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Abstract

In diet-induced obesity, adipose tissue (AT) is in a chronic state of inflammation predisposing the

development of metabolic syndrome. Cocoa (Theobroma cacao) is a polyphenol-rich food with

putative anti-inflammatory activities. Here, we examined the impact and underlying mechanisms

of action of cocoa on AT inflammation in high fat-fed mice. In the present study, male C57BL/6J

mice were fed a high fat diet (HF), a HF diet with 8% (w/w) unsweetened cocoa powder (HFC), or

a low-fat diet (LF) for 18 wk. Cocoa supplementation decreased AT mRNA levels of tumor

necrosis factor-α, interleukin-6, inducible nitric oxide synthase, and EGF-like module-containing

mucin-like hormone receptor-like 1 by 40 – 60% compared to HF group, and this was

accompanied by decreased nuclear protein levels of nuclear factor-κB. Cocoa treatment reduced

the levels of arachidonic acid in the AT by 33% compared to HF controls. Moreover, cocoa

treatment also reduced protein levels of the eicosanoid-generating enzymes, adipose-specific

phospholipase A2 and cycloxygenase-2 by 53% and 55%, respectively, compared to HF-fed mice.

Finally, cocoa treatment ameliorated metabolic endotoxemia (40% reduction in plasma endotoxin)

and improved gut barrier function (as measured by increased plasma levels of glucagon-like

peptide-2). In conclusion, the present study has shown for the first time that long-term cocoa

supplementation can reduce AT inflammation in part by modulating eicosanoid metabolism and

metabolic endotoxemia.
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1. Introduction

Obesity and related health problems (e.g. type 2 diabetes, hypertension, and atherosclerosis)

are the most prevalent nutrition-related issues in the United States [1], affecting over 50% of

the adult population [2]. The cluster of obesity-related metabolic diseases is known as the

metabolic syndrome. One emerging feature of the metabolic syndrome is its linkage with

chronic inflammation in adipose tissue (AT) that becomes systemic [1,3]. This chronic

systemic inflammation is driven by the infiltration of macrophages into AT, which, together

with adipocytes, perpetuate a cycle of macrophage recruitment and secretion of free fatty

acids and deleterious cytokines/chemokines that predispose that drive the development of

metabolic syndrome [4].

During the progression of obesity, the adipocytes undergoes hyperplasia and hypertrophy:

these enlarged adipocyte begin recruiting macrophages [5,6]. Adipose tissue macrophages

(ATMs) secrete pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α),

interleukins (e.g. IL-6), and recruitment of additional macrophages by secreting chemokines

including monocyte chemotactic protein-1 (MCP-1) [5,7]. These newly released

inflammatory cytokines can interact with their receptors at the surface of nearby adipocytes

to signal a further activation of nuclear factor-κB (NF-κB), the key transcription factor that

drives the inflammatory responses of the innate immune system[8]. Pro-inflammatory genes

such as inducible nitric oxide synthase (Nos2) and cyclooxygenase-2 (Cox2) are activated by

NF-κB, and contribute to the progression of systemic inflammation [3].

Inflammatory lipid mediators play a role in the development of obesity-induced AT

inflammation [4,9]. Eicosanoids, a large family of compounds generated from arachidonic

acid (AA), represent one of the most potent classes of endogenous inflammatory mediators.

In AT, upon activation of adipose-specific phospholipase A2 (AdPLA), AA is released from

membrane phospholipids and becomes available as a substrate for the intracellular

biosynthesis of eicosanoids through two major enzymatic routes: the cyclooxygenase (COX)

and lipoxygenase (LOX) pathways[9]. Studies have shown that mice that are deficient in

key eicosanoid-generating enzymes including COX-2, 5-LOX and 12/15-LOX exhibit

decreases in adipocyte differentiation, macrophage infiltration and are protected from high-

fat (HF) diet-induced elevation of inflammatory cytokines [10–12]. Thus, the metabolism of

eicosanoids represents a novel target for the prevention or treatment of obesity-associated

inflammation.

