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Original Article 
Curcumin attenuates lupus nephritis in MRL/lpr  
mice by suppressing macrophage-secreted  
B cell activating factor (BAFF)
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Abstract: This study aimed to investigate the therapeutic effects and mechanism of action of curcumin against 
a MRL/lpr lupus model. Eight-week-old female MRL/lpr mice were used to establish the lupus nephritis model. 
Histologic and immunohistochemical analysis was conducted for lupus nephritis. Anti-dsDNA IgG and BAFF level 
were detected by ELISA. Cells directly isolated from the spleen were used to detect macrophage subsets and activa-
tion status by FACS. Curcumin reduced the total IgG and anti-dsDNA IgG levels in blood and reduced the activation of 
B cells in MRL/lpr mice. Moreover, curcumin prevented activation of macrophages in MRL/lpr mice. Levels of BAFF 
in serum, spleens and kidneys were also reduced in curcumin-treated MRL/lpr mice. In vitro experiments showed 
that curcumin reduced the activation of macrophage and leaded to the decrease of BAFF from them upon toll like 
receptor (TLR) 4 stimulation. Curcumin attenuates lupus nephritis in MRL/lpr mice by inhibiting macrophages acti-
vation and their secreting BAFF, which may be a potential therapeutic candidate for the treatment of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is an auto-
immune disorder with diverse clinical manifes-
tations. Lupus nephritis is the most common 
type. Lupus nephritis develops in over 60% of 
adult SLE patients. Lupus nephritis is usually 
induced by auto-antibody deposition and acti-
vation of multiple immune cells which promote 
kidney injury [1]. Remission of lupus nephritis 
requires the use of potent immunosuppressive 
agents or some biologics, with significant ad- 
verse effects and frequent relapses. Therefore, 
a new therapeutic approach that can signifi-
cantly and efficiently improve lupus nephritis is 
still necessary.

Lupus nephritis is characterized by loss of B- 
cell tolerance and the presence of abnormally 
activated B cells [2], that contribute to lupus 
nephritis by secreting pathogenic auto-antibod-
ies. B cells are therapeutic targets in lupus 

nephritis and one way to modulate function of B 
cells is inhibition of the B lymphocyte stimulator 
(BAFF). BAFF is a member of the TNF super-
family that is necessary for B-cell activation [3]. 
Soluble BAFF are enriched in serum of lupus 
nephritis patients and in the target organs of 
MRL/lpr mice [4]. Therapeutic antagonism of 
BAFF provides a good way of B cell survival and 
selection. 

The major source of BAFF in SLE patients is 
mostly from activated macrophages [5-7]. A 
previous study demonstrated that inhibition of 
BAFF in macrophages ameliorated lupus-like 
symptoms of MRL/lpr mice [8]. Toll like receptor 
(TLR) 4 signaling exerts pivotal functions in the 
pathogenesis of lupus nephritis [9, 10] and 
BAFF can be produced upon TLR4 stimulation 
[2, 11]. Upon TLR4 signaling activation, the cy- 
toplasmic region of TLR4 recruits MyD88 link-
ing TLR4 to IL-1R kinase (IRAK) associated wi- 
th TRAF6. Sequential activation of IRAK4 and 
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TRAF6 causes nuclear factor-kappa B (NF-κB) 
activation [12], leading to the expression of BA- 
FF.

Curcumin, which comes from a diferuloylmeth-
ane present in Curcuma longa, is the active 
component of the spice turmeric with signifi-
cant anti-inflammatory, antitumor, and anti-oxi-
dant properties [13]. Recent studies have 
showed that curcumin could attenuate SLE pro-
gression by suppressing the differentiation of 
Tregs [14], and the production of pro-inflamma-
tory cytokines [15]. Interestingly, a previous 
study showed that curcumin could effectively 
inhibit rheumatoid arthritis by suppressing the 
expression of BAFF by influencing NF-κB signal-
ing pathways [16, 17]. However, it is unclear 
whether the anti-SLE effect of curcumin is as- 
sociated with the regulation of BAFF produc-
tion. Therefore, in this study, the therapeutic 
effects and mechanism of action of curcumin 
against MRL/lpr lupus model were investiga- 
ted.

