0013-7227/08/$15.00/0
Printed in U.S.A.

Endocrinology 149(7):3549-3558
Copyright © 2008 by The Endocrine Society
doi: 10.1210/en.2008-0262

Dietary Curcumin Significantly Improves Obesity-
Associated Inflammation and Diabetes in Mouse Models

of Diabesity

Stuart P. Weisberg, Rudolph Leibel, and Drew V. Tortoriello

Diabetes and Endocrinology Research Center (S.P.W., R.L., D.V.T.), Columbia University, New York, New York 10032; and
Sher Institute for Reproductive Medicine (D.V.T.), New York, New York 10016

Obesity is a major risk factor for the development of type 2
diabetes, and both conditions are now recognized to possess
significant inflammatory components underlying their patho-
physiologies. We tested the hypothesis that the plant poly-
phenolic compound curcumin, which is known to exert potent
antiinflammatory and antioxidant effects, would ameliorate
diabetes and inflammation in murine models of insulin-resis-
tant obesity. We found that dietary curcumin admixture ame-
liorated diabetes in high-fat diet-induced obese and leptin-
deficient 0b/ob male C57BL/6J mice as determined by glucose
and insulin tolerance testing and hemoglobin Alc percent-

ages. Curcumin treatment also significantly reduced macro-
phage infiltration of white adipose tissue, increased adipose
tissue adiponectin production, and decreased hepatic nuclear
factor-«B activity, hepatomegaly, and markers of hepatic in-
flammation. We therefore conclude that orally ingested cur-
cumin reverses many of the inflammatory and metabolic de-
rangements associated with obesity and improves glycemic
control in mouse models of type 2 diabetes. This or related
compounds warrant further investigation as novel adjunctive
therapies for type 2 diabetes in man. (Endocrinology 149:
3549-3558, 2008)

HE HIGH PREVALENCE of obesity is a major threat to
the public’s health. Obesity is an important risk factor
for the development of myocardial infarction, stroke, type 2
diabetes mellitus, cancer (1-5), female infertility (6—8), and
pregnancy complications (9). Not surprisingly, obesity is also
associated with substantially decreased health-related qual-
ity of life and increased medical expenditures (10-12). Given
the large burden imposed by obesity on the welfare of so-
ciety, it is imperative to develop new methods that can de-
crease its prevalence as well as reverse its detrimental phys-
iological alterations.

There is compelling evidence that a large component of
obesity-associated pathophysiology may stem from a low-
grade proinflammatory state. The manifestations of this
proinflammatory state include increased production of
proinflammatory molecules such as TNF-&, monocyte che-
moattractant protein (MCP)-1, inducible nitric oxide syn-
thase, and plasminogen activator inhibitor-1 in adipose,
liver, and muscle tissue and increased activation of inflam-
matory signaling pathways such as the nuclear factor-«B
(NF-«B) and Jun N-terminal kinase systems in these tissues.
The white adipose tissue of obese subjects becomes histo-
logically inflamed, with evidence of hypoxia, increased adi-
pocyte death, and infiltration of both macrophages and cy-
totoxic T cells into the stromal vascular space (13-15).
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Abbreviations: DIO, Diet-induced obesity; ER, endoplasmic reticu-
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Targeted deletions of several genes important for medi-
ating inflammatory responses protect against the develop-
ment of insulin resistance and hyperglycemia in mouse mod-
els of obesity. Some of these genes encode cytokines such as
TNF-a and MCP-1 (16, 17). Recently several studies have
shown that disruption of the gene encoding the innate im-
mune system receptor Toll-like receptor (TLR)-4 in mice con-
fers protection from obesity-induced inflammation and in-
sulin resistance (18-22). Also, inhibition of NF-«B signaling
using high-dose salicylates or conditional deletion of inhib-
itory-«B kinase-f in myeloid lineage cells confers protection
from obesity-induced inflammation and insulin resistance in
mouse models (23, 24). Conversely, stimulation of hepatic
NF-«B signaling with a transgene is sufficient to increase
local hepatic production of proinflammatory cytokines and
systemic insulin resistance (25). Therefore, compounds that
attenuate the inflammatory response associated with obesity
may prove useful in the medical management of patients
with type 2 diabetes.

