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Basic nutritional investigation

Curcumin prevents diabetes-associated abnormalities in the kidneys by
inhibiting p300 and nuclear factor-�B
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bstract Objective: Diabetic nephropathy is a debilitating disease that leads to end-stage renal failure in the
Western world. Hyperglycemia is the initiating factor in several chronic diabetic complications
which mediates increased oxidative stress and eventually the increased production of vasoactive
factors and extracellular matrix proteins. We hypothesized that curcumin, a potent antioxidant,
might be beneficial in preventing the development of diabetic nephropathy because this compound
has been shown to inhibit p300, a histone acetyltransferase that plays a role in regulating gene
expression through its interaction with the transcription factor nuclear factor-�B.
Methods: To test this hypothesis, male Sprague-Dawley rats were injected with streptozotocin
to induce diabetes. These animals were subsequently treated with curcumin for a period of 1 mo.
Results: Real-time reverse transcriptase polymerase chain reaction analyses showed that diabetes-
induced upregulation of vasoactive factors (endothelial nitric oxide synthase and enothelin-1),
transforming growth factor-�1 and extracellular matrix proteins (fibronectin and extradomain-B–
containing fibronectin) in the kidneys. These changes were associated with increased oxidative
stress, mesangial expansion, and p300 and nuclear factor-�B activity that were prevented with
curcumin treatment.
Conclusion: These beneficial effects of curcumin were mediated through the inhibition of p300 and
nuclear factor-�B. © 2009 Published by Elsevier Inc.
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Diabetic nephropathy is a major cause of morbidity in
iabetic patients. A structural hallmark of this disease is
hickening of the glomerular basement membrane and mes-
ngial matrix expansion. Biochemically, such lesions are
haracterized by increased production of extracellular ma-
rix (ECM) proteins [1]. Hyperglycemia is the key initiating
actor in the development of all chronic diabetic complica-
ions including diabetic nephropathy [2,3]. It has been hy-
othesized that an increase in oxidative stress, as a result of
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hronic hyperglycemia, activates several signaling path-
ays that alter gene expression [4]. We and others previ-
usly demonstrated that high levels of glucose increase
CM proteins [5–7] in vitro and in vivo. Furthermore, we

eported endothelin-1 (ET-1)–mediated expression of ECM
roteins, fibronectin (FN), and extradomain-B–containing
N (EDB� FN) in all organs affected in chronic diabetes
5,6,8]. EDB� FN is a splice variant of FN that is absent in
ature adult tissue and is upregulated in all target organs of

iabetes, including the kidneys [8]. We also found increased
erum levels of EDB� FN in patients with diabetic nephrop-
thy [8]. Using cultured endothelial cells, we showed that
DB� FN may provide outside-in signaling leading to cell
amage in diabetes [9]. Previous studies have indicated that
CM protein expression is dependent on transforming
rowth factor (TGF)-�1 [10] and that significant cross-talk
ccurs between TGF-� and transcription factor nuclear

actor-�B (NF-�B) in the kidneys [11,12]. Consistent with this
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otion, we and others demonstrated significantly upregulated
xpression of TGF-�1 in the kidneys in diabetes [8,10,13].
e further showed that transcriptional coactivator p300,

nown to interact with NF-�B to regulate gene expression
13,14], may be involved in mediating FN expression [15].

Curcumin, a powerful antioxidant, is a component of
urmeric found in the Curcuma longa plant and has been
sed for centuries in treating inflammatory ailments and
onditions [16]. Its anti-inflammatory properties have been
ttributed to the main components of turmeric, the curcumi-
oids including curcumin [17]. Curcumin is a potent scav-
nger of reactive oxygen and nitrogen species such as hy-
roxyl radicals and nitrogen dioxide radicals [18,19]. We
ecently reported that curcumin is effective in preventing
lucose-induced oxidative stress in the endothelial cells and
n the heart of diabetic animals [20]. It has also been shown
hat short-term treatment of diabetic rats with curcumin
revents diabetes-induced decreased antioxidant enzyme
evels and kidney dysfunction [21]. p300 is known to asso-
iate with the p65 subunit of NF-�B to regulate gene ex-
ression [14]. These changes may be mediated by the inhi-
ition of histone acetyltransferase p300 [22]. In this study,
e investigated whether curcumin prevents the develop-
ent of structural lesions characteristic of diabetic nephrop-

thy. To gain further insight into the effects of curcumin, we
xamined the possible mechanism of action and relevant
CM protein molecules such as FN and EDB� FN and
asoactive factors, endothelial nitric oxide synthase (eNOS)
nd ET-1, and TGF-�1. We further expanded the study to
nvestigate whether the action of curcumin is mediated
hrough p300 and NF-�B.

