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a b s t r a c t
Background: Type 2 diabetes (T2D) and heart failure (HF) are associated with high levels of skeletal muscle
(SkM) oxidative stress (OS). Health beneﬁts attributed to ﬂavonoids have been ascribed to antioxidation.
However, for ﬂavonoids with similar antioxidant potential, end-biological effects vary widely suggesting other
mechanistic venues for reducing OS. Decreases in OS may follow the modulation of key regulatory pathways including antioxidant levels (e.g. glutathione) and enzymes such as mitochondrial superoxide dismutase (SOD2)
and catalase.
Methods: We examined OS-related alterations in SkM in T2D/HF patients (as compared vs. healthy controls) and
evaluated the effects of three-month treatment with (−)-epicatechin (Epi) rich cocoa (ERC). To evidence Epi as
the mediator of the improved OS proﬁle we examined the effects of pure Epi (vs. water) on SkM OS regulatory
systems in a mouse model of insulin resistance and contrasted results vs. normal mice.
Results: There were severe alterations in OS regulatory systems in T2D/HF SkM as compared with healthy
controls. Treatment with ERC induced recovery in glutathione levels and decreases in the nitrotyrosilation
and carbonylation of proteins. With treatment, key transcriptional factors translocate into the nucleus leading
to increases in SOD2 and catalase protein expression and activity levels. In insulin resistant mice, there were
alterations in muscle OS and pure Epi replicated the beneﬁcial effects of ERC found in humans.
Conclusions: Major perturbations in SkM OS can be reversed with ERC in T2D/HF patients. Epi likely mediates
such effects and may provide an effective means to treat conditions associated with tissue OS.
© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
The consumption of modest amounts of cocoa products is associated with ~ 40% reduction in cardiometabolic risk [1]. Health beneﬁts
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attributed to ﬂavonoids have been mainly ascribed to direct antioxidation. Flavonoids, which are typically hydroxyl rich, are C15 compounds that comprise a very large family of plant derived secondary
metabolites all of which have the structure C6–C3–C6. Examples include (−)-epicatechin and (+)-catechin. Their antioxidant potential
is comparable given their very similar chemical composition and
structure [2,3]. However, end-biological effects of ﬂavonoids can
vary widely, strongly suggesting other mechanistic venues [4]. Recent
studies have reported on major biological effects of ﬂavonoids at concentrations that are more closely aligned with receptor activation
(nanomolar) vs. levels at which direct antioxidation (micromolar)
or indirect (e.g. by impacting signaling systems) effects are likely to
be signiﬁcant [4].
The beneﬁcial effect of cocoa on blood pressure [5] and on blood
vessel function has been ascribed to epicatechin [6]. This assumption
is supported by the results from bioavailability studies, which have
shown that the bioavailability of catechin [7] and procyanidin dimer
B2 [8] is comparably low. Further procyanidins are not bioavailable
and do not contribute to circulating epicatechin pool [8]. It is possible
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that the healthy effects of cocoa products rich in Epi that have been
mainly attributed to direct antioxidation may follow the modulation
of the expression and/or activity of oxidative stress (OS) regulatory
systems. Tissue OS levels are modulated by multiple regulatory elements comprised of antioxidants (e.g., glutathione) and enzymes
(e.g., superoxide dismutase, catalase) [9–11]. High levels of tissue
OS can be recognized by the damage that it imposes on proteins,
lipids and/or DNA. Patients suffering from type 2 diabetes mellitus
(T2D) or heart failure (HF) have high levels of OS, which adversely
impacts function in organs such as the heart, kidney, blood vessels
and skeletal muscle (SkM). The coexistence of T2D and HF may
further increase tissue OS [12,13].
In this study, we examined the effects of Epi rich cocoa (ERC) on
T2D/HF patients or pure Epi in a mouse model of obesity/insulin resistance on SkM OS regulatory systems (Fig. 1). The approach used,
explored the effects on known regulators of tissue OS (e.g. sirtuins)
and evidenced their participation in different cellular compartments
including the nucleus. We document major effects of ERC or Epi treatment on key regulatory system components that translate into notable decreases in OS. The actions exerted on OS regulatory elements
likely contribute to the health beneﬁts of cocoa and prominently account for the antioxidant effects of Epi.
2. Methods
Fig. 1 summarizes the experimental approach used for the analysis of human and
animal samples.
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2.1. Clinical trial
Five patients with stable New York Heart Association stages II and III HF and T2D,
were recruited from the San Diego Veterans Administration Medical Center. Clinical
characteristics of the patients are summarized in Table 1. All patients reported no
adverse effects by treatment. Signiﬁcant albeit, modest improvements were noted in
HDL and a trend in BNP levels (P = 0.06), while no major changes were noted in
cholesterol, LDL and triglycerides. There were no statistically signiﬁcant changes in
body weight, blood pressure or C-reactive protein (data not shown). All patients had
standard therapy for HF and T2D and were on stable medical management at least
6 months previous to the study. No signiﬁcant medication changes were made during
the course of the study. This pilot open label protocol involved patients consuming
Hershey's Extra Dark 60% Cacao chocolate and cocoa beverages containing 18 g of
natural cocoa powder for 3 months with a total of 100 mg (−)-Epi content/day (half
in the morning and half in the afternoon) with 390 kcal and 18 g of fat. Patients
were instructed to refrain from consuming other chocolate products, supplements
(e.g. vitamins) and otherwise follow a balanced, regular diet. Compliance was monitored every two weeks by telephone and by the use of written surveys. Patients
underwent muscle biopsies from quadriceps femoris before and after ERC consumption. For comparison purposes, SkM biopsy samples from three healthy controls (age
and sex matched) were obtained from the Medical Center using the same procedures
as for patients. After collection, biopsy samples were frozen at −80 °C until used.
The protocol was approved by the Institutional Review Board at the University of
California, San Diego and all subjects gave informed consent.
2.2. Animal model
As an animal model of obesity and insulin resistance, two month old C57BL/6 mice
were fed ad libitum with a high fat diet (HFD) for 16 weeks (rodent chow containing
60% kcal from fat, Research Diets, Inc.). Same age (i.e. six month old) C57BL/6 wild
type mice fed normal chow were used for comparison purposes. Mice were treated
by gavage for 15 days with 1 mg Epi/kg of body weight as described before [14].

