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Abstract: Rheumatoid arthritis (RA) is an inflammatory disease marked by a massive proliferation of
synovial cells in the joints. In this study, we investigated the pro-apoptotic effects of docosahexaenoic
acid (DHA) in human fibroblast-like synovial cells from RA patients (RA-FLS). An in vitro study using
MH7A cells showed that DHA treatment induced caspase-8-dependent apoptosis in a dose-dependent
manner and reduced the TNF-α-mediated induction of MMP-9 and IL-1β. DHA also induced the
phosphorylation of eIF2α, the expression of the ER stress markers ATF4 and C/EBP homologous
protein (CHOP), and death receptor 5 (DR5). The knockdown of CHOP or DR5 increased cell viability
and reduced apoptosis in DHA-treated cells. Furthermore, the knockdown of CHOP reduced
DHA-mediated DR5 expression, while the overexpression of CHOP increased DR5 expression. We
also found that DHA treatment induced the accumulation of reactive oxygen species (ROS), and
pretreatment with the anti-oxidant Tiron effectively abrogated not only the expression of CHOP and
DR5, but also DHA-induced apoptosis. Under this condition, cell viability was increased, while
PARP-1 cleavage and caspase-8 activation were reduced. All the findings were reproduced in human
primary synovial cells obtained from RA patients. These results suggest that the DHA-mediated
induction of ROS and CHOP induced apoptosis through the upregulation of DR5 in RA-FLSs, and
that CHOP could be used as a therapy for RA.

Keywords: apoptosis; CHOP; DHA; ER stress; RA-FLSs; ROS

1. Introduction

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease characterized
by chronic inflammation, hyperplasia of the synovial tissues, synovitis, the production
of autoantibodies and cytokine, and irreversible destruction of the bone and cartilage of
joints, which results in failure to move with severe pain [1–4]. The synovial hyperplasia
is caused by synovial inflammation and the uncontrolled proliferation of the synovial
fibroblasts in patients with rheumatoid arthritis (RA-FLS). This abnormal proliferation and
invasion, even without specific growth factors, is characteristics of the RA-FLSs shared with
cancer cells [5–8]. Thus, some anticancer drugs, such as paclitaxel (Taxol) and beta-elemene,
have been shown to induce mitotic arrest and apoptosis in proliferating synoviocytes, but
caused some side effects [9,10]. Many drugs, such as corticosteroids and nonsteroidal
anti-inflammatory drugs (NSAIDs), that have been used to treat RA also caused toxicities
including, the increased risk of heart attack and gastrointestinal damage [11–13].
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Therefore, the search for agents to control abnormal proliferation and/or inflammation
of RA-FLS with low or no toxicity is highly demanded. One example of this type of agents
is omega-3 polyunsaturated fatty acids (PUFAs). Its function as a therapeutic drug for
inflammation in neurodegenerative disorders, autoimmune diseases, or cancer has been
described [14,15]. Previously, we have shown that hempseed oil, which contains high
percentage of PUFAs, induces ROS- and C/EBP homologous protein (CHOP)-mediated
apoptosis in MH7A RA-FLSs [16]. Two omega-3 FAs known to be used to improve RA
symptoms are docosahexaenoic acid (DHA, C22:6n-3) and eicosapentaenoic acid (EPA,
C20:5n-3). DHA is rich in fish oil and is converted from α-linolenic acid (ALA, 18:3n-3)
in human cells by lipid metabolic enzymes [17]. The beneficial effects of omega-3 fatty
acids are related to the altered expressions of genes encoding inflammatory mediators.
For examples, DHA induces the downregulation of the vascular cell adhesion molecule
(VCAM)-1 in endothelial cells [18]. EPA and DHA can inhibit the production of IL-1β and
TNF-α by monocytes [19] and the production of IL-6 and IL-8 by endothelial cells [20,21].

Although DHA is known to increase apoptotic cell death in many cancer cells, such as
colon cancer, prostate cancer, hepatocarcinoma, and lung carcinoma, as well as in normal
cells, the mechanism of DHA in RA is not known. One cellular function of DHA is the
induction of the unfolded protein response (UPR), which is known to be activated by the
perturbation of homeostasis in the endoplasmic reticulum (ER). The mammalian UPR
is initiated by the activation of the three sensor proteins, inositol-requiring enzyme 1α
(IRE1α), activating transcription factor 6 (ATF6), and PKR-like ER kinase (PERK) [22,23].
The activated PERK phosphorylates α subunit of eukaryotic translation initiation factor
2 (eIF2α), leading to the attenuation of general protein synthesis, while allowing selective
translation of particular mRNAs, such as activating transcription factor 4 (ATF4) mRNA [24].
One of the factors functioning downstream of ATF4 is CHOP, also known as growth arrest
and DNA damage 153 (GADD153). It is a transcription factor that controls the expression of
genes involved in cell survival or cell death [25,26]. CHOP functions as a proapoptotic factor
by downregulating Bcl-2 expression through dimerization with C/EBPβ, by upregulating
DR5, by disrupting the cellular redox state via the depletion of cellular glutathione, and
by promoting mitochondrial cell death [25,27,28]. Despite evidence that CHOP acts as
a proapoptotic factor, CHOP-mediated apoptosis is controversial because there is evidence
that CHOP acts as an inflammatory regulator without inducing apoptosis in various types
of inflammatory cells [29,30].