An increasing number of studies have suggested that metabolic endotoxemia, characterized

by an excess of circulating bacterial wall lipopolysaccharide (LPS), is also associated with

obesity and systemic inflammation [13,14]. Studies have shown that consumption of a HF

diet can alter the composition of gut microbiota, increase the incorporation of LPS into

chylomicrons as well as affect the intestinal permeability, which allow excess endotoxin to

enter systemic circulation [15,16]. Metabolic endotoxemia is believed to trigger the AT

inflammation via CD14 and toll-like receptor 4 (TLR4) signaling [14,17].

One potential strategy to reduce obesity-related inflammation is consumption of polyphenol-

rich foods, which have been reported to have anti-inflammatory properties in a number of
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model systems [1]. Cocoa (Theobroma cacao) and cocoa-based products are among the

richest food sources of polyphenols. Cocoa polyphenols are primarily composed of

monomeric (epicatechin and catechin) and oligomeric (proanthocyanidins, PACs) flavan-3-

ols or flavanols. PACs with a degree of polymerization (DP) up to ten (i.e. decamer) have

been identified in cocoa [18]. In addition to polyphenols, cocoa also contains a significant

amount of dietary fibers (approximately 40%) as well as theobromine (2–3%) and a small

amount of caffeine is also present (0.2%) [19]. Over the last decade, a growing number of

studies have reported the health benefits of cocoa and cocoa flavan-3-ols, particularly

reduced risk of cardiometabolic diseases by promoting nitric oxide bioavailability, as well

as, through antioxidant, anti-inflammatory, and anti-platelet activities [20–24]. The impact

of cocoa on eicosanoid metabolism and metabolic endotoxemia in vivo remains an

understudied area.

A previous study from our laboratory has demonstrated that dietary cocoa supplementation

(8% w/w) for 10 weeks can significantly ameliorate the body weight gain, nonalcoholic fatty

liver disease and systemic inflammation in HF-fed obese mice, principally through

modulation of cytokine secretion and inhibition of dietary fat absorption [26]. In addition,

cocoa extracts can dose-dependently inhibit activity of digestive enzymes including secreted

phospholipase A2 (PLA2, IC50 < 20 μg/mL) in vitro [27]. In the present study, we

investigated the preventative effects of a long-term dietary cocoa powder supplementation

on AT inflammation though the regulation of pro-inflammatory gene expression, eicosanoid

metabolism and metabolic endotoxemia in HF-fed C57BL/6J mice.

2. Materials and Methods

2.1 Diets and chemicals

The composition of the low-fat (LF, 10% kcal from fat), high-fat (HF, 60% kcal from fat)

and HF diet supplemented with 80 mg/g unsweetened cocoa powder (HFC) diet was

described previously [26]. The unsweetened cocoa powder used in this study was provided

by Blommer Chocolate Co. (Chicago, IL, USA). The composition of the cocoa powder was

previously reported [26]. All other chemicals were of the highest grade commercially-

available.

2.2 Animals and treatment

The animal experiment was conducted in accordance with a protocol (IACUC# 37115)

approved by the Institutional Animal Care and Use committee at the Pennsylvania State

University (University Park, PA, USA). Male C57BL/6J mice (4 weeks old) were purchased

from Jackson Laboratories (Bar Harbor, ME) and maintained on 12 h light/dark with access

to food and water ad libitum. After a two-week acclimatization period, mice were

randomized to LF diet (n=23), HF diet (n=21) or HFC diet (n=24) treatments. Body weight

and food intake were recorded weekly. At the end of week 18, mice were food-deprived for

7 h (7 am – 2 pm), anesthetized, and sacrificed by exsanguination via cardiac puncture.

Hearts, livers, spleens, kidneys and visceral fat depots (epididymal, retroperitoneal, and

mesenteric) were harvested, rinsed and weighed. Plasma samples were isolated by
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centrifugation at 3200 g for 15 min. All samples were snap-frozen and stored at −80°C until

further analysis.

2.3 Glycemic markers

Fasting blood glucose, plasma insulin levels were assessed as previously described [26].

Briefly, fasting blood glucose were measured using a hand-held Contour glucose monitor

(Bayer Healthcare, Tarrytown, NY, USA) after 7 h of fasting. Fasting plasma insulin was

determined at the end of the experiment using an ELISA kit (Crystal Chem, Downers Grove,

IL, USA) according to the manufacturer’s protocol. Homeostasis model assessment of

insulin resistance (HOMA-IR) was estimated based on the final blood glucose and insulin

values [28].

