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Abstract
Purpose—To investigate the effect of cocoa powder supplementation on obesity-related
inflammation in high fat (HF)-fed obese mice.

Methods—Male C57BL/6J (n = 126) were fed with either low-fat (LF, 10 % kcal from fat) or
HF (60 % kcal from fat) diet for 18 weeks. After 8 weeks, mice from HF group were randomized
to HF diet or HF diet supplemented with 8 % cocoa powder (HF–HFC group) for 10 weeks. Blood
and tissue samples were collected for biochemical analyses.

Results—Cocoa powder supplementation significantly reduced the rate of body weight gain
(15.8 %) and increased fecal lipid content (55.2 %) compared to HF-fed control mice. Further,
cocoa supplementation attenuated insulin resistance, as indicated by improved HOMA-IR, and
reduced the severity of obesity-related fatty liver disease (decreased plasma alanine
aminotransferase and liver triglyceride) compared to HF group. Cocoa supplementation also
significantly decreased plasma levels of the pro-inflammatory mediators interleukin-6 (IL-6, 30.4
%), monocyte chemoattractant protein-1 (MCP-1, 25.2 %), and increased adiponectin (33.7 %)
compared to HF-fed mice. Expression of pro-inflammatory genes (Il6, Il12b, Nos2, and Emr1) in
the stromal vascular fraction (SVF) of the epididymal white adipose tissue (WAT) was
significantly reduced (37–56 %) in the cocoa-supplemented mice.

Conclusions—Dietary supplementation with cocoa ameliorates obesity-related inflammation,
insulin resistance, and fatty liver disease in HF-fed obese mice, principally through the down-
regulation of pro-inflammatory gene expression in WAT. These effects appear to be mediated in
part by a modulation of dietary fat absorption and inhibition of macrophage infiltration in WAT.
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Introduction
Obesity is defined as a phenotypic manifestation of abnormal or excessive fat accumulation
that alters health and increases mortality [1]. Today, more than 35 % of Americans are obese
and if the current trajectory continues, the rate will reach 51 % by 2030 [2]. Indeed, obesity
is a multifactorial disorder that is a significant risk factor for type 2 diabetes, cardiovascular
disease, obesity-related fatty liver disease (ORFLD), and certain cancers [1, 3, 4]. Obesity
and the associated metabolic pathologies are the most common and detrimental metabolic
diseases, affecting over 50 % of the adult population [5]. It is becoming more evident that
obesity is a chronic inflammatory state, also known as low-grade or systemic inflammation,
which represents the important link between obesity and its comorbidities [1, 3, 4].

Obesity-related inflammation is characterized by macrophage infiltration into adipose tissue,
abnormal cytokine production, and activation of inflammatory signaling pathways [5–7].
Compared with white adipose tissue (WAT) from lean individuals, WAT from obese
individuals expresses increased amounts of pro-inflammatory mediators including tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS, also
known as NOS2), and monocyte chemoattractant protein-1 (MCP-1), as well as decreased
levels of adiponectin [8, 9]. Adipose tissue-associated macrophages (ATMs) are responsible
for nearly all TNF-α released by WAT and approximately 50 % of WAT-derived IL-6 in
obese mice [8, 10]. Most cytokines produced by WAT are closely associated with obesity-
induced insulin resistance and hepatic steatosis (fatty liver), the excess accumulation of
triglycerides in hepatocytes [11], which is commonly reflected by abnormal circulating
concentrations of hepatic enzymes (e.g., alanine aminotransferase (ALT)).

