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Abstract. Unfolded protein response (UPR) signaling in cells 
stimulates UPR signaling in adjacent cells, facilitating the 
progression of disease (such as diabetes)by upregulating UPR 
target genes; however, whether this dissemination occurs 
between nerve cells, and its molecular basis, is currently 
unclear. In the present study, the supernatant of endoplasmic 
reticulum (ER) stress‑induced rat astrocytes was prepared and 
used to treat rat adrenal pheochromocytoma cell to simulate the 
propagation of ER stress between nerve cells. Reverse transcrip‑
tion‑quantitative PCR and western blotting were performed 
to detect the expression levels of mRNAs and protein levels 
associated with ER stress in cells. The results revealed that ER 
stress may propagate between rat nerve cells, ultimately leading 
to apoptosis. Analysis also revealed that the mediators of ER 
stress transmission were non‑vesicular, oxidative molecules 
with molecular weights >100 kDa. In conclusion, ER stress 
propagation may have a role in neuronal death following ER 
stress in central nervous system diseases, presenting potential 
novel therapeutic targets for these conditions.

Introduction

The endoplasmic reticulum (ER) is one of the organelles of 
eukaryotic cells, which is named after its lumen‑like struc‑
ture (1). The ER is mainly responsible for protein synthesis, 
lipid synthesis, Ca2+ storage and signal transduction  (2,3). 
Intracellular and extracellular factors that interfere with any of 
the homeostatic functions of the ER can induce ER stress (4,5). 

The unfolded protein response (UPR) is induced to overcome ER 
stress, and to reduce protein synthesis through transcription and 
translation. In addition, the UPR increases ER protein assembly 
ability, and reduces the aggregation of misfolded or unfolded 
proteins, thus resulting in mitigation of stress, and recovery 
of protein balance and ER homeostasis (6,7). Long‑term ER 
stress induces chronic UPR activation, which alters homeostasis 
of the body, even though low‑level UPR stimulation protects 
cells (8‑10). Notably, ER stress may propagate between different 
cells (11,12). Conditioned culture medium from ER‑stressed 
tumor cells can cause ER stress in bone marrow cells, which 
may then release unknown molecules that promote tumor cell 
growth  (13). Furthermore, in obesity, ER stress propagates 
between liver cells and disrupts systemic metabolism (14).

ER stress is directly related to the pathogenesis of diseases 
of the central nervous system (CNS) (15). A previous study 
discovered that ER stress markers, such as phosphorylated 
(p)‑eIF‑2α, activating transcription factor (ATF4) and CHOP, 
are still present in the cerebral cortex days after traumatic brain 
injury (16). Another study using a rat model of neuropathic pain 
suggested that the spinal dorsal horn has increased levels of ER 
stress markers, including glucose regulated protein 78 (GRP78), 
p‑PERK, p‑eukaryotic translation initiation factor 2α and ATF6, 
accompanied by NF‑κB phosphorylation (17). In addition, in 
CNS diseases, whether ER stress signaling transmission is the 
basic root cause of neuronal death is not yet known.

Vitamin C (Vc) is a water‑soluble antioxidant. It neutral‑
izes free radicals such as reactive oxygen species to protect 
cells from oxidative damage and assists in collagen synthesis, 
enhancing immunity. It can also be used as a standard 
substance to help quantify the total antioxidant capacity of 
samples. Its reducibility (providing electrons) makes it a key 
tool for studying antioxidant mechanisms.

It has previously been confirmed that thapsigargin (TG) 
can successfully induce ER stress in vitro (18). The present 
study aimed to investigate whether ER stress signals can 
propagate between different nerve cell types.

Materials and methods

Cell culture. Rat adrenal pheochromocytoma cell line 12 
(PC12; The Cell Bank of Type Culture Collection of The 
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Chinese Academy of Sciences) and CTX TNA2 (ASCs; iCell 
Bioscience Inc.) were grown in complete DMEM containing 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin and 100 U/ml streptomycin at 37˚C with 
5% CO2 in a cell culture incubator. The cells were passaged 
at 90% confluence. The medium was discarded to initiate cell 
passage, and 0.25% trypsin was introduced for cell detach‑
ment. The cells were then collected by pipetting and subjected 
to centrifugation at 800 x g at room temperature for 5 min. 
After removing the supernatant, the cells were resuspended in 
fresh culture medium. The cells were evenly distributed into 
T25 cell culture flask and passaged every 3 days (19).