Materials and methods

Regents

Curcumin and DMSO were purchased from Si- 
gma Chemical Company (St. Louis, MO, USA). 
Antibodies against mouse B220-FITC, F4/80-
PE, CD86-APC and CD69-APC were purchased 
from eBiosciences (San Diego, USA). LPS was 
purchased from Sigma-Aldrich, (St. Louis, USA). 
ELISA kits for IgG, Anti-dsDNA IgG and Mouse 
Albumin ELISA Quantitation Set were obtained 
from Bethyl Laboratories (Montgomery, USA). 
BAFF ELISA kit was obtained from Abcam, Inc. 
(Cambridge MA, USA). SYBR Green PCR Master 
mix was purchased from Applied Biosystems 
(Foster City, CA). CD45R (B220) beads were 
obtained from Miltenyi Biotec (Bergisch Gla- 
dbach, Germany). Dulbecco’s modified Eagle’s 
medium (DMEM), RPMI 1640 and fetal bovine 
serum (FBS) were purchased from Gibco Invi- 
trogen (Paisley, UK). Antibodies against mouse 
C3c, BAFF and IgG were purchased from Ab- 
cam, Inc. (Cambridge MA, USA). Murine M-CSF 
was obtained from Miltenyi Biotec (Bergisch 
Gladbach, Germany). Murine BAFF neutralizing 
antibody was obtained from R&D Systems 
(Minneapolis MN, USA). CCK-8 was obtained 
from DojinDo Molecular Technologies (Kyushu, 
Japan).

Animals

MRL/lpr mice, which develop a systemic auto-
immune disease resembling human SLE char-
acterized by elevated levels of auto-antibodies 
(IgG and anti-dsDNA), and lupus nephritis, ly- 
mphadenopathy, and splenomegaly, were used 
in this study. Eight-week-old female MRL/lpr 
mice and C57BL/6 mice were obtained from 
the Animal Model Research Center of Nanjing 
University (Nanjing, China) and kept under pa- 
thogen-free housing conditions in a 12-h light 
and dark cycle. MRL/lpr mice were injected 
intraperitoneally with curcumin (50 mg/kg) on 
every other day either from 12 week old mice or 
vehicle-treated mice treated with normal saline 
(containing DMSO% = 0.5%). All mice were sac-
rificed by cervical dislocation at 20 weeks of 
age. All animal studies were approved by Kun- 
ming Medical University.

Proteinuria analyses

Proteinuria was collected weekly and the total 
urinary protein was determined using a Mouse 
Albumin ELISA Quantitation Set according to 
the manufacturer’s instructions and the urine 
was applied at dilutions of 1:100. 

Histologic and immunohistochemical analysis

Sections (4 μm) were cut from paraffin-embed-
ded kidney tissue, fixed in formalin (Beyotime, 
Shanghai, China), and stained with hematoxylin 
and eosin. Immunohistochemistry was perfor- 
med on paraffin-fixed kidney sections using pri-
mary antibodies for IgG according to the manu-
facturer’s instructions. The antibodies were ap- 
plied at concentrations ranging from 1:500. 
Immuno-labeled sections were scanned using 
an Aperio ScanScope Slide Scanner (BIO-TEK, 
Vermont, USA).

Plasma cytokines ELISA 

Anti-IgG and anti-dsDNA IgG were analyzed by 
ELISA according to the manufacturer’s instruc-
tions and the sera were applied at dilutions of 
1:100,000 and 1:500,000. Cytokine analysis 
was performed using mouse BAFF ELISA Kit 
and according to the manufacturer’s instruc-
tions. Absorbance was determined using an 
ELx-800 Universal Microplate Reader (BIO-TEK, 
Vermont USA).
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Flow cytometric analysis 

Spleens were digested to a single-cell suspen-
sion with collagenase type D (Roche) (1 mg/ml) 
and DNase I (Roche) (0.1 mg/ml) in HBSS at 
37°C for 30 min, after which red cells were 
lysed. After washing, cells were immediately 
processed for flow cytometry. 

To detect macrophage subsets and activation 
status, cells directly isolated from the spleens 
were pre-incubated with anti-F480-PE (0.6 μl/
test), anti-CD69-APC (0.5 μl/test) and anti-
CD86-APC (0.5 μl/test). Cells were stained with 
specific antibodies for 30 min at 4°C in the 
dark. Cells were then washed with buffer to 
remove the excess stains and analyzed in a 
FACS Calibur flow cytometer. 