2.4 Fasting plasma triglycerides and free fatty acids

Fasting plasma concentration of triglycerides was measured by a commercial L-type

triglyceride kit (Wako Diagnostics, Richmond, VA, USA). Non-esterified free fatty acids

levels were quantitatively determined by an enzymatic colorimetric method (λmax = 546 nm,

Zen-bio, Research Triangle, NC, USA).

2.5 Gene expression analysis in stromal vascular fraction (SVF) of AT

Isolation of SVF of epididymal AT and gene expression analysis by quantitative reverse

transcriptase polymerase chain reaction (qPCR) were conducted as previously described

[26]. In brief, epididymal AT were minced and filtered through a cell strainer and lysed, and

the SVF was collected after centrifugation. Total RNA of SVF was extracted and genomic

DNA contamination was removed using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA)

according to the manufacturer’s protocol. Gene expression of Tnfa, Il6, Nos2, and Emr1 was

analyzed by reverse-transcriptase real-time PCR using commercial TaqMan Gene

Expression Assays (Applied Biosystems, Foster City, CA, USA), normalized to Gapdh as an

endogenous control. Information of the Taqman® probes used in this study was reported

previously [26]. Gene expression was analyzed according to the delta delta Ct (ΔΔC
T)

method normalized to Gapdh, and expression levels were calculated as 2−ΔΔC
T.

2.6 Adipocyte cell size image analysis

Samples from epididymal AT were fixed in paraformaldehyde, embedded in paraffin, cut

into 5 μm sections, and stained with hematoxylin and eosin. The sections were viewed at

100X magnification and images were obtained with a DV-130 digital camera (Hawking

Technology, Irvine, CA, USA). A measure scale was added to each image using LissView

program (Hawking Technology, Irvine, CA, USA). The images were pre-edited using Picasa

3 (Google Inc., Mountain View, CA, USA). The images were conditioned by changing

“Invert Color”, “Fill Light”, “Highlights” and “Shadows”. Minor adjustments were also

made by “Sharpen” to make image crisper and less fuzzy. After pre-editing the images,

Adobe PhotoShop CS 8.0 (Adobe systems, San Joes, CA, USA) was used to optimize the

images for adipocyte measurement. The following commands were used for the conversion:

“Bilevel Thresholding”, “Erode”, “Dilate” and “Watershed Segmentation”. The binary black

and white images were compared with the original images to ensure an accurate conversion
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and minor adjustments were made using following commands: “Fill Holes” and

“Paintbrush”. The total number and cell diameter of adipocytes were calculated with the

command “Measure All” after measure scale calibration. Results were directly loaded into

Excel (Microsoft Inc., Redmond, WA, USA) for analysis.

2.7 Arachidonic acid quantification by gas chromatography

AA levels were determined in retroperitoneal AT. A one-step lipid extraction and

methylation procedure was conducted according to Garces and Mancha [29]. Briefly, AT

was heated at 80°C for 2 h in a reagent containing methanol, heptane, toluene, 2,2-

dimethoxypropane, and H2SO4. Fatty acid methyl esters (FAME) were extracted in heptane

and quantified using a GC (Agilent 6890A, Atlanta, GA, USA) equipped with a silica-fused

capillary column (SP-2560, Sigma-Aldrich) and a flame ionization detector. Fatty acid peaks

are identified using standard mixtures (GLC 68D, 461, and 780; NU-CHEK Prep Inc.) and

tissue fatty acid concentration determined using internal standards (C13:0 and C19:0). Data

were corrected for recovery and methyl ester mass.

