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Abstract. The existence of endoplasmic reticulum (ER) stress 
in neurodegenerative diseases has been well established. 
Tauroursodeoxycholic acid (TUDCA) is a bile acid taurine 
conjugate derived from ursodeoxycholic acid, which has 
been reported to exert cytoprotective effects on several types 
of cells by inhibiting ER stress. The present study explored 
the effects of TUDCA on primary cultured rat dorsal root 
ganglion (DRG) neurons. Cell viability and apoptosis of DRG 
neurons treated with TUDCA and tunicamycin were detected 
by CellTiter‑Blue assay and TUNEL staining, respectively. 
The protein levels and phosphorylation of apoptosis and 
ERS‑related signaling pathway molecules were detected by 
western blot, and the mRNA levels of related genes were 
assessed by reverse transcription‑quantitative PCR. Notably, 
TUDCA had no significant cytotoxic effect on DRG neurons 
at concentrations ≤250 µM. In addition, the apoptosis induced 
by tunicamycin exposure was markedly suppressed by 
TUDCA, as indicated by the percentage of TUNEL‑positive 
cells, the activities of caspases and the changes in expression 
levels of critical apoptosis factors. Furthermore, the cytotox‑
icity of tunicamycin in DRG neurons was accompanied by an 
increase in malondialdehyde (MDA) content, reactive oxygen 
species (ROS) and lactate dehydrogenase (LDH) production, 
and a decrease in glutathione (GSH) levels. The changes in 
oxidative stress‑related factors (ROS, LDH, MDA and GSH) 
were reversed by TUDCA. Furthermore, as determined by 
western blotting, the increase in C/EBP homologous protein, 
glucose‑regulated protein 78 and cleaved caspase‑12 expres‑
sion following tunicamycin treatment suggested the activation 
of ER stress. Downregulation of ER stress components and 

unfolded protein response sensors by TUDCA confirmed 
the implication of ER stress in the effects of TUDCA on 
DRG neurons. In conclusion, the present study indicated 
that TUDCA may protect against tunicamycin‑induced 
DRG apoptosis by suppressing the activation of ER stress. 
The protective effect and the therapeutic value of TUDCA 
in nervous system injury require further study in animal 
models.

Introduction

Tauroursodeoxycholic acid (TUDCA) is a bile acid taurine 
conjugate derived from ursodeoxycholic acid, which is natu‑
rally occurring in the body. TUDCA has been approved by the 
U.S. Food and Drug Administration to treat primary biliary 
cholangitis, and shows good safety and effectiveness in clinical 
practice (1). In addition to its choleretic activity and protec‑
tive role in hepatocytes, TUDCA has been shown to inhibit 
endoplasmic reticulum (ER) stress, regulate mitochondrial 
dysfunction, suppress cellular apoptosis and decrease inflam‑
mation in various disease models  (2‑5). Despite evidence 
demonstrating the beneficial effects of TUDCA in pre‑clinical 
studies, the underlying mechanisms are not fully understood.

ER stress has been demonstrated to contribute to the devel‑
opment and progression of a number of diseases, including nerve 
injury (6,7), degenerative diseases of the nervous system (8), 
diabetes (9), cardiovascular (10) and liver diseases (11,12), and 
cancer (13). Therefore, ER stress has been recognized as an 
emerging target for therapy. Evidence from preclinical studies 
has suggested that targeting ER stress components or different 
unfolded protein response (UPR) signaling branches through 
gene therapy or pharmacological approaches can delay neuro‑
degeneration (14‑16). Apoptosis of dorsal root ganglion (DRG) 
neurons has been reported in animal models of peripheral nerve 
injury (17). Studies of animal models with sciatic nerve tran‑
section have shown increased levels of caspase‑3, caspase‑8, 
caspase‑12 and caspase‑7 in the DRG, and phosphorylated 
(p)‑protein kinase R‑like ER kinase (PERK) has been observed 
to mainly colocalize with isolectin B4‑positive neurons in the 
DRG (18). In support of this, a previous study demonstrated 
that the ER stress‑mediated apoptotic pathways were activated 
in the injured DRG and contributed to the development of pain 
hypersensitivity after nerve injury (6). Therefore, pathogenic 
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ER stress of the DRG has been recognized as an emerging 
target for peripheral nerve injury therapy.