Observation of cell morphological changes. Cells were seeded 
at a density of 5x104/ml in 6‑well plates. After treatment, five 
fields of view were selected for observation and photography 
under high‑power magnification of an optical microscope.

ASC ER stress supernatant preparation. ASCs were treated 
with 0.5 µmol/l TG (MilliporeSigma) at 37˚C for 12 h, and the 
medium was removed. The cells were washed three times with 
serum‑free Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc.) and then complete 
medium was added to continue culturing for 12 h. After 12 h 
of culture, the cells were collected. The culture medium was 
centrifuged at 2,000 x g at 4˚C for 20 min to discard cell 
debris. The supernatant was collected as ASC conditioned 
medium (ACM) and used for subsequent experiments.

ACM filtrate (ACM‑F) and ACM residue (ACM‑R) prepara‑
tion. After collecting the ACM, it was added to an ultrafiltration 
centrifuge tube containing a 100 K polyethersulfone membrane. 
The mixture was then centrifuged at 5,000 x g for 40 min 
at 4˚C. The ACM was divided into two parts: The lower layer 
was considered the ACM‑F and an equal quantity of culture 
medium was added into the upper layer, labelled the ACM‑R.

Vesicle collection and preparation. ACM was isolated and 
centrifuged at 2,000 x g for 5 min at 4˚C to acquire the superna‑
tant, which was centrifuged at 12,000 x g and 4˚C for 15 min to 
discard cell debris and impurities prior to discarding the pellet. 
The supernatant was then ultracentrifuged at 100,000 x g, 4˚C 
for 2 h. After rinsing with PBS, a second ultracentrifugation 
step was performed under the same conditions. The obtained 
precipitate is the vesicles. Resuspend in 200 µl of PBS buffer 
and store at ‑80˚C for future use.

Experimental grouping
ASC ER stress validation experiment. ASCs were divided 
into four groups: i) Untreated (UT): ASCs were incubated 
in complete medium at 37˚C for 24 h; ii) DMEM + complete 
medium group: ASCs were incubated in DMEM at 37˚C for 
12 h, followed by incubation in complete medium for at 37˚C 
12 h; iii) TG + complete medium group: ASCs were incubated 
in 0.5 µmol/l TG at 37˚C for 12 h, followed by incubation in 
complete medium at 37˚C for 12 h; and iv) TG group: ASCs 
were incubated in 0.5 µmol/l TG at 37˚C for 24 h.

ER stress propagation experiment. PC12 cells were divided 
into four groups: i) UT group: PC12 cells were incubated 

in complete medium at 37˚C for 24 h; ii) UT‑ACM group: 
PC12 cells were incubated in UT‑ACM at  37˚C for 24 h; 
iii)  TG‑ACM group: PC12 cells were incubated in ACM 
treated with 0.5 µmol/l TG at 37˚C for 24 h; and iv) TG group: 
PC12 cells were incubated in 0.5 µmol/l TG at 37˚C for 24 h.

Molecular weight assessment of ER stress propaga‑
tion mediator experiment. PC12 cells were divided into the 
following eight groups: i) UT group: PC12 cells were incu‑
bated in complete medium at 37˚C for 24 h; ii) UT‑ACM 
group: PC12 cells were incubated in UT‑ACM at 37˚C for 
24 h; iii) UT‑ACM‑F group: PC12 cells were incubated in UT 
ACM‑F at 37˚C for 24 h; iv) UT‑ACM‑R group: PC12 cells 
were incubated in UT‑ACM‑R at 37˚C for 24 h; v) TG‑ACM 
group: PC12 cells were incubated in ACM treated with 
0.5 µmol/l TG at 37˚C for 24 h; vi) TG‑ACM‑F group: PC12 
cells were incubated in ACM‑F treated with 0.5 µmol/l TG 
at 37˚C for 24 h; vii) TG‑ACM‑R group: PC12 cells were 
incubated with ACM‑R treated with 0.5 µmol/l TG at 37˚C 
for 24 h; viii) TG group: PC12 cells were incubated with 
0.5 µmol/l TG at 37˚C for 24 h.

