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Abstract. Impaired function of regulatory T cells (Tregs) 
contributes to the pathogenesis of systemic lupus erythe‑
matosus (SLE). Our previous study demonstrated aberrant 
responses of T lymphocytes to endoplasmic reticulum (ER) 
stress in patients with SLE. The present study investigated 
whether ER stress inhibition by 4‑phenylbutyric acid (4‑PBA) 
ameliorated lupus manifestations in an experimental lupus 
model and the effect of ER stress inhibition on the frequency 
and function of Tregs. A murine lupus model was induced 
through a 4‑week treatment with Resiquimod, a toll‑like 
receptor (TLR) 7 agonist. From the 8th week, the mice 
were treated with 4‑PBA for 4 weeks. 4‑PBA significantly 
decreased the levels of anti‑dsDNA antibodies and serum 
TNF‑α. A significant decrease in glomerulonephritis score 
was also observed in the 4‑PBA‑treated group. ER stress 
inhibition decreased the activated T and B lymphocytes 
population of splenocytes; however, the population of Tregs 
was not significantly different between the vehicle and 
4‑PBA group. However, a markedly enhanced suppressive 
capacity of Treg was detected in the 4‑PBA‑treated group. 
The present results suggest that ER stress inhibition attenu‑
ated disease activity in an experimental model by improving 
the suppressive capacity of Tregs. Therefore, reduction of 
ER stress could be used as a beneficial therapeutic strategy 
in SLE.

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune 
disease with a wide spectrum of clinical manifestations and 
a prevalence of 20‑50 persons per 100,000 population. The 
pathogenesis of SLE is related to a disruption of immune 
homeostasis, resulting from loss of self‑tolerance, presence 
of autoantibodies and formation of immune complexes, and 
dysregulation of autoreactive lymphocytes, which are respon‑
sible for damage to various systemic organs (1,2). Especially, 
the failure of regulatory T cells (Treg)‑mediated suppression 
is considered as a factor implicated in the loss of immune 
homeostasis (3,4). The elimination of Treg can lead to the 
development of lupus‑like manifestations, including glomeru‑
lonephritis and production of autoantibodies, which indicates 
that failure of Treg‑mediated suppression is implicated in the 
pathogenesis of SLE, even though the reports on the counts and 
function of Treg in patients with SLE have shown conflicting 
results (5,6).

In recent years, several studies have revealed the 
pathological role of endoplasmic reticulum (ER) stress in 
the autoimmune and inflammatory diseases (7‑10). ER is 
the largest cellular organelle that is responsible for protein 
synthesis and folding, transportation and storage of calcium, 
and lipid synthesis (11‑13). In the process of ER proteostasis, 
the proteins are supposed to be modified and folded correctly 
by the folding enzymes and chaperone. However, these 
elaborate processes are prone to be disrupted during diseased 
status, resulting in overwhelming protein folding demand over 
protein folding capacity (14). Consequently, the misfolded 
proteins are accumulated in the ER, which is known as 
ER stress, and it activates unfolded protein response (UPR) to 
acquire opportunities to correct misfolded proteins. However, 
if the UPR signaling pathway is affected, the cell apoptosis is 
initiated (15). We also have shown that aberrant UPRs were 
found in T lymphocytes of patients with SLE and that higher 
levels of apoptosis response to ER stress may contribute to 
the pathogenesis of SLE (16). Based on previous findings, we 
investigated whether ER stress inhibition can alleviate clinical 
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manifestations in lupus and the effect of ER stress inhibition 
on the Treg. To address this issue, we used 4‑phenylbutyric 
acid (4‑PBA) to suppress the ER stress signaling. 4‑PBA, 
a low molecular weight chemical chaperone, increases 
protein folding capacity of ER and consequently prevents 
accumulation of misfolded protein. Because of the action to 
mitigate ER stress, several researches have used 4‑PBA for 
the purpose of amelioration of ER stress‑related inflammatory 
diseases (17,18). In our experiments, we administrated 4‑PBA 
intraperitoneally in an induced SLE murine model generated 
by application of toll‑like receptor (TLR) 7 agonist. Herein, we 
report that ER stress inhibition ameliorates systemic autoim‑
munity and consequently improves symptoms in the murine 
lupus model by Treg modulation.

