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A B S T R A C T   

Apoptosis is the primary cause of cell death in the differentiation of Adipose-derived stromal cells 
(ADSCs) into neurons. However, the relationship between endoplasmic reticulum stress (ERS) and 
death receptor-mediated apoptosis in ADSC-induced neuronal differentiation is not clear. ADSCs 
were isolated and induced to differentiate into neurons using β-mercaptoethanol. The expression 
of neuron-specific enolase (NSE), GRP94, CHOP, Fas/FasL, TNFR1/TNF-α, DR5/TRAIL, Caspase8, 
and Caspase3 in ADSCs was examined using immunocytochemistry and Western blotting before 
induction, during pre-induction, and after induction. Transmission electron microscopy (TEM) 
was used to observe changes in the morphology of the endoplasmic reticulum (ER), and the MTT 
assay was employed to measure cell viability in the uninduced and induced groups. Additionally, 
the number of apoptotic cells during the induction process was measured using flow cytometry 
with Annexin V/PI. With increasing induction time, the positive expression rates of CHOP, Fas/ 
FasL, Caspase8, Caspase-3, and NSE gradually increased, while the positive expression rate of 
GRP94 decreased. TNFR1/TNF-α and DR5/TRAIL peaked at 5 h post-induction and then 
decreased at 8 h. TEM revealed swelling and expansion of the ER, vacuolar changes, and 
degranulation in cells. The MTT assay showed a gradual decrease in the absorbance of surviving 
cells in all groups. Flow cytometry indicated an increasing rate of apoptosis in cells. Therefore, 
ERS in the normal culture and growth of ADSCs, manifesting as enhanced unfolded protein 
response (UPR), maintains the normal survival of ADSCs. However, in the process of ADSC- 
induced differentiation into neurons, ERS and death receptor-mediated apoptosis are signifi-
cant causes of cell death.   
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1. Introduction 

In 2001, Zuk et al. successfully isolated and cultured Adipose-derived stromal cells (ADSCs) from adult adipose aspirates and 
discovered that they could be induced in vitro to differentiate not only into adipocytes and osteoblasts, which are mesodermal in origin 
but also across germ layers into neuronal cells [1]. In 2004, Safford et al. successfully induced the differentiation of ADSCs into neurons 
and astrocytes in vitro [2]. Due to the advantages of ADSCs, such as easy clinical availability, simple harvesting procedures, and robust 
proliferative capacity, they have attracted widespread attention from researchers [3–6]. Our preliminary studies found that these 
ADSC-induced differentiated 5 h neurons possess typical morphological, phenotypic, ultrastructural, and electrophysiological char-
acteristics of neurons [7–9]. However, during this induction process, the cell death rate is high, resulting in a low yield of target cells, 
insufficient for further research and applications. Studies indicate that mitochondrial pathway-mediated apoptosis is a significant 
cause of cell death during the in vitro induction of ADSCs into neurons [10,11]. Currently, apoptosis is mainly mediated through three 
pathways: mitochondrial pathway, endoplasmic reticulum stress (ERS) pathway, and death receptor pathway. Dysregulation of 
endoplasmic reticulum (ER) homeostasis leads to ERS [12]. The roles of ERS and death receptor-mediated apoptosis in the process of 
ADSC-induced neuronal differentiation are not well understood. By analyzing the effects of the ERS pathway and the three main death 
receptor signaling pathways (Fas/FasL, TNFR1/TNF-α, DR5/TRAIL) in the ADSC induction process to neurons, we aim to investigate 
the causes and mechanisms leading to cell death during this induction response. This will further refine the induction protocol, 
improve response efficiency, and yield a greater number of ADSC-derived neurons. 

2. Materials and methods 

2.1. Extraction and cultivation of adult ADSCs and induction of neuronal differentiation 

Subcutaneous adipose tissue was extracted from adult volunteers without endocrine and hematological diseases using a needle 
aspiration method [13]. Following the experimental methods of Lu et al. [11], ADSCs were extracted formed into single-cell suspension 
and passaged at a ratio of 1:2. When the cell growth reached 70%–80% confluence, the medium was removed and the and 
pre-induction solution (10 mL FBS, 85 mL high-glucose DMEM, and 7uL β-mercaptoethanol per 100 mL) were added and incubated for 
24 h. Afterward, the pre-induction solution was discarded, cells were rinsed three times with saline, and the formal induction solution 
(100 mL high-glucose DMEM and 35uL β-mercaptoethanol per 100 mL) was added for cultivation. Observation time points during the 
induction process were set at 1 h, 3 h, 5 h, and 8 h groups. An inverted contrast microscope (Olympus, Japan) was used to observe 
morphological changes in the cells. 

