
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NF-kB-induced oxidative stress contributes
to mitochondrial and cardiac dysfunction
in type II diabetes
Nithya Mariappan1, Carrie M. Elks1, Srinivas Sriramula1, Anuradha Guggilam1,
Zhizhen Liu1,2, Olga Borkhsenious1, and Joseph Francis1*

1Department of Comparative Biomedical Sciences, Louisiana State University School of Veterinary Medicine, Louisiana State University, Baton Rouge, LA 70803, USA; and
2Department of Biochemistry and Molecular Biology, Shanxi Medical University, Taiyuan 030001, China

Received 1 May 2009; revised 28 August 2009; accepted 1 September 2009; online publish-ahead-of-print 3 September 2009

Time for primary review: 25 days

Aims Inflammatory molecules and their transcription factor, nuclear factor kappa-B (NF-kB), are thought to play important
roles in diabetes-induced cardiac dysfunction. Here, we investigated the effects of pyrrolidine dithiocarbamate
(PDTC), a NF-kB inhibitor, in diabetic mice.

Methods
and results

Obese db/db mice and heterozygous lean mice (n ¼ 8) were allowed free access to drinking water (control) or water
containing PDTC (100 mg/kg) for 20 weeks. Left ventricular (LV) function was measured using echocardiography at
baseline and at study end. Mice were sacrificed and LV removed for gene expression, biochemical, immunofluores-
cence, and mitochondrial assays. LV and mitochondrial reactive oxygen species (ROS), superoxide and peroxynitrite
were measured using electron spin resonance spectroscopy. Enhanced NF-kB activity in db/db mice was associated
with increased oxidative stress as demonstrated by increased ROS, superoxide, and peroxynitrite production, and
increased NF-kB, gp91phox, and Nox1 expression; PDTC ameliorated these effects. Mitochondrial free radical pro-
duction and structural damage were higher in the db/db group than in the control, db/db PDTC, and PDTC-treated
heterozygous animal groups.

Conclusion This study demonstrates that NF-kB blockade with PDTC mitigates oxidative stress and improves mitochondrial
structural integrity directly, through down-regulation of increased oxygen-free radicals, thereby increasing ATP
synthesis and thus restoring cardiac function in type II diabetes.
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1. Introduction
Diabetes mellitus (DM) is a disease of epidemic proportion
affecting approximately 24 million Americans.1 An additional
50 million Americans have cardiometabolic syndrome,2 which,
if left untreated, can lead to type II DM and cardiovascular
disease. DM is rarely a ‘stand-alone’ disease and is often
accompanied by other sequelae, including obesity, hypertension,
and hyperlipidaemia;3,4 all of which contribute to the initiation
and progression of cardiovascular disease. One of the major
hypotheses to explain the onset of diabetic complications is a

DM-induced increase in oxidative stress in the absence of
the counterbalancing effects of endogenous antioxidants.
Several previous investigations have examined the role of oxi-
dative stress in the development of DM-mediated disorders,
possibly via the formation of free radicals.5,6 Reactive oxygen
species (ROS), such as superoxide, generated by high glucose
concentrations are also considered a causal link between hyper-
glycaemia and other metabolic abnormalities in the development
of many complications of DM.7 Hence, one of the primary goals
in the management of DM is the protection of the end organs
against its deleterious effects.
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Nitric oxide (NO) produced in endothelial cells and cardiomyo-
cytes is important in the regulation of cardiac function.8,9 However,
excess NO can be toxic; its toxic effects are not generally due to
the NO molecule itself, but to its reaction with superoxide to
form the highly reactive oxidant, peroxynitrite.10 The reaction of
peroxynitrite with various macromolecules can influence normal
cellular function. Tyrosine nitration by peroxynitrite to form
3-nitrotyrosine (3-NT), an indirect indicator of peroxynitrite
formation, can lead to protein dysfunction.10,11 Peroxynitrite can
also oxidize sulfhydryl groups in enzymes critical to the mitochon-
drial electron transport chain (ETC).12 Cardiac contractile dysfunc-
tion is believed to be caused, in part, by the effects of peroxynitrite
on creatine kinase activity in myofibrils.10,11 Peroxynitrite gener-
ation also decreases the NO available for G-protein stimulation
and vasodilation and can deplete cellular antioxidants, thus
contributing to endothelial dysfunction.9,10 Since it is known to
have various effects on the heart, and to be produced in DM,
we measured peroxynitrite formation indirectly by measuring
3-NT levels.