Fig. 1. Summary of molecular events that participate in the regulation of tissue oxidative stress traced in human and/or mouse SkM samples. This ﬁgure annotates the system and
experimental approach pursued in documenting tissue oxidative stress related events in skeletal muscle. PCR = polymerase chain reaction, GSH = reduced glutathione, DB = dot blot,
IP = immunoprecipitation, WB = western blot, DNP = dinitrophenyl, DNPH = dinitrophenyl hydrazine, AC = acetyl, P = phospho, ChIP = chromatin immunoprecipitation.
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Table 1
Characteristics of patients with HF and T2D before and after ERC treatment.

Age (y)
HF stage
EF%
Cholesterol (mmol/L)
HDL (mmol/L)
LDL (mmol/L)
Triglycerides (mmol/L)
HbA1c
BNP (pg/mL)

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

70
II
47
Before
4.55
1.03
2.25
2.74
6
78.2

71
III
41
Before
3.52
1.0
1.71
1.76
6
316.2

54
II
55
Before
5.22
0.93
3.39
1.99
8.9
57.4

62
III
22
Before
4.11
0.72
1.66
4.11
7
537.8

47
III
26
Before
4.27
1.24
2.46
1.22
6.8
104.8

After
4.86
1.32
2.63
1.99
6.2
74.5

After
5.3
1.16
2.63
3.3
6.3
264.1

After
4.14
1.11
2.46
1.23
7.2
25.4

After
3.54
0.83
0.78
4.22
7.6
122.9

After
4.09
1.27
2.15
1.48
8.3
50

Ejection fraction = EF; brain natriuretic peptide = BNP.