The dried ground rhizome of the perennial herb Curcuma
longa, called turmeric in English, is a popular dietary spice in
Asia, as used in curry. It is also an integral part of the ancient
Hindu medicinal system called Ayurveda. In contrast to the
maximum dietary consumption of 1.5 g per person per day
in certain Southeast Asian communities, smaller quantities of
turmeric tend to be used for medicinal purposes such as pain
relief or wound healing (26). The polyphenol curcumin
(diferuloylmethane) comprises 2—-8% of most turmeric prep-
arations and is generally regarded as its most active com-
ponent, having potent antioxidant, antiinflammatory, and
anticarcinogenic properties (27). Commercial grade cur-
cumin is readily available in any health food store in the
United States as a standardized 95% pure curcuminoid prep-
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aration comprised of curcumin (~80%), desmethoxycur-
cumin (~10-20%), and bisdesmethoxycurcumin (<5%).
Curcumin has no known dose-limiting toxicities and has
been consumed by humans in dosages up to 12 g/d without
significant side effects (28).

Several in vitro and in vivo studies have demonstrated that
curcumin inhibits activation of the TLR-4 and NF-«B proin-
flammatory signaling pathways in diverse cell types includ-
ing macrophages (29-32). Genetic studies in mice have im-
plicated both of these proinflammatory signaling pathways
in the pathogenesis of type 2 diabetes. Because curcumin is
an antiinflammatory compound with no known dose-limit-
ing toxicities and it targets both the TLR-4 and NF-«B sig-
naling pathways, we investigated whether it could attenuate
the proinflammatory, endocrine and metabolic conse-
quences of obesity. There is only a single case report that
describes the beneficial effect of curcumin in a type 2 diabetic
patient (33). Previous studies have established that oral cur-
cumin treatment improves hyperglycemia in KK-A” mice, a
genetic mouse model of type 2 diabetes, as well as the strep-
tozotocin-treated rat (34—41). One study has shown that cur-
cumin treatment prevents macrophage activation during co-
culture with adipocytes in vitro (42). Here we demonstrate
that oral curcumin treatment of mice made obese by a high-
fat diet and genetically obese Lep””’ mice attenuates NF-«B
activation in liver and macrophage accumulation in adipose
tissue; increases adiponectin production by adipose tissue;
and decreases the development of insulin resistance and
hyperglycemia.

Materials and Methods
Experimental animals

Wild-type and ob/ob male C57BL/6] mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Mice were housed five to a cage
and maintained on a 12-h light, 12-h dark cycle with ad libitum access to
food and water. Upon receipt at age 8-10 wk, the ob/ob mice were
randomized to receive a standardized diet meal of 4% fat by weight
(D12450B-1; Research Diets, New Brunswick, NJ) containing either a 3%
by weight admixture of curcumin or no additive. The wild-type
C57BL/6] mice were received at age 3-5 wk and randomized to receive
either a standardized 4% fat by weight diet or high-fat diet containing
35% fat by weight (D12492-1; Research Diets). At the age of 20 wk, these
wild-type mice were further randomized with regard to the addition to
their predesignated diet of a 3% by weight admixture of curcumin or no
additive.

The curcumin used was Curcumin C3 Complex (Sabinsa Corp., New-
ark, NJ), which is a 95% standardized curcumin extract. All mice re-
mained on their assigned diet until they were killed by CO, asphyxiation
at the age of approximately 24-28 wk. All protocols were conducted in
accord with the National Institutes of Health guide for the care and use
of laboratory animals and were approved by the Columbia University
Animal Care and Use Committee.

Body composition analysis

The fat and lean tissue masses were calculated from living, nonanes-
thetized mice using a nuclear magnetic resonance (NMR) machine
(Bruker, Billerica, MA). Pelleted food was weighed daily to assess total
grams of food consumed per cage per day and then divided by 5 to
estimate average daily food consumed per mouse.

Glucose tolerance test

After fasting in fresh cages for 16 h overnight, approximately 25 ul
tail tip blood was collected to ascertain fasting glucose and insulin levels.
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Thereafter all mice received one unit (0.01 cc) of a 20% dextrose solution
per gram of body weight by ip injection. Sample tail tip blood glucose
levels were assessed using a Freestyle Flash glucometer (Abbott, Abbott
Park, IL) at 15, 30, 60, and 120 min. The blood samples were centrifuged
at 14,000 rpm for 10 min (4 C), and the sera were transferred to fresh
tubes and frozen at —80 C for later insulin assay.