The present study investigated the effects of TUDCA on 
ER stress‑associated apoptosis induced by tunicamycin in 
primary cultured rat DRG neurons. Cell viability, caspase 
activity, oxidative stress‑related factors and activation of ER 
stress pathways in DRG cells were studied, and the anti‑apop‑
totic effect and potential mechanism of TUDCA in DRG 
neurons was reported.

Materials and methods

Chemicals and reagents. Neurobasal medium, B‑27, nerve 
growth factor (NGF), penicillin‑streptomycin and trypsin were 
obtained from Thermo Fisher Scientific, Inc. Poly‑D‑lysine, 
tunicamycin, laminin, collagenase and 5‑fluoro‑2'‑deoxyuri‑
dine (FUDR) were purchased from MilliporeSigma. TUDCA 
and thapsigargin were obtained from Selleck Chemicals and 
dissolved in DMSO. Antibodies used in immunofluorescence 
staining and western blotting are listed in Table SI.

DRG neurons culture and treatment. Pregnant Sprague‑Dawley 
rats (10‑15 weeks old) were provided by Beijing Vitalstar 
Biotechnology Co., Ltd. A total of 10 pregnant rats and 107 
embryonic rats were used for DRG collection in this study. 
Rats were maintained in plastic cages under controlled condi‑
tions, with an ambient temperature of 23˚C and 50% relative 
humidity, with free access to food and water. Rats were placed 
in a room with a standard 12‑h light/dark cycle. Pregnant rats 
were euthanized by CO2  inhalation in the home cage with a flow 
rate of 30% displacement of cage volume/min. DRG neurons 
were isolated and cultured as previously described (19,20). In 
brief, the DRG was harvested from Sprague‑Dawley rats at 
embryonic day 15 or 16 and digested with 0.25% trypsin and 
0.3% collagenase type I at 37˚C for 25 min. DRG neurons 
were then dissociated by repetitive pipetting and cells were 
centrifuged at 200 x g at room temperature for 5 min. Cells 
were resuspended in neurobasal medium supplemented with 
2% B‑27, 10 ng/ml NGF and penicillin‑streptomycin (both 
100 µg/ml), and seeded into 96‑well plates precoated with 
poly‑D‑lysine and laminin. DRG neurons were cultured 
at 37˚C with 5% CO2 and medium was replaced every day, 
cycled on media with or without 20 µM FUDR for a total 
of 10 days to deplete non‑neuronal cells. DRG neurons were 
identified with antibodies against β‑tubulin and neurofilament 
200 (NF200).

Cell viability detection. Cell viability of DRG neurons was 
evaluated using CellTiter‑Blue Cell Viability assay (Promega 
Corporation). DRG neurons were cultured in 96‑well plates 
(5x104  cells/well) and pretreated with different doses of 
TUDCA (50, 100, 250, 500 and 1,000 µM) at 37˚C for 24 h. 
Medium was then replaced with fresh medium containing 
tunicamycin (0.75 µg/ml) or thapsigargin (1 µM) and incu‑
bated at 37˚C for another 24 h.

Following treatment, CellTiter‑Blue reagent was added 
directly to each well (20 µl/well) and the plate was agitated for 
10 sec and incubated at 37˚C for 1 h before measuring fluores‑
cence (560Ex/590Em) using a multimode plate reader (Thermo 
Fisher Scientific Inc.). Each assay was repeated at least three 

times. Cell viability was shown as a percentage of the control 
group.

