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Abstract: Introduction: The present study aimed to assess alterations in apoptosis rate, Golgi morphology and
GOLPH3 expression following intracerebral hemorrhage (ICH) both before and after intervention with OM-MSCs. The
objective was to investigate the impact of ICH on Golgi apparatus (GA) stress and to explore the potential protective
effects of OM-MSCs on GA following ICH. Material and methods: A total of 54 Sprague-Dawley rats were allocated
into three experimental groups: sham operation group, ICH group and OM-MSCs group. ICH models were estab-
lished by collagenase method while OM-MSCs were cultured in vitro. In OM-MSCs intervention group, one million
OM-MSCs were stereotactically injected into unilateral striatum of rats 48 hours after ICH modeling while other two
groups received an equivalent volume of PBS. Brain tissues were collected at 1 day, 3 day and 7 day post interven-
tion and subsequently assessed for cellular apoptosis, morphological change of GA and expression of GOLPH3.
The obtained data were subjected to statistical analysis by SPSS 21.0. Results: 1. Apoptosis rate in the 1 d and 3 d
ICH groups was significantly higher compared to sham operation group (P < 0.05), but significantly lower compared
to OM-MSCs intervention group (P < 0.05). 2. While no noticeable morphological changes were observed in sham
operation group, GA in ICH group exhibited a significant increase fragmentation. After OM-MSCs intervention, the
fragmentation of GA decreased significantly. 3. On 3 d, expression of GOLPH3 in ICH group was significantly higher
than that in sham operation group (P < 0.05) but significantly lower than that of OM-MSCs intervention group (P
< 0.05). Conclusions: The rate of apoptosis, fragmentation of GA, and expression of GOLPH3 exhibited significant
increases following ICH in SD rats. Conversely, all of these factors demonstrated significant decreases subsequent
to early intervention with OM-MSCs, thereby exerting neuroprotective effects.

Keywords: Intracerebral hemorrhage, olfactory mucosa mesenchymal stem cells, GOLPH3, Golgi apparatus stress
(GAS), apoptosis, neuroprotection

Introduction

Intracerebral hemorrhage (ICH) is defined as
the primary non-traumatic intraparenchymal
hemorrhage, constituting approximately 10-
30% of all stroke cases globally [1, 2]. It is con-
sidered one of the most severe cerebrovascu-
lar diseases due to its high morbidity, mortality,
and disability rates [3, 4]. The pathogenesis of

acute ICH encompasses two main aspects: pri-
mary brain injury and secondary brain injury.
Primary injury occurs within the first few hours
after ICH and involves the mass effect of the
hematoma as well as sequential mechanical
damage to adjacent brain tissue. Secondary
brain injury, which is initiated by the primary
injury [5], involves a complex interplay of patho-
physiological processes such as inflammation,
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oxidative stress, blood-brain barrier disruption,
and apoptosis pathways [6, 7]. These process-
es play a crucial role in exacerbating the dis-
ease and leading to further deterioration [8]. As
a result, addressing secondary injury in the
acute stage after ICH and enhancing the long-
term prognosis of patients is a critical aspect of
ICH treatment, among which oxidative stress is
the key node.

Traditionally, mitochondria, the respiratory hub
of cells, have been considered to play a major
role in oxidative stress [9]. However, increasing
studies have shown that oxidative stress is a
comprehensive defense process. Mitochondria,
lysosome and endoplasmic reticulum have
been proved to be involved in oxidative stress
injury induced by cerebral ischemia/reperfu-
sion through their respective classical reac-
tions [10]. Similarly, the homeostasis structure
and physiological functions of Golgi apparatus
(GA) are also affected in process of oxidative
stress and undergo adaptive changes, collec-
tively referred to as ‘Golgi Apparatus stress
(GAS) [11]. GAS theory acknowledges that
stress signal can be sensed by GA, triggering
adaptive changes in structure and function
including the activation of genes that encoding
defensive enzymes, transcription factors and
structural proteins resulting in self-restoration
or, if the oxidative stress is too severe, GA frag-
mentation and even apoptosis [11]. GAS has
been confirmed in cerebral ischemia/reperfu-
sion models [12], suggesting a role in cellular
stress response. Additionally, local circulation
disorder, ischemia/hypoxia, and inflammatory
responses after ICH occur in the perihema-
toma region, leading to speculation that GAS
may also occur in cells adjacent to the hema-
toma and requires further investigation for
verification.