Control mice were treated with vehicle (water). At the end of this treatment period,
SkM samples of mouse quadriceps were collected after treatment and stored at
−80 °C until used. Each of the four groups studied included 6 animals. All animal procedures were approved by the UCSD Institutional Animal Care and Use Committee.
2.3. Measurement of reduced glutathione
SkM (25 mg) was homogenized in 300 mL of cold buffer (100 mM Tris–HCl,
pH 7.8), centrifuged at 10,000 g for 15 min at 4 °C. The supernatant (duplicates) was
used to measure reduced glutathione using a ﬂuorometric detection assay kit (Cayman
Chemicals, intra-assay coefﬁcient of variation of 1.6%).
2.4. Protein carbonylation
SkM (50 mg) was homogenized in 500 mL of cold buffer (50 mM MES, pH 6.7,
containing 1 mM EDTA). Homogenates were centrifuged at 10,000 g for 15 min at
4 °C. Supernatant was recovered and incubated at room temperature for 15 min with
streptomycin sulfate at a ﬁnal concentration of 1%. Samples were centrifuged at 6000 g
for 10 min at 4 °C. Total protein carbonylation was measured in supernatants (duplicates)
using a colorimetric protein carbonyl assay kit (Cayman Chemicals, intra-assay coefﬁcient
of variation of 4.7%) and by dot blot (as below). Dot blot assays relied on protein carbonyl
functional group derivatization with 2,4-dinitrophenyldrazone (DNP) from the protein
carbonyl assay kit to render stable DNP-proteins, which were detected using a speciﬁc
anti-DNP antibody (Millipore).
2.5. SOD2 activity
SkM (25 mg) was homogenized using Teﬂon homogenizer with 300 μL sucrose
buffer (0.25 M sucrose, 10 mM Tris, 1 mM EDTA, pH 7.4). The homogenate was sonicated
on an ice bath for 5 min and centrifuged at 10,000 g for 60 min at 4 °C. The supernatant
(duplicates) was used to measure SOD2 activity using a colorimetric kit (Dojindo Molecular Technologies, intra-assay coefﬁcient of variation of b5%) in which KCN (1 mM) was
added to the sample so as to inactivate non-SOD2 activities.
2.6. Catalase activity
SkM (25 mg) was homogenized with a polytron in 250 mL of cold buffer (50 mM
potassium phosphate, pH 7.4 containing 1 mM EDTA), centrifuged at 10,000 g 15 min
at 4 °C and supernatant (duplicates) used to measure catalase activity using a colorimetric kit (Cayman Chemicals, intra-assay coefﬁcient of variation of 3.8%).
2.7. Western blotting (WB)
Approximately, 25 mg of SkM was homogenized with a polytron in 250 mL of lysis
buffer (1% triton X-100, 20 mM Tris, 140 mM NaCl, 2 mM EDTA, and 0.1% sodium
dodecyl sulfate) with protease and phosphatase inhibitors, 5 mM Na3VO4, and 3 mM
NaF. Homogenates were sonicated for 30 min at 4 °C and centrifuged (12,000 g) for
10 min at 4 °C. The total protein content was measured in the supernatant using the
Bradford method. A total of 40 μg of protein were loaded onto a 4–15% precast polyacrylamide gels, electrotransferred to a vinyl membrane using a semidry system. Membranes were incubated for 1 h in blocking solution (5% nonfat dry milk in Tris-buffered
saline [TBS] plus 0.1% Tween 20 [TBS-T]), followed by 3 h incubation at room temperature with primary antibodies. Antibodies used included 3-nitrotyrosine, SOD2,
PGC1α, TATA binding protein (Abcam), SIRT3, GAPDH, phospho-SIRT1, S6RP (to normalize for protein loading), acetylated-lysine, catalase, FOXO1 (Cell Signaling) and
SIRT1 (MitoSciences). Membranes were washed (3× for 5 min) in TBS-T and incubated
1 h at room temperature in the presence of horseradish peroxidase-conjugated
secondary antibodies (Cell Signaling, Inc.) diluted 1:10,000 in blocking solution. Membranes were again washed 3× in TBS-T, and the immunoblots were developed using an
enhanced chemiluminescence plus detection kit (Amersham-GE). The band intensities
were digitally quantiﬁed using ImageJ software (http://www.nih.gov).

