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Atrial tissue collection and processing

Before the institution of cardiopulmonary bypass, a purse-
string suture was made around the atrial appendage for in-
sertion of the venous cannula. A sample of the right atrial
appendage (RAA) was then resected and immediately rinsed
in ice-cold Buffer X. From the endocardial side of the RAA, a
piece of atrial myocardium was dissected and a portion of this
myocardial tissue was immediately frozen in liquid N2 for
biochemical analysis of RNA, proteins, and lipids. A portion
of fresh atrial myocardium was kept in Buffer X (in mM: 7.23
K2EGTA, 2.77 CaK2EGTA, 20 Imidazole, 20 Taurine, 5.7
ATP, 14.3 PCr, 6.56 MgCl2$6H2O, 50 MES; pH 7.4) and
transferred to the laboratory to be used for the preparation of
permeabilized myofibers bundles (PmFBs) and analysis of
mitochondrial function. Another portion of this fresh tissue
was placed in hypotonic buffer (in mM: 10 HEPES, pH 7.5;
40 NaF; 0.01 Na2MoO4; 0.1 EDTA, 1 b-glycerophosphate;
1 Na3VO4) and protease inhibitor cocktail (Sigma), and
transferred to laboratory for the preparation of nuclear ex-
tracts as described next. Laboratory personnel involved
in performing lipid analysis and other biochemistry were
blinded to the treatment groups.

Fatty acid analysis of whole blood
and myocardial tissue

Myocardial tissue was disrupted and pulverized using a
Dounce homogenizer, and fatty acids were then extracted
from this tissue, and whole blood, with HPLC grade organic
solvents using the Folch method (13). Extracted fatty acids
were then methylated using boron trifluoride in methanol
(Sigma Chemical Co) for 90 min at 100�C. Methyl esters
were extracted into hexane and separated by capillary GC
(Shimadzu 2010; Shimadzu Scientific Instruments) with a
Restek RT-2560 column. Data were analyzed by summing
the identified peaks, and each peak area (representing indi-
vidual fatty acids) is shown as the percentage of total peak
area. Peaks were identified with several standards from
Restek and Nu-Chek Prep. Data were analyzed using
GCsolution (Shimadzu Scientific Instruments).

Permeabilized atrial myofiber preparation

This technique has been previously described in detail, and
has been adapted for application in human cardiac muscle
and for specific measurements made in this study (2, 4). After
RAA tissue harvest, muscle was dissected from the endo-
cardial side of the RAA sample and placed in ice-cold Buffer
X, containing (in mM: 7.23 K2EGTA, 2.77 CaK2EGTA,
20 Imidazole, 20 Taurine, 5.7 ATP, 14.3 PCr, 6.56
MgCl2$6H2O, 50 MES; pH 7.4). Portions of the muscle was
then cut into small strips *4–6 mm long · 2–3 mm wide,
placed in a solution of Buffer X containing 3 mg/ml colla-
genase Type I (Sigma-Aldrich), and incubated for 30–45 min
at 4�C. Fiber bundles were then carefully trimmed of vascular
and connective tissue, separated along their longitudinal axis,
and permeabilized for 30 min in Buffer X + 50 lg/ml saponin

at 4�C. Only 30 lg/ml saponin was used if the patient was a
woman, for reasons previously described (17). After that,
PmFBs were washed in ice-cold Buffer Z containing (in
mM): 110 K-MES, 35 KCl, 1 EGTA, 5 K2HPO2, 3 MgCl2-
6H2O, and 5 mg/ml BSA (pH 7.4, 295 mOsm) and remained
in Buffer Z on a rotator at 4�C until analysis ( < 2 h). In a
previous report, we had described how human PmFBs exhibit
a very strong Ca2 + -independent contraction that is temper-
ature sensitive and can occur even at 4�C with prolonged
incubation (24); therefore, 20 lM Blebbistatin (Sigma-
Aldrich) was added to the wash buffer, in addition to the
respiration medium (Buffer Z) during experiments, to pre-
vent the Ca2 + -independent contraction.

