
Available online at www.sciencedirect.com

Journal of Nutritional Biochemistry 24 (2013) 146–155
Attenuation of high-glucose-induced inflammatory response by a novel curcumin
derivative B06 contributes to its protection from diabetic pathogenic changes

in rat kidney and heart☆

Yong Pana,1, Guanghui Zhub,1, Yi Wanga, Lu Caia, c, Yuepiao Caia, Jie Hua, Yilan Lia, Yongbo Yana,
Zengshou Wangb, Xiaokun Lia, Tiemin Weid,⁎, Guang Lianga,⁎

aSchool of Pharmaceutical Science, Wenzhou Medical College, Wenzhou, People's Republic of China
bDepartment of Pharmacy, The 2nd Affiliated Hospital, Wenzhou Medical College, Wenzhou, People's Republic of China

cDepartment of Pediatrics, University of Louisville, Louisville, KY, USA
dThe 5nd Affiliated Hospital, Wenzhou Medical College, Wenzhou, People's Republic of China

Received 23 October 2011; received in revised form 2 February 2012; accepted 7 March 2012
Abstract

There is increasing evidence indicating that inflammatory processes are involved in the development and progression of diabetic complications. However,
effective anti-inflammatory treatments for patients who have diabetic complications have yet been practically identified. Curcumin is a main component of
Curcuma longa with numerous pharmacological activities. Previously, we synthesized a novel curcumin analogue (B06) that exhibited an improved
pharmacokinetic and enhanced anti-inflammatory activity compared to curcumin. The present study aimed to test the hypothesis that B06 may reduce high-
glucose-induced inflammation and inflammation-mediated diabetic complications. In vitro, pretreatment with B06 at a concentration of 5 μM significantly
reduced the high-glucose-induced overexpression of inflammatory cytokines in macrophages. This anti-inflammatory activity of B06 is associated with its
inhibition of c-Jun N-terminal kinase/nuclear factor κB activation. In vivo, despite that B06 administration at 0.2 mg·kg−1·d−1 for 6 weeks did not affect the
blood glucose profile of diabetic rats, the B06-treated animals displayed significant decreases in inflammatory mediators in the serum, kidney, and heart and
renal macrophage infiltration. This was accompanied with an attenuation of diabetes-induced structural and functional abnormalities in the kidney and heart.
Taken together, these data suggest that the novel derivative B06 might be a potential therapeutic agent for diabetic complications via an anti-inflammatory
mechanism and support the potential application in diabetic complication therapy via anti-inflammatory strategy.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, the concept that an interplay between inflamma-
tory and metabolic abnormalities leads to tissue damage in diabetes
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has been widely accepted [1]. There is considerable experimental
evidence that proinflammatory and adhesion molecules are impor-
tant in the development of diabetic complications [1–3]. Inflamma-
tory mediators activate a series of receptors, leading to β-cell
dysfunction and apoptosis, insulin signaling impairment, systemic
endothelial dysfunction, and altered vascular flow, which constitute
final common pathways to the vascular complications of diabetes [1–
4]. Several studies have shown that inflammation directly caused
heart and kidney damage in streptozotocin (STZ)-induced animals,
leading to diabetic cardiomyopathy and nephropathy [1,3–5]. The
manifestations of this inflammatory state include nuclear factor (NF)-
κB-dependent overproduction of inflammatory mediators such as
tumor necrosis factor (TNF)-α, interleukin-6 (IL-6), IL-1β, cyclooxy-
genase (COX)-2, inducible nitric oxide synthase (iNOS), transforming
growth factor (TGF)-β, and monocyte chemoattractant protein
(MCP)-1 in the hearts and kidneys of diabetic rats [3–7]. Therefore,
agents that attenuate the inflammatory response may be useful in
medical management or prevention of patients with diabetic
complications [2,8].

http://www.sciencedirect.com/science/journal/09552863
http://dx.doi.org/10.1016/j.jnutbio.2012.03.012
http://dx.doi.org/10.1016/j.jnutbio.2012.03.012
http://dx.doi.org/10.1016/j.jnutbio.2012.03.012
mailto:lswtm@sina.com
mailto:wzmcliangguang@163.com
http://dx.doi.org/10.1016/j.jnutbio.2012.03.012


Fig. 1. Chemical structures of curcumin and B06.