2.2. Expression of NSE/GRP94/CHOP/Fas/FasL/TNFR1/TNF-α/DR5/TRAIL/Caspase8/Caspase3 in cells during induction detected by 
immunocytochemistry 

The uninduced, pre-induced, and induced cells for 1 h, 3 h, 5 h, and 8 h were crawled according to the standard IHC procedure. The 
cells were permeabilized with 0.1% Triton-X-100 for 10 min, followed by incubation with 3% H2O2 for 10 min. They were incubated 
with diluted primary antibodies: NSE (1:100; EPITOMICS, USA), GRP94 and GHOP (all 1:100; Affinity, USA), Fas, FasL TNFR1, TNF-α, 
DR5, TRAIL and Caspase8 (all 1:200; Affinity, USA), Caspase3 (1:100; Beijing Zhongshan Golden Bridge, China) overnight at 4 ◦C. Cells 
were then incubated with goat anti-rabbit/mouse polyclonal secondary antibody (1:200; Beijing Zhongshan Golden Bridge, China) at 
37 ◦C for 30 min. The cells were then developed with 3,3′-diaminobenzidine (DAB) (Beijing Zhongshan Golden Bridge, China) and 
stained. Under light microscope (Olympus, Japan) high magnification ( × 100). Positive expression cells were identified by the 
presence of brown-yellow coloration in the cytoplasm or cell membrane, while cells without any coloration were considered negatively 
expressing cells. This count was performed 5 times in different fields for each sample, and 3 samples were observed in total. 

2.3. Western blot detection of NSE/GRP94/CHOP/Fas/FasL/TNFR1/TNF-α/DR5/TRAIL/Caspase8/Caspase3 expression during 
induction 

Cells from each time group were added 100 μL of cell buffer and collected in 1.5 mL EP tubes. Protein concentration in the samples 
was quantified using the BCA method. The samples were heated in a 100 ◦C water bath for 5 min to denature the proteins. For each 
sample, 20 μg of protein was subjected to polyacrylamide gel electrophoresis. The electrophoresis was conducted at 90 V for 90 min, 
followed by transferring the target bands from the gel to a PVDF membrane under ice-water bath conditions. The primary antibody 
solutions: NSE (1:1000; EPITOMICS, USA), GRP94 (1:100; Affinity, USA), GHOP, Fas, FasL, TNFR1, TNF-α, DR5, TRAIL and Caspase8 
(all 1:1000; Affinity, USA), Caspase3 (1:100; Beijing Zhongshan, China) and β-actin (1:5000; rabbit monoclonal antibody, China) were 
added and incubated overnight at 4 ◦C, and the membranes were washed with TBST. Corresponding goat anti-rabbit/mouse secondary 
antibody (1:5000; Beijing Zhongshan Golden Bridge, China) was added and incubated, followed by washing with TBST. The bands 
were scanned using a scanner, and the optical density of each band was analyzed using Image J software. Each experiment was 
repeated three times. 

2.4. Ultrastructural features of the ER in control and induced 5 h neurons observed by transmission electron microscopy (TEM) 

Samples from the logarithmic growth phase control group and neurons induced for 5 h were taken. The cells were completely 
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digested with trypsin-EDTA, and the digestion was stopped with a culture medium. The samples were then centrifuged at 4 ◦C at 1000 
rpm for 5 min, and the supernatant was discarded. The cells were resuspended in a complete culture medium, homogenized, and 
centrifuged again at 4 ◦C at 1000 rpm for 5 min, discarding the supernatant. The cells were fixed with 2.5% glutaraldehyde for over 3 h 
and 1% osmium tetroxide for 1 h at 4 ◦C. After fixation, the samples were washed three times with PBS, each time for 15 min. The cells 
were pre-stained with 0.5% uranyl acetate overnight at room temperature on a shaker. This was followed by dehydration in propylene 
oxide and embedding in epoxy resin. Ultrathin sections were prepared using an ultramicrotome. The sections were then doubly stained 
with 2% uranyl acetate and lead citrate and observed and photographed under the TEM. 

2.5. MTT assay to detect the growth status of each group of cells 

Digest the 3rd to 5th generation ADSCs to prepare a cell suspension, and seed the cells at a density of 1 × 10⁵ cells per well in a 12- 
well plate. The inducer is added to set up different groups: uninduced, pre-induced, and induced at 1 h, 3 h, 5 h, and 8 h. Each group has 
five replicate wells. After induction, 100 μL of 5 g/L MTT working solution (Sigma USA) was added to each well and incubated at 37 ◦C 
for 4 h. The liquid in the wells was then discarded, and 1000 μL of dimethyl sulfoxide (DMSO) (Solarbio Beijing) was added to each 
well. The plates were shaken at low speed for 15 min. Next, 100 μL from each well was transferred to a 96-well plate. The absorbance 
(optical density, OD value) of each well was measured at 490 nm using an ELISA (BID-RAD USA). The cell growth curve was plotted 
with time on the x-axis and OD values. 