Materials and methods

Mice and in vivo treatment. BALB/C mice were purchased 
from Central Lab animal Inc.. All mice were 7‑8‑week‑old 
females. They were maintained in the conventional cage with 
12 h/12 h light/dark cycle and fed with standard diet. The 
Resiquimod (R848)‑induced model has been used for our 
experiments. Several studies have demonstrated that systemic 
autoimmune features developed following topical treatment 
with Resiquimod. The induced mouse models of lupus have 
presented phenotypic changes including marked spleno‑
megaly, edematous and a swollen appearance, elevated level 
of autoantibodies and multiple organ involvement (19,20). 
The mice were divided into four groups, namely controls, 
lupus model treated with vehicle, lupus model treated with 
4‑PBA, and lupus model treated with steroid. First, to induce 
the experimental lupus model, the skin on the back of mice 
was treated with 100 µg of Resiquimod (R848), which is a 
TLR7 agonist (Enzo) in 100 µg of acetone, 3 times weekly 
from week 0 to week 4. Second, the mice were treated with 
phosphate buffered saline (PBS), 4‑PBA dissolved in 100 µl 
of PBS intraperitoneally three times weekly (500 mg/kg) 
(Calbiocam), and dexamethasone dissolved in 100 µl of PBS 
intraperitoneally once a day (1 mg/kg) (Daewon Pharm) for 
4 weeks, from week 8 to week 12. At the age of 12 weeks, mice 
were sacrificed. All mice were anaesthetized by an intraperito‑
neal injection of sodium pentobarbital (50 mg/kg). The blood 
was collected from retro‑orbital sinus after anaesthesia proce‑
dure. Following collection of blood sample, the all mice were 
immediately euthanized by cervical dislocation. Following the 
completion of the euthanasia procedure, death was confirmed 
the combination of signs including ascertaining cardiac arrest, 
lack of breathing and loss of a corneal reflex.

All mouse experiments were performed according to the 
protocols approved by the Institutional Animal Care and Use 
Committee of the Chonbuk National University, Jeonju, Korea 
(CBNU 2017‑0027).

Histopathologic assessment and immunofluorescence. 
Kidneys were harvested after perfusion with buffered 
saline, fixed with 4% formaldehyde (Biosesang) for 24 h, 
and embedded in paraffin. For the determination of renal 
histopathology, 10‑µm sections of the kidney were stained 
with hematoxylin and eosin and periodic acid‑Schiff. Renal 
pathology was evaluated based on a previously described 

scoring scale (21). Glomerular pathology and interstitial 
pathology were assessed semiquantitatively on a scale of 0‑3 
in 10 randomly selected high‑power fields for each mouse.

The 10‑µm‑thick acetone‑fixed sections were stained 
with rabbit anti‑mouse IgG‑heavy and light chain antibody 
FITC‑conjugated, goat anti‑mouse IgM cross‑absorbed anti‑
body FITC‑conjugated (Bethyl Laboratories Inc.), and were 
then incubated at room temperature for 1 h. For C3 staining, the 
kidney sections were stained with rat anti‑mouse C3 (Abcam) 
and then incubated at room temperature overnight, followed 
by staining with goat anti‑rat IgG‑heavy and light chain 
antibody FITC‑conjugated and then incubated for 1 h at room 
temperature. Sections were mounted with glycerin and the 
images were acquired by a Nikon Eclipse E600 fluorescence 
microscopy (Nikon). In addition, fluorescence intensity scores 
were assessed based on the methods described in a previous 
study (21). The intensity scores were evaluated for each section 
with at least 10 glomeruli.

For detection of antinuclear antibodies (ANAs), serum 
was diluted 1:40 and placed on HEp‑2 slides (Antibodies 
Incorporated) with rabbit anti‑mouse IgG‑heavy and light 
chain antibody FITC‑conjugated. After mounting with 
glycerin, images were analyzed by Nikon Eclipse E600 fluo‑
rescence microscopy.

Serologic analysis and urinalysis. Urine albumin and 
creatinine (Exocell Inc.), Serum anti‑double stranded DNA 
(anti‑dsDNA) antibodies (Shibayagi Co.) and serum cytokines, 
including TNF‑α (Enzo), were quantified by ELISA according 
to the manufacturers' instructions.