Immunofluorescent staining. DRG neurons were fixed 
with 4% paraformaldehyde for 30 min at room temperature 
before immunofluorescent staining. For β‑tubulin, glial 
fibrillary acidic protein (GFAP), ionized calcium binding 
adaptor molecule 1 (Iba1) and NF200 staining, cells were 
blocked with 3% BSA (Beyotime Institute of Biotechnology) 
containing 0.1% Triton X‑100 and 10% goat serum (Beyotime 
Institute of Biotechnology) for 1 h at room temperature to 
avoid non‑specific staining. The cells were then incubated 
with primary antibodies against β‑tubulin (1:200), GFAP 
(1:200), Iba1 (1:800) or NF200 (1:200) overnight at 4˚C, and 
incubated with Alexa Fluor 488‑ or Alexa Fluor 633‑conju‑
gated secondary antibodies for 2  h at room temperature 
and stained with DAPI for 10 min at room temperature. For 
the TUNEL assay, DRG neurons were washed with PBS 
and blocked with 3% H2O2 in methanol for 10 min at room 
temperature and permeabilized with 0.5% Triton X‑100 for 
5 min at room temperature. Neurons were then incubated 
in the dark with 50 µl TUNEL reaction mixture (Beyotime 
Institute of Biotechnology) for 1 h at 37˚C. TUNEL‑positive 
cells were observed with a Leica confocal microscope (Leica 
Microsystems GmbH). A minimum of 10 random fields of 
view was observed by microscopy.

Caspase activity assay. Caspase activity of DRG neurons was 
assessed using Caspase‑Glo System (Promega Corporation) 
according to the manufacturer's protocol. DRG neurons 
were plated in white‑walled 96‑well plates and treated 
with or without TUDCA and/or tunicamycin. Caspase‑Glo 
Reagent was then added to the cells (100 µl/well) and mixed 
well. Luminescence of each sample was measured using a 
luminometer (Thermo Fischer Scientific, Inc.) after incuba‑
tion at room temperature for 1 h. Results were calculated as 
signal‑to‑noise ratios and the relative activities were shown 
as ratios of the control group.

Quantification of lactate dehydrogenase (LDH). LDH release 
in the culture supernatant of DRG neurons was determined 
using the LDH Cytotoxicity Detection Kit (Takara Bio, Inc.). 
The cell culture supernatant was collected and transferred 
to a clear, flat‑bottom microtiter plate after treatment, 100 µl 
reaction mixture was added to each well and the plate was incu‑
bated in the dark for 25 min at room temperature. The reaction 
was stopped by adding 1N HCl to each well. LDH release was 
measured at 490 nm using a multimode plate reader (Thermo 
Fisher Scientific, Inc.). Each assay was repeated at least three 
times. Relative LDH level was shown as a percentage of the 
untreated control.

ROS detection. For ROS detection, cell culture medium of 
DRG neurons was removed and 50 µl 2',7'‑dichlorofluores‑
cein diacetate (DCFH‑DA) (10 µM; Beyotime Institute of 
Biotechnology) was added to each well (20 µl/well). Cells 
(10,000/well) were incubated at 37˚C for 20 min and were 
then washed thoroughly to remove the DCFH‑DA that did not 
enter the cells. Fluorescence (490Ex/525Em) was detected using 
a multimode plate reader (Thermo Fisher Scientific, Inc.).
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Malondialdehyde (MDA) detection assay. Different concen‑
trations of standards were used to make a standard curve. 
Subsequently, 0.2  ml MDA detection working solution 
(Beyotime Institute of Biotechnology) was added to each 
sample. After mixing, the samples were boiled for 15 min and 
cooled to room temperature in a water bath, then centrifuged at 
1,000 x g for 10 min at room temperature. The supernatant was 
moved to a new 96‑well plate and absorbance was measured 
at 532 nm using a microplate reader (Thermo Fisher Scientific, 
Inc.). The concentration of MDA was calculated according to 
the standard curve and the relative MDA levels were compared 
with the untreated group.

