms mainly relate to the 
diseased and pathological changes in the brain [1]. Their 
PD-NMS convergently develop autonomic dysfunction, 
cognitive and mental impairments, sensory disturbances, 
and/or sleep disorders.

NMS can appear earlier than PD motor dysfunction 
and fluctuate with the motor symptoms later. For exam-
ple, among approximately half of Parkinson’s patients, 
there are anxiety (a total of 40 percent) and/or depres-
sion, which are presented years before typical motor PD 
symptoms occur, while PD-associated mood and sleep 
disorders usually develop during the course of PD [2]. 
Use of recent tools of the non-motor symptom ques-
tionnaire (NMSQuest) or the non-motor symptom scale 
(NMSS) has been helpful for PD-NMS evaluation and the 
quality-of-life improvement. In addition to medication, 
the surgical treatment can be given based on symptoms 
of the disease.

Stem cell trials with surgical procedures have been pro-
posed as a viable treatment option in Parkinson’s patients 
[3]. Mild cognitive decline is another common NMS pre-
sented in one-fourth PD, with domains affected in the 
attention and working memory, bradyphrenia, the execu-
tive function, and/or the visuospatial function [4]. Our 
group recently focuses on the stem cell potentials for the 
cognitive recovery and the further effectiveness of other 
mental illnesses [5]. UC-MSC or embryonic cells may 
be considered as one of the efficient type in the clinical 
use considering their relatively naive ages [6]. We discuss 
the potential use of type of their derived stem/progenitor 
cells, biological characteristics, and the efficacy for the 
application in PD.

PD‑associated non‑motor symptoms (PD‑NMS), 
symptomatic relief, and medications
Therapeutic effects on motor improvement have been 
related to the protective maintaining of a relative bal-
ance for acetylcholine/dopamine in the brain regions. In 
addition to problem-solving of motor fluctuations using 
the oral levodopa medication or the surgical deep brain 
stimulation alone, increased trends of incidence/preva-
lence rates of PD-NMS are demonstrated [7]. We review 
PD-NMS treatments for the understanding of current 
status with an attempt to improve symptomatic relief via 
new biotherapies including the stem cell and probiotics 
implant approaches (Table 1).

For PD neuropsychiatric symptoms of anxiety and 
depression, selective serotonin reuptake inhibitors 
(SSRIs)/antidepressants (approved to treat anxiety, 
depression, and other mood disorders) have included cit-
alopram (Celexa), escitalopram (Lexapro), fluoxetine (Pro-
zac), fluvoxamine (Luvox, Luvox CR), paroxetine (Paxil, 
Paxil CR), sertraline (Zoloft), and vilazodone (Viibryd). 
In PD combating depression (due to dysregulation in the 
brain areas of producing dopamine, norepinephrine, or 
serotonin), SSRIs may aggravate tremor in 5–20% of Par-
kinson’s patients. Amitriptyline that is considered clini-
cally useful but with adverse reactions of anticholinergic 
side effects drives particular attention in cardiac arrhyth-
mia or cognitive decline according to the guideline. In 
Parkinson’s patients with hypertension and/or diabetes, it 
is necessary as well to prevent and treat cerebrovascular 
disease-related cognitive impairment (Table 2).

There are anti-PD drug-associated psychiatric symp-
toms (inducing PD psychosis) in patients with the 
anticholinergic drugs, amantadine, MAO-BI (such as 
(lazabemide, rasagiline, or selegiline), dopamine ago-
nist, and levodopa. For an adjustment of unsatisfactory 
anti-PD drugs, low-dose quetiapine treatment is pro-
posed with the mechanisms of histamine H1 and alpha-1 
adrenergic receptors that may have negative metabolic 
effects and significant adverse effects. Dementia/cogni-
tive impairment can be presented with the influence of 
anti-PD psychotic drugs. For protecting the cognitive 
function, use of trihexyphenidyl and other anticholiner-
gic drugs should be avoided. Many other common situ-
ations also include an impulse control disorder usually 
identified in Parkinson’s patients with dopamine agonist, 
which can become significantly worse with the higher 
dose of levodopa [10]. Meanwhile, rivastigmine is added 
for an indifference that occurs with apathetic symptoms 
during optimizing anti-PD drugs. Practically, to reduce 
autonomic dysfunction using nondrug clinical interven-
tions, there are suggestions on increasing water and salt 
intake, raising the head position during sleep, avoiding 
rapid body position changes, wearing elastic pants, etc., 
against the orthostatic hypotension or the chronic con-
stipation (intake of sufficient fluid and fiber, appropriate 
exercise while stopping or reducing anticholinergic drugs 
for chronic constipation). Overcoming drug-related ano-
rexia, nausea, and vomiting, it is commonly operated 
when levodopa is given with some snacks before the main 
meal, or the medicine taken 0.5 to 1 h after the main meal 
and 2 h after the other meal for the symptoms still exists 
after 2 weeks. Relatively, there are PD-NMS urinary dys-
function (exclude other related diseases such as in male 
prostate disease, female pelvic floor disease, urinary 
tract infection) and PD-associated erectile dysfunction 
other than drugs or related diseases (such as depression, 
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Table 1 Neuropsychiatric and early PD/pre-PD treatments

Symptom Clinical intervention Potential biotherapy Other recommendation

Risk Delivery path

Anxiety Benzodiazepines (diaz-
epam, lorazepam)

Lead to chronic stress 
that can worsen NMS

- - Further gut-brain axis 
modulation (gut micro-
biota with Lactobacillus 
plantarum PS128)

Cognitive impairment Donepezil, galantamine, 
rivastigmine

Development of demen-
tia

BMSC Intravenous infusion Increased adverse events 
(accidental falls, cognitive 
deterioration) with antip-
sychotics

Depression Cognitive behavioral 
therapy, pramipex-
ole, repetitive transcra-
nial magnetic stimula-
tion, venlafaxine

Prolongation of the Q-T 
interval when cit-
alopram exceeds 20 mg 
in patients over 60 years 
old

NSC Intravenous infusion Sertraline, paroxetine, 
fluoxetine, citalopram 
with mild adverse reac-
tions, contraindicated 
with monoamine oxidase 
B inhibitors MAO-BI. ECG 
monitoring is recom-
mended
Hippocampal/NSC neuro-
genic compound NSI-189

Psychosis Clozapine, pimavanserin - UC-MSC Intravenous infusion Regular blood routine 
monitoring is required

Impulse control disorder Cognitive behavioral 
therapy

- - - Dopamine agonist with-
drawal syndrome should 
be monitored

Indifference Piribedil Comorbid depression, 
caregiver burden

- - Monitor patients for apa-
thy after subthalamic 
nucleus deep brain 
stimulation surgery

Orthostatic hypotension Droxidopa, fludrocorti-
sone, midodrine

- - - Moderate the use of diu-
retics, antidepressants, etc

Chronic constipation Polyethylene glycol, pro-
biotics/prebiotic fiber

- Fecal microbi-
ota transplanta-
tion

Upper gastrointestinal 
tract via nasoenteric 
tubes

Gut microbiota with pro-
biotic supplements [8]

Anorexia, nausea, 
vomiting

Domperidone - - - Electrocardiogram needs 
to be monitored

Salivation Ultrasound-guided bot-
ulinum toxin type A/B 
the injection to parotid 
gland/ submandibular 
gland

- - - Chewing

Urinary dysfunction Solifenacin - Myoblasts Intrasphincteric injec-
tion

Anticholinergic (dry 
mouth, constipation) 
and non-cholinergic 
(indigestion, dizziness, 
headache) adverse reac-
tions

Erectile dysfunction Sildenafil - ASC Intravenous infusion Monitor orthostatic 
hypotension

Insomnia Amantadine, eszopi-
clone, melatonin

- - - Moderate the use of anti-
PD drugs; continuous 
positive airway pressure 
for obstructive sleep 
apnea; further gut-brain 
axis modulation (gut 
microbiota with Lactoba-
cillus fermentum PS150)

RBD Clonazepam, melatonin - - - Moderate the use of SSRIs, 
SNRIs, TCAs, MAO-BI, 
or benzodiazepines
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prostate disease, and diabetes). For related treatment of 
urinary incontinence, recent trials of autologous MSC 
have been demonstrated promising [11]. Our group is 

also testing discovery mechanisms of the biotherapy for 
replacing fecal microbiota transplantation with gut pro-
biotics into Parkinson’s patients [12].