In this study, we investigated the molecular mechanism underlying the pro-apoptotic
effects of DHA in MH7A synoviocytes (RA-FLSs) and primary synovial cells obtained
from RA patients. We showed that DHA induced caspases-dependent apoptosis and ROS
generation-mediated ER stress. In this situation, CHOP worked as a pro-apoptotic factor
by mediating DHA-induced apoptosis.

2. Results
2.1. DHA Induces Caspase-Dependent Apoptosis and Reduces TNF-α-Mediated Inflammation in
MH7A Cells

In this study, we investigated the pro-apoptotic effects of DHA, one of the omega-3
fatty acids, in RA-FLS MH7A cells and primary synovial cells. When the MH7A cells
were treated with various concentrations of DHA for 24 h, cell viability was significantly
reduced (Figure 1A). DAPI staining results showed that DHA treatment caused chromatin
condensation in the MH7A cells (Figure 1B). DHA treatment also induced PARP-1 cleavage
and caspase-8 activation in the MH7A cells (Figure 1C and Figure S1A). When MH7A
cells pre-treated with a pan-caspase inhibitor Z-VAD-FMK for 1 h were treated with
DHA for 24 h, cell viability was significantly recovered, and neither PARP-1 cleavage nor
caspase-8 activation were detected (Figure 1D,E and Figure S1B). These results suggest
that DHA-mediated cell death is caused by caspase-dependent apoptosis in MH7A cells.
To test whether DHA-mediated effects are specific to RA-FLS, we investigated DHA-
mediated apoptosis and cell viability using the A549 cell line. DHA treatment reduced the
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viability of A549 cells, during which PARP-1 cleavage and CHOP induction were observed
(Figure S7). Therefore, DHA-induced apoptosis is not considered a cell-specific effect. To
investigate whether DHA could affect the pathological activity induced by proinflammatory
factors, we analyzed MMP-9, IL-1β production, cell viability, and caspase activation in
cells treated with TNF-α and DHA. The induction of MMP-9 by TNF-α stimulation was
reduced by approximately 30% with DHA treatment (Figure 1F). The DHA-mediated
reduction of cell viability and caspase activation was not affected by TNF-α treatment
(Figure 1G,H and Figure S1C). The TNF-α-mediated induction of IL-1β was significantly
reduced by DHA treatment (Figure 1H and Figure S1C). These results suggest that DHA
treatment could reduce cytokine-mediated inflammatory responses.
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24 h were fixed and stained with DAPI, and chromatin condensation was observed under the mi-
croscope (400×). Arrows indicate the condensed chromatins. (C) Cells were treated with various 
concentrations of DHA or 300 nM thapsigargin (Tg) for 24 h, as indicated, and cell lysates were 
subjected to SDS--PAGE, followed by immunoblot analysis using antibodies specific to PARP--1, 
caspase--8, or GAPDH. Arrows indicate the active form of the proteins. Blots have been cropped 
down to size for clarity. (D) Cells pre-treated with or without 5 μM Z-VAD-FMK (Z-VAD), a pan-
caspase inhibitor, for 1 h were treated with 100 μM DHA for 24 h. Cell viability was determined 
using the Ez-cytox assay. Significant differences are indicated as * p < 0.05 or ** p < 0.01. (E) The cells 
obtained in (D) were lysed and subjected to SDS-PAGE, followed by immunoblot analysis using 

Figure 1. DHA induced caspase-dependent apoptosis and reduced TNF-α-mediated inflammation in
MH7A cells. (A) Cells were treated with various concentrations of DHA for 24 h, and cell viability
was determined using the Ez-cytox assay, as described in the Materials and Methods. Data represent
the means ± S.D. of three independent experiments, performed in triplicate. A significant difference
is indicated as ** p < 0.01. (B) Cells treated with 100 µM DHA, or DMSO as a control, for 24 h were
fixed and stained with DAPI, and chromatin condensation was observed under the microscope
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(400×). Arrows indicate the condensed chromatins. (C) Cells were treated with various concentra-
tions of DHA or 300 nM thapsigargin (Tg) for 24 h, as indicated, and cell lysates were subjected
to SDS-PAGE, followed by immunoblot analysis using antibodies specific to PARP-1, caspase-8, or
GAPDH. Arrows indicate the active form of the proteins. Blots have been cropped down to size for
clarity. (D) Cells pre-treated with or without 5 µM Z-VAD-FMK (Z-VAD), a pan-caspase inhibitor, for
1 h were treated with 100 µM DHA for 24 h. Cell viability was determined using the Ez-cytox assay.
Significant differences are indicated as * p < 0.05 or ** p < 0.01. (E) The cells obtained in (D) were
lysed and subjected to SDS-PAGE, followed by immunoblot analysis using antibodies specific to
PARP-1, caspase-8, or GAPDH. Arrows indicate the active form of the proteins. Blots have been
cropped down to size for clarity. (F–H) Cells pre-treated with or without 10 ng/mL TNF-α for
30 min were treated with various concentrations of DHA for 24 h. (F) MMP-9 concentrations were
measured using the sandwich ELISA assay kit. Significant differences are indicated as *** p < 0.001;
NS, not significant. (G) Cell viability was determined using the MTT assay. Significant differences
are indicated as ** p < 0.01. (H) Cell lysates were subjected to SDS-PAGE, followed by immunoblot
analysis using antibodies specific to PARP-1, caspase-7, IL-1β, or GAPDH. Blots have been cropped
down to size for clarity.

