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ABSTRACT

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
pathophysiologies. We tested the hypothesis that the plant polyphenolic compound curcumin,
which is known to exert potent anti-inflammatory and anti-oxidant effects, would ameliorate
diabetes and inflammation in murine models of insulin-resistant obesity. We found that dietary
curcumin admixture ameliorated diabetes in high-fat diet induced obese (DIO) and leptin-
deficient ob/ob male C57BL/6J mice as determined by glucose and insulin tolerance testing and
hemoglobin Ailc percentages. Curcumin treatment also significantly reduced macrophage
infiltration of white adipose tissue, increased adipose tissue adiponectin production, and
decreased hepatic nuclear NF-«B activity, hepatomegaly, and markers of hepatic inflammation.
We therefore conclude that orally ingested curcumin reverses many of the inflammatory and
metabolic derangements 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.



Introduction

The 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 (T2DM), cancer (1-5), female infertility (6-8) and pregnancy complications (9). Not
surprisingly, obesity is also associated with substantially decreased health-related quality of life
and increased medical expenditures (10-12). Given the large burden imposed by obesity on the
welfare of society, it is imperative to develop new methods which can decrease its prevalence
as well as reverse its detrimental physiological alterations.

There is compelling evidence that a large component of obesity-associated
pathophysiology may stem from a low-grade pro-inflammatory state. The manifestations of this
pro-inflammatory state include increased production of pro-inflammatory molecules such as
TNF-a, MCP-1, INOS and PAI-1 in adipose, liver and muscle tissue, and increased activation of
inflammatory signaling pathways such as the NF-kB and Jun N-terminal kinase (JNK) systems
in these tissues. The white adipose tissue of obese subjects becomes histologically inflamed,
with evidence of hypoxia, increased adipocyte death, and infiltration of both macrophages and
cytotoxic T-cells into the stromal vascular space (13-15).

Targeted deletions of several genes important for mediating inflammatory responses
protect against the development of insulin resistance and hyperglycemia in mouse models 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 immune system
receptor TLR-4 in mice confers protection from obesity induced inflammation and insulin
resistance (18-22). Also, inhibition of NF-kB signaling using high dose salicylates or conditional
deletion of IKK-B in myeloid lineage cells confers protection from obesity induced inflammation
and insulin resistance in mouse models (23, 24). Conversely, stimulation of hepatic NF-kB
signaling with a transgene is sufficient to increase local hepatic production of pro-inflammatory
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 South East 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



preparations and is generally regarded as its most active component, having potent anti-
oxidant, anti-inflammatory, and anti-carcinogenic properties (27). Commercial grade curcumin
is readily available in any health food store in the United States as a standardized 95% pure
curcuminoid preparation comprised of curcumin (~80%), desmethoxycurcumin (~10-20%) and
bisdesmethoxycurcumin (<5%). Curcumin has no known dose-limiting toxicities and has been
consumed by humans in dosages up to 12 grams per day without significant side effects (28).
Several in-vitro and in-vivo studies have demonstrated that curcumin inhibits activation
of the TLR-4 and NF-kB pro-inflammatory signaling pathways in diverse cell types including
macrophages (29-32). Genetic studies in mice have implicated both of these pro-inflammatory
signaling pathways in the pathogenesis of type 2 diabetes. Because curcumin is an anti-
inflammatory compound with no known dose limiting toxicities and it targets both the TLR-4 and
NF-kB signaling pathways, we investigated whether it could attenuate the pro-inflammatory,
endocrine and metabolic consequences of obesity. There is only a single case report which
describes the beneficial effect of curcumin in a type 2 diabetic patient (33). Previous studies
have established that oral curcumin treatment improves hyperglycemia in KK-A’ mice — a
genetic mouse model of type 2 diabetes — as well as the streptozotocin-treated rat (34-41). One
study has shown that curcumin 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-kB 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/6J mice were obtained from the Jackson Laboratory
(Bar Harbor, Maine). Mice were housed five to a cage and maintained on a 12:12 light-dark
cycle with ad libitum access to food and water. Upon receipt at age 8-10 weeks, the ob/ob mice
were randomized to receive a standardized 4% fat by weight meal diet (D12450B-1, Research
Diets, New Brunswick, NJ) containing either a 3% by weight admixture of curcumin or no
additive. The wild-type C57BL/6J mice were received at age 3-5 weeks 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, New Brunswick, NJ). At the age of 20 weeks, these wild-type mice
were further randomized with regard to the addition of a 3% by weight admixture of curcumin or
no additive to their pre-designated diet.