Recently, a growing number of studies have reported the beneficial health effects of cocoa
(Theobroma cacao) and cocoa polyphenols, including modulation of atherosclerosis and
hypertension [12, 13]. A number of potential mechanisms have been proposed for these
effects, including the inhibition of platelet aggregation, as well as antioxidant and anti-
inflammatory effects [14, 15]. Relatively few studies have investigated the preventive or
therapeutic effects of cocoa and cocoa constituents against obesity and metabolic syndrome
[16–20]. For example, treatment of high fat (HF)-fed rats with 12.5 % cocoa powder for 3
weeks significantly decreased final body weights, mesenteric WAT weights, and modulated
the expression of genes related to fatty acid metabolism [17]. Tomaru et al. [18] and
Yamashita et al. [20] have both reported that dietary supplementation with cocoa liquor
proanthocyanidins (PACs) suppressed HF diet-induced hyperglycemia, glucose intolerance,
and fat accumulation in WAT in diabetic obese mice.

Several in vitro studies have shown that certain isolated flavan-3-ols and PACs from cocoa
exert anti-inflammatory activities by modulating the transcription and secretion of pro-
inflammatory cytokines in human peripheral blood mononuclear cells and macrophages,
although the effects of these compounds vary depending on the degree of polymerization
(DP) of the test compound [21–25]. For example, epicatechin and cocoa PACs have been
found to reduce the secretion of TNF-α, MCP-1, and nitric oxide (NO) in macrophages in
vitro [24]. We have previously reported that cocoa-derived PACs potently inhibit the
activity of secreted phospholipase A2 in a cell-free system [26]. Inhibitory potency increased
as a function of DP with higher-molecular weight compounds (DP > 7) having the most
potent activity. These studies would suggest that cocoa has anti-inflammatory effects in vivo
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but further experimental evidence is needed to establish effective dose levels, demonstrate
efficacy, and establish the underlying mechanisms of action.

In the present study, we investigated the effects of cocoa powder supplementation on the
markers of obesity-related inflammation and co-pathologies in HF-fed obese C57BL/ 6J
mice. Herein, we report the results of our studies.

Materials and methods
Diets and chemicals

Unsweetened cocoa powder was generously provided by Blommer Chocolate Co. (Chicago,
IL). The composition of the cocoa powder including polyphenol content is shown in Table
1. Total polyphenols in cocoa powder were quantified by Folin–Ciocalteu method with
gallic acid as a standard, and the contents of flavan-3-ols (from monomers to decamer) were
determined by diol HPLC, described by a previous method [27]. All other chemicals were of
the highest grade commercially available. Low-fat (LF, 10 % kcal from fat, D12450B),
high-fat (HF, 60 % kcal from fat, D12492) and HF diet supplemented with 80 g/kg cocoa
(HFC, D10052503) diet were prepared by Research Diets (New Brunswick, NJ). The
composition of the diets is given in Table 2.

Animals and treatment
All animal experiments were conducted in accordance with a protocol (IACUC# 28962 and
37115) approved by the Institutional Animal Care and Use committee at the Pennsylvania
State University (University Park, PA). 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 = 12) or HF diet (n = 46) treatments. After 8 weeks, HF-fed mice
were randomized again into two groups based on body weight: half were maintained on the
HF diet (HF group, n = 23) and half were fed with HFC diet (HF–HFC group, n = 23) for 10
weeks. 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 killed 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 centrifugation at 3200g for 15 min. All samples were snap-frozen and stored at
−80 °C until further analysis. The study was repeated (Exp 2) a year after the original study
(Exp 1) using the same experimental design, where n = 23 for LF, and n = 21 for HF, and n
= 24 for HF–HFC.

Glycemic markers
Fasting blood glucose measurements were recorded on weeks 0, 4, 8, 10, 12, 14, 16, and 18
for each treatment group using a handheld Contour glucose monitor (Bayer Healthcare,
Tarrytown, NY). Mice were food-deprived for 7 h after the cage bedding was changed (to
prevent coprophagy) and blood was sampled from the tail vein. Fasting plasma insulin was
determined at the end of the experiment using an ELISA kit (Crystal Chem, Downers Grove,
IL) according to the manufacturer’s protocol. Insulin resistance was estimated based on the
final blood glucose and insulin values using the homeostasis model assessment of insulin
resistance (HOMA-IR) [28].