147Y. Pan et al. / Journal of Nutritional Biochemistry 24 (2013) 146–155
Curcumin is a hydrophobic polyphenol derived from the
rhizome of the herb Curcuma longa. It has shown a variety of
biological and pharmacological activities including anti-inflamma-
tory, antioxidative, anticarcinogenic, and anti-infectious activities
[9,10]. Chiu et al. [11] reported that curcumin is effective in
preventing glucose-induced oxidative stress in the endothelial cells
and hearts of diabetic animals. It has also been shown that short-
term treatment with curcumin prevents diabetes-induced de-
creased antioxidant enzyme levels and kidney dysfunction in
diabetic rats [12]. In addition, various studies in animal models
and humans have confirmed that dietary curcumin is extremely
safe and does not cause hazardous effects, even at high dosages
[13]. Although curcumin is remarkably nontoxic and exerts a
therapeutic potential in diabetic cardiomyopathy and nephropathy,
its clinical application has been significantly limited by its
instability in vitro and poor pharmacokinetic profiles in vivo [13–
15]. Thus, development of synthetic structural analogues of
curcumin is one approach for overcoming the poor bioavailability
while retaining, or further enhancing, its drug-like effects [16,17].
In the previous studies, we designed and synthesized a series of
curcumin analogues with improved pharmacokinetic profiles in
vivo [18]. In these analogues, a novel compound (1E,4E)-1,5-bis(2-
bromophenyl)penta-1,4-dien-3-one (B06; coded as B33 previously
[18]) was found to possess a plasma amount that was approxi-
mately 44 times as great as that of curcumin (area under the
curve) and a peak blood concentration of approximately 45 times
that of curcumin [18]. In addition, this molecule exhibited a
significant IL-6-inhibitory property in lipopolysaccharide (LPS)-
stimulated mouse J774A.1 macrophages (coded as B03 there) [19].
Thus, we hypothesized that B06 is able to reduce high-glucose (HG)-
induced inflammation, thereby preventing diabetic complications at
a relatively low dosage. In the present study, we proved the ability
of B06, even at an extremely low dosage (0.2 mg·kg−1·d−1), to
significantly prevent diabetes-induced renal and cardiac inflamma-
tion and their pathological damages. Also, we showed that the
protective mechanism of B06 was mediated by inhibiting c-Jun N-
terminal kinase (JNK)/NF-κB activation. Thus, our finding suggests
that B06, the novel curcumin analogue that has an improved
pharmacokinetic profile, may be beneficial in patients with chronic
diabetic complications.

2. Methods and materials

2.1. Reagents

Glucose and mannitol were purchased from Sigma (Louis, MO, USA). Curcumin
analogue B06 was prepared with a purity of 99.2% as described in our previous study
[18]. The structure of B06 is shown in Fig. 1. B06 was dissolved in dimethyl sulfoxide
(DMSO) for in vitro experiments and was dissolved in 1% CMC-Na for in vivo
experiments. Anti-β-actin antibody was purchased from Santa Cruz (Santa Cruz, CA,
USA). Anti-p-inhibitor of NF-κB (IκB) α and anti-CD68 antibodies were brought from
Cell Signaling (Danvers, MA, USA).

2.2. Animals

Male Sprague-Dawley (SD) rats weighting 200–250 g and Institute of Cancer
Research (ICR) mice weighing 18–22 g were purchased from SLAC Laboratory Animal
Center (Shanghai, China). Animals were housed at a constant room temperature 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
experiments complied with the Wenzhou Medical College Policy on the Care and Use
of Laboratory Animals.

2.3. Diabetic induction and sample collection

Male SD rats were randomly divided into three groups: control, diabetic (DM),
or diabetic treated with B06 (DM+B06). Diabetes was induced by a single
intraperitoneal injection of freshly prepared STZ (65 mg/kg in citrate buffer,
pH=4.5) [20]. Control animals received the same volume of citrate buffer. Three
days after STZ injection, mice with whole-blood glucose ≥16.7 mM were considered
diabetic. Seven days after STZ treatment, B06 dissolved in 1% CMC-Na was given by
gavage at the dosage of 0.2 mg·kg−1·d−1 for 6 weeks. Control mice received 1%
CMC-Na alone in the same schedule as the B06 treatment group. Body weights were
checked weekly, and blood glucose was measured at days 7, 9, 16, 22, 40, and 49
after STZ induction. Seven weeks after STZ induction, the rats were killed under
ether anesthesia, and blood was collected from the right ventricle using a
heparinized syringe with a needle. At the same time, the hearts and kidneys were
harvested and weighed. Serum glucose, TNF-α, nitrite levels, and creatinine levels
were determined by an automatic biochemical analyzer.

2.4. Pathological analysis

Hearts and kidneys from SD rats were fixed in 4% paraformaldehyde and
embedded in paraffin. The paraffin sections (5 μm) were stained with hematoxylin
and eosin (H&E) for histopathological observation, with 0.5% periodic acid and Schiff
solution (PAS) for glycogen analysis or with 0.1% Sirius red F3B and 1.3% saturated
aqueous solution of picric acid for the analysis of type IV collagen collection. The
specimens were observed under a light or fluorescent microscope (×400; Nikon,
Tokyo, Japan).