Scales currently used to assess NMS in Parkinson’s patients include NMSQuest, NMSS, International Parkinson and Movement Disorder Society (MDS) unified PD 
rating scale (MDS-UPDRS), and other questionnaires/scales of symptom-specific assessment. NMSS has been widely used in clinical practice/trials since 2005, but with 
limitations, such as in anxiety, apathy, and depression, for the same domain, in fatigue and sleep disturbance for the same domain, missing drug-induced problems 
of non-motor fluctuations, and impulse control disorders with limited cognitive domains. The MDS-NMS scale since 2015 includes 52 items, involving 13 areas, and 
assessing the severity and frequency of NMS in Parkinson’ s patients with a score of 0 to 4. The subscales of this scale include eight items, which evaluate the degree of 
NMS changes related to the anti-PD drug treatment on a scale of 0 to 4. MDS-NMS scale is shown with the statistical analysis data with a valid measure of frequency of 
assessing impulse control disorders and related disorders, assessing cognitive and other neuropsychiatric aspects of PD. The non-motor fluctuations subscale assesses 
NMS in PD and the effect of fluctuating treatments

Table 1 (continued)

Symptom Clinical intervention Potential biotherapy Other recommendation

Risk Delivery path

Pain Opioids - - - Monitor constipation, 
gut microbiota with pro-
biotic supplements, 
MSC-derived exosomes 
injection

Fatigue Rasagiline - - - -

Table 2 Representative stem cell trials and designed research for PD and some other neurodegenerative disease in patients

One typical inclusion criterion may be from idiopathic PD of at least 7 years duration and who is responsive to levodopa. Moderate-to-severe cognitive impairment 
and depression are normally excluded. The screening visit during an enrollment can be based on participants’ MDS-UPDRS parts II and III scores data. Immunologic 
responses and serious adverse reactions are some of important safety and tolerability measurement. The summaries include any approved, withdrawn, or registered 
clinical study representatives with reference number provided

Potential bio‑therapy intervention Study design information

Cell source Delivery path Treatment number/test(s) Report year(s)

Embryonic dopamine cell Implant surgery Total 34 cases/(NCT00038116) 2001–2009

ESC-derived A9 dopamine progenitor cell Administration of the putamen 
into the brain (~  106)

Twelve patients/(NCT05887466) 2001–2023

Autologous adipose tissue-derived stromal 
vascular fraction

Subdermal plane injection (~  107) Ten patients/inflammatory biomarkers 
at 12-month follow-up (NCT05699161)

2009–2020

ESC-derived neural precursor cell Striatal implantation Total 50 cases/(NCT03119636) 2018

RC17 ventral midbrain dopaminergic 
progenitor cell

Surgical implantation  (106–107/six tracks) Eight patients/HLA class I detection 
(NCT05635409)

1989–2020

Autologous peripheral nerve graft Unilateral implantation into the substantia 
nigra

Eight patients/deep brain stimulation 
therapy reduction (NCT01833364)

2016–2018

Neural stem cell Nasal cavity delivery  (106/week) Twelve patients/(NCT03128450) 2013–2014

Autologous peripheral nerve graft Implantation into the substantia nigra, 
basal forebrain, putamen with/o STN-DBS

 ~ 70 patients/DaTscan SPECT imaging 
assessment at up to 24-month follow-up 
(NCT02369003) [9]

2005–2022

Parthenogenetic neural stem cell Intracerebral injection into striatum 
and substantia nigra

Twelve patients/(NCT02452723) 2016–2018

Autologous adipose-derived MSC Intravenous injection  ~ 30 patients/(NCT04995081) 2005–2020

Bone marrow-derived MSC Intravenous injection Twenty patients/(NCT01446614) 2007–2010

Allogeneic bone marrow-derived MSC Infusions  (107/kg) Thirty cases/(NCT04506073) 1996–2018

Autologous MSC Intravenous intervention Thirty patients/(NCT04146519) 2020

Autologous bone marrow-derived MSC Intravenous route and intranasal route 
into inferior nasal conchas and meatuses

 ~ 500 patients/(NCT02795052) 2011–2016

Topical bone marrow-derived MSC fraction Intravenous and intranasal routes (14 cc 
and 1 cc)

 ~ 100 patients/(NCT03724136) 2009–2018

Autologous adipose-derived tissue stromal 
vascular fraction

Intravenous parenteral route (500 cc)  ~ 300 patients/(NCT03297177) 1988–2015
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In patients with concurrent insomnia/sleep-wake dis-
order, the use of levodopa controlled-release, long-acting 
dopamine agonist (rotigotine transdermal patch, etc.) or 
sleep hygiene consultation may be related to an excessive 
daytime sleepiness/sleep attack. With clarification for the 
cause of excessive daytime sleepiness, the patient devel-
ops drowsiness after each dose of dopamine agonist [13]. 
Additionally, depression, insomnia, or obstructive sleep 
apnea disorders may still be induced in the conditions, 
while modafinil is normally used.

Parkinson’s patients develop rapid-eye-movement 
(REM) sleep behavior disorder (RBD) by a specific loss of 
normal muscle atonia in REM sleep. There is currently a 
lack of RCT studies on PD-NMS RBD treatment. In the 
many clinically supportive researches, presentation of 
RBD indicates a neurodegeneration progression, but it 
needs to be excluded for RBD induced by some medi-
cations [14]. Due to muscular dystonia in the early and 
chronic PD, there are pain (exclude other causes of pain, 
such as osteoarthritis, etc.) and pain-related fluctuation 
of symptoms, when anti-PD drugs can be adjusted to pro-
long the “on period” and improve the “off period” pains.

Fatigue identification and clarification with PD have 
been performed. Our group recently test an acute exer-
cise-induced fatigue scale (AEIFS) as an evaluation for 
the fatigue chronically developed [15]. The patients who 
are able to take acute exercises can be quantified for 
assessing fatiguing conditions [16]. It is useful for PD-
NMS fatigues which can seem invisible to be explained 
[17], whereas the peripheral and central fatigues become 
comorbidity conditions with the muscle stiffness, 
changes in the ability of sleep/walk, the slow movement, 
and many others. When treatment, it needs/helps in con-
sidering the possible factors in the cause of fatigue.

Stem cell transplantation, motor improvement, 
and therapeutic strategy
It may have been evidenced in promoting the renewal of 
cardiomyocytes, well-controlled blood sugar, repairing 
wounds or restorative neurological/behavioral functions, 
etc. for BMSC (commonly blood sources) and UC-MSC 
(to be obtained from collected umbilical cord tissues) 
[18]. Additionally, there are several technical advantages 
(available sources, simplified separation/purification 
protocols, and noninvasive operations as invasive bone 
marrow puncture for BMSC becomes not necessary in 
recent method). Among them, the hUC-MSC possess 
high  native self-renewal and strong proliferative ability 
with low immunogenicity. Supportively, our understand-
ing of the efficient transplantation requires identification 
of little immune rejection (via suppressive local microen-
vironment with indoleamine 2,3,-dioxygenase, interleu-
kin-10, and prostaglandins pathways) or weak reaction 

(absent from MHC-II or costimulatory molecular mecha-
nisms) [19]. Furthermore, cell research from field experts 
have changed/redesigned allotransplantation with the 
relative capacity to introduce foreign genes [20].

An ideal strategy in brain diseases would be tak-
ing advantage at full capacity of an efficient use for cell 
therapy, of an application to the source selection con-
siderations on neural cells (including glial cells)/vas-
cular cells, and of a biological and physiological tone in 
the posttransplantation host microenvironment [21]. 
For preventing neurotoxic spreading, successive anti-
α-synuclein immunotherapy seems to exert beneficial 
efforts with prasinezumab for slowing motor decline 
in participants subgroups of recognizable fast progres-
sion. Other traditional treatment methods can neither 
reverse neurodegeneration nor restore number of dopa-
minergic neurons [22]. Theoretically, neuronal cell regen-
eration and repair of damaged/dead tissues remain ideal 
methods for the treatment of PD [23]. Likewise, grafted 
embryonic-derived premature cells have been demon-
strated an ability in survival, growth, and function until at 
least 36 months later targeting an ongoing diseased pro-
cess of the degeneration. The putamen fluorodopa uptake 
in the transplantation regions is further increased. A 
number of transplant recipients can develop their robust 
innervation of dopaminergic grafts with transplanted 
cells into the striatum [24]. Together with positron emis-
sion tomography or by autopsy, there are signs of a par-
tial improvement in parkinsonian motor regions. How 
neuronal repair renders the element of neuromodulation 
and benefits patients with centrally related PD-NMS has 
not yet been discovered [25].

In a general example for a mesenchymal stromal cell, 
given stronger plasticity, lower immunogenicity, and 
higher cell variability (due to faster in vitro expansion and 
easier induction with potential carrier of foreign genes), 
it becomes one of important sources considering its tar-
geted tissue microenvironment. Therapeutically, lum-
bar puncture or subarachnoid injection of the stem cells 
can be achieved in 3rd /4th lumbar intervertebral space 
[26]. The related clinical symptoms have been evaluated 
for bradykinesia, postural instability, rigidity, or tremor 
to be significantly improved (wumedicalcenter.com), 
which may be consistent with an average rate of 38% for 
clinical improvement among all patients followed up at 
36-month post-transplant in other reports. Experimental 
transplantation of hUC-MSC-derived tyrosine hydroxy-
lase cells into the striatum tracing in a rat model of PD 
shows enhancing long-term cell survival with no longer 
than 4 months, for the cells can migrate within a range of 
1.4 mm from the transplantation site into the deeper tis-
sue [27]. Consistently, the amphetamine-induced turning 
behavior of the cell-treated rats is significantly recovered, 
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which is quantitatively used in long-term assessment of 
motor improvement [28].