Fecal lipid content
Samples were weighed, pulverized in liquid nitrogen, and then extracted twice with an equal
volume of methanol/ chloroform (2:1, v:v). The organic phase was filtered through a 0.45
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μm PTFE membrane and dried under vacuum. The residue was weighed and normalized to
fecal wet weight.

Biochemical analysis of plasma samples
Plasma ALT levels were measured using a spectrophotometric method (λmax = 340 nm)
from Catachem (Bridge-port, CT) according to the manufacture’s protocol. Plasma levels of
TNF-α, IL-6, MCP-1, and adiponectin were determined using commercially available
ELISAs for mice from R&D Systems (Minneapolis, MN) according to the manufacturer’s
protocols.

Liver triglycerides
Liver triglycerides were determined by homogenizing liver tissue (50–100 mg) in 2 mL
isopropanol. The homogenate was centrifuged at 2000g for 10 min and the supernatant was
analyzed with an L-type triglycerides kit (Wako, Diagnostics, VA). Lipid concentrations
were normalized to tissue wet weight.

Stromal vascular fraction (SVF) isolation
Epididymal WAT was excised, minced into small (<10 mg) pieces, and placed into digestion
media consisting of Dulbecco’s modified Eagle’s medium (DMEM, Mediatech, Manassas,
VA) supplemented with 2.5 % HEPES, 10 mg/ mL bovine serum albumin, and Collagenase
Type II (0.3 %, Sigma-Aldrich, St. Louis, MO). Following incubation in a shaking 37 °C
water bath for 45 min, samples were filtered through a 70-μm cell strainer to remove debris
and centrifuged at 4 °C at 300g for 8 min. The pellet, consisting of the stromal vascular
fraction (SVF), was washed with DMEM and centrifuged at 4 °C at 300g for 8 min. The
supernatant was discarded and erythrocytes were lysed by incubation in 1 mL ACK lysis
buffer (NH4Cl 150 mM, KHCO3 10 mM, EDTA·Na2·2H2O 10 μM) for 1 min on ice before
the addition of 4 mL of DMEM to stop the reaction. Samples were then centrifuged at 4 °C
at 300g for 10 min. The pellet was frozen at −80 °C for RNA isolation.

Real-time PCR
Total RNA was extracted and genomic DNA contamination was removed using the RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. Total RNA was
quantified with a Nanodrop 2000 spectrophotometer and reverse-transcribed to cDNA using
a RT2 HT First Strand Kit (SA Biosciences, Valencia, CA). Real-time PCR was performed
using an Applied Biosystems 7900HT Fast Real-Time PCR System (San Francisco, CA).
The reactions included 5 μL perfeCTa® qPCR SuperMix, ROX™ (Quanta BioSciences,
Gaithersburg, MD), 0.5 μL TaqMan® probe (Applied Biosystems, Table 3), and 4.5 μL
diluted cDNA. PCRs were incubated in a 384-well plate at 95 °C for 10 min, followed by 40
cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min. Data
were recorded and analyzed with Sequence Detector Software (Applied Biosystems).
Relative quantification or fold change in gene expression was determined using the 2−ΔΔCT

method, where ΔΔCT = (CT,target − CT,reference)HF or HF-HFC − (CT,target − CT,reference)LF,
with Gapdh as the reference gene.