2.5. Immunohistochemistry

After deparaffinization and rehydration, slides with 5-μm kidney sections were
treated with 3% H2O2 for 10 min and with 1% bovine serum albumin in phosphate-
buffered saline (PBS) for 30 min. Slides were incubated overnight at 4°C with anti-
CD68 antibody (1:50), then incubated with fluorescent isothiocyanate-labeled
secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:500) for 1 h
at room temperature. After the nuclei were stained with DAPI for 5 min, the images
were viewed by a fluorescent microscope (×400).

2.6. Preparation of mouse peritoneal macrophages and in vitro culture and treatment

ICR mice were stimulated by intraperitoneal injection of 6% thioglycollate
solution (0.3 g beef extract, 1 g tryptone, 0.5 g sodium chloride dissolved in 100 ml
ddH2O, and filtrated through 0.22-μm filter membrane, 3 ml per mouse) and kept in
a pathogen-free condition for 3 days before mouse peritoneal macrophages (MPMs)
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% fetal
bovine serum (Hyclone, Logan, UT, USA), 100 U/ml penicillin, and 100 mg/ml
streptomycin. Nonadherent cells were removed by washing with medium 3 h after
seeding. Experiments were undertaken after the cells were firmly adhered to the
culture plates. 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. After overnight incubation, cells were treated with 2.5 or 5
μM B06 for 2 h and then incubated with HG (25 mmol/L D-glucose) or low glucose
(LG; 5.5 mmol/L D-glucose) for 3 or 18 h. The collected culture-conditioned medium
was centrifuged, and the supernatant was stored at −80°C before analysis. The
collected MPMs were detached for extraction of RNA.

2.7. Determination of TNF-α and IL-6

The TNF-α and IL-6 levels in cell medium or plasma from SD rats for diabetes
study were determined with an enzyme-linked immunosorbent assay kit
(Bioscience, San Diego, CA, USA) according to the manufacturer's instructions. The



Table 1
Sequences of the primers used for this study

Source Gene Sequence 5′–3′ (forward) Sequence 5′–3′ (reverse)

Mouse TNF-α TGGAACTGGCAGAAGAGG AGACAGAAGAGCGTGGTG
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
COX-2 TGGTGCCTGGTCTGATGATG GTGGTAACCGCTCAGGTGTTG
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG
IL-1β ACTCCTTAGTCCTCGGCCA CCATCAGAGGCAAGGAGGAA
IL-12 GGAAGCACGGCAGCAGAATA AACTTGAGGGAGAAGTAGGAATGG
β-Actin TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG

Rat TNF-α TACTCCCAGGTTCTCTTCAAGG GGAGGCTGACTTTCTCCTGGTA
TGF-β GCAACAACGCAATCTATGAC CCTGTATTCCGTCTCCTT
MCP-1 GTCACCAAGCTCAAGAGAGAGA GAGTGGATGCATTAGCTTCAGA
iNOS AGGCCACCTCGGATATCTCT GCTTGTCTCTGGGTCCTCTG
COX-2 CGGAGGAGAAGTGGGGTTTAGGAT TGGGAGGCACTTGCGTTGATGG
β-Actin AAGTCCCTCACCCTCCCAAAAG AAGCAATGCTGTCACCTTCCC
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total amounts of TNF-α and IL-6 in the cell medium were normalized to the total
protein amount of the viable cell pellets. Experiments were performed at least three
times and in duplicate.

2.8. Nitrite release assay

Samples (100 μl) from tissues of the kidney and heart and plasma in rats for
diabetes studies or MPMs were collected and combined with 50 μl 1% sulfanilamide
in 5% H3PO4 and 50 μl 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride
(Sigma, Louis, MO, USA) in water in a 96-well plate, followed by spectrometric
measurement at 550 nm with a microplate reader (MD, Sunnyvale, CA, USA).
Nitrite concentration in the supernatant was determined against standard curve of
a sodium nitrite.

2.9. RNA extraction and real-time quantitative polymerase chain
(RT-qPCR)

Cells or kidney tissues (50–100 mg) were homogenized in TRIzol (Invitrogen,
Carlsbad, CA, USA) for extraction of RNA according to manufacturer's protocol. Both
reverse transcription 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) was used for RT-qPCR analysis. The primers of genes including iNOS,
COX-2, TNF-α, IL-6, IL-1β, IL-12, TGF-β, MCP-1, and β-actin were synthesized from
Invitrogen (Shanghai, China). The primer sequences used were listed in Table 1. The
amount of each gene was determined and normalized to the amount of β-actin.