Glutathione (GSH) detection assay. GSH production was deter‑
mined using a GSH detection assay kit (Beyotime Institute of 
Biotechnology). After treatment, DRG neurons (10,000/well) 
were washed once with PBS and the supernatant was removed. 
Protein removal reagent S solution (30 µl/well) was added 
to the cells and vortexed. Subsequently, liquid nitrogen and 
a 37˚C water bath were used to freeze and thaw the samples 
twice. Samples were placed at 4˚C for 5 min and centrifuged 
at 10,000 x g for 10 min. The supernatant was then used for 
the determination of GSH. Briefly, GSH detection working 
solution (150 µl/well) was added to standards and samples, 
mixed well and incubated at room temperature for 5 min. 
Subsequently, 50 µl NADPH solution (0.5 mg/ml) was added 
to wells and mixed, and absorbance at 412 nm was immedi‑
ately determined using a multimode plate reader. Different 
concentrations of standards were used to make a standard 
curve. GSH concentration was calculated by comparing the 
sample to the standard curve.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from DRG neurons using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) and cDNA was 
generated using PrimeScript RT Reagent Kit (cat. no. RR037B; 
Takara Bio, Inc.) according to the manufacturer's protocol. 
Changes in mRNA expression were measured using the 
SYBR Green Realtime PCR Master Mix kit (cat. no. QPK‑201; 
Toyobo Life Science). The amplification started with an initial 
denaturation step at 95˚C for 60 sec, followed by 40 cycles of 
denaturation at 95˚C for 15 sec, annealing at 60˚C for 15 sec 
and extension at 72˚C for 45 sec. Relative expression levels 
of target genes were calculated using the 2‑ΔΔCq method and 
normalized to β‑actin of respective samples (21). The primers 
used in this study are listed in Table SII.

Western blot analysis. DRG neurons were harvested and lysed 
using RIPA lysis buffer (Beyotime Institute of Biotechnology) 
supplemented with a protease and phosphatase inhibitor 
cocktail (CoWin Biosciences). Bicinchoninic acid assay kit 
(Pierce; Thermo Fisher Scientific, Inc.) was used to quantify 
protein concentrations, and equal amounts of protein (30 µg) 
were separated by SDS‑PAGE and transferred onto PVDF 
membranes (Millipore). Subsequently, the membrane was 
blocked with 5% non‑fat milk for 2 h at room temperature 
and then incubated with primary antibodies overnight at 4˚C. 
After incubation with HRP‑conjugated antibodies for 2 h at 
room temperature, protein expression was visualized by ECL 
Western Blotting Substrate (Pierce; Thermo Fisher Scientific, 

Inc.) and semi‑quantified using a Bio‑Rad imaging system 
(Image Lab software 4.0; Bio‑Rad Laboratories, Inc.).

Statistical analysis. All data are presented as the mean ± SEM. 
Statistical analysis was performed using one‑way ANOVA and 
Tukey test using GraphPad Prism 7.0 (GraphPad Software, 
Inc.). P<0.05 was considered to indicate a statistically signifi‑
cant difference. Each experiment was repeated at least three 
times.

Results

Effect of TUDCA on the viability of DRG neurons. Double 
immunofluorescence staining of DRG neurons derived from 
rat fetuses was performed to confirm the purity of the cells. 
DRG neurons were positive for β‑tubulin and NF200  (Fig. 1A). 
Iba1‑labeled resident macrophages and GFAP‑positive glial 
cells were not observed (Fig. 1A). The purity of DRG neurons 
was >90%.

To explore the effect of TUDCA on DRG neurons, cultures 
were incubated with medium containing various concentra‑
tions (0, 50, 100, 250, 500 and 1,000 µM) of TUDCA for 24 h 
and the cell viability was detected by CellTiter‑Blue assay. 
TUDCA had no significant cytotoxic effect on DRG neurons at 
low concentrations (50, 100 and 250 µM). There was a marked 
reduction in cell viability when the concentration of TUDCA 
was ≥500 µM. Cell viability of DRG neurons decreased by 
20% after exposure to 1,000 µM TUDCA compared with that 
of untreated cells (Fig. 1B). Subsequently, the cytoprotective 
effect of TUDCA against tunicamycin‑induced cytotoxicity 
was evaluated. A 24‑h incubation with 0.75 µg/ml tunicamycin 
significantly decreased the viability of DRG neurons; this was 
reversed by TUDCA at the concentrations of 250 and 500 µM 
(Fig. 1C). Since TUDCA had no effect on cell viability of 
DRG neurons at 250 µM, this concentration was used in the 
subsequent experiments.

Effect of TUDCA on oxidative stress in tunicamycin‑induced 
DRG neurons. The oxidative stress response of DRG neurons 
following tunicamycin stimulation with or without TUDCA 
pre‑incubation was determined by detecting ROS, LDH, MDA 
and GSH levels. As shown in Fig. 2, levels of ROS, LDH, MDA 
and GSH were not influenced by TUDCA alone at 250 µM. The 
levels of ROS, MDA and LDH in DRG neurons were increased 
by tunicamycin, whereas the levels of the antioxidant GSH 
were decreased. Tunicamycin‑induced free radical generation 
and oxidative stress was markedly suppressed by pretreatment 
with TUDCA (250 µM) for 24 h, and the decrease in GSH 
concentration was also relieved (Fig. 2).

