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ARTICLE INFO ABSTRACT
Keywords: In this study, the neuroprotective potential of tanshinone IIA (TIIA)-modified mesenchymal stem
Tanshinone IIA cells (MSC) were investigated using a murine model of lipopolysaccharide (LPS)-induced neu-
Mesenchymal stem cells roinflammation. The cognitive performance of the mice was assessed using the Y-maze and Morris
Neuroinflammation .

. . water maze tests, while immunofluorescence and Western blot analyses were employed to
Lipopolysaccharide

evaluate the hippocampal expression of pertinent markers and inflammatory factors, respectively.
The results from the behavioral experiments demonstrated discernible differences in learning and
memory abilities between the model group and the control group (P < 0.05), confirming the
successful induction of neuroinflammation. Both the MSC and TIIA-MSC groups exhibited en-
hancements in the cognitive abilities of neuroinflammatory mice, with the TIIA-MSC group
demonstrating a more pronounced improvement (P < 0.01). Immunofluorescence analysis
revealed significant activation of microglia in the model group, while the MSC and TIIA-MSC
groups exhibited a reduction in hippocampal microglial activation, with the TIIA-MSC group
displaying a more substantial decrease. A statistically significant difference in the expression
levels of IL-1, IL-6, and TNF-a was observed between the model and control groups (P < 0.05),
indicating that IL-1, IL-6, and TNF-a were downregulated in both the MSC and TIIA-MSC groups.
Notably, the downregulatory effect was more prominent in the TIIA-MSC group (P < 0.01).
Compared to MSC treatment alone, the administration of TIIA-modified MSC demonstrated a
superior protective effect against lipopolysaccharide-induced neuroinflammation. These findings
underscore the potential therapeutic efficacy of TIIA-modified MSC in mitigating neuro-
inflammatory responses.

Alzheimer’s disease

1. Introduction

Neuroinflammation is an important factor in the occurrence and progression of neurodegenerative diseases and is inextricably
linked to the pathogenesis of these diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease
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[1]. The main factor of neuroinflammation is the activation of microglia, which respond quickly to imbalances in brain homeostasis
caused by stress, trauma, disease, or pathology. The activation of microglia leads to the excretion of several inflammatory and
cytotoxic components responsible for neuroinflammation and neurodegeneration [1]. For example, the pathogenesis of AD is char-
acterized by neuroinflammation, which manifests as increased astrocytes, activation of microglia and increased levels of proin-
flammatory cytokines in the brains of patients [2-4].

The endotoxin lipopolysaccharide (LPS), which originates from bacterial outer membranes, serves as a potent inflammatory trigger
[5]. Recognized as a Toll-like receptor 4 (TLR-4) ligand [6], LPS activates the production of key inflammatory cytokines, notably tumor
necrosis factor-o (TNF-a), interleukin-1p (IL-1f), prostaglandin E2 (PGE2), and nitric oxide (NO), in glial cells in the central nervous
system (CNS) [7,8]. Consequently, LPS has become a staple in the study of neuroinflammation in murine models.

MSC, which are characterized by pluripotency, have emerged as promising candidates for AD therapy. Stem cell technology,
particularly the use of MSC, is gaining traction as a potential treatment avenue due to its capacity for isolation from adult tissues, in
vitro culture, and safe autologous or allogeneic transplantation [9,10]. The therapeutic mechanisms of bone marrow MSC (BMSC) in
AD primarily involve their regulation of neuroinflammation. Despite their increasing clinical use, challenges such as immunomodu-
latory plasticity pose hurdles, leading to heterogeneous and unstable efficacy [11]. Modification of MSC, however, has demonstrated
significantly enhanced therapeutic effects compared to their untreated counterparts [12].

Salvia miltiorrhiza, a pivotal natural medicine, tanshinone IIA (TIIA) as its principal fat-soluble constituent. Modern pharmaco-
logical investigations have elucidated the anti-inflammatory and antioxidant properties of TIIA [13,14]. Our research revealed that
pretreatment of MSC with TIIA, which is rooted in traditional Chinese medicine, augments their therapeutic potential. This unique
approach, which combines traditional Chinese and Western medicine theories, demonstrated the efficacy of tanshinone-induced MSC
in ameliorating neuroinflammation at the cellular level [15].

