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Abstract

Curcumin has been used in Asian traditional medicine for its medicinal properties. Recent studies have demonstrated that curcumin has

antioxidant, anti-tumour and anti-inflammatory activities. The aim of the present study is to investigate the effects of curcumin on estab-

lished lupus nephritis (LN) in New Zealand Black/White (NZB/W) F1 female mice, in particular, its interaction with regulatory T (Treg) cells.

Starting at 18 weeks of age, mice were fed a standard diet or a diet containing 1 % curcumin until the end of the study. The proteinuria level

and the serum levels of IgG1, IgG2a and anti-double-stranded DNA (dsDNA) IgG antibodies were measured. Additionally, IgG immune

complex deposition in the glomeruli and renal inflammation were compared between curcumin-treated mice and control mice. Curcumin

decreased the proteinuria level and serum levels of IgG1, IgG2a and anti-dsDNA IgG antibodies in NZB/W F1 female mice. IgG immune

complex deposition in the glomeruli was reduced in curcumin-treated mice. Furthermore, renal inflammation was also decreased after

curcumin treatment. Interestingly, these therapeutic effects of curcumin disappeared after Treg depletion by anti-CD25 antibody

injection. Curcumin exerted a protective effect against LN in NZB/W F1 mice. We speculate that the protective effects of curcumin in

LN may involve, at least in part, its interaction with Treg cells.
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Systemic lupus erythematosus is an autoimmune disorder

affecting multiple organ systems, including the kidney, skin,

lung, heart, haematopoietic system and brain(1). Lupus nephri-

tis (LN) is a frequent and serious complication of systemic

lupus erythematosus that is directly related to the morbidity

and mortality of patients(2).

The production of autoantibodies against the nucleus and

formation of glomerular immune deposits play a crucial role

in the pathogenesis of LN and the local production of both

cytokines and chemokines triggers glomerular inflammation,

which ultimately leads to irreversible renal damage(3,4). The

interaction between B and T cells plays an especially domi-

nant role in the progression of LN, leading to renal failure(5).

B cells are often seen as the central cause of disease pathogen-

esis, which they induce by secreting autoantibodies(6). T cells

are considered critical for the provision of help to B cells in

the production of autoantibodies(7). Therefore, the therapeutic

target of LN has been suppression of the over-activated

immune system via the use of high-dose glucocorticoids and

immunosuppressants. However, only about 80 % of patients

achieve renal remission in response to initial therapy using

current treatment protocols; while approximately 30 % experi-

ence renal flares, 5–20 % of patients progress to end-stage

kidney disease and treatment-related toxicity is appreciable(8).

Thus, there is a need for alternative therapeutic options.

Recently, CD4þCD25þ regulatory T (Treg) cells have been

shown to play a critical role in the maintenance of tolerance

in the immune system(9–11). In addition, there is a great deal

of convincing evidence that Treg cells are impaired in their

suppressive function in patients with autoimmune diseases

such as rheumatoid arthritis(12), multiple sclerosis(13) and

lupus(14).

Curcumin is a polyphenolic compound derived from the

rhizomes of the plant Curcuma longa, which is used in

Asian traditional medicine for its medicinal properties(15).

The medicinal value of curcumin has been well recognised

owing to its antioxidant, anti-tumour and anti-inflammatory

activities. Additionally, recent studies have demonstrated that

curcumin has the potential for use in the treatment of

animal autoimmune disease models such as experimental

allergic encephalomyelitis(16) and inflammatory bowel disease(17).

These findings strongly suggest that curcumin may have

*Corresponding author: Dr H. Bae, fax þ82 2 962 9316, email hbae@khu.ac.kr

Abbreviations: dsDNA, double-stranded DNA; Foxp3, forkhead box P3; GN, glomerulonephritis; LN, lupus nephritis; MCP-1, monocyte chemoattractant

protein-1; NZB/W, New Zealand Black/White; Treg, regulatory T.