TUDCA protects DRG neurons from apoptosis. To explore 
whether apoptosis of DRG neurons followed exposure to 
tunicamycin, TUNEL staining was performed. As shown in 
Fig. 3, the percentages of TUNEL‑positive apoptotic cells 
were increased up to 60% in groups exposed to tunicamycin 
compared with the TUN only group; however, there was 
no change when cells were exposed to TUDCA alone. As 
expected, pretreatment with TUDCA reduced the occurrence 
of apoptosis in tunicamycin‑treated DRG neurons (Fig. 3), 
indicating the neuroprotective role of TUDCA.
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Caspase activities and the expression levels of 
apoptosis‑related genes were examined by caspase‑Glo 
assay and RT‑qPCR, respectively. A marked increase in 
the activities of caspase‑3 and caspase‑9 was found in 
tunicamycin‑treated DRG neurons, whereas pretreatment 
with TUDCA induced a modest but significant reduction 
in caspase‑3 and caspase‑9 activities as compared with the 
tunicamycin group (Fig. 4A and B), which was consistent with 
the TUNEL staining results. Similar trends were also found 
regarding the expression levels of the pro‑apoptotic factors 
Bax, DP5 and PUMA. TUDCA suppressed the expression 
levels of Bax, DP5, cleaved caspase‑3 and PUMA in neurons 
induced by tunicamycin without affecting the expression of 
total caspase‑3 (Fig. 4C and E‑L). By contrast, the expression 
levels of Bcl‑2, an apoptotic suppressor, were decreased by 
tunicamycin, which was reversed by the addition of TUDCA 
(Fig.  4D). DRG neuronal apoptosis was also induced by 

thapsigargin and a similar protective effect of TUDCA was 
observed (Fig. S1).

TUDCA suppresses tunicamycin‑induced ER stress activation in 
DRG neurons. Tunicamycin has been shown to cause ER stress 
in a variety of cells (22‑24). In order to investigate whether 
ER stress response was involved in the anti‑apoptotic effect 
of TUDCA in DRG neurons, the protein expression levels 
of C/EBP homologous protein (CHOP), glucose‑regulated 
protein 78 (GRP78) and cleaved caspase‑12 were assessed by 
western blotting. The CHOP pathway has been suggested to be 
the main pathway through which apoptosis is induced during ER 
stress (25). The protein expression levels of CHOP and GRP78 
were upregulated in tunicamycin‑treated DRG neurons as 
compared with the control group; however, the upregulation of 
CHOP and GRP78 by tunicamycin was suppressed by TUDCA 
pretreatment (Fig. 5A‑C). In addition, elevated levels of cleaved 

Figure 1. Effect of TUDCA on the viability of DRG neurons. (A) Immunofluorescence staining of rat DRG neurons in vitro. DRG neurons were stained with 
β‑tubulin (green), GFAP (red), Iba1 (green) and NF200 (red), and nuclei were detected with DAPI staining (blue). Representative images from three experi‑
ments are shown. Scale bar,  20 µm. (B) Effect of different concentrations of TUDCA on the viability of DRG neurons. (C) Tunicamycin‑induced cytotoxicity 
in DRG neurons was suppressed by TUDCA. Data were obtained from three independent experiments and are expressed as the mean ± SEM. The control 
group was set at 100%. ****P<0.0001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. TUN group. DRG, dorsal root ganglion; TUDCA, tauroursodeoxy‑
cholic acid; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding adaptor molecule 1; NF200, neurofilament 200; TUN, tunicamycin. 
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Figure 2. Effect of TUDCA on TUN‑induced oxidative damage in DRG neurons. DRG neurons were treated with 250 µM TUDCA for 24 h prior to a 
24 h‑stimulation with TUN (0.75 µg/ml). Relative (A) ROS, (B) LDH, (C) MDA and (D) GSH levels in DRG neurons were detected 24 h after the indicated 
exposure. The control group was set at 100%. Data were obtained from three independent experiments and are expressed as the mean ± SEM. ***P<0.001, 
****P<0.0001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. TUN group. DRG, dorsal root ganglion; TUDCA, tauroursodeoxycholic acid; TUN, 
tunicamycin; ROS, reactive oxygen species; MDA, malondialdehyde; LDH, lactate dehydrogenase; GSH, glutathione.