Although the mechanism of the therapeutic effect of MSC has not been fully elucidated, the drug delivery pathway of MSC in animal
models, such as intracranial stereotactic transplantation, is not easily accessible to the clinic [16]. In many studies on neurological
diseases, caudal vein injection of MSC is a relatively common method, and we have also found support in many related studies [17-22].
Therefore, we injected bone marrow mesenchymal stem cells pretreated with TIIA into LPS-induced neuroinflammation model mice by
tail vein injection, and studied its protective effect on neuroinflammation model mice.

2. Materials and methods
2.1. Animals

Male C57BL/6 mice aged between 4 and 8 weeks were utilized in the animal experiments and were procured from the Experimental
Animal Center of Zunyi Medical University. The animals were housed in a controlled environment with a relative humidity of 45%-55
%, room temperature ranging from 21 °C to 25 °C, and a 12-h light/dark cycle (8:00 a.m.-8:00 p.m.). The mice were provided un-
restricted access to a free diet and water. Specifically, 4-week-old mice were subjected to primary bone marrow MSC extraction, while
8-week-old mice were used for subsequent experimental procedures.

2.2. Isolation and cultivation of MSC

For MSC isolation, 4-week-old mice were humane euthanized via cervical dislocation, followed by immersion in 75 % ethanol for 5
min. Under sterile conditions, the tibia and humerus were excised, and the periosteum and muscle tissues were meticulously separated
using scissors, forceps, and sterile gauze. Subsequently, the bone marrow cavity was rinsed with basal medium (T220121d501,
ORICELL) to harvest bone marrow cells. After centrifugation (1000 rpm, 5 min), the supernatant was discarded, and the cell precipitate
was resuspended in complete medium (T220121d501+T220215H501, ORICELL). The bone marrow cells were evenly distributed in
T25 culture bottles and cultivated in a humidified environment with 5 % carbon dioxide at 37 °C. Ethical approval for all experiments
was obtained from the Ethical Committee for Animal Experiments of Zunyi Medical University (Approval no. (2019)2-231, 11 Mar
2019). Subculturing was performed when the cells reached 80 %~90 % confluence, and cells from 3 to 5 generations were used for
subsequent experiments.

2.3. MSC identification

MSC identification involved the use of anti-CD44, anti-CD90, anti-CD29, anti-CD34, and anti-CD31 antibodies (MUXMX-09011,
ORICELL), which were assessed through flow cytometry. Furthermore, osteogenic, adipogenic, and chondrogenic differentiation of
mouse BMSC was confirmed using induction differentiation kits for osteogenesis (MUXMX-90021, ORICELL), adipogenesis (MUXMX-
90031, ORICELL), and chondrogenesis (MUXMX-90041, ORICELL).

2.4. Cell proliferation assay

In the cell proliferation assay, third-generation MSC were seeded into 96-well plates, with each well receiving 100 pL of cell
suspension. The plates were incubated in a 5 % COs, 37 °C incubator, with the addition of 10 pL of CCK-8 solution daily. The
absorbance at 450 nm was measured continuously using a microplate reader over a 6-day period. The experiment was conducted in
triplicate to observe third-generation MSC proliferation.
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Additionally, varying concentrations of TIIA-MSC (0, 6, 12, 24, and 48 pM) were added to cells in the logarithmic growth phase in
96-well plates. After 48 h of treatment, the TIIA was removed, 100 pL of cell suspension was added to each well, and the cells were
cultured at 37 °C with 5 % CO,. Subsequently, 10 pL of CCK-8 solution was added, and the mixture was incubated for 1 h. The
absorbance at 450 nm was measured with a microplate reader. This experiment, which was conducted in triplicate, allowed us to
observe the impact of TIIA on MSC proliferation and its potential toxicity.

2.5. Preparation of TIIA-MSC

TIIA (118393-10 mg, MCE) procured from MCE was dissolved in dimethyl sulfoxide (DMSO) (Solarbio, D8371, Beijing) and diluted
with culture medium. After third-generation MSC were cultured with 12 uM TIIA for 48 h, the TIIA was discarded to prepare TIIA-MSC
for subsequent experiments.

