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BACKGROUND AND PURPOSE
Inflammation is involved in the development and/or progression of many diseases including diabetic complications.
Investigations on novel anti-inflammatory agents may offer new approaches for the prevention of diabetic nephropathy. Our
previous bioscreening of synthetic analogues of curcumin revealed C66 as a novel anti-inflammatory compound against LPS
challenge in macrophages. In this study, we hypothesized that C66 affects high glucose (HG)-induced inflammation profiles
in vitro and in vivo and then prevents renal injury in diabetic rats via its anti-inflammatory actions.

EXPERIMENTAL APPROACH
Primary peritoneal macrophages (MPM), prepared from C57BL/6 mice, were treated with HG in the presence or absence of
C66. Diabetes was induced in Sprague–Dawley rats with streptozotocin, and the effects of C66 (0.2, 1.0 or 5.0 mg·kg-1),
administered daily for 6 weeks, on plasma TNF-a levels and expression of inflammatory genes in the kidney were assessed.

KEY RESULTS
Pretreatment of MPMs with C66 reduced HG-stimulated production of TNF-a and NO, inhibited HG-induced IL-1b, TNF-a,
IL-6, IL-12, COX-2 and iNOS mRNA transcription, and the activation of JNK/NF-kB signalling. In vivo, C66 inhibited the
increased plasma TNF-a levels and renal inflammatory gene expression, improved histological abnormalities and fibrosis of
diabetic kidney, but did not affect the hyperglycaemia in these diabetic rats.

CONCLUSIONS AND IMPLICATIONS
The anti-inflammatory effects of C66 are mediated by inhibiting HG-induced activation of the JNK/NF-kB pathway, rather
than by reducing blood glucose in diabetic rats. This novel compound is a potential anti-inflammatory agent and might be
beneficial for the prevention of diabetic nephropathy.
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Abbreviations
C66, 2E,6E)-2,6-bis(2-(trifluoromethyl)benzylidene)cyclohexanone; DN, diabetic nephropathy; FITC, fluorescein
isothiocyanate; H&E, haematoxylin and eosin; HG, high glucose; iNOS, inducible NOS; LG, low glucose; MCP-1,
monocyte chemotactic protein-1; MPMs, mouse peritoneal macrophage; PAS, periodic acid and Schiff solution; STZ,
streptozotocin

Introduction

Inflammation is directly associated with the pathogenesis of
many human diseases, including atherosclerosis, pulmonary
inflammatory diseases, diabetic complications and cancers
(Navarro-Gonzalez and Mora-Fernandez, 2008; Brevetti et al.,
2010; Kwong et al., 2011). Cellular events of inflammatory
responses are associated with the activation of the NF-kB
(Jeon et al., 2010). In addition to LPS, a number of stimuli,
including high glucose (HG), have been reported to increase
the levels of cellular NF-kB activation, resulting in pro-
inflammatory responses and the release of a large amount of
inflammatory cytokines (Lee et al., 2008; Stan et al., 2011),
which, within a complex regulatory network, are related to
specific immunological processes that promote chronic
inflammation and tissue destruction (Lee et al., 2008;
Navarro-Gonzalez and Mora-Fernandez, 2008; Kopf et al.,
2010; Kwong et al., 2011). Hyperglycaemia induces the in vivo
inflammatory cascade and therefore plays an important role
in the development and progression of diabetic complica-
tions (Kaul et al., 2010; Kopf et al., 2010; Stan et al., 2011).
Increasingly evidence suggests that inflammatory mecha-
nisms, such as macrophage infiltration and overexpression of
proinflammatory cytokines, contribute to the pathogenesis
of diabetic nephropathy (Goldberg, 2009; Donath et al.,
2010; Tang et al., 2010; Zong et al., 2010). Therefore, investi-
gating anti-inflammatory strategies using anti-inflammatory
agents may offer new approaches for treating diabetic neph-
ropathy (DN).

Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) is the main active component of tur-
meric isolated from the plant Curcuma longa L. Curcumin has
been extensively demonstrated as a multifunctional molecule
with significant regulatory effects on cancer, inflammation
and inflammatory related diseases (Morimoto et al., 2008;
Epstein et al., 2010). However, curcumin has one vital draw-
back, poor bioavailability, which limits its development as a
potential therapeutic agent (Garcea et al., 2004; Epstein et al.,
2010). Recent studies showed that the presence of the
b-diketone moiety renders it to be rapidly metabolized (Rose-
mond et al., 2004). Designing synthetic structural analogues
without the b-diketone moiety is one approach to overcome
the poor bioavailability while retaining, or further enhanc-
ing, its drug-like effects (Anand et al., 2007). In our previous
studies, we designed and synthesized of a series of curcumin
mono-carbonyl analogues, which exhibited improved phar-
macokinetic profiles in vivo (Liang et al., 2009a). Subse-
quently, we evaluated more than 100 analogues for their
anti-inflammatory properties using LPS-stimulated mouse
J774.1A or RAW264.7 macrophages (Liang et al., 2008; 2009b;
Zhao et al., 2010). Amongst these analogues, (2E,6E)-2,6-
bis(2-(trifluoromethyl)benzylidene)cyclohexanone (C66, in

Figure 1) showed a strong inhibitory effect on LPS-induced
TNF-a and IL-6 release in mouse macrophages (Liang et al.,
2009b). In this study, we showed that C66 is able to reduce
HG-induce inflammation profiles both in vitro and in vivo,
and then prevent renal injury in experimental diabetic rats
via its anti-inflammatory actions.

