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Abstract

This study examined the hypothesis that curcumin supplementation decreases blood levels of IL-6, MCP-1,
TNF-�, hyperglycemia, and oxidative stress by using a cell-culture model and a diabetic rat model. U937 mono-
cytes were cultured with control (7 mM) and high glucose (35 mM) in the absence or presence of curcumin
(0.01–1 �M) at 37°C for 24 h. Diabetes was induced in Sprague–Dawley rats by injection of streptozotocin (STZ)
(i.p., 65 mg/kg BW). Control buffer, olive oil, or curcumin (100 mg/kg BW) supplementation was administered
by gavage daily for 7 weeks. Blood was collected by heart puncture with light anesthesia. Results show that
the effect of high glucose on lipid peroxidation, IL-6, IL-8, MCP-1, and TNF-� secretion was inhibited by cur-
cumin in cultured monocytes. In the rat model, diabetes caused a significant increase in blood levels of IL-6,
MCP-1, TNF-�, glucose, HbA1, and oxidative stress, which was significantly decreased in curcumin-supple-
mented rats. Thus, curcumin can decrease markers of vascular inflammation and oxidative stress levels in both
a cell-culture model and in the blood of diabetic rats. This suggests that curcumin supplementation can reduce
glycemia and the risk of vascular inflammation in diabetes. Antioxid. Redox Signal. 11, 241–249.
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Introduction

VASCULAR INFLAMMATION AND CARDIOVASCULAR DISEASE

(CVD) are the leading causes of morbidity and mortal-
ity in the diabetic population and remain major public-health
issues (59). TNF-�, IL-6, IL-8, and MCP-1 are proinflamma-
tory cytokines and widely recognized markers of vascular
inflammation (55, 59). The levels of these cytokines are ele-
vated in the blood of many diabetic patients (20, 40, 44). An
increase in circulating levels of TNF-�, IL-6, IL-8, and MCP-
1 can lead to increased insulin resistance, vascular inflam-
mation, and the development of vascular disease (17, 59). Re-
view of literature suggests that curcumin may be beneficial
against many diseases, including diabetes (18, 56).

The molecular mechanisms by which curcumin supple-
mentation may inhibit or delay diabetes-associated vascular
inflammation and other complications are not known. Ele-
vated blood levels of proinflammatory cytokines and in-

creased glycosylation of proteins, enzymes, and insulin can
reduce insulin sensitivity and are risk factors in the devel-
opment of cataracts and vascular disease in diabetes (29, 55,
59). However, no previous study has examined the effect of
curcumin supplementation on the levels of TNF-�, IL-6, or
MCP-1 in diabetic patients or in animal models of diabetes.
This study examined the hypothesis that curcumin supple-
mentation decreases levels of TNF-�, IL-6, MCP-1, and hy-
perglycemia in diabetes. To examine this hypothesis, we
studied the effect of curcumin and placebo supplementation
on blood levels of TNF-�, IL-6, MCP-1, glucose, glycosylated
hemoglobin, and oxidative stress in streptozotocin-treated
diabetic rats and in a cell-culture model by using monocytes
exposed to high glucose levels. We also examined the effects
of curcumin and placebo on liver-function markers and red-
cell indices in the blood of diabetic rats.

The results of this study demonstrate that curcumin sup-
plementation decreases a diabetes-associated increase in
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proinflammatory cytokines, glycosylated hemoglobin, and
oxidative stress in diabetic rats, and inhibits secretion of
these cytokines and oxidative stress in cultured monocytes
exposed to high levels of glucose.

Materials and Methods

Human pro-monocytic cell line

The U937 monocyte cell line was obtained from American
Type Culture Collection (ATCC, Manassas, VA). These cells
were maintained at 37°C in RPMI 1640 medium containing
7 mM glucose, 10% (vol/vol) heat-inactivated fetal bovine
serum, 100 U/ml penicillin, 100 �g/ml streptomycin, 12 mM
sodium carbonate, 12 mM HEPES, and 2 mM glutamine in
a humidified atmosphere containing 5% (vol/vol) CO2. For
treatments, cells were washed once in plain RPMI 1640 be-
fore being suspended in fresh medium (complete) contain-
ing serum and other supplements (20).