2.6. Mouse model of neuroinflammation induced by LPS

LPS (N1104B, sigma L2880 in parts) was obtained from Ailingfei for the induction of neuroinflammation in 8-week-old mice. The
mice were divided into four groups: control (PBS), model (LPS), MSC (LPS + MSC), and TIIA-MSC (LPS + TIIA-MSC) groups. Using
microsyringes and stereoscopic positioning coordinates (1.5 mm posterior to the anterior fontanelle, 1.8 mm left and right side
opening, 2 mm depth), 1 pL of LPS (2 pg/pL) and PBS (control group) were injected into the left and right sides at a rate of 0.5 pL/min,
and the injection was halted for 1-2 min [23,24].

2.7. Experimental protocol

Caudal intravenous injection commenced on the day following the induction of neuroinflammation. The control group (PBS) and
the model group (LPS) received 0.2 mL of normal saline. The MSC in the LPS + MSC group were administered 0.2 mL of MSC (5 x 10°
cells dissolved in 0.2 mL of DPBS), and those in the TIIA-MSC group (LPS + TIIA-MSC) were administered 0.2 mL of TIIA-MSC (5 x 10°
cells dissolved in 0.2 mL of DPBS). Behavioral experiments were initiated on the third day, and samples were collected immediately
after completion (Fig. 1).

2.8. Behavioral tests

Behavioral tests, assessing memory ability through observations in the Y maze and Morris water maze, were conducted by re-
searchers unaware of the treatment or grouping of the mice. The tests were carried out between 08:00 a.m. and 12:00 a.m.

In the Y maze, which was placed in a quiet room, three arms with dimensions of 40 cm, 8 cm, and 15 c¢m, forming an angle of 120°
between each arm, were utilized. On the third day after LPS injection, the mice were randomly placed in the central triangular area of
the maze, facing away from a designated wall, and allowed to freely explore for 7 min [25-27]. After each mouse’s test, the apparatus
was cleaned to minimize interfering factors. The total number and order of arm accesses were recorded, and the spontaneous

Bromega: 1.5 mm, L and R: 1.8 mm, V: 2.0 mm

LPS Therapy Y-maze Tissue collection

Adaptive feeding Morris water maze

Day -7 0 1 3 4 8

Fig. 1. Experimental operation flow chart. A. Hippocampal location in the model constructed with trypan blue. B Schematic diagram of the
experimental procedures. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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alternating reaction rate was calculated as (actual number of spontaneous alternating reactions/maximum possible number of
spontaneous alternating reactions) x 100 %.

The Morris water maze test was performed the day after the Y maze test. The system comprised a circular pool with an automatic
image acquisition and processing system. The pool, with a diameter of 160 cm, height of 50 cm, and water temperature of 21-23 °C,
had a circular platform approximately 5 mm below the surface in the center of the specified target quadrant. The first four days
involved directional navigation experiments conducted three times daily, lasting 60 s each. On the fifth day, the space exploration
experiment was conducted with the platform removed, and mouse passage frequency and proportion of residence time were recorded
within 60 s. All swim trials were performed and scored by the same operator using a computerized video tracking and recording system
(TopScan Behavioral Analysis Systems, CleverSys, Inc.). The mice were allowed to rest for 10 min between trials and were subse-
quently allowed to dry with a heater [28].

2.9. Immunofluorescence staining

Following dewaxing and hydration, the slices were washed with PBS for 5 min, and this process was repeated three times. Sub-
sequently, the slices were subjected to antigen retrieval in a microwave oven with citric acid antigen repair solution in a repair box.
After cooling, the slices were washed with PBS, dried, and blocked with 5 % goat serum for 30 min. The membranes were incubated
with the primary antibody (Iba-1, 1:500, Servicebio, GB113502) overnight, washed and dried the next day, and incubated with the
fluorescent secondary antibody (CY3-labeled goat anti-rabbit IgG, 1:300, Servicebio, GB21303) corresponding to the primary antibody
at room temperature for 50 min in the dark. DAPI dye solution was then added, and after washing and drying, the slides were incubated
for 10 min at room temperature in the dark. Next, an anti-fluorescence quenched tablet was added to seal the slides, and photographs
were taken.