The curcumin utilized was Curcumin C3 Complex® (Sabinsa Corporation, Newark, NJ),
which is a 95% standardized curcumin extract. All mice remained on their assigned diet until
sacrifice by CO, asphyxiation at the age of approximately 24 — 28 weeks. 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, non-anesthetized mice using
a Bruker NMR machine (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 hours overnight, approximately 25 uL tail tip blood was
collected to ascertain fasting glucose and insulin levels. Thereafter, all mice received one unit
(0.01cc) of a 20% dextrose solution per gram of body weight by intraperitoneal injection. Sample
tail tip blood glucose levels were assessed using a Freestyle Flash glucometer (Abbott, Abbott
Park, IL) at 15, 30, 60 and 120 minutes. The blood samples were centrifuged at 14,000 rpm for
10 minutes (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 hours 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 of regular insulin (Lilly, Indianapolis, IN) by intraperitoneal injection.
Sample tail tip blood glucose levels were assessed by glucometer at 15, 30, 45, 60 and 120
minutes.

Immunohistochemistry

All tissues were fixed for 12—16 hours at room temperature in zinc-formalin fixative (“Z-
Fix”, Anatech Ltd., Battle Creek, Michigan, USA) and embedded in paraffin. Tissue was sliced
into five-micron sections cut at 50-um intervals and then mounted on charged glass slides,
deparaffinized in xylene, and then stained. Perigonadal white adipose slides were stained with
a macrophage-specific F4/80 monoclonal antibody provided by E. Richard Stanley (Albert
Einstein College of Medicine). 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; Diagnostic
Instruments Inc., Sterling Heights, Michigan, USA).

Quantitative real-time PCR

Total RNA was extracted from frozen adipose tissue (100 mg) using a commercially
available acid-phenol reagent (TRIlzol; Invitrogen, Carlsbad, CA). For tissue samples, first-
strand cDNA was synthesized using SuperScript Ill 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.). Samples from each cDNA pool were diluted 1:10,
1:30, 1:90, and 1:270 in order to create a standard curve for calculation of relative gene
expression levels. PCR amplification mixtures (20 pl) contained 10 ul of 2x PCR SYBR Green |
QuantiTect Master Mix (Qiagen Inc.), 0.4 ul of a mixture of 25 uM reverse and forward primers,
and 11.6 pul diluted cDNA template. Real-time quantitative PCR was carried out using the DNA
Engine Opticon 2 instrument (MJ Research Inc., Waltham, MA) with the following cycling
parameters: polymerase activation for 15 minutes at 95°C and amplification for 40 cycles of 15
seconds at 94°C, 10 seconds at 58°C, and 10 seconds at 72°C. After amplification, melting
curve analysis confirmed the presence of a single amplicon in each instance

For expression analysis, we used pre-validated real-time PCR primers (QuantiTect,
Qiagen) for several mouse genes: ribosomal protein S3 (Rps3), Emr1 (F4/80 antigen), TNF-q,
IL-6, ACRP (adiponectin).

For each cDNA and standard curve sample, quantitative PCR reactions 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 hours to avoid any potentially acute fluctuations 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 sacrificed by CO, asphyxiation. Their blood was then obtained by
cardiac puncture, allowed to clot on ice for 3 hours, and then centrifuged at 10,000g for 10
minutes. The sera were then transferred to clean vials for storage at -80°C until the day of

assay. Mouse serum insulin, leptin, MCP-1 (monocyte chemoattractant protein-1), adiponectin,



resistin, and tPAI-1 (tissue plasminogen activator-1) were quantified by ELISA (Linco Research
Inc., St. Charles, MO). All inter- and intra-assay coefficients of variation were less than 10%.
NF-kB Activity Assay

Nuclear protein extracts were prepared from liver tissue from control and curcumin-fed
mice using the Nuclear Extract Kit (Active Motif, Carlsbad, CA) according to manufacturer’s
instructions. Protein concentrations were then quantified using a Bradford Assay, and equal
amounts of protein were utilized in a colorimetric NF-kB Assay specific for the activated form of
p65 subunit of NF-kB (TransAM™ NFkB p65 Kit, Active Motif, Carlsbad CA).