Statistical analysis
Data are presented as the mean ± standard error of the mean (SEM). Two-way ANOVA
with Bonferroni’s posttest was used for body weight, food intake, and blood glucose
comparisons over the course of the study. One-way ANOVA with Dunnet’s posttest was
used for all other data comparisons. A P <0.05 was considered statistically significant. All
analyses were performed using GraphPad Prism 5.0 (San Diego, CA).
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Results
Effect of cocoa on body weight, body fat mass, and organ weights

After 8 weeks of treatment, the average body weight of the HF-treated mice was 1.3-fold
higher (P < 0.001) than that of the LF-treated mice (Fig. 1a). Cocoa supplementation for 10
weeks significantly decreased final body weight by 4.7 % (P < 0.05) compared to HF-fed
controls, and significantly decreased the rate of body weight gain by 15.8 % (P < 0.001, Fig.
1b) without affecting the food and energy intake (Table 4). Cocoa-supplemented mice also
displayed lower gross heart, liver, and retroperitoneal WAT weights compared to HF-fed
mice (P < 0.05, Fig. 1c, d). The experiment was repeated twice, and the body weight, tissue
weight, and food intake data were not significantly different between the two studies. We
therefore combined the data from the two experiments.

Effect of cocoa on food intake and fecal lipid content
Fecal samples were taken after 7 weeks of treatment with the cocoa-supplemented diet.
Cocoa treatment increased the fecal lipid content by 55.2 % (P < 0.05) compared to the HF
obese mice without affecting food and energy intake (Table 4).

Effect of cocoa on glycemic markers and insulin resistance
No significant differences were found between mean fasting blood glucose (data not shown)
and final fasting blood glucose (Table 5) in cocoa-supplemented mice and HF-fed controls.
Fasting plasma insulin was determined at the completion of the experiment, and cocoa-
supplemented mice had 26.7 % lower (P < 0.001) plasma insulin levels than HF-treated
mice (Table 5). Moreover, HF-fed obese mice had increased HOMA-IR scores (P < 0.001)
compared to LF-fed lean mice (Table 5). This increase was ameliorated in cocoa-
supplemented mice (P < 0.001).

Effect of cocoa on the markers of ORFLD
High-fat diet increased the plasma ALT levels by 2.2-fold (P < 0.001) compared to LF-fed
controls. Cocoa supplementation attenuated this increase, resulting in 41.1 % lower (P <
0.001) plasma ALT levels than HF-fed mice (Fig. 2a). Liver triglyceride levels were also
elevated in HF-fed mice (2.1-fold increase, P < 0.001) compared to LF-fed mice. Cocoa
supplementation reduced the liver triglyceride levels by 32.3 % (P < 0.001) compared to
HF-fed mice (Fig. 2b).

Effect of cocoa on plasma cytokine levels
Plasma levels of MCP-1 and IL-6 were significantly elevated (P < 0.05) in HF-fed obese
mice compared to the LF-fed lean mice. Supplementation with cocoa reduced plasma
MCP-1 and IL-6 production by 25.3 % (P < 0.01) and 30.4 % (P < 0.01), respectively,
compared to HF-fed mice (Fig. 3a, b). There was no significant difference in TNF-α level
among the three groups (P = 0.27), although the cocoa-supplemented mice tended to have
lower mean levels than the HF-fed controls (Fig. 3c). Conversely, plasma adiponectin levels
were significantly lower (P < 0.05) in HF group compared to LF-fed controls, and cocoa
treatment increased adiponectin levels by 33.7 % (P < 0.05) compared to HF-fed mice (Fig.
3d).

Effect of cocoa on pro-inflammatory gene expression
The SVF of WAT is enriched in macrophages, which are related to inflammatory processes
in obesity. The mRNA levels of Il6, Il12b, Nos2, and Emr1 in the SVF of epididymal WAT
of the HF-fed mice were increased by 2.4-(P < 0.05), 2.9- (P < 0.05), 4.8- (P < 0.01), and
8.5-fold (P < 0.001), respectively, compared to LF-fed lean mice. Cocoa supplementation
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reduced the expression of these genes by 37–56 % (P < 0.05, Fig. 4). There was no
significant difference in the expression of Tnfa and Ccl2 (Mcp1) among the three groups
(Suppl. Fig. 1).