2.8. Dot blot and nitrotyrosine detection
Five microliters containing 10 μg of total protein extract obtained from WB
homogenates was placed on a vinyl membrane and dried. The membrane was incubated 1 h at room temperature in blocking solution. For nitrotyrosine detection the
membrane was incubated with 1:2000 mouse monoclonal antibody against NO2Tyr
in blocking solution and developed using an enhanced chemiluminescence detection kit.
2.9. Immunoprecipitation (IP)
SkM (25 mg) was lysed with 200 mL of nondenaturing extraction buffer (0.5%,
Triton X-100, 50 mmol/L Tris–HCl, pH: 7.4, 0.15 mol/L NaCl, 0.5 mmol/L EDTA) and
supplemented with protease and phosphatase inhibitor cocktails plus 2 mmol/L
Na3VO4, and 1 mmol/L NaF. Homogenates were passed through an insulin syringe
3× and incubated on ice with shaking for 25 min and centrifuged (15 min, 4 °C) at
12,000 g. A total of 0.5 mg protein was precleared by adding 1 mg of normal rabbit
IgG control and 20 mL protein A/G-agarose and mixed for 30 min (4 °C) with subsequent centrifugation at 12,000 g for 10 min at 4 °C. The supernatant was recovered
and incubated at 4 °C under mild agitation for 3 h with 10 mL of IP antibody. Twenty
microliters of protein A/G-sepharose was added, and the mixture was incubated overnight at 4 °C with shaking. The IP mixture was centrifuged at 12,000 g for 15 min at
4 °C, and the supernatant was recovered and stored at 4 °C for later analysis. The pellet
was washed 3× with extraction buffer under shaking 15 min and centrifuged at
12,000 g for 15 min at 4 °C. The IP proteins in the pellet and those remaining in the
supernatant were applied to a precast 4–15% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis for WB.
2.10. Nuclear protein extracts
Nuclear protein extracts were prepared using the nuclear protein isolation assay
kit from FIVEphoton Biochemicals. Approximately 10 mg of SkM was used. Nuclear
protein concentration was measured by Bradford and 40 μg of protein loaded into
4–15% precast gels and electrotransferred to nylon membranes for WB. TATA binding
protein was used as a nuclear marker for these experiments (vs. GAPDH for
cytoplasmic).
2.11. Chromatin immunoprecipitation (ChIP) and PCR assays
ChiP assays were performed using the Chromatin IP Kit (Agarose Beads) from Cell
Signaling Co. Chromatin was subjected to IP with anti-PGC1α or anti-FOXO1 antibodies. Cross-linking was reversed and DNA was puriﬁed using MiniElute Spin Columns
(QIAGEN) and used as template for PCR assays using the following primers: catalase
FOXO1-dependent binding element (−2160 to −1938), sense 5′-GGCTTCTGTTTG
CCTTGCTCAG-3′, antisense 5′-ATACTGATACTGCGATTGTTAAGCG-3′. Primers that amplify the SOD2 promoter region containing a FOXO1-dependent binding element at
positions −1249 to −1033 (sense 5′-GAGTATCTATAACCTGGTCCCAGCC-3′, antisense
5′-GCTGAACCGTTTCCGTTGCTTCTTGC-3′). Ampliﬁcation condition was 93 °C for 15 s,
64 °C for 30 s, and 72 °C for 30 s for 25–30 cycles. The PCR products 222 bp and
216 bp for catalase and SOD2 respectively were analyzed in 2% agarose gel electrophoresis and stained with ethidium bromide. As a negative control, a 147 bp DNA fragment of the sarcospan gene was included using the following primers sense
5′-CTAGTCAGGGACACTCCATT-3′, antisense 5′-GGCACTCAGCAGAAAGTATAA-3′.
2.12. Data and statistical analysis
For all blot images, multiple exposures were obtained to ensure that the data
obtained from computer assisted image analysis was within the linear range. Paired
t-tests were used for comparison of before vs. after ERC effects. For comparisons of
before and after data vs. healthy controls ANOVA (and a post-hoc Tukey's analysis)
was used. Data are expressed as mean ± SD. Statistical signiﬁcance was deﬁned
when P b 0.05.
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3. Results