Another example from earlier research includes eight 
Parkinson’s patients receiving a therapy of MSC injec-
tion through carotid artery, with similar design tested 
in animal models [29]. The results show that their daily 
activities and motor symptoms, rigidity, tremor, and/
or the unified PD rating scale (UPDRS) scores are sig-
nificantly improved (cjter.com). With injection of MSC 
into the subarachnoid space alternatively reported in 
38 Parkinson’s patients, whose UPDRS at 1 month later 
are significantly improved as well, there are few adverse 
immune reactions during the follow-up period (some 
reporting an 80% improvement in motor functions/skills 
until 36  months later). In China, the recent application 
to the stage of stem cell clinical trials for PD starts with 
focus on cognitive/psycho-emotional improvement and 
PD-NMS [30].

Enhancement strategies of cell-based mechanisms have 
been investigated in past 10 years for the design that par-
ticularly uses transgene vectors committed to novel stem 
cell transplantation therapies [31]. To overcome low sur-
vival/retention rate or insignificant long-term efficacy of 
the treatment supposedly achieved field breakthrough for 
neurological disorders, studies using that stem cell as a 
carrier of gene therapy combine its curative effects, e.g., 
which are modified in  vitro with transcriptional regula-
tion factor (such as by Nurr1 of nuclear receptor super-
family, human gene name: NR4A2). Nurr1 is believed to 
become the differentiation initiator of neural progenitors 
into dopaminergic neurons eventually [32]. With induc-
tion protocols, transplantation of dopaminergic neu-
rons divergent from the Nurrl gene-modified stem cells 
into a PD rat model may be more efficient to promote 
the expression of dopamine and tyrosine hydroxylase 
content, as evidenced in the rat brain. A line of tyros-
ine hydroxylase-overexpressed stem cells transplanted 
into the lateral ventricle of rats seem to show higher cell 
viability and migrating capacity as well as better survival 
compared to ones in control conditions. Many previous 
and recent studies have supported an integration critical 
to both the cellular phenotype and behavioral effects [33, 
34]. Immunohistochemistry has supported an enhanced 
positive expression of tyrosine hydroxylase (that is sup-
posed to produce additional dopamine) in injections 
originally modified with tyrosine hydroxylase gene. The 
dopamine content in the striatum of PD rats can be sig-
nificantly increased by the transplantation, indicating 
that stem cells combined with gene therapy can provide 
more effective therapeutic potentials than transplanta-
tion alone [35]. Other than the introduction of foreign 
genes and genetic modification along with the injections 
(such as different methods with increased expression 

to induce dopamine as an intervention for PD), we and 
other groups have tested more robust preconditioning 
strategy on cells for biotherapeutic applications. Specifi-
cally, pre-treatment strategy prior to transplantation with 
any donor cells using pleiotrophin (priming of the growth 
factor) may improve the PD-related motor function 
(rodent rotation behaviors). Aforementioned, it has been 
revealed for the promoted survival of tyrosine hydroxy-
lase-positive grafts as a direct mechanism of potentially 
enhanced therapeutic effects [35].

PD mechanisms, biotherapeutic microenvironment, 
and targets
For PD (and other) neurodegenerative disease treat-
ments, research to date can identify neurotrophic mech-
anisms behind promotion of neurological recovery by 
mesenchymal stromal cell transplantation [36]. MSC that 
reach the regenerative microenvironment create a favora-
ble regeneration niche of functional neurons by secreting 
a variety of growth factors, produce critical extracellular 
matrix proteins, and are laterally thought to give effective 
neuromodulation. Their paracrine potentials for the pro-
tective factors into the microenvironment have included 
BDNF, IL-6, neurotransmitters, NT3, SCF, and VEGF 
[37, 38]. With respect to PD treatment strategy of res-
cuing dopaminergic neurons, the type of stem cells nor-
mally promote angiogenesis and exert anti-inflammatory 
and anti-apoptosis effects and improve the survival rate 
at the graft periphery [39]. In addition, an extracellular 
matrix modulation may occur at the transplantation site, 
which demonstrates the ability of supporting endogenous 
neural cell attachment and growth, differentiation, and 
neurogenesis, involved in the tissue repair and functional 
recovery [40]. Researchers assume that factors from 
transplanted cells are responsible for protection/recovery 
of a dopaminergic neuronal function and for their pri-
mary therapeutic effect on parkinsonism conditions.

In an improved microenvironment, cell replace-
ment effect with the transplanted stem cells may be still 
dependent on a differentiation into dopaminergic neu-
ron-like cells or activated endogenous neural stem cells 
to replace corresponding types of neural cells in the dam-
aging dopaminergic tissues [41]. It should be noted in 
various studies for a cell replacement as the primary goal 
and main mechanism of stem cells. Without enhance-
ment strategies, the retention rate is usually less than 5%, 
or their number will rapidly decrease following original 
injection. Whether controlled precise differentiation 
alone can restore neurological functions through its inte-
gration still awaits further research. The handbook for 
stem cell biology from State Key Laboratory of Stem Cell 
and Reproductive Biology as well as from the other labo-
ratories is published with focus on direct differentiation 
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into functional units, distributed in Chinese Edition. Fur-
thermore, MSC highlighted in vascular mechanisms of 
stem cells, such as the neurovasculature and gliovascular 
units (Fig. 1), need to be revisited.

Autopsy has indicated identifiable activation of micro-
glia from PD brains in the postmortem study where both 
local and systemic inflammation (e.g., spreading through 
the periphery—the vagus nerve-brain) can induce the 
proliferation effect of microglia. Transplanted particular 
stem cell type should inhibit kinds of proliferation trig-
gers with reduced expressions of microenvironmental 
pro-inflammatory factors. Elevated levels of the pro-
inflammatory cytokines detected in the brains of Parkin-
son’s patients have included IFNγ, IL-1β, and TNFα [43]. 
Another example is that there is high fecal calprotectin 
marker detected from Parkinson’s conditions due to 
elevated intestinal inflammation. Facing the established 

systemic inflammation and responses, transplantation 
studies have reported that the immunosuppressive cyclo-
sporin A for the PD animal models are needed. It illus-
trates the importance of the immunomodulatory and 
anti-inflammatory effects needed by stem cells in the 
PD treatment. Since, recent research for stem cells pro-
vide promising reparative strategies in the forefront of 
PD research and some new cell trials (the cells keeping 
the main advantages, e.g., noninvasive homing, with-
out ethical disputes, and with low immunogenicity). 
Standardized stem cell bank (such as the mesenchymal 
stem cell bank), with the understanding of the biological 
characteristics and developing clinical aspects, has been 
established given the future possibility of the restorative 
method for the treatment of PD [44]. How to obtain a 
most efficient treatment following transplantation plan-
ning for neuroprotection by stem cell, as well as the 

Fig. 1 Schematic diagram of cell transplantation treatment. With the potentials of exerting multiple functions, the transplanted cells enter 
the brain, migrate to the injured site, and transform into neuron-like cells, directly replacing damaged/necrotic neurons surrounding non-injured 
nerves. Knowledge on stem cell mechanisms based on neuroprotective effects is summarized but still limited. Additionally, MSC have a strong 
paracrine effect, secreting or promoting BDNF, GDNF, VEGF, and other active substances [42]. The retained cells are expected to promote 
the survival, proliferation, and differentiation of new progenitors, promote the formation of new blood vessels, migrate to the injury site, and help 
to engage the neural circuit by promoting the formation of synapses
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transplantation time window, controllable cell number, 
practical pathway, long-term safety, and risk, still needs 
further investigation on individual precision and evalua-
tions on the microenvironmental factors [45].

The need for cell replacement with dopaminergic neu-
rons to the Parkinson’s patients gradually increases over 
time during disease progression (xellsmart.com). Under 
the advanced use of small molecule series combined 
with certain circumstances, adult cell (including stem 
cell) can be expected reprogrammed towards specified 
stage of neurons [46]. In the PD animal models, intrac-
ranial stem cell transplantation stimulates an increase in 
the total number of dopaminergic neurons with consist-
ent functional recovery. Whether the transplanted cells 
that are targeted transforming into dopaminergic grafts 
can become parts of physiological integration and neuro-
genesis still need to be verified in vivo (e.g., in nonhuman 
primates). Transplanted green fluorescent protein (GFP)-
labeled trabecular meshwork MSC into an animal model 
of PD with potential GFP/tyrosine hydroxylase-double 
positive cells retain leaky GFP expression issues that need 
to be overcome [47]. However, transplantation of differ-
entiated hUC-MSC can show the dopaminergic expres-
sion of tyrosine hydroxylase with well cell retention 
which is expected beneficial from cellular activity, instead 
of a focus on the dopaminergic neuronal integration. On 
the other hand, bioadhesives may greatly improve an 
adhesion effect of cells and additional microcarriers of 
neurotrophin-3/polylactic-co-glycolic acid (PLGA) help-
ful to the directed dopaminergic induction [48]. In order 
to improve the clinical efficacy of the differentiating cells, 
researchers from our and many other groups also test 
one of the simple and robust ways in regulation of physi-
ological/pathobiological microenvironment, in which 
hypoxic/inflammatory mimic conditions can also pro-
mote the differentiation/adaptation of stem/immature 
cells [49]. On the other hand, olfactory ensheathing cells 
combined with OM-MSC may become sources of regen-
erative dopaminergic nerves. Additionally, precondition-
ing with olfactory ensheathing cell-growth medium can 
significantly upregulate hypoxia adaptation factor HIF-1α 
in the tissue and cells.