2.10. Western blotting analysis

The MPMs were harvested and lysated for protein isolation. Thirty micrograms
of protein was separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and electrotransferred to a nitrocellulose membrane. Each mem-
brane was preincubated for 1 h at room temperature in Tris-buffered saline, pH 7.6,
containing 0.05% Tween 20 and 5% nonfat milk. Each nitrocellulose membrane was
incubated with specific antibodies. Immunoreactive bands were then detected by
incubating with secondary antibody conjugated with horseradish peroxidase and
visualized using enhanced chemiluminescence reagents (Bio-Rad, Hercules, CA,
Fig. 2. B06 inhibited HG-induced TNF-α, IL-6, and nitrite production. MPMs (1×106) were pretr
(5.5 mM), mannitol (25 mM), or HG (25 mM) for 18 h. The levels of TNF-α (A), IL-6 (B), and
represent the mean±SEM of three independent experiments performed in duplicate, and ast
USA). The amounts of the proteins were analyzed using Image J analysis software
version 1.38e and normalized with their respective control.

2.11. Assay of cellular NF-κB p-65 translocation

MPMswere immunofluorescence labeled according to themanufacturer's instruction
using a Cellular NF-κB p65 Translocation Kit (Beyotime Biotech, Nantong, China). p65
protein and nuclei fluoresce red and blue, respectively, can be simultaneously viewed by
fluorescence microscope (×200; Nikon) at an excitation wavelength of 350 nm for DAPI
and 540 nm for Cy3. To create a two-color image, the red and blue images were overlaid.
Experiments were performed at least three times and in duplicate.

2.12. Statistical analysis

Data were collected from repeated experiments and were presented as mean
±SEM. Student's t test and analysis of variance statistical software in GraphPad Pro
(GraphPad, San Diego, CA, USA) were used for analyzing the differences between
sets of data. Differences were considered to be significant at Pb.05.

3. Results

3.1. B06 reduced the production of TNF-α, IL-6, and nitrite from
HG-stimulated MPMs

To determine the preventive effects of B06 on HG-induced
inflammation, we examined whether B06 could inhibit HG-induced
increases of TNF-α, IL-6, and nitrite in in vitroMPMs. The MPMs were
pretreated with B06 (2.5 or 5 μl) or DMSO for 2 h and then incubated
with either LG (5.5 mM D-glucose) or HG (25 mM D-glucose) for 18 h.
Mannitol (25mM)was used as the control to exclude the interference
of the high-osmotic condition. As shown in Fig. 2, HG stimulation
significantly increased the expression of TNF-α (Fig. 2A) and IL-6
(Fig. 2B) and the production of nitrite (Fig. 2C), while treatment with
B06 at indicated concentrations significantly inhibited these increases
eated with B06 (2.5 or 5 μM) or vehicle (DMSO, 3 μl) for 2 h and then stimulated with LG
nitrite (C) in the medium were detected as described in Methods and materials. Bars
erisks indicate significant inhibition (*Pb.05, **Pb.01 vs. the HG group).

image of Fig.�2
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(Pb.01). Also, Fig. 2 shows that treatment with mannitol did not
change the TNF-α, IL-6, and nitrite profiles, suggesting that HG-
stimulated the generation of inflammatory cytokines was not due to
the osmotic change. These data show that B06 exhibited a strong
inhibitory effect on HG-stimulated inflammatory responses in MPMs.

3.2. Mechanistic studies on the anti-inflammatory effect of B06 in MPMs

3.2.1. B06 significantly inhibited HG-induced inflammatory gene
expression in MPMs

Then, we wanted to define whether the inhibitory effects of B06
against HG-induced protein generation of TNF-α and IL-6 are due to
its inhibition at transcriptional levels and, if so, whether HG also
affects other inflammatory cytokines such as IL-12, IL-1β, COX-2, and
iNOS, which are representative and important in the pathogenesis of
inflammatory complications [3–7]. MPMs with and without pretreat-
ment with B06 were exposed to LG or HG for 3 h. Analysis of the
cytokine messenger RNA (mRNA) expression, measured using RT-
qPCR, showed that HG induced significant increases in not only TNF-α
(Fig. 3B) and IL-6 (Fig. 3D) but also others such as IL-12 (Fig. 3A), IL-
1β (Fig. 3C), COX-2 (Fig. 3E), and iNOS (Fig. 3F). However, B06 at 5 μM
significantly decreased the HG-stimulated expression of all these
inflammatory cytokines at mRNA levels (Fig. 3, Pb.01). These data
confirm that B06 treatment could alter a series of HG-induced
inflammatory gene overexpression at the mRNA levels, which may be
mediated by its down-regulation of an upstream transcriptional
factor that controls inflammatory cytokines.