Treatment with high glucose (HG) and curcumin

U937 (500,000 cells/ml) were treated with normal glucose
(7 mM) and HG (35 mM) without and with curcumin (23).
Curcumin was dissolved in alcohol, and a similar volume of
alcohol was added to controls. Mannitol (35 mM) was used
as an osmolarity control. For cytokine-secretion studies, cells
were treated with lipopolysaccharide (LPS, 2 �g/ml) at 37°C
for 24 h. LPS is used to stimulate the secretion of cytokines
by HG in cell-culture studies. The literature contains many
examples of a monocyte cell model and LPS being used (19)
to understand the mechanisms of hyperglycemia-induced
secretion and the expression of proinflammatory cytokine
signaling pathways. In this study, cells were exposed to a
high glucose concentration of 35 mM. Many previous stud-
ies have reported that glucose concentrations as high as 50
mM have been found in the blood of patients with uncon-
trolled diabetes (9, 34, 36). It is true that blood glucose lev-
els in patients are not likely to stay as high as 35 mM for 24
h. However, tissue damage in diabetic patients occurs over
many years of countless hyperglycemic and/or ketotic
episodes. Thus, the glucose concentration of 35 mM used in
this cell-culture study and by other investigators (42) does
not seem unreasonable. Previous studies in the literature (3,
13) reported blood concentrations of curcumin as high as 1.75
�M in humans given 4–8 g of oral curcumin supplementa-
tion, which suggests that the concentrations of curcumin
used in the cell-culture studies are reasonable.

Animal studies

All of the procedures were carried out in accordance 
with the ethical standards of the institution after approval
by the institutional Animal Welfare Committee. Male
Sprague–Dawley rats were purchased at 49–52 days of age
(200–220 g) from Harlan (Indianapolis, IN) and allowed 2
days for environmental and trainer-handling acclimation.
The rats were weighed and then fasted overnight before in-
traperitoneal injection of 65 mg/kg streptozotocin in citrate
buffer (pH, 4.5). Control rats were injected with citrate buffer
alone to serve as a normal control group (group 1). The rats
were tested for hyperglycemia by measuring their blood glu-
cose concentration at 3 and 7 days after the streptozotocin
injections. Blood for the blood glucose was obtained via tail

incision and measured by using an Advantage Accu-chek
glucometer (Boehringer Mannheim Corp., Indianapolis, IN).
The rats that became hyperglycemic (blood glucose, �300
mg/dl) were randomly divided into three groups (n � 6):
group 2, diabetic controls; group 3, olive oil, 100 �L/100 g
body weight; group 4, 100 mg curcumin/kg body weight.
Curcumin was dissolved in olive oil. Each rat was supple-
mented with the appropriate dose of olive oil or curcumin
daily for 7 weeks by oral gavage by using 20-gauge feeding
needles (Popper and Sons, New Hyde Park, NY). The dia-
betic controls were supplemented with a buffer. Body weight
and blood glucose concentrations were monitored weekly to
determine the volume of curcumin or olive oil dosage sup-
plementation. The rats were maintained under standard
housing conditions at 22 � 2°C with 12:12-h light/dark cy-
cles with a standard 8640 lab chow diet (Harlan, Indianapo-
lis, IN). At the end of 7 weeks, the rats were fasted overnight
and then killed for analysis by exposure to halothane (2-
bromo-2-chloro-1,1,1-trifluoroethane). At the time of death,
eight rats were in the control; four, in the diabetic; four, in
the olive oil; and four, in the curcumin group. Blood was col-
lected via heart puncture with a 19.5-gauge needle into EDTA
vacutainer tubes. EDTA-blood was centrifuged; the clear
plasma and erythrocytes were saved, and buffy-coat layers
were discarded. The cells were washed with cold 0.15 M so-
dium chloride solution 3 times after a 1:10 dilution.

Liver-function tests, blood cell count, and 
blood chemistry profile

A portion of blood from rats in each group was sent to the
clinical laboratory of LSUHSC-Shreveport (located in the
same building) for clinical tests to determine liver function
and red blood cell counts.