2.8 Western blot

Frozen retroperitoneal AT was homogenized in tissue protein extraction buffer containing a

cocktail of protease inhibitors and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO,

USA). The nuclear fraction of AT was prepared using the Nuclear Extract Kit (Active Motif,

Rixensart, Belgium). After centrifugation, the protein concentration in supernatant is

determined by Bradford assay (Sigma-Aldrich, St. Louis, MO, USA). Whole cell lysates and

nuclear lysates were then combined with an equal volume of laemmli sample buffer (Bio-

Rad, Hercules, CA, USA), denatured at 90 °C for 5 min. Proteins (60 μg) were separated by

polyacrylamide (15 %) gel electrophoresis, transferred to nitrocellulose membranes (Bio-

Rad, Hercules, CA, USA), and probed with primary antibodies (Cell Signaling Technology,

Danvers, MA, USA) for AdPLA (1:200 dilution, Cayman Chemical, Ann Arbor, MI, USA),

COX-2 (1:200 dilution, Cayman Chemical), 5-LOX (1:1000 dilution, Cayman Chemical,

Ann Arbor, MI, USA), NF-κB p65 (1:100 dilution, Biotechnology, Santa Cruz, CA, USA),

GAPDH (1:1000 dilution, Cell Signaling Technology, Danvers, MA, USA) and Histone H3

(1:500 dilution, Cell Signaling Technology, Danvers, MA, USA) overnight at 4 °C. After

incubation with a fluorescently-labeled secondary antibody (LI-COR Biosciences, Lincoln,

NE, USA) proteins were imaged with an Odyssey imaging system (LI-COR, Lincoln, NE,

USA). Protein loading was normalized to GAPDH or Histone H3. Band density was

quantified using Odyssey Application Software version 3.0.

2.9 Metabolic endotoxemia and gut barrier function

Plasma LPS determinations were performed using a Limulus amaebocyte lysate kit (LAL

kit, Lonza, Walkersville, MD, USA). Samples were diluted 1:5 to 1:10 with endotoxin-free

LAL reagent water and heated at 70°C for 10 min before analysis. Plasma GLP-2 levels

were determined by ELISA (MyBioSource, Inc. San Diego, CA, USA) following the

manufacturer’s instructions.
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2.10 Statistical analyses

Data are presented as the mean ± standard error of the mean (SEM). Two-way ANOVA

with Bonferroni’s post-test was used for body weight, food intake and blood glucose

comparisons over the course of the study. One-way ANOVA with Dunnett’s post-test was

used for all other data comparisons. Pearson’s correlation coefficient (r) was used as a

measure of the strength of the association between two variables. Analyses were performed

using GraphPad Prism 5.0 (San Diego, CA, USA). A P < 0.05 was considered statistically

significant.

3 Results

3.1 Physiological parameters

A significant increase in body weight of mice fed the HF diet was observed at the end of

experiment compared to that of the LF-treated mice (P < 0.001, Table 1). Dietary cocoa

supplementation (HFC group) for 18 weeks did not significantly change the final body

weight compared to HF-fed control. Food and energy intake was also unaffected by cocoa

treatment (Table 1). Spleen and kidney weight were decreased in HFC mice compared to

HF-fed mice (P < 0.05, Table 1). Although no significant differences were found between

mean fasting blood glucose (data not shown) and final fasting blood glucose (Table 2) in

cocoa-supplemented mice and HF-fed controls, fasting plasma insulin levels determined at

the completion of the experiment were decreased by 14.8% in HFC group (P < 0.05). In

addition, HF-fed obese mice had increased HOMA-IR scores (P < 0.001) compared to LF-

fed lean mice (Table 2), and this increase was attenuated in cocoa-supplemented mice (P <

0.05). Cocoa-supplemented mice also displayed lower fasting plasma triglycerides (P <

0.05) and fasting plasma free fatty acids (P < 0.001) than HF group (Table 2).

3.2 Inflammatory gene expression in ATMs

The mRNA levels of Tnfa, Il6, Nos2, and Emr1 in the epididymal AT SVF were determined.

Expression of Il6, Nos2, and Emr1 were significantly elevated, whereas Tfna levels were

unaffected (P < 0.05) in HF-fed obese mice compared to the LF-fed lean mice (Fig. 1).

Supplementation with dietary cocoa remarkably reduced the expression of the four genes by

40 – 61% (P < 0.05) compared to HF-fed mice (Fig. 1).

3.3 Adiposity and adipocyte cell size distribution

Visceral adiposity of HF-fed obese mice was significantly elevated compared to LF-fed

mice (P < 0.05, Fig. 2A). Cocoa supplementation reduced the mass of retroperitoneal AT,

but did not affect the other depots or total visceral adiposity. In spite of the lack of effect on

total visceral AT mass, cocoa treatment did influence the adipocyte cell size distribution.