Cell isolation and flow cytometry. Spleens were harvested 
and weighed, and splenocytes were isolated by passing 
tissues through a 70‑µm cell strainer (BD Biosciences). For 
fluorescence‑activated cell sorting analysis of splenocytes, 
the following antibodies from commercial sources were used: 
anti‑CD45 (B220), anti‑CD69, anti‑CD3, anti‑CD4, anti‑CD25, 
and anti‑Foxp3 (BD Biosciences). All antibodies were 
fluorochrome‑conjugated. The stained cells were analyzed 
using FACSCalibur flow cytometer (BD Biosciences) and data 
analysis was performed using FlowJo software (TreeStar Inc.).

Western blot analysis. Proteins were extracted from the spleen 
tissue samples using a lysis buffer. Protein levels were deter‑
mined using Bio‑Rad DC Protein assay (Bio‑Rad Laboratories, 
Inc.). Proteins were separated on 10% SDS‑PAGE gels and were 
then transferred to nitrocellulose membranes. Membranes were 
blocked in 5% fat‑free milk in Tris‑buffered saline for 60 min at 
room temperature with shaking and then probed with primary 
antibodies (1:1,000) against GRP78 (Bioworld Technology), 
PERK (Santa Cruz Biotechnology, Inc.), IRE1α (Cell Signaling 
Technology, Inc.), eIF2α (Cell Signaling Technology, Inc.), 
ATF‑6α (Bioworld Technology), CHOP (Bioworld Technology), 
cleaved ATF4 (Cell Signaling Technology, Inc.), p‑PERK 
(Santa Cruz Biotechnology, Inc.), p‑IRE1α (Thermo Fisher 
Scientific, Inc.), p‑eIF2α (Cell Signaling Technology, Inc.), 
and Actin (Bethyl Laboratories) overnight at 4˚C. After 
three washes, the membranes were incubated with secondary 
horseradish peroxidase‑conjugated antibodies (1:3,000) for 
2 h at room temperature. The reactive proteins were detected 
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using ECL (Amersham Life Sciences/GE Healthcare) and the 
intensity of bands was quantified densitometrically using the 
Vilber Lourmat Fusion fx7 system (Vilber Lourmat).

Inhibition assays. CD4+CD25‑ target cells that were labelled 
with carboxyfluorescein diacetate succinimidyl ester (CFSE; 
Molecular Probes) were co‑cultured for 5 days with regulatory 
CD4+CD25+ T cells at target cell: Treg ratio of 1:1. The cells 
were incubated in the presence of anti‑CD3 and anti‑CD28 anti‑
bodies coated beads (cells to beads ratio 10:1) (Life Technologies; 
Thermo Fisher Scientific, Inc.) as previously described (22). The 
stained cells were analyzed using FACSCalibur flow cytometer 
(BD Biosciences) and data analysis was performed using FlowJo 
software (TreeStar Inc.). We calculated inhibitory index (%) of 
cell proliferation in a same manner as described previously (22).

Statistical analysis. SPSS 22.0 software (SPSS Inc.) was used 
for statistical analysis. Kruskal‑Wallis tests for group compari‑
sons and Mann‑Whitney test with Bonferroni's correction for 
comparisons between pairs of groups were applied to the anal‑
ysis of pathology and IF scoring. All other data, which were 
parametically distributed, were analyzed by one‑way ANOVA 
with a Tukey post hoc test for significance when comparing 
groups including proteinuria, autoantibody, cytokine, flow 
cytometry assay. P values <0.05 were considered statistically 
significant. The results were expressed as mean ± EM.