Assessment of the vesicular nature of the ER stress 
propagation mediator experiment. PC12 cells were divided 
into the following groups: i) UT group: PC12 cells were incu‑
bated with complete medium at 37˚C for 24 h; ii) UT‑ACM 
group: PC12 cells were incubated with UT‑ACM at  37˚C 
for 24 h; iii) UT‑ACM‑(no) Vesicles group: PC12 cells were 
incubated with UT de‑vesicularized ACM at 37˚C for 24 h; 
iv) UT‑ACM‑Vesicles group: PC12 cells were incubated with 
UT vesicularized ACM at 37˚C for 24 h; v) TG‑ACM group: 
PC12 cells were incubated with 0.5 µmol/l TG‑treated ACM 
at 37˚C for 24 h; vi) TG‑ACM‑(no) Vesicles group: PC12 cells 
were incubated with 0.5 µmol/l TG‑treated de‑vesicularized 
ACM at 37˚C for 24 h; vii) TG‑ACM‑Vesicles group: PC12 
cells were incubated with 0.5 µmol/l TG‑treated vesicularized 
ACM at 37˚C for 24 h; viii) TG group: PC12 cells were incu‑
bated with 0.5 µmol/l TG at 37˚C for 24 h.

Assessment of the oxidative activity of the ER stress propa‑
gation mediator experiment. PC12 cells were divided into the 
following five groups: i) UT group: PC12 cells were incubated 
with complete medium at 37˚C for 24 h; ii) UT‑ACM group: 
PC12 cells were incubated with UT‑ACM at 37˚C for 24 h; 
iii) TG‑ACM group: PC12 cells were incubated with 0.5 µmol/l 
TG‑treated ACM at 37˚C for 24 h; iv) TG‑ACM + Vitamin 
C (Vc) group: PC12 cells were incubated with 0.5 µmol/l 
TG‑treated ACM and supplemented with 100  µmol/l Vc 
(MilliporeSigma) at 37˚C for 24 h; v) TG group: PC12 cells 
were incubated with 0.5 µmol/l TG at 37˚C for 24 h.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from PC12 cells and ASCs using the 
RNA‑easy extraction kit (Vazyme Biotech Co., Ltd.) following 
the manufacturer's instructions. Nucleic acid protein detector 
(Eppendorf SE) was used to determine the quantity and integ‑
rity of total RNA. The A260/A280 ratio obtained for RNA 
was 1.8‑2.0, with a concentration of ~300 mg/ml. cDNA was 
generated using the Quantscript RT Kit (Vazyme Biotech Co., 
Ltd.) according to the manufacturer's instructions. The cDNA 
then underwent qPCR using the SuperReal PreMix Plus SYBR 
Green kit (Vazyme Biotech Co., Ltd.). The gene amplification 
primer sequences are indicated in Table  Ⅰ. Thermocycling 
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conditions were as follows: Initial denaturation at 95˚C for 
10 mins; 95˚C for denaturation for 15 s, 60˚C for annealing for 
15 s, and 72˚C for extension for 30 s. This process is repeated 
for a total of 40 cycles. Relative expression level of the target 
gene by using the 2‑ΔΔCq method (20).

Western blot analysis. PC12 cells and ASCs were rinsed twice 
with PBS. The cells were lysed with ice‑cold lysis buffer 
(100 µl RIPA + 1 µl protease inhibitor; Beyotime Institute of 
Biotechnology). Total protein concentration was calculated 
using the Nucleic acid protein detector (Eppendorf SE). The 
protein samples (100 µg total protein/lane) were separated by 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(SDS‑PAGE) on 12% gels for 2 h before transferring them 
to a PVDF membrane (MilliporeSigma). After blocking the 
membrane with 5% skimmed milk for 2 h at room tempera‑
ture, it was incubated with primary antibodies at 4˚C overnight 
(Table Ⅱ). The membrane was then rinsed three times with 
0.1% Tris‑buffered saline‑Tween 20 (Biosharp Life Sciences) 
and was incubated with a HRP‑labeled secondary antibody 
(Suzhou Ruiying Biotechnology Co., Ltd.; cat, RS0002, 1:5,000 
dilution) at room temperature for 1 h. The protein bands were 
identified using an ECL substrate (Vazyme Biotech Co., Ltd.) 
and the optical intensity of protein bands was determined by 
Lane1D Ver4.22 (19,20).

Protein disulfide isomerase (PDI) immunofluorescence. 
PC12 cells were seeded in a 6‑well plate at a density of 
5x104 cells/ml. Following treatment, the culture medium was 

removed and cells were washed twice with PBS. The cells were 
fixed with 4% paraformaldehyde solution at room temperature 
for 30 min. Subsequently, the cells were rinsed three times 
in PBS (5 min each) and permeabilized with 0.1% Triton 
X‑100 at room temperature for 30 min. The cells were washed 
a further three times with PBS (5 min each) and incubated 
with PDI primary antibody (Abcam; cat. no. ab154820, 1:200) 
at 4˚C overnight. Wash the cells with PBS 3 times, each time 
for 5 min. A Cy™3‑labeled secondary antibody (The Jackson 
Laboratory; cat. no. 111‑165‑003, 1:200)) was introduced and 
incubated at room temperature for 1 h. DAPI counterstaining 
was then carried out, followed by rinsing three times with 
PBS (20 min each). Finally, the cells were viewed under a 
fluorescence microscope (Olympus Corporation), images were 
captured and observations were made.