2.6. Flow cytometry annexin V/PI double staining method for quantitative detection of cell apoptosis 

Cells from the uninduced, pre-induced, and induced 1 h, 3 h, 5 h, and 8 h groups are collected following trypsin-EDTA digestion. 
The cell concentration was adjusted to 1 × 106/mL to prepare a single-cell suspension. The cells were centrifuged at 1000 rpm for 5 
min, and the supernatant was discarded. The cells were then resuspended in 1 mL of PBS, centrifuged again at 1000 rpm for 5 min, and 
the supernatant was discarded. 195 μL of Buffer solution and 5 μL of Annexin V staining solution are added to resuspend the cells. The 
mixture was incubated at room temperature for 10–15 min, then centrifuged at 1000 rpm for 5 min, and the supernatant was dis-
carded. Next, 190 μL of Buffer solution and 10 μL of PI staining solution are added. The cells were kept in the dark and analyzed within 
1 h using a flow cytometer. Each experiment was repeated three times. 

Fig. 1. Morphological features of differentiated cells after ADSCs induction reaction (inverted contrast microscopy, a–b: original magnification ×
40, c–h: original magnification × 200) (a) Cells cultured for 24 h in the primary generation, arrow shows rounded cells; (b) Cells cultured for 10 
days, exhibiting long spindle-shaped cells growing in a swirling pattern; (c) Cells cultured for 2 days in the third generation, displaying long spindle- 
shaped cells; (d) Cells pre-induced for 24 h, arrow shows an increase in the refractive power of the cells; (e) Cells induced for 1 h, arrow shows 
protrusions extending from the differentiated cells; (f) Cells induced for 3 h, arrow shows the morphology of differentiated cells; (g) and (h) Cells 
after 5 h and 8 h of induction, respectively, arrow shows a significant increase in refractoriness of the cells and longer axial protrusions extending 
from the cells, showing typical neuronal morphology. 
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2.7. Statistical analysis methods 

A database for the experimental data is established using Excel 2003, and statistical analysis is performed using the SPSS 13.0 
statistical software package. The data for each group are presented as mean ± standard deviation. Comparisons between different time 
points within the same group are conducted using one-way ANOVA, while comparisons of means between groups are performed using 
the SNK-q test. Statistical significance was determined for values of P < 0.05. 

3. Result 

3.1. Morphological changes in ADSCs during neuronal differentiation in vitro 

ADSCs isolated and extracted from adipose tissue were fully adherent at 24 h. Under an inverted phase-contrast microscope, the 
cells displayed various shapes, including short spindle, long spindle, round-like, triangular, or irregular forms (Fig. 1a). After 
adherence, the cells began to proliferate and their morphology became more uniform. By day 7 of the culture, numerous long spindle- 
shaped cells were observed growing in a vortex pattern. By days 10–14, the cells reached 70%–80% confluence, and cell passaging was 
performed (Fig. 1b). Passages 3–5 show uniform long spindle shapes and rapid proliferation, and underwent pre-induction and formal 
induction reactions (Fig. 1c). The differentiation rate of cells in the uninduced group (5th day of culture of 3rd to 5th passage ADSCs) 
was 1.38%, in the pre-induction group was 4.93% (cells underwent differentiation, extending short protrusions with few in number, 
Fig. 1d), in the 1 h formal induction group was 48.67% (cell nuclei enlarged and rounded, cytoplasm retracted, long protrusions similar 
to neuronal axon-like structures extended around the cell body, Fig. 1e), in the 3 h group was 72.28% (increased refractivity of the 
cytoplasm, obvious halo visible around the cell, further elongation and increased number of protrusions intertwining into a net-like 
structure, Fig. 1f), in the 5 h group was 87.14% (further increased refractivity, clear halo around the cell, branching at the ends of 
protrusions similar to dendritic cells, and cells showing typical neuronal morphology, Fig. 1g), and in the 8 h group was 86.58% 
(partial retraction of the cell body, shortening and reduction in the number of protrusions around the cell body, and a significant 
increase in the number of dead cells compared to the 5 h group, Fig. 1h). The difference in neuronal differentiation rates between 5 and 
8 h induction groups was not statistically significant (P = 0.45), while there were significant statistical differences between other time 
groups (P < 0.05). 

3.2. Immunocytochemistry detection of the expression of NSE/GPR94/CHOP/Fas/FasL/TNFR1/TNF-α/DR5/TRAIL/Caspase8/Casoase3 
during the process of ADSCs induced differentiation into neurons 