Discussion
Obesity is accompanied by systemic inflammatory responses, and factors believed to
contribute to this process include increased levels of circulating cytokines, as well as tissue-
specific derangements, such as hepatic inflammation and the accumulation of inflammatory
macrophages in adipose tissue [8, 29, 30]. In this study, we report for the first time the
therapeutic effect of dietary supplementation with cocoa on obesity-related inflammation,
insulin resistance, and fatty liver disease in HF-fed C57BL/6J mice.

In the present study, dietary supplementation of HF-fed, obese C57BL/6J mice with 8 %
cocoa powder for 10 weeks significantly reduced the rate of body weight gain (16 %
decrease), as well as final body weight (5 % decrease) and retroperitoneal WAT weight (11
% decrease) compared to HF-fed controls. This dose of cocoa showed no signs of toxicity
and did not affect food intake. Dietary supplementation with 8 % cocoa powder
supplementation in mice is equivalent to an approximate daily dose of 54 g of cocoa powder
consumption in humans based on a 2,000 kcal daily energy intake. This amount of cocoa
powder is enough to make four cups of hot cocoa according to typical preparation methods
(15 g in 250 mL). Our results are similar to those reported previously in HF-fed rats
supplemented with 12.5 % cocoa for 3 weeks [17]. We found that these effects on body
weight and body fat were related to a 55 % increase in fecal lipid output by cocoa-
supplemented mice. This result suggests that the effect of cocoa powder on the rate of body
weight gain is related to the inhibition of lipid absorption. A recent study from our
laboratory indicates that cocoa extracts and their component polyphenols can inhibit the
activity of pancreatic lipase and secreted phospholipase A2 in vitro suggesting a potential
mechanism for the inhibition of dietary fat absorption [26].

Increasing evidence suggests that chronic inflammation is a key mediator of obesity-related
pathologies including insulin resistances and fatty liver disease. There is growing evidence
that obesity-related inflammation results from increased macrophage infiltration in WAT, as
well as increased expression, production, and release of a number of pro-inflammatory
cytokines [31]. Adipose tissue macrophages (ATMs) are highly inflammatory, which have
been identified as the primary source of many of the circulating cytokines that are detected
in the obese state, such as tumor necrosis factors (e.g., TNF-α), interleukins (e.g., IL-1, IL-6,
IL-12), and contribute to the recruitment of additional macrophages by secreting
chemokines including MCP-1.

Here, we found that plasma pro-inflammatory cytokine levels are dramatically elevated in
obese HF mice compared to the lean LF mice, and that these increases were ablated by
cocoa supplementation. Furthermore, the expression of pro-inflammatory genes (Il6, Il12b,
and Nos2) was elevated in HF-fed obese mice in SVF of WAT, where macrophages reside.
Cocoa supplementation suppressed their expression levels by nearly 50 %. However, there
was no significant difference in the levels of Tnfa and Ccl2 among three groups.
Interestingly, although we observed a dramatic decrease in the expression of several pro-
inflammatory genes in the epididymal fat depot of cocoa-treated obese mice, there was no
decrease in the mass of that depot. These results suggest that the effects on gene expression
are not secondary to decreased adipose tissue mass, but may be due to some more direct
mechanism. We also found that Emr1 (macrophage F4/80-specific gene) was increased in
the HF group but decreased in the HF–HFC group, which suggests a possible anti-
inflammatory mechanism of cocoa through the inhibition of macrophage infiltration.
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Although ours is the first study to examine the effect of cocoa on obesity-induced increases
in plasma inflammatory cytokines, Kanamoto et al. [7] have reported that the administration
of a PAC-rich black soybean seed coat extract for 14 week remarkably decreased plasma
leptin level, as well as Tnfa, Ccl2, and Il6 expression in mesenteric WAT in HF diet-fed
mice. Similar results were reported for a study of HF-fed rats supplemented with a PAC-rich
grape seed preparation [6].