3.2.2. B06 suppressed HG-induced JNK/NF-κB signaling activation
in MPMs

It is well known that NF-κB, as a nuclear transcriptional factor,
plays a key role in regulating immune and inflammation. Thus, the
Fig. 3. B06 inhibitedHG-induced inflammatorymRNA expression inMPMs.MPMs (1×106)were p
mM),mannitol (25mM), or HG (25mM) for 3 h. ThemRNA levels of IL-12 (A), TNF-α (B), IL-1β (C
materials. Bars represent the mean±SEM of three independent experiments performed in dupli
next studywas to define the effect of B06 onNF-κB signaling. Since the
phosphorylation and degradation of IκB play important roles in
mediating the activation of NF-κB [21,22], we first evaluated the
effects of B06 on IκB phosphorylation and degradation in HG-
stimulated MPMs. As shown in Fig. 4, exposure of MPMs to HG for
30 min significantly increased IκBα phosphorylation at Ser 32/36
(Fig. 4A, C) and degradation (Fig. 4B, C), and pretreatment with B06 at
5 μM markedly reduced HG-induced IκB phosphorylation and IκB
degradation. Fig. 4D–G further shows that HG can accelerate NF-κB
p65 translocation from cytoplasm to nuclei (red for p65 and blue for
nuclei), whereas in the B06-pretreated cells, the amounts of nuclear
p65 units were significantly reduced.

JNK has been demonstrated as an upstream regulator of NF-κB
signal [22,23]. We tested whether the anti-inflammatory effect and
NF-κB signaling inactivation of B06 are due to its interferencewith JNK
pathway. Fig. 4H shows that HG also stimulated phosphorylation of
JNK, and this effect can be completely prevented by pretreatmentwith
B06. These data suggest that B06 inhibition of HG-induced inflamma-
tory and NF-κB signaling activation may be associated with its
suppression of JNK activation.

3.3. B06 prevented diabetic renal and cardiac pathogenic changes
probably via its suppression of diabetic inflammatory stress

3.3.1. B06 did not significantly affect blood glucose level and body
weight gain of diabetic rats

Diabetes was induced in rats by a single intraperitoneal injection
of freshly prepared STZ, and significantly increased blood glucose
level (Fig. 5A) and decreased body weight gain (Fig. 5B) were
observed in diabetic rats compared to control animals, consistent
with our previous studies [24–26]. Treatment with B06 did not
significantly affect these parameters, suggesting that B06 at the
retreatedwith B06 (5 μM) or vehicle (DMSO, 3 μl) for 2 h and then stimulatedwith LG (5.5
), IL-6 (D), COX-2 (E), and iNOS (F)were detected byRT-qPCR as described inMethods and
cate, and asterisks indicate significant inhibition (*Pb.05, **Pb.01 vs. the HG group).
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Fig. 4. B06 inhibited HG-induced NF-κB/JNK activation in MPMs. MPMs were pretreated with B06 (5 μM) or vehicle (DMSO, 3 μl) for 2 h and then stimulated with LG (5.5 mM),
mannitol (25 mM), or HG (25 mM) for 30 min. The levels of p-IκB (A), IκB (B), p-IκB/IκB ratio (C), and p-JNK (H) were examined using specific antibodies with actin or total JNK as the
loading control, respectively. The column figures show the normalized optical density as percentage of HG group. Bars represent the mean±SEM of four independent experiments
(**Pb.01 vs. the HG group). (D–F) MPMs were pretreated with B06 (5 μM) or vehicle (DMSO, 3 μl) for 2 h and then stimulated with LG (5.5 mM) or HG (25 mM) for 4 h. An
immunofluorescence-labeled staining for NF-κB p65 translocation was performed by the method described in Methods and materials. (G) The number of nuclear NF-κB p65-positive
cells was counted in four vision fields of 100-μm length across the culture plate. Bars represent the mean±SEM of three independent experiments (**Pb.01 vs. the HG group).
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dosage of 0.2 mg·kg−1·d−1 did not affect the diabetic model
(Fig. 5A, B).

3.3.2. B06 reduced diabetes-induced pathogenic changes of the kidney
and heart in the rat model

Since inflammatory response is a critical cause of diabetic
complications and B06 exhibited a potent anti-inflammatory
property, we hypothesized that it may protect against diabetes-
induced pathogenic changes in the kidney and heart. For the
kidney, the increase of the plasma creatinine level as one of renal
dysfunctions was observed in the diabetic rats but not in the
diabetic rats with B06 treatment at the sixth week after diabetes
onset (Fig. 5C). In line with the finding in Fig. 5C, the significant
increases in kidney weight/body weight ratio as a marker of renal
damage was also evident in diabetic rats but not in the diabetic rats
with B06 treatment (Fig. 5D).

