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Abstract. Gallotannin (GT) is a class of polyphenols with anti-
oxidant, anticancer, and antiviral activities. 2‑Deoxy‑D‑glucose 
(2DG), a glucose‑derived molecule, can inhibit glucose 
metabolism and induce endoplasmic reticulum (ER) stress. 
GT in primary‑cultured chondrocytes enhances expression of 
type II collagen, an indicator of differentiation, and cyclooxy-
genase‑2 (COX‑2), which mediates inflammatory reactions. 
In contrast, 2DG reduces type II collagen and COX‑2 expres-
sion while driving ER‑stress‑induced unglycosylation. In the 
present study, it was investigated whether GT could attenuate 
2DG‑induced dedifferentiation and ER‑stress. Following 
treatment with GT and 2DG, chondrocytes were assessed 
using western blotting, RT‑PCR, immunofluorescence, and 
alcian blue staining. GT restored type II  collagen expres-
sion that was reduced by 2DG, inhibited ER‑stress‑induced 
COX‑2 unglycosylation, and induced COX‑2 expression. The 
expression of a glucose‑regulated protein, GRP78, which 
is an indicator of reduced ER‑stress, was decreased. To 
link the GT signaling pathway with pathways that inhibit 
2DG‑induced dedifferentiation and ER‑stress, inhibitors were 
treated in chondrocytes. The results revealed that, among 
the different signaling pathways triggered by ER‑stress, the 
p38 kinase pathway was involved in the inositol‑requiring 
enzyme 1 (IRE1) downstream signaling pathway. Following 
inhibition of the IRE1 pathway, type II collagen expression 
was increased and COX‑2 expression was decreased. In addi-
tion, after examining the splicing of X‑box binding protein 1 

(XBP‑1) which is dependent on IRE1 activation induced by 
ER‑stress, it was revealed that GT inhibited the increase of 
XBP‑1s after splicing due to 2DG‑induced ER stress. GT in 
chondrocytes inhibited 2DG‑induced dedifferentiation and 
ER‑stress‑induced COX‑2 unglycosylation while regulating 
differentiation and inflammation via the ER‑stress‑induced 
p38 kinase pathway downstream from the IRE1 pathway.

Introduction

Osteoarthritis (OA) is known to be associated with congenital 
factors including aging, genetic factors, and acquired factors 
including trauma and obesity. These factors influence diverse 
biochemical signaling pathways in chondrocytes leading to 
unbalanced intracellular metabolic activities (1). OA is caused 
by cartilage degeneration, which is caused by metabolic 
imbalance (2). Articular cartilage consists of a high‑density 
extracellular matrix (ECM) comprised of fibronectin, sulfated 
proteoglycan, and collagen (3). The differentiated chondrocyte 
phenotype is detected based on type II collagen expression. 
OA accompanies dedifferentiation and reduction in the level 
of type II collagen expression (4).

Inflammatory reactions play a crucial role in articular 
cartilages, and hence, inflammation is a key player in the 
pathogenesis of OA. Cyclooxygenases (COXs) appear in 
two protein isoforms, COX‑1 and COX‑2, among which the 
latter is produced by inducible enzymes and participates 
mainly in inflammatory regulation (5,6). COX‑2 manifesta-
tion is controlled during transcription, post‑transcription, and 
translation (7).

Mitogen‑activated protein kinase (MAPK) is the founda-
tion of intracellular signaling that regulates cellular functions 
including cell survival and apoptosis, mitosis, gene expression, 
cellular proliferation, inflammatory reaction, and differentia-
tion. These processes are induced by stimulation by external 
signaling molecules such as cytokines, growth factors, and 
hormones (8,9). This pathway is found in all eukaryotic cells 
and presumed to play a pivotal role in cell viability (9). Such 
signal transduction begins with phosphorylation and activa-
tion of MAPK kinase (MAPKK) by a group of protein kinases 
known as MAPK kinase kinase (MAPKKK), followed by the 
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phosphorylation and activation of MAPKs by MAPKKs (10). 
These MAPKKK and MAPKK enzymes phosphorylate three 
major proteins of the MAPK family, namely, p38 kinase, 
extracellular signal‑regulated kinase (ERK‑1/‑2), and c‑Jun 
N‑terminal kinase (JNK) (11).