3.5. SOD2 and catalase promoter associated complexes

3.1. Glutathione levels, carbonylation and nitrotyrosilation of proteins

A ChIP assay was used to evidence chromatin associated proteins
in SkM. ERC enhanced the association of PGC1α and FOXO1 with
chromatin (Fig. 6A–C). Results show the enhanced association of
deacetylated active forms of FOXO1 to PGC1α (Fig. 6A). PCR ampliﬁcation of puriﬁed DNA fragments from the ChIP assay was also
performed. ERC notably enhanced the binding of FOXO1 and PGC1α
to the SOD2 and catalase promoters (Fig. 6D) (due to sample shortage
this analysis was performed only in 4/5 patient samples) suggesting
an increase in their transcriptional activity. PCR demonstrated no
ampliﬁcation of the sarcospan sequence (used as a negative control,
data not shown).

At baseline, glutathione levels were signiﬁcantly reduced by ~ 60%
in patients as compared to healthy controls and were restored with
ERC (Fig. 2A). As determined by dot blots, “total” carbonylation and
nitrotyrosilation levels (Fig. 2B) were signiﬁcantly increased at baseline and were normalized (carbonylation) or signiﬁcantly reduced
(nitrotyrosilation) by ERC.

3.2. SIRT3 and SOD2
We evaluated the effect that ERC had on SIRT3 protein levels as
determined by WB. Results demonstrate a signiﬁcant increase with
treatment (Fig. 3A). The use of ERC also signiﬁcantly stimulated
protein levels of SOD2 (Fig. 3B upper panel and C). IP using a SOD2
antibody and immunoblotting against NO2Tyr, acetylated lysines
and SIRT3 (Fig. 3B, lower panel) revealed an increased association between SIRT3 and SOD2 as well as signiﬁcant reductions in SOD2
nitrotyrosilation and acetylation levels with ERC (Fig. 3B–E) (all densitometric values were normalized by S6RP). The levels of SOD2 activity were signiﬁcantly reduced at baseline. ERC signiﬁcantly increased
SOD2 activity to levels higher than baseline and healthy controls
(Fig. 3F).

3.3. Catalase
With ERC, catalase protein abundance was signiﬁcantly increased
vs. baseline (Fig. 4A upper panel, B). Following catalase IP (Fig. 4A,
lower panel) immunoblotting demonstrated decreased nitrotyrosilation
relative to total catalase levels (Fig. 4C) (all densitometric values were
normalized by S6RP). These changes were associated with signiﬁcant
increases in catalase activity to levels above baseline and healthy controls (Fig. 4D).

3.4. Changes in SIRT1, FOXO1 and PGC1α
Following IP with a SIRT1 antibody we evaluated the association of
SIRT1, FOXO1 and PGC1α in SkM nuclei. The relative purity of SkM
subcellular fractions is shown in Fig. 5A. Nuclear fraction “purity”
was ascertained by high levels of TATA binding protein relative to
GAPDH. ERC induced increases in nuclear protein levels of the total
and active forms of SIRT1 (p-SIRT1) (Fig. 5B/C) and FOXO1 while
reducing its acetylation (Fig. 5B/D). A similar pattern of changes
was observed for total and acetylated PGC1α (Fig. 5B/E).

Fig. 2. Modulation of SkM oxidative stress markers by ERC in T2D/HF patients before
and after treatment. (A) Changes in glutathione levels vs. control. (B) Summary of changes
observed in carbonylation (DNP) and nitrotyrosine residue formation (NO2Tyr) vs. control. (Control n = 3, patients n = 4, *P b 0.05 vs. before, # vs. control).