Apoptosis probe staining. PC12 cells were seeded in a 6‑well 
plate at a density of 5x104 cells/ml. After intervention, the 
culture medium was removed and cells were washed three 
times with PBS. Subsequently, 1 ml of a solution comprising 
Annexin V‑FITC (5 µl) and propidium iodide (PI; 5 µl) was 
added to each well (Vazyme Biotech Co., Ltd.), and the cells 
were incubated in the dark at 37˚C for 15 min. The cells were 
then examined under a fluorescence microscope.

Determination of TG in the supernatant using a full-
wavelength spectrophotometer. TG has a distinctive absorption 
peak at 230 nm (13). ACM samples were added to a cuvette 

Table Ⅰ. Primer sequences.

Gene	 Sequence, 5'‑3'	 Size, bp

β‑actin	 F‑GCTGTGCTATGTTGCCCTAGACTTC	 122
	 R‑GGAACCGCTCATTGCCGATAGTG	
GRP78	 F‑CGGAGGAGGAGGACAAGAAGGAG	 104
	 R‑ATACGACGGTGTGATGCGGTTG	
CHOP	 F‑TGGCATCACCTCCTGTCTGTCTC	 95
	 R‑CCCTCTCCTTTGGTCTACCCTCAG	
ATF4	 F‑CTGCTTGCTCTGTGGTAGATGTCTC	 107
	 R‑CTCTGCTGCCTCTAATACGCCATG	

ATF4, activating transcription factor 4; F, forward; GRP78, glucose‑regulated protein 78; R, reverse.

Table Ⅱ. Antibodies used for immunofluorescence and WB analyses.

Antibody	 Catalog number and research resource identifier (manufacturer)	 Dilution

β‑actin	 Cat. no. 4970, rabbit mAb, AB_2223172 (Cell Signaling Technology, Inc.)	 WB 1:1,000
GRP78	 Cat. no. ab108615, rabbit pAb, AB_10890641 (Abcam)	 WB 1:1,000
ATF4	 Cat. no. BM5179, rabbit mAb (Wuhan Boster Biological Technology, Ltd.)	 WB 1:1,000
CHOP	 Cat. no. 2895, mouse mAb, AB_2089254 (Cell Signaling Technology, Inc.)	 WB 1:1,000
PDI	 Cat. no. ab154820, rabbit pAb (Abcam)	 Immunofluorescence 1:200

mAb, monoclonal antibody; pAb, polyclonal antibody; WB, western blotting; ATF4, activating transcription factor 4; GRP78, glucose‑regulated 
protein 78.

https://www.spandidos-publications.com/10.3892/mmr.2025.13532


LING et al:  EXPLORATION OF ENDOPLASMIC RETICULUM STRESS PROPAGATION MEDIATORS4

to be tested sequentially. Using a full‑wavelength spectropho‑
tometer, the absorbance was measured at 230 nm. As a positive 
control, TG added to DMEM was measured.

Measurement of the molecular weight of ACM‑F and 
ACM‑R by Coomassie brilliant blue staining. After sepa‑
rating ACM‑F and ACM‑R, concentrations were determined 
by nucleic acid‑protein detector with 10 µl for each lane, and 
analyzed by 8% SDS‑PAGE. Electrophoresis was conducted 
first at 70 V for 30 min and then increased to 110 V for 
1  h until the electrophoresis process was completed. 
Subsequently, the gel was stained with 2.5% Coomassie 
Brilliant Blue dye at room temperature for 2 h on a shaker. 
The gel was incubated overnight at room temperature in a 
decolorizing solution (50 ethanol, 100 acetic acid and 850 ml 
distilled water) (21,22).