Insulin tolerance test

After fasting mice for 6 h to stabilize dietary glucose and insulin
levels, approximately 25 ul tail tip blood was collected to ascertain
fasting glucose and insulin levels. Mice then received 1.5 U/kg regular
insulin (Lilly, Indianapolis, IN) by ip injection. Sample tail tip blood
glucose levels were assessed by glucometer at 15, 30, 45, 60, and 120 min.

Immunohistochemistry

All tissues were fixed for 12-16 h at room temperature in zinc-
formalin fixative (Z-Fix; Anatech Ltd., Battle Creek, MI) and embedded
in paraffin. Tissue was sliced into 5-um sections cut at 50-um intervals
and then mounted on charged glass slides, deparaffinized in xylene, and
stained. Perigonadal white adipose slides were stained with a macro-
phage-specific F4/80 monoclonal antibody provided by E. Richard Stan-
ley (Albert Einstein College of Medicine, New York, NY). For each
mouse adipose depot, four different high-power fields from each of four
different sections were analyzed. The total number of nuclei and the
number of nuclei of F4/80-expressing cells were counted for each field.
The fraction of F4/80-expressing cells for each sample was calculated as
the sum of the number of nuclei of F4/80-expressing cells divided by the
total number of nuclei in sections of a sample (SPOT version 3.3; Di-
agnostic Instruments Inc., Sterling Heights, MI).

Quantitative real-time PCR

Total RNA was extracted from frozen adipose tissue (100 mg) using
a commercially available acid-phenol reagent (TRIzol; Invitrogen, Carls-
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Fia. 1. Effect of curcumin on fed blood glucose levels in obese, dia-
betic mice. Dietary curcumin significantly lowered random blood glu-
cose levels in both male C57BL/6J DIO (A) and ob/0b (B) mice over
the course of a 6-wk period. Blood glucose levels in the 0b/0b mice
receiving the control diet normalized spontaneously over time due to
their propensity to pancreatic islet hyperplasia and hyperinsulinemia
(n = 5 per group). *, P < 0.05 by two-tailed ¢ test.
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Fic. 2. Effect of curcumin on glucose tolerance in obese, diabetic
mice. Dietary curcumin significantly improves glucose tolerance in
both male C57BL/6J DIO (A) and ob/0b (B) mice as determined by
AUC of 2 h glucose tolerance test (n = 5 per group). *, P < 0.05.

bad, CA). For tissue samples, first-strand cDNA was synthesized using
SuperScript III reverse transcriptase and random hexamer primers as
described in the manufacturer’s protocol (Invitrogen). Samples of cDNA
were diluted 1:25 in nuclease-free water (QIAGEN Inc., Valencia, CA).
Samples from each cDNA pool were diluted 1:10, 1:30, 1:90, and 1:270
to create a standard curve for calculation of relative gene expression
levels. PCR amplification mixtures (20 ul) contained 10 ul of 2X PCR
SYBR Green I QuantiTect master mix (QIAGEN), 0.4 ul of a mixture of
25 uM reverse and forward primers, and 11.6 ul diluted cDNA template.
Real-time quantitative PCR was carried out using the DNA Engine
Opticon 2 instrument (M] Research Inc., Waltham, MA) with the fol-
lowing cycling parameters: polymerase activation for 15 min at 95 C and
amplification for 40 cycles of 15 sec at 94 C, 10 sec at 58 C, and 10 sec
at 72 C. After amplification, melting curve analysis confirmed the pres-
ence of a single amplicon in each instance.

For expression analysis, we used prevalidated real-time PCR primers
(QuantiTect; QIAGEN) for several mouse genes: ribosomal protein S3,
Emrl (F4/80 antigen), TNF-q, IL-6, and adipocyte complement-related
protein (adiponectin).

For each cDNA and standard curve sample, quantitative PCRs were
performed to assay the expression of each internal control gene. To
calculate the normalized relative expression levels of each gene assayed
in each sample, we divided the relative gene expression value for that
sample by the geometric mean of the relative expression values of the
control genes. Separate analyses in which relative expression values
were normalized with the relative expression values of each control gene
yielded similar results.