Next, the histopathology of the kidney and heart was examined
to determine the effect of B06 at 0.2 mg·kg−1·d−1 on diabetes-
induced pathological damage to these organs. Renal staining with
H&E exhibited that glomerular expansion, mesangial matrix
expansion, and inflammatory cell infiltration occurred in the
diabetic group (Fig. 6B), while these diabetes-induced histopath-
ological alterations were not evident in the control (Fig. 6A) and
B06-treated groups (Fig. 6C). Similarly, PAS staining showed a
significant increase in PAS-positive materials (purple plaques) as
indication of glycogen accumulation in diabetic glomeruli (Fig. 6E)
but not in the control (Fig. 6D) and B06-treated diabetic glomeruli
(Fig. 6F, J). Furthermore, renal accumulation of collagen type IV in
the diabetic groups was confirmed by Sirius red staining (Fig. 6G–
I). In the control kidneys, collagen was seldom detected (Fig. 6G),
while in the diabetic kidneys (Fig. 6H), numerous collagens (red
plaques) were observed. B06 treatment significantly attenuated the
collagen accumulation in DM+B06 group (Fig. 6I, K).

H&E staining also exhibited the significant structural damage in
the heart of diabetic groups (Fig. 7). Compared with the control
hearts (Fig. 7A), diabetic hearts displayed a significant disarrange-
ment of the cardiomyocytes and necrotic foci with and without scar
(Fig. 7B), but these abnormalities were significantly reduced by B06
treatment for 6 weeks (Fig. 7C). PAS (Fig. 7D–F, J) and Sirius red
stains (Fig. 7G–I, K) demonstrated that B06 administration
significantly attenuated the diabetes-induced cardiac accumulation
of glycogen and collagen.

image of Fig.�4


Fig. 5. The effects of B06 on themetabolic profiles of diabetic rats: serum glucose (A), bodyweight (B), serum creatinine (C), and kidney/bodyweight ratio (D). Rats and kidney samples
were prepared as described in Methods and materials. The serum glucose levels were detected at indicated times. The body weight of rats was detected at the beginning of STZ
induction and the time of death, respectively. Serum creatinine and kidney/body weight ratio were detected at the time of death. Data are means±SEM (n=6 per group; **Pb.01, DM
vs. control, or DM+B06 vs. DM).
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3.3.3. B06 decreased diabetes-induced inflammatory response in the
rat models

The above studies indicate that B06 treatment significantly
improved histological abnormalities and fibrosis in diabetic kidneys
and hearts. Our next study was to define whether the renal and
cardiac protection by B06 from diabetes-induced pathogenic changes
is associated with B06 anti-inflammatory effect. Since the serum
levels of TNF-α and nitric oxide have been accepted to reflect the
degree of inflammatory response in vivo [3–6], we first evaluate the in
vivo effect of B06 on serum levels of TNF-α and nitrite in diabetic rats.
As shown in Fig. 8A and B, there were significant increases in serum
TNF-α and nitrite in diabetic rats but not in diabetic rats with B06 at 6
weeks after diabetes onset.

In addition, the B06 prevention of renal inflammation induced by
diabetes was also confirmed by determining interstitial macrophage
infiltration using immunohistochemical staining for CD68 in the
diabetic kidneys. Kidneys from control rats did not show significant
macrophage infiltration (Fig. 8C). On the other hand, diabetic rats
demonstrated prominent macrophage (CD68-positive green cells)
infiltration in the glomerulus (Fig. 8D, F), while diabetic rats treated
with B06 showed marked reduction of macrophage influx by 71%
(Pb.01) (Fig. 8E, F).

Next, the systemic anti-inflammatory effect by B06 was found to
be accompanied by the prevention of diabetes-induced inflammatory
gene expression at the organ levels. Renal and cardiac tissue mRNA
transcriptions of TNF-α, COX-2, TGF-β, and MCP-1 were analyzed in
parallel by RT-qPCR. Fig. 9 illustrates that all these inflammatory
cytokines were significantly increased in the renal and cardiac tissues
of diabetic rats but not diabetic rats with B06 treatment, suggesting
that B06 could attenuate diabetes-induced cytokine expression in rat
kidneys and hearts.

4. Discussion

Current therapeutics for diabetic complications mainly focuses on
intensive control of glucose; however, this strategy provides
imperfect protection against the progression of renal and cardiac
complications associated with diabetes. Although diabetic nephrop-
athy and cardiomyopathy traditionally have been considered to be
nonimmune diseases, extensive evidence now indicates that an
inflammatory mechanism may contribute to the pathogenesis of
these diabetic complications [1–7,24–26]. We have demonstrated the
involvement of inflammatory responses in the renal and cardiac
pathogenic damage caused by diabetes [24–26]. Dalla Vestra et al.
[27] also demonstrated that acute-phase markers of inflammation are
associated with the severity of renal pathological changes in diabetic
patients with nephropathy. Therefore, investigations into anti-
inflammatory strategies may offer a new approach for mitigating
diabetic inflammatory complications [28]. Anti-inflammatory agents
such as Picrorhiza scrophulariiflora [29], retinoic acid [30], aspirin [31],

image of Fig.�5


Fig. 6. B06 administration significantly improved histological abnormalities, fibrosis, and macrophage infiltration in diabetic kidney. Rats and kidney samples were prepared as
described in Methods and materials. (A–C) Renal histopathological analysis was performed using H&E staining (×400). (D–F) Representative figures of PAS staining (×400) for
glycogen (purple) on renal tissue (seventh week). (G–I) Representative figures of Sirius red staining (×400) for type IV collagen (red) on renal tissue (seventh week). A representative
animal of six studied in each group is shown. (J) The relative density of glycogen expression per image was counted in three vision fields of 100-μm length across the kidney. Data are
presented as means±SEM (*Pb.05). (K) The relative density of collagen IV expression per image was counted in three vision fields of 100-μm length across the kidney. Data are
presented as means±SEM (*Pb.05).