2.2. DHA Induced the Unfolded Protein Response (UPR) in MH7A Cells

Since DHA has been reported to induce ER stress and cell death in some cells [31,32],
we tested whether DHA treatment induces ER stress and the UPR in MH7A cells. Ex-
pression of the phosphorylated form of eIF2α, ATF4, and CHOP was increased by DHA
treatment (Figure 2A and Figure S2A). Similarly, CHOP was increased by DHA treatment
in a dose-dependent manner (Figure 2B and Figure S2B). The phosphorylation of eIF2α
preceded the induction of ATF4 and CHOP, as reported previously (Figure 2A). When
RT-PCR analysis was performed with total RNAs isolated from the MH7A cells, splicing
of XBP1 mRNA and CHOP transcription was increased by DHA treatment (Figure 2C),
indicating that DHA treatment induces the UPR response in MH7A cells.
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2.3. CHOP Acted as a Pro-Apoptotic Factor in DHA-Treated MH7A Cells 
Since we observed the DHA-mediated induction of apoptosis and ER stress, we rea-

soned that ER stress resulted in the induction of apoptosis rather than the protection of 
the cells in our experimental conditions. Indeed, GRP78 is known as a pro-survival factor, 
while CHOP functions are viewed as a pro-apoptotic factor which acts by downregulating 
the transcription of Bcl-2 and by enhancing DR5 expression, leading to translocation of 
Bax from the cytosol to the mitochondria [25,26,28]. To test whether CHOP functions as a 

Figure 2. DHA induced the unfolded protein response in MH7A cells. Cells were treated with 130 µM
DHA for various periods, as indicated (A), or with various concentrations of DHA or 300 nM Tg
for 24 h (B) or 12 h (C). (A,B) Cell lysates were subjected to SDS-PAGE, followed by immunoblot
analysis using antibodies specific to the phosphorylated form of eIF2α (p-eIF2α), eIF2α, ATF4, CHOP,
or β-actin. Blots have been cropped down to size for clarity. (C) Total RNA was isolated, and RT-PCR
analysis was performed using primers specific to XBP1, CHOP, or β-actin. The amplified XBP1 DNA
fragments were digested with PstI to distinguish the spliced (S) form and unspliced (U) form of XBP1
fragments, as indicated with arrows.
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2.3. CHOP Acted as a Pro-Apoptotic Factor in DHA-Treated MH7A Cells

Since we observed the DHA-mediated induction of apoptosis and ER stress, we rea-
soned that ER stress resulted in the induction of apoptosis rather than the protection of the
cells in our experimental conditions. Indeed, GRP78 is known as a pro-survival factor, while
CHOP functions are viewed as a pro-apoptotic factor which acts by downregulating the tran-
scription of Bcl-2 and by enhancing DR5 expression, leading to translocation of Bax from the
cytosol to the mitochondria [25,26,28]. To test whether CHOP functions as a pro-apoptotic
factor in DHA-treated MH7A cells, MH7A cells transfected with siRNA oligonucleotides
specific for CHOP were treated with DHA for 24 h. The knockdown of CHOP significantly
recovered cell viability under the DHA-treated condition (Figure 3A and Figure S3A). Con-
sistent with this result, the overexpression of CHOP further increased the percentage of
apoptotic cells, while the knockdown of CHOP decreased it in DHA-treated cells, as deter-
mined by the ratio of the number of sub-G1 cells to that of the whole cell population in the
FACS analysis (Figure 3B, top). The overexpression of CHOP increased the apoptotic cell
death, while the knockdown of CHOP did not significantly affect viability without DHA
treatment, as noted in the FACS analysis (Figure 3B, bottom). These results suggest that
CHOP acted as a pro-apoptotic factor in DHA-treated MH7A cells.