Previous studies have confirmed that Golgi
phosphphoprotein-3 (GOLPH3), known as the
‘sensor’ of GAS, is a stress-related protein of
GA [12]. GOLPH3 is abundant in mammalian
cells and is a new type of membrane protein
mainly located in the trans Golgi network. It
plays a pivotal role in maintaining the normal
structure and physiological function of GA.
When GOLPH3 is knocked out, GA loses ten-
sion and focuses on the lateral side of the
nucleus. In vitro studies using an oxyglucose
deprivation/reperfusion model have shown
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that the expression and location of GOLPH3 are
directly related to GAS. GOLPH3 can rapidly
transfer from GA to the cytoplasm in response
to oxidative stress, providing a dynamic reflec-
tion of the level of oxidative stress in neurons.
Moreover, under intense and continuous stress,
elevated GOLPH3 can further induce GA frag-
mentation and activate downstream autophagy
and apoptosis signals [13]. Therefore, measur-
ing the expression of GOLPH3 could verify the
existence of GAS after ICH and determine the
intracellular stress level.

Although the pathophysiological mechanisms
for brain injury after ICH have been well inves-
tigated and understood, the current focus of
ICH treatment predominantly centers on miti-
gating primary mechanical injury and prevent-
ing secondary hemorrhage [14] and edema for-
mation. Such interventions include surgical
measures, dehydration, blood pressure control
[15], infection prevention, and rehabilitation
[16]. However, these strategies have shown lim-
ited curative efficacy [17, 18]. Consequently,
there is an urgent clinical need to identify effec-
tive treatments capable of counteracting ICH-
induced injuries. Mesenchymal stem cell (MSC)
therapy has emerged as a promising treatment
avenue with substantial potential for clinical
implementation [19], sparking significant inter-
est among researchers. Notably, a growing
body of evidence in recent years has bolstered
the understanding that the paracrine effect
[20] plays a pivotal role in the therapeutic
mechanism of MSCs, exerting anti-inflamma-
tory, antioxidant, and anti-apoptotic effects
[21-23].

Olfactory mesenchymal stem cells (OM-MSCs),
also known as Olfactory ectomesenchymal
stem cells (OE-MSCs) [24], derive their name
from the region where they were initially discov-
ered [25]. These cells are situated in the lamina
propria of the olfactory mucosa [26] and origi-
nate from the ectoderm, the same origin as the
nervous system. Additionally, they share similar
biological characteristics with MSCs originating
from the bone marrow, showing the ability to
differentiate into nerve cells, osteoblasts, adi-
pocytes, and other multidirectional cells under
specific induction conditions [27]. OM-MSCs
offer several advantages [28], including their
superior proliferation efficiency, ease of collec-
tion from the nasal mucosa, potential for autol-

Am J Stem Cells 2023;12(5):124-137



Protective effect of OM-MSCs on Golgi apparatus after ICH

ogous transplantation with no risk of immune
rejection, high safety with no gene mutation,
and absence of ethical concerns. Consequently,
they have become the ideal seed cells in tissue
engineering [29, 30]. Currently, 274 secreted
proteins have been identified in the secretome
of OM-MSC, which play essential roles in neuro-
nutrition, angiogenesis, cell growth and differ-
entiation, apoptosis, and inflammation. These
biological molecules are closely associated
with central nervous system repair [22].
However, there is a dearth of relevant studies
on the use of OM-MSCs in ICH models.
Consequently, it remains unclear whether
OM-MSCs could attenuate secondary brain
injury after ICH through their antioxidant effect.
Therefore, this study aims to comprehensively
verify these assumptions and explore the pro-
tective effects of OM-MSCs on secondary brain
injury after ICH in SD rats.

Material and methods
Acquisition of human OM-MSCs

The olfactory mucosa mesenchymal stem cells
(OM-MSCs) were isolated and purified using the
olfactory mucosa adherent method, as per the
protocol described in the studies by Lite Ge et
al. [27, 30]. Tissue blocks of olfactory mucosa
were harvested from nasal-healthy volunteers
after obtaining written informed consent and
approval from the ethics committee of Hunan
Normal University. The sampling area was
approximately 2 cm® near the surface interior
of the concha nasalis media, with the under-
standing that it would recover within one month
without impacting olfactory function. The tis-
sues underwent three rounds of decontamina-
tion washing with serum-free high-glucose
Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12; Invitrogen) and were
then placed in a specific petri dish containing
10% fetal bovine serum (FBS; Invitrogen) medi-
um DMEM/F-12. Following this, the tissues
were cut into small 1 mm?3 pieces. The tissue
blocks were then incubated in a Corning culture
bottle at 37°Cin 5% CO,, with continuous moni-
toring of cell growth and medium change con-
ducted every 3 days. Upon reaching 80% cover-
age of the culture bottle bottom, trypsin was
used for cell digestion and passage. Cells that
reached the 5th generation were collected for
transplantation.
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Animals

Healthy adult male Sprague-Dawley rats (aver-
age weight 250 g) were obtained from Slac
Laboratory Animal Co., Ltd. (Shanghai, China).
The animals were maintained under controlled
temperature of approximately 25°C and humid-
ity conditions of approximately 55% in a 12-
hour light/dark cycle. All procedures involving
animals strictly conformed to the Chinese legis-
lations involving animal protection and were
approved by the ethics committee of Hunan
Normal University.