Fig. 7. B06 administration significantly improved histological abnormalities and fibrosis in diabetic heart. Rats and heart samples were prepared as described inMethods andmaterials.
(A–C) Histopathological analysis was performed using H&E staining (×400). (D–F) Representative figures of PAS staining (×400) for glycogen (purple) on cardiac tissue (seventh
week). (G–I) Representative figures of Sirius red staining (×400) for type IV collagen (red) on cardiac tissue (seventh week). A representative animal of six studied in each group is
shown. (J) The relative density of glycogen expression per image was counted in three vision fields of 100-μm length across the heart. Data are presented as means±SEM (*Pb.05). (K)
The relative density of collagen IV expression per image was counted in three vision fields of 100-μm length across the heart. Data are presented as meas±SEM (*Pb.05).
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Fig. 8. B06 reduced diabetes-induced nitric oxide production and TNF-α level in vivo. Six weeks after B06 administration at 0.2 mg·kg−1·d−1, all rats in three groups were killed under
ether anesthesia, and the heart, both kidneys, and blood samples were harvested. (A) TNF-α level in rat plasma (n=6per group). (B) Nitrite level in rat plasma (n=6 per group). (C–E)
Macrophage infiltration in the kidney was evaluated using anti-CD68 antibodies. Arrows indicate stained interstitial inflammatory cells (×400). A representative animal of six studied
in each group is shown. (K) Quantification results are shown for number of macrophages (CD68-positive cells). (*Pb.05 and **Pb.01 vs. the DM group).
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cannabidiol [32], resveratrol [33], and curcumin [34,35] have been
reported to prevent the development of diabetic nephropathy and
cardiomyopathy in animals, probably through an anti-inflammatory
Fig. 9. Effects of B06 on inflammatory proteins in diabetic kidney (A–D) and diabetic heart (E–H
killed under ether anesthesia, and the heart, both kidneys, and blood samples were harvested.
RT-qPCR. The mRNA expression of inflammatory genes was normalized to β-actin mRNA conte
DM group).
mechanism. Among these anti-inflammatory reagents, curcumin
seems more promising in the aspect of antidiabetic inflammation
due to the following facts.
). Six weeks after B06 administration at 0.2 mg·kg−1·d−1, all rats in three groups were
The mRNA expression of TNF-α, iNOS, COX-2, TGF-β, and MCP-1 were estimated by the
nt. Bar graph shows mean±SEM from six rats in each group (*Pb.05 and **Pb.01 vs. the

image of Fig.�8
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Curcumin inhibits NF-κB-dependent inflammatory response in
vitro and in vivo [11,36]. Independent groups have found that chronic
oral administration of curcumin (50 or 150 mg·kg−1·d−1) signifi-
cantly ameliorated renal dysfunction in diabetic rats [12,34,35]. For
instance, Chiu et al. [11] reported that curcumin at a dosage of
150mg·kg−1·d−1 preventeddiabetes-associated abnormalities in rat
kidneys by inhibiting p300 and NF-κB. Tikoo et al. [12] demonstrated
that treatment of diabetic rats with curcumin at 50 mg·kg−1·d−1 for
6 weeks significantly increased blood urea nitrogen and creatinine
and increased albumin, along with a prevention of the variables
that are associated with the development of diabetic nephropathy.

However, due to the poor bioavailability of curcumin in vivo, high
dosages are needed in animal and human studies [14,15]. A recent
study of diabetic mice showed that the administration of curcumin
(5000–7500 ppm in diet, equal to 200–300 mg·kg−1·d−1) failed to
attenuate nephropathy, probably due to its poor bioavailability in vivo
[37]. There were no clinical trials of curcumin in diabetic humans yet,
and only a few clinical investigations indicated limited beneficial
effect due to its instability and poor pharmacokinetic proper-
ties [14,15]. In order to improve the pharmacokinetic parameters of
curcumin, a series of monocarbonyl curcumin analogues have been
designed and synthesized in our previous studies [18]. A preliminary
pharmacokinetic study showed that the structural modification from
curcumin to B06 significantly decreased the degree and speed of
metabolism of curcumin and that B06 possessed much better
pharmacokinetic profiles than did curcumin [18]. B06 also signifi-
cantly inhibited LPS-induced releases of TNF-α and IL-6 in vitrowith a
1.8-fold and 2.1-fold increases over the inhibitory ability of
nonmodified curcumin, respectively [19]. In addition, B06 exhibited
significantly anti-inflammatory properties in HG-activated macro-
phages (Fig. 2). In keeping with such studies, we designed an in vivo
dosage about 250-fold lower than that of curcumin.