Results

4‑PBA decreased lupus manifestations and disease activity in 
murine lupus model. We investigated the effect of ER stress inhi‑
bition on the development of clinical manifestations in murine 
lupus. The murine lupus model which is induced with TLR7 

agonist exhibits severe SLE‑phenotypes, such as splenomegaly, 
edema, presence of autoantibodies to nuclear antigen, and 
glomerulonephritis. To determine whether ER stress suppression 
prevents lupus immunopathology, 4‑PBA was administrated 
in induced lupus group at 8 weeks of age, when mice did not 
present overt lupus manifestations. Additionally, steroid treat‑
ment was initiated in another group with induced lupus to 
compare the inhibitory effects of 4‑PBA with those of steroids. 
At 12 weeks, vehicle‑treated mice appeared edematous and 
swollen compared to 4‑PBA or steroid‑treated mice (Fig. 1A). 
Regarding body weight change, The TLR7 agonist‑stimulated 
group showed an increase in weight compared to the control 
mice. The TLR7 agonist‑stimulated group also presented 
marked splenomegaly from the expansion of lymphocytes due 
to plasma dendritic cell activation following TLR7 stimulation 
and displayed an edematous and swollen appearance because 
of systemic inflammation as treatment continued. Body weight 
likely increased in these mice due to splenomegaly, which was 
increased over three times compared to the control mice by 
the 12th week. The increment of body weight from baseline to 
12th week was significantly higher in vehicle‑treated lupus mice 
(4.875±1.246 g) compared to 4‑PBA‑treated (2.556±1.236 g) 
and steroid‑treated group (1.833±1.472 g) (Fig. 1A). Marked 
splenomegaly also was detected in vehicle‑treated mice 
(weight, 0.585±0.416 g; ratio 0.023±0.018), while 4‑PBA 
(weight 0.338±0.066 g; ratio 0.011±0.004) and steroid‑treated 
mice (weight 0.097±0.105 g; ratio 0.010±0) showed a decrease 
in spleen size and spleen to body weight ratio (Fig. 1B).

4‑PBA reduced tumor necrosis factor‑α level and production of 
auto‑antibodies. To assess the effects of ER stress suppression 
on autoantibody production, the serum level of anti‑dsDNA anti‑
body was measured. The sera from vehicle‑treated mice showed 

Figure 1. Clinical manifestations in lupus mice following 4‑PBA and steroid treatment. (A) BWT increment from BALB/c (n=5) and murine lupus models that 
were treated with VEH (n=5), 4‑PBA (n=5) and DEXA (n=5) for 4 weeks. (B) Comparisons of weight of the spleen and spleen to weight ratio among BALB/c 
murine lupus models treated with VEH, 4‑PBA and DEXA. *P<0.05 vs. BALB/c mice; #P<0.05 vs. VEH‑treated mice. Values are presented as the mean ± SEM 
of three independent experiments. 4‑PBA, 4‑phenylbutyric acid; BWT, body weight; DEXA, dexamethasone; VEH, vehicle.
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higher level of anti‑dsDNA (343.5±219.6 mU/ml), whereas the 
mice treated with 4‑PBA showed decreased level of anti‑dsDNA 
(129.5±21.9 mU/ml) at 12th week and the level was similar to that 
of the steroid‑treated group (81.0±82.0 mU/ml) (Fig. 2A). The 
presence of ANAs in sera of murine lupus model was assayed 
by indirect immunofluorescence using HEp‑2 slides. The serum 
was diluted at the concentration of 1:40 and 1:80 to determine 
the difference of fluorescence intensity between the groups. 
Enhanced expression of ANA with speckled pattern was detected 
in the serum of vehicle group with 1:40 dilution and the fluores‑
cent activity was also detected at 1:80 dilution, even though the 
activity was decreased. In the serum of 4‑PBA‑treated mice, the 
fluorescent activity against ANA was detected at 1:40 concentra‑
tion; however, it was rarely detected in the serum diluted at the 
concentration of 1:80 (Fig. 2C). These results indicate that 4‑PBA 
treatment blocked the production of autoantibodies.

Our experiments revealed an increased concentration of 
TNF‑α (147.7±79.4 pg/ml) in vehicle‑treated group, in agree‑
ment with the results of previous reports. However, treatment 
with 4‑PBA reduced the levels of TNF‑α (68.0±35.6 pg/ml) in 
murine lupus model (Fig. 2B). The steroid‑treated group showed 
similar level of TNF‑α (52.0±2.8 pg/ml). Taken together, these 
data suggest that 4‑PBA administration decreases autoantibodies 
production and pro‑inflammatory cytokine production, conse‑
quently ameliorating the disease activity of murine lupus model.