NSE showed no positive expression in the uninduced group. In the pre-induced group and various time groups after induction, there 
were positive expressions of NSE, predominantly in the cytoplasm and protrusions of the cells. The positive cell rate in the 3 h induced 
group was higher than in the 1 h group (P = 0.00), and the 5 h group was higher than the 3 h group (P = 0.00), with no significant 
difference between the 5 h and 8 h groups (P = 0.70). GRP94 was positively expressed in the uninduced group, pre-induced group, and 
the 1 h, 3 h, 5 h, and 8 h induced groups, with the positive expression rate gradually decreasing (F = 358.47, p = 0.00), but there was 
no statistical difference between the 8 h and 5 h groups (F = 1.17, p = 0.29). Positive expression of GRP94 was seen in the cytoplasm 
and protrusions of the cells. CHOP was positively expressed in all groups, and the positive expression rate significantly increased over 
time (F = 56.21, p = 0.00). Positive expression was observed in the nucleus, around the nucleus, and in the cytoplasm of the pro-
trusions, with a notably higher expression in the nucleus compared to around the nucleus and the protrusions. Fas, FasL, TNFR1, TNF- 
α, DR5, TRAIL, Caspase8, and Caspase3 showed positive expression in the uninduced group. The positive rates of Fas, FasL, and 
Caspase8 in the 3 h group were higher than in the 1 h group (all P = 0.00), the 5 h group was higher than the 3 h group (all P = 0.00), 
and the 8 h group was higher than the 5 h group (all P = 0.00). The positivity rates of TNFR1, TNF-α, DR5, and TRAIL in the 3 h group 
were higher than in the 1 h group (all P = 0.00), the 5 h group was higher than the 3 h group (all P = 0.00), but lower in the 8 h group 

Table 1 
Immunocytochemistry detection of positive cell expression rates of NSE/GRP94/CHOP/Fas/FasL/TNFR1/TNF-α/DR5/TRAIL/Caspase8/Caspase3 
during ADSCs-induced differentiation into neurons (mean ± SD, n = 15).  

Factors n uninduced pre-induction 1 h 3 h 5 h 8 h 

NSE 15 – 4.19 ± 0.53* 42.52 ± 1.73* 61.13 ± 4.51* 84.21 ± 1.51 84.52 ± 1.94 
GRP94 15 65.30 ± 2.00* 64.80 ± 1.92* 55.67 ± 1.63* 45.67 ± 2.77* 35.70 ± 1.39 34.87 ± 2.77 
CHOP 15 4.60 ± 1.96* 10.80 ± 1.27* 23.93 ± 1.79* 28.07 ± 1.71* 48.10 ± 3.34 49.00 ± 1.77* 
Fas 15 2.80 ± 0.83* 20.22 ± 2.76* 24.79 ± 1.84* 30.93 ± 2.65* 39.08 ± 1.78 48.06 ± 2.36* 
FasL 15 2.70 ± 0.57* 8.84 ± 1.13* 14.89 ± 1.41* 22.19 ± 2.18* 29.45 ± 2.28 43.05 ± 2.39* 
TNFR1 15 1.23 ± 0.39* 7.26 ± 1.96* 15.01 ± 1.62* 30.66 ± 3.19* 41. 22 ± 2.57 37.00 ± 1.64* 
TNF-α 15 1.31 ± 0.37* 9.18 ± 1.31* 15.68 ± 1.53* 26.62 ± 3.02* 44.23 ± 3.66 37.39 ± 2.32* 
DR5 15 1.17 ± 0.36* 7.59 ± 0.88* 16.84 ± 1.32* 27.48 ± 1.71* 38.33 ± 1.70 36.77 ± 1.96* 
TRAIL 15 4.10 ± 1.19* 20.35 ± 3.19* 24.15 ± 1.42* 28.15 ± 1.55* 40.81 ± 3.95 38.01 ± 2.68* 
Caspase8 15 1.04 ± 2.56* 2.67 ± 0.50* 7.38 ± 0.97* 13.68 ± 1.25* 30.57 ± 3.78 33.19 ± 2.06* 
Caspase3 15 1.10 ± 0.23* 2.32 ± 0.85* 7.62 ± 1.45* 14.16 ± 2.35* 33.80 ± 1.38 34.32 ± 1.67 

P values were determined by one-way ANOVA. *Indicates statistically significant difference compared to the induced 5 h group (*P < 0.05). 

P. Zhang et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e28608

5

compared to the 5 h group (all P = 0.00). The positive rate of Caspase3 in the 3 h group was higher than in the 1 h group (P = 0.00), the 
5 h group was higher than the 3 h group (P = 0.00), but there was no significant difference between the 8 h and 5 h groups (P = 0.356). 
The degree of positive expression of these factors was significantly higher in the cell body compared to the protrusions (Table 1). 