Recent findings suggest that proinflammatory cytokines (PIC),
like tumour necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1b) and IL-6, play important roles in the pathophysiology of
heart disease.13,14 Recent findings from our laboratory suggest
that chronic TNF-a administration induces cardiac damage and
mitochondrial dysfunction.15,16 Nuclear factor-kappa B (NF-kB),
which is involved in PIC production and in the induction of ROS-
mediated NF-kB activation,17,18 may be important in cardiovascular
and other disease states.19 An understanding of the role of NF-kB
in altering redox balance, and its contribution to cardiac damage at
the mitochondrial level in type II DM is crucial.

We recently showed that blockade of NF-kB, the transcription
factor for TNF-a, with pyrrolidine dithiocarbamate (PDTC)
attenuates hypertensive response and renal damage in spon-
taneously hypertensive rats20 and in obese Zucker rats.21 PDTC
is a dithiocarbamate with both antioxidant and pro-oxidant prop-
erties. The antioxidant properties of PDTC, however, may be
restricted to only certain cell types.22,23 Brennan and O’Neill
have postulated that each pathway to NF-kB in a given cell type
should be treated as a distinct one, with it being inappropriate
to assume that the effects of oxidants and antioxidants on
NF-kB are cell-independent and always due to redox modu-
lation.24 Although NF-kB inhibition by PDTC has often been
attributed to its free-radical scavenging properties, PDTC has
been demonstrated to exert its inhibitory effect on NF-kB
through direct oxidation of the thiols of NF-kB.24,25

Mitochondrial dysfunction is prominent in most cardiovascular
diseases.16,26 Under physiological conditions, the ETC in mitochon-
dria is a major producer of superoxide, while under pathological
conditions, defects in mitochondrial activity lead to an overwhelm-
ing production of superoxide.27 In diabetes, intracellular glucose is
higher; therefore, more glucose can be oxidized by the Krebs
cycle.28 As a result of this metabolic alteration, more electron
donors enter the ETC. The voltage across the mitochondrial
membrane increases to a threshold point, where electron transfer
inside complex III becomes blocked,29 causing a backup of
electrons, and decreased complex III activity. Impaired electron
transport, in turn, leads to decreased ATP production, increased

formation of toxic-free radicals (primarily superoxide), and
altered redox status.16 Although oxidative stress and mitochon-
drial dysfunction are evident in several pathophysiological states,
the role played by NF-kB in inducing mitochondrial ROS pro-
duction in DM is not known. More importantly, it is not known
whether NF-kB is found in the mitochondria and contributes to
this increased ROS within the mitochondria, thereby contributing
to cardiac dysfunction. The results from this study will help us
elucidate the mechanisms by which NF-kB may induce mitochon-
drial redox imbalance in DM and will lead to a better understand-
ing of the disease process, which might lead to new and effective
strategies for cardioprotection in DM.

2. Methods
Detailed descriptions of methodologies can be found in the accompa-
nying Supplementary material online.

2.1 Animals
Adult male obese db/db mice (n ¼ 16) and heterozygous lean control
mice (n ¼ 16) weighing 28–30 g were used for the study. Animals
were housed in temperature (23+28C) and light-controlled (12 h
light/dark cycle) animal quarters; standard rodent chow and water
were provided ad libitum. This study conforms with the Guide for
the Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication no. 85-23, revised 1996). All
animal experimental protocols were approved by the Louisiana State
University Institutional Animal Care and Use Committee (protocol
number 09-008).