TNF-�, IL-6, IL-8, MCP-1, insulin and cell viability assay.
The cytokine levels were determined by the sandwich ELISA
method with a commercially available kit from Fisher
Thermo Scientific Co. (Rockford, Ill). These kits are appar-
ently produced by the Endogen-Pierce company and dis-
tributed by Fisher Thermo Scientific Co. All appropriate con-
trols and standards, as specified by the manufacturer’s kit,
were used. In the cytokine assay, controls (when referred to
in the figures) are cells treated with LPS alone. Cells with-
out LPS were also run in each experiment. The measured
values of cells without LPS were considered a blank, and this
value was subtracted from those of the other treatments. We
did not assay levels of IL-8 in blood of diabetic rats because
a rat-specific kit for IL-8 is not commercially available.
Plasma insulin was determined by using a kit and reagents
from ALPCO Diagnostics (Salem, NH). Cell viability was de-
termined by using the Alamar Blue reduction bioassay (Ala-
mar Biosciences, Sacramento, CA). This method is based on
Alamar Blue dye reduction by live cells (20).

Lipid peroxidation and protein oxidation assay. Lipid per-
oxidation was assessed by measuring the thiobarbituric acid
(TBA) reactivity of malondialdehyde (MDA), an end prod-
uct of fatty acid peroxidation (16, 25). For this purpose, 
either 0.2 ml cells or plasma was suspended in 0.8 ml phos-
phate-buffered saline and 0.025 ml butylated hydroxy-
toluene (88 mg/10 ml absolute alcohol). Thirty percent
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trichloroacetic acid (0.5 ml) was then added. The tubes were
vortexed and allowed to stand on ice for at least 2 h, and
then centrifuged at 2,000 rpm for 15 min. For each sample,
1 ml supernatant was transferred to a new tube. To each of
these was added 0.25 ml 1% TBA in 0.05N NaOH. The tubes
were then mixed and kept in a boiling-water bath for 15 min.
The concentration of the MDA–TBA complex was assessed
as described earlier (16, 25). Protein oxidation was deter-
mined by measuring protein carbonyl as described by Yan
et al. (61).

Measurement of glycosylated hemoglobin (HbA1) and glu-
cose. The human erythrocyte is freely permeable to glucose,
and within each erythrocyte, glycosylated hemoglobin is
formed continuously from hemoglobin A at a rate depen-
dent on the ambient glucose concentration. Glycosylated he-
moglobin was determined by using Glyco-Tek Affinity col-
umn kits and reagents (cat no. 5351) purchased from Helena
Laboratories (Beaumont, Texas). Glucose levels were deter-
mined by using glucose oxidase by Advantage Accu-check
glucometer (Boehringer Mannheim Corporation, Indianapo-
lis, IN).

All chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO) unless otherwise mentioned. Data from both
cell-culture studies and rats were analyzed statistically by
using one-way ANOVA between different groups with

Sigma Stat statistical software (Jandel Scientific, San Rafael,
CA). When data passed a normality test, all groups were
compared by using the Student–Newman–Keuls method.
Kruskal–Wallis One ANOVA on Ranks (Dunn’s method)
was used for pairwise multiple comparisons when data
failed a normality test. A p value of �0.05 was considered
significant.
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FIG. 1. Effect of curcumin on high glucose–induced secretion of TNF-�� (A), IL-6 (B), IL-8 (C), and MCP-1 (D) in U937
monocytes. Values are expressed as mean � SEM of four experiments. Differences between *vs#, *vs**, **vs## are signifi-
cant (p � 0.05).

FIG. 2. Effect of curcumin on high glucose–induced lipid
peroxidation in U937 monocytes. Values are expressed as
mean � SEM of four experiments. Differences between *vs**
and **vs## are significant (p � 0.05).