Fig. 2. Western blotting results of NSE/GPR94/CHOP/Fas/FasL/TNFR1/TNF-α/DR5/TRAIL/Caspase8/Casoase3 during the induced differentiation 
of ADSCs into neurons P values were determined by one-way ANOVA. *Indicates statistically significant difference compared to the induced 5 h 
group (*P < 0.05). 
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3.3. Western blotting results for the expression levels of NSE/GPR94/CHOP/Fas/FasL/TNFR1/TNF-α/DR5/TRAIL/Caspase8/Casoase3 
during the induction of differentiation of ADSCs into neurons 

There were statistically significant differences in the quantitative expression levels of NSE, GRP94, CHOP, Fas, FasL, TNFR1, TNF-α, 
DR5, TRAIL, Caspase8, and Caspase3 among the uninduced group, pre-induced group, and the groups induced for 1 h, 3 h, 5 h, and 8 h 
(P < 0.05). The expression level of NSE was higher in the 3 h group compared to the 1 h group (P = 0.00), higher in the 5 h group 
compared to the 3 h group (P = 0.00), with no significant difference between the 5 h and 8 h groups (P = 0.556) (Fig. 2a). The 
expression level of GRP94 gradually decreased with the length of induction time, reaching its lowest at 3 h (P < 0.05), and then 

Fig. 2. (continued). 
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gradually increased. There was no statistical difference between the uninduced and pre-induction groups (P > 0.05), and between the 
1 h and 5 h groups (P > 0.05), with statistical differences between the other groups (P < 0.05) (Fig. 2b). CHOP expression levels 
gradually increased from the uninduced, pre-induced, and 1 h, 3 h, 5 h, and 8 h induced groups, with statistically significant differences 
between each group (P < 0.05) (Fig. 2c). Fas, FasL, and Caspase8 showed increased expression levels in the 3 h group compared to the 
1 h group (P = 0.00, 0.048, 0.00), in the 5 h group compared to the 3 h group (P = 0.00, 0.011, 0.00), and in the 8 h group compared to 
the 5 h group (all P = 0.00) (Fig. 2d–e and 2k). TNFR1, TNF-α, DR5, and TRAIL showed increased expression levels in the 3 h group 
compared to the 1 h group (all P = 0.00), in the 5 h group compared to the 3 h group (P = 0.00, 0.00, 0.00, 0.015), but decreased in the 
8 h group compared to the 5 h group (all P = 0.00) (Fig. 2f–i). Caspase3 showed increased expression levels in the 3 h group compared 
to the 1 h group (P = 0.027), in the 5 h group compared to the 3 h group (P = 0.005), with no significant difference between the 5 h and 
8 h groups (P = 0.609) (Fig. 2j) (Table 2). 

3.4. Ultrastructural features of the ER in ADSCs induced to differentiate into neurons for 5 h 

Under TEM, it was observed that at 5 h into the process of ADSCs being induced to differentiate into neurons, the cytoplasm of the 
differentiating neurons contained both normally and non-parallel arranged rough ER and Nissl bodies, which are neuron-specific 
organelles (Fig. 3a). In some neuronal cells, there was mild to moderate dilation of the rough endoplasmic reticulum in the cyto-
plasm (Fig. 3b), and even severe swelling and dilation of the endoplasmic reticulum, vacuolar changes, and degranulation were 
observed. Additionally, there were irregularities in the shape of the nucleus, and chromatin condensation appeared in clumps and was 
highly aggregated and marginalized, while the nuclear envelope remained intact (Fig. 3c). 

3.5. Results of MTT assay induced differentiation of ADSCs to neuronal cells 

The OD values of surviving cells showed significant statistical differences among the uninduced group (0.247 ± 0.019), pre- 
induced group (0.245 ± 0.018), and induced groups at 1 h (0.224 ± 0.019), 3 h (0.214 ± 0.013), 5 h (0.191 ± 0.024) and 8 h 
(0.136 ± 0.029) (F = 39.331, P = 0.00). There was no significant difference between the uninduced and pre-induced groups (P =
0.832). Similarly, there was no significant difference between the 1 h and 3 h induced groups (P = 0.272), while the 8 h induced group 
showed a significant decrease in OD values compared to the 5 h group (P = 0.00). The cell numbers in the 1 h, 3 h, and 5 h induced 
groups did not differ significantly (P > 0.05), indicating relatively stable cell growth during these periods (Fig. 4). 

3.6. Results of the detection of apoptosis rate during the induction of differentiation of ADSCs into neurons 

There were significant statistical differences in the rates of early apoptosis among the uninduced group, the pre-induced group, and 
the groups induced for 1 h, 3 h, 5 h, and 8 h (F = 787.424, P = 0.00). Similarly, significant differences were observed in the rates of late 
apoptosis among these groups (F = 1692.066, P = 0.00) (Fig. 5A–F). The rate of mechanical damage during the experiment showed no 
statistical differences between the pre-induced, 1 h, and 3 h groups (F = 46.575, P = 0.00) (Fig. 5B–D). 

4. Discussion 

Our study found that during the normal growth process of ADSCs, there is a strong unfolded protein response (UPR) triggered by 
ERS, leading to a relatively weak apoptotic response. However, during the process of inducing ADSCs to differentiate into neurons, 
UPR is significantly inhibited, and apoptosis mediated through the endoplasmic reticulum pathway is markedly enhanced, becoming a 
major cause of cell death. Also, in the normal growth process of ADSCs, there is a weak presence of extrinsic apoptosis mediated by 
death receptor pathways such as Fas/FasL, TNFR1/TNF-α, and DR5/TRAIL. Particularly noteworthy is the role of the Fas/FasL 
pathway as a significant mediator of apoptosis during the entire induction process, especially after 5 h of induction. The TNFR1/TNF-α 

Table 2 
Western-blotting detection of the relative optical density values of NSE, GRP94, CHOP, Fas, FasL, TNFR1, TNF-α, DR5, TRAIL, Caspase8, Caspase3 
during ADSCs-induced differentiation into neurons (mean ± SD, n = 3).  