Statistics and Definitions

Two-tailed student’s t-tests were utilized to compare serum analytes between C57BL/6J
lean and obese experimental groups. P < 0.05 was considered statistically significant. All data

was examined using Sigmastat 2.0 software (Jandel Scientific, San Rafael, CA).

RESULTS

Male C57BL/6J mice gradually develop obesity and moderate diabetes when placed on
high-fat diets. Male C57BL/6J ob/ob mice possess a spontaneous knockout mutation of the
leptin gene which produces hyperphagia, decreased metabolic rate, severe obesity, and
moderate diabetes which is eventually compensated for by pancreatic B-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 significant decreases in random fed
glucose levels in all groups. After less than 2 weeks of treatment, curcumin had already
decreased random fed glucose levels in both DIO and ob/ob mice (figure 1A, B). This pattern
persisted in the DIO mice for the 5 week duration of treatment, while the ob/ob mice over time
eventually became euglycemic without treatment, a well-known phenomenon attributable to
pancreatic islet hyperplasia (44). Both DIO and ob/ob mice treated with curcumin manifested
significantly diminished areas under the curve (AUC) generated by 2 hour glucose tolerance
testing (figure 2A, B) as compared to controls. Moreover, the HbA1c percentage in DIO and
ob/ob mice was significantly decreased after 5 weeks of curcumin treatment (figure 3) while 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 area under the curve (AUC) of their % basal glucose during a 2 hour insulin



tolerance test (ITT) (figure 4a). No such difference was found for the curcumin fed DIO mice
(figure 4b), which unlike their ob/ob counterparts, manifested blood glucose levels that were
significantly lower than their control cohort to a similar degree (~40mg/dL) at all time points,
including their fasting baseline. In order to portray a more accurate impression of their glycemic
status, their ITT has also been displayed using mean glucose levels for the ordinate axis rather
than % basal glucose levels (figure 4c).

Curcumin has a beneficial effect on weight and body composition.

Male lean and DIO mice whose food contained 3% curcumin consumed significantly
more food per day than their control cohorts, even after taking into account the percent of their
food that was curcumin (figure 5). The curcumin treated DIO and ob/ob mice weighed slightly
but significantly less than their control cohort (figures 6B, C). Curcumin treatment 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 (figures 6B, C). While 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 weeks into this study
which thereafter seemed to plateau (figure 6D).

Curcumin significantly decreases adipose, hepatic, and systemic inflammation.

Given curcumin’s anti-inflammatory properties in other systems, we investigated the
possibility that curcumin treatment 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
staining with a macrophage specific F4/80 antibody (figure 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 significantly decreased the expression of Emr1, the macrophage specific gene
encoding the F4/80 antigen (figure 8), consistent with the decreased immunohistochemical
presence of macrophages seen in adipose tissue on cross-section. Curcumin treatment
significantly increased perigonadal adipose expression of the genes encoding the forkhead
transcription factor Foxo1 and the anti-inflammatory adipokine adiponectin. These findings are
consistent with recent studies that have shown decreased adipose tissue Foxo1 expression in
obese mice and direct stimulation of adiponectin transcription by Foxo1 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 (figure 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 leptin in these mice which has been shown be associated with severe and
refractory hepatosteatosis (47, 48). We determined that curcumin significantly decreased the
expression of hepatic TNF-a, SOCS-3, MCP-1 (Ccl2), and CCR-2 in ob/ob mice (figure10).
Using a specific assay for p65 activity (TransAM™ NFkB p65 Kit, Active Motif, Carlsbad, CA),
we determined that there was significantly less p65 activity in liver nuclear extract samples
derived from the curcumin treated DIO and ob/ob mice as compared to those derived from
untreated mice (figure 10). 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 (figure 9b). This is consistent with the adipose expression data and their improved
findings on the insulin tolerance test (figure 2b). The serum levels of MCP-1, a monocyte
chemoattractant factor 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
infiltration 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 obesity in murine obesity models. Compared to control obese
animals, obese animals treated with curcumin had decreased NF-kB activity in liver tissue - an
effect associated with decreased hepatic expression of inflammatory molecules. Curcumin
treated obese mice also had decreased macrophage infiltration into adipose tissue, increased
Foxo1 and adiponectin expression in adipose tissue and higher circulating adiponectin levels.
These anti-inflammatory effects of curcumin were associated with improved glycemic status in
the treated animals as determined by blood glucose levels, HbA1c 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 curcumin has beneficial effects on body composition. In fact, curcumin was noted
to increase the lean tissue mass of ob/ob mice, an effect that may be due to curcumin’s ability to