ACM‑vesicle nanoparticle size analysis. First, the ACM 
was isolated and centrifuged at 2,000 x g for 5 min at 4˚C to 
acquire the supernatant, which was centrifuged at 12,000 x g 
and 4˚C for 15 min to discard cell debris and impurities prior 
to discarding the pellet. The supernatant was then ultracen‑
trifuged at 100,000 x g, 4˚C for 2 h. After rinsing with PBS, 
a second ultracentrifugation step was carried out under the 
same conditions. The supernatant was removed and 200 µl 
PBS was introduced to resuspend the pellet. A total of 20 µl 
of the sample was added to an equal volume of RIPA lysis 
buffer and lysed on ice for 1 h. Concentration was determined 
using a nucleic acid protein analyzer. The ACM‑vesicles were 
appropriately diluted and injected into the NTA nanoparticle 
size analyzer sample chamber, analyzed and their particle size 
was determined through ZetaView PMX 110 (Particle Metrix 
Merge).

MTT assay to detect changes in cell viability. Cell viability 
was assessed using the MTT assay (Shanghai Macklin 
Biochemical Co., Ltd.). PC12 cells were seeded in a 96‑well 
plate at a density of 5x104  cells/ml. After treatment, the 
medium was replaced with MTT (MTT:DMEM=1:9), and 
the cells were incubated at 37˚C for 4 h. The MTT mix was 
then discarded, and 150 µl DMSO solution was added to each 
well. The 96‑well plate was wrapped in tin foil and agitated at 
room temperature for 10 min. Cell viability was assessed by 
measuring the optical density (D) value of each well at 490 nm 
with a microplate reader. Cell survival rate (%) was calculated 
as: (D value of the experimental group‑D value of the blank 
group)/(D value of the control group‑D value of the blank 
group) x100.

Determination of Vc content in the supernatant using a 
full‑wavelength spectrophotometer. Vc was weighed out to 
0.01 g, diluted in distilled water and transferred to a 100‑ml 
volumetric flask. The volume was then adjusted to the 100 ml 
mark, stirred thoroughly and set aside. A pipette was used to 
transfer 50, 40, 30, 20, 10 ml of the Vc dilution to separate 
100‑ml volumetric flasks. To adjust the pH to 6, 1% hydro‑
chloric acid and 0.1 mol/l NaOH were used. The solutions 
were then diluted to the 100 ml mark using distilled water, 
shaken well. Using a full‑wavelength spectrophotometer, the 
absorbance was measured at 243 nm to draw a standard curve. 

Finally, the pH of the sample was adjusted, and absorbance 
was measured.

Statistical analysis. Data analysis was performed using 
GraphPad Prism software (Version 8; Dotmatics). One‑way 
analysis of variance was applied to compare differences 
between three or more groups, followed by a Tukey's post hoc 
test. If the assumption of variance uniformity was not met, 
the Brown‑Forsythe test was applied to compare differences 
between >2 groups, followed by the Games‑Howell test for 
post hoc testing. P<0.05 was considered to indicate a statisti‑
cally significant difference. All quantitative data are presented 
as the mean ± standard deviation. All experiments were inde‑
pendently repeated three times.

Results

TG induces ER stress in ASCs. As shown in Fig. 1A, the 
RT‑qPCR findings indicated that the mRNA expression levels 
of GRP78, ATF4 and CHOP were significantly increased in 
the TG + complete medium group (all P<0.05) when compared 
with those in the UT group and DMEM + complete medium 
group. Western blot analysis indicated that the protein levels 
of GRP78, ATF4 and CHOP in the TG + complete medium 
group were also significantly increased (all P<0.01) when 
compared with the UT group and DMEM + complete medium 
group (Fig. 1B and C), which indicated ER stress in ASCs.
To sum up, TG can induce ER stress in ASCs.

ER stress propagates between ASCs and PC12 cells. 
Observation under a light microscope revealed that, when 
compared with the UT group and UT‑ACM group, the number 
of cells in the TG‑ACM group and TG group was markedly 
decreased, the morphology was abnormal and the cells were 
damaged (Fig. 2A). In addition, the RT‑qPCR findings indi‑
cated that the mRNA expression levels of GRP78, ATF4 and 
CHOP in the TG‑ACM group were significantly upregulated 
(all P<0.001) when compared with those in the UT group and 
UT‑ACM group (Fig. 2B). Western blot analysis revealed that 
the protein expression levels of GRP78, ATF4 and CHOP 
were also significantly upregulated in the TG‑ACM group (all 
P<0.01) compared with those in the UT group and UT‑ACM 
group (Fig. 2C and D). The findings of PDI immunofluores‑
cence staining confirmed that the PDI fluorescence intensity of 
cells in the TG‑ACM and TG groups was markedly decreased, 
and appeared as granular spots, when compared with the UT 
group and UT‑ACM group (Fig. 2E), indicating that the ER 
was severely damaged. Finally, PC12 cells were stained with 
apoptosis probes. Analysis revealed that the TG‑ACM and 
TG groups exhibited more Annexin V and PI co‑stained cells 
when compared with the UT and UT‑ACM groups (Fig. 2F).
In conclusion, ER stress propagates between ASCs and PC12 
cells.