Factors n uninduced pre-induction 1 h 3 h 5 h 8 h 

NSE 3 0.09 ± 0.01* 0.56 ± 0.01* 0.69 ± 0.01* 0.81 ± 0.02* 1.13 ± 0.01 1.12 ± 0.01 
GRP94 3 0.48 ± 0.01* 0.47 ± 0.01* 0.43 ± 0.01 0.39 ± 0.01* 0.36 ± 0.01 0.30 ± 0.01* 
CHOP 3 0.02 ± 0.00* 0.06 ± 0.00* 0.06 ± 0 0.00* 0.08 ± 0.00* 0.09 ± 0.00 0.10 ± 0.00* 
Fas 3 0.14 ± 0.01* 0.58 ± 0.03* 0.74 ± 0.01* 0.83 ± 0.01* 0.92 ± 0.01 1.04 ± 0.02* 
FasL 3 0.38 ± 0.01* 0.46 ± 0.01* 0.54 ± 0.01* 0.60 ± 0.01* 0.69 ± 0.05 0.94 ± 0.07* 
TNFR1 3 0.22 ± 0.01* 0.38 ± 0.02* 0.50 ± 0.02* 0.76 ± 0.03* 0.89 ± 0.01 0.83 ± 0.01* 
TNF-α 3 0.12 ± 0.01* 0.37 ± 0.01* 0.65 ± 0.02* 0.75 ± 0.02* 1.16 ± 0.04 1.06 ± 0.01* 
DR5 3 0.21 ± 0.01* 0.48 ± 0.02* 0.57 ± 0.02* 0.65 ± 0.01* 1.33 ± 0.03 1.11 ± 0.01* 
TRAIL 3 0.52 ± 0.01* 0.69 ± 0.01* 0.97 ± 0.06* 1.50 ± 0.01* 1.71 ± 0.08 1.45 ± 0.01* 
Caspase8 3 0.32 ± 0.02* 0.42 ± 0.01* 0.47 ± 0.02* 0.60 ± 0.01* 0.89 ± 0.05 1.04 ± 0.02* 
Caspase3 3 0.40 ± 0.03* 0.72 ± 0.02* 0.85 ± 0.05* 0.93 ± 0.06* 1.06 ± 0.06 1.08 ± 0.01 

P values were determined by one-way ANOVA. *Indicates statistically significant difference compared to the induced 5 h group (*P < 0.05). 
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and DR5/TRAIL signaling pathways also play an important role in triggering apoptosis during the first 5 h of the induction process, but 
their impact significantly diminishes after this period. This suggests that the death receptor-mediated apoptotic signaling pathways are 
significantly activated during the process of ADSC differentiation into neurons, thereby inducing apoptosis. Therefore, apoptosis 
mediated by the endoplasmic reticulum and death receptor pathways is a significant cause of cell death during the neuronal differ-
entiation of ADSCs. Reducing apoptosis mediated by these two pathways can significantly improve the efficiency of the induction 
process. 

The ER is a crucial cellular organelle involved in post-translational modification, folding, and oligomerization of proteins, as well as 
in lipid metabolism, synthesis of steroid hormones, and calcium storage.is involved in post-translational protein modification, folding, 
oligomerization, lipid metabolism, steroid hormone synthesis, and calcium storage. ERS is a physiological state that occurs when cells 
are exposed to various stimuli such as drugs, and radiation causing genetic damage, leading to the accumulation of unfolded or 
misfolded proteins in the ER, thereby impairing its function [14]. ERS can be divided into two phases: the early UPR [15] and the late 
phase of apoptosis induction. Through UPR, the ER can protect against cell damage caused by ER stress and restore cell function. If the 
damage is too severe and the internal environment cannot be promptly restored, the ER stress signals switch from promoting survival 
to promoting apoptosis [16]. GRP94, a hallmark protein of ERS, plays a crucial role as an ERS molecular chaperone in maintaining ER 
protein synthesis, proper folding, and cellular calcium homeostasis [17–20]. Therefore, during the initial phase of UPR in ERS, its 
expression level is relatively high, mainly as cells strive to reduce the accumulation of unfolded or misfolded proteins in the ER and 
attempt to restore the function and homeostasis of the ER. This phase of ERS is referred to as adaptive ERS [21,22]. Our experiment 
found that the expression level of GRP94 is highest in ADSCs, and it significantly decreases over time during the induction process of 
ADSCs differentiating into neurons. This suggests that ERS mainly plays a self-protective role during the growth of ADSCs, while this 
self-protective ERS is significantly weakened during the induction differentiation process. The characteristics of ER ultrastructural 
changes observed under the electron microscope in this study also confirm this point. 