In the present study, we first provide the evidence to show the
potent in vivo anti-inflammatory and protective effects of B06 at an
extremely low dosage (0.2 mg·kg−1·d−1) in a STZ-induced diabetic
rat model. Compared with the nontreated diabetic group, treatment
with B06 did not affect blood glucose level or bodyweight (Fig. 5A, B).
However, B06 treatment significantly down-regulated the renal and
cardiac pathological changes compared to nontreated diabetes
(Figs. 6 and 7). These pathogenic damage to the kidney and heart is
associated with systemic and organ's anti-inflammatory effect. As the
major immune cells, macrophage accumulation contributes to the
development of renal injury and sclerosis [38]. Also, we observed that
the systemic administration of B06 in diabetic rats decreases the
glomerular infiltration of macrophages (Fig. 8C–E). The H&E staining
results shown in Fig. 6A–C further supported that B06 treatment
reduced renal and cardiac infiltration of leukocytes, including
macrophages. Our data also demonstrated that B06 inhibited the
expression of MCP-1 and TNF-α in diabetic kidneys and hearts
(Fig. 9), suggesting the possible mechanism for the suppression of
macrophage infiltration. Together, our in vivo data clearly show that
B06 attenuates inflammatory factors and decreases macrophage
accumulation in diabetic rats.

The protective action of B06 against HG- or diabetes-induced
inflammation attributes to its multiorgan protective action in diabetic
rats. In vitro, our results demonstrated that the HG-stimulated
increase of cytokine mRNA transcriptions was not elicited by
mannitol-induced high-osmotic condition, indicating that HG induces
inflammation via a classic transcriptional or posttranscriptional
mechanism. In the present study, we demonstrated the inhibitory
effects of B06 on mRNA and protein expressions of inflammatory
cytokines induced by HG in MPMs (Figs. 2 and 3), which was also
supported by the in vivo model that B06 pretreatment significantly
prevented the renal and cardiac inflammation and inflammatory gene
expressions (Figs. 8 and 9).
Among the intracellular signaling systems involved in the
regulation of inflammatory and immune responses, JNK/NF-κB is of
special interest. Curcumin has been identified as an inhibitor for JNK/
NF-κB-dependent inflammation in vitro and in vivo [9], and it also
reduces HG-induced inflammatory gene expression by modulating
the NF-κB pathway [5]. The phosphorylation and dissociation of IκB
from the inactive cytosolic complex lead to the translocation of the
active subunit NF-κB p65 from the cytosolic to nuclear fractions,
which binds to the DNA sites and triggers gene expressions [21,22].
JNK has been demonstrated as an upstream regulator of NF-κB signal
[22]. In macrophages, HG causes a significant JNK phosphorylation
that activates the NF-κB signal [39]. Our results, shown in Fig. 4,
suggest that B06 inactivates JNK/NF-κB signaling by inhibiting JNK
phosphorylation, IκB phosphorylation and degradation, and p65
translocation, indicating that the anti-inflammatory actions of B06
are associatedwith transcriptional suppression on the NF-κB pathway
via suppressing JNK pathway. However, it is unclear whether the
inflammatory inhibition of B06 is JNK/NF-κB dependent. In addition,
although many curcumin beneficial effects have been found to be due
to its inhibition of JNK/NF-κB and the subsequent inhibition of
proinflammatory pathways, its molecular target for direct binding is
still unknown. Therefore, although this work only focuses on the JNK/
NF-κB-mediated inflammation, further studies are necessary to
establish such notion as examination of the underlying molecular
mechanisms and direct molecular targets of B06.

The findings reported here support the possibility that the novel
curcumin analogue, B06, inhibits the proinflammatory mediators at
the transcriptional level and subsequently attenuates the inflamma-
tory process and pathological dysfunction in diabetic kidneys and
hearts. Compared to curcumin, B06 has both pharmacological and
pharmaceutical advantages. It exerts a beneficial effect on diabetic
inflammation and multiorgan damage at an extremely low dosage of
0.2 mg·kg−1·d−1. In a preliminary safety assay in our laboratory, all
ICR mice survived in a 14-day observation after being treated with
B06 at 1000 mg/kg (data not shown). These results strongly suggest
that the novel compound, B06, is a potential agent for the treatment of
diabetic complications via an anti-inflammatory mechanism. This
study also supports the potential application in diabetic complication
therapy via anti-inflammatory strategy.
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