Hormone assays

After minimally fasting for 6 h to avoid any potentially acute fluc-
tuations in glucose or leptin attributable to recent eating, mice were
weighed and then had their blood glucose measured by glucometer
(Glucometer Elite, Elkhart, IN) using approximately 5 ul of tail tip blood.
They were then killed by CO, asphyxiation. Their blood was then ob-
tained by cardiac puncture, allowed to clot on ice for 3 h, and then
centrifuged at 10,000 X g for 10 min. The sera were then transferred to
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clean vials for storage at —80 C until the day of assay. Mouse serum
insulin, leptin, MCP-1, adiponectin, resistin, and tissue plasminogen
activator-1 were quantified by ELISA (Linco Research Inc., St. Charles,
MO). All inter- and intraassay coefficients of variation were less than
10%.

NF-«B activity assay

Nuclear protein extracts were prepared from liver tissue from control
and curcumin-fed mice using the nuclear extract kit (Active Motif, Carls-
bad, CA) according to the manufacturer’s instructions. Protein concen-
trations were then quantified using a Bradford assay, and equal amounts
of protein were used in a colorimetric NF-kB assay specific for the
activated form of p65 subunit of NF-«B (TransAM NF-«B p65 kit; Active
Motif).

Statistics and definitions

Two-tailed student’s t tests were used to compare serum analytes
between C57BL/6] lean and obese experimental groups. P < 0.05 was
considered statistically significant. All data were examined using
SigmaStat 2.0 software (Jandel Scientific, San Rafael, CA).

Results

Male C57BL/6] mice gradually develop obesity and mod-
erate diabetes when placed on high-fat diets. Male C57BL/6]
ob/ob mice possess a spontaneous knockout mutation of the
leptin gene that produces hyperphagia, decreased metabolic
rate, severe obesity, and moderate diabetes, which is even-
tually compensated for by pancreatic §-cell hyperplasia and
hyperinsulinemia (43).

Curcumin significantly improves glycemic status and
insulin sensitivity in mouse models of obesity-related
diabetes

We determined that 3% dietary curcumin induces signif-
icant decreases in random-fed glucose levels in all groups.
After less than 2 wk of treatment, curcumin had already
decreased random-fed glucose levels in both diet-induced
obesity (DIO) and ob/ob mice (Fig. 1, A and B). This pattern
persisted in the DIO mice for the 5 wk duration of treatment,
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Fic. 3. Effect of curcumin on HbAlc levels in obese, diabetic mice.
Dietary curcumin (3%) significantly lowers HbAlc levels in male
C57BL/6J DIO and 0b/0ob mice. The HbAlc levels of lean euglycemic
mice were unaffected by curcumin (n = 5 per group). *, P < 0.05 by
two-tailed ¢ test.
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whereas the ob/ob mice over time eventually became eugly-
cemic without treatment, a well-known phenomenon attrib-
utable to pancreatic islet hyperplasia (44). Both DIO and ob/ob
mice treated with curcumin manifested significantly dimin-
ished areas under the curve (AUC) generated by 2 h glucose
tolerance testing (Fig. 2, A and B), compared with controls.
Moreover, the hemoglobin Alc (HbAlc) percentage in DIO
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Fic. 4. Effect of curcumin on insulin tolerance in obese, diabetic mice.
Curcumin improves insulin tolerance in 0b/0b mice as manifested by
a decreased AUC of a 2-h insulin tolerance test with blood glucose
levels after insulin injection expressed as a percentage of the basal
glucose level (A). The male DIO mice manifested no such differences
(B) because they expressed significantly lower fasting glucose levels
than their corresponding control group and after insulin injection;
their glucoses at each time point thereafter remained significantly
lower (C) (n = 5 per group). *, P < 0.05.
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Fic. 5. Effect of curcumin on food intake in mice. Dietary curcumin
was associated with significantly increased food intake in lean and
DIO but not 0b/0b, C57BL/6J mice, even after compensating for the
3% of dietary intake that was curcumin (n = 5 per group). ¥, P < 0.05.

and ob/ob mice was significantly decreased after 5 wk of
curcumin treatment (Fig. 3), whereas no such decrease was
noted in the lean wild-type mice, suggesting that curcumin
does not induce hypoglycemia in euglycemic animals.