4. Animal models
4.1. Changes in glutathione levels, carbonylation and nitrotyrosilation of
proteins
To determine if Epi represents the active component of ERC, we
compared the response of HFD mice to treatment and contrast results
vs. controls. HFD mice yielded reduced SkM glutathione levels below
those of controls. Signiﬁcant increases were noted in control and HFD
groups treated with Epi (Fig. 7A). Fig. 7B summarizes changes in SkM
protein carbonylation levels, which increased in HFD animals and
were signiﬁcantly reduced in control and HFD groups with Epi.
Changes in protein nitrotyrosilation levels as determined by dot
blots are plotted in Fig. 7C. Results indicate that HFD increased
nitrotyrosilation levels and Epi signiﬁcantly reduced them.
4.2. Epicatechin-induced changes in SOD acetylation and activity levels
Results indicate that HFD leads to an increase in the ratio of
acetylated/total SOD2 and Epi is able to restore to normal levels
(Fig. 8A). As a consequence of these changes, SOD2 activity was signiﬁcantly suppressed in HFD animals. Epi induced increases in control
animals, while normalizing activity in HFD mice (Fig. 8B).
4.3. Epicatechin-induced changes in catalase nitrotyrosilation and
activity levels
Results demonstrated increases in the ratio of nitrotyrosilation/
total catalase in HFD animals and normalization with Epi (Fig. 8C).
Catalase activity levels followed the same pattern as noted for SOD2
(Fig. 8D).
5. Discussion
Alterations in mitochondrial function can lead to increases in the
production or “leakage” of reactive oxygen species (ROS) particularly
superoxide anion. Sustained increases in ROS can overwhelm SOD
and catalase levels or block their activity, leading to OS and, in consequence to tissue damage. We previously reported evidence for severe
detrimental changes in SkM mitochondria structure in T2D/HF patients [15]. We also demonstrated that 3 month treatment with ERC
led to notable improvements in SkM mitochondrial cristae abundance
and indicators of biogenesis. We hypothesized that the recovery of
mitochondrial structure observed with treatment in T2D/HF patients
would lead to decreases in SkM oxidative stress.
A depletion of glutathione has been documented in T2D and HF
SkM [16]. Increases in SkM glutathione can be triggered in T2D
patients with thiazolidinedione treatment and this is coupled with
improved muscle function [17]. In HF patients, the use of AT1 receptor
blockers (by blocking NADPH-oxidases) can increase glutathione and
this may, partly explain their beneﬁcial effects [18]. Fig. 2 results
demonstrate that at baseline, SkM glutathione levels were reduced
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Fig. 3. Modulation of SkM SOD2 and SIRT3 by ERC in T2D/HF patients before (B) and after (A) treatment. (A) Changes detected in SIRT3 protein levels as observed by Westerns
(normalized with S6RP levels). (B, upper panel) Changes in total SOD2 levels as observed by Westerns and, (C) their quantiﬁcation. (B, bottom panel) Changes in SIRT3 protein
levels following SOD2 based IP and their complexing to SOD2. (D) Decreases observed in SOD2 acetylation and, (E) nitrotyrosine residue formation. (F) Changes observed in
SOD2 activity levels vs. control. (Control n = 3, patients n = 5, *P b 0.05 vs. before, # vs. control).

by ~ 60% in T2D/HF patients and were restored to control levels
with ERC. To our knowledge, this is the ﬁrst study documenting, in
human SkM, this type of response to ﬂavonoids. However, in a rodent
model of liver injury or in cultured HepG2 and Caco-2 cells, cocoa
extracts can preserve glutathione levels [19–21]. We have also demonstrated the preservation of glutathione levels by Epi in ischemic
myocardium [22].
Excess levels of carbonylation and nitrotyrosilation have been
documented in SkM of T2D and HF patients [23]. Drugs used to
treat T2D patients such as metformin, have been associated with
reductions in this type of deleterious amino-acid residue modiﬁcation
[24]. Fig. 2 results show that protein carbonylation and nitrotyrosilation
levels were signiﬁcantly increased at baseline (vs. controls) and were
normalized (carbonylation) or signiﬁcantly reduced (nitrotyrosilation)
by ERC. Whereas no studies have reported on the effects of cocoa on
similar endpoints in human tissues, ﬂavonoid supplementation reduces