Methods

Reagents
Glucose, curcumin and mannitol were purchased from Sigma
(St. Louis, MO, USA). Compound C66 was synthesized and
characterized as described in our previous publication (Liang
et al., 2009b). Before using it for biological experiments, com-
pound C66 was recrystallized from CHCl3/EtOH, and then
HPLC method was used to determine its purity (99.16%). The
structures of curcumin and C66 are shown in Figure 1. C66
was dissolved in DMSO for in vitro experiments and was
dissolved in 1% CMC-Na for in vivo experiments. Anti-actin
antibody was purchased from Santa Cruz (Santa Cruz, CA,
USA); anti-p-IkBa, anti-IKK, anti-p-p65, p-JNK, JNK and anti-
CD68 are from Cell Signalling (Danvers, MA, USA).

Animals
Male C57BL/6 mice (n = 57) weighing 18–22 g and Sprague–
Dawley (SD) rats (n = 38) aged 5 weeks were obtained from
the Animal Centre of Wenzhou Medical College (Wenzhou,
China). Animals were housed at a constant room temperature

Figure 1
Chemical structures of curcumin and C66.
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with a 12:12 h light–dark cycle and fed with a standard
rodent diet and water. The animals were acclimatized to the
laboratory for at least 3 days before used. All animal care and
experimental procedures complied with the ‘The Detailed
Rules and Regulations of Medical Animal Experiments
Administration and Implementation’ (Order NO. 1998-55,
Ministry of Public Health, China.), and ‘Ordinance in Experi-
mental Animal Management’ (Order NO. 1998-02, Ministry
of Science and Technology, China), and were approved by the
Wenzhou Medical College Animal Policy and Welfare Com-
mittee (Approval Document NO. 2009/APWC/0031).

Protocols involving the use of animals were approved by
the Wenzhou Medical College Animal Policy and Welfare
Committee.

Mouse primary peritoneal macrophage (MPM)
preparation and culture
C57BL/6 mice were stimulated by an i.p. injection of 6%
thioglycollate solution (0.3 g beef extract, 1 g tryptone, 0.5 g
NaCl dissolved in 100 mL ddH2O, and filtrated through
0.22 mm filter membrane, 3 mL per mouse) and kept in a
pathogen-free condition for 3 days before MPM isolation.
Total MPMs were harvested by washing the peritoneal cavity
with PBS containing 30 mM of EDTA (8 mL per mouse),
centrifuged and suspended in RPMI-1640 medium (Gibco/
BRL life Technologies, Eggenstein, Germany) with 10%
FBS (Hyclone, Logan, UT, USA), 100 U·mL-1 penicillin and
100 mg·mL-1 streptomycin. Non-adherent cells were removed
by washing with medium 3 h after seeding. Before treatment,
MPMs were cultured in 60 mm plates (1.2 ¥ 106 cells per plate
with 3 mL PRMI-1640 medium) and incubated overnight at
37°C in a 5% CO2-humidified air.

Nitrite assay
Cell culture supernatant or plasma in animal experiments
(100 mL) was collected and combined with 50 mL 1% sulfanil-
amide in 5% H3PO4 and 50 mL 0.1% N-(1-naphthyl)
ethylenediamine dihydrochloride (Sigma) in water in a
96-well plate, followed by spectrophotometric measurement
at 550 nm, using a microplate reader (MD, Sunnyvale, CA,
USA). Nitrite concentration in the supernatant was deter-
mined by comparison with a sodium nitrite standard curve.

Determination of TNF-a
The TNF-a levels in cell medium or rat plasma were deter-
mined with an ELISA kit (Bioscience, San Diego, CA, USA)
according to the manufacturer’s instructions. The total
amount of TNF-a in the cell medium was normalized to the
total amount of protein in the viable cell pellets. Experiments
were performed in duplicate.

Real-time quantitative PCR
Cells or kidney tissues (50–100 mg) were homogenized in
TRIZOL (Invitrogen, Carlsbad, CA, USA) or prepared with a
PARIS kit (Ambion, Austin, TX, USA) for extraction of RNA
according to each manufacturer’s protocol. Both reverse tran-
scription and quantitative PCR were carried out using a two-
step M-MLV Platinum SYBR Green qPCR SuperMix-UDG kit
(Invitrogen, Carlsbad, CA, USA). Eppendorf Mastercycler ep
realplex detection system (Eppendorf, Hamburg, Germany)

were used for q-PCR analysis. The primers of genes including
iNOS, COX-2, TNF-a, IL-6, IL-1b, IL-12, TGF-b, MCP-1, CD68
and b-actin were synthesized from Invitrogen (Invitrogen,
Shanghai, China). The primer sequences used were listed in
Table S1. The amount of each gene was determined and nor-
malized to the amount of b-actin.