Int. J. Mol. Sci. 2023, 24, 1734 6 of 16 
 

 

pro-apoptotic factor in DHA-treated MH7A cells, MH7A cells transfected with siRNA ol-
igonucleotides specific for CHOP were treated with DHA for 24 h. The knockdown of 
CHOP significantly recovered cell viability under the DHA-treated condition (Figures 3A 
and S3A). Consistent with this result, the overexpression of CHOP further increased the 
percentage of apoptotic cells, while the knockdown of CHOP decreased it in DHA-treated 
cells, as determined by the ratio of the number of sub-G1 cells to that of the whole cell 
population in the FACS analysis (Figure 3B, top). The overexpression of CHOP increased 
the apoptotic cell death, while the knockdown of CHOP did not significantly affect via-
bility without DHA treatment, as noted in the FACS analysis (Figure 3B, bottom). These 
results suggest that CHOP acted as a pro-apoptotic factor in DHA-treated MH7A cells. 

 
Figure 3. CHOP played a role as a pro-apoptotic factor in DHA-treated MH7A cells. The cells were 
transiently transfected with siRNA oligonucleotides specific for CHOP [siCHOP (1) or siCHOP(4)], 
scrambled oligonucleotides (siScrambled), a vector overexpressing CHOP (pCHOP), or EGFP 
(pEGFP). At 18 h post-transfection, the cells were treated with 130 μM DHA for 24 h. (A) Cell via-
bility was determined using the Ez-cytox assay (left). Significant differences are indicated as * p < 
0.05 or ** p < 0.01. Cell lysates were subjected to SDS-PAGE, followed by immunoblot analysis using 
antibodies specific to CHOP or GAPDH (right). Blots have been cropped down to size for clarity. 
(B) Cells were subjected to FACS analysis with PI staining. Apoptosis is expressed as the percentage 
of cells counted in the sub-G1 phase, as indicated by the bar in the histogram. 

2.4. DR5 Is Involved in DHA-Induced Apoptosis in MH7A Cells 
The activation of caspase-8 is controlled by the extrinsic cell death pathway, which is 

composed of death receptors and ligand proteins such as DR5, DR4, and TRAIL [33]. Since 
we observed DHA-mediated caspase-8 activation in MH7A cells (Figure 1), as reported in 
other cell types [34,35], we tested to determine which proteins in the extrinsic death path-
way function as pro-apoptotic factors mediating the effects of DHA in the MH7A cells. 
The expression of DR5 was increased by DHA treatment in a dose-dependent manner, 

Figure 3. CHOP played a role as a pro-apoptotic factor in DHA-treated MH7A cells. The cells
were transiently transfected with siRNA oligonucleotides specific for CHOP [siCHOP (1) or si-
CHOP(4)], scrambled oligonucleotides (siScrambled), a vector overexpressing CHOP (pCHOP), or
EGFP (pEGFP). At 18 h post-transfection, the cells were treated with 130 µM DHA for 24 h. (A) Cell
viability was determined using the Ez-cytox assay (left). Significant differences are indicated as
* p < 0.05 or ** p < 0.01. Cell lysates were subjected to SDS-PAGE, followed by immunoblot analysis
using antibodies specific to CHOP or GAPDH (right). Blots have been cropped down to size for
clarity. (B) Cells were subjected to FACS analysis with PI staining. Apoptosis is expressed as the
percentage of cells counted in the sub-G1 phase, as indicated by the bar in the histogram.
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2.4. DR5 Is Involved in DHA-Induced Apoptosis in MH7A Cells

The activation of caspase-8 is controlled by the extrinsic cell death pathway, which is
composed of death receptors and ligand proteins such as DR5, DR4, and TRAIL [33]. Since
we observed DHA-mediated caspase-8 activation in MH7A cells (Figure 1), as reported
in other cell types [34,35], we tested to determine which proteins in the extrinsic death
pathway function as pro-apoptotic factors mediating the effects of DHA in the MH7A
cells. The expression of DR5 was increased by DHA treatment in a dose-dependent man-
ner, while the expression of DR4 and TRAIL was decreased and unchanged, respectively
(Figure 4A and Figure S4A). When DR5 knockdown cells were treated with DHA, the
percentage of sub-G1 cells was decreased compared to the DHA-treated control cells in the
FACS analysis, suggesting that the downregulation of DR5 reduced DHA-mediated apop-
tosis (Figure 4B, bottom). DR5 knockdown also reduced PARP-1 cleavage in DHA-treated
cells (Figure 4C and Figure S4B, lanes 3 and 4). Considering that expression of TRAIL,
a ligand of DR5, was detected, even without DHA treatment (Figure 4A), it would seem that
binding of endogenously expressed TRAIL to DR5, which was induced by DHA treatment,
induces apoptosis. Indeed, the overexpression of DR5 induced caspase-8 activation and
apoptosis in MH7A cells (Figure 4D and Figure S4C). Since DR5 expression is reported
to be controlled by CHOP, we checked the expression of DR5 under the condition that
CHOP’s expression is modulated: the overexpression of CHOP increased DR5 expression,
and the knockdown of CHOP decreased it, in the presence or absence of DHA treatment
(Figure 4E and Figure S4D). DHA-induced PARP-1 cleavage was also decreased by the
knockdown of CHOP (Figure 4E and Figure S4D). These results demonstrate that both
the DHA-mediated induction of CHOP and the CHOP-mediated upregulation of DR5 are
responsible for DHA-induced apoptosis in MH7A cells.
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Figure 4. DR5 is involved in DHA-induced apoptosis in MH7A cells. (A) Cells were treated with
various concentrations of DHA or 300 nM Tg for 24 h, as indicated. Cell lysates were subjected
to SDS-PAGE, followed by immunoblot analysis using antibodies specific to DR5, DR4, TRAIL, or
GAPDH. (B–E) Cells were transiently transfected with siRNA oligonucleotides specific for DR5
(siDR5), CHOP [siCHOP(1)], scrambled oligonucleotides (siScrambled), a plasmid overexpressing
DR5 (pDR5), CHOP (pCHOP), or an empty pcDNA3.1 vector (Vector). At 18 h post-transfection,
selected samples were treated with 130 µM DHA for 24 h, as indicated in B, C and E. (B) Cells stained
with PI were subjected to FACS analysis. Apoptosis is expressed as the percentage of cells counted
in the sub-G1 phase, as indicated by the bar in the histogram. (C–E) Cell lysates were subjected to
SDS-PAGE, followed by immunoblot analysis using antibodies specific to PARP-1, DR5, or β-actin
(C), PARP-1, caspase-8, DR5, or β-actin (D), PARP-1, DR5, CHOP, or β-actin (E). Arrows indicate the
active form of the proteins. Blots have been cropped down to size for clarity.