Researchers have long reported in studies using 
immunosuppressants to treat animal models of PD. 
Immunomodulatory effects on the increased levels of 
pro-inflammatory cytokines (e.g., TNF-α, IL-1β, and 
IFN-γ) have been observed in the Parkinson’s patient 
brains with a large number of proliferating activated 
immune cells [50]. For example, the PD-associated astro-
cytes within the pathologic brain are primarily involved 
in functional major histocompatibility complex class 
(MHC)-II receptors for the role of CD4 T-cell activa-
tion upon antigen presentation. In pathological PD 

conditions, there are excessive astrocytic α-synuclein 
accumulation and can be spread with adjacent cells along 
with the pathological propagation, where mature T cells 
are required with an activation of MHCI/II, derived 
into specific subtypes of CD8 + cytotoxic T cells and 
CD4 + T-helper cells. Recent studies have also shown 
that α-synuclein in patients with PD can be attacked by 
their autoimmune system as an antigen. That indicates 
one pathogenic mechanism of PD closely related to the 
immune system, which our group has recently tested in 
a registered clinical trial (NCT04871464). From the point 
of view of cell biology, it is shown for MSC by the advan-
tages of exhibiting a main immune-regulatory response 
and immune suppression effects, responding under 
Toll-like receptors, downregulating innate and adaptive 
immunity, and exerting immunoregulatory functions 
(immune-enhancing or immunosuppressive properties) 
through direct cell-to-cell contact or secretion of solu-
ble factors (IL-17, TGF-β1, etc.), facilitating Th2/Tregs 
inductions. In addition, MSC may prevent an activation 
of microglia in addition to dendritic cells, increase the 
level of anti-inflammatory factors (IL-10, PGE2, etc.), 
promote the autophagic clearance of pro-inflammatory 
α-synuclein, and reduce the autophagy and oxidative 
stress of cells including that with SIRT2/SIRT4 activation.

In PD and other neurodegenerative conditions as one 
combinatorial target, their glutamate-induced excitotox-
icity [51], a reactive oxygen species overproduction [52], 
and DNA repair defects [53] are critical factors leading 
to the neuronal apoptosis of chronic neurodegenerative 
processes. Normally, stem cells can activate those endog-
enous defense/repair mechanisms by paracrine release, 
responsible for reducing the loss of dopaminergic neu-
rons. In 6-hydroxydopamine-induced PD models, it is 
demonstrated that exosomes from stem cells inhibit dam-
aging responses caused by mitochondrial dysfunction 
through AKT, ERK, and p38 pathways to promote neu-
roprotection [54]. A variety of paracrine factors (GDNF, 
NGF, NT-3, VEGF, etc.) are confirmed. Furthermore, 
applied with enhanced biotherapeutic approaches in 
overexpressing GDNF into the stem cell, there are signifi-
cant increases for tyrosine hydroxylase-positive staining 
of the striatal regions following transplantation [55]. We 
believe that the trophic support via growth factors and 
protective cytokines is achievable for the treatment of 
the conditions. The reports have included prostaglandin 
EP2 receptor downstream, MAPK and PI3K/AKT sign-
aling effects. More importantly, additional cells provided 
by transplantation usually demonstrate acceptable poten-
tials of retention and conditioning to achieve therapeutic 
goals in PD. For example, probability of observing arterial 
repair (vascular component repair) and promoted angio-
genesis in the PD conditions can be further increased for 
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human MSC [56]. In the studies, inhibiting the expres-
sion of chemokine CXCL-9 is able to enhance an angio-
genic capability of the cells, via ERK1/2 MAPK and PI3K/
AKT pathways, for both angiogenesis and subsequent 
neurogenesis.

In patients with PD, cell metabolism can be improved 
by mitochondria (the energy factories for the cells) as a 
means of improving processes for cell oxidative phos-
phorylation, energy supply, cell differentiation, oxygen 
free radical formation, and apoptosis control. Toxic sub-
stances or mutations in mitochondrial DNA may disrupt 
the oxidative respiratory chain within the mitochondria. 
Theoretically, those can lead to the damage of the oxida-
tive respiratory complex function in the target region/
transplantation site of diseased conditions, which aggra-
vate oxidative stress and cause damage to dopaminergic 
neurons. Fortunately, transplanting stem cells has dem-
onstrated the ability of alleviating those mitochondrial 
dysfunction [57]. Via transferring of normal mitochon-
dria, these stem cells (e.g., HSPC, MSC cell types) reduce 
the potential for challenges in damaged endothelial 
cells and related progenitors, improving microvascular 
structure and microenvironment. Somehow, it may be 
then hoped that transplanted stem cells provide normal 
mitochondria for neurons, to maintain normal metabo-
lism and inhibit oxidative stress/neuronal apoptosis (in 
combination with intravenous, intrathecal, intranasal, or 
another path). The issues to be confirmed are as follows: 
What the best way and how efficient is it for the delivery? 
How to prevent the safety risk, immunogenicity and ethi-
cal issues of allogeneic treatment if the cells are applied in 
the clinic? It is agreed that the most suitable seed cells for 
transplantation should be selected from the bank based 
on higher levels of safety characteristics, strong prolifera-
tion, and differentiation ability [58]. We and other groups 
have also attempted to focus on vascular functional and 
microenvironmental evidence by the transplantation 
therapy and mechanisms [59–61].

Psychological pre‑PD/PD‑NMS, hippocampal involvement, 
and interventions
Depression, mainly characterized by significant and last-
ing depressive symptoms, is a common mental illness 
that endangers the physical and human mental health. 
The WHO reports that about 5% of the world’s popu-
lation (about 340 million in total) are suffering from 
depression. Unfortunately, the first-line treatment of 
depression with antidepressants of SSRIs, SNRIs, NaSSA, 
and SARIs shows limited effects for relieving symptoms 
in depressed patients. Pre-PD depression (a history of 
depression prior to an onset of PD motor symptoms) 
demonstrates an association with poorer cognitive abili-
ties. As of 2020, depression may become the world’s 

second-most common disease after heart disease. PD-
NMS and the depression history are detectable and cor-
related to the Beck Depression Inventory (BDI) and the 
Hamilton Anxiety Rating Scale (HAM-A), by which an 
incidence of depression in women is twice more than 
that of men. For depressive disorder, it is the main health 
trend of its global burden of disease study for women 
aged 15 to 44. Depressive symptoms not only cause a 
decline in the quality of life of affected individuals and 
a deterioration in their social functions but also lead to 
increasing expenditures on health service resources [62]. 
Since 2006, the annual economic cost of depression bur-
den in China has already exceeded 60 billion Chinese 
yuan. Among the nonfatal global burden of disease study 
data, it ranks first for the depression or does in the top 
high morbidity, high recurrence rate, and high disability 
rate [63]. PD-NMS depression is associated with car-
egiver burden/disability rate increase and to reduction in 
the quality of life. With the “broad spectrum” antidepres-
sant of current medication relatively unsatisfactory, easy 
to relapse with chemical drug, developing drug resist-
ance, and certain side effects of long-term use, depression 
becomes a difficult condition to treat. There has been 
PD-associated treatment for depression via selective ser-
otonergic reuptake inhibitor amitriptyline, citalopram, 
desipramine, fluoxetine, nortriptyline, paroxetine, sertra-
line, or venlafaxine and the cognitive-behavioral therapy 
(CBT) in clinic. It should be noted that currently con-
sidered first-line treatment still needs revealing evidence 
for Parkinson’s patients with depression. Stem cell-based 
therapy is yet to become new ways to improve depres-
sion in the PD conditions [64]. On the other hands, the 
occurrence of depression is closely related to hippocam-
pal neuronal regeneration dysfunction involving stem cell 
changes underlying functional alternations. The etiology 
and pathogenesis of pre-PD/PD-NMS depression have 
not yet been fully elucidated. As a highly heterogeneous 
disease, an impairment of neurotransmitter modulation 
in the brain, neuronal apoptosis, an immune inflamma-
tory response, neuronal degeneration, impaired inferior 
colliculus, brain-pituitary-adrenal cortex (hypothalamic 
pituitary adrenal, HPA) axis dysfunction, and many other 
environmental/genetic mechanisms are related to the 
pathogenesis of pre-PD/PD-NMS depression.