Results

The effect of curcumin on HG-induced secretion of TNF-
� is shown in Fig. 1A. High concentrations of glucose caused
an increase in TNF-�. This increase in TNF-� was inhibited
by supplementation with curcumin. The inhibitory effect of
curcumin on TNF-� secretion was greater with increasing
concentrations of curcumin, both in cells cultured with con-
trols and in those exposed to high glucose concentrations.
Similarly, data in Fig. 1B, C, and D illustrate a curcumin dose-
dependent inhibition of IL-6, IL-8, and MCP-1 secretion in
high glucose–treated monocytes. This shows that the in-
hibitory effect can be seen at curcumin concentrations of 0.01
�M. It is not clear why a difference was found in the extent
of inhibitory effect in basal versus HG-treated cells at the
same curcumin concentration. Severely diabetic patients do
show blood glucose levels as high as 35 mM (9, 34, 36). Fig.
2 show that curcumin supplementation also prevented an in-
crease in the lipid peroxidation caused by high glucose con-
centrations. Mannitol used as a control did not have any ef-
fect on TNF-� secretion or lipid peroxidation in monocytes
(data not shown here).

Figure 3A–C illustrates the effect of diabetes and curcumin
supplementation on TNF-�, IL-6, and MCP-1 levels in the
blood of diabetic rats. Significant increases in levels of TNF-
� (p � 0.01), IL-6 (p � 0.05), and MCP-1 (p � 0.01) were
found in the blood of diabetic rats (D) compared with that
of control-normal rats (C). No difference was apparent in
these cytokine levels between D and olive oil–control dia-
betic rats (D�OO). Curcumin supplementation to diabetic
rats significantly reduced (p � 0.02) levels of TNF-�, IL-6,
and MCP-1 in comparison to D�OO rats. This suggests that
curcumin supplementation can reduce circulating levels of
pro-inflammatory cytokines in diabetes.

Figure 4A illustrates the effect of diabetes and curcumin
supplementation on lipid peroxidation levels in the blood of
diabetic rats. A significant increase was noted in levels of
lipid peroxidation (p � 0.01) in the blood of diabetic rats (D)
compared with that of control-normal rats (C). No difference
in lipid peroxidation levels was seen between D and olive
oil–control diabetic rats (D�OO). Curcumin supplementa-
tion to diabetic rats reduced levels of lipid peroxidation, but
not significantly in comparison with D�OO rats. Protein-ox-
idation levels (Fig. 4B) in plasma were higher (p � 0.05) in
the diabetic group compared with those of normal-controls.
No difference in protein oxidation levels was found between
diabetic rats and olive oil–control diabetic rats. Curcumin
supplementation significantly reduced plasma protein oxi-
dation levels in curcumin-supplemented (p � 0.05) diabetic
rats in compared with those of the OO�D group.

Figure 5 demonstrates that circulating insulin levels were
significantly low (p � 0.02) in diabetic rats. Olive oil alone
or curcumin supplementation did not significantly influence
the plasma insulin concentrations in diabetic rats. Insulin lev-
els were similar between olive oil– and curcumin-supple-
mentation D groups.

The effect of curcumin supplementation on blood glucose
and glycated hemoglobin levels is shown in Fig. 6A and B.
A significant increase in both blood glucose (p � 0.01) and
glycated hemoglobin (p � 0.01) occurred in diabetic rats.
Olive oil supplementation alone did not show any effect on
blood fasting glucose or glycosylated hemoglobin. Figure 6A

shows that there was a modest decrease in fasting blood glu-
cose levels in curcumin-supplemented diabetic rats (p �
0.047) in comparison with OO�D rats. Curcumin supple-
mentation also showed a significant effect on lowering gly-
cated hemoglobin levels (p � 0.04) in curcumin-supple-
mented diabetic rats when compared with OO�D rats 
(Fig. 6B).
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FIG. 3. Effect of curcumin supplementation on blood lev-
els of TNF-� (A), IL-6 (B), and MCP-1 (C) in STZ-treated
diabetic rats. Diabetic rats were orally supplemented with
curcumin daily for 7 weeks. Values are expressed as mean �
SEM. Differences between *vs** (p � 0.01) and *** vs# are
significant (p � 0.02). OO, olive oil; Cur, curcumin.