inhibit the activity of NF-kB, 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 increases in mMRNA and serum protein levels. This may underlie to
a large degree the anti-diabetogenic effect that curcumin was shown to exert in this study as
treatment with adiponectin has been found to improve insulin sensitivity 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 decreased Emr1 expression, may have stemmed from curcumin’s enhancement of
adipose tissue adiponectin production.

Obesity is associated with increased levels of ER stress in adipose and liver tissue, and
compounds 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 endoplasmic reticulum stress response (ESR) perigonadal fat gene transcription with
significant increases in the expression of Sirt1, HSP70, HSP90, and FOXO1a. The histone
deacetylase SIRT1 increases adiponectin transcription in adipocytes by activating Foxo1 and
enhancing Foxo1 and C/EBPa interaction (46). Both Foxo1 and SIRT1 protein levels were
found to be significantly lower in perigonadal adipose from DIO mice as compared to 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 proliferation and induces apoptosis in a wide array of cancer cell lines.
Preclinical studies in animal models have shown that curcumin prevents chemical induced
colitis, muscle degeneration after traumatic injury and LPS induced cytokine release,
disseminated intravascular coagulation, and hepatocellular injury. In mouse models of inherited
peripheral neuropathies, curcumin prevents accumulation of mutant proteins in the endoplasmic
reticulum (ER) and thereby prevents Schwann cell apoptosis. Results from early human trials
have been encouraging. A recent randomized, multicenter, double-blind placebo controlled trial
in humans with ulcerative colitis showed that addition of 1g of curcumin twice a day to standard
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maintenance therapy significantly decreased relapse rates and disease activity assessed
clinically and endoscopically (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 as we wanted to
determine early on if oral curcumin at any dose could improve diabetes. Based on an average
weight of 40g and a daily food consumption of approximately 2 grams, the mice would have
consumed approximately 1.5 g curcumin/kg/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 curcumin bioactivity have shown
that dosages as low as 3.6 g per day are sufficient to decrease responsiveness of circulating
leukocytes to LPS (56). Therefore curcumin may have significant anti-inflammatory effects on
human subjects on a reasonable dosing schedule. Newer and more innovative ways to achieve
therapeutic blood levels of curcumin should also be investigated. For example, there is data
demonstrating that co-ingestion of curcumin with other natural phytochemicals such as piperine
has the potential to 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 reveal that high dosages of oral curcumin safely treat diabetes
in several mouse models of obesity-associated diabetes. Curcumin also greatly ameliorated
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 which in itself may also contribute to improved glycemic status. Given
these promising preclinical findings, we believe curcumin holds potential as an adjuvant
treatment for diabesity complications and deserves further investigation.
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Figure Legends

Figure 1. Effect of curcumin on fed blood glucose levels in obese, diabetic mice. Dietary
curcumin significantly lowered random blood glucose levels in both male C57BL/6J DIO (A) and
ob/ob (B) mice over the course of a 6 week period. Blood glucose levels in the ob/ob mice
receiving the control diet normalized spontaneously over time due to their propensity to
pancreatic islet hyperplasia and hyperinsulinemia. N=5 per group; * signifies p<0.05 by two-
tailed t-test

Figure 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/ob (B)
mice as determined by AUC of 2 hour glucose tolerance test. N=5 per group; * signifies p<0.05.