Molecular weight analysis of mediators of ER stress 
propagation. As indicated in Fig. 3A, the results from the 
full‑wavelength spectrophotometer revealed that, when 
compared with the TG + DMEM group, the absorption peaks 
in the supernatant of the UT‑ACM group and TG‑ACM 
group almost completely disappeared, indicating that there 
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was almost no TG in the TG‑ACM residue. Furthermore, 
ultrafiltration was used to separate the components of the 
ACM‑R and ACM‑F (Fig.  3B). Coomassie brilliant blue 
staining experiments indicated that the molecular weight of 
the filtrate was <100 kDa and the molecular weight of the 
filter residue was >100 kDa (Fig. 3C). The RT‑qPCR results 
indicated that the mRNA expression levels of GRP78, ATF4 
and CHOP were significantly increased in the TG‑ACM group 
and TG‑ACM‑R group (all P<0.001) when compared with the 
UT group (Fig. 3D).

In conclusion, the factors mediating the propagation of 
endoplasmic reticulum stress are those with molecular weights 
greater than 100 kDa.

Study of the vesicular/non‑vesicular properties of mediators 
of ER stress propagation. As shown in Fig 4A, the nanopar‑
ticle size analyzer detected the particle size of the supernatant 
vesicles, and the results revealed that the particle sizes were 
all ~180 nm. The effects of supernatant vesicle/non‑vesicle 
components on ER stress in PC12 cells were further examined. 
The RT‑qPCR results indicated that the mRNA expression 
levels of GRP78 ATF4 and CHOP were significantly upregu‑
lated in the TG‑ACM group and TG‑ACM‑(no) vesicles group, 

(all P<0.01) when compared with the UT group (Fig. 4B). In 
conclusion, the factors mediating the propagation of endo‑
plasmic reticulum stress are non‑vesicular components.

Study of oxidative activity as a mediator of ER stress 
propagation. As shown in Fig 5A, observation with a light 
microscope revealed that compared with in the TG‑ACM 
group and TG group, the number of cells in the TG‑ACM + 
Vc group was increased and the morphology was restored. The 
findings of the MTT experiment revealed that the cell viability 
of the TG‑ACM group was significantly decreased (P<0.001) 
when compared with the UT group, whereas the cell viability 
of the TG‑ACM + Vc group was increased by ~10% compared 
with the TG‑ACM group (P<0.001) (Fig. 5B). In addition, 
western blot analysis indicated that the protein expression 
levels of GRP78 and ATF4 were significantly increased in the 
TG‑ACM group (all P<0.001) when compared with the UT 
group. By contrast, the protein expression levels of GRP78 and 
ATF4 were significantly decreased in the TG‑ACM +Vc group 
(P<0.01 or P<0.05) when compared with the TG‑ACM group 
(Fig. 5C and D). Furthermore, the results of PDI immunofluo‑
rescence staining indicated that the PDI fluorescence intensity 
of cells in the TG‑ACM + Vc group was increased, and the 

Figure 1. Detection of mRNA and protein expression levels of ER stress‑related genes and proteins in ASCs induced by TG. (A) Reverse transcription‑quan‑
titative PCR analysis of the expression of ER‑stress‑related genes in ASCs in each group (one‑way ANOVA followed by Tukey's multiple comparison post 
hoc analysis; *P<0.05; **P<0.01; ***P<0.001; n=3). (B) Representative western blots. (C) Western blot analysis of ER stress‑related proteins in each group 
(one‑way ANOVA followed by Tukey's post hoc analysis; **P<0.01; ***P<0.001; n=3‑5). 1: Untreated group; 2: DMEM + complete medium group; 3: TG + 
complete medium group; 4: TG group. ER, endoplasmic reticulum; ASCs, astrocytes; TG, thapsigargin; GRP78, glucose regulated protein 78; ATF4, activating 
transcription factor 4; DMEM, Dulbecco's modified Eagle's medium.

https://www.spandidos-publications.com/10.3892/mmr.2025.13532
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punctate and granular staining areas were reduced when 
compared with the TG‑ACM group and TG group (Fig. 5E). 
Spectrophotometer results indicated that the Vc concentration 
in the TG‑ACM + Vc group significantly decreased (P<0.001) 
when compared with the UT‑ACM + Vc group (Fig. 5F and G). 
In conclusion, the factor mediating the propagation of endo‑
plasmic reticulum stress is oxidative substances.