aterials and methods

nimal studies

Male Sprague-Dawley rats weighing 200–250g were ob-
ained from Charles River (Montreal, QC, Canada) and
andomly divided into three groups: control (CO), diabetic
DM), or diabetic treated with curcumin (DM-CUR). Dia-
etes was induced by a single intravenous injection of
treptozotocin (65 mg/kg in citrate buffer, pH 5.6) [23,24].
O animals were injected with the same volume of citrate
uffer. Curcumin, reconstituted in dimethylsulfoxide and
iluted in ethanol, was administered (150 mg · kg�1 ·
�1, Sigma-Aldrich, Oakville, ON, Canada) intraperitone-
lly [20,25,26]. The diabetic animals were implanted with
nsulin implants that released small doses of insulin to
revent ketonuria (2 U/d, Linshin Canada Inc., Toronto,
N, Canada). The animals were monitored through the

egular assessment of body weight and blood glucose con-
entrations. After 4 wk of treatment, the animals were
acrificed and the kidney tissues were snap-frozen for gene
xpression analysis or placed in 10% formalin for paraffin

mbedding. All animals were cared for according to the

C

uiding Principle in the Care and Use of Animals. All
xperiments were approved by the University of Western
ntario council on animal care committee.

NA extraction and real-time reverse transcriptase
olymerase chain reaction analysis

RNA was isolated from rat kidney tissues as previously
escribed [5,27,28]. Complementary DNA was subse-
uently synthesized from the total RNA. The mRNA levels
f FN, EDB� FN, eNOS, ET-1, TGF-�1, heme oxygen-
se-1 (HO-1), and p300 were quantified using LightCycler
Roche Diagnostics Canada, Laval, QC, Canada). The re-
ction mixture (total volume 20 �L) consisted of the fol-
owing reagents: 10 �L of SYBR Green Taq Ready Mix
Sigma-Aldrich), 1.6 �L of 25 mmol/L of MgCl2, 1 �L of
ach forward and reverse 10-�mol/L primers, 5.4 �L of

2O, and 1 �L of cDNA template. The data were normal-
zed to housekeeping gene �-actin to account for reverse
ranscription efficiencies. The data were expressed relative
o CO. The primer sequences have previously been pub-
ished [15,29,30].

mmunohistochemistry

Formalin-fixed tissues embedded in paraffin were sec-
ioned at 5 �m thickness on positively charged slides. The

ig. 1. Diabetic animals showed (a) decreased body weight gain and (b)
ncreased blood glucose levels compared with the CO group at the time of
acrifice. Curcumin treatment had no effects on these parameters (*P �
.05 versus CO, n � 5/group). CO, control rats; DM, diabetic rats; DM-

UR, diabetic rats treated with curcumin.
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ections were stained with hematoxylin and eosin and pe-
iodic acid-Schiff.

The kidney tissues were also analyzed for 8-hydroxy-2=-
eoxyguanosine (8-OHdG; Chemicon International Inc.,
ercules, CA, USA), a sensitive marker for oxidative DNA
amage [31], nitrotyrosine (NT; Cayman Chemical, Ann
rbor, MI, USA), a marker for oxidative protein damage

32], and p300 (Santa Cruz Biotechnology, Santa Cruz, CA,
SA). The slides were stained using a Vectastain Elite Kit

or 8-OHdG and EnVision kits for NT. The chromogen 3,3=
iamino benzine (Sigma-Aldrich) was used for detection.
on-immune horse serum was used as a negative control.
en random fields were examined by two investigators
naware of the experimental treatment. 8-OHdG and p300
mmunoreactivities were assessed by the presence of posi-
ively stained nuclei in the glomeruli, and NT was evaluated
y comparing the relative staining intensity in the cyto-
lasm.