To detect B cell subsets and activation status, 
cells directly isolated from the spleen were pre-
incubated with anti-B220-FITC (1 μl/test), anti-
CD69-APC (0.6 μl/test). Cells were stained with 
specific antibodies for 30 min at 4°C in the 
dark. Cells were then washed with buffer to 
remove the excess stains and analyzed in a 
FACS Calibur flow cytometer. 

Cells were stained with specific antibodies for 
30 min at 4°C in the dark, then washed with 
buffer to remove the excess stains and ana-
lyzed in a FACS Calibur flow cytometer (Becton 
Dickinson, San Diego, USA). Labeled cells were 
analyzed on FACS Calibur flow cytometer and 
data were analyzed with Flow Jo software.

Cells culture

Mouse spleen B cells were purified using a 
mouse CD45R (B220) beads according to the 
recommendations of the manufacturer. Prim- 
ary mouse bone marrow-derived macrophage 
(BMDMs) were prepared as described before 
[18, 19] and maintained in RPMI 1640 medium 
supplemented with 10% FBS, supplemented 
with 100 U/ml of penicillin, and 100 mg/ml of 
streptomycin under a humidified 5% (v/v) CO2 
atmosphere at 37°C. 

Cells were pretreated with curcumin in 5 µM, 
10 µM, and 20 µM for 2 h, and then stimulated 
with LPS (100 ng) for 48 h. The expression of 
co-stimulatory molecules CD69, and CD86 was 
examined by flow cytometry. For quantification 
of the production of BAFF, the same treatment 

was done, but stimulation with LPS was for 48 
h. Cell-free supernatants were collected after 
48 h and analyzed by ELISA. 

Cell viability assay 

The cytotoxicity of curcumin was determined 
using the Cell Counting Kit-8 (CCK-8) according 
to the manufacturer’s protocol. The average 
optical density formed in control was taken as 
100% viability, and the results were expressed 
as a percentage of the control.

Real-time PCR

RNAs were extracted using Trizol reagent (Invi- 
trogen, Carlsbad, USA) according to the manu-
facturer’s instructions. The relative expression 
levels against β-actin were calculated by 2-ΔΔCt 
according to the manufacturer’s instructions. 
The primers for Q-PCR were as follows: β-actin: 
F primer: 5-TCTGGCACCACACCTTCTA-3, R prim-
er: 5-AGGCATACAGGGACAGCAC-3, BAFF: F pri- 
mer: 5-TGCCTTGGAGGAGAAAGAGA-3, R primer: 
5-GGAATTGTTGGGCAGTGTTT-3.

Statistical analysis 

Data were expressed as mean ± SEM of three 
independent experiments and each experiment 
included triplicate sets. Statistically analysis 
was performed using one-way ANOVA followed 
by Dunnett’s test between control group and 
multiple dose groups. P < 0.05 was considered 
a significant difference. All statistical calcula-
tions were performed using statistical software 
GraphPad Prism (GraphPad, San Diego, USA). 

Results

Curcumin attenuates lupus-like pathology in 
MRL/lpr mice

The proteinuria levels were decreased after 
curcumin treatment in MRL/lpr mice (Figure 
1A). Compared to the vehicle-treated mice, cur-
cumin reduced anti-dsDNA IgG levels in the 
serum of MRL/lpr mice (Figure 1B). Moreover, 
curcumin also decreased the amounts of IgG 
(Figure 1C), which is known to activate comple-
ment in murine lupus nephritis. H&E staining 
also showed that curcumin significantly inhibit-
ed the infiltration of lymphoid cells (P < 0.05) 
(Figure 1D). IgG IHC staining of the kidney tis-
sue revealed significantly deposition of IgG 
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immune complexes, but only occasional stain-
ing of capillaries in the glomeruli of vehicle-
treated mice. In contrast, there was little or no 
IgG deposition in the glomeruli of mice treated 
with curcumin Figure 1D). 

Curcumin reduces BAFF levels in MRL/lpr 
mice

Herein, the expression of BAFF in kidney and 
spleen tissues of treated mice was measured. 
Curcumin significantly reduced the expression 
of BAFF in spleens (Figure 2A) and kidneys (P < 
0.05) (Figure 2B). Curcumin also significantly 
reduced production of BAFF in sera of MRL/lpr 
mice (P < 0.05) (Figure 2C). Activation of splen-
ic B cells was further determined by flow cytom-
etry. Results showed that curcumin significantly 

reduced activation of splenic B cells by decreas-
ing CD69 expression compared with vehicle-
treated mice (P < 0.05) (Figure 2D, 2E).