2.5. DHA-Mediated ROS Induced Apoptosis by Upregulation of CHOP and DR5 in MH7A Cells

Next, we tested ROS generation in DHA-treated MH7A cells because DHA is known
to induce apoptosis and ROS in many types of cells [36]. When cells pre-treated with the an-
tioxidant Tiron were treated with DHA, cell viability was significantly recovered (Figure 5A).
In fluorescence microscopy using DCFH-DA, intercellular ROS was increased by DHA treat-
ment, and pretreatment with Tiron prevented DHA-mediated ROS generation (Figure 5B).
Treatment with Tiron also reduced DHA-mediated apoptotic cell death, as determined by
the number of cells in the sub-G1 phase in FACS analysis using PI-stained cells (Figure 5C).
FACS analysis also showed that DHA treatment induced intercellular ROS, which was
abolished by Tiron treatment (Figure 5D). To test whether ROS generation causes CHOP
induction and apoptosis, the cells treated with DHA, in the presence or absence of Tiron,
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were harvested and subjected to immunoblot analysis. All the DHA-mediated changes
were prevented by Tiron treatment: PARP-1 cleavage was reduced, expression of CHOP
and DR5 was reduced, and cleavage of caspase-8 was reduced (Figure 5E and Figure S5A).
These results suggest that DHA induces the generation of ROS and it in turn induces the
expression of CHOP and DR5, which work as pro-apoptotic factors in MH7A cells.
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Figure 5. ROS induced apoptosis by increasing the expression of CHOP and DR5 in DHA-treated
MH7A cells. (A) MH7A cells, pre-treated with or without 4 mM Tiron, an antioxidant, for 1 h were
treated with 100 µM DHA for 24 h, and cell viability was determined using the Ez-cytox assay.
(B) Cells were treated with 5 µM DCFH-DA for 30 min before treatment with Tiron, followed by
treatment with 100 µM DHA for 2 h. Production of intracellular ROS was observed by fluorescence
microscopy (400×). (C) Cells treated with 4 mM Tiron for 1 h and 130 µM DHA for 24 h were stained
with PI and subjected to FACS analysis. Apoptosis is expressed as the percentage of cells counted in
the sub-G1 phase, as indicated by the bar in the histogram. (D,E) MH7A cells pretreated with 5 µM
DCFH-DA for 1 h were pretreated, with or without 4 mM Tiron, for 1 h, followed by treatment with
100 µM DHA for 2 h. The production of intracellular ROS was observed by FACS analysis (D). Cell
lysates were subjected to SDS-PAGE, followed by immunoblot analysis using antibodies specific to
PARP-1, CHOP, DR5, caspase-8, or β-actin (E). Arrows indicate the active form of the proteins. Blots
have been cropped down to size for clarity.
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2.6. CHOP Induced Apoptosis in DHA-Treated Primary RA-FLSs Obtained from RA Patients