4‑PBA ameliorated lupus nephritis. SLE exhibits a broad 
range of clinical manifestations, of which lupus nephritis is 
the most serious form of major organ involvement and the 
leading cause of high morbidity and mortality (23). Thus, it 
is essential to assess the effects of 4‑PBA on renal pathology 
in murine lupus model. The BALB/c mice treated with TLR7 
agonist developed spontaneously a disease with characteristic 
features of human SLE, including nephritis (19). In the present 

experiment, progressive albuminuria was observed over time 
in vehicle‑treated group with a urine albumin‑to‑creatinine 
ratio (UACR) of up to 59±44 mg/g. On the other hand, 4‑PBA 
group exhibited decreased albuminuria compared to the vehicle 
group at 12th week, with an UACR of 41±27 mg/g, but the 
difference was not statistically significance. The steroid‑treated 
group showed the lower range of UACR, 10±5 mg/g, that was 
significantly lower compared to that of vehicle group (Fig. 3A).

To determine whether 4‑PBA attenuates immunopa‑
thology, we performed indirect fluorescent assay of kidney 
to detect IgG, IgM, and C3 deposition. In the vehicle group, 
IgG, IgM, and C3 were heavily deposited within glomeruli; 
however, 4‑PBA treatment significantly reduced deposition of 
C3 and IgM (Fig. 3B). We also compared the histopathology of 
kidneys between the groups. The assessment revealed obvious 
mesangial hypercellularity and thickening of glomerular base‑
ment membrane in the vehicle‑treated lupus mice compared 
to BALB/c mice. Moreover, the interstitium also showed 
advanced fibrosis and mononuclear inflammatory cell infil‑
tration. However, compared to vehicle group, the glomeruli 
of 4‑PBA‑treated or dexamethasone‑treated groups showed 
relatively mild mesangial hypercellularity and decreased 
interstitial fibrosis and inflammatory cell infiltration (Fig. 3C), 
even though there was not a statistical significance.

Elevated expression of ER stress markers in murine lupus and 
attenuation of ER stress by 4‑PBA treatment. Our next goal 
was to demonstrate whether ER stress inhibition is involved 
in the amelioration of lupus phenotypes, including nephritis, 
in murine model. The immunoblot analysis of the spleen, a 
largest lymphatic organ and the site of innate and adaptive 
immune processes, was performed for measuring ER stress 
markers. Immunoblot analysis revealed that ER stress 
markers, including GRP78, CHOP, p‑PERK, and p‑IRE1α, 

Figure 2. Effect of 4‑PBA on inflammatory cytokines and antibody production. (A) Serum anti‑dsDNA and (B) TNF‑α levels in BALB/c mice and murine 
lupus mice treated with VEH, 4‑PBA and DEXA were determined by ELISA. (C) Indirect immunofluorescence analysis of sera from BALB/c mice and 
murine lupus groups treated with VEH, 4‑PBA and DEXA (1:40 and 1:80 sera dilution). Scale bar, 100 µm. *P<0.05 vs. BALB/c mice; #P<0.05 vs. VEH‑treated 
mice. Data are presented as the mean ± SEM (n=5). Representative images are shown on the right. Data were obtained from three paired experiments. 4‑PBA, 
4‑phenylbutyric acid; anti‑dsDNA, anti‑double‑stranded DNA; DEXA, dexamethasone; TNF‑α, tumor necrosis factor‑α; VEH, vehicle.
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were elevated in the vehicle‑treated murine lupus group 
compared to wild‑type mice. However, GRP78, p‑IRE1α, and 

CHOP were greatly suppressed by treatment of the mice with 
4‑PBA (Fig. 4A‑C). Accordingly, these results indicate that: 

Figure 3. Decreased albuminuria and renal deposition of immune complex and C3 and ameliorated pathologic severity of kidney injury induced by 4‑PBA 
treatment. (A) UACR in BALB/c and lupus mice that were treated with VEH, 4‑PBA and DEXA. The mouse urine was collected for 24 h at the age of 12 week 
using a metabolic cage, and urinary albumin and creatinine levels were quantified using ELISA. (B) Representative renal sections stained for C3, IgG and IgM 
(original magnification, x400) and IF staining scores are shown. Scale bar, 10 µm. (C) Representative kidney sections stained with PAS stain and hematoxylin 
and eosin stain (original magnification, x400) and histologic scores are shown. Scale bar, 25 µm. *P<0.05 vs. BALB/c mice; #P<0.05 vs. vehicle‑treated mice. 
Results are presented as the mean ± EM of three independent experiments per group. 4‑PBA, 4‑phenylbutyric acid; DEXA, dexamethasone; IF, immunofluo‑
rescence; PAS, periodic acid‑Schiff; UACR, urine albumin‑to‑creatinine ratio; VEH, vehicle.