2.10. Western blot

Total protein from the hippocampus was extracted using RIPA lysis buffer. The protein concentration postcleavage was determined
via the BCA protein assay (Solarbio, China). Extracted protein samples were subjected to electrophoresis on 10 % or 12.5 % sodium
dodecyl sulfate polyacrylamide gels, followed by transfer to PVDF membranes (Bio-Rad, USA). The PVDF membranes were subse-
quently blocked with 5 % bovine serum albumin. The PVDF membranes were incubated overnight at 4 °C with primary antibodies
against IL-1p (ab234437, Abcam), IL-6 (A11115, ABclonal), TNF-a (60291-1-Ig, Proteintech Group), and p-actin (Cell Signaling
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Fig. 2. Preparation and identification of MSC and TIIA-MSC. A. Morphological characteristics of MSC ( x 40). B. Differentiation and identification
of MSC. a. Alizarin red staining ( x 100), b. Oil red O staining ( x 100), c. Alysin blue staining (100). C. Analysis of MSC phenotypes. D. Expression
of CD90 (98.27 %), CD44 (91.83 %), CD34 (95.75 %), CD31 (0.11 %), and CD29 (92.92 %). Growth curve of MSC in the P3 generation. E. Effect of
TIIA concentration on the proliferation of MSC. Compared with 0 M, ?P < 0.05, bp < 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Technology, USA; 1:1000). After 12-16 h of incubation with primary antibodies, the PVDF membranes were washed with HRP-
conjugated secondary rabbit or anti-mouse antibodies (Beyotime, China, 1:10000) and incubated for 1 h at room temperature. Sub-
sequently, the bands were visualized using an enhanced chemiluminescence (ECL) detection kit (Beyotime, China).

2.11. Statistical analysis

All the data were statistically analyzed using SPSS 22.0. Unless otherwise specified, experiments were conducted with three
samples and repeated a minimum of three times. The data are presented as the means + SDs and were subjected to one-way ANOVA
and further analyzed using Tukey’s honest significance difference test. P < 0.05 was considered to indicate statistical significance.

3. Results
3.1. Characteristics of MSC

Primary-to third-generation BMSC exhibited rapid proliferation (Fig. 2-A, D). Flow cytometry identified the third generation of
BMSC, confirming their differentiation into osteoblasts, chondrocytes, and lipids, as illustrated in Fig. 2-B. Inmunophenotype analysis
revealed consistent expression of CD90, CD44, CD29, and CD34 across all samples, with the absence of CD31 (Fig. 2-C).

3.2. Intervention of TIIA in MSC

After MSC were subjected to 48 h of TIIA interference, the TIIA was removed, and its impact on MSC proliferation was assessed. The
results indicated a noticeable increase in MSC proliferation at TIIA concentrations of 6 pM and 12 pM compared to that of the untreated
group, with the optimal effect observed at 12 uM. However, concentrations exceeding 24 pM resulted in decreased proliferation and
activity of MSC (Fig. 2-E).

3.3. TIIA-MSC ameliorate learning and memory impairment in mice with LPS-induced neuroinflammation

The results of the Y-maze test indicated that the spontaneous alternation rate in the normal group was greater than that in the
model group. Conversely, both the MSC group and the TIIA-MSC group demonstrated significantly greater spontaneous alternations
than did the model group, with the TIIA-MSC group exhibiting a more pronounced difference than did the MSC group (Fig. 3-A).