Lastly, we tested whether all the phenotypes observed in the MH7A cells could be re-
produced in human primary synovial cells obtained from patients with RA. When four lines
of primary RA-FLS cells were treated with various concentrations of DHA for 24 h, the via-
bility of all four lines was reduced in a dose-dependent manner (Figure 6A). In immunoblot
analysis performed with the lysates of DHA-treated cells, PARP-1 cleavage was increased,
and the expression of CHOP, as well as DR5, was also increased (Figure 6B and Figure S6A).
To verify the apoptotic roles of CHOP in primary RA-FLS cells, cells transiently transfected
with siRNA oligonucleotides specific for CHOP (siCHOP) were treated with 150 µM DHA
for 24 h. Cell viability was significantly recovered by CHOP knockdown in all cell lines
(Figure 6C). Immunoblot assay results showed that PARP-1 cleavage was inhibited by the
knockdown of CHOP in the DHA-treated cells (Figure 6D and Figure S6B), confirming that
all the findings observed in the MH7A cells could be reproduced in human primary syn-
ovial cells obtained from patients with RA. These results suggest that CHOP and DR5 are
important pro-apoptotic mediators working downstream of DHA in rheumatoid arthritis.
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Figure 6. CHOP induced apoptosis in DHA-treated primary RA-FLSs obtained from RA patients.
(A) Four lines of primary RA-FLS cells (#1–#4) were treated with various concentrations of DHA
for 24 h, and cell viability was determined using the Ez-cytox assay. (B) Primary RA-FLS cells
were treated with 150 µM DHA for 24 h, and cell lysates were subjected to SDS-PAGE, followed by
immunoblot analysis using antibodies specific to PARP-1, CHOP, DR5, or β-actin. The arrow indicates
the cleaved form of PARP-1. Blots have been cropped down to size for clarity. (C,D) Three lines of
primary RA-FLS cells were transiently transfected with siRNA oligonucleotides specific for CHOP
(siCHOP) or the scrambled oligonucleotides (siScrambled). At 18 h post-transfection, the cells were
treated with 150 µM DHA for 24 h and cell viability was determined using the Ez-cytox assay (C).
Cell lysates were subjected to SDS-PAGE, followed by immunoblot analysis using antibodies specific
to PARP-1, CHOP, or β-actin (D). Arrows indicate the cleaved form of the PARP-1 proteins. Blots
have been cropped down to size for clarity.
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3. Discussion

In this study, during investigating the role of DHA on abnormal proliferation of syn-
ovial cells, we found that DHA treatment induces apoptosis in human synovial cells from
patients with RA (RA-FLS, both in MH7A cells and primary RA-FLS) through induction of
ROS, CHOP, and DR5, suggesting that CHOP functions as a pro-apoptotic factor.

Previously, the role of DHA in controlling abnormal proliferation has been reported
in many types of cancer. DHA induces the dephosphorylation of GSK-3β, which results
in the downregulation of β-catenin and TCF/LEF, and eventually, in the reduction in cell
growth in hepatocellular carcinoma cells [37,38]. DHA also inhibits COX-2, an enzyme that
converts free arachidonic acid (ARA) to PGE2. Since PGE2 upregulates β-catenin, the DHA-
mediated inhibition of COX-2 results in the inhibition of cell growth. The DHA-mediated
induction of 15-hydroxyprostaglandin dehydrogenase, which functions as an antagonist
of COX-2, also contributes to cell growth reduction. In neuroblastoma cells, 17-HpDHA,
one of the DHA derivatives, is known to induce cell cytotoxicity [39]. So far, it is not known
whether β-catenin or 17-HpDHA function as anti-proliferative factors downstream of DHA
in RA-FLS cells. Based on the fact that RA-FLS cells share some phenotypes with cancer
cells, and that DHA induces apoptosis in RA-FLS cells (Figures 1 and 3–6), it is likely that
β-catenin or 17-HpDHA function similarly in both RA-FLS and cancer cells downstream
of DHA.

One of the most important factors inducing synovial cell apoptosis would be DHA-
induced ROS. The induction of ROS by DHA can be explained in several different ways.
First, the accumulated DHA and PUFAs in the cell can be converted to peroxides and
aldehyde products by the lipid peroxidation process. Second, DHA induces mitochon-
drial ROS generation and apoptosis in mutant p53-containing cancer cells [40]. Third,
DHA is involved in intracellular ROS production via modulating NOX4 anion superoxide
production or NADPH oxidase [41,42]. Finally, cell surface receptors for DHA, such as
GPR120 and GPR40, could play roles in ROS production [43,44]. Although it is not clear
which signal cascade makes the greatest contribution to the production of ROS under DHA-
treated conditions, ROS must be an important factor mediating DHA-induced apoptosis
because blocking ROS production by Tiron treatment efficiently abrogated apoptosis in
DHA-treated cells (Figure 5).

Our results are inconsistent with the general consensus that RA treatment strategies
should be directed towards the reduction of ROS, as the imbalanced oxidants/antioxidants
ratio itself is elevated by a hypoxic in vivo environment of the inflamed joint. For example,
it has been reported that the expression of peroxynitrite was increased via the induction of
iNOS and NADPH oxidase (NOX) in hypoxic conditions [45], and the hypoxia-mediated
induction of NOX-2 increased angiogenesis in the joints with inflammatory arthritis [46].
Moreover, ROS induced the expression of Cox-2 and prostaglandin E2 (PGE2) in bovine
synovial fibroblast [47], and the inhibition of ROS using thymoquinone prevented RANKL-
induced osteolysis by suppressing NF-κB and MAPK signaling in macrophages [48]. Con-
sidering the many reports stating that elevated ROS induced apoptosis in RA-FLS [10,16,49],
the DHA-mediated induction of ROS and the resultant synovial cell apoptosis, as shown
in this study, could be one way to reduce the symptoms of RA. Since our results were ob-
tained by using cultured synovial cells, the DHA-mediated induction of ROS and apoptosis
in vivo needs to be investigated.