The endoplasmic reticulum (ER) is a huge and dynamic 
organelle that plays a variety of intracellular roles in calcium 
preservation, lipid metabolism, and cell signaling. The ER 
is mainly responsible for protein synthesis and folding. In 
addition, it facilitates various post‑translational modifications 
that are essential for protein function  (12,13). The disrup-
tion of ER homeostasis and accumulation of misfolded or 
unfolded proteins inside the cell causes unfolded protein 
response (UPR), which is an intracellular signaling system 
that induces cell damage and apoptosis (14). The mechanism 
of UPR signaling involves binding of a misfolded protein and 
glucose‑regulated protein 78 kDa (GRP78) to sensor proteins 
located on the ER membrane including, inositol‑requiring 
enzyme 1 (IRE1), pancreatic ER kinase (PERK), and acti-
vating transcription factor 6 (ATF6) (15‑17). Among these, 
IRE1 is the most well‑preserved UPR signaling protein in 
eukaryotes that undergoes autophosphorylation for activation 
when the level of unfolded proteins increases in the ER to 
trigger the downstream signaling pathway for X‑box binding 
protein 1 (XBP‑1) mRNA splicing. The XBP‑1 mRNA after 
splicing is designated as XBP‑1s, while that without splicing 
is designated XBP‑1u. XBP‑1s mRNA, which is spliced by 
IRE1 from XBP‑1u mRNA, is expressed as an active XBP‑1 
protein, which promotes ER‑stress‑related signaling  (18). 
Persistent ER‑stress leads to diseases such as cancer, diabetes, 
and obesity (19).

2‑Deoxy‑D‑glucose (2DG) is a glucose derivative with 
2'OH replaced by an H, and this derivative inhibits several 
metabolic processes, such as glycosylation, leading to 
ER stress. Treating chondrocytes with 2DG reduces the 
expression of type II collagen and COX‑2, while inducing 
ER‑stress‑related unglycosylation (20). Gallotannin (GT) is a 
hydrolyzable tannin, i.e., a plant polyphenol, which is used as 
a protective agent in a similar manner to a drug, and exhibits 
strong activities against cancers, oxidation, viruses, bacteria, 
and parasites. Treatment of chondrocytes with GT was revealed 
to promote the expression of type II collagen and COX‑2 (21). 
Although previous studies have examined the independent 
effects of each of these agents on chondrocytes, the effects of 
simultaneous treatment with GT and 2DG, in addition to the 
signaling pathways regulating their activities, have not been 
adequately investigated (20‑22). Thus, the present study aimed 
to elucidate the effects of treatment with GT and 2DG on 
chondrocytes and the mechanisms involved.

Materials and methods

Culture of chondrocytes. The present study was approved by the 
Ethics Committee of Kongju National University. Fifty specific 
pathogen‑free (SPF) rabbits were sacrificed, one or two rabbits 
weekly for one year, in compliance with the ethical guidelines, 
to obtain articular chondrocytes from healthy, normal rabbits 
(2‑weeks old; New Zealand white rabbits; Koatech). The SPF 
rabbits were supplied from Koatech. Koatech is accredited by 
the Association for Assessment and Accreditation of Laboratory 

Animal Care International (AAALAC), and also complies 
with the ‘Guide for the Care and Use of Laboratory Animals; 
8th ed.’ (1996, National Research Council). After arrival the 
condition of the rabbits was monitored every 6 h and they were 
sacrificed for the experiment 24 h upon arrival. The rabbits 
were anesthetized using 7% ether and ethically euthanized via 
cervical dislocation. Ethyl ether was the inhalation anesthetic 
used, and the concentration was decided based on the contents 
of a book published in Korea in 1996. Euthanasia of rabbits was 
confirmed by cardiac arrest (23). The rabbits were fed sepa-
rately, and had free access to unlimited food and water in an 
undisturbed and clean environment. The rabbits were housed in 
a cage that had a 12‑h light/dark cycle, and was maintained at a 
temperature of ~22‑25˚C and a relative humidity ranging from 
40 to 60%. Chondrocytes were separated from rabbit articular 
cartilages, as previously described (24). A piece of cartilage 
was melted with 0.1% collagenase for 9 h in a 36.5̊C CO2 
incubator. Cells (5x104 cells/dish) were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher 
Scientific, Inc.) including 10% (v/v) fetal bovine‑calf serum 
(Tissue Culture Biologicals), penicillin (50 unit/ml), and strep-
tomycin (50 µg/ml).