In the water maze experiment, starting from the initial day of training, the model group exhibited distinct differences in recognizing
or remembering the platform compared to the other groups. Over subsequent training sessions, the time taken by the model group to
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Fig. 3. Behavioral tests through the Y-maze and Morris water maze. A. Rate of spontaneous alternation in the Y-maze. B. The first four days of
escape incubation in a water maze. C. The number of platform crossings in the target quadrant on Day 5 of the water maze. D. A probe test in a water
maze recorded the swimming paths of the mice. Compared with the control group, ?P < 0.05 indicated successful modeling. Compared with the
model group, PP < 0.05. Compared with the MSC group, for which °P < 0.05, the TIIA-MSC group had better results.
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locate the platform was consistently longer than that taken by the other groups, albeit with a decreasing trend, which is indicative of
the learning process. The control group exhibited the shortest time spent finding the platform during training. Both the MSC group and
the TIIA-MSC group spent less time finding the platform than did the model group, especially on the last day of the space exploration
experiment. The number of crossings over the original platform in the target quadrant was the lowest in the model group and the
greatest in the control group. Both the MSC and TIIA-MSC groups outperformed the model group, with the TIIA-MSC group exhibiting a
more significant difference (Fig. 3-B, C, D).

3.4. TIIA-MSC inhibit microglial activation in mice with LPS-induced neuroinflammation

Immunofluorescence staining revealed significant activation of microglia in the hippocampus of the model group. In both the MSC
group and the TIIA-MSC group, the activation of microglia was reduced, with the TIIA-MSC group showing a more pronounced
reduction (Fig. 4).

3.5. TIIA-MSC alleviate inflammatory responses in LPS-induced neuroinflammatory mice

Compared with those in the control group, the levels of the neuroinflammatory cytokines IL-1, IL-6, and TNF-a were significantly
increased in the model group. The expression of IL-1, IL-6, and TNF-a decreased in both the MSC group and the TIIA-MSC group, with
the TIIA-MSC group demonstrating a more substantial decrease in expression (Fig. 5).

4. Discussion

Neuroinflammation is triggered by an imbalance of immune cells in the CNS, of which microglia and astrocytes are key cell types.
Neuroinflammation is the result of CNS damage, infection, toxicity, or autoimmunity. Microglia, a kind of glial cells, are at the
forefront of the CNS, the immune system’s defense system. Unbalanced and unstable microglia and astrocytes are different types of
glial cells that impair the clearance of protein aggregates (amyloid-beta plaques) in AD [29,30]. Neuroinflammation usually occurs
before the appearance of histopathological or pathological features of AD [31]. The activation of microglia may lead to the production
of proinflammatory cytokines, ultimately leading to neuronal damage and resulting in learning and memory impairments [4].
Therefore, we studied the effect of TIIA-MSC on improving neuroinflammation in a mouse model of neuroinflammation, which will be
conducive to the later application of TIIA-MSC in treating diseases such as AD.

Stem cells are undifferentiated cells that can differentiate into different types of cells and tissues from individual cells that self-
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renew to proliferate. MSC are adult stem cells that can be obtained from various tissues, including bone marrow, adipose tissue, bone,
cord blood and peripheral blood [32]. MSC have important functions in vivo; they can migrate to the injured site and participate in the
repair process [33]. Compared to other stem cells, MSC have greater differentiation potential because they can differentiate into nerve
cells, bone cells, chondrocytes, or fat cells when stimulated by certain growth factors. In addition, BMSC have a low risk of differ-
entiating into cancer cells and are rarely immunogenic [34]. Therefore, BMSC transplantation is also a promising treatment. In this
study, primary mouse bone marrow mesenchymal stem cells were extracted and identified by flow flow and differentiation. In the flow
identification, CD90, CD44, CD29 and CD34 were expressed positively in all samples, while CD31 was expressed negatively. This is
indeed inconsistent with some studies, but we have also consulted domestic and foreign literature, and the expression of CD34 is
indeed controversial. In some studies, the expression of CD34 is positive [35]. Lee et al. [36] isolated a group of muscle-derived CD34"
stem cells that promote muscle regeneration and bone healing. Garcia-Pacheco et al. [37] found that CD34-positive human decidual
stromal cells are related to bone marrow stromal precursors. In addition, the expression of CD34 in bone marrow mesenchymal stem
cells has also been reported, and it has been found that it is gradually lost after culture in vitro [38,39]. Maybe different cells are being
lost at different rates, so that could be the reason. Of course, in our follow-up studies, we will also pay attention to this problem, and
perhaps add more phenotypic identification to verify our results.