In the present study, we found that cocoa supplementation significantly decreased the fasting
plasma insulin level in obese mice and improved HOMA-IR score, but did not affect fasting
blood glucose levels, compared to HF-fed obese mice. Previous studies have shown that
cocoa and cocoa products can exert hypoglycemic properties and improve insulin resistance.
Yamashita et al. [20] have showed that a PAC-rich cocoa liquor extract suppressed HF diet-
induced hyperglycemia through the activation of AMP-activated protein kinase α, and
translocation of glucose transporter 4 in HF diet-fed obese mice. Grassi et al. [32] reported
that the short-term administration of dark chocolate improved insulin resistance in terms of
improved HOMA-IR and quantitative insulin sensitivity check index (QUICKI) in healthy
subjects. Increasing evidence from human population studies and animal research has
established correlative as well as causative links between obesity-induced chronic
inflammation and insulin resistance [29, 33]. Circulating levels of pro-inflammatory
cytokines are correlated with insulin resistance through indirect inhibition of insulin signal
transduction [7, 10, 33, 34] and possibly via the activation of Jun N-terminal kinase and
inhibitor of κB kinase β [35]. Based on this, we speculate that the effects of cocoa
supplementation on insulin resistance may, in part, be secondary to the observed anti-
inflammatory effects in terms of suppression of cytokine production and pro-inflammatory
gene expression.

Finally, in addition to the effects on insulin resistance, cocoa supplementation ameliorated
the symptoms of ORFLD compared to HF-fed obese mice. One of the consequences of
insulin resistance is elevated adipose lipolysis, which results in enhanced free fatty acid flux
to the liver that leads to excess esterification to triglycerides and hepatic lipid accumulation
[11]. Hepatic steatosis is the hallmark of ORFLD, characterized by elevated concentrations
of markers of liver injury, including ALT, aspartate aminotransferase (AST), and γ-
glutamyl-transferase (GGT) [36]. Of these liver enzymes, ALT is most closely related to
liver fat accumulation and is often used in epidemiological studies as a surrogate marker for
ORFLD [37]. In the present study, we observed a decrease in plasma ALT levels, hepatic
triglyceride levels, and gross liver weight in cocoa-treated mice compared to HF group.
Recent studies also demonstrated a key hepatoprotective role for adiponectin, an adipokine
with known anti-inflammatory activities. Buecher et al. [38] reported that adiponectin
antagonizes excess lipid storage in the liver and protects from inflammation and fibrosis.
Interestingly, cocoa supplementation significantly increased systemic adiponectin levels in
mice compared to HF-fed controls, which may contribute to the decreased triglyceride
accumulation in liver. As mentioned earlier, we observed that cocoa supplementation can
increase fecal lipid content, perhaps by modifying lipid digestion. These two activities may
work together to produce the observed liver protective effect of cocoa.

In summary, we have observed that dietary supplementation with cocoa ameliorates obesity-
related inflammation, insulin resistance, and fatty liver disease in HF-fed obese mice,
principally mediated by down-regulation of pro-inflammatory gene expression in WAT.
These effects appear to be due in part to the modulation of dietary fat absorption and the
inhibition of macrophage infiltration in adipose tissue. Our results provide support for future
human intervention studies on the anti-inflammatory effects of cocoa at nutritionally
relevant doses of cocoa powder. Future studies are needed to identify the active chemical
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components in cocoa and to more clearly delineate the mechanistic relationship between
modulation of dietary fat absorption and the observed anti-inflammatory effects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALT Alanine aminotransferase