Cocoa-treated mice had a significantly larger number of smaller adipocytes (0 – 20 μm, P

<0.0001) and a smaller number of larger cells (40 – 60 μm, P <0.01) in epididymal depot

(Fig. 2B).
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3.4 AA levels in AT and its correlation with adiposity

Eicosanoids represent a group of inflammatory lipid mediators derived from AA. Cocoa-

supplemented mice had 33% reduction in AA content of AT compared to HF group (P

<0.001, Fig. 3A). Moreover, the AA content in AT was positively correlated with mass of

the fat depot (Pearson r = 0.57, P = 0.02, Fig. 3B).

3.5 Expression of eicosanoid-generating enzymes and NF-κB in AT

Western blot analysis (Fig. 4A–C) showed that the protein expression of AdPla and COX-2

was reduced by nearly 50% in cocoa treated mice compared to HF fed controls (P <0.01).

By contrast, there is no significant effect of cocoa on the expression of 5-LOX among the

three groups. Furthermore, the level of NF-κB (p65 subunit) in the nucleus was reduced in

cocoa-treated mice compared to HF fed controls (Fig. 4D).

3.6 Endotoxemia and gut barrier function

HF diet induced a 1.8-fold increase in plasma endotoxin levels (P < 0.001) compared to LF-

fed controls (Fig. 5A). Cocoa supplementation ameliorated this elevation resulting in 40.8%

lower (P < 0.001) plasma endotoxin levels than HF-fed mice. GLP-2 is a gastrointestinal

hormone that has a number of actions in the intestine including stimulation of mucosal

growth, improvement of gut barrier function. Compared to LF-fed mice, HF-fed mice had

lower levels of plasma GLP-2 (P < 0.01), whereas cocoa treatment prevented this decrease

(Fig. 5B). Correlation analysis showed that plasma GLP-2 levels were inversely related to

plasma endotoxin levels (Pearson r = −0.52, P = 0.001, Fig. 5C).

4. Discussion

AT has an important endocrine function in the regulation of whole-body metabolism.

Obesity leads to a chronic inflammation of the AT, which in turn disrupts this endocrine

function and results in metabolic derangements, such as type-2 diabetes and cardiovascular

diseases [30]. Bioactive food components, such as polyphenols, have been shown to

suppress both systemic and AT inflammation and have the potential to attenuate these

obesity-associated metabolic disorders [30–32]. In the present study, we provide the first

scientific evidence that long-term supplementation with dietary cocoa alleviates AT

inflammation in HF-fed C57BL/6J mice. Based on allometric scaling, the dose of cocoa give

to the mice is equivalent to approximately 54 g of unsweetened cocoa powder [26].

In this study, although the final body weight of HF-fed mice was unchanged, markers of

hyperinsulinemia and hyperlipidemia were significantly improved by cocoa treatment for 18

wks. Dietary supplementation with 8% (w/w) cocoa powder contributes approximately

about 50 mg polyphenols/kg body weight. Previous work in this area has provide mixed

results. For example, Min et al. found that C57BL/6 mice fed a HF diet with cocoa

polyphenol extract (200 mg/kg body weight) for 5 wks exhibited significantly reduced body

weight and epididymal fat mass, as well as decreased plasma triglycerides levels, whereas

blood glucose was unaffected [33]. In another study, Tomaru et al. found that diabetic obese

mice fed a standard diet with 1% cocoa liquor PAC extract for 3 weeks demonstrated lower

blood glucose levels, but no significant changes in body weight were observed [34].

Gu et al. Page 7

J Nutr Biochem. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Chronic inflammation in obese AT is characterized by increased macrophage infiltration and

abnormal cytokine production. We found that mRNA expression of pro-inflammatory

cytokines (Tnfα and Il6), Nos2 and macrophage surface marker (Emr1) was elevated in HF-

fed obese mice in ATMs derived from epididymal fat. However, cocoa supplementation

reduced the expression of these genes by 40 – 61% compared to HF controls. Interestingly,

the decreased expression of Emr1 (also known as F4/80 in mouse) indicates that cocoa

treatment decreased macrophage infiltration into AT. Studies have also shown that Emr1

was significantly and positively correlated with both adipocyte size and body mass [6].