protein carbonyls in the blood of subjects undergoing intense exercise
[25].
An early ROS molecule (from the multiple types generated) whose
excess can lead to OS is superoxide (O2⁎−). Important pathways that
modulate its excess include SOD, which generate hydrogen peroxide,
as well as catalase, which convert hydrogen peroxide into water and
molecular oxygen [9,10]. Reductions in the activity of these enzymes
are known to be detrimental to organ function [26]. Conversely,
transgenic approaches have demonstrated that their upregulation
can be protective [27]. SIRT3 is an enzyme that positively regulates
mitochondrial SOD2 activity via its deacetylation. So far, only endurance exercise training in old, sedentary subjects has reported to
stimulate SkM SIRT3 protein levels [28]. Fig. 3 results demonstrate
that ERC stimulates increases in SIRT3 and SOD2 protein levels and
their physical association. Secondary to this enhanced association;
signiﬁcant reductions in SOD2 acetylation and nitrotyrosilation were
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Fig. 4. Modulation of SkM catalase by ERC in T2D/HF patients before (B) and after (A) treatment. (A, upper panel) Changes observed in total catalase protein levels and, (B) their
quantiﬁcation. (A, bottom panel) Following catalase based IP, changes in nitrotyrosine (NO2Tyr) residue formation. (C) Changes in the ratio of nitrotyrosilation/total catalase levels.
(D) Changes observed in catalase activity levels vs. control. (Control n = 3, patients n = 5, *P b 0.05 vs. before, # vs. control).

observed, leading to enhanced enzymatic activity. Of interest is that
increases in SOD activity also decrease the chance of O2⁎− to react
with high levels of nitric oxide as observed with T2D and HF to

yield excess peroxynitrite and therefore, excess nitrotyrosilation.
ERC also induced signiﬁcant increases in catalase protein levels and
a decrease in nitrotyrosilation leading to increases in catalase activity

Fig. 5. Modulation of nuclear events associated with SOD2 and catalase by ERC before (B) and after (A) treatment. (A) Western blot images illustrating the puriﬁcation of nuclear vs.
cytoplasmic material as judged from the blotting with a TATA binding protein (TBP) or GAPDH antibodies. (B) Secondary to IP with an SIRT1 antibody, changes in SIRT1,
phospho-SIRT1, FOXO1, acetylated (Ac) FOXO1, PGC1α, Ac-PGC1α. (C) Changes observed in the ratio of phospho-SIRT1 to total SIRT1 protein levels. (D) Changes observed in
the ratio of acetylated/total FOXO1 levels. (E) Changes observed in the ratio of acetylated/total PGC1α levels. (n = 5, *P b 0.05 vs. before).
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Fig. 6. Modulation of nuclear events associated with SOD2 and catalase promoters by ERC before (B) and after (A) treatment. (A) Changes observed in PGC1α, acetylated (Ac)
PGC1α, FOXO1 and Ac-FOXO1 levels following chromatin IP with a PGC1α antibody. (B) Changes observed in chromatin associated PGC1α levels. (C) Changes observed in chromatin associated FOXO1 (n = 5, *P b 0.05 vs. before). (D) PCR generated evidence as to the binding of the above stated transcription factors to the SOD2 and catalase promoters
as documented by gel electrophoresis (n = 4).

(Fig. 4). In spite of many studies reporting on the apparent antioxidant effects of cocoa products in humans, most only report on blood
markers with no speciﬁc reference to actions on SOD or catalase

Fig. 7. Modulation of SkM oxidative stress regulatory systems by Epi in 6 month old
normal and HFD mice with Epi treatment. (A) Changes observed in glutathione levels.
(B) Changes observed in total protein carbonylation levels. (C) Differences observed in
protein nitrotyrosine (NO2Tyr) residue formation. (n = 6/group, *P b 0.05 vs. water
control, # vs. water–HFD).