Curcumin supplementation did not show any effect on he-
moglobin levels, hematocrit, or RBC counts in diabetic rats
(data not given here). This rules out any role of altered red
cell survival on lower glycosylated hemoglobin levels in cur-
cumin-supplemented diabetic rats.

We also determined blood levels of alanine aminotrans-
ferase (ALT), alkaline phosphatase (AP), aspartate amino-
transferase (AST), and total and conjugated bilirubin levels
in the blood of control, diabetic, and curcumin-supple-
mented diabetic rats. The data indicate that diabetes per se is
associated with liver damage; however, curcumin supple-
mentation does not seem to cause any additional toxicity, as
assessed by liver-function tests (data not shown here).

Discussion

Curcumin is the substance that gives the spice turmeric,
which is used extensively in Indian cuisine as a component
of curry powder, its yellow color (2). Curcumin is extracted
from the roots of the Curcuma longa plant (turmeric) (2).
Turmeric extract consists of three different curcuminoids:
curcumin, demethoxycurcumin, and bis-demethoxycur-

cumin (2). Curcumin (diferuloylmethane) is the most active
component of turmeric. It is believed that curcumin is a po-
tent antioxidant and antiinflammatory agent (28, 39).

In experimental studies, curcumin has been shown to re-
duce hyperlipidemia (5), delay the development of cataracts
(57), ameliorate renal lesions (4), and reduce the cross-link-
ing of collagen (48) and nephropathy (52, 53) in a streptozo-
tocin-treated diabetic animal model. Curcumin has also been
shown to lower blood glucose levels in type 2 diabetic KK-
Ay mice (41) and streptozotocin-treated rats (34). Curcumin
supplementation promoted wound healing in streptozo-
tocin-treated diabetic rats and genetically diabetic mice (54)
and attenuated the phenylephrin-induced increase in vascu-
lar reactivity in the aortae of streptozotocin-treated diabetic
rats (35).

This study demonstrates that diabetic rats had elevated
blood levels of TNF-�, IL-6, and MCP-1, and oxidative stress
similar to those observed in diabetic patients (19–22, 26, 44).
The effect of diabetes on elevated TNF-�, IL-6, and MCP-1
levels was abolished in diabetic rats supplemented daily
with curcumin but not in those supplemented with placebo.
This is a novel finding. Diabetic rats supplemented with cur-
cumin also had a modest but significantly lower blood gly-
cated hemoglobin level, which suggests an improvement in
blood glucose levels in curcumin-supplemented rats com-
pared with placebo-supplemented diabetic rats. This 
suggests an overall improvement in markers of vascular in-
flammation and glycemia control in curcumin-supple-
mented diabetic rats compared with diabetic rats not sup-
plemented with curcumin.

TNF-� reduces insulin-stimulated receptor tyrosine kinase
activity at low concentrations and can also decrease the ex-
pression of the insulin receptors IRS-1 and Glut-4 at higher
concentrations, as well as increasing the phosphorylation of
serine 307 in IRS-1, thus impairing its ability to bind to the
insulin receptor and initiate downstream signaling (17).
Thus, TNF-� plays an important role in insulin resistance
and the vascular inflammation process through its multiple
actions (17, 59). The role of IL-6 in vascular inflammation has
been shown in studies with IL-6 knockout mice who exhibit
resistance to splanchnic artery occlusion shock. Anti–IL-6
therapy significantly prevents the inflammatory process in
mice (14), and other studies have shown increased levels of
lipid peroxidation and inflammation in mice that overex-
press IL-6 (10). Circulating IL-6, IL-8, and MCP-1 levels are
elevated in insulin-resistant states such as obesity, impaired
glucose tolerance, and type 1 and 2 diabetes (27, 55, 59). Stud-
ies using knockout mice lacking MCP-1 or IL-8 or their cor-
responding receptors show a significantly reduced progres-
sion of atherosclerosis (26). Overexpression of MCP-1 causes
inhibition of AKT and tyrosine phosphorylation in liver and
skeletal muscle, macrophage recruitment, and insulin resis-
tance in aP2-MCP-1 mice (27). IL-8 and MCP-1 play impor-
tant roles in the vascular inflammation process through its
multiple actions, including recruitment of neutrophils and T
lymphocytes into the subendothelial space, monocyte adhe-
sion to endothelium, and migration of vascular smooth mus-
cle cells. Our observation of decreased secretion of TNF-�,
IL-6, IL-8, and MCP-1, as a result of curcumin supplemen-
tation in cultured monocytes, and decreased levels of circu-
lating TNF-�, IL-6, and MCP-1 in the blood of diabetic rats,
is novel.
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FIG. 4. Effect of curcumin supplementation on red cell
lipid peroxidation (A) and plasma protein oxidation levels
(B) of STZ-treated diabetic rats. Diabetic rats were orally
supplemented with curcumin, daily, for 7 weeks. Values are
expressed as mean � SEM. Differences between *vs** (p �
0.01) in red cell lipid peroxidation, and for plasma protein
oxidation between *vs** (p � 0.05) and ***vs# are significant
(p � 0.05). OO, olive oil; Cur, curcumin.