Treatment of cells. GT (molecular formula: C76H52O46; CAS 
no. 1401‑55‑4; Sigma‑Aldrich; Merck KGaA) and 2DG (molec-
ular formula: C6H12O5; CAS no.  154‑17‑6; Sigma‑Aldrich 
Merck KGaA) were first dissolved with autoclaved triple 
distilled water and filtered. Chondrocytes were treated with 
GT 100 µM and 2DG 10 mM for 24 h. The concentration 
and duration of GT and 2DG used in the present study, were 
determined to best represent the effect of each reagent on 
chondrocytes based on previous studies (20‑22). In addition, 
SB (CAS no. 152121‑47‑6; BIOMOL; Enzo Life Sciences), PD 
(CAS no. 167869‑21‑8; Calbiochem; EMD/Merck KGaA) and 
Salubrinal (CAS no. ALX‑270‑428‑M005; Enzo Life Sciences, 
Inc.) blockers were added 2 h prior to treatment with GT and 
2DG. SB, PD, and Salubrinal inhibit p38 kinase, ERK‑1/‑2, 
phosphorylation and dephosphorylation of p‑eIF2α.

Western blot analysis. Protein quantification and SDS‑PAGE 
for protein confirmation were conducted from chondrocytes, 
as previously described (24). The antibodies used (1:1,000) 
were as follows: Type II collagen (cat. no. sc‑52658); COX‑2 
(cat. no. sc‑1745); GRP78 (cat. no. sc‑1050; all from Santa 
Cruz Biotechnology, Inc.); IRE1α (cat. no. N B100‑2324; 
Novus Biologicals); p‑eIF2α (cat. no. sc‑101670; Santa Cruz 
Biotechnology, Inc.); ATF6 (cat. no. 70B1413.1; Enzo Life 
Sciences, Inc.); GAPDH (cat. no.  sc‑166545; Santa Cruz 
Biotechnology, Inc.); p‑p38 (cat. no.  4511; Cell Signaling 
Technology, Inc.); p‑ERK (cat. no.  sc‑7383; Santa Cruz 
Biotechnology, Inc.); anti‑rabbit IgG (cat. no. A P132; 
Sigma‑Aldrich; Merck KGaA); anti‑goat IgG (cat. no. sc‑2354; 
Santa Cruz Biotechnology, Inc.); and anti‑mouse IgG (cat. 
no. BML‑SA204‑0100; Enzo Life Sciences, Inc.). An ECL 
(Daeil Lab Service Co., Ltd.) reagent was used to saw protein 
bands using the LAS4000 (GE Healthcare Life Sciences).

RT‑PCR. To confirm the protein expression regulated at the 
transcriptional level, RNA was extracted from chondrocytes 
utilizing TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). 
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Furthermore, mRNA was synthesized and amplified by 
cDNA, and the amount of gene expression was confirmed 
by electrophoresis on 2% agarose gel. Each sample was 
incubated at 95˚C for 30 sec, 50˚C for 30 sec, and 72˚C for 
30 sec for 28 cycles. The primer sequences were as follows: 
Type II collagen sense, 5'‑GAC​CCC​ATG​CAG​TAC​ATG​CG‑3' 
and antisense, 5'‑AGC​CGC​CAT​TGA​TGG​TCT​CC‑3'; COX‑2 
sense, 5'‑CCC​TAT​GAA​TCG​TTC​GAG​GA‑3' and antisense, 
5'‑GGA​CAG​CCC​TTC​ACA​TTG​TT‑3'; XBP‑1 sense, 5'‑TGG​
ATG​CCA​TGG​TTA​CTG​AA‑3' and antisense, 5'‑CTG​GCA​
GTT​TCT​GGA​GAA​GC‑3'; GAPDH sense, 5'‑TCA​CCA​TCT​
TCC​AGG​AGC​GA‑3' and antisense, 5'‑CAC​AAT​GCC​GAA​
GTG​GTC​GT‑3'.

Alcian blue staining. Proteoglycans were measured using 
0.1% alcian blue solution (Sigma‑Aldrich; Merck KGaA) to 
determine differentiation of chondrocytes. Cells were reacted 
with 3.5% paraformaldehyde for 25 min and stained as previ-
ously described (24). The absorbance was assessed using a 
microplate reader at 595 nm.