Measurement of mitochondrial ATP generation, O2

consumption, and H2O2 emission in cardiac PmFBs

All mitochondrial measurements in this study were per-
formed at 30�C. Mitochondrial O2 consumption was mea-
sured using the O2K Oxygraph system (Oroboros
Instruments) in Buffer Z containing 20 mM creatine mono-
hydrate (Sigma-Aldrich) and 20 lM Blebbistatin. O2 con-
sumption was supported by 125 lM palmitoyl-L-carnitine/
2 mM malate, or 5 mM pyruvate/2 mM malate, as indicated in
the Figure legends. Measurements of mitochondrial ATP
generation were obtained using a customized tandem oxi-
fluorometer approach that was developed and validated in our
laboratory (4), by coupling ATP hydrolysis to NADPH
generation.

The rate of ATP production was then continuously as-
sessed alongside the O2 consumption in real time, by moni-
toring the increasing fluorescence in the respiration chamber
coming from NADPH (340ex/460em) with a spectrofluo-
rometer (Photon Technology Instruments), similar to a
method described elsewhere (15). To maintain this reaction,
2.5 U/ml of glucose-6-phosphate dehydrogenase G6PDH
(Roche), 2.5 U/ml yeast hexokinase (Roche), 5 mM nicotin-
amide adenine dinucleotide phosphate (NADP + ) (Sigma-
Aldrich), and 5 mM D-glucose (Sigma-Aldrich) were added
to the assay media. P1,P5-Di(Adenosine-5¢)Pentaphosphate
(Ap5A) (Sigma-Aldrich) was included in respiration medium
to inhibit adenylate kinase and to ensure that ATP production
was solely due to the mitochondrial electron transport system
(mito-ETS). An absolute amount of ATP generated across a
given time frame was then calculated using a standard curve
of fixed concentrations of ATP added to the saturating
amounts of hexokinase, glucose, G6PDH, and NADP + . The
rate of H2O2 coming from mito-ETS supported by 125 lM
palmitoyl-L-carnitine, 5 mM glutamate, and 5 mM succinate
oxidation was determined in PmFB’s with 100 lM ADP,
5 mM glucose, and 1 U/ml hexokinase present to maintain the
mitochondria in a permanent, submaximal phosphorylating
state (i.e., most physiological) (2, 4). The mitochondrial
H2O2 emission rate (mito-JH2O2) was determined in real
time using a spectrofluorometer (Photon Technology Instru-
ments), by continuous monitoring of Amplex Red oxidation
in the presence of horseradish peroxidase (1 U/ml) and su-
peroxide dismutase (25 U/ml). To determine the contribution



of Thioredoxin Reductase-2 (TxnRd2) toward preserving the
mitochondrial matrix redox state, mito-JH2O2 experiments
were performed in both the absence and presence of the
TxnRd2-specific inhibitor Auranofin (1 lM), as previously
described by our group (12) and others (30).

RNA extraction and qRT-PCR measurement
of gene expression in atrial tissue

Atrial samples frozen in liquid N2 were homogenized in a
glass grinder (Kimble Chase) and then subjected to brief
proteinase K treatment (55�C, 10 min). Total mRNA was
then extracted in RNeasy columns according to the manu-
facturer’s instructions (Qiagen, Inc.). Reverse transcription
and relative changes in mRNA of target genes were deter-
mined by fluorescence-based quantitative real-time PCR
using SsoAdvanced� SYBR� Green Supermix (BioRad
Laboratories). All primer sequences used in this study are
listed in Supplementary Table S1. The mRNA for 18S ribo-
some was used as a normalizing control.

Preparation of myocardial whole tissue
and nuclear extracts, and immunoblot analysis

For whole tissue protein preparation, myocardial samples
frozen in liquid N2 were homogenized in ice-cold 10 · (wt./
vol) TEE buffer containing (in mM: 10 Tris base, 1 EDTA,
and 1 EGTA), and 0.5% Tween-20, using a glass grinder
(Kimble Chase). After 5 min of incubation on ice, homoge-
nates were spun at 10,000 rpm for 10 min to pellet debris, and
supernatants were retained for protein and enzyme analysis.