Fat mass expansion in obesity occurs via adipocyte hyperplasia (increased adipocyte

number) and/or adipocyte hypertrophy (increased size of adipocytes) [30]. The latter is often

associated with AT dysfunction and inflammation [35]. Although there was no change in the

mass of the epididymal fat depot induced by cocoa treatment, the adipocyte cell size

distribution was markedly changed with an increase in the number of smaller cells and a

decrease in the number of larger cells. Skurk et al. have reported that adipocyte size is an

important determinant of the production of cytokines including IL-6, IL-8 and MCP-1 in AT

[36].

Eicosanoids are lipid products derived from the metabolism of AA, which play a significant

role as mediators of the inflammatory cascade and have important activities for maintaining

homeostasis [37]. AA is a ω-6-PUFA and is the primary source of fatty acids that mediate

inflammatory responses [9]. Elevated tissue levels of AA have been associated with a

number of disease states, including coronary heart disease, breast cancer, obesity and

diabetes [38]. A recent study has associated increased AA levels in retroperitoneal AT with

a high prevalence of the metabolic syndrome in human subjects [38]. We found that cocoa-

supplemented mice had 33% lower levels of AA compared to HF group, furthermore.

In AT, the release of AA can be catalyzed by AdPLA or by other types of PLA2 released

from macrophages[9]. AdPLA is highly and exclusively expressed in AT and is associated

with adipocyte differentiation and lipolysis [39]. Ablation of AdPLA in mice caused a

reduction in triglyceride levels and insulin resistance in response to a HF diet [9,39,40]. In

the present study, the protein expression of AdPLA in AT was significantly suppressed by

cocoa treatment. Together with reduced AA levels in AT, these results suggest a decreased

availability of substrates for the synthesis of eicosanoids. The COX pathway metabolizes

AA to form prostanoids, including the prostaglandins (PGs). Ghoshal et al. have reported

that COX-2 deficiency attenuated AT differentiation and macrophage-dependent

inflammation in mice [10]. The LOX pathway metabolizes AA into many bioactive

eicosanoids including leukotrienes (LTs). Recent studies have demonstrated a role of LOX

pathway in signaling the AT dysfunction and inflammation [11,12,41]. Here, we found that

cocoa supplementation significantly reduced COX-2 protein expression in AT compared HF

group, while the expression of 5-LOX was unaffected. To our knowledge, this is the first

report of modulatory effects of cocoa on eicosanoid metabolizing enzymes in AT in vivo:

previous data was limited to in vitro studies (see [42] for example).

NF-κB is a ubiquitous and well-characterized transcription factor controlling the expression

of genes encoding the pro-inflammatory cytokines, chemokines, adhesion molecules,
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inducible enzymes (NOS2 and COX-2) etc. [43]. In the present study, the protein levels of

NF-κB p65 subunit in nucleus of adipocytes were compared, and cocoa supplemented

exhibited significant lower levels of nuclear p65 levels than that of HF-fed controls.

Together with decreased pro-inflammatory gene expression by cocoa treatment, these results

suggest that dietary cocoa may prevent the nuclear translocation and activation of NF-κB

pathway which results in down-regulation of inflammatory gene expression. Although, the

decrease in nuclear p65 may indicate a decrease in NFκB transcriptional activity, further

studies are needed to directly determine if transcriptional activity is reduced. Terra et al.

[44] have reported that the administration of a grape-seed PAC extract (30 mg/kg per day)

for 14 weeks in HF fed rats significantly decreased Tnfα, Il6 and Emr1 expression in

mesenteric AT, and a reduced NF-κB activity in liver is also observed which can be related

to low expression rates of hepatic inflammatory markers. Although in vitro studies have

shown that cocoa extracts and cocoa polyphenols can inhibit the translocation and activation

of NF-κB in several cell models, our study represents the first in vivo demonstration of such

activity by cocoa in an obese animal model [45–48].