Immunofluorescence staining. Revelation of type II collagen, 
COX‑2 and GRP78 within cells was identified. Cells were fixed 
and antibodies were attached as previously described (24). All 
primary antibodies used were the same as those used in the 
western blotting experiment. The secondary antibodies used 
were: TRITC conjugated anti‑mouse IgG (cat. no. T5393; 
Sigma‑Aldrich; Merck KGaA) for type II  collagen, FITC 
conjugated anti‑goat IgG (cat. no. ab6881; Abcam) for COX‑2 
and TRITC conjugated anti‑goat IgG (cat. no.  ab150130; 
Abcam) for GRP78. These secondary antibodies were 
incubated at room temperature for 2 h. Then, the cells were 
counterstained with 4'6'‑diamidino‑2‑phenylindole dihydro-
chloride (DAPI; Invitrogen; Thermo Fisher Scientific, Inc.). 
Fluorescent images were captured using a BX51 fluorescence 
microscope (Olympus Corporation).

Transfection. IRE1 siRNA was transfected into chondro-
cytes using a TurboFect transfection reagent (Thermo Fisher 
Scientific, Inc.). The primer sequences were as follows: IRE1 
siRNA sense, 5'‑GAU​GUC​CCA​CUU​UGU​GUC​CTT‑3' and 
antisense, 5'‑GGA​CAC​AAA​GUG​GGA​CAU​CTT‑3'; negative 
control (NC) siRNA sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​
UTT‑3' and antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'.

Statistical analysis. All experimental results were repeated at 
least 3 times and presented as the mean ± standard deviation 
(SD). Data were assayed using one‑way analysis of variance 
(ANOVA) followed by Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GT regulates 2DG‑induced dedifferentiation, inflammatory 
reactions, and ER stress. The effects of GT and 2DG treat-
ment for 24 h on differentiation and inflammatory reactions 
in cultured chondrocytes were examined. Following treat-
ment, western blot and RT‑PCR analyses were performed 
to detect the changes in the expression of type II collagen 
(the differentiated phenotype of chondrocytes) and COX‑2 

(a major protein involved in inflammatory reactions). The 
results revealed that, after GT and 2DG treatment, the 
2DG‑induced dedifferentiation was attenuated by GT at 
the transcriptional level (Fig. 1A and B). GT also attenu-
ated the 2DG‑triggered decrease in COX‑2 expression and 
ER‑stress‑induced unglycosylation, while promoting COX‑2 
expression. The regulation of ER‑stress‑induced COX‑2 
unglycosylation is considered to have occurred at the protein 
translational or post‑translational regulation level and not at 
the transcriptional level (Fig. 1C and D). The statistical signifi-
cance of the data from western blotting and RT‑PCR were 
quantified using ImageJ (Fig. 1A‑D). These findings provided 
evidence that GT regulates 2DG‑driven dedifferentiation, 
inflammatory reactions, and ER stress.

GT regulates 2DG‑increased dedifferentiation, inflamma‑
tory reactions, and ER stress via the p38 kinase pathway. To 
identify the signaling pathway that GT is involved with in the 
regulation of 2DG‑induced dedifferentiation, inflammatory 
reactions, and ER‑stress in chondrocytes, SB and PD, the 
respective blockers of the p38 kinase and ERK‑1/‑2 pathways, 
and Salubrinal, a blocker of the ER‑stress eIF2α pathway, were 
used to pre‑treat the cells for 2 h. Then, western blotting was 
performed to verify the changes in the expression of type II 
collagen (a differentiated phenotype of chondrocytes), COX‑2 
(a major protein in inflammatory reactions), and GRP78 (an 
indicator of ER stress). Treatment of cells with Salubrinal 
(for blocking ER‑stress eIF2α signaling) resulted in reduced 
ER stress, while there were no changes in dedifferentiation 
or inflammatory reactions (Figs. 2A and 3A). Furthermore, 
treatment of cells with PD to block ERK‑1/‑2 signaling in fact 
retriggered COX‑2 unglycosylation and increased ER stress. 
In addition, no changes related to dedifferentiation occurred 
(Figs. 2C and 3A). In contrast, treatment of cells with SB to 
block p38 kinase signaling caused changes in dedifferentia-
tion, inflammatory reactions, and ER stress (Figs. 2B and 3A). 
While these changes were induced during transcription, 
COX‑2 unglycosylation due to ER stress was considered to 
have occurred during protein translation or post‑translational 
regulation and not during transcription (Fig. 3B). The statistical 
significance of the western blotting and RT‑PCR expression 
data of type II collagen and COX‑2 were quantified using 
ImageJ (Fig. 3C and D). To verify the results of the western 
blot analysis, alcian blue staining was used to quantify sulfated 
proteoglycan, another indicator of chondrocyte differentiation; 
the results were in conformity with that of the western blot 
analysis (Fig. 2D). Finally, immunofluorescence staining was 
used to monitor the cytological changes, and the findings were 
in agreement with the other results (Fig. 4). These results 
provided evidence that GT regulates 2DG‑induced dediffer-
entiation, inflammatory responses, and ER stress via the p38 
kinase pathway.