The UPR is known to be activated by ROS, wherein ROS increases the phosphorylation
of eIF2α, and the resultant upregulation of transcription factor ATF4 upregulates CHOP.
From the results in this study, it could easily be inferred that DHA-induced ROS caused
the upregulation of CHOP. One interesting finding concerns the apoptotic role of CHOP in
RA-FLS. Although there are some debates regarding its role in apoptosis, CHOP seems to
function as a proapoptotic factor that regulates the expression of genes involved in pro-
and anti-apoptotic pathways. CHOP upregulates or downregulates many genes, including
DR5, Bcl-2, and tRNA synthetase [50,51]. The CHOP-mediated upregulation of tRNA
synthetase increases ROS production through oxidative protein folding in the ER [50].
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CHOP itself can also be upregulated by endogenous ROS [52]. In this study, the induction
of CHOP enhanced apoptosis, and its knockdown reduced apoptosis in DHA-treated
RA-FLS (Figures 4 and 6). Since the knockdown of CHOP did not rescue DHA-mediated
phenotypes dramatically in terms of viability and the percentage of sub-G1 cells, despite
the quite efficient inhibition of CHOP expression, CHOP might not be the major factor
that mediates the apoptotic effects of DHA. Nevertheless, our results support that CHOP
functions as a pro-apoptotic factor in DHA-treated RA-FLS cells.

The apoptotic role of CHOP seems to be mediated by DR5 induction in our ex-
perimental conditions (Figures 3E, 4, 5E and 6B). DHA treatment induced the expres-
sion of CHOP and DR5, and the overexpression of CHOP induced the expression of
DR5 (Figures 3E and 4A). The overexpression of DR5 induced PARP-1 cleavage, and the
knockdown of DR5 prevented PARP-1 cleavage and rescued DHA-mediated apoptosis
(Figure 4B–D). Since the basal level expression of TARIL is clearly detected in the MH7A
cells, we hypothesize that the interaction between endogenous TRAIL and upregulated
DR5 induces apoptosis through the extrinsic death pathway in DHA-treated RA-FLS cells,
as confirmed by the processing of caspase-8 (Figure 1C,E and Figure 5E). We cannot rule
out the possibility that other death signaling cascades working through interaction of DHA
with its receptors, such as GPR120 and GPR40, function to induce apoptosis.

In fact, the binding of PUFAs such as DHA to PPARγ, GPR40, and GPR120 inhibits
inflammation. DHA-bound PPARγ forms a heterodimer with the retinoid X receptor (RXR)
and inhibits inflammation the through transcriptional induction of genes involved in anti-
inflammation, the reduction of NFκB translocation into nucleus, and the downregulation
of TNF-α, IL-6, etc. Similarly, DHA-activated GPR120 inhibits the phosphorylation of
IκB, which inhibits NFκB and the resultant reduction of cytokines, COX-2, iNOS, and
MMP. Therefore, DHA has been used as a dietary supplement to improve the clinical
effectiveness of RA treatment. It is interesting to note that DHA-treated RA-FLS cells
showed the induction of CHOP and apoptosis. These results suggest that CHOP could
serve as a therapeutic gene target of RA, and that the efficacy of DHA would be the
most significant when applied to cells that show both abnormal proliferation and pro-
inflammatory function, such as RA-FLS cells.

4. Materials and Methods
4.1. Chemicals and Reagents

DHA, DAPI, 4,5-dihydroxy-1,3-benzenedisulfonic acid (Tiron) and Oil red O were
purchase from Sigma (St. Louis, MO, USA). The 2, 7-dichlorofluorescein diacetate (DCFH-
DA) was purchased from Molecular Probes (Eugene, OR), and z-VAD-FMK was obtained
from Calbiochem (La Jolla, CA, USA). The anti-caspase-8 antibody (9746) and the anti-
CHOP/GADD153 (2859) antibodies were obtained from Cell signaling technology (Beverly,
MA, USA). The anti-PARP-1 (sc-7150) was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The anti-KDEL antibody (ADI-SPA-827) was obtained from Enzo Life
Sciences (Farmingdale, NY, USA). The anti-DR5 antibody (AB16942) was purchase from
Millipore (Burlington, MA, USA).