Nuclear extract preparations were performed using fresh
portions of atrial tissue immediately after dissection from the
patient, according to the method described by Deryckere and
Gannon (10). Briefly, after the removal of connective tissue,
the fresh myocardial tissue was placed in ice-cold hypotonic
buffer [10 mM HEPES, pH 7.5; 40 mM NaF; 10 lM Na2-

MoO4; 0.1 mM EDTA, 1 mM b-glycerophosphate; 1 mM
Na3VO4, and protease inhibitor cocktail (Sigma)] and
transferred to the laboratory. Tissue was then minced very
fine, placed back into ice-cold hypotonic buffer, pulverized in
a dounce homogenizer for 10–12 strokes, and incubated on
ice for 15 min. The sample was then centrifuged at 300 g for
10 min, and the supernatant was retained as a cytosolic
fraction. The pellet was then resuspended in ice-cold hypo-
tonic buffer and again incubated for 15 min on ice. Nonidet
P-40 was added at 0.1 · the sample volume and centrifuged at
14,000 g for 30 s. This supernatant was also retained as the
cytosolic fraction, and the pellet was resuspended in nuclear
extraction buffer [10 mM HEPES, pH 7.9; 0.1 mM EDTA;
3 mM MgCl2; 420 mM NaCl2; 10% glycerol (v/v)], vortexed
at full speed for 30 s, and then incubated for 15 min at 4�C
with rocking. This step was repeated. The sample was then
centrifuged at 14,000 g for 10 min at 4�C, and the supernatant
was retained as the nuclear fraction.

Proteins in these extracts were subjected to SDS-PAGE,
transferred to PVDF membrane, and probed via immunoblot
procedure using the following antibodies: anti-PPARc (Cell
Signaling, Inc.), anti-NFjB p65 (Abcam, Inc.), anti-Nrf2
[EP1808Y]–Carboxyterminal end (Abcam), anti-TATA
binding protein for nuclear loading control (Abcam), anti-
Thioredoxin Reductase-2 (Pierce Biotechnology), anti-COX

Supplementary Table S1. Primer Sequences Used for qRT-PCR.

Target Sense Antisense Reference

18s cag cca ccc gag att gag ca tag tag cga cgg gcg gtg tg (26)
TFAM agc tca tgg act tct gcc agc a cct gcc tcc ata ata taa gga aac aag agt (11)
Catalase gac tga cca ggg cat caa aaa cgg atg cca tag tca gga tct t (28)
PPARa cca gta ttt agg aag ctg tcc tga aag cgt gtc cgt gat (14)
CPT1B act gct aca aca ggt ggt t tct gca ttg aga ccc aac tg (14)
CD36 gtt gcc ata atc gac ac gca gtg act ttc cca ata gg (14)
LCAD ctt cca cag gaa agg ctg tt ctg cta att tat gtt gca ctg (14)
HFABP cag cag atg aca gga agg ccg att ggc aga gta gta g (14)
NRF1 cca gtt tag tgg gtg gta gg cgg gag ctt tca aga cat tc (33)
UCP2 tct aca atg ggc tgg tgg c tgt atc tcg tct tga cca c (22)
CRP tcg tat gcc acc aag aga caa gac a aac act tcg cct tgc act tca tac t (21)
GPx1 tgt gcc cct acg cag gta ca ccc ccg aga cag cag ca (25)
GPx4 cga tac gct gag tgt ggt ttg c cat ttc cca gga tgc cct tg (8)
TNFa atc aat cgg ccc gac tat ctc gca atg atc cca aag tag acc tg (18)
IL-1b aaa caa cct gaa cct tcc aaa ga gca agt ctc ctc att gaa tcc a (18)
iNOS ggt ttc ccc cag ttc ctc a tct cca ttg ccc cag ttt tt (27)
GSTA-1 gac tcc agt ctt atc tcc agc ttc c gac tcc agt ctt atc tcc agc ttc c (20)
HO-1 tgc ggt gca gct ctt ctg gca acc cga cag cat gc (29)
TxnRd2 ctg cat ttc ctt ggc ccc gat acc cac ggt ccg cat c (32)
GR atc ccc ggt gcc agc tta gg agc aat gta acc tgc acc aac aa (9)
GCLC gtt ctt gaa act ctg caa gag aag atg gag atg gtg tat tct tgt cc (7)
NQO1 aag ccc aga cca act tct att tga att cgg gcg tct gct g (25)

Primer sequences for target genes analyzed in this study. The source of the sequence from other literature is indicated. TFAM,
mitochondrial transcription factor A; CPT1B, carnitine palmitoyl transferase-1B; LCAD, very long-chain acyl CoA dehydrogenase;
HFABP, human fatty acid binding protein; NRF1, nuclear respiratory factor 1; UCP2, uncoupling protein 2; CRP, C-reactive protein; GPx1,
glutathione peroxidase 1; GPx4, glutathione peroxidase 4; TNFa, tumor necrosis factor a; IL1b, interleukin-1b; iNOS; inducible nitric
oxide synthase; GST-A1, glutathione -s-transferase A-1; HO-1, heme oxygenase-1; TxnRd2, thioredoxin reductase-2; GR, glutathione
reductase; GCLC, c-Glutamylcysteine ligase catalytic subunit; NQO1, NAD(P)H:quinone oxidoreductase 1.