Western immunoblot analysis
Either collected cells or homogenated kidney tissue samples
were lysated. Thirty micrograms of lysates were separated by
10% SDS-PAGE and electrotransferred to a nitrocellulose
membrane. Each membrane was pre-incubated for 1 h at
room temperature in Tris-buffered saline, pH 7.6, containing
0.05% Tween 20 and 5% non-fat milk. Each nitrocellulose
membrane was incubated with specific antibodies. Immu-
noreactive bands were then detected by incubating with sec-
ondary antibody conjugated with horseradish peroxidase and
visualizing using enhanced chemiluminescence reagents
(Bio-Rad, Hercules, CA, USA). The amounts of the proteins
were analysed using Image J analysis software version 1.38e
(NIH, Bethesda, MD, USA) and normalized to their respective
control.

Assay of cellular NF-kB p-65 translocation
The cells were immunofluorescence-labelled according to the
manufacturer’s instruction using a Cellular NF-kB p65 Trans-
location Kit (Beyotime Biotech, Nantong, China) by the
method described by Xu et al. (2008). P65 protein and nuclei,
fluoresce as red and blue, respectively, were simultaneously
viewed by fluorescence microscope (200¥; Nikon, Tokyo,
Japan) at an excitation wavelength of 350 nm for DAPI and
540 nm for cyanine 3 (Cy3). To create a two-colour image, the
red and blue images were overlaid.

Animal experiments
SD rats were randomly divided into five groups with six rats
in each group: (i) non-diabetic control rats (SD group); (ii)
streptozotocin (STZ)-induced diabetic rats that received
vehicle alone (DM group); (iii) STZ-induced diabetic rats that
were treated p.o. with C66 (in 1% CMC-Na solution) at a dose
of 0.2 mg·kg-1·day-1 starting at day 7 after STZ injection for 6
weeks (DM + C66 0.2 mg·kg-1 group); (iv) DM + C66
1.0 mg·kg-1 group; and (v) DM + C66 5.0 mg·kg-1 group. The
effective doses of C66 were based on the results from the
cellular experiments.

Diabetes was induced in 5-week-old SD rats by a single i.v.
injection of 60 mg·kg-1 STZ (Sigma) in citrate buffer (pH 4.5),
as described previously (Yozai et al., 2005). Non-diabetic
control rats received an injection of citrate buffer alone. C66
was dissolved in 1% CMCNa solution, and animals in the
C66 treatment groups were treated with C66 (p.o.) 0.2, 1 or
5 mg·kg-1·day-1. The DM group received 1% CMC-Na solution
alone in the same schedule as the C66 treatment groups.
Body weights were checked weekly. Blood glucose was mea-
sured at day 7, 9, 16, 22, 40 and 49 after STZ induction with
a glucometer. At day 49 after STZ induction, the rats were
killed under ether anaesthesia, and then blood samples were
taken from the right ventricle using a heparin-containing
syringe with a needle. At the time of death, both kidneys were
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removed and weighed. Serum TNF-a levels were detected by
ELISA, and creatinine levels were determined by an automatic
biochemical analyser.

Renal histopathology
Kidneys were fixed in 4% paraformaldehyde and embedded
in paraffin. The paraffin sections (5 mm) were stained with
haematoxylin and eosin (H&E). To estimate the extent of
damage, the specimen was observed under a light microscope
(400¥ amplification; Nikon).

Immunohistochemistry
After deparaffinization and rehydration, 5 mm kidney sec-
tions were treated with 3% H2O2 for 10 min and with 1% BSA
in PBS for 30 min. Slides were incubated overnight at 4°C
with anti-CD68 antibody (1:50) then incubated with fluores-
cein isothiocyanate (FITC)-labelled secondary antibody
(Santa Cruz; 1:500) for 1 h at room temperature. Then the cell
nuclei were stained with DAPI for 5 min, and the images were
viewed by a fluorescence microscope (400¥, amplification;
Nikon).

PAS staining for glycogen and Sirius red
staining for type IV collagen
Tissues were fixed in paraformaldehyde solution and embed-
ded in paraffin. Paraffin sections (5 mm) of the renal tissues
were stained with 0.5% periodic acid and Schiff solution (PAS)
to evaluate the glycogen content, or were stained with 0.1%
Sirius red F3B and 1.3% saturated aqueous solution of picric
acid to evaluate the type IV collagen level. The stained sec-
tions then were viewed by fluorescence microscope (400¥;
Nikon).

Statistical analysis
The results are presented as means � SEM. The statistical
significance of differences between groups was obtained by
means of ANOVA followed by Student’s t-test of comparison.

P < 0.05 was considered as an indication of statistical signifi-
cance. All experiments on cells were repeated at least three
times.

Results

C66 reduced the production of TNF-a and
NO in HG-stimulated MPMs
We first examined whether C66 could inhibit HG-induced
increases in TNF-a and nitrite in vitro. MPMs were pretreated
with C66 (5 mM) or vehicle for 2 h and then incubated with
either LG (5.5 mM) or HG (25 mM) for 18 h. As shown in
Figure 2, HG significantly increased TNF-a and nitrite pro-
duction and C66 at 5 mM significantly inhibited the secretion
of TNF-a and nitrite induced by HG (P < 0.01). Curcumin at
5 mM was used as a comparison control. As expected, C66 at
the same concentration showed significantly stronger inhibi-
tion against HG-induced TNF-a expression when compared
with the curcumin (P < 0.05). To examine whether high
osmotic conditions play a role in HG-induced increase in
cytokine gene expression, mannitol (25 mM) was used as a
control. Figure 2 shows that treatment with mannitol did not
change the TNF-a and nitrite profiles, indicating that HG
stimulates cytokine expression via an inflammatory pathway.
In addition, C66 itself did not increase the inflammatory
response.