Nuclear factor-�B was investigated by using a monoclo-
al NF-�B p65 antibody (1:200, Santa Cruz Biotechnol-
gy). An AlexaFluor 488-labelled goat anti-mouse second-
ry antibody (Invitrogen Canada Inc., Burlington, ON,
anada) was used for detection using a fluorescent micro-

ig. 2. Real-time reverse transcriptase polymerase chain reaction analyses
nd EDB� FN (b) showing that diabetes-induced upregulation of these tra
AS stain verified the molecular findings indicating that diabetes-induced
.05 versus DM, magnification 60� for all micrographs, n � 5/group). CO
DB� FN, extradomain-B–containing fibronectin; eNOS, endothelial nitric

GF-b1, transforming growth factor-�1.
cope (Olympus BX51, Olympus Canada Inc., Markham,
N, Canada) and Northern Eclipse software (Empix Inc.,
uffalo Grove, IL, USA). The slides were counterstained
ith Hoechst 33342 dye (1 �g/mL, Invitrogen Canada Inc.).

tatistical analysis

The data are expressed as mean � standard error of the
ean. Statistical significance was determined by analysis of

ariance followed by the Bonferroni-Dunn test. Differences
ere considered to be statistically significant at values of
� 0.05.

esults

nduction of diabetes and clinical monitoring

Diabetic dysmetabolism in the animals was assessed
hrough the monitoring of body weight gain and blood
lucose levels. The diabetic animals showed a significantly
ecreased body weight gain (CO 510 � 20g, DM 435 �
5g, P � 0.047) and increased blood glucose levels (CO 4.2 �

soactive factors eNOS and ET-1 (a) and extracellular matrix proteins FN
ts are prevented with curcumin treatment. (c) Histologic analysis utilizing
gial expansion is prevented with curcumin (*P � 0.05 versus CO, †P �

rol rats; DM, diabetic rats; DM-CUR, diabetic rats treated with curcumin;
synthase; ET-1, endothelin-1; FN, fibronectin; PAS, periodic acid-Schiff;
of va
nscrip
mesan
, cont
oxide
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.2 mmol/1, DM 22.1 � 2.5 mmol/1, P � 0.0001) when
ompared with the non-diabetic CO animals (Fig. 1). Treat-
ent with curcumin did not affect these parameters (DM-
UR 413 � 2g, P � 0.001 versus CO for body weight, and
M-CUR 19.8 � 1.4 mmol/1, P � 0.0001 versus CO for
lood glucose levels; Fig. 1).

iabetes-induced abnormalities in the kidneys are
revented by curcumin

The kidney tissues from the diabetic animals showed
ncreased mRNA expression of vasoactive factors eNOS
CO 1 � 0.086, DM 1.920 � 0.313, P � 0.022) and ET-1
CO 1 � 0.125, DM 2.027 � 0.094, P � 0.0001) and for

ig. 3. (a) Real-time reverse transcriptase polymerase chain reaction
iabetes-induced increased mRNA is prevented with curcumin. (b) 8-O
nd the effects of curcumin (*P � 0.05 versus CO, †P � 0.05 versus D
� 5/group). 8-OHdG, 8-hydroxy-2=-deoxyguanosine; CO, control ra
eme oxygenase-1; NT, nitrotyrosine.
GF-�1 (CO 1 � 0.022, DM 1.446 � 0.0125, P �
.00001) when compared with the non-diabetic CO group
Fig. 2a). Curcumin treatment completely prevented eNOS
DM-CUR 0.979 � 0.058, P � 0.022 versus DM) and
GF-�1 (DM-CUR 0.820 � 0.067, P � 0.002 versus DM)
pregulation and significantly decreased ET-1 (DM-CUR
.575 � 0.129, P � 0.008 versus CO and P � 0.022 versus
M). Similar results were obtained when we analyzed ECM
roteins FN (CO 1 � 0.125, DM 2.651 � 0.308, P � 0.020)
nd its splice variant EDB� FN (CO 1 � 0.080, DM
.674 � 2.246, P � 0.019). As with the vasoactive factors
nd TGF-�1, this diabetes-induced effect was prevented
ith curcumin treatment in FN (DM-CUR 0.897 � 0.026,
� 0.029 versus DM) and EDB� FN (DM-CUR 2.466 �

ysis of HO-1, a molecular marker of oxidative stress, showed that
nd NT showing diabetes-induced increased positivity in the glomeruli
agnification 60� for all micrographs, arrows indicate positive nuclei,
, diabetic rats; DM-CUR, diabetic rats treated with curcumin; HO-1,
anal
HdG a
M, m

ts; DM
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.120, P � 0.00008 versus CO and P � 0.040 versus DM;
ig. 2b). To determine whether these molecular alter-
tions yielded structural changes at the level of the organ,
istologic analysis of the mesangium in the kidneys
hrough periodic acid-Schiff stain was undertaken. These
tains revealed mesangial expansion in the diabetic rat
idneys that was not evident in the CO or DM-CUR rats
Fig. 2c).

urcumin decreases diabetes-induced oxidative stress
n the kidneys

We investigated oxidative stress using several methods
ecause glucose-induced oxidative stress has been postu-
ated to be a key mechanism in chronic diabetic complica-
ions. Diabetic animals exhibited increased HO-1 transcript
evels (CO 1 � 0.115, DM 1.788 � 0.064, P � 0.0009), a

olecular marker of oxidative stress (Fig. 3a). One month

ig. 4. p300 mRNA and protein expression as assessed through real-tim
nalyses, respectively, revealed that diabetes-induced increases in p300 mR
ersus DM, magnification 60� for all micrographs, arrows indicate positiv

ats treated with curcumin.
f curcumin treatment reduced HO-1 upregulation (DM-
UR 1.319 � 0.0394, P � 0.0492 versus CO and P �
.005 versus DM; Fig. 3a). Furthermore, immunohisto-
hemical examination of the kidney tissues showed in-
reased nuclear staining for 8-OHdG (Fig. 3b, upper panel)
nd cytoplasmic staining for NT (Fig. 3b, lower panel),
espectively, in the glomeruli of the diabetic animals. In
omplete accordance with the molecular changes and peri-
dic acid-Schiff staining, curcumin reduced 8-OHdG and
T-positive cells (Fig. 3b).

urcumin may exert its effect through transcriptional
oactivator p300 and transcriptional factor NF-�B in
idneys of diabetic rats

We previously reported that diabetes-associated ECM
rotein expression is mediated through p300 induction in
he heart [15]. Therefore, we tested whether the beneficial

erse transcriptase polymerase chain reaction and immunohistochemical
nd protein are prevented with curcumin (*P � 0.05 versus CO, †P � 0.05
lei, n � 5/group). CO, control rats; DM, diabetic rats; DM-CUR, diabetic
e rev
NA a
e nuc
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ffects of curcumin are mediated by p300 inhibition. Anal-
sis of transcriptional coactivator p300 mRNA expression
n the diabetic animals exhibited increased levels compared
ith the non-diabetic controls (CO 1 � 0.111, DM 2.549 �
.077, P � 0.00001; Fig. 4a). This diabetes-induced up-
egulation of p300 was also prevented in the curcumin-
reated animals (DM-CUR 1.360 � 0.155, P � 0.00004
ersus DM; Fig. 4a). Immunohistochemical analysis
howed increased p300 nuclear positivity in the glomeruli
f diabetic rats that were not seen in the diabetic rats treated
ith curcumin (Fig. 4b).
We used immunofluorescence to determine NF-�B p65

ranslocation because a limited amount of tissues was avail-
ble for multiple studies. Staining for NF-�B p65 revealed
ncreased nuclear protein in the glomeruli of diabetic ani-

ig. 5. Immunofluorescent micrographs depicting increased NF�B prot
ith the controls that were not seen in the diabetic animals treated
icrographs, n � 3/group). CO, control rats; DAPI, 4,6-diamidino-2-ph

F�B, nuclear factor-�B.
als (Fig. 5). This was not seen in the curcumin-treated
nimals because their staining was similar to that of the
on-diabetic controls (Fig. 5).