Additionally, research indicates that CHOP is a transcription factor specific to ERS and is highly sensitive to ER-mediated apoptotic 
responses. CHOP can induce apoptosis by activating Caspase-3, and cells lacking CHOP can tolerate apoptosis induced by ERS, thereby 
reflecting the level of ERS-mediated apoptosis [12,23–25]. Our results show that CHOP levels are initially low in ADSCs, but as the 
induction period extends, its levels significantly and progressively increase, suggesting that ERS-mediated apoptosis intensifies 

Fig. 3. Ultrastructural features of the endoplasmic reticulum of ADSCs induced to differentiate into neuronal cells for 5 h in vitro by TEM 
observation (a) Normal rough endoplasmic reticulum in differentiated cells at 5 h after induction, with neuron-specific organelle-Nissl body shown 
by arrow (original magnification × 10,000). (b) The arrow shows numerous slightly swollen rough endoplasmic reticulums around the nucleus of 
differentiated cells 5 h after induction (original magnification × 12000). (c) The arrow shows the enlarged lumen of the rough endoplasmic re-
ticulum forming vacuoles and degranulation in differentiated cells that underwent apoptosis at 5 h after induction. The triangles indicate the 
irregular shape of the nucleus, the chromatin is concentrated and blocky, the chromatin is highly condensed and marginalized, and the nuclear 
membrane is intact (original magnification × 15000). 

Fig. 4. MTT method to detect the results of surviving cells in the process of induced differentiation of ADSCs into neurons 
Succinate dehydrogenase in the mitochondria of living cells metabolizes MTT solution to blue-purple crystals, which are dissolved in DMSO to 
develop the color, and the light absorbance value is measured using an enzyme marker to plot the growth curve of the cells. 
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throughout induction differentiation. Therefore, in ADSCs, the UPR is primarily activated, with high expression of GRP94, to maintain 
normal cellular functions. During the induction process, as the cells are increasingly stimulated externally, the expression level of 
GRP94 significantly decreases, while CHOP and Caspase-3 levels markedly increase. This indicates that with the prolongation of the 
induction response, the UPR caused by ERS is insufficient to maintain the stability of the internal environment of the differentiating 
cells, thereby initiating the ER pathway of apoptotic signaling and leading to cell death. 

In the three major signaling pathways of cell apoptosis - the mitochondrial pathway, the ERS pathway, and the death receptor 
pathway [26–28], death receptors belong to the tumor necrosis factor receptor superfamily. They are transmembrane proteins on cells, 
with an extracellular part containing a cysteine-rich region and a cytoplasmic region with a “death domain (DD)" composed of ho-
mologous amino acid residues, possessing proteolytic function, acting as the initiation effector region for apoptosis mediated by this 
pathway [29,30]. Currently, the known death receptor-mediated apoptotic pathways mainly include Fas/FasL, TNFR1/TNF-α, and 
DR5/TRAIL [31]. Although these pathways differ in signal initiation, transduction, and modulation during the apoptosis process, they 
ultimately activate caspase8, which then activates caspase3, initiating the apoptosis response [31–34]. In our experiment, the positive 
expression rates and quantitative expression levels of Fas/FasL, TNFR1/TNF-α, DR5/TRAIL, Caspase8, and Caspase3 were low during 
the normal culture and growth of ADSCs, indicating that death receptor-mediated apoptosis was not significant at this stage. The 
positive rates and quantitative expression levels of Fas, FasL, and caspase8 increased with the extension of induction time, reaching 
peak values at the end of the 8 h induction. This suggests that the Fas/FasL pathway is an important signal transduction pathway 
inducing apoptosis throughout the induction process. Fas, a typical death receptor, is composed of an extracellular N-terminal 