Indeed, many kinds of antidepressants promote pro-
liferation of the adult hippocampal neuroblast and fur-
ther upregulate neurotrophic factor expression of BDNF, 
VEGF, and some others. It is usually maintaining for 
the curative effect of antidepressants in several weeks 
since the start of treatment and supporting hippocam-
pal neuronal regeneration as the basis of their encourag-
ing activities [65]. Due to proliferative functions, it leads 
to hippocampal dentate gyrus activity resulting from 20 
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to 50% involvement of a total cell population, depend-
ent with antidepressants on different pharmacological 
mechanisms (similar with electrical convulsion stimula-
tion). Among those, 75% are demonstrated the ability in 
further neuronal development. Evident in rodent mod-
els, development of treatments on neuroprotection, and 
recovery of neurons are expected primarily responsible 
for the relief of depressive symptoms. This effect may 
be independent on the adjustment of the HPA axis (use-
ful prognostic hallmark of depression) in PD conditions. 
PD is known to be associated with hippocampal atrophy, 
while the results of research on hippocampal volume 
show that the volume in depressed patients is smaller. 
Hippocampal atrophy has been associated with number 
of depressive episodes and to the length of time without 
treatment against symptomatic depression [66]. We and 
some others believe that the selective and sustained loss 
of hippocampal volume is caused not only by the apop-
tosis of hippocampal neurons but also by decreased neu-
ronal regeneration [67]. Both neurons and stem cells for 
the hippocampal neuronal regeneration are impaired 
underlying the chronic changes.

Since the neuronal damage in the hippocampus is path-
ologically significant and extremely sensitive to stress, 
the dentate gyrus should become a unique therapeutic 
target for the depression as well as in PD with impaired 
cognitive performance. Taking into consideration of cog-
nition pathways across dentate gyrus and other parts of 
the hippocampus, the regeneration within these func-
tional neuronal circuits can be constructive. By location, 
the granular cells in the dorsal dentate gyrus can sig-
nificantly inhibit contextual learning activities, while the 
granular cells in the ventral dentate gyrus can inhibit the 
anxiety and other stress reactions [68]. Typically, dorsal 
hippocampus is involved in cognition-related behaviors 
while ventral hippocampus for emotion-related behav-
iors through the HPA axis. Dorsal dentate gyrus, ven-
tral dentate gyrus, and intermediate dentate gyrus are 
divergently regulated. When the neuroendocrine sys-
tem is frequently activated upon various stresses, they 
have, microglial cell-mediated neuroinflammation and 
immune activation in the brain, been closely related to 
the development of depressive symptoms. Systemati-
cally, activation of inflammatory cells leads to releasing 
of a large variety of inflammatory cytokines, as observed 
for high cytokine/immune factors (IL-1β, IL-6, IFN-α, 
and TNF-α, etc.) in the peripheral blood of patients with 
depression [69].

Our aforementioned hypothesis can be further 
explained that the hippocampal neural stem cells are 
largely inhibited accomplished with any depressive symp-
toms in PD conditions. Normally, hippocampal forma-
tion of synaptic input from a neuronal cell can extend all 

the way to the pyramidal cell layer of CA3 region, where 
established connections of synapses integrate into the 
trilaminar loop of the hippocampus. PD conditions dis-
rupt their neuronal development by affecting neuronal 
cell identity with the developing stem/progenitor cell 
stages, thereby inhibiting majority of differentiating and 
proliferating neural cells (to be considered that changes 
in the neural stem/progenitor cells hinder the develop-
ment of new and mature neurons) integrated into the 
loop. In addition, the hippocampus develops one of ana-
tomical inputs to the hypothalamus, modifying stress 
responses under inhibitory negative feedback controls. 
HPA axis hyperfunction has been presented in around 
70% of patients linked to hippocampal changes [70].

In our research hypothesis, relief against the involved 
psychosocial dysfunction of pre-PD depression is prob-
ably based on evidence in adult mammalian models 
with the decrease (or increase) of hippocampal neuronal 
regeneration leading to the occurrence of (or recovery 
from) the depressive-like behaviors. In early PD/pre-
PD brains, there are limited regions showing potential 
pathological changes, as well as showing neurogenesis, 
e.g., to the glossopharyngeal nerve, the olfactory bulb, or 
the vagal nerve. Once the symptoms appear, indicated as 
reparative damaged functions to the hippocampus, cellu-
lar protection for hippocampal neurons should be imple-
mented. By study models, it allows direct critical cellular/
pathobiological measure underlying anti-depression after 
promoting hippocampal neuronal regeneration. For the 
use of chronic continuous intensive stimulation to estab-
lish depressive mice, with antidepressant drugs such as 
fluoxetine or imipramine demonstrated anti-depressive, 
it is considered appropriate to study the hippocampal 
involvement. As in the previous study of their hippocam-
pus destroyed by X-ray radiation experimentally, there 
has been few relieving effects with the same antidepres-
sive intervention [71]. It is then concluded that hip-
pocampal neuronal restoration/regenerative responses 
(potentially by stem cells) are the basis for antidepres-
sants (neurogenesis that endogenous stem cells provide). 
Theoretically, the stem cells should also be associated 
with nonspecific symptomatic relief in the prodromal 
phase that may ultimately reduce the common severity 
and improve the quality of life in Parkinson’s patients.

An application on cell therapies may be helpful to meet 
the expectations for the relief of depressive symptoms in 
PD [72]. In general, to be tested, MSC (such as bone mar-
row-derived ones) may inhibit pro-inflammatory micro-
environment, for an efficient prohibition of proliferative 
peripheral blood mononuclear cells or reduction in the 
infiltration of neutrophils and an activation of microglia 
around the lesion (intercellular α-synuclein in microglia), 
and the inflammation-related factors IL-1β, IL-2, and 



Page 11 of 15Sun et al. Chinese Neurosurgical Journal            (2023) 9:28  

IL-4 around the lesion. The expression of inflammatory 
factors such as IL-6 and TNF-α is significantly down-
regulated. When MSC and T cells are cultured within an 
appropriate ratio, MSC may inhibit T-cell proliferation 
and modulate pro-inflammatory state, e.g., MSC of the 
bone marrow derived. In addition, differentiated stem 
cells can also maintain normal levels of amino acid neu-
rotransmitters in the brains of epileptic mice (inhibition 
of the progression of epileptogenic process, prophylaxis 
against the development of chronic epilepsy, and seizure 
remission) [73]. Cognitive improvement against early 
PD/pre-PD cognitive deficits has been considered as one 
of the chronic beneficial effects. In the middle-aged (43–
52  weeks) mice model, depressive-like behaviors can be 
normally observed 4 to 10 months before an onset of PD-
like progressive motor dysfunction.

Discussion
Stem cell transplantation into the depressive brain has 
been explored/proved in different study models. One 
example is the hippocampal orthotopic transplantation of 
MSC populations for the treatment of depression in the 
mouse model. Their survival time for the stem cells after 
transplantation may have been relatively short, but the 
mechanism of its action involves vasculature recruitment 
(for guiding neuronal migration) to promote endogenous 
neuronal regeneration. It does improve anxious behav-
ior, depression, learning and memory, and other execu-
tive functions [74]. Vascular degeneration can occur and 
lead to parkinsonism-related cerebral hemorrhage. From 
our previous work, the preconditioning incubation of 
stem cells can dramatically improve cellular effects on 
sensory/motor functional deficits in the mice with intrac-
erebral hemorrhage. There are significantly improved 
depression-like symptoms following cerebral hemorrhage 
[75]. Spontaneous range of motion of mice with cerebral 
hemorrhage is limited, curled up in the corner, and the 
modification and standing movements are significantly 
reduced. After treated by nasal transplantation of stem 
cells, the mice to explore unfamiliar environments can 
be significantly improved, as well as the number of turns, 
grooming behaviors, standing up, and other indicators. 
In our and other group research, stem cells have been uti-
lized for a trial study in mouse models of subarachnoid 
hemorrhage with improved arachnoid membrane.

Depressive-like symptoms after inferior cavity hemor-
rhage are relieved with increased expression of tyrosine 
hydroxylase in the substantia nigra and basal ganglia 
[76], a new technology allowing the cells particularly 
suitable for anti-early PD/anti-pre-PD through multiple 
mechanisms of action. Meanwhile, stem cell transplanta-
tion via nasal cavity route is demonstrated safe, effective, 

and reproducible. The nasal-brain route for any poten-
tial methodology of drug delivery has been adopted via 
the injected stem cells as a way of brain matter targeting. 
We assume that traditional methods including original 
displacement around brain tissue lesions implantation, 
lateral ventricle injection, intrathecal injection, and 
transplantation in animal models can cause side damage 
to normal brain tissue/nerve tissue to varying degrees. 
This noninvasive delivery route of intranasal transplan-
tation may be performed without anesthetic drug inter-
ventions and is available for repeatedly injecting and 
less frequently induced repeated damages. With the 
advantage of nasal administration, stem cells can bypass 
the BBB and directly enter the brain matter through the 
olfactory nerve, perivascular space, trigeminal nerve, 
etc., reducing the systemic administration-related side 
effects of stem cells. Other rationale of the nasal/trigemi-
nal pathways for the recently tested mechanisms has 
included the better feasibility and safety in preclinical 
studies and clinical trials. Intranasal transplantation of 
stem cells has been tested as a treatment method against 
cerebral infarction, cerebral hemorrhage, neonatal cer-
ebral infarction, and other brain vascular diseases. Our 
group has also published several preclinical studies with 
stem cells transplanted through the nasal cavity. The cells 
enter the brain, being distributed around the ischemic or 
hemorrhagic lesions with improved neurological symp-
toms after stroke [77].