Curcumin reduces BAFF levels in macrophages 
in MRL/lpr mice

Activated macrophages produced more BAFF in 
MRL/lpr mice, and then activation of macro-
phages in all groups of mice were analyzed by 
flow cytometry. Results showed that curcumin 
significantly reduced the expression of splenic 
macrophages activation maker CD69 and CD- 
86 (P < 0.05) (Figure 3A-C). Furthermore, cur-
cumin significantly reduced BAFF expression in 
peritoneal macrophages from MRL/lpr mice (P 
< 0.05) (Figure 3D). 

Figure 1. Curcumin attenuates lupus-like pathology in MRL/lpr mice. A. Proteinuria in MRL/lpr mice was determined 
using Mouse Albumin ELISA Quantitation Set; B. Serum levels of IgG against dsDNA in MRL/lpr mice were deter-
mined by ELISA; C. Serum levels of total IgG in MRL/lpr mice were determined by ELISA; D. Kidney sections from 
MRL/lpr lupus-prone mice showed histologic differences. H&E staining revealed inflammatory infiltrates. IgG depos-
it was analyzed by IHC staining. The data represent the mean scores ± SEM (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).



Curcumin attenuates lupus nephritis

2079 Int J Clin Exp Pathol 2019;12(6):2075-2083

Curcumin suppresses activation of BMDMs 
and BAFF secretion upon TLR4 stimulation

It was pertinent to note that curcumin (1-20 
μM) did not affect the viability of fresh isolated 
BMDMs significantly as determined by CCK8 
assay (Figure 4A). To identify the effect of cur-
cumin on the activation of isolated BMDMs in 
vitro, BMDMs were treated with curcumin at 
concentrations of 5 μM, 10 μΜ and 20 Μm for 
2 hours and then stimulated by LPS. Curcumin 
significantly reduced the BMDMs activation by 
decreasing expression of CD69 and CD86 (P < 
0.05) (Figure 4B, 4C). BAFF expression was 
also suppressed in activated BMDMs after cur-
cumin-treatment (Figure 4D). Curcumin also 
significantly reduced the protein levels of BAFF 
in BMDMs (P < 0.05) (Figure 4E). Furthermore, 
IL-6 expression was also suppressed in BMDMs 
after curcumin treatment.

Curcumin inhibits B cell activation through re-
ducing BAFF secretion

CD69 expression was significantly decreased 
under the presence of curcumin-treated BM- 
DMs (P < 0.05). Expectedly, BAFF could change 
this progression (Figure 5A, 5B). 

Discussion 

SLE is an autoimmune disorder, while lupus 
nephritis is the most common manifestation in 
SLE patients. Curcumin is known to possess 
potent anti-arthritic properties. However, the 
molecular mechanisms for such efficacy of cur-
cumin are not well known. In the current study, 
we showed that curcumin inhibits lupus pro-
gression in MRL/lpr mice. Furthermore, the 
improvement of curcumin on lupus resulted 
from the decrease of BAFF expression in ma- 
crophages.

Over the last decades, the key role of BAFF in 
the pathogenesis of lupus nephritis has come 
to light [2, 20, 21]. BAFF has been identified as 
an important cytokine for B cell hyperplasia 
and autoantibody production in autoimmune 
diseases [22]. BAFF blockade depletes transi-
tional type 2, follicular, and marginal zone B 
cells, with sparing of germinal center respons-
es, allowing the generation of high-affinity 
pathogenic auto-antibodies by somatic muta-
tion [23]. Over-expression of BAFF has been 
observed in spontaneous murine SLE models 
and in humans with autoimmune disease. 
Moreover, BAFF-transgenic mice exhibit a br- 

Figure 2. Curcumin reduces BAFF levels in MRL/lpr mice. A, B. Expression of BAFF gene in the spleens and kidneys 
was measured by quantitative real-time PCR (n = 6); C. Serum levels of BAFF were determined by ELISA (n = 6); D, 
E. The surface expressions of CD69 in B220+ B cells in the spleens were analyzed by flow cytometry (n = 6). Data 
represent mean scores ± SEM (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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eakdown of B cell tolerance, leading to a SLE-
like condition [24, 25]. Therefore, BAFF is con-
sidered as a promising therapeutic target for 
SLE.