Improved insulin sensitivity was noted in the ob/ob mice as
demonstrated by a decreased AUC of their percent basal
glucose during a 2-h insulin tolerance test (Fig. 4A). No such
difference was found for the curcumin fed DIO mice (Fig.4B),
which, unlike their 0b/ob counterparts, manifested blood glu-
cose levels that were significantly lower than their control
cohort to a similar degree (~40 mg/dl) at all time points,
including their fasting baseline. To portray a more accurate
impression of their glycemic status, their insulin tolerance
test has also been displayed using mean glucose levels for the
ordinate axis rather than percent basal glucose levels (Fig.
4C).

Curcumin has a beneficial effect on weight and body
composition

Male lean and DIO mice whose food contained 3% cur-
cumin consumed significantly more food per day than their
control cohorts, even after taking into account the percent of
their food that was curcumin (Fig. 5). The curcumin-treated
DIO and ob/ob mice weighed slightly but significantly less
than their control cohort (Fig. 6, B and C). Curcumin treat-
ment was also associated with significantly less body fat in
DIO and ob/ob mice and more lean mass in the ob/ob mice as
determined by Bruker NMR analysis (Fig. 6, B and C).
Whereas the high-fat-fed DIO control mice continued to gain
weight for the duration of this study, the DIO mice switched
to a high-fat but curcumin-enriched diet lost a significant
amount of weight by 2 wk into this study, which thereafter
seemed to plateau (Fig. 6D).

Curcumin significantly decreases adipose, hepatic, and
systemic inflammation

Given curcumin’s antiinflammatory properties in other
systems, we investigated the possibility that curcumin treat-
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Fia. 6. Effect of curcumin on body weight and composition. Dietary curcumin (3%) is associated with significantly decreased body weight in
both DIO (B) and 0b/0b (C) mice. NMR scan revealed that curcumin decreased body fat in both DIO (B) and 06/ 0b (C) mice and was also associated
with an increase in lean tissue mass in the 0b/0b mice (C). D, The small decrease in weight over time that occurred in the DIO mice after being
placed on a curcumin enriched diet is shown (n = 5 per group). ¥, P < 0.05 by two-tailed ¢ test.

ment would improve both local and systemic manifestations
of inflammation in obese diabetic mice.

White adipose

Immunohistochemistry revealed that curcumin reduced
the number of macrophages present in the perigonadal white
adipose tissue of DIO and ob/ob mice as determined by stain-
ing with a macrophage-specific F4/80 antibody (Fig.7). We
also analyzed the effect of curcumin treatment upon the
expression of several genes known to be closely correlated
with the inflammatory process in perigonadal white adipose
tissue using quantitative real-time PCR. Curcumin signifi-
cantly decreased the expression of Emrl, the macrophage-
specific gene encoding the F4/80 antigen (Fig. 8), consistent
with the decreased immunohistochemical presence of mac-
rophages seen in adipose tissue on cross-section. Curcumin
treatment significantly increased perigonadal adipose ex-
pression of the genes encoding the forkhead transcription

factor Foxol and the antiinflammatory adipokine adiponec-
tin. These findings are consistent with recent studies that
have shown decreased adipose tissue Foxol expression in
obese mice and direct stimulation of adiponectin transcrip-
tion by Foxol in adipocytes (45, 46).

Liver

Grossly, we found that curcumin treatment was associated
with significantly lighter and visibly less steatotic livers in
the DIO mice (Fig. 9). The liver weights of the curcumin-fed
ob/ob mice did not weigh significantly less than controls, an
effect potentially attributable to the complete absence of lep-
tin in these mice, which has been shown be associated with
severe and refractory hepatosteatosis (47, 48). We deter-
mined that curcumin significantly decreased the expression
of hepatic TNF-a, suppressor of cytokine signaling-3, MCP-1
[chemokine (C-C motif) receptor], and chemokin (C-C motif)
ligand-2 in ob/ob mice (Fig. 10). Using a specific assay for p65
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Fic. 7. Effect of curcumin on adipose inflammation. Many adipocytes
in the adipose tissue of untreated 0b/ob male mice show dark staining
for F4/80, a macrophage marker, whereas the adipose from those mice
treated with dietary curcumin show significantly less macrophage
staining (B and C).