2.2 Experimental design
At 12 weeks of age, diabetic db/db mice were markedly obese and
hyperglycaemic relative to heterozygous controls. To determine
whether NF-kB blockade would protect against cardiac damage,
appropriate groups (n ¼ 8 each) of mice were treated for 20 weeks,
from age 12 to 32 weeks, with 100 mg/kg/day PDTC in drinking
water. Control animals were given access to tap water ad libitum.
Animals were treated for 20 weeks, since cardiac hypertrophy
becomes evident at �30 weeks of age in obese animals. After
20 weeks of treatment, left ventricular (LV) function was measured
using echocardiography; subsequently, mice were sacrificed by
carbon dioxide inhalation and the LV was removed for gene
expression, biochemical and immunofluorescence studies. Electron
paramagnetic resonance (EPR) spectroscopy was used to measure
free radicals in the cytosolic and mitochondrial fractions. The struc-
tural integrity of mitochondrial membranes was measured using
swelling assay and transmission electron microscopy (TEM) analysis.

2.3 Echocardiography
Echocardiography was performed as previously described.30

2.4 Measurement of plasma cytokine
and lipid levels
TNF-a and IL-6 concentrations in mouse plasma were determined
with commercially available kits, according to the manufacturer’s pro-
tocols (Biosource). Levels of total cholesterol, high-density lipoprotein
(HDL-c), and very low-density lipoprotein (VLDL-c) in plasma were
quantified by a kit method (BioVision, Mountain View, CA, USA) as
per the manufacturer’s instructions.
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2.5 Determination of glutathione (GSH)/
glutathione disulfide (GSSG) ratio
GSH and GSSG concentrations were determined in LV tissue by the
use of a commercially available kit (Cayman Chemicals), as described
previously.15,16

2.6 RNA isolation and real-time RT–PCR
Total RNA extraction, cDNA synthesis, and real-time RT–PCR were
performed as previously described.15,20

2.7 Western blotting
Protein expression in mitochondria was analysed by western blotting
as previously described,20 using anti-p50, anti-ANT, anti-VDAC, and
anti-Nox1 antibodies (Santa Cruz Biotechnology).

2.8 LV total ROS, O2
†2, and OONO2

production
Total ROS, O2

†2, and OONO2 production in the heart tissues were
measured by EPR using the spin probes 1-hydroxy-3-methoxy-
carbonyl-2, 2, 5, 5-tetramethylpyrrolidine and 1-hydroxy-3-carboxy-
pyrrolidine as described previously.16

2.9 Immunofluorescence
Immunofluorescence detection of 3-NT was performed as described
previously,31 with minor modifications (see Supplementary material
online).

2.10 Quantification of NF-kB p65 activity
The NF-kB/p65 Active ELISA (Active Motif, USA) kit was used to
measure the binding activity of free NF-kB p65 in nuclear extracts.
The analysis was done using a sandwich ELISA method, according to
the manufacturer’s instructions.

2.11 Isolation of LV mitochondria
LV mitochondria were isolated by differential centrifugation of heart
homogenates as described previously.15,16 Mitochondrial purity was
determined by western blotting with anti-VDAC and anti-ANT anti-
bodies and by TEM.

2.12 Mitochondrial swelling assay
For assessment of mitochondrial permeability transition pore opening,
mitochondrial swelling was measured.15 Purity of mitochondria was
measured using electron microscopy and western blot for the mito-
chondrial markers ANT and VDAC.

2.13 Ultrastructural studies
LV and isolated mitochondrial pellets were immediately fixed in a
1.25% solution of glutaraldehyde and 2% paraformaldehyde in 0.1 M
sodium cacodylate buffer (pH 7.4). Pellets were then fixed in a 1% sol-
ution of osmium tetroxide. The fixed mitochondria were embedded in
Epon-Araldite. Ultrathin sections (85 nm) were obtained using MT XL,
RMC product, stained with uranyl acetate, and lead citrate and exam-
ined in a Joel JEM 1011 TEM at 80 kV accelerating voltage.

2.14 Mitochondrial total ROS, O2
†2,

and H2O2 production
ROS, O2

†2, and H2O2 production rates in mitochondria were
measured using EPR as described previously.16

2.15 Mitochondrial complex III enzymatic
activity
Measurement of mitochondrial complex III enzymatic activity was
performed as previously described.16

2.16 Measurement of ATP levels
and ATP/ADP ratio
ATP production levels and ATP/ADP ratio were quantified in isolated
mitochondria using a commercially available kit (BioVision) as
described previously.16 Briefly, tissues were lysed to free ATP into
medium containing luciferase and luciferin, which produces light in
the presence of ATP. The light emission is proportional to the
amount of ATP present.