Experimental groups and OM-MSCs interven-
tions

A total of 54 healthy male SD rats were ran-
domly divided into three major groups: sham
operation group, ICH group and OM-MSCs
intervention group, each comprising 18 rats.
Subsequently, each group was further catego-
rized into subgroups based on varying observa-
tion times post-intervention: 1 d sham opera-
tion group, 3 d sham operation group, 7 d sham
operation group, 1 d ICH group, 3 d ICH group,
7 d ICH group, 1 d OM-MSCs intervention gro-
up, 3 d OM-MSCs intervention group, and 7 d
OM-MSCs intervention group, with 6 rats in
each subgroup (n=6). The ICH model of SD rats
was established using the collagenase method
[30], while the sham operation group under-
went stereotactic injection of an equivalent vol-
ume of sterile saline. In contrast, the OM-MSCs
intervention group received a stereotaxic injec-
tion of OM-MSCs suspension 48 hours after
the establishment of the ICH model, while the
other two groups were injected with phosphate
buffer solution (PBS) at the same time point.
Subsequently, rats from all three groups were
decapitated at 1 d, 3 d and 7 d after the inter-
vention, to prepare specimens for further
analysis.

ICH model

ICH model in rats was induced by collagenase
type IV [31, 32]. 10% chloral hydrate (3 ml/kg)
was used for intraperitoneal injection to anes-
thetize the rats. The animals were placed on
the operation platform of rat brain stereotactic
apparatus and under aseptic condition. Then,
the skull and bregma were exposed by a mid-
line incision on the scalp and a cranial burr hole
with a diameter of 1 mm was drilled in the right

Am J Stem Cells 2023;12(5):124-137



Protective effect of OM-MSCs on Golgi apparatus after ICH

part of the brain. Target injection point was situ-
ated on the right striatum with coordinates 0.2
mm anterior and 3.0 mm lateral to bregma and
6.0 mm below the surface. A 10-ul microsyrin-
ge with a needle tip was inserted stereotacti-
cally through the burr hole and into the right
striatum. Collagenase type IV (0.3 U in 2 yl ster-
ile normal saline; Sigma-Aldrich, St. Louis, MO)
was administered over a period of 10 min via
stereotaxic intrastriatal injection. The needle
was kept in situ after the injection for another 5
minutes before slow withdraw in case of back-
flow. The burr hole was sealed with medical
bone wax and the scalp was sutured after
disinfection. After the animals wake up (aver-
age time 2 hours), Zea Longa 5-grade scale
[33] was used to determine whether the mo-
deling was successful. When neurological defi-
cits of rats was more than 2 points, the model
was considered to be successful. Those who
died, had subarachnoid hemorrhage or scored
less than 2 points were excluded from the
experiment.

Transplantation of OM-MSCs

Stereotactic intracerebral transplantation was
administrated in this study [34, 35]. 48 hours
after establishment of ICH model, rats in
OM-MSCs intervention group was anesthetized
and undergone same procedure of ICH model-
ing except the part where 10-uyl OM-MSCs sus-
pension (1x10% OM-MSCs) was injected slowly
by microsyringe at a speed of 1 ul/min though
the original burr hole reaching depth 5.0 mm
below the surface. Rats in sham operation
group and ICH group were injected with equiva-
lent amount of PBS at the same site.

Preparation of paraffin-embedded sections

After abdominal anesthesia with 10% chloral
hydrate (3 ml/kg), the rats were swiftly decapi-
tated and their brains were immediately
immersed with 4% paraformaldehyde solution
and postfixed at 4°C for at least 24 hours. After
dehydration and vitrification, tissue samples
were embedded in paraffin, and 5-um sections
were prepared. The sections were then de-
waxed in xylene, rehydrated in graded ethanol
and deionized water, and then processed for
hematoxylin & eosin staining, TdT-mediated
dUTP Nick-End Labeling (TUNEL) staining and
immunofluorescence.

127

Hematoxylin and eosin staining

Coronal brain sections (5 um thickness, paraf-
fin embedded) were prepared as mentioned
above and next stained with eosin for 10 sec-
onds followed by hematoxylin restaining for 5
minutes. After dehydrated in graded ethanol
and cleared in xylene, slides were mounted by
neutral balsam. Images were obtained by the
usage of a microscope (Olympus, Tokyo, Japan).