IV (Abcam), anti-a Tubulin (Abcam), and anti-GAPDH
(Abcam).

Redox enzyme activity in atrial tissue

All enzyme activity and glutathione assays were per-
formed on the same day as the protein extraction. We have
empirically determined that human cardiac glutathione and
enzyme activity should be assessed immediately in protein
extractions to obtain consistent and reproducible results,
and that freezing samples or keeping them at 4�C overnight
will cause a dramatic loss of content and activity. Total
glutathione measurements were performed as previously
described (3, 5) using a modified Tietze method (31). GR
activity in myocardial tissue was measured in TEE buffer
containing 1 mM GSSG and 0.5 mM NADPH, where ac-
tivity was calculated from the linear decrease in NADPH
absorbance with time (6). Glutathione peroxidase (GPx)
activity was determined in TEE buffer containing 1 mM
GSH, 100 mU/ml of purified GR enzyme, and 0.5 mM
NADPH. The reaction was initiated with a nominal amount
of tert-Butyl-Hydroperoxide, and the activity of GPx was
calculated from the linear decrease in NADPH absorbance
with time (23). MAO activity was determined in real time by
continuous monitoring of clorgyline-sensitive H2O2 pro-
duction supported by 1 mM Tyramine as previously de-
scribed (16).

Measurement of protein modification by PUFA-derived
aldehydes in atrial tissue

The absolute amount of n-6 PUFA-derived HNE-adducts
and n-3 PUFA-derived HHE-modified protein adducts in
atrial tissue was determined by a quantitative ELISA ap-

proach that was developed and validated in our lab (12, 19). A
standard curve of aldehyde-modified protein adducts was first
established by incubating saturating amounts of HNE or HHE
(Cayman Chemical) with predetermined concentrations of
BSA. After an overnight incubation at 37�C, aldehyde-BSA
adducts were added to an Immunolon-coated 96-well assay
plate (Fisher Scientific) along with diluted cardiac protein.
Samples were incubated overnight at 4�C, subsequently
washed with PBS + 0.05% Tween-20, and blocked for 2 h
with NB4025 (NOF America). Samples were then incubated
with anti-HNE-His antibody (1 lg/ml in PBS; Percipio
Biosciences), or anti-HHE-His antibody (1 lg/ml in PBS;
Genox) for 2 h at 37�C. Samples were washed with PBS +
0.05% Tween-20 and incubated with secondary antibody for
2 h at room temperature (goat anti-mouse HRP; Bio-Rad).
After this incubation, samples were washed as earlier and
incubated with TMBZ for 20 min at room temperature. The
reaction was quenched with 1 M sulfuric acid, and the ab-
sorbance of the samples at 450 nm was determined. Total
quantities of HNE- and HHE-modified proteins in each
group were determined using a standard curve of aldehyde-
modified BSA, and expressed in absolute amount as mmol/g
protein.

Statistical analysis

Based on our previous work studying mitochondrial
function and gene expression in atrial myocardium from
diseased humans (1, 2, 4), and from our recently published
work with n-3 PUFA diet in animal models (5), we esti-
mated that a minimum of 12 patients in each group would
be needed to detect an n-3 PUFA treatment effect of 20%
or more (using anti-inflammatory gene expression as an
outcome variable) at the a = 0.05 level of significance with
at least 80% power. Statistical analysis and graphics were
prepared using GraphPad Prism 5 (GraphPad Prism). Data
are presented as mean – SD, with most graphical repre-
sentation of data showing raw data points for every patient,
along with the mean. Statistical significance of group
comparisons for categorical variables was determined using
Fisher’s Exact, while paired and unpaired Students t-tests
were performed to compare within-group and between-
group differences, respectively. Statistical significance was
defined as p £ 0.05.
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