4.2. Cell Lines and Cell Culture

Human primary RA-FLSs were isolated from 4 patients with RA during joint surgery
in the Department of Orthopedic Surgery at Hanyang University Hospital after written
informed consent was obtained from all the patients. The experimental protocols were ap-
proved by the Institutional Review Board (IRB) of the Hanyang University Medical School,
Korea (IRB permit #: HYI-13-097-1). All methods were carried out in accordance with
approved guidelines and regulations. This manuscript does not contain any information
that could lead to the identification of the participants. MH7A cells [53] and human primary
RA-FLSs were grown in RPMI 1640 medium (WelGENE, Daegu, Republic of Korea) con-
taining 10% heat-inactivated fetal bovine serum (GIBCO) and 1% penicillin/streptomycin
mixtures (GIBCO) under a humidified atmosphere in 5% CO2 at 37 ◦C.
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4.3. Measurement of Cell Viability

EZ-cytox (Daeiltech Co., Seoul, Republic of Korea) was used to determine the relative
number of viable cells. MH7A cells were seeded into 48-well cell culture plates and
incubated for 16 h. Cells were treated with various concentrations of DHA for 24 h.
When needed, cells were pre-treated with the antioxidant Tiron for 1 h or transfected
with siRNA oligos and plasmid for 18 h before DHA treatment. After washing the cells
once with PBS, 300 µL of fresh medium was added to each well, along with 15 µL of
EZ-cytox, and the mixture was incubated for 30 min at 37 ◦C. The absorbance of the soluble
substrate was measured at 450/690 nm using an ELISA Reader (UYM 340; ASYS Hitech,
Salzburg, Austria).

4.4. Plasmids, siRNA Oligos, and Transfection

RNAs were isolated from thapsigargin-treated MH7A cells, and CHOP cDNA was
obtained by RT-PCR. A 0.5-kb BamHI–HindIII fragment was subcloned into the pcDNA
3.1 plasmid, as described [16]. siRNA oligonucleotides specific for CHOP [siCHOP(1) and
siCHOP(4)], scrambled oligonucleotides (siScrambled), and the transfection of the plasmids
were described previously [16].

4.5. Microscopic Determination of Apoptosis and Immunoblot Analysis

The identification of apoptotic cells by fluorescence microscopy and immunoblot
analysis were described previously [16]. The protein bands were quantified using Image
Quant TL software (Cytiva).

4.6. Fluorescence-Activated Cell Sorting (FACS) Analysis

Attached and floating cells grown in 60 mm culture dishes were pooled in conical
tubes, pelleted by centrifugation, washed in PBS, and fixed with cold 70% ethanol at 4 ◦C
overnight. The cells were washed, resuspended in 1 mL of propidium iodide (PI) solution
containing 20 µg/mL RNase A and 100 µg/mL PI, and incubated for 30 min at 37 ◦C.
Apoptotic cells were assayed using a Becton Dickinson Flow Cytometer (Becton-Dickinson
Biosciences, San Jose, CA, USA) at 488 nm, and data were analyzed with WinMDI version
2.9 Software (Joe Trotter, Scripps Research Institute, La Jolla, CA, USA). Sub-G1 cells were
considered as apoptotic cells. The percentage of apoptotic cells was calculated as the ratio
of the number of sub-G1 cells to that of the whole cell population.

4.7. Observation of Intracellular ROS Levels

Intracellular ROS production was detected using DCFH-DA as an intracellular fluores-
cence probe. Briefly, cells were treated with 5 µM DCFH-DA for 1 h at 37 ◦C. After washing
twice with PBS, DHA was added to the medium for 3 h at 37 ◦C. When needed, Tiron was
added 1 h before DHA treatment. The fluorescence intensity of DCF was observed under
a fluorescence microscope (ECLIPSE TS-200; Nikon) using 488 nm for excitation.

4.8. Enzyme-Linked Immunosorbent Assay

MH7A cells, pre-treated with or without 10 ng/mL TNF-α for 30 min, were treated
with various concentrations of DHA for 24 h. The cell culture medium was collected, and
the level of MMP-9 was measured using a commercially available ELISA kit for MMP-9
(RayBiotech, Norcross, GA, USA), according to the manufacturer’s instructions.

4.9. Statistical Analysis

A one-way analysis of variance was used for all statistical analyses, with independent
experiments. Following this, post hoc analysis (t-test or Duncan’s) was conducted to
determine the minimum effective dose of DHA. p values that were less than 0.05 were
considered to be significant, unless otherwise specified. All data were expressed as the
mean ± S.D. of three independent experiments, performed in triplicate.
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5. Conclusions

• DHA induced caspase-dependent apoptosis and reduces TNF-α-mediated inflamma-
tion in MH7A cells.

• DHA induced the unfolded protein response (UPR) in MH7A cells.
• CHOP acted as a pro-apoptotic factor in DHA-treated MH7A cells.
• DR5 was involved in DHA-induced apoptosis in MH7A cells.
• DHA-mediated ROS induced apoptosis by the upregulation of CHOP and DR5 in

MH7A cells.
• CHOP induced apoptosis in DHA-treated primary RA-FLSs obtained from RA patients.
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