Discussion

Cellular damage secondary to ER stress has been identi‑
fied as a central factor in the pathophysiology of various 

diseases (23,24). Research has revealed that ER stress may 
propagate between different cells and aggravate disease 
progression. For example, ER stress can be propagated from 
cancer cells to myeloid cells to promote tumor progression, or 
from cardiomyocytes to macrophages to promote inflamma‑
tory infiltration (11,13,25). However, the cause and mechanism 
of ER stress propagation between CNS cells remains unclear. 
Therefore, ER stress propagation between CNS cells was the 
focus of the present study.

ASCs, which are glial cells found in the CNS, have the 
largest volume and quantity among all regulating glial cells. 
ASCs are one of the first cells to detect stress and transmit this 

Figure 2. Verification of propagation of ER stress from ASCs to neurons. (A) Optical microscopy was performed to observe the morphological changes 
of PC12 cells in each group, scale bar, 50 µm. (B) Reverse transcription‑quantitative PCR analysis of ER stress‑related mRNA expression in PC12 cells. 
(C) Representative western blots of the ER stress‑associated proteins in PC12 cells in each group. (D) Semi‑quantitative analysis of ER stress‑related proteins 
levels in PC12 cells in each group (one‑way ANOVA followed by Tukey's post hoc analysis; **P<0.01; ***P<0.001; n=3). (E) Immunofluorescence experiment 
of PDI fluorescence intensity in PC12 cells. (F) Apoptosis probe analysis of PC12 cell in each group, scale bar, 100 µm. 1: UT group; 2: UT‑ACM group; 3: 
TG‑ACM group; 4: TG group. ER, endoplasmic reticulum; ASCs, astrocytes; UT, untreated; ACM, astrocyte conditioned medium; PDI, protein disulfide 
isomerase; TG, thapsigargin; GRP78, glucose regulated protein 78; ATF4, activating transcription factor 4.
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Figure 3. Isolation and preparation of ACM‑F and ACM‑R components, and detection of mRNA expression levels of ER stress‑related genes in PC12 cells. 
(A) Full‑wavelength spectrophotometry was performed to measure the residual amount of TG in the supernatant. (B) Ultracentrifugation to separate the 
components of the ACM‑R and ACM‑F. (C) Coomassie brilliant blue staining to detect the molecular weight of the ACM‑R and ACM‑F. (D) Reverse transcrip‑
tion‑quantitative PCR analysis was performed to detect ER stress‑related mRNA expression in PC12 cells in each group (one‑way ANOVA followed by Tukey's 
post hoc analysis; ***P<0.001; n=3). 1: UT group; 2: UT‑ACM group; 3: UT‑ACM‑F group; 4: UT‑ACM‑R group; 5: TG‑ACM group; 6: TG‑ACM‑F group; 
7: TG‑ACM‑R group; 8: TG group. ACM, astrocyte conditioned medium; UT, untreated; ACM‑F, ACM filtrate; ER, endoplasmic reticulum; TG, thapsigargin; 
ACM‑R, ACM‑F residue; GRP78, glucose regulated protein 78; ATF4, activating transcription factor 4.

Figure 4. Determination of ACM vesicle size and detection of mRNA expression levels of ER stress‑related genes in PC12 cells induced by ACM. (A) Nanoparticle 
size analysis of ACM‑vesicles. (B) Reverse transcription‑quantitative PCR analysis of the mRNA expression levels of ER stress‑related genes in PC12 cells 
in each group (one‑way ANOVA followed by Tukey's post hoc analysis; **P<0.01; ***P<0.001; n=3). 1: UT group; 2: UT‑ACM group; 3: UT‑ACM‑(no) vesicles 
group; 4: UT‑ACM‑vesicles group; 5: TG‑ACM group; 6: TG‑ACM‑(no) vesicles group; 7: TG‑ACM‑vesicles group; 8: TG group. ACM, astrocyte conditioned 
medium; ER, endoplasmic reticulum, ER; UT, untreated; TG, thapsigargin; GRP78, glucose regulated protein 78; ATF4, activating transcription factor 4.