British Journal of Nutrition (2013), 110, 69–76 doi:10.1017/S0007114512004734
q The Authors 2012

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114512004734  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114512004734


a therapeutic effect on LN. In addition, recent clinical research

demonstrated that oral supplementation of turmeric showed

beneficial effects in LN patients(18). However, the specific

effect of curcumin on LN has not been well examined to date.

The present study was conducted to investigate the effects

of curcumin on autoimmunity using New Zealand Black/

White (NZB/W) F1 female mice. NZB/W mice spontaneously

develop autoimmune disease as they age, which is character-

ised by lethal immune complex glomerulonephritis (GN),

proteinuria and renal dysfunction. These symptoms in NZB/

W mice closely resemble lupus in human subjects with

severe GN(19). Therefore, we evaluated curcumin to determine

if it could ameliorate renal inflammation, including immune

complex-mediated GN with proteinuria and antinuclear

autoantibody production. We found that renal disease improved

remarkably in curcumin-treated mice when compared with

control mice.

Materials and methods

Mice

NZB/W F1 female mice were purchased from Japan SLC, Inc.

NZB/W F1 female mice spontaneously develop an auto-

immune disease with immune complex GN, proteinuria and

progression to renal insufficiency(19). All mice were housed

under specific pathogen-free conditions during the exper-

iments, which were conducted according to the ethical

principles and guidelines established by Kyung Hee University

for the care and use of experimental animals. At 18 weeks of

age, mice were given curcumin (1,7-bis(4-hydroxy-3-methox-

yphenyl)-1,6-heptadiene-3,5-dione), which was mixed in a

normal diet at a concentration of 1 % (w/w). This dose of cur-

cumin was selected based on previous studies in a murine

skin carcinogenesis model(20). All feeds were pelleted to

avoid stratification and to ensure uniform feed and curcumin

intake in the treated animals. All control and experimental

diets were prepared every 2 weeks in our laboratory and

stored at 2208C until use.

Measurement of proteinuria

Beginning at 18 weeks of age, proteinuria was measured

semi-quantitatively by impregnating wool paper test strips

with spot urine (URiSCAN; Youngdong Pharmaceutical Com-

pany). The colour change of the strip infiltrated with the

urine sample was visually judged against a standard strip

and scored from 0 to 5þ , according to the manufacturer’s

instructions. The urinary protein content was graded accord-

ing to the score as follows: 0 ¼ ,100 mg/l, 1þ ¼100 mg/l,

2þ ¼300 mg/l, 3þ ¼1000 mg/l, 4þ ¼3000 mg/l and 5þ ¼

10 000 mg/l.

Sera collection and autoantibody determination

At 18 and 32 weeks of age, mice were bled from the retro-

orbital sinus following inhalation of isofluorane anaesthesia.

A serum Ig class-specific antibody assay was conducted

using mouse IgG1, IgG2a, IgG2b and IgG3 (Bethyl

Laboratories, Inc.) ELISA kits. The serum anti-double-stranded

DNA (dsDNA) IgG was evaluated using ELISA kits purchased

from Alpha Diagnostic International at 32 weeks of age. All

ELISA were conducted according to the manufacturer’s

instructions.

Immunofluorescent staining of IgG

Kidneys were embedded in Tissue-Tek OCT compound

(Sakura), rapidly frozen using a Freezer Spray (Thermo

Electron) and then cut into 20mm-thick sections with a cryostat.

The sections were subsequently permeablised for 20 min in PBS

containing 0·5 % Triton X-100, after which the non-specific

reactions were blocked and the samples were incubated with

fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse

IgG (SantaCruz Biotechnology, 1:100) antibody at the optimal

concentration. Finally, the fluorescence intensities within the

glomeruli were measured using a confocal laser scanning micro-

scope system (LSM 5 PASCAL, Carl Zeiss). Kidney sections were

examined in each mouse, and at least ten kidney sections were

analysed using the manufacturer’s software (LSM 5 PASCAL

release version 4.0 SP2; Carl Zeiss).