Figure 3. Effect of curcumin on HbA1c levels in obese, diabetic mice. Dietary curcumin
(3%) significantly lowers hemoglobin A1c levels in male C57BL/6J DIO and ob/ob mice. The
HbA1c levels of lean euglycemic mice were unaffected by curcumin. N=5 per group; * signifies
p<0.05 by two-tailed t-test

Figure 4. Effect of curcumin on insulin tolerance in obese, diabetic mice. Curcumin
improves insulin tolerance in ob/ob mice as manifested by a decreased AUC of a 2 hour insulin
tolerance test with blood glucose levels post-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; * signifies p<0.05.

Figure 5. Effect of curcumin on food intake in mice. Dietary curcumin was associated with
significantly increased food intake in lean and DIO, but not ob/ob, C57BL/6J mice, even after
compensating for the 3% of dietary intake that was curcumin. N=5 per group; * signifies p<0.05

Figure 6. Effect of curcumin on body weight and composition. Dietary curcumin (3%) is
associated with significantly decreased body weight in both DIO (B) and ob/ob (C) mice. NMR
scan revealed that curcumin decreased body fat in both DIO (B) and ob/ob (C) mice, and was
also associated with an increase in lean tissue mass in the ob/ob mice (C). Figure 6D depicts
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the small decrease in weight over time that occurred in the DIO mice after being placed on a
curcumin enriched diet. N=5 per group; * signifies p<0.05 by two-tailed t-test.

Figure 7. Effect of curcumin on adipose inflammation. Many adipocytes in the adipose
tissue of untreated ob/ob male mice show dark staining for F4/80, a macrophage marker, while
the adipose from those mice treated with dietary curcumin show significantly less macrophage
staining (B, C).

Figure 8. Effect of curcumin on adipose expression of cytokine and stress-response
genes. Dietary curcumin significantly increases expression of adiponectin (Acdc) and
decreases F4/80 (Emr1) expression in perigonadal white adipose tissue of male ob/ob mice
after 10 weeks (A). Curcumin treatment also induced a dramatic effect on endoplasmic
reticulum stress response (ESR) perigonadal fat gene transcription with significant increases in
the expression of Sirt1, HSP70, HSP90, and FOXO1a (B). N=5 per group; * signifies p<0.05 by
two-tailed t-test.

Figure 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; * signifies

p<0.05 by two-tailed t-test.

Figure 10. Effect of curcumin on expression of hepatic inflammatory genes. Dietary
curcumin significantly lowers hepatic expression of the inflammatory genes TNF-a, SOCS-3,
MCP-1, and CCR-2 in male ob/ob mice after 10 weeks (A). N=5 per group; * signifies p<0.05 by

two-tailed t-test

Figure 11. Effect of curcumin on expression of hepatic NF-kB activity activity. Dietary
curcumin significantly decreases hepatic NF-kB activity after 10 weeks. N=5 per group; *
signifies p<0.05 by two-tailed t-test.

Figure 12. Effect of curcumin on serum markers of inflammation. Dietary curcumin
significantly increased serum adiponectin levels in C57BL/6J DIO and ob/ob mice and
decreased serum MCP-1 concentrations in wild-type lean and DIO C57BL/6J mice. N=5 per
group; * p<0.05 by two-tailed t-test.

20



Figure 1

350
] A A DIO curcumin
] ® DIO control
300 1 *
: * %
250 — % %
200

150 1 {
] i

100 1 E

0 10 20 30 40

non-fasting blood glucose (mg/dL)

600
1B A ob/ob curcumin
500 - ® ob/ob control
400 - %
5 *
300 - § E
200 i %
] 4
100 - 2
R L
0 10 20 30 40 50 60

Days of curcumin dietary supplement



Figure 2

blood glucose (mg/dL)