C66 significantly inhibited HG-induced
IL-1b, TNF-a, IL-6, IL-12, COX-2 and iNOS
mRNA transcription in MPMs
We next examined whether C66 could alter HG-induced
inflammatory gene expression at the mRNA level. MPMs were
pretreated with C66 or vehicle for 2 h, followed by LG or HG
incubation for 3 h. Mannitol was used to eliminate the effect
of high osmotic pressure and curcumin at 10 mM was utilized
as a comparison. The results in Figure 3 show that HG

Figure 2
C66 inhibits HG-induced TNF-a and nitrite production. MPMs (1 ¥ 106) were pretreated with Cur (curcumin, 5 mM) or C66 (5 mM) or vehicle
(DMSO) for 2 h and then stimulated with HG (25 mM) for 18 h. Cells in LG group are cultured in PRMI-1640 medium containing 5.5 mM glucose.
Cells in the C66 group only received 5 mM C66, and cells in the mannitol group were only treated with 25 mM mannitol. The levels of TNF-a (A)
and nitrite (B) in medium were detected as described in Methods. Columns represent the mean � SEM of three independent experiments
performed in duplicate, and asterisks indicate significant inhibition (*P < 0.05, **P < 0.01).
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induced a significant increase in the mRNA expression of
pro-inflammatory cytokines, including TNF-a (A), IL-1b (B),
IL-12 (C), IL-6 (D) and inducible enzymes such as inducible
NOS (iNOS, D) and COX-2 (E), while C66 dose-dependently
(2.5, 5 and 10 mM) decreased the HG-induced increase in
mRNA expression of pro-inflammatory cytokines (P < 0.01).
Compared with C66, curcumin only showed a moderate
down-regulation in HG-induced mRNA expression (P < 0.05).
C66 or mannitol alone did not alter the levels of expression of
inflammatory genes. These data indicate that C66 is a potent
inhibitor of HG-induced mRNA overexpression of inflamma-
tory genes in MPMs.

C66 suppressed the HG-induced activation of
JNK/NF-kB signalling in MPMs
Curcumin has been identified as an inhibitor of JNK/NF-kB-
dependent inflammation (Hanai and Sugimoto, 2009).
During the activation of NF-kB, phosphorylation and degra-
dation of IkBa leads to the separation of IkBa from NF-kB p65
subunit and then releases the p65 for translocation from the
cytoplasm to nuclei (Jeon et al., 2010). As shown in Figure 4A,
HG accelerated NF-kB p65 nuclear translocation (red point in
blue nuclei), whereas in C66-pretreated cells, HG-induced

nuclear p65 decreased, suggesting that C66 inhibited p65
translocation. Western blot analysis also showed that C66
dose-dependently reduced the HG-induced increase nuclear
p65 levels and slightly increased the HG-induced decrease in
cytosolic p65 levels (Figure 4B). We next evaluated the effects
of C66 on IkBa phosphorylation and degradation in MPMs.
Figure 4C and D demonstrate that HG increased IkBa phos-
phorylation and degradation after 30 min of incubation,
whereas pretreatment with C66 (2.5, 5 or 10 mM) dose-
dependently reduced this HG-induced IkBa phosphorylation
and degradation, respectively. JNK has been established as a
key transcriptional regulator of inflammatory cytokines. Our
results (Figure 4E) show that C66 (2.5, 5 or 10 mM) also dose-
dependently inhibited HG-induced JNK phosphorylation in
macrophages, suggesting that the anti-inflammatory activity
of C66 is associated with its negative effects on JNK/NF-kB
activation.

C66 significantly inhibited the raised plasma
TNF-a level and renal inflammatory gene
expression in type I diabetic rats
Inflammation plays an important role in the pathophysiol-
ogy of diabetic renal complications (Donath et al., 2010; Tang

Figure 3
C66 inhibits HG-induced inflammatory mRNA expression in MPMs. MPMs (1 ¥ 106) were pretreated with Cur (curcumin, 10 mM), C66 (2.5, 5 and
10 mM) or vehicle (DMSO, 3 mL) for 2 h and then stimulated with HG (25 mM) for 3 h. Cells in the LG group were cultured in PRMI-1640 medium
containing 5.5 mM glucose. Cells in the C66 group only received 10 mM C66, and cells in the mannitol group were only treated with 25 mM
mannitol. The mRNA levels of TNF-a (A), IL-1b (B), IL-12 (C), IL-6 (D), COX-2 (E) and iNOS (F) were detected by RT-qPCR as described in Methods.
Columns represent the mean � SEM of three independent experiments performed in duplicate, and asterisks indicate significant inhibition
(*P < 0.05, **P < 0.01 vs. HG group; #P < 0.05 vs. C66 10 mM group).
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et al., 2010; Zong et al., 2010). Our in vitro results demon-
strated the inhibitory effects of C66 on HG-induced inflam-
matory gene expression in MPMs. In order to determine
whether C66 affects HG-induced inflammatory process in
vivo, we set up STZ-induced type I diabetic rat models treated
with C66 (p.o., 0.2, 1 and 5 mg·kg-1·day-1) or vehicle for 6
weeks. TNF-a is one of the most important pro-inflammatory
factors in diabetic nephropathy. Figure 5A shows that circu-
lating TNF-a levels were significantly increased in diabetic
rats, while administration of C66 at 0.2, 1 and 5 mg·kg-1·day-1