Histology and morphometric evaluation

At 32 weeks of age, the mice were killed for pathological

evaluation. One-half of the left kidney from each mouse was

fixed in 4 % paraformaldehyde solution, dehydrated in alcohol

and embedded in paraffin. The kidney blocks were then cut

into 5mm-thick sections and stained with periodic acid–Schiff

reagents. A total of twenty-five sequential glomeruli from the

superior, middle and inferior cortices of each kidney were

scored for damage by a pathologist in a single-blind fashion on

a scale of 0–4þ , where 0 ¼ normal, 1þ ¼ focal, mild or early

proliferative, 2þ ¼multifocal proliferative with increased

matrix and inflammatory cells, 3þ ¼diffuse proliferative and

4þ ¼extensive sclerosis/crescents.

Kidney TNF-a, IL-6 and monocyte chemoattractant
protein-1

To examine pro-inflammatory molecules that were generated

by nephritis, TNF-a, IL-6 and monocyte chemoattractant

protein-1 (MCP-1) were measured in the mouse kidneys

using ELISA (BD Biosciences). Briefly, the snap-frozen half

of the left kidney tissue was homogenised in a PRO-PREP

protein extraction solution (iNtRON Biotechnology, Inc.),

incubated on ice for 20 min and then centrifuged at

13 000 rpm (48C) for 15 min. The supernatant was used for

a kidney pro-inflammatory cytokine assay. The protein con-

centrations in each supernatant were determined by a

BCATH Protein Assay Kit (Thermo Scientific). The protein

levels of the cytokines were corrected for the total amount

of protein, after which the results were expressed as pg/mg

or ng/mg.
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Isolation of RNA and real-time PCR

Total cellular RNA was extracted using TRIzol reagent

(Invitrogen Life, Technologies), according to the manufac-

turer’s protocols, after which the concentration of total RNA

was quantified by determining the optical density at 260 nm.

Complementary DNA was synthesised using Transcriptor

First Strand cDNA Synthesis Kit (Roche), according to the

manufacturer’s protocols, and then stored at 2208C. Real-

time quantitative PCR was conducted using LightCyclerw

480 (Roche), employing SYBR Green I (Roche) as the

dsDNA-specific binding dye for continuous fluorescence

monitoring. Amplification was carried out using the reaction

mixture, with a total volume of 20ml, containing 375 nM of

each gene-specific primer, 2 £ PCR Master Mix (Applied Bio-

systems) and 2ml of complementary DNA. The mixtures were

then subjected to forty cycles of denaturation (958C, 30 s),

annealing and extension at 608C, with fluorescence being

measured at the end of each cycle. After the cycles were ter-

minated, the signals at temperatures between 60 and 958C

were also collected to generate a dissociation curve. All reac-

tions were conducted in duplicate to confirm reproducibility

and a negative control was included (without template) to

verify that no primer dimers were being generated. A stan-

dard curve for each primer was constructed using serial

dilutions of complementary DNA, and the amount of target

mRNA in each sample was normalised using that of the

mean glyceraldehyde-3-phosphate dehydrogenase levels.

The primer sequences are listed in Table 2.

Depletion of CD4þCD25þ regulatory T cells in vivo

Anti-mouse CD25 rat IgG1 (anti-CD25; clone PC61) were gen-

erated in-house from hybridomas obtained from American

Type Culture Collection. A dose of 0·5 mg of anti-CD25 anti-

body was injected twice a week until the end of the exper-

iment. The efficacy of CD4þCD25þ Treg cell depletion was

confirmed by flow cytometry analysis, using phycoerythrin-

anti-mouse CD25 and FITC-anti-mouse CD4 (eBioscience).

Statistical analysis

Statistical analysis of the data was conducted using Prism 4.02

software (GraphicPad Software, Inc.). Statistical analysis

was conducted using Student’s t test. Results with a P value

,0·05 were considered statistically significant.