activity (TransAM NEF-«B p65 kit; Active Motif), we deter-
mined that there was significantly less p65 activity in liver
nuclear extract samples derived from the curcumin-treated
DIO and ob/ob mice, compared with those derived from un-
treated mice (Fig. 11). Decreased NF-kB activity may also
explain the increased muscle mass seen in the curcumin-fed
ob/ob mice, as NF-kB activation strongly fosters muscular
atrophy, especially from disuse (49).

Systemic

Serum adiponectin levels were significantly higher in both
the curcumin-treated DIO and ob/ob mice (Fig. 12). This is
consistent with the adipose expression data and their im-
proved findings on the insulin tolerance test (Fig. 4). The
serum levels of MCP-1, a monocyte chemoattractant factor
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secreted by adipocytes, were decreased by curcumin in all
experimental groups, reaching significance in the lean and
DIO groups. This is consistent with the diminished infiltra-
tion of macrophages noted immunohistochemically in the
perigonadal tissue of the obese mice in this study.

Discussion

These studies demonstrate that oral curcumin therapy
ameliorates many of the inflammatory consequences of obe-
sity in murine obesity models. Compared with control obese
animals, obese animals treated with curcumin had decreased
NF-«B activity in liver tissue, an effect associated with de-
creased hepatic expression of inflammatory molecules. Cur-
cumin-treated obese mice also had decreased macrophage
infiltration into adipose tissue, increased Foxol, and adi-
ponectin expression in adipose tissue and higher circulating
adiponectin levels. These antiinflammatory effects of cur-
cumin were associated with improved glycemic status in the
treated animals as determined by blood glucose levels,
HbAlc, and glucose and insulin tolerance tests. Curcumin
was also associated with a small but significant decrease in
body weight and fat content despite either a maintenance or
increase in total daily kilocalories. This suggests that cur-
cumin has beneficial effects on body composition. In fact,
curcumin was noted to increase the lean tissue mass of 0b/ob
mice, an effect that may be due to curcumin’s ability to inhibit
the activity of NF-«B, a molecule known to play a key role
in the pathophysiology of muscle atrophy, especially from
disuse (50).

Interestingly, dietary curcumin was found to dramatically
increase the expression of adiponectin as manifested by in-
creases in mRNA and serum protein levels. This may un-
derlie to a large degree the antidiabetogenic effect that cur-
cumin was shown to exert in this study because treatment
with adiponectin has been found to improve insulin sensi-
tivity in animal models of insulin resistance (51). Recent
studies suggest that adiponectin is protective against both
atherosclerosis and generalized inflammation, two processes
in which macrophages are known to play a major role (52,
53). This raises the possibility that the decrease in adipose
tissue macrophage infiltration we noticed in the curcumin-
fed obese mice, as evidenced by histology as well as de-
creased Emrl expression, may have stemmed from cur-
cumin’s enhancement of adipose tissue adiponectin
production.

Obesity is associated with increased levels of endoplasmic
reticulum (ER) stress in adipose and liver tissue, and com-
pounds that act as chemical chaperones and relieve ER stress
also ameliorate insulin resistance and hyperglycemia in
mouse models of obesity. The fact that curcumin therapy
prevents ER accumulation of mutant proteins and Schwann
cell apoptosis in mouse models of peripheral neuropathies
indicates that it may also act as a chemical chaperone in obese
mice and thereby decrease insulin resistance. In this study,
curcumin treatment induced a dramatic effect on ER stress
response perigonadal fat gene transcription with significant
increases in the expression of Sirt1, heat shock protein (HSP)-
70, HSP90, and Forkhead box O (FOXO)-1a. The histone
deacetylase SIRT1 increases adiponectin transcription in adi-
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pocytes by activating Foxol and enhancing Foxol and
CCAAT/enhancer-binding protein-a interaction (46). Both
Foxo1l and SIRT1 protein levels were found to be significantly
lower in perigonadal adipose from DIO mice, compared with
normal-weight mice. A reversal of this process may help to
explain the increased adiponectin noted in association with
curcumin feeding (54).