BAFF are mainly produced by innate immune 
cells such as macrophages. Their expression is 
increased in the presence of IFN-γ, IL-10 and 
granulocyte colony-stimulating factor (G-CSF) 
as well as by the activation of TLRs such as 
TLR4 [26]. Previous research has demonstrat-
ed that TLR4 signaling exerts pivotal functions 
in SLE pathogenesis [27-29]. Exogenous ligands 
that activate TLR4 in macrophages have been 

shown to exacerbate murine SLE by producing 
BAFF. 

The use of natural anti-inflammatory products 
provides an attractive and safe alternative to 
conventional methods for modulation of infl- 
ammatory disorders. Curcumin is an anti-infl- 
ammatory food product that has been used for 
centuries in traditional medicine [30]. Previous 
studies have shown that curcumin inhibits 
rheumatoid arthritis in association with inhibi-
tion of inflammatory cytokines, such as BAFF 
[16]. In addition, many studies also showed cur-
cumin inhibits SLE progression. Curcumin could 

Figure 3. Curcumin reduces BAFF levels in MRL/lpr mice. A-C. The surface expression of CD69 and CD86 in F4/80 
macrophages in spleens was analyzed by flow cytometry (n = 6); D. Expression of BAFF gene in the peritoneal mac-
rophages was measured by quantitative real-time PCR (n = 6). Data represent mean scores ± SEM (*P ≤ 0.05, **P 
≤ 0.01).
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Figure 4. Curcumin suppresses the activation of BMDMs and BAFF secretion. A. BMDMs were treated with various 
concentrations of curcumin for 24 h and cell viability was measured by CCK-8 assay; B, C. BMDMs were pretreated 
with curcumin for 2 h before 5 μM, 10 μM and 20 μM stimulation for indicated periods. The surface expression of 
CD69 and CD86 in BMDMs was analyzed by flow cytometry; D, E. BMDMs were pretreated with curcumin for 2 h 
before 5 μM, 10 μM, and 20 μM stimulation for 6 h, and BAFF levels were measured by Q-PCR (left). BMDMs were 
pretreated with curcumin for 2 h before 100 μM, 50 μM and 25 μM stimulation for 48 h, and cell-free supernatants 
were collected. Protein levels of BAFF in the supernatants were also measured by ELISA; F. BMDMs were pretreated 
with curcumin for 2 h before 5 μM, 10 μM and 20 μM stimulation for 6 h, and IL-6 levels were measure by Q-PCR 
(*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).

Figure 5. Curcumin inhibits B cells activation through reducing BAFF secretion. A, B. BMDMs were pretreated with 
curcumin for 2 h before 5 μM, 10 μM and 20 μM stimulation for 48 h, cell-free supernatants were collected. Freshly 
purified B cells were cultured with the upper supernatants in the presence or absence of BAFF. Activation of B cells 
was measured using flow cytometry. The surface expression of CD69 in B cells was analyzed by flow cytometry in 
the BMDMs groups. Data are the mean ± SEM (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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modulate Th17/Treg balance specifically in 
CD4+ T cells of SLE patients without affecting 
healthy subjects [31]. It was showed that cur-
cumin exerted a protective effect against LN in 
NZB/W F1 mice; moreover, the protective ef- 
fects of curcumin in LN may involve its interac-
tion with Treg cells [32]. Other work has shown 
that curcumin could reduce the proliferation of 
PBMCs in LN patients by inhibiting the activa-
tion of PYK2. This ability to modulate PYK2 acti-
vation was specifically present only on PBMCs 
of SLE patients without affecting the PBMCs of 
healthy subjects [33]. However, there is no 
study examining the effect of curcumin on BAFF 
expression in SLE. In this study, we demon-
strate that curcumin can inhibit the expression 
of BAFF in vivo and vitro and thus identify BAFF 
as a novel target molecule for curcumin in SLE. 

In conclusion, curcumin markedly ameliorated 
lupus progression in MRL/lpr mice, which was 
accompanied by a decrease of BAFF produc-
tion in serum, spleen, and kidney as well as 
decrease of activation of B cells. Curcumin also 
inhibited BAFF production in macrophages. The 
in vitro experiment in macrophages showed 
that curcumin significantly inhibited LPS-in- 
duced BAFF expression. Our study suggests 
that repression of BAFF production may be a 
novel mechanism by which curcumin improves 
SLE.
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