Fig. 5. Flow cytometry detection of the distribution of apoptotic cells during the induced differentiation of ADSCs to neurons 
Upper left quadrant (UL): AnnexinV－PI+ represents mechanically damaged cells; upper right quadrant (UR): AnnexinV+ PI+ represents late- 
apoptotic or necrotic cells; lower left quadrant (LL): AnnexinV－PI－represents of live cells; lower right quadrant (LR): Annexin V+PI－repre-
sents early-apoptotic cells. (A) The percentages of surviving cells, early apoptotic cells, late apoptotic or necrotic cells, and mechanically damaged 
cells in the uninduced group were 93.22 ± 0.57%, 0.19 ± 0.05%, 0.24 ± 0.05%, and 6.17 ± 0.22%, respectively. (B) The percentages of surviving 
cells, early apoptotic cells, late apoptotic or necrotic cells, and mechanically damaged cells in the preinduction group were 87.75 ± 0.31%, 0.88 ±
0.12%, 1.04 ± 0.14%, and 10.53 ± 0.70%, respectively. (C) The percentage of surviving cells in the induced 1 h group was 85.38 ± 0.47%, the 
percentage of early apoptotic cells was 3.19 ± 0.32%, the percentage of late apoptotic or necrotic cells was 1.66 ± 0.04%, and the percentage of 
mechanically damaged cells was 9.60 ± 0.56%. (D) The percentages of surviving cells, early apoptotic cells, late apoptotic or necrotic cells, and 
mechanically damaged cells in the induced 3 h group were 83.64 ± 0.47%, 4.06 ± 0.14%, 2.08 ± 0.09%, and 10.51 ± 0.36%, respectively; (E) The 
percentages of surviving cells, early apoptotic cells, late apoptotic or necrotic cells, and mechanically damaged cells in the induced 5 h group were 
81.11 ± 0.22% and 6.74 ± 0.21%, 3.22 ± 0.06%, and 8.63 ± 0.54%, respectively. (F) The percentages of surviving cells, early apoptotic cells, late 
apoptotic or necrotic cells, and mechanically damaged cells after 8 h of induction were 71.34 ± 0.91%, 12.16 ± 0.51%, 5.42 ± 0.04%, and 12.23 ±
0.61%, respectively. 
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ligand-binding region, a hydrophobic transmembrane region, and a C-terminal with a DD that mediates apoptosis [35]. Its ligand, 
FasL, is a type II membrane protein consisting of an extracellular C-terminal ligand-binding region, a hydrophobic transmembrane 
region, and an intracellular region. It exists as a homotrimer complex, and its biological activity is exerted only after binding to the Fas 
receptor on the cell membrane [36,37]. When they bind, the DD of Fas recruits Fas-associated death domain protein (FADD) in the 
cytoplasm. FADD’s N-terminal contains a death effector domain (DED), which recruits caspase8 to the Fas region, forming a 
death-inducing signaling complex (DISC) consisting of Fas, FADD, and caspase8. This activates caspase8, initiating a caspase cascade 
reaction, leading to apoptosis [38,39]. Analysis results from MTT and flow cytometry methods show that the cell survival rate at 5 h of 
induction was 81%, significantly higher than at 8 h, confirming this point. 

Similarly, the DR5/TRAIL-mediated apoptotic pathway shares similarities with the Fas/FasL signaling pathway, while the TNFR1/ 
TNF-α pathway is distinct [40–44]. The biological activity of TNF-α is primarily exerted through binding to the TNFR1 receptor on the 
cell membrane, inducing the recruitment of TNFR1’s DD then interacts with the TNFR1-associated death domain protein (TRADD), 
which in turn binds with the FADD in the cytoplasm, thereby activating caspase 8 and triggering a cascade of apoptotic reactions 
[45–50]. Our study results show that both DR5/TRAIL/TNFR1/TNF-α signaling pathways, during the first 5 h of the induction 
response, exhibit a significant increase in the positive rates and expression levels of DR5, TRAIL, TNFR1, and TNF-α as the induction 
time extends, peaking at the 5 h mark. However, as the induction continues, their positive rates and expression levels significantly 
decrease. This suggests that the TNFR1/TNF-α and DR5/TRAIL-mediated apoptosis signaling pathways play an important role 5 h into 
the induction process, but their role in mediating apoptosis significantly weakens afterward. 

Therefore, these results suggested that death receptor-mediated apoptotic signaling pathways, especially Fas/FasL, are significantly 
activated during the process of ADSC differentiation into neurons, thereby inducing apoptosis and becoming one of the main causes of 
cell death in this induction process. Additionally, flow cytometry analysis also shows that around 10% of the cells are in early and late 
apoptotic states at 5 h of induction, increasing to about 18% at 8 h, confirming that apoptosis is the main cause of cell death in this 
differentiation process. This is consistent with findings reported in other studies [10,11]. Furthermore, our flow cytometry results 
demonstrate that with the prolongation of the induction response, the rate of early apoptosis progressively increases, peaking at 8 h, 
similar to the changes observed in caspase8, a key initiator in the death receptor-mediated apoptotic pathway. This further confirms 
that apoptosis mediated by death receptor signaling pathways is a significant cause of cell death during the ADSC differentiation into 
neurons. Therefore, understanding the mechanism of apoptosis in this induction process is key to reducing cell death rates and 
improving the efficiency of the response. 

5. Conclusion 

In conclusion, ERS in the normal culture and growth of ADSCs, manifesting as enhanced UPR, maintains the normal survival of 
ADSCs. However, apoptosis mediated by the ERS and death receptor pathways is a significant cause of cell death in the process of 
ADSCs being induced to differentiate into neurons. Among these, both the ERS and the Fas/FasL pathways are important in inducing 
apoptosis throughout the induction process, while apoptosis mediated by the TNFR1/TNFα and DR5/TRAIL signaling pathways is 
particularly significant during the 5 h of the induction reaction. However, the reasons for the differential effects of these pathways 
require further investigation. 
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