Curcumin has been explored as a potential therapeutic
modality for a large number of diseases. It suppresses pro-
liferation and induces apoptosis in a wide array of cancer cell
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Fia. 9. Effect of curcumin on liver weight. Curcumin treatment was
associated with significantly decreased liver weights in the DIO but
not ob/ob mice (n = 5 per group). *, P < 0.05 by two-tailed ¢ test.
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lines. Preclinical studies in animal models have shown that
curcumin prevents chemical-induced colitis, muscle degen-
eration after traumatic injury and lipopolysaccharide-in-
duced cytokine release, disseminated intravascular coagu-
lation, and hepatocellular injury. In mouse models of
inherited peripheral neuropathies, curcumin prevents accu-
mulation of mutant proteins in the ER and thereby prevents
Schwann cell apoptosis. Results from early human trials have
been encouraging. A recent randomized, multicenter, dou-
ble-blind, placebo-controlled trial in humans with ulcerative
colitis showed that addition of 1 g of curcumin twice a day
to standard maintenance therapy significantly decreased re-
lapse rates and disease activity assessed clinically and en-
doscopically (55).

Given the fact that curcumin is poorly absorbed from the
gastrointestinal tract and has an excellent safety profile, we
felt comfortable starting with a high dosage because we
wanted to determine early on if oral curcumin at any dose
could improve diabetes. Based on an average weight of 40 g
and a daily food consumption of approximately 2 g, the mice
would have consumed approximately 1.5 g curcumin per
kilogram per day. Although such an oral dose would be
impractical in humans, the mice were noted to tolerate this
dosage quite well without any noticeable detrimental effects
on behavior or appetite. Organs appeared grossly normal.
The kidneys, liver, and heart manifested either an improved
or unchanged histopathology.

Early studies in humans examining systemic markers of
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Fic. 10. Effect of curcumin on expression of hepatic inflammatory
genes. Dietary curcumin significantly lowers hepatic expression of the
inflammatory genes TNF-«, SOCS-3, MCP-1, and CCR-2 in male
ob/ob mice after 10 wk (A) (n = 5 per group). *, P < 0.05 by two-tailed
t test.

curcumin bioactivity have shown that dosages as low as 3.6
g/d are sufficient to decrease responsiveness of circulating
leukocytes to lipopolysaccharide (56). Therefore, curcumin
may have significant antiinflammatory effects on human
subjects on a reasonable dosing schedule. Newer and more
innovative ways to achieve therapeutic blood levels of cur-
cumin should also be investigated. For example, there are
data demonstrating that coingestion of curcumin with other
natural phytochemicals such as piperine has the potential to
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Fia. 11. Effect of curcumin on expression of hepatic NF-«B activity.
Dietary curcumin significantly decreases hepatic NF-«B activity after
10 wk (n = 5 per group). *, P < 0.05 by two-tailed ¢ test.
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Fic. 12. Effect of curcumin on serum markers of inflammation. Di-
etary curcumin significantly increased serum adiponectin levels in
C57BL/6J DIO and 0b/0b mice and decreased serum MCP-1 concen-
trations in wild-type lean and DIO C57BL/6J mice (n = 5 per group).
* P < 0.05 by two-tailed ¢ test. PAI, Plasminogen activator inhibitor.

adiponectin

increase the oral absorption of curcumin dramatically (57). In
addition, given the fact that curcumin is a low-molecular-
weight and highly lipophilic molecule, it is possible that it
may be absorbed easier via the transdermal rather than oral
route.

In conclusion, our studies revealed that high dosages of
oral curcumin safely treat diabetes in several mouse models
of obesity-associated diabetes. Curcumin also greatly ame-
liorated inflammation at the cellular and biochemical level in
white adipose tissue of obese mice. Lastly, given the fact that
DIO and ob/ob curcumin-treated mice ate more, weighed the
same or less, and possessed higher lean body mass content,
curcumin also has a favorable effect on body composition, an
effect that in itself may also contribute to improved glycemic
status. Given these promising preclinical findings, we be-
lieve curcumin holds potential as an adjuvant treatment for
diabesity complications and deserves further investigation.
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