dose-dependently reduced the plasma level of TNF-a com-
pared with that in the DM group. Furthermore, inflammatory
genes, such as TNF-a, COX-2 and iNOS, were also overex-
pressed in diabetic rat kidneys (6.0-, 4.1- and 3.8-fold, respec-
tively), and C66 administration significantly decreased the
overexpression of these genes in a dose-dependent manner
(Figure 5B and D). However, our results showed that C66
at 5 mg·kg-1·day-1 did not affect the renal COX-2 mRNA
expression.

TGF-b and MCP-1 are involved in renal inflammation and
fibrosis in diabetic models (Shi et al., 2010; Jiang et al., 2011).
Figure 5E and F showed that renal TGF-b and MCP-1 mRNA
expression were significantly increased in diabetic rats as
compared with those in control rats (P < 0.01). This
up-regulation of TGF-b and MCP-1 mRNA in diabetic kidney
was significantly reduced by treatment with C66 in a dose-
dependent manner. These data suggest that C66 is able to
inhibit inflammatory gene expression in diabetic kidneys.

C66 inhibited NF-kB activation in the
diabetic kidney
To confirm that C66-induced down-regulation of in vivo
inflammatory genes is also associated with the NF-kB
pathway, Western blot analysis was performed using kidney
tissues from C66-treated or untreated diabetic rats. As shown
in Figure 6, administration of C66 (5 mg·kg-1) for 6 weeks,
similar to the in vitro results, markedly inhibited diabetes-
induced renal IKKa expression (P < 0.01) and IkBa (Ser32/36)

Figure 4
C66 inhibits HG-induced JNK/NF-kB activation in MPMs. MPMs were pretreated with vehicle (DMSO) or C66 (2.5, 5 or 10 mM) for 2 h and then
stimulated with HG (25 mM) for 30 min. Cells in the LG group were cultured in PRMI-1640 medium containing 5.5 mM glucose. Cells in the
mannitol group were only treated with 25 mM mannitol. (A) Immunofluorescence-labelled staining for NF-kB p65 translocation was performed
as described in Methods. Similar results were observed in three independent experiments. (B) The nuclear proteins and cytoplasmic proteins were
isolated as described in Methods. The nuclear p65 and cytosolic p65 were detected by Western blot using Lamin B and actin as loading control
respectively. (C–E) The levels of p-IkBa, IkBa and p-JNK were examined using specific antibodies with actin and JNK as the loading control,
respectively. The column figures in (B)–(E) show the normalized optical density as percentage of HG or LG group. Columns represent the
mean � SEM of three independent experiments (*P < 0.05, **P < 0.01, vs. HG group; #P < 0.01 vs. C66 LG group).
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phosphorylation (P < 0.05) when compared with those in the
control (DM) group. C66 also had an inhibitory effect on
diabetes-induced renal p65 phosphorylation (Ser536) that con-
tributes to its translocation from the cytoplasm to nuclei
(P < 0.01).

C66 reduced interstitial macrophage
infiltration in the diabetic kidney
Besides the inhibition on inflammatory response by C66 in
macrophages, we also investigated the effect of C66 on
macrophage infiltration in the diabetic kidneys. Immuno-
histochemistry staining for CD68 was performed using
kidney tissues from C66-treated or untreated diabetic rats
to observe focal interstitial macrophage infiltration. As
shown in Figure 7A–E, the diabetic rats had a significant
increase in CD68-positive macrophages in interstitial areas,
while macrophages were not found in the control kidneys.
C66 dose-dependently reduced renal CD68+ macrophage
infiltration in the diabetic rats (P < 0.01). This result was
also confirmed by Western blot and RT-qPCR analysis.
Figure 7F and G demonstrate a significant attenuation of
renal CD68 expression at the levels of both protein and
mRNA after administration of C66 at 5 mg·kg-1·day-1 in dia-
betic rats.

C66 administration did not affect blood
glucose levels and body weight in
diabetic rats
Blood glucose levels of the DM group and C66 treatment
groups were much higher than that of the control group,
whereas there were no significant differences in blood glucose
levels between the DM group and C66 treatment groups
(Figure 8A). Mean values of body weight of the DM group and
C66 treatment groups were lower than that of the control
group; similarly, there was no significant difference in body
weight between the DM group and C66 treatment groups
(Figure 8B). These data suggest that C66 does not attenuate
this diabetic symptom in rats, and its inhibition of the
inflammatory response in diabetic kidney does not result
from a lowering of the glucose level.