ATM Adipose tissue-associated macrophage

DP Degree of polymerization

HF High fat

HFC High-fat diet supplemented with 8 % cocoa powder

HOMA-IR Homeostasis model assessment of insulin resistance

IL Interleukin

iNOS Inducible nitric oxide synthase

LF Low fat

MCP-1 Monocyte chemoattractant protein-1

NO Nitric oxide

ORFLD Obesity-related fatty liver disease

PAC Proanthocyanidin

SVF Stromal vascular fraction

TNF-α Tumor necrosis factor-α

WAT White adipose tissue
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Fig. 1.
Effect of cocoa supplementation on body weight, body fat mass, and organ weight. a Body
weights were determined over the course of 18 weeks. b The rate of body weight gain was
calculated after cocoa supplementation (week 9–18). c Visceral fat mass and d gross organ
weights were determined at the end of the experiment. Data were pooled from two identical
studies (Experiment 1 and Experiment 2). LF, n = 35; HF, n = 44; and HF-HFC, n = 47.
Values are expressed as mean ± SEM. Body weights were compared by two-way ANOVA
with Bonferroni’s posttest (an asterisk indicates P < 0.05 compared to HF group). Mice
body weights in LF group were significantly lower than HF mice since week 1. All other
parameters were compared by one-way ANOVA with Dunnett’s posttest (an asterisk
indicates P < 0.05 compared to HF-fed controls)

Gu et al. Page 11

Eur J Nutr. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Effect of cocoa supplementation on the markers of ORFLD. a Plasma alanine
aminotransferase (ALT) and b liver triglyceride levels were determined at the end of the
experiment. Values are expressed as mean ± SEM. Plasma samples were taken from
Experiment 1. LF, n = 12; HF, n = 23 and HF-HFC, n = 23. Lipid was extracted from liver
samples from Experiment 2. LF, n = 23; HF, n = 21 and HF-HFC, n = 24. Means were
compared to the HF-fed controls by one-way ANOVA with Dunnett’s posttest (an asterisk
indicates P < 0.05)
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Fig. 3.
Effect of cocoa supplementation on systemic circulating levels of cytokines, chemokines,
and adipokines. Plasma levels of a MCP-1, b IL-6, c TNF-α, and d adiponectin. Plasma
samples were taken from Experiment 1. LF, n = 12; HF, n = 23; and HF-HFC, n = 23.
Values are expressed as mean ± SEM. Means were compared to the HF-fed controls by one-
way ANOVA with Dunnett’s posttest (an asterisk indicates P < 0.05)
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Fig. 4.
Effect of cocoa supplementation on the expression of pro-inflammatory genes in SVF of
WAT. Expression of a Il6, b Il12b, c Nos2, and d Emr1 was determined at the end of the
experiment using RNA isolated from the epididymal SVF from a set of representative mice
from Experiment 2. LF, n = 10; HF, n = 18; and HF-HFC, n = 18. Values are expressed as
mean ± SEM. Means were compared to the HF-fed controls by one-way ANOVA with
Dunnett’s posttest (an asterisk indicates P < 0.05)
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Table 1

Composition in unsweetened cocoa powder

Energy content 4 kcal/g

Content (mg/g)

Macronutrients

Total fat 100

Total carbohydrate 600

 Dietary fiber 200

 Sugar 0

Total protein 200

Polyphenol

Total monomers 71.0

 Epicatechin 4.6

 Catechin 2.2

Proanthocyanidins

 Dimer 3.3

 Trimer 3.1

 Tetramer 3.8

 Pentamer 3.2

 Hexamer 2.7

 Heptamer 2.2

 Octamer 2.6

 Nonamer 1.5

 Decamer 1.7
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Table 2

Composition of mouse diets

LF HF HFC

Macronutrient composition

 Protein, % of energy 20.0 20.0 21.0

 Carbohydrate, % of energy 70.0 20.0 21.0

 Fat, % of energy 10.0 60.0 59.0

 Energy (MJ/kg) 15.9 21.8 21.4

Ingredient (g/kg)