Results

Outcome

Initially, ten mice were included in each group; however,

three mice in the control group, two mice in the curcumin

group, four mice in the anti-CD25 control group and three

mice in the anti-CD25 curcumin group were dead before
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Fig. 1. Effect of curcumin ( ) on proteinuria and anti-double-stranded DNA

(dsDNA). (a) Protein urea in New Zealand Black/White F1 mice at different

weeks of age. (b) Anti-dsDNA IgG antibody was measured at 32 weeks of

age. Values are means, with their standard errors represented by vertical

bars (n 7–8). ** Mean value was significantly different from that of control

mice ( ) (P,0·01; Student’s t test).

Table 1. Effect of curcumin on serum IgG isotypes†

(Mean values with their standard errors, n 7–8)

18 weeks 32 weeks

Control Curcumin Control Curcumin

Isotypes Mean SEM Mean SEM Mean SEM Mean SEM

IgG1 (mg/ml) 913·1 100·5 655·2 70·17 1792 237·3 1093* 79·45
IgG2a (mg/ml) 1452 58·32 1464 70·94 2716 62·78 671·3*** 44·52
IgG2b (mg/ml) 58·89 3·503 44·81 3·349 142·6 32·55 188·2 25·98
IgG3 (mg/ml) 182·9 25·34 197·1 57·80 1048 179·2 925·5 113·7

Mean value was significantly different from that of control mice at 32 weeks of age: *P,0·05, ***P,0·001 (Student’s t test).
† Serum IgG1, IgG2a, IgG2b and IgG3 were measured at 18 and 32 weeks of age.
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reaching 32 weeks of age. Data from these mice were

excluded from the analysis of treatment efficacy. NZB/W

mice treated with curcumin gained weight in a manner similar

to that of mice provided with the normal diet (at 32 weeks of

age, body weight: control 32·00 (SEM 0·98) g v. curcumin 34·78

(SEM 0·78) g). There were no signs of liver dysfunction in trea-

ted mice, as indicated by levels of serum aspartate aminotrans-

ferase and alanine aminotransferase being similar to the

normal diet (at 32 weeks of age, aspartate aminotransferase:

control 208·3 (SEM 54·27) IU/l v. curcumin 127·1 (SEM 17·93)

IU/l; alanine aminotransferase: control 57·00 (SEM 19·81) IU/l v.

curcumin 36·43 (SEM 4·54) IU/l).

Effect of curcumin on proteinuria

Significant proteinuria ($2þ ¼300 mg/l) was detected in

100 % of the mice in all groups prior to the start of the

treatment. At 26 weeks of age, the mean level of urinary

protein did not differ significantly between the two groups.

At 30 weeks of age, the control group developed severe

proteinuria. Conversely, the mean level of urinary protein

in the curcumin-treated group began to decrease (control

3·2 (SEM 0·26) v. curcumin 2·1 (SEM 0·23); P,0·01). By the

end of the study, renal function had progressively deterio-

rated in the control group. In addition, urinary protein

excretion was significantly attenuated in curcumin-treated

mice (Fig. 1(a); control 3·2 (SEM 0·39) v. curcumin 1·9

(SEM 0·14); P,0·01).

Effect of curcumin on serum anti-double-stranded DNA IgG

The serum level of anti-dsDNA IgG was also determined at

32 weeks of age. Mice fed the normal diet had very high

levels of anti-dsDNA antibodies in their serum. Anti-dsDNA

antibody levels were diminished in the curcumin-treated

mice (Fig. 1(b); control 250 (SEM 44) kIU/ml v. curcumin

67 (SEM 11) kIU/ml; P,0·01).