C66 administration reduced serum creatinine
and kidney/body weight ratio in diabetic rats
The anti-inflammatory activity of C66 in diabetic kidney may
contribute to its protection of diabetic renal complications.
Serum creatinine and kidney/body weight ratio are two hall-
marks of renal injury and fibrosis (Barutta et al., 2010). Seven
weeks after STZ induction of diabetes, the mean serum crea-
tinine level of the DM group was higher than that of the

Figure 5
Effects of C66 on serum TNF-a level (A), renal TNF-a (B), renal iNOS (C), renal COX-2 (D), renal TGF-b (E) and renal MCP-1 (F) in diabetic rats
at the time of death. The TNF-a level was determined by ELISA, while renal mRNA expression of TNF-a, iNOS, COX-2, TGF-b and MCP-1 were
estimated by the RT-qPCR. The mRNA expression of five genes was normalized to b-actin mRNA content. Columns show mean � SEM from five
rats in each group (Con, control group; *P < 0.05, **P < 0.01, vs. the DM group).
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control group (P < 0.01); however, this diabetes-induced
increase in serum creatinine was significantly attenuated in
the C66 treated groups compared with the DM group
(P < 0.05, Figure 8C); C66 administration inhibited serum
creatinine level in DM rats in a dose-dependent manner
(1 mg·kg-1·day-1, P < 0.05; 5 mg·kg-1·day-1, P < 0.01). As
shown in Figure 8D, kidney weight in relation to body weight
was significantly increased in the DM group (P < 0.05) com-
pared with that of the control group, whereas a decrease was
observed in C66 treated groups compared with DM group,
especially in the C66 5 mg·kg-1·day-1 group (P < 0.05).

C66 treatment improved histological
abnormalities and fibrosis of diabetic kidney
All upstream anti-inflammatory actions of C66 ultimately lead
to an improvement in the renal histolopathological abnor-
malities of diabetic rats. We examined the renal glycogen and
type IV collagen collection and histopathology in 6 week
C66-treated and untreated diabetic rats, using PAS, Sirius red
and H&E staining, respectively. PAS staining (Figure 9A) dem-
onstrated that C66 induced a dose-dependent inhibition of
diabetes-induced glycogen collection (purple plaques) in rat
kidney. Sirius red staining for type IV collagen (red plaques)
revealed a significant increase in renal fibrosis in type I diabetic
rats but not in C66-treated diabetic rats (Figure 9B). The H&E
staining, determined by use of an optical microscope

(Figure 9C), revealed the glomerulus with glomerulosclerosis
and expansion, diminution of capillary lumen, predominance
of dense hyaline matrix and peripheral capillaries of thick stiff
wall in the diabetic rats, whereas C66 treatment markedly
ameliorated these diabetes-induced histopathological alter-
ations. In addition, inflammatory cell infiltration and diffuse
mesangial matrix expansion were also observed in the DM
group, whereas these two pathological alterations were
decreased in the C66-treated DM group. These results indicate
that administration of C66 significantly improves the histo-
logical abnormalities and fibrosis of diabetic kidney.

Discussion and conclusions

Macrophages have been implicated in the development of
chronic inflammation-mediated kidney lesions in diabetic
rats (Tesch, 2010). During chronic inflammatory responses in
diabetic subjects, macrophages infiltrate and accumulate in
the kidney (Tesch, 2010). Recent data have also shown that
HG treatment activates monocytes and induces an increase in
gene expression of TNF-a, IL-1b and MCP-1 in human
monocyte-like cells (Shanmugam et al., 2003). Our results
also demonstrated that the HG-stimulated increase in cytok-
ine mRNA transcription was not elicited by mannitol-
induced high osmotic pressure, indicating that HG induces

Figure 6
Effects of C66 (5 mg·kg-1·day-1) on renal NF-kB activation in diabetic rats. After the diabetic rats were killed, the rat kidney tissues in control group
(Con), DM group and DM + C66 5 mg·kg-1 group were collected and homogenized to detect IKKa, p-IkBa and p-p65 by Western blot. Actin was
used as a loading control. The columns show the normalized optical density of respective protein and represent the mean � SEM of each group
(two rats in SD group, three rats in DM group, three rats in DM + C66 5 mg·kg-1 group) (*P < 0.05, **P < 0.01).
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inflammation via a classic transcriptional or post-
transcriptional mechanism. Yonemoto et al. (2006) reported
that macrophages were present in the kidneys of patients
with diabetic nephropathy in addition to mesangial matrix
expansion and interstitial fibrosis. As a result, recruited mac-
rophages increase the expression of leucocyte adhesion mol-
ecules and release inflammatory cytokines such as IL-1b, IL-6,
IL-12, IL-18, TNF-a, IFN-g and MCP-1 (Hirata et al., 1998; Wen
et al., 2006) via an NF-kB-dependent mechanism, contribut-
ing to an increase in albuminuria and renal fibrosis.