TUNEL staining

Coronal paraffin-embedded 5 um thickness
brain sections were prepared as mentioned
above, and apoptotic cells were determined
with TUNEL staining using TUNEL Apoptosis
Detection Kit (Yeasen Biotech Co., Ltd.) as indi-
cated in the manufacturer’s instructions. The
number of TUNEL-positive cells was determined
at high magnification (x400 maghnification) and
was measured in eight hemorrhage boundary
zones in four different slices of the ipsilateral
hemisphere for each animal. It was also count-
ed and analyzed by two investigators blinded to
the grouping.

Immunofluorescence staining

Coronal paraffin-embedded sections were pre-
pared as described previously. Briefly, after
dewaxing and hydration procedures, brain sec-
tions were heated in a microwave oven for 25
minutes in ethylene diamine tetra-acetic acid
(EDTA) buffer solution (pH 9.0) for antigen
retrieval and blocked by 5% bovine serum albu-
min (BSA) for 60 minutes. Then, sections were
incubated overnight at 4°C with primary anti-
bodies: anti-GM130 (610822, 1:100, BD, USA)
and anti-GOLPH3 (ab98023, 1:50, Abcam,
Cambridge, MA), and with appropriate second-
ary antibodies for 90 minutes at room tempera-
ture in the dark. Next, the sections were rinsed
and stained with 4’,6-diamidino-2-phenylindole
(DAPI) for 10 minutes and mounted with glyc-
erol. Changes of GA morphology were finally
observed by using a fluorescence microscope
(Motic, China).

Western blotting

Proteins for Western blot were harvested by
radio-immunoprecipitation assay (RIPA) lysis
buffer from brain tissues surrounding the
hematoma. Detail procedures of Western blot
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200uM

Figure 1. The 3rd generation OM-MSCs (x40). The
morphology of OM-MSCs tended to show a typical
parallel or swirling growth pattern.

were described previously [36, 37]. In short,
proteins separated by sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) were trans-
ferred to nitrocellulose membranes in an elec-
tromagnetic field. Next, membranes were
blocked by 5% nonfat milk in Phosphate-
buffered saline-Tween 20 (PBST) for 90 min-
utes and probed at 4°C overnight with primary
antibodies: anti-GOLPH3 (ab98023, 1 ug/ml,
Abcam, Cambridge, MA) and B-actin (66009-1-
Ig, 1:5000, Proteintech, USA) serving as the
internal control. After undergoing repeated
washes with PBST, membranes were incubated
with secondary antibody under room tempera-
ture for 90 minutes. The protein band densities
were detected using X-ray film and quantified
using Imagel) software (National Institutes of
Health, Baltimore, MD). To facilitate compari-
sons between the groups, the band density val-
ues were normalized to the mean value of the
control group.

Quantitative and statistical analysis

For quantitation, fragmented Golgi was defined
as scattered dots (not connected) in the peri-
nuclear region or multiple mini-Golgi (isolated
dots) dissociated from the major GA [38, 39].
Quantification was performed using more than
300 cells per experiment. The experimental
data were analyzed using SPSS21.0 software
package, and each experiment was repeated
for at least 3 times. Data were expressed as
mean + SEM and plots were drawn by Graph-
Pad Prism 8 software (Graph-Pad Software,
Inc., San Diego, CA). One-way analysis of vari-
ance followed by least significant difference
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tests was used to compare differences among
multiple groups. If data were unequal, Dun-
nett’s T3 tests were taken into consideration.
Differences were determined as significant
when P < 0.05.

Results
Survival of animals

Out of the initial 18 SD rats in the sham opera-
tion group, all 18 successfully survived. For the
ICH modeling experiment, a total of 46 rats
were initially involved, but 7 rats were later
excluded due to either death, subarachnoid
hemorrhage, or neurological deficits scores
less than 2 points. From the remaining 39
rats, 18 were allocated to the ICH group.
Additionally, out of the remaining 21 rats desig-
nated for the OM-MSCs intervention group, 3
were excluded due to mortality following intra-
cerebral transplantation during the subsequent
observation period.

Isolation and culture of OM-MSCs

After 1 day, the tissue blocks typically adhere to
the wall, and the majority of cells migrate out
within 7-8 days. The cells exhibit characteristic
morphological features of mesenchymal stem
cells (MSCs), such as elongated fusiform, spin-
dle, or polygonal shapes. Upon culturing the
primary cells for 14 days, they could achieve
80% confluence for passage. Following pas-
sage, the growth rate was enhanced, enabling
passage approximately every 2-3 days, with the
potential for over 10 passages. By the third
generation, the cells demonstrated high purity
and tended to exhibit consistent morphology,
characterized by typical parallel or swirling
growth arrangement of MSCs (Figure 1).
Subsequent transmission to the fifth genera-
tion yielded highly pure OM-MSCs.