Table 2. Primer sequences

Primer Forward Reverse

Foxp3 50-AGC CTG CTC CAT ACC TTG AA-30 50-GCC CAA GAT GTG CAC TGATA-30

T-bet 50-GCC AGG GAA CCG CTT ATA TG-30 50-GAC GAT CAT CTG GGT CAC AT-30

GATA-3 50-GAA GGC ATC CAG ACC CGA AA-30 50-ACC CAT GGC GGT GAC CAT GC-30

GAPDH 50-TTCACC ACC ATG GAG AAG GC-30 50-GGC ATG GAC TGTGGT CAT GA-30

Foxp3, forkhead box P3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 2. (colour online) Effect of curcumin on immune complex deposition in the glomeruli. Renal glomeruli were evaluated by staining kidney cryosections with flu-

orescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibody. Fluorescence intensities within the glomerular capillary walls were detected using confo-

cal microscopy. At least ten glomeruli per section were analysed (magnification: £ 400). Values are means, with their standard errors represented by vertical bars

(n 7–8). *** Mean value was significantly different from that of control mice (P,0·001; Student’s t test).
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Effect of curcumin on serum IgG isotypes

Serum levels of circulating IgG1, IgG2a, IgG2b and IgG3

were measured at 18 and 32 weeks of age. As expected, the

levels of IgG1, IgG2a, IgG2b and IgG3 were significantly

up-regulated in the control group at 32 weeks of age.

However, the levels of IgG1 and IgG2a were significantly

lower at the end of the treatment period in curcumin-treated

mice when compared with the control mice. However, the

levels of IgG2b and IgG3 were not significantly different

between the groups (Table 1).

Effect of curcumin on immune complex deposits

In LN, immune complex accumulation is believed to initiate

inflammation. To understand how curcumin decreases GN,

we assessed glomerular IgG binding by immunofluorescence

microscopy. As shown in Fig. 3, a marked deposition of IgG

was observed in the renal glomeruli of the control group.

Blinded scoring of IgG staining intensity revealed increased

IgG staining in the saline group when compared with the cur-

cumin group, indicating that the amount of immune deposits

present in the glomeruli was correlated with the damage

observed by light microscopy (Fig. 2; control 100 (SEM 3·2)

v. curcumin 45 (SEM 4·1); P,0·001).

Effect of curcumin on renal histology

To evaluate the effects of curcumin on the development of

GN, all surviving mice were killed at 32 weeks, after which

kidney sections were examined by light microscopy. Glomer-

uli from the control group showed chronic GN, i.e. structural

damage, including hyaline lesions, fibrinoid necrosis, cellular

crescents, mesangial proliferation and mesangiolysis. In con-

trast, many glomeruli from the curcumin group showed

mildly abnormal histology. To quantify these changes,

we conducted blinded scoring of ‘glomerular damage’.

The curcumin diet significantly reduced glomerular damage

when compared with the normal diet (Fig. 3).

Effect of curcumin on renal TNF-a, IL-6 and monocyte
chemoattractant protein-1

To examine pro-inflammatory molecules that were generated

by nephritis, TNF-a, IL-6 and MCP-1 were measured in the

kidneys of mice from each group. Control group mice

showed increased levels of TNF-a and MCP-1 at 32 weeks

of age. In contrast, the curcumin group showed reduced

TNF-a (control 352·1 (SEM 51·51) pg/mg and curcumin 203·4

(SEM 15·10) pg/mg; P,0·05) and MCP-1 (control 70·99

(SEM 11·98) pg/mg and curcumin 28·51 (SEM 3·176) pg/mg;

P,0·01) levels (Fig. 4). However, there was no significant

difference in IL-6 level at 32 weeks of age.
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Effect of curcumin on T helper 1/T helper 2/Treg-specific
transcription factor expression

To determine if curcumin treatment influenced helper T cell

lineage development, we conducted real-time RT-PCR analysis

of spleens isolated from 32-week-old mice fed a 1 % curcumin

diet or normal diet for forkhead box P3 (Foxp3), T-bet and

GATA-3. It is well-known that Foxp3 is the key transcription

factor controlling Treg cell development and function(21).

T-bet is a transcription factor directing T helper 1 lineage

commitment(22). GATA-3 is a transcription factor maintaining

T helper 2 cell function(23). The results showed that Foxp3

expression was significantly increased in the curcumin group

(P,0·01, n 3) and the T-bet expression tended to be lower

than in the control group (Fig. 5).