GT regulates 2DG‑triggered dedifferentiation, inflammatory 
reactions, and ER stress via the ER‑stress‑induced p38 kinase 
pathway downstream from the IRE1 pathway. The findings of 
previous experiments revealed that GT regulates 2DG‑induced 
dedifferentiation, inflammatory responses, and ER stress 
through the p38 kinase pathway. This pathway was revealed 
to be a part of the IRE1 downstream signaling pathway among 
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the three signaling pathways triggered by ER stress. When the 
activities of all three signaling pathways were subsequently 
assessed, ATF6 and p‑eIF2α did not display any change, 
whereas IRE1, compared to the control, exhibited increased 
activity after a single treatment with a single 2DG dose and 
decreased activity with a single GT dose. We attempted to 
obtain eLF‑2α bands as a loading control to compare the 
expression of phosphorylated eLF‑2α bands due to reagent 
treatment. However, eLF‑2α bands could not be obtained due 
to a lack of immunoreactivity with a number of tested anti-
bodies. In addition, after concurrent treatment with 2DG and 
GT, the IRE1 activity that was increased by 2DG was reduced 

by GT (Fig. 5A). This supported that GT is involved in the 
IRE1 signaling pathway in the inhibition of 2DG‑induced ER 
stress. Furthermore, the changes in protein expression when 
IRE1 expression was reduced through IRE1 siRNA transfec-
tion were in concordance with the results of cells treated with 
SB to block the p38 kinase pathway (Fig. 5B). Lastly, it was 
examined whether splicing of XBP‑1 mRNA was induced by 
the activated IRE1 downstream signaling pathway that was 
related to ER stress. It was revealed that, when compared to 
the control whereby no reagent was added, 2DG treatment 
induced splicing and increased XBP‑1s, while GT treatment 
decreased XBP‑1u. The concurrent treatment with GT and 

Figure 1. Effects of treatment of chondrocytes with GT and 2DG. (A‑D) Chondrocytes were treated with 100 µM GT and 10 mM 2DG for 24 h. (A and B) Western 
blot and RT‑PCR analyses were used to identify the expression of type II collagen and GAPDH. (C and D) Western blot and RT‑PCR analyses were used to 
confirm expression of COX‑2 and GAPDH. GAPDH was used as the loading control. (A‑D) The ratio of type II collagen and COX‑2/GAPDH. Results are 
presented as the means ± SD. *P<0.05 compared with untreated cells, †P<0.05 compared with 2DG‑treated cells. GT, gallotannin; 2DG, 2‑deoxy‑D‑glucose; 
COX‑2, cyclooxygenase‑2.
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2DG revealed that GT reduced the increased XBP‑1s by 
2DG‑induced ER stress. The reduction of IRE1 expression after 
GT treatment or IRE1 siRNA transfection was accompanied 
by a decreased expression of XBP‑1 mRNA (Fig. 5C). These 
findings provided evidence that GT regulates 2DG‑induced 
dedifferentiation, inflammatory reactions, and ER stress via 
the ER‑stress‑induced p38 kinase pathway downstream from 
the IRE1 pathway.