 Casein 189.6 258.4 237.8

 L-cystine 2.8 3.9 3.6

 Corn starch 298.6 0.0 0.0

 Maltodextrin 33.2 161.5 148.6

 Sucrose 331.7 88.9 81.8

 Cellulose 47.4 64.6 59.4

 Soybean oil 23.7 32.3 29.7

 Lard 19.0 316.6 291.3

 Mineral mixa 9.5 12.9 11.9

 Vitamin mixb 9.5 12.9 11.9

 Choline bitartrate 1.9 2.6 2.4

 Cocoa 0.0 0.0 80.0

a
Mineral mix adds the following components (per g mineral mix): sodium chloride, 259 mg; magnesium oxide, 41.9 mg; magnesium sulfate, 257.6

mg; chromium K sulfate, 1.925 mg; cupric carbonate, 1.05 mg; sodium fluoride, 0.2 mg; potassium iodate, 0.035 mg; ferric citrate, 21 mg;
manganous carbonate, 12.25 mg; ammonium molyb-date, 0.3 mg; sodium selenite, 0.035 mg; zinc carbonate, 5.6 mg

b
Vitamin mix adds the following components (per g vitamin mix): vitamin A palmitate, 400 IU; vitamin D3, 100 IU; vitamin E acetate, 5 IU;

menadione sodium bisulfite, 0.05 mg; biotin, 0.02 mg; cyanocobalamin, 1 μg; folic acid, 0.2 mg; nicotinic acid 3 mg; calcium pantothenate, 1.6
mg; pyridoxine–HCl, 0.7 mg; riboflavin, 0.6 mg; thiamin HCl, 0.6 mg
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Table 3

Taqman® probes used in this study

Symbol Gene name Accession ID Manufacture’s no. Length

Gapdh Glyceraldehyde-3-phosphate dehydrogenase NM_008084.2 Mm99999915_g1 107

Il6 Interleukin 6 NM_031168.1 Mm00446190_m1 78

Il12b Interleukin 12b NM_008352.2 Mm00434174_m1 75

Nos2 Nitric oxide synthase 2, inducible NM_010927.3 Mm00440502_m1 66

Tnfa Tumor necrosis factor NM_013693.2 Mm00443260_g1 61

Ccl2 Chemokine (C–C motif) ligand 2 (MCP1) NM_011333.3 Mm00441242_m1 74

Emr1 Egf-like module containing, mucin-like, hormone receptor-like sequence 1 NM_010130.4 Mm00802529_m1 92

Eur J Nutr. Author manuscript; available in PMC 2014 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gu et al. Page 18

Table 4

Effect of cocoa treatment on energy intake and excretion by high fat-fed obese mice

LF HF HF-HFC

Food intake (g/mouse/week) 20 ± 0.2 20.5 ± 1.0 20.7 ± 1.0

Energy intake (kcal/week) 75.7 ± 0.8* 106.3 ± 1.3 105.2 ± 1.3

Fecal lipid content (% wet weight) 8.4 ± 1.3 9.2 ± 0.7 14.3 ± 1.9*

Values are expressed as mean ± SEM. Data on food and energy intake were pooled from both Experiment 1 and Experiment 2. Fecal samples were
collected from each cage at week 15 in Experiment 1 in duplicate. Statistical significance was determined using the one-way ANOVA with
Dunnet’s posttest

*
P < 0.05 compared to HF
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Table 5

Effect of cocoa treatment on glycemic markers in high fat-fed obese mice

LF HF HF-HFC

Final fasting blood glucose (mmol/L) 7.29 ± 0.18* 9.96 ± 0.17 9.53 ± 0.25

Fasting plasma insulin (pmol/L) 165.47 ± 15.49* 1176.40 ± 64.11 862.58 ± 61.42*

HOMA-IR 7.74 ± 0.83* 73.76 ± 4.32 50.32 ± 4.17*

Values are expressed as mean ± SEM. Data on fasting blood glucose were pooled from both Experiment 1 and Experiment 2. Plasma insulin was
from Experiment 2 and HOMA-IR was calculated from Experiment 2. Statistical significance was determined using the one-way ANOVA with
Dunnet’s posttest

*
P < 0.05 compared to HF

Eur J Nutr. Author manuscript; available in PMC 2014 February 01.