Recently, our and others lab’s published results support 
hypothesis with intranasally delivered stem cells (e.g., 
MSC, iPSC-derived cells) to improve the depressive-like 
symptoms as a consequence of inhibiting brain inflam-
mation and/or promoting endogenous neuronal regen-
eration and repair. Specifically, the 8-week-long chronic 
unpredictable mild stress (CUMS) of mice is established, 
which induces stable depressive-like phenotype under 
hyperactive HPA axis but no later than 36  days with-
out any further CUMS treatment [78]. In order to verify 
the above hypothesis, our standard protocols include 
labeling procedures in  vitro, prior to nasally transplant-
ing. In experimental design, evaluation groups are given 
fluoxetine for the control treatment of positive responses 
and then following transplantation perform dynami-
cally tracing (under NMR if use the SiPO-labeled cells 
for transplantation). The data provides evidence for the 
cell retention and endogenous glial/neuronal regenera-
tion. It will be further expected for the involvement of 
anti-inflammatory responses, neuronal regenerative, or 
some other molecular signaling (BDNF-TrkB-PI3K/Akt, 
β-catenin, and Notch) pathways providing mechanisms 
for the additional beneficial effects to the depression 
(Fig.  2) [79]. Update results support that the stem cell 



Page 12 of 15Sun et al. Chinese Neurosurgical Journal            (2023) 9:28 

transplantation improves host brain’s conditions and is 
demonstrated safe and promising for pain management 
and the treatment of anxiety, depression, and insomnia 
or other PD premotor symptoms (Fig. 3).

Conclusions
The study reported is considered important and rel-
evant for update on Parkinson’s interventions as well as 
for biotherapy-related education. Among them, stem 

Fig. 2 Exosomes mediated microenvironment-based strategies by stem cells. Types of tissue stem cells have been collected from adipose 
tissue, amniotic fluid, bone marrow, olfactory mucosa, peripheral blood, placenta, umbilical cord blood, and urine. Included stem cells are 
from multi-differentiation capacity, from well proliferation and differentiation ability, from the potentials of binding biomaterials, from the ease 
of isolation and culture, or from the non-immunogenicity of autologous transplantation. It has been attempted to summarize an outline 
for an action of transplantation therapy following the cell treatment against PD [80]. In tissue engineering and regenerative medicine, hUC-MSC 
that are isolated from human umbilical vein endothelium and subendothelial layer have been broadly approved [81]. Endogenously, MSC 
exist in connective tissues and interstitium of organs throughout the body. Tissue-derived MSC are one of the important types of adult stem 
cells, by in vitro conditions, which are shown with self-renewal, proliferation, and multi-differentiation potentials. In the in vitro condition, MSC 
demonstrate adherent and migrating growth capacity, shown with relatively uniform spindle cells or polygonal cells (hold G0–G1 phase of cell 
cycle for 80% after 30 passages) presenting normal diploid/maintaining the morphology and proliferation characteristics. MSC highly express 
CD73, CD90, and CD105 (human gene name: NT5E, THY1, ENG) with adhesion molecule markers such as CD13, CD29, CD44, and CD54 and express 
low levels of MHC-I molecular markers such as HLA-ABC but show negative for CD34 or CD45, and divergently, for CD31 and other hematopoietic 
stem cell markers and HLA-DR, HLA-DA, HLA-DP, HLA-DQ, and other MHC-II molecular markers [82]. MSC can express with OCT-4 (human 
gene name: POU5F1), an embryonic stem cell-characterized marker gene. Specifically, OCT-4/SOX2 in UC-MSC is closely related to maintaining 
the undifferentiated state of stem cells. Regulation via transcriptional controlling directed multi-lineage differentiation may have included roles 
in CEBPA gene family members, COL2A1/10A1, DLX5, OPN, OSX (lncRNA MALAT1 pairing), PPARG, RUNX2, SOX9, and Wnt gene family members, 
of epigenetic mechanisms involving ASH1L, EHMT1/ESET, HDAC1/6/8, KDM4B/6A/6B, or SIRT1/2. Some sorts of exosomes (such as enriched 
with lncRNA RUNX2-AS1 pairing derived from UC-MSC cell types towards osteogenic differentiation) are particularly useful in the clinical setting 
as hoped for microenvironment-based targeting of cardiomyocytes, chondrocytes, endothelial cells, germ cells, hepatocytes, neural cells (including 
glial cells), osteoblasts, skeletal muscle cells, or tumor cells. In addition, application of MSC may possess strong phenotypic plasticity and particularly 
low immunogenicity
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cell therapy may be one particularly effective outcome-
improving strategies in PD-NMS treatment at their early 
PD/pre-PD stages via cell replacement or vascular mech-
anisms. Underlying PD-NMS such as depression and 
neuroimmune modulation can be accompanied along-
side the host microenvironmental improvement by mes-
enchymal stromal cell (including exosome) biotherapy 
within the brain of PD conditions of disrupted neuronal 
connections and vascular homeostasis. Consequently, 
neuro-replacing and vascular component repairs are 
expected as linked between objectives and the perfor-
mance of its beneficial effects.
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BDNF  Brain-derived neurotrophic factor
CBT  Cognitive-behavioral therapy
CUMS  Chronic unpredictable mild stress
HAM-A  The Hamilton Anxiety Rating Scale
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HSPC  Hematopoietic stem and progenitor cell
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MDS  International Parkinson and Movement Disorder Society
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Fig. 3 Biotherapeutic disease-modifying treatment. The specific PD-NMS treatment outcome evaluation is included in the 2011 and 2019 
guidelines of the International Parkinson’s Disease and Movement Disorders Society (www. movem entdi sorde rs. org), providing their optimized, 
recommended, and standardized treatment strategic issues. It has been performed based on the clinical significance, the effectiveness, 
and the safety, for any random trials on large cohort of PD-NMS intervention candidates only. By number, PD becomes the second most common 
progressive neurodegenerative disease, demonstrated by a variety of pathological features with the progressive cellular loss for substantia nigra 
dopaminergic neurons and by an appearance of neurotoxic Lewy bodies. To our knowledge, whether precise neuronal cell replacement strategies 
may halt the disease progress/delay the PD symptoms remains unproved. In addition to the typical manifestations with PD motor symptoms, 
there is, more devastating if untreated, a wider range of NMS to be managed [83]. Since that occurrence usually lasts over years, all together, PD 
and related symptoms can bring huge costs and problems. There are major impacts on patient families, hospitalization/nursing cost, and challenge 
to the clinical management [84]. It is critical for identifying an early PD/pre-PD stage with PD-NMS considering diagnosis/treatment. PD-NMS with/
without symptomatic comorbidities usually involve larger individual differences and wider spectrum from lack of specificity. Those symptoms 
are potentially driven by underlying disease processes rather than coping with PD. Fundamental to PD-NMS, many of which begin prior to motor 
deficits, the pathological feature distinctly involves non-dopaminergic processes. Current PD treatments against both its motor symptoms 
and PD-NMS as well as considerations for an effective recognition of PD-NMS management are referenced in the “Chinese Parkinson’s Disease 
Treatment Guidelines,” [85] recently updated with the fourth edition

http://www.movementdisorders.org
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REM  Rapid-eye movement
SCF  Stem cell factor
UC  Umbilical cord or umbilical cord derived
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Acknowledgements
The initial work was supported by the Neurology Department of Capital Medi-
cal University. We would like to acknowledge Dr. Jianxiang Zhong (University 
of Maryland School of Medicine) for his valuable technical support. We also 
thank Bin Jiang, Xianjin Zhu, and Qi Liu in the Department of Neurology at 
Beijing Friendship Hospital. The CtrLyin Group with the Fax no. +1 912-590-
0223 is the lead contact and is one of the corresponding authors.

Authors’ contributions
JS and ZW wrote the first draft of the manuscript. WZ, XS, JL, FJ, SW, and HL 
edited the manuscript. JS, ZW, YZ, and HT wrote the manuscript. All authors 
contributed to the article and approved the submitted version.

Authors’ information
H. T.: The concept of the review was primarily based on one study from our pre-
viously registered ones in patients with PD. She was the first point of contact 
and the principal investigator for research and the clinical trial (NCT04871464) 
at Beijing Friendship Hospital Center for Neurological Disorders.