Figure 3. Effect of TUDCA on the apoptosis of TUN‑induced DRG neurons. Apoptotic DRG neurons were measured by TUNEL staining after TUN and/or 
TUDCA stimulus. (A) Representative images of TUNEL staining (red) in control, TUDCA, TUN and TUN + TUDCA groups. Nuclear phenotype was also 
investigated via DAPI staining (blue). Scale bar, 20 µm. (B) Quantitative analysis of percentages of apoptotic cells after TUDCA and/or TUN treatment. Data 
were obtained from three independent experiments and are expressed as the mean ± SEM. ****P<0.0001 vs. control group; ##P<0.01 vs. TUN group. DRG, dorsal 
root ganglion; TUDCA, tauroursodeoxycholic acid; TUN, tunicamycin. 
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Figure 4. Changes in the levels of apoptosis‑related factors in DRG neurons after TUDCA and TUN treatment. (A) Caspase‑3 and (B) caspase‑9 activity 
in DRG neurons after TUDCA and TUN treatment was examined by Caspase‑Glo kits. Relative mRNA expression levels of (C) Bax, (D) Bcl‑2, (E) DP5 
and (F) PUMA were analyzed by reverse transcription‑quantitative PCR. β‑actin was used as an endogenous control. (G) Protein expression levels of Bax, 
DP5, caspase‑3 and PUMA were determined by western blot analysis. Bar charts demonstrate the relative protein expression levels of (H) Bax, (I) DP5, 
(J) cleaved caspase‑3, (K) total caspase‑3 and (L) PUMA normalized to GAPDH or total caspase‑3 for each group by densitometry. The control group was 
set at 100%. Data were obtained from three independent experiments and are expressed as the mean ± SEM. The control group was set at 100%. **P<0.01, 
***P<0.001, ****P<0.00001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. TUN group. DRG, dorsal root ganglion; TUDCA, tauroursodeoxycholic acid; 
TUN, tunicamycin.
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caspase‑12, a key mediator of ER stress‑induced apoptosis, were 
also observed in DRG neurons following tunicamycin stimula‑
tion and reversed by TUDCA pretreatment (Fig. 5A and D). 
There was no difference in total caspase‑12 levels in tunica‑
mycin‑ or TUDCA‑treated DRG neurons as compared with that 
in the vehicle group (Fig. 5A and E).

Ef fect of TUDCA on the UPR pathway in tunica‑
mycin‑induced DRG neurons. Under ER stress, the UPR 
is activated to maintain ER and cellular function, and 
accumulation of unfolded proteins is sensed through ER 
transmembrane protein sensors PERK, IRE1α and ATF6. 

To better understand how the UPR pathways contribute to 
the neuroprotective effect of TUDCA on DRG neurons, 
the activation of PERK, IRE1α and ATF6 was investigated 
by western blotting. No obvious expression changes in the 
phosphorylation of PERK (p‑PERK) and eIF2α (p‑eIF2α; 
a signal downstream of PERK), as well as in ATF6 levels, 
were observed among the control and 250  µM TUDCA 
groups. By contrast, tunicamycin treatment increased the 
expression levels of p‑PERK and p‑eIF2α, as well as IRE1α 
and ATF6 (Fig. 6). Moreover, activation of the UPR path‑
ways was inhibited by pre‑incubation of DRG neurons with 
TUDCA before tunicamycin exposure (Fig. 6).

Figure 5. TUN‑induced ER stress activation is suppressed by TUDCA. (A) Western blotting was performed to detect the protein expression levels of CHOP, 
GRP78, cleaved caspase‑12 and total caspase‑12. The bar charts demonstrate the ratio of (B) CHOP, (C) GRP78, (D) total caspase‑12 and (E) cleaved caspase‑12 
protein relative to GAPDH for each group by densitometry. The control group was set at 100%. Data were obtained from three independent experiments and 
are expressed as the mean ± SEM. ***P<0.001, ****P<0.0001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. TUN group. TUDCA, tauroursodeoxycholic 
acid; TUN, tunicamycin; CHOP, C/EBP homologous protein; GRP78, glucose‑regulated protein 78. 