The monocyte infiltration into subendothelial space that
occurs through the combined actions of locally produced
chemotactic cytokines and adhesion molecules expressed on
the injured endothelial surface is critical in the vascular in-
flammation and the development of atherosclerosis. MCP-1
is produced constitutively, or after induction of oxidative
stress or growth factors by a variety of cell types, including
monocytes, smooth muscle cells and endothelial cells (47, 60).
MCP-1 is a potent chemotactic factor for monocytes (47). In-
creased expression of MCP-1 mRNA or proteins has been
observed in animals and humans with arteriosclerosis or ath-
erosclerosis (58, 62). Studies using in vitro monocyte-endo-
thelial adhesion assay and in vivo studies using knockout
mice for CCR2 gene (receptor of MCP-1) and antibodies for
MCP-1 have demonstrated that MCP-1 plays an important
role in the vascular inflammation and atherosclerotic lesion
formation (15, 32, 33). This suggests that the monocyte cell-
culture model used in this study is physiologically relevant
in the understanding of various mechanisms that contribute
to the development of vascular inflammation and athero-
sclerosis.

This study did not observe any significant effect of sup-
plementation with olive oil alone on any of the parameters
studied, such as blood levels of cytokines, lipid peroxidation,
fasting glucose, or glycated hemoglobin levels, in diabetic
rats. Curcumin was mixed in olive oil as a vehicle for its ad-
ministration via gavage to rats, as done in previous studies
(29). However, olive oil itself can also have an antioxidant
effect (45). Therefore, olive oil–supplemented rats were used
as a control for analyses of data obtained with curcumin-
supplemented diabetic rats. No differences were found be-
tween the blood levels of hemoglobin, RBC counts, or hema-
tocrits in diabetic rats receiving placebo or curcumin
supplementation, which suggests that the lower glycated he-
moglobin levels observed in curcumin-supplemented rats is
not due to any change in the life span of RBCs. No changes
in liver-function tests were observed in curcumin-supple-
mented compared with placebo-supplemented diabetic rats,

which suggests that curcumin supplementation does not
cause any toxicity.

Previous studies have also shown that curcumin inhibits
oxygen radical production in PMA-treated lymphocytes (6).
The complete mechanisms by which curcumin inhibits cellu-
lar oxidative stress are not known. It is also not known
whether some or all of the antioxidant effect of curcumin is
due to its chelating property. Curcumin supplementation
caused reduction in blood glucose levels, which in turn can
lower glucose-induced oxidative stress and the levels of proin-
flammatory cytokines (19, 20, 23–26). Oxidative stress can also
influence the expression of multiple genes in monocytes and
other cells, including signaling molecules such as PKC, NF-
�B, and ERK (19, 26, 51); overexpression of these genes stim-
ulates the secretion of proinflammatory cytokines. Curcumin
has been shown to activate defensive genes and protects
against oxidative stress in neurons and brain cells (43, 50).