A growing number of studies suggests that a HF diet can induce “metabolic endotoxemia”

through alteration of gut microbiota and gut barrier functions, which promotes leakage of

endotoxin from the gut lumen into the circulation, resulting in inflammatory changes in

tissues including AT [14–16]. Because cocoa contains dietary fiber and higher molecular

weight polyphenols with low bioavailability, modulation of a target(s) in the gastrointestinal

system which exerts an indirect systemic effects represents an attractive explanation for the

anti-inflammatory activity of cocoa in HF-fed mice [49,50]. In our study, the HF diet

significantly elevated plasma endotoxin (LPS) levels compared to LF-fed controls. By

contrast, cocoa supplementation significantly reduced this elevation with levels similar to

that of LF group.

GLP-2 is a hormone which can increase intestinal crypt cell proliferation and mucosal

thickness resulting in improved gut barrier function [51]. Previously Cani et al. reported that

administration of exogenous GLP-2 to ob/ob mice decreased plasma LPS by approximately

50%; plasma inflammatory cytokines were also reduced [52]. Our results demonstrate that

cocoa treatment significantly increased plasma GLP-2 levels compared to HF-fed mice. As

expected, we observed a strong negative correlation between plasma GLP-2 and endotoxin

levels.

It is noteworthy that the decrease in endotoxemia is also associated with reduced plasma

triglycerides in cocoa-treated mice. It has been hypothesized that endotoxin is transported

from the intestine to target tissues by incorporation into triglyceride-rich lipoproteins,

notably chylomicrons synthesized from epithelial intestinal cells in response to a HF diet

[14]. Previously we reported that cocoa PACs inhibit the activity of PL in vitro and

increased fecal lipid content [26,27]. It is possible that cocoa can also reduce metabolic

endotoxemia in part by this alternative mechanism.

One limitation of the present study is that different depots of AT were used to measure

adipocyte hypertrophy and gene expression studies (epididymal) and arachidonic acid and

protein analysis (retroperitoneal). This was due to the fact that the epididymal depot was
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exhausted in preparing the SVF faction and histological sections. It is possible that

differences in inflammatory response exist between different AT depots. Such questions will

need to be investigated in future studies.

In conclusion, the present study has shown for the first time that long-term cocoa

supplementation can reduce AT inflammation in HF-fed mice by down-regulating NF-κB

target gene expression and modulating eicosanoid metabolism. Although further studies are

needed, our results suggest that dietary cocoa powder can exert anti-inflammatory activity in

part by modulating gut barrier function and metabolic endotoxemia. These results provide a

putative mechanism of action which is congruent with the reported low bioavailability of

cocoa polyphenols and high fiber content in cocoa powder.
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Abbreviations

AA arachidonic acid

AdPLA adipose-specific phospholipase A2

AT adipose tissue

ATMs adipose tissue macrophages

COX-2 cycloxygenase-2

DP degree of polymerization

FAME fatty acid methyl ester

GC Gas Chromatography

GLP-2 glucagon-like peptide-2

HF high-fat

HFC high-fat diet with 8% (w/w) unsweetened cocoa powder

Nos2 inducible nitric oxide synthase

LF low-fat diet

LOX lipoxygenase

LPS lipopolysaccharide

LT leukotriene

MCP-1 monocyte chemotactic protein-1

NF-κB nuclear factor-κB

PAC proanthocyanidin

PG prostaglandin
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PUFA polyunsaturated fatty acid

SVF stromal vascular fraction

TLR4 toll-like receptor 4

TNF-α tumor necrosis factor-α
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Figure 1.
The effect of cocoa supplementation on the expression of inflammatory gene expression in

the SVF of C57BL/6J mice. (A) Tnfa, (B) Il6, (C) Nos2 and (D) Emr1 expression was

determined in adipose tissue macrophages (ATMs) in the SVF of epididymal AT.

Expression of pro-inflammatory genes was determined at the end of the experiment using

RNA isolated from the epididymal SVF from a set of representative mice from each group.

LF, n=10; HF, n=18; and HFC, n=18. Values are expressed as mean ± SEM. Means were

compared by one-way ANOVA with Dunnett’s post-test (HF as control). * P<0.05, **

P<0.01, *** P<0.001.
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Figure 2.
The effect of cocoa supplementation on (A) visceral adiposity and (B) adipocyte cell size

distribution in C57BL/6J mice. Visceral fat depots were weighed at the end of experiment

with LF, n=23; HF, n=21; and HFC, n=24. Adipocyte cell size distribution was analyzed

from a set of representative histological section samples of epididymal AT with n=8 for each

group. (C) Typical photomicrographs are shown with white bars representing 40 μm scale.