Fig. 8. Modulation of SkM SOD2 and catalase in 6 month old normal and HFD mice
with Epi treatment. (A) Differences observed in acetylated/total SOD2 protein levels.
(B) Changes observed in SOD2 activity. (C) Differences observed in catalase
nitrotyrosine residue (NO2Tyr) formation. (D) Differences observed in catalase activity
levels. (n = 6/group, *P b 0.05 vs. water control, # vs. water–HFD).
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[29]. However, in rats, it has been reported that cocoa intake stimulates thymus SOD and catalase activity [30].
There are several important regulators of SOD2 and catalase
transcription that include amongst others, the deacetylase SIRT1,
FOXO1 and PGC1α. When in an “inactive” state, the regulators
dephosphorylated SIRT1, acetylated FOXO1 and PGC1α are localized
mainly in cytoplasm. Upon stimulation, these regulators translocate
into the nucleus, SIRT1 becomes phosphorylated and deacetylates
FOXO1 and PGC1α, which then form an “active” complex [31]. This
complex can then bind to the promoter region of DNA and activate
the transcription of genes such as SOD2 and catalase. The documentation of such events (Figs. 5, 6) would identify the mechanisms underlying ERC effects. With ERC treatment, the relative levels of nuclear
total SIRT1 and its active form phospho-SIRT1 increased. The total
levels of FOXO1 protein increased while its inactive acetylated form
decreased, and a similar pattern of changes was observed for
PGC1α. Thus, ERC is capable of stimulating the nuclear translocation
and activation of known transcriptional modulators of SOD2 and
catalase.
To further document the functionality of this complex, the veriﬁcation of its association with DNA promoter regions was necessary.
ChIP assay results (Fig. 6) demonstrate that there is an enhanced
association of PGC1α and FOXO1 to chromatin after treatment with
ERC. As per PCR results, ERC increased the binding of the transcription
factors to the SOD2 and catalase promoters, an event that likely explains increases in protein levels. There is precedent for studies that
have examined the capacity of ﬂavonoids to alter the transcription
of genes involved in OS regulatory systems [32,33]. However, these
studies have mostly relied on the use of indirect reporter systems.
To our knowledge this is the ﬁrst time that a systematic documentation of mechanistic events is pursued in human SkM so as to explain
the modulation of OS regulatory systems by an intervention such as
ERC. Only one similar study has been performed in HF patients
where the effects of exercise were examined [34]. Six months of exercise training increases SkM catalase activity (while not altering mRNA
or protein levels) and reduces lipid peroxidation and nitrotyrosine
residue formation while no changes in SODs were observed [34].
As cocoa products contain many components, which can inﬂuence
the above measured endpoints, an animal model of obesity and insulin resistance was used to examine the unique effects of Epi on representative OS related endpoints. HFD reduced SkM glutathione levels
below those of controls (Fig. 7). Signiﬁcant increases were detected
in control and HFD groups treated with Epi. Protein carbonylation
levels increased in HFD animals and were reduced with Epi treatment. Changes in protein nitrotyrosilation indicate that a HFD
increased their levels and Epi signiﬁcantly reduced them. HFD also
leads to an increase in the ratio of acetylated/total SOD2 and normalization with Epi with parallel changes in SOD2 activity (Fig. 8). Comparable observations were noted for catalase. Altogether, results
derived from animal studies strongly suggest that Epi can be ascribed
as a likely major mediator of effects in ERC treated patients. Our
results are in general agreement with those published by Si et al.,
where the use of Epi led to beneﬁcial effects in diabetic (db/db)
mouse SkM contractile function, liver fat deposition, glutathione levels
and SOD activity [35].
The use of compounds with antioxidant properties typically given
at “high” doses such as vitamins, has largely failed to mitigate disease
progression. Furthermore, the putative beneﬁcial effects of antioxidants
on SkM function and thus, improved exercise performance, have not
been completely established and the results are contradictory [36].
Therefore, “direct” antioxidation (i.e. ROS scavenging) as a means to
improve organ function remains at best, unproven. Flavonoids (which
act as ROS scavengers) reduce tissue OS and are known to yield healthy
effects. However, at low doses direct antioxidation does not appear
to explain these effects. The body of mechanistic results in human
SkM obtained in this study, and validated by investigations in animals,
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indicates that effective reductions in SkM OS follow the modulation of
key regulatory systems by Epi.
Limitations of this pilot study include the lack of measurements of
Epi levels in the muscle, small number of subjects studied and the absence of proper controls (including HF or T2D only patients). Nonetheless, given the consistency and magnitude of “recovery” effects
exerted by ERC in all patients, results suggest a unique potential to
improve muscle metabolism. However, we cannot rule out the possibility that other cocoa bioactive agents may have played a role in the
responses observed.
In conclusion, the use of ERC or Epi appears to modify tissue OS in
a manner consistent (given the doses used) with the modulation of
relevant regulatory systems. Thus, ERC or Epi deserve consideration
as potential effective modulators of tissue OS to be evaluated in future
controlled clinical trials for diseases where metabolic dysregulation
represents an underlying mechanism.
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