MSC have remarkable plasticity. Studies have shown that various anti-inflammatory effects of MSC may occur in complex in-
flammatory environments, resulting in unstable immunomodulatory effects. When the immune system is not activated, MSC can exert
proinflammatory effects, but when the immune system is stimulated to avoid self-attack, MSC can exert anti-inflammatory effects [40].
In this study, MSC showed significant anti-inflammatory effects, indicating that LPS can induce an inflammatory response and activate
the immune system in mice. However, the efficacy of MSC transplantation is poor, and the limited survival rate is the main obstacle to
clinical application. Although many studies have focused on improving the stemness and differentiation of MSC in vivo and in vitro,
MSC-based regenerative medicine still lacks effective and safe drugs [41]. In addition, long-term in vitro culture may lead to aging of
MSC, reduced cell self-renewal, increased cell senescence, increased apoptosis, and upregulated premature differentiation, thus
reducing the therapeutic effect of MSC in vivo [41]. The transformation of MSC is a promising research direction.

TIIA, considered a fundamental element in traditional Chinese medicine, is a pivotal lipophilic diterpenoid compound extracted
from Salvia miltiorrhiza. A wealth of experimental and clinical studies attests to the multifaceted therapeutic potential of TIIA,
demonstrating its efficacy in preventing or decelerating the progression of various ailments, including cardiovascular diseases, cancer,
cerebrovascular diseases, and AD [30,42]. Intriguingly, an expanding body of research supports the notion that TIIA has a protective
effect against neuroinflammation [30,43,44]; this underscores its significance not only as a traditional remedy but also as a promising
avenue for addressing modern health care challenges. The exploration of the mechanisms and applications of TIIA continues to
progress, fostering a deeper understanding of its potential in combating diseases caused by inflammatory components, particularly in
the field of neurological health.

In this study, a notable increase in MSC proliferation was observed after a 48-h coincubation with TIIA, emphasizing the potential
synergistic effects of these components. When TIIA-modified MSC were transplanted into a mouse model of neuroinflammation-
induced AD, a significant improvement in the learning and memory abilities of the mice was evident compared to those in the
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MSC-only group. To address a crucial therapeutic goal in AD, we investigated whether TIIA-primed MSC could effectively inhibit
microglial activation and attenuate neuroinflammatory responses in vivo. Inmunofluorescence staining revealed a notable reduction in
the number of activated Iba-1-positive microglia in both the MSC and TIIA-MSC groups, with the TIIA-MSC group displaying a more
pronounced inhibitory effect. Additionally, Western blot results indicated that both groups effectively reduced the expression of the
neuroinflammatory cytokines IL-1, IL-6, and TNF-a. Notably, the TIIA-MSC group exhibited a more significant regulatory effect
overall.

The results obtained in this study not only strengthen the therapeutic potential of MSC in neuroinflammation-related diseases but
also provide a new perspective for expanding the wide application of MSC. However, the precise mechanisms underlying the TIIA-
mediated modification of the anti-inflammatory effects of MSC warrant further research and in-depth discussion. Moreover, future
investigations should focus on positive regulatory inflammatory factors to verify relevant negative regulatory inflammatory factors
and explore potential underlying mechanisms. This modified approach to MSC provides valuable insights into the development of
treatments for neuroinflammation-related diseases. At the same time, although many previous studies have confirmed that MSC
injected through the tail vein can enter brain tissue via the blood-brain barrier [19,45], we can still continue relevant research work in
future studies. In order to better understand the mechanism of action of MSC, we plan to use Dil labeling technology to label MSC in
subsequent studies and then inject them into mice via the tail vein. The goal of this step is to more precisely track the migration and
distribution of MSC in the body and further confirm whether they are able to cross the blood-brain barrier, thus entering the central
nervous system and playing a role in anti-neuroinflammation.

5. Conclusion

The results of this study highlight the substantial anti-inflammatory and neuroprotective effects of TIIA-MSC and support their
potential efficacy as a promising therapeutic pathway for the treatment of neuroinflammation-related diseases. Importantly, these data
provide new perspectives and innovative approaches for the application of modified MSC. The results of this study provide valuable
insights into the treatment and development prospects of neuroinflammation-related diseases, opening new horizons for effective
interventions for neuroinflammatory diseases.
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