Our study demonstrates that curcumin supplementation
results in inhibition of oxidative stress and proinflammatory
cytokines in diabetic rats and a cell-culture model. The de-
gree of effect of curcumin is different for different cytokines

JAIN ET AL.246

FIG. 5. Effect of curcumin supplementation on plasma in-
sulin levels. Diabetic rats were orally supplemented with
curcumin daily for 7 weeks. Values are expressed as mean �
SEM. Differences between *vs** are significant (p � 0.02).
OO, olive oil; Cur, curcumin.

FIG. 6. Effect of curcumin supplementation on blood lev-
els of glucose (A) and glycated hemoglobin (B) in STZ-
treated diabetic rats. Diabetic rats were orally supplemented
with curcumin daily for 7 weeks. Values are expressed as
mean � SEM. Differences between *vs** (p � 0.01) and ***
and # (p � 0.047) are significant. Cur, curcumin; OO, olive
oil.



because different cytokines are regulated by a number of
complex signal-transduction pathways. It is difficult to pro-
vide any specific explanation for varying effect of curcumin
on different cytokines. The inhibitory effect of curcumin on
proinflammatory cytokine inhibition may be mediated either
by oxidative stress–dependent or –independent pathways
(27, 31, 49). It is possible that different cytokines are influ-
enced to different degrees by oxidative stress or glycosyla-
tion of proteins caused by high glucose or diabetes, which
may explain why the magnitude of the protective effect of
curcumin was quite different among the various cytokines
in both cell-culture and rat studies.

Begum et al. (7) examined the efficacy of curcumin versus
tetrahydrocurcumin supplementation on markers of vascu-
lar inflammation and in reducing amyloid plaque burden in
a model of neuroinflammation and Alzheimer disease in
mice. This study found that only curcumin administration
prevented protein oxidation and amyloid plaque formation;
however, both curcumin and tetrahydrocurcumin caused re-
duction in nitrotyrosine, F2 isoprostane, and IL-1�. This
study suggested that the dienone bridge present in curcumin
may be necessary for some of the beneficial effects of cur-
cumin (7). Curcumin supplementation prevents the TNF-
�–induced overexpression of signaling molecules such as
PKC, NF-�B, JNK, and ERK (2, 7, 18). Regulation of heme
oxygenase-1 expression by curcuminoids through Nrf2 by a
PI3-kinase/Akt-mediated pathway has been observed in
mouse � cells (46). Whether a similar inhibition of regula-
tory genes and signaling pathways occurs in the tissues of
curcumin-treated diabetic rats is not known and must be in-
vestigated. Nevertheless, inhibition of circulating levels of
proinflammatory cytokines can potentially increase insulin
sensitivity and glucose metabolism in curcumin-supple-
mented diabetic rats.

The concentration of curcumin used in our rat study was
100 mg/kg body weight. A similar dose of curcumin was
shown to be effective in preventing nephropathy in animal
studies (30). This is equivalent to 6 g per adult, assuming 60
kg BW per adult. This dose of curcumin is similar to that
used in humans (3, 13). Blood concentrations of curcumin as
high as 1.75 �M have been observed in humans given 4 to
8 gm of oral curcumin supplementation (3, 13), which sug-
gests that the concentrations of curcumin used in the cell-
culture studies are physiologically relevant. More investiga-
tions are needed to determine the lowest effective dose of
curcumin supplementation needed to decrease levels of ox-
idative stress and vascular inflammation markers in diabetic
rats.

Many factors, including proinflammatory cytokines, gly-
cosylation of proteins, and oxidative stress, are thought to
contribute to the development of vascular inflammation in
diabetes (17, 24, 44, 55, 59). This study suggests that curcumin
supplementation has the potential to decrease cellular ox-
idative stress, reduce the blood levels of proinflammatory
cytokines, and thereby inhibit the pathogenesis of vascular
inflammation in diabetes. No clinical trial has been done to
determine whether curcumin supplementation can indeed
delay or prevent diabetes-associated complications. The ev-
idence that curcumin can inhibit markers of vascular in-
flammation must be explored at the clinical level to see
whether curcumin can reduce levels of proinflammatory cy-
tokines in the diabetic patient population. If so, then cur-

cumin supplementation could be used as an adjuvant ther-
apy for reduction of vascular inflammation and CVD in di-
abetes.
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