400 -
350 -
300
250 -
200 -
150

100 -

600
500 -
400
300

200 -

K

1A —a— DIO curcumin
—e— DIO control

(I) 1I5 3I0 4I5 6I0 7I5 9I0 1 (I)5 1 2I0
B —e— ob/ob control

—4A— ob/ob curcumin

100 T

0

15 30 45

60 75 90 105 120

minutes post glucose injection




Figure 3

HbA1c percentage

6.0
5.5 -
5.0
4.5 -
4.0 -
3.5 -
3.0 -
2.5 -
2.0 -
1.5 1
1.0 -
0.5 -

0.0 -

mmms control

{3 curcumin

lean

DIO

Lepob/ob



Figure 4

1.0 1 —e— ob/ob control
—w— ob/ob curcumin
0.9 -
—~ 0.8 *
—
T 0.7
~— 220
O
E 0.6 - 200 1 —&— DIO control
~ 05/ —w— DIO curcumin
3 ) g 180
8 0.4 - A | | | | | | | ?Eg, 160
E 0 10 20 30 40 50 60 70 2 0]
O minutes post-insulin injection S ”
o 5 120
(@) ; o))
O o] —e— DIO control 3 100 5
3 ] —4a— DIO curcumin o ]
] 3 80 -
— 0.9 - ]
(4] ] ] %k
] 60 - * *
% 0.8 - 5 C
n 40 T T T T T T T T T
-0 0_75 0 15 30 45 60 75 90 105 120
: minutes pOSt-II‘ISUlIn lnjectlon
0.6 -
s B

0 15 30 45 60 75 90 105 120

minutes post-insulin injection



Figure 5

1 control

|E== curcumin
20 -

%k
-~

15 -

10 -

kilocalories consumed/day/mouse

lean DIO Lepob/ob



60

50 1

40 -

30 -

20 -

10 -

60

50 -

40 -

30

20 -

10 A

A

=mmm |egn control
== |ean curcumin

—

weight

NMR:fat NMR:lean

*B

=mmm D|O control
== DIO curcumin

*k

weight

NMR:fat NMR:lean

*C

=== ob/0b control
=== ob/ob curcumin

%k
%k

H

weight

NMR:fat NMR:lean

by weight (o)

Figure 6

| —w»— control

—— Curcamin

1 Do

] 5

10 15 ] 25 20
[rays post-idistary intervention

25



F480+ cell percentage

—

control

curcumin

Figure 7



Figure 8

4

(Relative white adipose tissue copies normalized to PPIB)*10

100

o]
o

»
o

S
o

N
o

20

15

10

s control
C— curcumin

oK

oK

oK

Sirt1

Sirt2

m

HSF-1

HSP-70

HSP-90

=i

FOXO-1a FOXO-3a



liver weight in grams

Figure 9

| control
|==== curcumin

lean

DIO

ob/ob



Figure 10 mmmmm control A
« 14 { == curcumin
o sk
;12 .
™
N 10 - *
c
o 81
]
B 6 1
o
% 4 - %
%k

c o | = [l
8 TNF-a SOCS-1 SOCS-3 MCP-1 CCR-2 IL-1B
= 7

12
o i
(&] ] B
O 10
) ]
g :
o 8
= :
(o)) i
R
= ,
8 4]
()] ]
oc ]

0;

Sirt1 Sirt2 HSF-1 HSP-70 HSP-90 FOXO-1a FOXO-3a



huclear NF-xB p65 activity

Figure 11

1.2 -
1.0
0.8 -
0.6 -
0.4 —

0.2

1IN control

1 curcumin

0.0

lean

DIO

ob/ob



i I [ean control
Flgure 12 7000 - A =3 lean curcumin
Em DIO control
C— DIO curcumin
C 6000 - I ob/ob control
.9 I ob/ob curcumin
-
E 5000 -
-
C
(¢})
) 4000
c
(o)
O 3000 -
E 2000 -
(<))
(7))
1000 -
0 .
insulin leptin PAI-1
225 -
1 I lean control
200 J =1 lean curcumin
1 EE DIO control
c 475 3 == DIO curcumin
9 1 I ob/ob control
T 1 I ob/ob curcumin
S 150j
w— ]
S ]
125 +
(&) ]
c ]
O 100
o ]
E 751
o ]
Q50 %k b
25 e
03 ——x—“

adiponectin MCP-1