OM-MSCs ameliorate brain tissue swelling and
inflammatory infiltration after ICH by intracere-
bral administration

The histopathological morphology around the
hematoma following ICH in SD rats was
observed using HE staining and a light micro-
scope (Figure 2). The tissue structure of the
right striatum, corresponding to the hematoma
area of the ICH group in the sham operation
group, exhibited complete integrity with normal
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Sham ICH

obviously, accompanied by glial cell proliferation.

neurons and glial cells visible. No significant
differences were observed at different time
points, and there was no evidence of inflamma-
tory cell infiltration. However, in the ICH group,
bleeding foci and diffuse distribution of red
blood cells were apparent, along with neuronal
and glial cell swelling, fuzzy nuclear structure,
necrosis of some nuclei, widened cell and peri-
vascular space, tissue loosening and swelling,
and significant inflammatory cell infiltration.
Conversely, in the OM-MSCs intervention group,
an improvement in the perihematoma area was
observed with reduced tissue swelling and
inflammatory infiltration, as well as structural
integrity and enhanced glial cell proliferation in
comparison to the ICH group.

OM-MSCs stereotactic transplantation de-
creased apoptosis rate after ICH

The effects of OM-MSCs transplantation after
ICH were investigated by detecting cell apopto-
sis using the TUNEL Apoptosis Detection Kit in
the ICH rat model. Figure 3 illustrates that the
ICH group exhibited a higher number of TUNEL-
positive cells and a significantly increased cell
apoptotic rate in the perihematomal area on 1
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Figure 2. Hematoxylin and eosin staining in three groups at different time
points. Sham: sham operation group, ICH: ICH group, OM-MSCs intervention
group. Compared with sham operation group, bleeding foci and diffuse dis-
tribution of red blood cells, swelling of neurons and glial cells, fuzzy nuclear
structure and necrosis of some nuclei were visible accompanied by inflam-
matory cell infiltration in ICH group. After OM-MSCs administration, tissue
swelling, inflammatory infiltration and integrity of structure were improved

d and 3 d, compared with the
sham operation group (P <
0.05 vs. sham). Notably, the
intervention with OM-MSCs
resulted in a reduced number
of TUNEL-positive cells, and
the cell apoptotic rate was
significantly downregulated in
the perihematomal area on 1
d and 3 d, compared with the
ICH group (P < 0.05 vs. ICH).

OM-MSCs reduced GA frag-
mentation after ICH by ste-
reotactic administration

In this study, GA morphology
was examined using immuno-
fluorescence confocal obser-
vation of GOLPH3 and the
GA specific marker protein-
GM130 (Figure 4). Significant
fragmentation of GA was
observed in the ICH group in
comparison with the sham
operation group in the brain
tissue adjacent to the hema-
toma at 1 d, 3 d, and 7 d. Conversely, in the
OM-MSCs intervention group, the structure of
GA was visibly maintained, and GA fragmenta-
tion was significantly reduced compared with
the ICH group around the bleeding area at 1 d
and 3 d. It was noteworthy that the green fluo-
rescence of the GA stress protein GOLPH3 and
the red fluorescence of the GA specific marker
protein GM130 were clearly overlapped in each
group. These findings collectively indicate that
GOLPH3 plays a role in GA stress and contrib-
utes to maintaining the structure of GA in the
secondary brain injury following ICH.

OM-MSCs administration decreased expres-
sion of GOLPH3 after ICH

GOLPH3, a stress-related protein of GA, is
known to play a crucial role in GAS. Western
blot analysis (Figure 5) demonstrated a signifi-
cant upregulation of GOLPH3 expression at 3 d
and 7 d post-ICH compared to the Sham group
(P < 0.05 vs. Sham). Remarkably, administra-
tion of OM-MSCs resulted in a notable inhibi-
tion of the ICH-induced upregulation of GOLPH3
on the 3rd day (P < 0.05 vs. ICH), suggesting
the involvement of GAS in this process.
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Figure 3. Apoptosis rate (A) and TUNEL staining (B) in three groups at differ-
ent time points. ICH group exhibited an increased number of TUNEL-positive
cells and cell apoptotic rate was significantly upregulated compared with
sham operation group on 1 d, 3 d. OM-MSCs intervention demonstrated a
decreased number of TUNEL-positive cells and cell apoptotic rate was sig-
nificantly down-regulated compared with ICH group on 1 d, 3 d. Sham: sham
operation group, ICH: ICH group, OM-MSCs intervention group. #P < 0.05 ICH
versus Sham, *P < 0.05 OM-MSCs versus ICH. Representative microphoto-
graphs displayed the colocalization of DAPI (blue) with TUNEL (green) posi-
tive cells in the perihematomal areas. DAPI: 4’6-diamidino-2-phenylindole,

TUNEL: TdT-mediated dUTP Nick-End labeling.