Figure 4. Upregulated ER stress markers in murine lupus models and their attenuation by 4‑PBA treatment. (A) Representative western blotting images of the 
ER stress markers from spleen tissue lysates. (B) The pan form or phosphorylated form of GRP78 and (C) CHOP, ATF4, ATF6, (D) PERK, eIF2α and IRE1 
were semiquantified by densitometric analysis and normalized to ACTIN expression or their unphosphorylated proteins. *P<0.05 vs. BALB/c mice; #P<0.05 
vs. vehicle‑treated mice. Values are presented as the mean ± EM of three independent experiments per group. 4‑PBA, 4‑phenylbutyric acid; CONT, control; 
DEXA, dexamethasone; ER, endoplasmic reticulum; p‑, phosphorylated‑; TNF‑α, tumor necrosis factor‑α; VEH, vehicle.
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i) 4‑PBA suppressed ER stress signaling that was upregulated 
in the murine lupus model; and ii) 4‑PBA treatment induced 
a marked improvement in lupus manifestation, including 
nephritis; thus, these results suggest the beneficial effects of 
ER stress inhibition on murine lupus.

The proportion of activated T and B lymphocytes was 
decreased by 4‑PBA treatment. Next, we analyzed the immune 
cell populations, including activated T and B lymphocytes, and 
Treg from the spleen to determine the roles of these immune 
cells on the improvement of lupus phenotypes by 4‑PBA 
treatment. The frequency of activated T and B lymphocyte 
by analysis of CD69+ expression was higher in the vehicle 

group compared to that in the wild‑type mice. The murine 
lupus with 4‑PBA treatment showed a significantly reduced 
proportion of activated T and B lymphocyte and the same 
results were observed in steroid‑treated group (Figs. 5 and S1). 
Thus, these findings led us to speculate that the reduction of 
frequencies of activated T and B lymphocytes by 4‑PBA may 
contribute to ameliorate clinical manifestation, organ damage, 
and decrease autoantibodies production. However, Treg, which 
play an important role in the negative regulation of dysregu‑
lated lymphocytes, did not show significant differences in the 
population of the four groups (Fig. 5). The decreased propor‑
tion of activated T and B lymphocytes by 4‑PBA and steroid 
treatment was in accordance with previous results; however, a 

Figure 5. Altered population of activated T and B lymphocytes and regulatory T cells. Bar graphs showing the proportions of activated (A) T and (B) B lym‑
phocytes. and (C) regulatory T cells from BALB/c mice, murine lupus models treated with VEH, 4‑PBA and DEXA. *P<0.05 vs. BALB/c mice; #P<0.05 vs. 
vehicle‑treated mice. Results are presented as the mean ± EM of three independent experiments per group. 4‑PBA, 4‑phenylbutyric acid; DEXA, dexametha‑
sone; VEH, vehicle.

Figure 6. Increased suppressive activity of Tregs by 4‑PBA treatment in murine lupus. (A) Flow cytometric analysis of proliferation of target cells (CD4+CD25‑ 
T cells) in the presence or absence of Tregs of VEH‑, 4‑PBA‑ and DEXA‑treated mice groups. CD4+CD25+ regulatory T cells (3x104 cells/well) from each 
group were co‑cultured with CFSE‑labeled CD4+CD25‑ target cells of BALB/c at a ratio of 1:1 for 5 days. (B) Inhibitory index of target cell proliferation 
indicating the suppressive capacity of Tregs. *P<0.05 vs. BALB/c mice; #P<0.05 vs. vehicle‑treated mice. Results are presented as the mean ± EM of three inde‑
pendent experiments per group. 4‑PBA, 4‑phenylbutyric acid; Tregs, regulatory T cells; DEXA, dexamethasone; VEH, vehicle.
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paradoxical finding was that no changes were observed in the 
frequency of Treg among the groups. Thus, qualitative evalu‑
ation in the suppressive function of Treg in vehicle‑, 4‑PBA‑, 
and steroid‑treated group was performed to define the exact 
effect of ER stress inhibitor on Treg.