Figure 6. Effect of TUDCA on the UPR signaling pathway in DRG neurons. (A) Protein expression levels of p‑PERK, t‑PERK, p‑eIF2α, t‑eIF2α, IRE1α and 
ATF6 in DRG neurons following TUN and TUDCA treatment were evaluated by western blotting. Bar charts show the ratio of (B) p‑PERK, (C) t‑PERK, 
(D) p‑eIF2α, (E) t‑eIF2α, (F) IRE1α and (G) ATF6, as determined by densitometry. GAPDH was used as an internal reference; p‑PERK levels were normal‑
ized to t‑PERK levels and p‑eIF2α levels were normalized to t‑PERK levels. The control group was set at 100%. Data were obtained from three independent 
experiments and are expressed as the mean ± SEM. **P<0.01, ***P<0.001 vs. control group; #P<0.05 and ##P<0.01 vs. TUN group. DRG, dorsal root ganglion; 
TUDCA, tauroursodeoxycholic acid; TUN, tunicamycin; PERK, protein kinase R‑like ER kinase; p, phosphorylated; t, total. 
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Discussion

TUDCA has been shown to be the major active ingredient 
of black bear bile, which has been utilized to treat liver‑ and 
eye‑related illnesses for centuries in traditional Chinese medi‑
cine (2). TUDCA is more hydrophilic and a more abundant 
naturally produced bile acid in humans and bears than UDCA. 
A large number of potential uses for TUDCA has been reported 
in studies of animal models (2,26,27). Notably, TUDCA has 
attracted much attention from researchers as a neuroprotective 
agent. The protective role of TUDCA in retinal degeneration 
has been extensively reported in preclinical studies, and intra‑
peritoneal injection of TUDCA has been reported to protect 
against oxidative stress‑induced retinal degeneration (28), to 
promote neuronal survival after experimental retinal detach‑
ment, to be closely associated with oxidative stress and caspase 
activities (29), to reduce Brn311‑labeled retinal ganglion cell 
loss and to notably enhance GAP‑43‑positive axons in a rat 
optic nerve crush model (30). In addition, several studies have 
demonstrated neuroprotective roles of TUDCA in the brain. 
Chronic feeding of TUDCA has been shown to interfere with 
amyloid‑β peptide production in APP/PS1 mice (14), indi‑
cating its potential role in the treatment of Alzheimer's disease. 
Wu et al (31) reported that TUDCA administration attenuated 
neuronal apoptosis and improved neurological functions in the 
pathogenesis of a subarachnoid hemorrhage model. However, 
little is currently known about the effect of TUDCA on rat 
DRG neurons. To the best of our knowledge, the present study 
is the first to examine the neuroprotective effect of TUDCA 
on tunicamycin‑induced ER stress and apoptosis of primary 
DRG neurons.

The present study showed that preincubation with TUDCA 
(250 µM) markedly attenuated tunicamycin‑induced cell death 
of primary DRG neurons, as demonstrated by CellTiter‑Blue 
assay, TUNEL staining and LDH assay. When the concentra‑
tion was ≤250 µM, TUDCA exhibited no cytotoxicity in DRG 
neurons. These findings indicated that TUDCA had a cytopro‑
tective effect on DRG neurons against tunicamycin‑induced 
toxicity. These data were consistent with the results of 
previous studies conducted in other types of neurons, such as 
retinal (32), primary cortical (33) and dopamine neurons (34).

Despite these observations, little is currently known about 
the exact molecular mechanism underlying these phenomena. 
In general, inhibition of ER stress and stabilization of the 
UPR pathways have been considered important mechanisms 
underlying the biological functions of TUDCA  (35‑37). 
Notably, TUDCA has been used as an inhibitor of ER stress 
in previous studies  (38,39). The present study revealed that 
tunicamycin‑induced ER stress activation and TUNEL‑positive 
cells were suppressed by pretreatment with TUDCA. In the 
presence of tunicamycin, apoptosis of neurons was induced by 
ROS‑mediated ER stress, indicated by the enhancing of activi‑
ties of caspase‑3 and caspase‑9, and increasing of CHOP, GRP78 
and ER resident cleaved caspase‑12 in DRG neurons exposed to 
tunicamycin. Both the activation of ER stress and the enhanced 
caspase activities were reversed by TUDCA. According to 
these data, it is strongly conceivable that TUDCA rescued ER 
stress‑associated apoptosis in tunicamycin‑treated DRG neurons.