Discussion

In this study, we conducted a preliminary inves-
tigation into the protective effect of OM-MSCs
on GA in ICH rats. Our observations indicate
that the stereotactic transplantation of OM-
MSCs after ICH results in a significant protec-
tive impact, as evidenced by the decrease in
apoptosis, reduction in GA fragmentation, and
inhibition of GOLPH3 expression in the perihe-
matomal areas. These findings represent a
novel demonstration of the neuroprotective
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effects of OM-MSCs on GA in
a rat ICH model. As such, our

El Sham

= ICH resultssugggstthatOM-MSCs
transplantation holds prom-

=1 OM-MSCs

ise as a potential therapy for
mitigating early brain injury
following ICH.

Prior studies have demon-
strated significant enhance-
ment in the structure and
function of the brain following
ICH through the transplanta-
tion of various types of MSCs.
However, the optimal adminis-
tration time window, route,
and dosage of OM-MSCs for
therapy remain uncertain.
This critical issue necessi-
tates prioritized attention as
it has substantial implications
for successful treatment out-
comes. Majority of scholars
believe that MSCs transplan-
tation should be performed
early [40] after the occur-
rence of ICH to capitalize on
its neuropretective effects
[40-42] and to initiate the
commencement of endoge-
nous nerve restoration [43]
as early as possible. Con-
versely, some scholars argue
that the adverse effects of
factors such as hemorrhage,
toxic substances produced
by cell necrosis, inflammation
factors, and oxygenic free
radicals during the acute
phase may pose a hindrance
to the survival and prolifera-
tion of transplanted cells [44,
45]. In this sense, appropriate
delay of OM-MSCs transplantation was select-
ed in acute period, namely 48 h [46] after ICH
modeling in SD rats, in order to minimize
adverse effects and exert expected impacts.
The most common routes for successful trans-
plantation of MSCs include intracerebral [34],
intravenous [47], intra-arterial [48], intranasal
[49], intraventricular [50] and intrathecal
routes [51]. Among these, intravenous and
intracerebral routes are widely used. The intra-
venous route is favored for its minimal invasive-
ness and straightforward procedure, making it
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Figure 4. Immunofluorescence 1
d (A), 3d (B), 7 d (C) after inter-
vention (x1000) and (D) Quanti-
tation (mean + SEM) of (A-C) from
three independent experiments.
GA exhibited significant fragmen-
tation in ICH group in comparison
with sham operation group on
1d, 3 dand 7 d. Remarkably,
structure of GA in OM-MSCs inter-
vention group was visibly main-
tained and GA fragmentation
was distinctly reduced compared
with ICH group on 1 d and 3 d.
S: sham operation group, H: ICH
group, I: OM-MSCs intervention
group, same as below. #P < 0.05
ICH versus Sham, *P < 0.05 OM-
MSCs versus ICH.

more suitable for large-scale
clinical trials. However, this
method has drawbacks that
significantly limit its effecti-
veness. For instance, trans-
planted cells can disperse
throughout the entire body,
including the liver and lungs.
Additionally, the presence of
the blood-brain barrier in-
creases the required dosage
of transplanted cells, conse-
quently elevating the risk of
potential hepatotoxicity and
pulmonary embolism. There-
fore, while intravenous trans-
plantation offers ease and
accessibility, its limitations
highlight the need for further
study and improvement. The
most effective method for
behavioral and structural re-
covery after ICH, as revealed
by a meta regression analy-
sis involving 40 studies and
1021 animal models, is intra-
cerebral transplantation [52].
This technique offers the
advantage of accurate posi-
tioning, leading to reduced
cell loss and minimized migra-
tion distance in vivo. Conse-
quently, it allows for a de-
crease in cell dose. However,
its drawbacks include trauma
and the formation of cell clus-
ters, which hinder further pro-
liferation and migration. In a
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Figure 5. Expression level of GOLPH3 in three groups
at different time points. Expression of GOLPH3
was significantly upregulated after ICH on 3 d, 7 d
compared with Sham group. OM-MSCs administra-
tion remarkably inhibited ICH-induced upregulation
of GOLPH3 at 3rd day. S or Sham: sham operation
group, H or ICH: ICH group, | or OM-MSCs: OM-MSCs
intervention group. #P < 0.05 ICH versus Sham, *P
< 0.05 OM-MSCs versus ICH, +P < 0.05 1 d versus 3
d, ++P < 0.05 3 d versus 7 d.