4‑PBA improved the suppressive capacity of Treg in murine 
lupus. We evaluated the suppressive function of CD4+CD25+ 
Treg in vehicle‑, 4‑PBA‑, and dexamethasone‑treated groups by 
measuring the proliferation of CD4+CD25‑ T cells, as target cells, 
in vitro. Freshly isolated CD4+CD25+ T cells were co‑cultured 
with CFSE‑stained target cells at a ratio of 1:1 for 5 days and the 
inhibitory index of proliferation was acquired using the same 
equation as described above. The ability of Treg to suppress 
target cell proliferation was significantly lower in vehicle‑treated 
group than in wild‑type mice. The Treg of 4‑PBA group and 
steroid group exhibited markedly improved suppressive activity 
compared to that of vehicle‑treated group (vehicle, 59.2±6.8%; 
4‑PBA 68.8±6.2%, steroid, 77.2±7.1%; P=0.03 and P=0.01) 
(Fig. 6A and B). Thus, these results suggested that ER stress 
inhibition improves the function of Treg in murine lupus, even if 
it did not affect the frequency of Treg.

Discussion

By administration of 4‑PBA, clinical manifestations of SLE, 
such as splenomegaly or generalized edema, were improved 
and serum levels of anti‑dsDNA antibodies and inflammatory 
cytokines were also decreased. In particular, with respect to 
the renal involvement, 4‑PBA treatment showed a trend of 
attenuating the albuminuria and histological damage, including 
inflammatory cell infiltration and IgM and C3 deposition. The 
deposition of IgG was not affected by 4‑PBA treatment in our 
experiment, but there are two possible explanations for this 
result. First, the characteristics of immunoglobulin can influ‑
ence this finding. Contrary to IgG, IgM is the first antibody 
to appear in the response to the initial exposure to an antigen. 
Therefore, it is possible that the antigen presentation of 
dendritic cells was suppressed by the suppression of regulatory 
T cells by 4‑PBA. Second, this result could arise due to varia‑
tion between the lupus mice. The level of IgG in the 4‑PBA 
group was lower than that in the vehicle group, although the 
difference was not statistically significant. It is possible that 
variations between mice have suppressed the derivation of 
statistically significant results, even though a reduction trend 
is seen. Further studies will be needed to identify the precise 
mechanism behind this reduction.

To evaluate the effects of ER stress on the immune cells, 
we investigated the population of activated T and B cells 
and function of Treg. The cell population showed different 
percentages among the treatment groups and a higher propor‑
tion of activated T and B cells was observed in the vehicle 
group compared to the 4‑PBA group; however, no significant 
statistical difference in Treg population was detected between 
the two groups. However, enhanced suppressive capacity of 
Treg in 4‑PBA treated group was observed. These results 
suggest that the ER stress suppression through 4‑PBA may 
improve the function of Treg, resulting in more efficacious 
regulation of over‑activated T and B cells. Consequently, 
4‑PBA may limit the exaggerated immune response, leading 

to improvement of overall SLE manifestations, including lupus 
nephritis. Numerous attempts have been made to prove the role 
of Treg by its modulation, such as adoptive transfer or deple‑
tion of Treg, and many animal studies have shown different 
effects of Treg on prevention or development of autoimmune 
diseases (24,25). Especially, adoptive transfer of Treg from 
‘young’ F1 mice or from the mice that transduced to express 
Ccr2 to recipients showed ameliorated immune‑mediated 
manifestations, including pneumonitis or autoimmune siaload‑
enitis, in (NZB x NZW)F1 mice or MRL‑Faslpr mice (26,27). 
Taken together these reports, even though we did not modulate 
Treg directly, our experiments indicate that enhanced suppres‑
sive function of Treg in 4‑PBA‑treated mice substantially exert 
therapeutic effects on the disease.