Curcumin has been identified as an inhibitor of NF-kB-
dependent inflammation in vitro and in vivo, and also reduces
HG-induced inflammatory gene expression by modulating
the NF-kB pathway (Hanai and Sugimoto, 2009; Panicker and

Kartha, 2010). Our previous study have discovered a new
compound C66 exhibiting a higher anti-inflammatory activ-
ity than the parent curcumin in in vitro LPS-challenged mac-
rophages (Liang et al., 2009b). In the present study, we firstly
demonstrated that C66 is a stronger anti-inflammatory
compound than curcumin in HG-stimulated MPMs (Figures 2
and 3).

Amongst the intracellular signalling systems involved in
the regulation of inflammatory and immune responses,
NF-kB is of special interest. The upstream IKKa interacts with
IkB-a and specifically phosphorylates IkBa on serines 32 and
36 and induces degradation (Adli et al., 2010). The dissocia-
tion of IkB from the inactive cytoplasmic complex leads to
the translocation of the active subunit NF-kB p65 from the

Figure 7
C66 inhibits renal macrophage infiltration in diabetic rats. Rats were treated, and kidney samples were prepared as described in Methods. (A–E)
Macrophage infiltration was evaluated using anti-CD68 antibodies. (A) Control group. (B) DM group. (C) DM + C66 0.2 mg·kg-1 group. (D)
DM + C66 1.0 mg·kg-1 group. (E) DM + C66 5.0 mg·kg-1 group. Arrows indicate stained interstitial inflammatory cells. Magnification, ¥200. A
representative animal out of five studied in each group is shown. (F–G) The rat kidney tissues from control group (Con), diabetes group (DM) and
DM + C66 5 mg·kg-1 group were collected and homogenated. The protein level of CD68 was detected by Western blot. Actin was used as a
loading control. The column figures show the normalized optical density of CD68/Actin (F). The mRNA expression of CD68 was estimated by the
RT-qPCR and normalized to b-actin mRNA content (G). Bar graph shows mean � SEM in each group (*P < 0.05, **P < 0.01).

BJPC66 prevents HG-induced inflammatory responses

British Journal of Pharmacology (2012) 166 1169–1182 1177



cytosolic to the nuclear fractions, this then binds to the DNA
sites and triggers gene expression. Lee et al. (2008) found that
high glucose (25 mM) increased NF-kB transcription activity
by raising IkB phosphorylation and the nuclear p65 level in
primary cultured HUVECs. In MPMs, HG stimulation also
causes a significant activation of NF-kB signal (Wen et al.,
2006). Our results in Figure 4 (in vitro) and Figure 6 (in vivo)
suggest that C66 negatively affects a series of procedures in
HG-induced NF-kB activation, including IKK phosphoryla-

tion, IkBa phosphorylation and degradation and p65 nuclear
translocation, indicating that the anti-inflammatory actions
of C66 are associated with transcriptional suppression of the
NF-kB pathway. In addition to NF-kB, JNK is activated by high
glucose (Stan et al., 2011). JNK is also an important player in
inflammation and regulates the transcription of a number
of inflammatory cytokines (Bage et al., 2010). Herein, we
further showed that C66-induced NF-kB inactivation was
accompanied by effects on JNK dephosphorylation

Figure 8
C66 affects the metabolic profiles of diabetic rats: serum glucose (A), body weight (B), serum creatinine (C) and kidney/body weight ratio (D).
The serum glucose levels were detected at indicated times. Body weight of rats was detected at the beginning of STZ administration and the time
of death, respectively. Serum creatinine and kidney/body weight ratio were detected at the time of death. The determinations of these four indexes
are as described in Methods. Data are means � SEM (Con, control group; *P < 0.05, **P < 0.01).
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Figure 9
C66 administration significantly improved histological abnormalities and fibrosis of diabetic kidney. (A) Representative figures of PAS staining
(400¥) for glycogen on renal tissue (seventh week). (B) Representative figures of Sirius red staining (400¥) for type IV collagen on renal tissue
(seventh week). (C) Renal histopathological analysis was performed using H&E staining as described in Methods (200¥). Results from a
representative animal out of five studied in each group are shown.
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(Figure 4E), suggesting that C66 may target JNK kinase and
inhibit NF-kB activation. However, it is unclear whether the
anti-inflammatory effects of C66 are dependent on JNK/NF-
kB. In addition, although curcumin down-regulates the JNK/
NF-kB pathway, its molecular target for direct binding is still
unknown. Our studies indicated that C66 has the same anti-
inflammatory mechanism as curcumin. However, continued
research is needed to examine the underlying molecular
target of C66 at the transcriptional level.

Diabetic complications are mainly caused by a whole-
body condition of high glucose (hyperglycaemia). Inflamma-
tory biomarkers are associated with the development and
progression of diabetic nephropathy. Activation of renal
NF-kB has also been described in proteinuric kidney diseases
and is associated with the overexpression of pro-
inflammatory factors (Mezzano et al., 2001). Studies on the
effects of mycophenolate mofetil (Utimura et al., 2003),
infliximab (Moriwaki et al., 2007) and methotrexate (Yozai
et al., 2005) have suggested that their inhibitory actions on
inflammatory factors and NF-kB activation may be therapeu-
tic in the treatment of DN. Also there is increasing evidence
that an anti-inflammatory action is beneficial for the preven-
tion of renal injury in diabetic animals (He et al., 2009;
Decleves and Sharma, 2010).