Funding
This study is supported by the National Natural Science Foundation of China (grant 
81801334 to J. S., 818201080/81500989/81671191/81771235 to Y. Z., 82071257 to H. 
T.). The authors declare that all sources of funding received for the research reported 
have been identified. The roles of the funding body do not involve the design of the 
study and collection, analysis, interpretation of data, or writing of the manuscript.

Availability of data and materials
Data sharing is not applicable to this article as no dataset has been generated or 
analyzed during the current study. For any shared data potentially from publicly 
accessible resources, please use the lead contact on information request for the 
CtrLyin Group by fax (no. + 1 912–590-0223) or email at WeiZZ@ctrlyin.org (Z. W.).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 11 November 2022   Accepted: 30 July 2023

References
 1. Seppi K, et al. Update on treatments for nonmotor symptoms of Parkinson’s 

disease—an evidence-based medicine review. Mov Disord. 2019;34(2):180–98.
 2. Rutten S, et al. Anxiety in Parkinson’s disease: symptom dimensions 

and overlap with depression and autonomic failure. Parkinsonism Relat 
Disord. 2015;21(3):189–93.

 3. Gravitz L. The promise and potential of stem cells in Parkinson’s disease. 
Nature. 2021;597(7878):8–10.

 4. Dag A, et al. Parkinson disease-associated cognitive impairment (primer). 
Nat Rev: Dis Primers. 2021;7(1):47.

 5. Zhang Y, et al. Modulation of stem cells as therapeutics for severe mental 
disorders and cognitive impairments. Front Psych. 2020;11:80.

 6. Mendes Filho D, et al. Therapy with mesenchymal stem cells in Parkinson 
disease: history and perspectives. Neurologist. 2018;23(4):141–7.

 7. Artusi CA, Lopiano L, Morgante F. Deep brain stimulation selection criteria for 
Parkinson’s disease: time to go beyond CAPSIT-PD. J Clin Med. 2020;9(12):3931.

 8. Salim S, Banu A, Mohammad F. Gut microbiome and Parkinson’s disease: 
perspective on pathogenesis and treatment. J Adv Res. 2022.

 9. Chau MJ, et al. Using a transection paradigm to enhance the repair 
mechanisms of an investigational human cell therapy. Cell Transplant. 
2022;31:09636897221123515.

 10. Hamidianjahromi A and Tritos NA. Impulse control disorders in hyperpro-
lactinemic patients on dopamine agonist therapy. Rev Endocrine Metab 
Disord. 2022;23:1–11.

 11. Garcia-Arranz M, et al. Two phase I/II clinical trials for the treatment of 
urinary incontinence with autologous mesenchymal stem cells. Stem 
Cells Transl Med. 2020;9(12):1500–8.

 12. Du Y, et al. Probiotics for constipation and gut microbiota in Parkinson’s 
disease. Parkinsonism Relat Disord. 2022;103:92–7.

 13. Standlee J, and Malkani R. Sleep dysfunction in movement disorders: a 
window to the disease biology. Curr Neurol Neurosci Rep. 2022:1–12.

 14. Zhang F, et al. Rapid eye movement sleep behavior disorder and neuro-
degenerative diseases: an update. Aging Dis. 2020;11(2):315.

 15. Wei ZZ, et al. Current status and the need for acute and chronic modula-
tion of brain circuits as interventions in neurological and psychiatric 
disorders. Front Hum Neurosci. 2022;16:927382.

 16. Lu Y, et al. A new tool for rapid assessment of acute exercise-induced 
fatigue. Front Hum Neurosci. 2022;16:856432.

 17. Kostić VS, Tomić A, Ječmenica Lukić M. The pathophysiology of fatigue 
in Parkinson’s disease and its pragmatic management. Mov Disord Clin 
Pract. 2016;3(4):323–330.

 18. Hoang DM, et al. Stem cell-based therapy for human diseases. Signal 
Transduct Target Ther. 2022;7(1):1–41.

 19. Lanzoni G, et al. Umbilical cord-derived mesenchymal stem cells for 
COVID-19 patients with acute respiratory distress syndrome (ARDS). 
CellR4 Repair Replace Regen Reprogram. 2020;8:e2839.

 20. Kim S, et al. Combination of MSC spheroids wrapped within autologous 
composite sheet dually protects against immune rejection and enhances 
stem cell transplantation efficacy. Tissue Cell. 2018;53:93–103.

 21. Luo M, et al. Transplantation of NSCs promotes the recovery of cognitive 
functions by regulating neurotransmitters in rats with traumatic brain 
injury. Neurochem Res. 2019;44(12):2765–75.

 22. Pagano G, et al. Trial of prasinezumab in early-stage Parkinson’s disease. N 
Engl J Med. 2022;387(5):421–32.

 23. Hiller BM, et al. Optimizing maturity and dose of iPSC-derived dopamine 
progenitor cell therapy for Parkinson’s disease. NPJ Regenerative medi-
cine. 2022;7(1):1–15.

 24. Li W, et al. Extensive graft-derived dopaminergic innervation is main-
tained 24 years after transplantation in the degenerating parkinsonian 
brain. Proc Natl Acad Sci. 2016;113(23):6544–9.

 25. Wile DJ, et al. Serotonin transporter binding and motor onset of Parkin-
son’s disease in asymptomatic LRRK2 mutation carriers: a cross-sectional 
study. Lancet Neurol. 2017;16(5):351.

 26. Yu L et al. Gene profiles in the early stage of neuronal differentiation of 
mouse bone marrow stromal cells induced by basic fibroblast growth 
factor. Stem Cells Int. 2020;2020:8857057.

 27. Wang Y et al. Curcumin-activated mesenchymal stem cells derived from 
human umbilical cord and their effects on MPTP-mouse model of Parkin-
son’s disease: a new biological therapy for Parkinson’s disease. Stem Cells 
Int. 2020;2020:4636397.

 28. Cho MS, et al. Highly efficient and large-scale generation of functional 
dopamine neurons from human embryonic stem cells. Proc Natl Acad 
Sci. 2008;105(9):3392–7.

 29. Cerri S, et al. Intracarotid infusion of mesenchymal stem cells in an 
animal model of Parkinson’s disease, focusing on cell distribution 
and neuroprotective and behavioral effects. Stem Cells Transl Med. 
2015;4(9):1073–85.

 30. Tsai RY. Creating a graft-friendly environment for stem cells in diseased 
brains. J Clin Investig. 2018;128(1):116–9.

 31. Stacey GN, Hao J. Biobanking of human pluripotent stem cells in China. 
Cell Prolif. 2022;55(7): e13180.

 32. Wang X, et al. The lentiviral-mediated Nurr1 genetic engineering mes-
enchymal stem cells protect dopaminergic neurons in a rat model of 
Parkinson’s disease. Am J Translat Res. 2018;10(6):1583.

 33. Lei T, et al. Human gingival mesenchymal stem cells improve move-
ment disorders and tyrosine hydroxylase neuronal damage in Parkinson 
disease rats. Cytotherapy. 2022;24(11):1105–20.



Page 15 of 15Sun et al. Chinese Neurosurgical Journal            (2023) 9:28  

 34. Yu S, et al. NanoCsA improves the survival of human iPSC transplant in 
hemiparkinsonian rats. Brain Res. 2019;1719:124–32.

 35. Turac G, Duruksu G, Karaoz E. The effect of recombinant tyrosine hydroxy-
lase expression on the neurogenic differentiation potency of mesenchy-
mal stem cells. Neurospine. 2018;15(1):42.

 36. Yao Y, et al. Combined MSC-secreted factors and neural stem cell 
transplantation promote functional recovery of PD rats. Cell Transplant. 
2016;25(6):1101–13.

 37. Jalilian E, et al. Bone marrow mesenchymal stromal cells in a 3D system 
produce higher concentration of extracellular vesicles (EVs) with 
increased complexity and enhanced neuronal growth properties. Stem 
Cell Res Ther. 2022;13(1):1–13.

 38. Yuan X, et al. Strategies for improving adipose-derived stem cells for tis-
sue regeneration. Burns Trauma. 2022;10:tkac028.

 39. Mendez I, et al. Dopamine neurons implanted into people with Parkinson’s 
disease survive without pathology for 14 years. Nat Med. 2008;14(5):507–9.

 40. Li C, et al. RhoA determines lineage fate of mesenchymal stem cells by 
modulating CTGF–VEGF complex in extracellular matrix. Nat Commun. 
2016;7(1):1–15.

 41. Niu W, et al. Phenotypic reprogramming of striatal neurons into dopa-
minergic neuron-like cells in the adult mouse brain. Stem Cell Reports. 
2018;11(5):1156–70.

 42. Shen LH, Li Y, Chopp M. Astrocytic endogenous glial cell derived neu-
rotrophic factor production is enhanced by bone marrow stromal cell 
transplantation in the ischemic boundary zone after stroke in adult rats. 
Glia. 2010;58(9):1074–81.