Recently, a number of researches have reported that 
ER stress suppression blocks disease progression and amelio‑
rates clinical manifestations (7‑9). Our experiments are the 
first to show the ameliorative effect of 4‑PBA in murine lupus 
nephritis. Based on our current results, we can speculate that 
increasing ER folding capacity and facilitating misfolded 
proteins translocation by chemical ER stress inhibitor may 
result in improvement of suppressive capacity of Treg, 
although no statistical difference was detected in studied 
population.

Treg occupies only 5‑10% of total CD4+ T lymphocytes in 
the healthy controls; consequently, the transfer of Tregs to the 
patients with lupus is limited. Thus, the efforts in expansion 
of Treg in vivo or in vitro have been made and their efficacy 
and safety profile has been evaluated in several studies that 
studied the immune disorders (28‑30). Together with these 
approaches, improving the function of Treg by ER stress 
inhibition might be an option to optimize immunological 
homeostasis. Furthermore, we investigated the effects of 
steroids in order to estimate and compare the efficacy of 
4‑PBA with clinical improvements obtained by steroid treat‑
ment, and the results showed that the ameliorating effects of 
4‑PBA in murine lupus were comparable with steroid treat‑
ment. However, more researches are needed to elucidate how 
ER stress inhibition is involved in restoration of the Treg func‑
tion. The dynamic organelle, ER, is responsible for the calcium 
storage, gluconeogenesis, cholesterol and lipid synthesis, as 
well as proteostasis (31); therefore, the impaired function of 
Treg under the condition of elevated ER stress could be based 
on these disrupted metabolic processes; however, the accurate 
mechanism remains unknown. The clarification of this link 
between improved function of Treg and ER stress inhibition 
is necessary.

Some limitations of this study should be acknowledged. 
First, absence of several serum cytokines or serial urine 
proteins of lupus murine, and unidentified identification of 
various cell markers in flow cytometry analysis. However, 
we quantified important and basic cytokines and autoanti‑
bodies that should be identified in the lupus murine model 
and analyzed the flow cytometry using a representative 
cell activation marker, and the data obtained through these 
analyses are judged to support our results meaningfully. 
Second, we focused only on the Treg and did not evaluate 
the effects of 4‑PBA on other innate immune cells, including 
macrophage, dendritic cells or neutrophils, and the subsets 
of B and T lymphocytes. Because immune responses occur 



CHOI et al:  THERAPEUTIC EFFECT OF 4‑PBA IN EXPERIMENTAL MURINE LUPUS MODEL8

in synergy of diverse types of cells, clinical improvement 
induced by 4‑PBA in murine lupus may be affected by the 
other altered function of different subset of cells. However, 
it is noteworthy that 4‑PBA ameliorates disease severity and 
that the improved suppressive function of Treg is associated 
with the phenomenon, at least in part. Another limitation is 
that the expression of ER stress markers was evaluated in the 
entire population of splenocytes, not the Treg. Because the 
limited cell counts of Treg, assessment of markers in specific 
subsets of cells was technically difficult. Third, the murine 
lupus model we used was not a SLE‑prone mouse model, 
but a TLR7‑agonist induced model. Differences in types of 
manifestations, autoantibodies levels, and disease severity 
could exist between the mice. However, because the enhanced 
sensing of RNA‑containing antigen, overproduction of auto‑
antibodies, aberrant activation of T and B lymphocytes are 
the mechanisms in the TLR7 agonist‑induced mice model 
(19), it was more apparent to evaluate the function of Treg in 
this murine lupus model. Fourth, we did not show changes in 
regional lymph nodes, which could clarify the effect of 4‑PBA 
in the lupus model. The spleen showed marked changes in the 
expansion of myeloid and lymphoid cells between vehicle‑ and 
4‑PBA‑treated mice and may be representative of regional 
lymph nodes as the spleen is the largest lymphatic organ in 
the body. However, further studies analyzing immune cell 
expansion and activation using regional lymph nodes are 
necessary to prove the suppressive capacity of 4‑PBA.

In conclusion, the present study demonstrated for the 
first time that ER stress inhibition can improve Treg func‑
tion, thereby inducing proper regulation of aberrant immune 
hyper‑activation, and consequently leading to phenotypical 
improvements, especially in lupus nephritis, in lupus model. 
These findings provide strong support for a potential thera‑
peutic effect of 4‑PBA in patients with SLE.
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