Values are expressed as mean ± SEM. Means were compared by one-way ANOVA with

Dunnett’s post-test (HF as control). * P<0.05, ** P<0.01, *** P<0.001.
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Figure 3.
The effect of cocoa supplementation on (A) arachidonic acid levels in AT and (B) its

correlation with adiposity in C57BL/6J mice. Arachidonic acid levels were determined in

duplicate from a set of representative retroperitoneal AT samples with LF, n=6; HF, n=5;

and HFC, n=6. Values are expressed as mean ± SEM. Means were compared by one-way

ANOVA with Dunnett’s post-test (HF as control). *** P<0.001. The correlation between

arachidonic acid levels and the adiposity was assessed by GraphPad Prism 5.0 (San Diego,

CA).
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Figure 4.
The effect of cocoa supplementation on the protein expression of (A) AdPLA, (B) COX-2,

(C) 5-LOX and (D) nucleus NF-κB p65 in adipose tissue of C57BL/6J mice. Protein

expression of eicosanoid-generating enzymes (AdPLA, COX-2 and 5-LOX) was determined

in whole cell lysate from a set of representative mouse retroperitoneal AT samples with n=6

for each group. Protein expression of NF-κB p65 was measured in nuclear fraction from a

set of representative mouse retroperitoneal AT samples with n=6 for each group. Values are

expressed as mean ± SEM. Means were compared by one-way ANOVA with Dunnett’s

post-test (HF as control). * P<0.05, ** P<0.01, *** P<0.001.
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Figure 5.
Effect of cocoa supplementation on the plasma endotoxin and GLP-2 levels in C57bl6/J

mice. (A) Plasma endotoxin or (B) GLP-2 levels were determined at the end of experiment.

Values are expressed as mean ± SEM of N = 23, 21, and 24 for LF, HF, and HFC,

respectively. Means were compared by one-way ANOVA with Dunnett’s post-test (HF as

control). *** P<0.001. (C) The correlation between plasma endotoxin and GLP-2 levels was

determined by examining Pearson’s correlation coefficient. Correlation analysis was

performed using GraphPad Prism 5.0 (San Diego, CA).
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Table 1

Physiological parameters of mice fed with LF, HF and HFC diet1

LF HF HFC

Final body weight (g) 34.8±0.7*** 49.5±1.0 47.1±0.4

Food Intake (g/week/mouse) 20.3±0.3 21.4±0.5 20.6±0.3

Energy Intake (kcal/week/mouse) 77.2±1.0*** 111.1±2.3 104.9±1.7

Heart (g) 0.14±0.004** 0.17±0.005 0.16±0.004

Liver (g) 1.20±0.01*** 2.14±0.01 2.08±0.01

Spleen (g) 0.07±0.002*** 0.10±0.003 0.09±0.003*

Kidney (g) 0.31±0.01*** 0.37±0.01 0.34±0.01*

1
Values are expressed as mean ± SEM with LF, n=23; HF, n=21; and HFC, n=24. Data were compared by one-way ANOVA with Dunnett’s post-

test (HF as control).

*
P<0.05,

**
P<0.01,

***
P<0.001.
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Table 2

Markers of insulin resistance and dyslipidemia in mice fed with LF, HF and HFC diet1

LF HF HFC

Final fasted blood glucose (mmol/L) 7.31±0.27*** 9.86±0.28 9.78±0.21

Fasted plasma triglycerides (mmol/L) 0.33±0.01*** 0.45±0.02 0.36±0.02**

Fasted plasma free fatty acids (mmol/L) 0.98±0.05 0.89±0.04 0.67±0.02***

Fasted plasma insulin (pmol/L) 165.5±15.5*** 1176.4±64.6 1001.9±55.06*

HOMA-IR 7.33±0.84*** 71.51±4.18 60.64±3.26*

1
Values are expressed as mean ± SEM with LF, n=23; HF, n=21; and HFC, n=24. Data were compared by one-way ANOVA with Dunnett’s post-

test (HF as control).

*
P<0.05,

**
P<0.01,

***
P<0.001.
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