study by Zhang Q et al., it was demonstrated
that umbilical cord MSCs intracerebral trans-
plantation, combined with minimally invasive
hematoma aspiration, exhibited superior effi-
cacy compared to the two therapies alone [53].
Building on this finding, intracerebral adminis-
tration is adopted in our study, as we believe
that intracerebral transplantation of OM-MSCs
holds significant clinical value. Furthermore, we
propose that OM-MSCs intracerebral trans-
plantation, in combination with minimally inva-
sive surgery for ICH, may emerge as an effec-
tive alternative therapy in the future. The opti-
mal standard for the dose of transplanted cells
largely depends on the route of transplantation,
which warrants further research. Generally,
there exists a ‘threshold dose’ refers to the
minimum number of cells required to achieve
the expected effects, while the ‘ceiling dose’
represents the maximum number of cells that
will not further increase therapeutic effects,
and may instead lead to adverse consequenc-
es such as embolization, organ toxicity, and
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tumorigenesis. Previous studies have predomi-
nantly utilized million-grade cells to treat ICH,
yielding acceptable results [45]. Empirically,
1x10° cells have been used with safe and
effective outcomes. However, no comparative
analysis of different doses has been con-
ducted.

In the initial phase of our investigation, we
explored the ability of OM-MSCs to reduce
apoptosis following experimental ICH in rats.
This direction of inquiry was motivated by a
prior study which revealed the potential of adi-
pose-derived mesenchymal stem cells to miti-
gate nervous tissue injury and decrease cell
apoptosis in ICH [54]. Additionally, Yoji Ku-
ramoto et al. proposed that the administration
of human amnion-derived stem cells during the
acute phase could alleviate neurobehavioral
deficits associated with intracerebral hemor-
rhage by suppressing local inflammation and
apoptosis [55]. These findings provided a foun-
dation for our exploration of the impact of
OM-MSCs on apoptosis in the context of ICH.
Under fluorescence microscope, a small num-
ber of TUNEL staining (green) positive cells
were observed in sham operation group and
there was no significant change over time (P >
0.05), which was consistent with physiological
apoptosis in normal (or minor trauma) brain tis-
sue. Compared with sham operation group, ICH
group showed a significant increase in TUNEL
positive cells and apoptosis rate on 3 d (P <
0.05), indicating that the GAS-induced apopto-
sis occurred not only after oxyglucose depriva-
tion/reperfusion [12], but also after ICH.
Following the transplantation of OM-MSCs at
the same time point, OM-MSCs intervention
group exhibited a significant reduction in TUN-
EL positive cells and apoptosis rate compared
with ICH group (P < 0.05), suggesting that the
early administration of OM-MSCs could signifi-
cantly inhibit GAS-induced apoptosis, and then
alleviate secondary brain injury. This result
aligned with findings reported in the literature
[55, 56]. It is worth noting that expression of
GOLPH3 in OM-MSCs intervention group was
significantly higher than that in ICH group on
day 1 (P < 0.05), while apoptosis rate was sig-
nificantly lower than that in ICH group (P <
0.05); on day 7, expression of GOLPH3 in
ICH group was significantly higher than that in
sham operation group (P < 0.05), but there was
no significant difference in apoptosis rate (P >
0.05). These results indicate a lack of complete
consistency between the intracellular stress
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level and tissue stress level at 1 day and 7
days post-ICH, suggesting potential involve-
ment of other mechanisms such as stress-
related autophagy [57, 58] or inflammation [59]
which still need to be elucidated by further
experiments.