Considerable evidence has shown that ER stress is initi‑
ated by the accumulation of unfolded or misfolded proteins in 

the ER lumen. Consequently, PERK, IRE1α and ATF6 sense 
the fidelity of protein folding in the ER lumen and activate the 
UPR to eliminate or repair these misfolded proteins. In severe 
cases, uncontrolled UPR can lead to cell death by activating 
the pro‑apoptotic signaling pathways. In healthy cells, the ER 
environment is much more oxidative than the cytosolic compart‑
ment, which favors protein folding (40,41). Crosstalk between 
ER stress and oxidative stress has been extensively reported in 
physiological and pathological conditions (42,43). The present 
study evaluated the oxidative stress in DRG neurons by detecting 
the levels of ROS, MDA and the antioxidant GSH. As expected, 
the levels of ROS and MDA in DRG neurons stimulated with 
tunicamycin were markedly higher, whereas the levels of 
GSH were reduced compared with those in the control group. 
However, these phenotypes could be alleviated by pretreatment 
with TUDCA, suggesting that TUDCA protected primary DRG 
neurons from oxidative stress in vitro. Using western blot anal‑
ysis, the activation of three branches of the UPR (PERK, eIF2α, 
and ATF6) was assessed; all of these pathways were activated in 
DRG neurons following tunicamycin exposure and were reversed 
by TUDCA pretreatment (Fig. 7), as determined by changes in 
p‑PERK, p‑eIF2α, IRE1α and ATF6 expression. These findings 
indicated that ER stress and the UPR may be implicated in the 
mechanism that leads to cell apoptosis of tunicamycin‑induced 
DRG neurons and the neuroprotective role of TUDCA.

The present study revealed that the expression of the 
canonical transducer of the UPR, ATF6, was increased in DRG 
neurons following tunicamycin exposure and was reversed by 
TUDCA. These findings are consistent with the findings of 
Nakada et al (44), which reported that TUDCA may directly 
bind to ATF6 and reduce its protein levels. In the present 
study, TUDCA also decreased the phosphorylation levels of 
eIF2α and PERK, which may not only exert biological effects 
through ATF6, but may also act through other upstream targets. 

Figure 7. Schematic diagram of the role of TUDCA in dorsal root ganglion 
neurons. TUDCA inhibited ERS‑induced activation of PERK, IRE1α, 
ATF6 and ERS‑associated apoptosis. TUDCA, tauroursodeoxycholic acid; 
PERK, protein kinase R‑like ER kinase; CHOP, C/EBP homologous protein; 
GRP78, glucose‑regulated protein 78; ERS, ER stress.
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TUDCA has been reported to alleviate rifampicin‑induced 
injury in liver cancer cells by increasing the expression of bile 
acid transporters and enhancing the Nrf2‑mediated adaptive 
response (45). The exact target of TUDCA in DRG neurons 
still needs to be further investigated.

Taken together, the present study provided evidence that 
TUDCA prevented ER stress‑associated apoptosis in tunica‑
mycin‑induced DRG neurons. TUDCA has been used to treat 
primary biliary cholangitis, and has good safety and effective‑
ness in clinical practice. However, the study of its effects on 
the nervous system is still in its early stage. The protective 
effect and therapeutic value of TUDCA in DRG neurons still 
need to be further evaluated in spinal cord or sciatic nerve 
injury animal models. Although the present study and a range 
of other studies have shown the positive effects of TUDCA 
in cell cultures and pre‑clinical studies, there are certain 
limitations restraining its clinical use, such as the relatively 
high TUDCA absorption capacity of hepatocytes; therefore, 
researchers should consider the effects of TUDCA on liver 
function when using TUDCA to treat neurological diseases.
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