Discussion

The number of patients with OA is continuously increasing 
due to aging and prolonged human lifespan. However, inad-
equate research and current therapeutic development warrant 
the need for more studies. Cartilage degeneration leads to OA. 
Among the various causes of OA, the most recognized is meta-
bolic imbalance (2). Metabolic imbalance, as a representative 
cause of OA, may result from the intracellular accumulation 
of 2DG, a glucose derivative with 2'OH replaced by an H, 
which inhibits normal glycolysis and glycosylation to perturb 

the metabolic balance and induce ER stress, thereby inducing 
dedifferentiation in chondrocytes (20,22). In contrast, GT, a 
hydrolyzable tannin and a plant polyphenol, is used as a protec-
tive agent in a similar manner to a drug, and exhibits high 
tolerance against cancers, oxidation, viruses, bacteria, and 
parasites by promoting differentiation of chondrocytes (21). 
Although the independent effects of 2DG and GT in chondro-
cytes have been examined in previous studies, the effects of 
concurrent treatment with GT and 2DG, as well as signaling 
pathways regulating their activities, have not been adequately 
investigated. Thus, the present study was performed to verify 
whether GT works against 2DG to promote differentiation of 
chondrocytes. This study also identified the signaling pathways 
involved in this regulation.

When chondrocytes were treated with both GT and 2DG, 
type II collagen expression, which was otherwise reduced 
by 2DG, was enhanced. The type II collagen band shifts are 
slightly different depending on the experimental conditions. 
Type II collagen is predominant and consists of approximately 
80% of total vitreous collagen. Possibly it depends on the 

Figure 2. Identification of signaling pathways according to the blocker concentration after treatment of chondrocytes with GT and 2DG. (A‑D) After pre‑treat-
ment for 2 h with specific concentrations of Salub, SB, or PD, chondrocytes were treated with 100 µM GT and 10 mM 2DG for 24 h After pre‑treatment with 
a specific concentration of (A) Salub, (B) SB, or (C) PD, western blotting was used to determine the expression of type II collagen, COX‑2, GRP78, p‑p38, 
p‑ERK and GAPDH. (D) Sulfated proteoglycan was examined using alcian blue staining. GAPDH, p38 and ERK 2 were used as the loading controls. Results 
are presented as the means ± SD. *P<0.05 compared with untreated cells, †P<0.05 compared with 2DG‑treated cells, #P<0.05 compared with GT + 2DG‑treated 
cells. GT, gallotannin; 2DG, 2‑deoxy‑D‑glucose; Salub, salubrinal; COX‑2, cyclooxygenase‑2; GRP78, glucose‑regulated protein 78 kDa.
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enzymatic degradation of extracellular matrix. Similarly, GT 
promoted COX‑2 expression that was otherwise reduced by 
2DG, and prevented unglycosylation caused by 2DG‑induced 
ER stress (Fig. 1). These findings provide evidence that GT 
attenuates 2DG‑induced dedifferentiation and ER stress 
and regulates inflammatory reactions. To demonstrate the 
role of GT in attenuating ER stress, the reduced expression 
of GRP78 as an indicator of ER stress (15) was observed 

(Figs. 2 and 4). To identify the signaling pathway involved in 
GT attenuating 2DG‑induced dedifferentiation and ER stress 
and regulation of inflammatory reactions, chondrocytes 
were treated with SB and PD, blockers of the p38 kinase and 
ERK‑1/‑2 pathways, respectively, during differentiation and 
inflammation, and with Salubrinal, a blocker of the ER‑stress 
eIF2α pathway (25). Among these pathways, inhibition of the 
p38 kinase pathway resulted in an increased expression of 

Figure 3. Identification of signaling pathways according to the blocker after treatment of chondrocytes with GT and 2DG. (A and B) After pre‑treating chon-
drocytes for 2 h with specific concentrations of Salub, SB, or PD, chondrocytes were treated with 100 µM GT and 10 mM 2DG for 24 h. (A) Western blotting 
was used to determine the expression of type II collagen, COX‑2, p‑p38, p‑ERK, and GAPDH. (B) RT‑PCR was used to determine the expression of type II 
collagen, COX‑2, and GAPDH. p38, ERK 2 and GAPDH was used as the loading control. (C and D) Relative expression (% of control) of type II collagen and 
COX‑2. Results are presented as the means ± SD. *P<0.05 compared with untreated cells, †P<0.05 compared with 2DG‑treated cells, #P<0.05 compared with 
GT + 2DG‑treated cells. GT, gallotannin; 2DG, 2‑deoxy‑D‑glucose; Salub, salubrinal; COX‑2, cyclooxygenase‑2; GRP78, glucose‑regulated protein 78 kDa.
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type II collagen and COX‑2 expression was further decreased, 
indicating that the p38 kinase pathway was influenced by GT 
(Figs. 2‑4). These findings thus provide evidence that GT 
attenuates 2DG‑induced dedifferentiation, inflammatory 
reactions, and ER stress through the p38 kinase pathway. 
Furthermore, after having confirmed that IRE1 downstream 
signaling pathways involve the p38 kinase pathway among 
the three signaling pathways activated by ER stress, the 