https://www.spandidos-publications.com/10.3892/mmr.2025.13532
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Figure 5. Effect of supplementing Vc in the ACM on ER stress propagation. (A) Morphological changes of PC12 cells in each group observed under a light 
microscope; scale bar, 50 µm. (B) MTT assay was performed to detect changes in PC12 cell viability in each group (one‑way ANOVA followed by Tukey's 
post hoc analysis;  n=5). (C) Representative western blots of ER stress‑related proteins in PC12 cells in each group. (D) Semi‑quantitative analysis of ER 
stress‑related protein levels in PC12 cells in each group (one‑way ANOVA followed by Tukey's multiple comparison; n=3). (E) Immunofluorescence experi‑
ment to detect PDI fluorescence intensity of PC12 cells; scale bar, 100 µm. (F) Full‑wavelength spectrophotometry was performed to draw the Vc standard 
curve. (G) Vc residue in the supernatant of each group was measured using a spectrophotometer. *P<0.05, **P<0.01 and ***P<0.001. 1: UT group; 2: UT‑ACM 
group; 3: TG‑ACM group; 4: TG‑ACM + Vc group; 5: TG group. ER, endoplasmic reticulum; PDI, protein disulfide isomerase; OD, optical density; UT, 
untreated; ACM, astrocyte conditioned medium; TG, thapsigargin; GRP78, glucose regulated protein 78; ATF4, activating transcription factor 4.
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information to other cells (26,27). Under normal and patho‑
logical conditions, ASCs, the resident cells of the CNS, secrete 
membrane‑bound nanoparticles known as vesicles  (28). A 
study evaluating prion diseases revealed that abnormally 
folded prion aggregates could bind to neuronal exocysts, and 
infect both neuronal and non‑neuronal cells without direct 
cell‑to‑cell contact  (29). It may therefore be hypothesized 
that the factors secreted from ER‑stressed cells are extracel‑
lular vesicles containing heterogeneous substances, such as 
RNA, proteins or lipids, that induce ER stress in normal cells. 
However, the findings of the present study demonstrated that 
vesicles secreted by ER‑stressed ASCs did not upregulate 
UPR markers in recipient ASCs. Furthermore a previous study 
reported that components with molecular weight >100 kDa 
mediate the development of ER stress  (27). In the present 
study, the supernatant was separated to obtain ACM‑F and 
ACM‑R to treat PC12 cells. It was found that ACM‑R with a 
molecular weight greater than 100 kDa could induce ER stress 
in the cells, which was consistent with the results reported 
in previous studies  (25,30). Studies have shown that cells 
under sustained stress release oxidative components into the 
supernatant, which further inhibits their own growth (31,32). 
The present study revealed that adding Vc to the supernatant 
partially blocked the role of the supernatant in propagating ER 
stress. The spectrophotometry results demonstrated that Vc 
was consumed in the supernatant of the TG‑ACM + Vc group. 
Therefore, it may be hypothesized that Vc interacts with oxida‑
tive substances in the supernatant to block the propagation of 
ER stress.

ER stress has been demonstrated to carry out a key role in 
maintaining important biological processes within the brain. 
Mild stress activates the UPR to exert protective effects on the 
organism. In the case of sustained stress, continuous activa‑
tion of UPR occurs, promoting neurotoxicity and accelerating 
progression of the disease (33,34).

The findings of the present study indicated that ER stress 
can cause damage to neurons through certain factors and 
be transmitted between cell models. To determine whether 
this ultimately exacerbates the progression of neurological 
diseases requires further validation is required in animal 
models in subsequent studies. Additionally, studies have tested 
the transmissibility of ER stress in vivo. They demonstrated 
that injecting transmissible ER stress factors intraperitone‑
ally into normal mice can cause widespread ER stress in the 
liver (13,35,36).

Therefore, identifying the factors mediating ER stress 
transmission are key for the treatment of diseases. The present 
study demonstrated that ER stress can propagate from ASCs 
to PC12 cells. The mediators that facilitate the propagation of 
ER stress may be non‑vesicular, oxidative‑linked molecules 
with molecular weight >100  kDa. However, whether this 
phenomenon exists in animals is unknown. At present, we 
have successfully produced an ER stress model in rats. Future 
studies will observe the interaction between ASCs and neurons 
in brain tissue for further verification in in vivo experiments. 
As for the factors mediating ER stress, mass spectrometry will 
be used for further analysis and corresponding inhibitors will 
be used for verification.

The findings of the present study revealed the influence of 
extracellular signaling pathways on cells of the CNS. Given 

that persistent ER stress may contribute to the pathological 
processes of diseases, understanding the molecular mecha‑
nisms underlying the extracellular functions of UPR could 
provide new therapeutic opportunities for treating neurode‑
generative diseases.
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