iscussion

The diabetic animals displayed diabetic dysmetabolism
nd renal lesions consistent with diabetic nephropathy such
s mesangial matrix expansion. Vasoactive factors eNOS
nd ET-1 were upregulated in diabetes in association with
GF-�1 and increased ECM proteins in the kidneys. These
lterations, which are characteristic in the kidneys in diabe-
es, were prevented with curcumin. Furthermore, we dem-
nstrated diabetes-induced oxidative damage to the kidneys

d nuclear translocation in the glomeruli of the diabetic rats compared
urcumin (arrows indicate positive nuclei, magnification 60� for all
doe; DM, diabetic rats; DM-CUR, diabetic rats treated with curcumin;
ein an
with c
enylin
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s evidenced by increased HO-1, NT, and 8-OHdG levels in
he glomeruli, suggesting that oxidative stress may play a
ey role in diabetic nephropathy. And at the transcription
actor level, p300 and NF-�B was increased in diabetes. All
uch abnormalities were attenuated by curcumin treatment.

Curcumin has been shown to prevent oxidative stress
n several cell types including endothelial cells and in
everal malignant cell types [33–35]. This compound is a
otent antioxidant that has been reported to scavenge
xidative and nitrosative radicals [18,19,36,37]. The re-
ults from this study corroborate previous findings be-
ause we have now found that curcumin prevented
iabetes-induced HO-1 upregulation and 8-OHdG and
T formation in the kidneys, with 8-OHdG being a
arker for oxidative DNA damage and NT being a
arker for nitrosative protein damage [31,32]. We also

reviously reported that curcumin prevents diabetes-
nduced oxidative stress in the heart [20]. Oxidative
tress has been demonstrated to be a key factor in the
evelopment of diabetic complications, including dia-
etic nephropathy [38 – 40]. It is of interest to note that in
ur study curcumin treatment did not significantly affect
he blood glucose level or body weight gain of the dia-
etic rats. It has previously been reported that curcumin
ay have antihyperglycemic properties [21,41,42]. How-

ver, numerous studies have also shown that curcumin
oes not significantly alter blood glucose levels [43– 45].
urther studies are necessary to determine whether this
iscrepancy is due to experimental conditions.

Diabetic nephropathy is characterized structurally by
lomerular basement membrane thickening and mesan-
ial expansion due to the accumulation of ECM proteins
ncluding FN. Previous studies have found that TGF-�1

ediates FN synthesis in mesangial cells under high
lucose conditions [46]. Furthermore, our laboratory has
hown that vasoactive factors such as ET-1 may act as an
pstream mediator of FN expression in diabetes by tran-
cription factor NF-�B [5,6]. It has been demonstrated
hat curcumin exerts one of its beneficial effects through
he inhibition of NF-�B [47–50]. It has also been sug-
ested that curcumin may act by influencing p300 [20].
e previously demonstrated that p300 may be one of the

ey factors influencing glucose-induced FN upregulation
nd activation of transcription factors in the heart and
etina [15]. In keeping with such studies, we have dem-
nstrated that curcumin may also be effective in prevent-
ng renal damage in diabetes. The present study has
hown curcumin to be effective in attenuating p300 tran-
cript and protein levels in the diabetic kidney and prevent-
ng nuclear translocation of NF-�B. Recently, researchers
ave shown that TGF-�1 enhanced the acetylation of the
65 subunit of NF-�B by p300 in HeLa cells [51]. Taken
ogether, these findings suggest that p300 and NF-�B may
e important in mediating the development and progression
f diabetic nephropathy, possibly through the upregulation

f vasoactive factors and ECM proteins. Furthermore, in-
reased expression of TGF-�1 in diabetes may further ex-
cerbate this pathologic process through p300 and NF-
B. Thus, curcumin may act on gene expression through its

nteraction with p300 and NF-�B to attenuate the upregu-
ation of ECM proteins. A schematic representation of the
ossible pathway is illustrated in Figure 6. In keeping with
revious studies, the findings from this study exemplified
he beneficial effects of curcumin treatment on diabetes-in-
uced renal lesions [52].

onclusions

This study shows, for the first time, that a specific mech-
nism involving transcriptional coactivator p300 and
F-�B may mediate diabetes-induced increased expression
f ECM proteins in the kidneys. These data, in conjunction
ith studies from other investigators, suggest that curcumin
ay be beneficial in patients with chronic diabetic compli-

ations.
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