activities of all three signaling pathways were assessed. 
ATF6 and p‑eIF2α did not display changes in their activities, 
whereas IRE1 activity that was otherwise increased by 2DG 
was suppressed by GT. The subsequent experiment using 
IRE1 siRNA transfection produced results identical to those 
when the p38 kinase pathway was inhibited; type II collagen 
expression was further enhanced and COX‑2 expression was 
further reduced. Moreover, the splicing of XBP‑1 mRNA, 

Figure 5. Identification of signaling pathways after treatment of chondrocytes with GT and 2DG. (A and B) Chondrocytes were treated with 100 µM GT and 
10 mM 2DG for 24 h. (A) Western blotting was used to determine the expression of ATF6, p‑eIF2α, and IRE1. (B) Western blot was used to confirm expression 
of type II collagen, COX‑2, GRP78, IRE1, p‑p38, and GAPDH for the chondrocytes that had undergone transfection with 150 nM IRE1 siRNA. (C) RT‑PCR 
was used to verify the expression of XBP‑1 and GAPDH. p38 and GAPDH were used as the loading controls and scrambled siRNA was used as the negative 
control. GT, gallotannin; 2DG, 2‑deoxy‑D‑glucose; ATF6, activating transcription factor 6; IRE1, inositol‑requiring enzyme 1; COX‑2, cyclooxygenase‑2; 
GRP78, glucose‑regulated protein 78 kDa; XBP‑1, X‑box binding protein 1.

Figure 4. Identification of signaling pathways using immunofluorescence after treatment of chondrocytes with GT and 2DG. After pre‑treating chondrocytes 
for 2 h with specific concentrations of Salub, SB, or PD, chondrocytes were treated with 100 µM GT and 10 mM 2DG for 24 h. Immunofluorescence micros-
copy (magnification, x400) was used to determine the expression of type II collagen, COX‑2, and GRP78. The cellular nuclei were stained with DAPI. GT, 
gallotannin; 2DG, 2‑deoxy‑D‑glucose; Salub, salubrinal; COX‑2, cyclooxygenase‑2; GRP78, glucose‑regulated protein 78 kDa.

https://www.spandidos-publications.com/10.3892/mmr.2019.10773


KIM et al:  GALLOTANNIN ATTENUATES 2DG-INDUCED DEDIFFERENTIATION AND ER STRESS5256

which was caused by the ER‑stress‑related IRE1 downstream 
signaling pathway, confirmed that GT reduced the increased 
XBP‑1s due to 2DG‑induced ER stress. In addition, IRE1 
expression was reduced after GT treatment and IRE1 siRNA 
transfection accompanied the reduced XBP‑1 mRNA expres-
sion (Fig. 5), suggesting that IRE1 had an influence on the 
expression of XBP‑1 mRNA; however, further studies are 
required to confirm these findings. The present results thus 
provide evidence that GT regulates 2DG‑induced dedif-
ferentiation, inflammatory reactions, and ER stress via the 
ER‑stress‑induced p38 kinase pathway downstream from the 
IRE1 pathway.

The findings aggregately support that GT inhibits 
2DG‑induced dedifferentiation and ER‑stress‑induced 
COX‑2 unglycosylation in chondrocytes. GT was also 
revealed to regulate differentiation and inflammation via the 
ER‑stress‑induced p38 kinase pathway downstream from the 
IRE1 pathway. These effects of GT on dedifferentiation and 
ER stress suggest that GT could be utilized in the therapeutic 
treatment of arthritis. Furthermore, based on our in  vitro 
experimental results, further in vivo experiments should be 
performed to provide fundamental data and generate concrete 
evidence for treating arthritis using chondrocytes.
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