In the second part of our study, we investigated
the potential of OM-MSCs in mitigating GA frag-
mentation and suppressing the expression of
GOLPH3 subsequent to experimental ICH in
rats. Previous research has demonstrated the
capacity of OM-MSCs to alleviate the Golgi
apparatus stress response in cases of cerebral
ischemia/reperfusion injury through the PEDF-
PI3K/Akt/mTOR signaling pathway [60]. Based
on the experimental results, at different time
points (1 d, 3 d, and 7 d), the expression of
GOLPHS3 in the sham operation group was con-
sistently low and showed no significant differ-
ences (P > 0.05). This finding aligns with the
typical low level of GOLPH3 expression in
physiological conditions or minor trauma, which
helps maintain the normal morphology and
physiological function of the Golgi apparatus
(GA). On the first day after ICH, the expression
of GOLPH3 in the ICH group appeared to be
higher than that in the sham operation group,
but the variance was not statistically significant
(P > 0.05). However, on days 3 and 7, the
expression of GOLPH3 in the ICH group was
notably higher than that in the sham ope-
ration group (P < 0.05), indicating a significant
increase. Notably, there was no significant dif-
ference between the expression levels in the
ICH group on days 3 and 7 (P > 0.05), suggest-
ing that the expression of GOLPH3 gradually
increased in the first three days after ICH, and
then stabilized at a higher level in the following
3-7 days. The observation of obvious GA frag-
mentation in 1 d, 3 d, and 7 d ICH group thr-
ough immunofluorescence confocal examina-
tion of GOLPH3 and GM130 suggests the
involvement of GOLPH3 in regulating protein
expression during secondary brain injury
following ICH and leading to morphological frag-
mentation. This finding indicates that GOLPH3
participates in GAS by up-regulating protein
expression. These results are in line with previ-
ously reported findings in a cerebral ischemia/
reperfusion model [60]. The expression of
GOLPH3 in the 3 d OM-MSCs intervention
group was found to be significantly lower than
that in the 3 d ICH group (P < 0.05) post-inter-
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vention. Subsequent immunofluorescence
confocal observation of GOLPH3 and GM130
revealed a significant reduction in GA fragmen-
tation in both the 1 d and 3 d OM-MSCs gro-
ups. These findings indicate that early adminis-
tration of OM-MSCs effectively decreased
GOLPH3 protein expression, inhibited GA frag-
mentation, and therefore mitigated the pro-
gression of GAS. Consequently, it can be
inferred that OM-MSCs have the potential to
alleviate GAS in both ischemic and hemorrhag-
ic stroke models. However, it should also be
noted that expression of GOLPH3 in OM-MSCs
group was further increased compared with
ICH group after 1 day of intervention, and this
difference was found to be statistically signifi-
cant (P < 0.05). We attribute this finding to the
strong inflammatory reaction of the tissue sur-
rounding the hematoma in the ICH rats on day
1, which had a significant adverse impact on
the activity and function of the transplanted
OM-MSCs. This hostile microenvironment pre-
sented formidable challenges to the survival
and proliferation of the stem cells, resulting in
a substantial number of dead transplanted
cells and creating an increased space-occupy-
ing effect, consequently elevating the stress
level in the tissues and cells. Additionally, the
up-regulated expression of GOLPH3 may have
been generated by the partial transplanted
cells experiencing ischemia, hypoxia or even
death. Subsequently, after 7 days of interven-
tion, there appeared to be seemingly lower
expression of GOLPH3 and GA fragmentation
in the OM-MSCs intervention group compared
to the ICH group, however, this difference was
not statistically significant (P > 0.05). At this
juncture, the expression of GOLPH3 in the ICH
group remained high, indicating the weakened
antioxidant stress effect of the OM-MSCs after
7 days of transplantation. Notably, it is well
established in the literature that the secondary
brain injury after ICH mainly occurs within 1
week [45]. Beyond this point, the surviving
OM-MSCs primarily transform into neurons and
glial cells for replacement, aligning with the
characteristic “early anti-inflammatory effect,
mid-late replacement role” mechanism of mes-
enchymal stem cells [61].

Our study also has several limitations that need
to be taken into account. Firstly, it is important
to extend the observation period to include
additional time points such as 15 days, 1
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month, and 3 months, in order to provide a
more comprehensive understanding of the
long-term neuroprotective effects of OM-MSCs
on both histological and functional recovery.
Furthermore, to validate GA fragmentation,
more distinct images can be obtained using
advanced techniques such as electron micros-
copy. Additionally, it is worth noting that there
is increasing evidence supporting the notion
that the paracrine effects of transplanted
MSCs are likely the primary mechanism throu-
gh which neuroprotective effects are exerted.
MSC-derived extracellular vesicles, which are
believed to transport functional molecules
such as proteins and microRNAs to neuron or
glial cells, have been shown to exhibit potent
protective effects in ICH. Therefore, in future
research, it will be important to investigate the
potential effects of OM-MSCs-derived extracel-
lular vesicles on the Golgi apparatus and the
underlying mechanisms in the context of ICH.

Conclusion

In summary, our study demonstrated that the
rate of apoptosis, fragmentation of GA, and
expression of GOLPH3 exhibited significant
increases following ICH in SD rats. Conversely,
all of these factors demonstrated significant
decreases subsequent to early intervention
with OM-MSCs, thereby exerting neuroprotec-
tive effects. Although more work is required,
current data shed new light on the treatment of
ICH, suggesting that OM-MSCs therapy could
be a novel therapeutic strategy applicable for
ICH.
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