Effect of curcumin on regulatory T-depleted lupus-prone
mice

Based on the Foxp3 mRNA expression, Treg cells appeared to

have an extensive relationship with the therapeutic effect of

curcumin in lupus-prone mice. We depleted Treg in NZB/W

mice using PC61 and examined proteinuria and serum IgG

isotype levels. Interestingly, the beneficial effects of curcumin

disappeared (Fig. 6).

Discussion

In the present study, we explored the therapeutic effects of

curcumin on established LN in NZB/W F1 mice. Curcumin

ameliorated the progression of renal diseases in NZB/W F1

mice. The proteinuria level and the serum levels of IgG1,

IgG2a and anti-dsDNA IgG antibodies in the curcumin
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group were lower than those in the control group. Concomi-

tant with serum IgG levels, IgG immune complex deposition

in the glomeruli was reduced in curcumin-treated mice. Fur-

thermore, renal inflammation was also decreased after curcu-

min treatment.

Hereditary lupus of NZB/W mice is an antibody-mediated

systemic autoimmune disease in which T cells play a critical

role in augmenting autoantibody secretion by B cells(7). It is

well known that when B cells come into contact with T

helper 1 cells, they secrete IgG2a and IgG3(24), but that

upon interaction with T helper 2 cells, they produce IgG1 iso-

types(25). The present findings demonstrated that NZB/W mice

treated with curcumin showed decreased levels of IgG1 and

IgG2a. The production of IgG3 was slightly down-regulated.

These results indicate that curcumin exerts immunosuppres-

sive effects on both T helper 1 and T helper 2 immune

responses and suggest that CD4þCD25þ Treg cells could be

involved in this suppressive effect of curcumin. Indeed, the

present study demonstrated that NZB/W mice treated with

curcumin have up-regulated Foxp3 expression, which is a

transcription factor specifically expressed in CD4þCD25þ

Treg cells that programme its development and function(26).

Recently, CD4þCD25þ Treg cells were found to play a pivotal

role in the maintenance of tolerance in rodents and human

subjects(27). Additionally, many studies have provided compel-

ling evidence that CD4þCD25þ Treg cells can re-establish self-

tolerance and prevent autoimmune diseases(10). It should be

noted that Wolf et al.(28) provided strong evidence that

CD4þCD25þ Treg cells are potent suppressors of anti-glomeru-

lar basement membrane GN in mice. It has also been reported

that depletion of CD4þCD25þ Treg cells exacerbates the devel-

opment of GN in NZB/W F1 mice(29). In the present study, the

suppressive effect of curcumin on IgG1 and IgG2a production

was inhibited after the elimination of CD4þCD25þ Treg cells.

This result strongly indicates that delaying the disease patho-

genesis in curcumin-treated mice is attributed to the direct

or indirect effect of curcumin on CD4þCD25þ Treg cells. How-

ever, the present study is limited to the relation between Treg

cells and curcumin, which confirmed that the Treg cell has a

major therapeutic role in LN of NZB/W F1 mice. Curcumin

treatment could affect other immune cells, which might

cause a cascade effect to the Treg cells’ function. Though the

present data strongly indicate that the immune-suppressive

effect of curcumin is highly related to CD4þCD25þ Treg

cells in LN, these results imply a further need to assess the

mechanism of action of curcumin on individual immune

cells and to elucidate the effect of curcumin on CD4þCD25þ

Treg cells in LN.

Conclusion

Overall, the results of the present study document the thera-

peutic effect of dietary curcumin in the attenuation of renal

manifestations of LN in NZB/W lupus mice for the first time.

Although it is still necessary to elucidate the specific

immune-modulating signalling mechanism of curcumin in

LN, the findings presented herein indicate that protective

effects of curcumin in LN may involve, at least in part, its inter-

action with CD4þCD25þ Treg cells.
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