C66 treatment did not decrease the STZ-caused hypergly-
caemia (Figure 8A). However, we found that C66 treatment
significantly down-regulated a part of physiological and
pathological indexes of diabetic nephropathy, such as circu-
lating creatinine (Figure 8C) and kidney/body weight ratio
(Figure 8D), in a dose-dependent manner. Histopathological
staining demonstrated that C66 treatment significantly
improved diabetes-caused renal injury and dose-dependently
reduced the collections of renal glycogen and type IV col-
lagen (Figure 9). Suppression of creatinine and type IV col-
lagen might be involved in the renoprotective effects of C66
in the late stage of diabetic nephropathy.

These in vivo results, combined with those obtained in vitro,
suggest that the preventative action of C66 on diabetic renal
injury should be ascribed to its anti-inflammatory effects. C66
administration induced a significant down-regulation of
plasma and renal pro-inflammatory proteins (Figure 5), indi-
cating anti-inflammatory effects of C66 in the circulation and
local kidney. The expressions of TGF-b and MCP-1 are partly
controlled by the transcriptional NF-kB pathway (Jiang et al.,
2011). We showed that C66 also dose-dependently reduced
TGF-b and MCP-1 gene expressions in diabetic rat kidneys
(Figure 5E and F). As discussed above, we noted that C66
treatment markedly suppressed NF-kB activation in the dia-
betic kidney (Figure 6). Together, these findings support the
hypothesis that C66 inhibits the pro-inflammatory mediators
at the transcriptional level and subsequently attenuates the
inflammatory process in the diabetic kidney.

Macrophages are important immune cells, and their accu-
mulation contributes to the development of renal injury and
sclerosis. We further observed that the systemic administra-
tion of C66 in diabetic rats decreased the tubulointerstitial
infiltration of macrophages (Figure 7). C66 also significantly
reduced the diabetes-induced CD68 expression (Figure 7G).
However, the degree of CD68 reduction by C66 is similar to
that in the renal inflammatory cytokines (Figure 5). These
data demonstrate that C66 treatment may attenuate the

inflammatory cytokine expression in the whole kidney tissue,
including a variety of renal cell types. The H&E staining
results (Figure 9) further confirmed that C66 treatment
reduced renal infiltration of leucocytes such as macrophages.
MCP-1 is the best-described chemokine in human and experi-
mental diabetic nephropathy; it contributes to the macroph-
age accumulation in diabetic kidney and is useful for
monitoring kidney macrophage accumulation in diabetic
nephropathy (Chow et al., 2006). In addition, the production
of pro-inflammatory cytokines, such as IL-1b or TNF-a, also
stimulates the increase in cell adhesion molecule expression.
Our data demonstrate that C66 inhibits the expression of
MCP-1 and TNF-a in diabetic kidney, suggesting a possible
mechanism for the suppression of macrophage infiltration.
Together, our data clearly show that the attenuation of the
inflammatory factors by C66 was accompanied by a reduc-
tion of macrophage accumulation in diabetic kidney.
Research using other renal cells will be needed to reveal the
underlying mechanism by which C66 decreases the macroph-
age accumulation in diabetic kidney.

The parent compound, curcumin, has also been reported
to protect the kidney from DN. Two independent groups
found that chronic oral administration of curcumin (50 or
15–30 mg·kg-1·day-1, respectively) significantly ameliorated
renal dysfunction in diabetic rats (Sharma et al., 2006; Tikoo
et al., 2008). Chiu et al. (2009) demonstrated that curcumin
(150 mg·kg-1·day-1, i.p., for 4 weeks) is beneficial in prevent-
ing the development of DN by inhibiting p300 and NF-kB.
Although several studies showed curcumin is able to protect
from diabetic renal injury, the dose of curcumin is relatively
high, probably due to its poor bioavailability. More recently,
however, a study in diabetic mice showed that administration
of curcumin (5000–7500 ppm in diet, probably equal to 200–
300 mg·kg-1·day-1) failed to attenuate DN (Ma et al., 2010). In
our previous study we demonstrated the significantly
improved pharmacokinetic profiles of the newly designed
mono-carbonyl analogues of curcumin, including C66 (Liang
et al., 2009a). In addition to improved pharmacokinetics, C66
showed a marked increase in anti-inflammatory ability, com-
pared to curcumin. In keeping with such studies, the in vivo
doses of C66 we used were 50–200-fold lower than those of
curcumin. As expected, we found that C66 exhibited renal
protective effects in vivo even at a low dose (0.2, 1 or
5 mg·kg-1·day-1).

In conclusion, our data demonstrate that a novel cur-
cumin derivative, C66, is able to reduce the HG-induced
inflammatory response, which was accompanied by inhibi-
tory effects on JNK/NF-kB activation. Furthermore, the
attenuation of the inflammatory process by C66 administra-
tion (even at a dose as low as 0.2 mg·kg-1·day-1) contributes to
its renal protective effects in the diabetic rat. These results
suggest that the novel compound C66 is a potential agent for
the treatment of diabetic nephropathy via an anti-
inflammatory mechanism and furthermore could be benefi-
cial for the therapy of other chronic inflammatory diseases.
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