 43. Nagatsu T, Sawada M. Inflammatory process in Parkinson’s disease: role 
for cytokines. Curr Pharm Des. 2005;11(8):999–1016.

 44. Mendicino M, et al. MSC-based product characterization for clinical trials: 
an FDA perspective. Cell Stem Cell. 2014;14(2):141–5.

 45. He J, et al. Genetic variability of human papillomavirus type 39 based on 
E6, E7 and L1 genes in Southwest China. Virol J. 2021;18:1–16.

 46. Wang Y, et al. Human clinical-grade parthenogenetic ESC-derived dopa-
minergic neurons recover locomotive defects of nonhuman primate 
models of Parkinson’s disease. Stem cell reports. 2018;11(1):171–82.

 47. Van Roessel P, and Brand AH. Imaging into the future: visualizing gene 
expression and protein interactions with fluorescent proteins. Nat Cell 
Biol. 2002;4(1):E15–20.

 48. Yan Z, et al. Neurotrophin-3 promotes the neuronal differentiation of 
BMSCs and improves cognitive function in a rat model of Alzheimer’s 
disease. Front Cell Neurosci. 2021;15:18.

 49. Alvarez F, et al. Mechanisms of TREG cell adaptation to inflammation. J 
Leukoc Biol. 2020;108(2):559–71.

 50. Wijeyekoon RS, et al. Cerebrospinal fluid cytokines and neurodegeneration-
associated proteins in Parkinson’s disease. Mov Disord. 2020;35(6):1062–6.

 51. Zhuang Z, et al. Exosomes derived from bone marrow mesenchymal stem 
cells attenuate neurological damage in traumatic brain injury by alleviat-
ing glutamate-mediated excitotoxicity. Exp Neurol. 2022;357: 114182.

 52. Li Z, et al. A reactive oxygen species-responsive hydrogel encapsulated 
with bone marrow derived stem cells promotes repair and regeneration 
of spinal cord injury. Bioactive Mater. 2023;19:550–68.

 53. Banimohamad-shotorbani B, et al. DNA damage repair response in mes-
enchymal stromal cells: from cellular senescence and aging to apoptosis 
and differentiation ability. Ageing Res Rev. 2020;62:101125.

 54. Xue C, et al. MSC-derived exosomes can enhance the angiogenesis of 
human brain MECs and show therapeutic potential in a mouse model of 
Parkinson’s disease. Aging Dis. 2021;12:1211–22.

 55. Moloney TC, et al. Fibrin as a scaffold for delivery of GDNF overexpressing 
stem cells to the adult rat brain. ACS Biomater Sci Eng. 2015;1(7):559–66.

 56. Choi HS, et al. Therapeutic potentials of human adipose-derived stem cells on 
the mouse model of Parkinson’s disease. Neurobiol Aging. 2015;36(10):2885–92.

 57. Angelova PR, et al. Mitochondrial dysfunction in Parkinsonian mesenchy-
mal stem cells impairs differentiation. Redox Biol. 2018;14:474–84.

 58. He J, et al. The polymorphism analysis and epitope predicted of Alpha-
papillomavirus 9 E6 in Sichuan, China. Virol J. 2022;19(1):14.

 59. Zhao Y, et al. Glial cell-based vascular mechanisms and transplantation 
therapies in brain vessel and neurodegenerative diseases. Front Cell 
Neurosci. 2021;15:627682.

 60. Sun J, et al. Intranasal delivery of hypoxia-preconditioned bone marrow-
derived mesenchymal stem cells enhanced regenerative effects after 
intracerebral hemorrhagic stroke in mice. Exp Neurol. 2015;272:78–87.

 61. Sandsmark DK, et al. Cerebral microvascular injury: a potentially treatable 
endophenotype of traumatic brain injury-induced neurodegeneration. 
Neuron. 2019;103(3):367–79.

 62. Banay RF, et al. Greenness and depression incidence among older 
women. Environ Health Perspect. 2019;127(2): 027001.

 63. Zhang Y, et al. Global topology alteration of the brain functional network 
affects the 8-week antidepressant response in major depressive disorder. 
J Affect Disord. 2021;294:491–6.

 64. Boika A, et al. Mesenchymal stem cells in Parkinson’s disease: motor and 
nonmotor symptoms in the early posttransplant period. Surg Neurol Int. 
2020;11:380.

 65. Yau SY, et al. Physical exercise-induced hippocampal neurogenesis 
and antidepressant effects are mediated by the adipocyte hormone 
adiponectin. Proc Natl Acad Sci. 2014;111(44):15810–5.

 66. Katsuki A, et al. Structural changes in hippocampal subfields in patients 
with continuous remission of drug-naive major depressive disorder. Int J 
Mol Sci. 2020;21(9):3032.

 67. Chan SW, et al. Hippocampal volume in vulnerability and resilience to 
depression. J Affect Disord. 2016;189:199–202.

 68. Houser CR, et al. Mossy cells in the dorsal and ventral dentate gyrus differ 
in their patterns of axonal projections. J Neurosci. 2021;41(5):991–1004.

 69. Menard C, et al. Social stress induces neurovascular pathology promoting 
depression. Nat Neurosci. 2017;20(12):1752–60.

 70. Chun Li Y, et al. Paeoniflorin ameliorates depressive-like behavior in 
prenatally stressed offspring by restoring the HPA axis-and glucocorticoid 
receptor-associated dysfunction. J Affect Disord. 2020;274:471–81.

 71. Zhao J, et al. Metabolomic identification of biochemical changes induced 
by fluoxetine and imipramine in a chronic mild stress mouse model of 
depression. Sci Rep. 2015;5(1):1–8.

 72. Levy O, et al. Shattering barriers toward clinically meaningful MSC thera-
pies. Sci Adv. 2020;6(30):eaba6884.

 73. Neal EG, et al. Regulatory T-cells within bone marrow-derived stem cells 
actively confer immunomodulatory and neuroprotective effects against 
stroke. J Cereb Blood Flow Metab. 2019;39(9):1750–8.

 74. Purvis EM, et al. Tissue engineering and biomaterial strategies to 
elicit endogenous neuronal replacement in the brain. Front Neurol. 
2020;11:344.

 75. Ren H, et al. Nrf2-BDNF-TrkB pathway contributes to cortical hemor-
rhage-induced depression, but not sex differences. J Cereb Blood Flow 
Metab. 2021;41:3288–301.

 76. Chen C, et al. A study of antidepressant effect and mechanism on intra-
nasal delivery of BDNF-HA2TAT/AAV to rats with post-stroke depression. 
Neuropsychiatr Dis Treat. 2020;16:637.

 77. Wei L, et al. Stem cell transplantation therapy for multifaceted therapeu-
tic benefits after stroke. Prog Neurobiol. 2017;157:49–78.

 78. Monteiro S, et al. An efficient chronic unpredictable stress protocol 
to induce stress-related responses in C57BL/6 mice. Front Psych. 
2015;6:6.

 79. Jiang Z, et al. BDNF-modified human umbilical cord mesenchymal stem 
cells-derived dopaminergic-like neurons improve rotation behavior of 
Parkinson’s disease rats through neuroprotection and anti-neuroinflam-
mation. Mol Cell Neurosci. 2022;123: 103784.

 80. Drucker-Colín R, Verdugo-Díaz L. Cell transplantation for Parkinson’s 
disease: present status. Cell Mol Neurobiol. 2004;24(3):301–16.

 81. Kunkanjanawan H, et al. A xeno-free strategy for derivation of human 
umbilical vein endothelial cells and Wharton’s jelly derived mesenchymal 
stromal cells: a feasibility study toward personal cell and vascular based 
therapy. Stem Cells Int. 2020;2020:8832052.

 82. Berglund AK, et al. Transforming growth factor-β2 downregulates major 
histocompatibility complex (MHC) I and MHC II surface expression on 
equine bone marrow-derived mesenchymal stem cells without altering 
other phenotypic cell surface markers. Front Vet Sci. 2017;4:84.

 83. Monchi O, Hanganu A, Bellec P. Markers of cognitive decline in PD: the 
case for heterogeneity. Parkinsonism Relat Disord. 2016;24:8–14.

 84. Yang W, et al. Current and projected future economic burden of Parkin-
son’s disease in the US. npj Parkinson’s Dis. 2020;6(1):1–9.

 85. Chen S, et al. The recommendations of Chinese Parkinson’s disease and 
movement disorder society consensus on therapeutic management of 
Parkinson’s disease. Translat Neurodegen. 2016;5(1):1–12.


	Mesenchymal stromal cell biotherapy for Parkinson’s disease premotor symptoms
	Abstract 
	Background
	PD-associated non-motor symptoms (PD-NMS), symptomatic relief, and medications
	Stem cell transplantation, motor improvement, and therapeutic strategy
	PD mechanisms, biotherapeutic microenvironment, and targets
	Psychological pre-PDPD-NMS, hippocampal involvement, and interventions

	Discussion
	Conclusions
	Acknowledgements
	References