2.17 Statistical analyses
Data were analysed by ANOVA, followed Bonferroni’s multiple com-
parison tests. P � 0.05 was considered significant.

3. Results

3.1 Body weights and heart weights
of animals
No differences in heart weight to body weight (HW to BW) ratios
were noted between hz control and hz þ PDTC animals (3.82+
0.04 and 4.11+0.07 mg/g, respectively). As expected, obese db/db
mice exhibited significantly lower HW to BW ratios when com-
pared with age-matched lean controls (2.78+ 0.02 and 3.82+
0.04 mg/g, respectively, P , 0.05); HW to BW ratios were also
lower in db/db þ PDTC mice (2.95+ 0.06 mg/g). The decreased
ratios seen in both db/db groups was due to the significantly
higher body weights of these animals.

3.2 Echocardiography
When compared with control animals, untreated obese db/db mice
had progressive increases in LV end-diastolic dimension (LVD) and
LV end-systolic dimension (LVS) and decreases in fractional short-
ening (FS%) measurements (Table 1). Additionally, db/db treated
with PDTC and heterozygous lean control mice exhibited signifi-
cant decreases in LVD and LVS and increases in FS%. These
results indicate preservation of cardiac function in obese db/db
mice treated with a NF-kB blocker.

3.3 Circulating levels of TNF-a and IL-6,
and plasma lipids
Untreated obese db/db mice had increased circulating levels of
TNF-a and IL-6 (Table 2); these increases were prevented by
PDTC treatment. Plasma levels of total cholesterol and VLDL-c
were significantly higher and HDL-c levels were significantly
lower in db/db obese mice than hz controls (Table 2); PDTC
restored HDL to near control levels. A similar trend was observed
when the hz PDTC-treated group was compared with the obese
db/db group.

3.4 Glutathione content of LV
LV GSH (Figure 1A) and GSH/GSSG ratio (Figure 1B) in obese db/db
mice were decreased (5.84+ 0.09 and 2.86+0.20 nmol/mg
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protein and 11.46+ 2.29 and 6.31+0.31 nmol/mg protein,
respectively; P , 0.05) compared with the control group; LV
GSH and GSSG levels of db/db þ PDTC mice were restored to
that of control levels (9.35+0.38 and 4.52+0.13 nmol/mg
protein, respectively). A significant increase in GSH and GSSG
content was seen in the hz mice treated with PDTC (1.96+
0.01 and 2.30+ 0.01 nmol/mg protein, respectively) when com-
pared with the db/db animals (P , 0.05).

3.5 Gene and protein expression studies
Gene and protein expression of Nox1 and gp91phox subunits in
LV tissue were measured using real-time RT–PCR and western
blotting. Untreated obese db/db mice had increased LV mRNA
levels of gp91phox (Figure 2A) and Nox1 (Figure 2B); these
increases were prevented by PDTC treatment.

3.6 Total LV ROS and O2
†2 production

Superoxide and total ROS production rates in LV tissues appear in
Figure 2C and D. The rates of ROS and superoxide production in
untreated obese db/db animals were significantly higher than

those of the heterozygous control animals. PDTC treatment of
db/db mice inhibited the increased rate of ROS production as
well as the accumulation of superoxide anions (P , 0.05 for all).
The same trend was observed when the heterozygous
PDTC-treated group was compared with the obese db/db group.

3.7 OONO2 production and 3-NT
immunofluorescence
Untreated obese db/db mice had significantly higher OONO2 pro-
duction rates as determined by EPR, and significantly higher
protein expression of 3-NT, an indicator of OONO2 production
(Figure 2E and F ). PDTC treatment significantly attenuated
OONO2 production and 3-NT expression in db/db mice, normal-
izing levels to those of lean controls.

3.8 Mitochondrial purity and swelling
assay
Mitochondrial purity as determined by TEM and western blot for
the mitochondrial markers ANT and VDAC (Figure 3A and B).
The functional integrity of the mitochondria was assessed by the
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Table 2 Selected metabolic parameters for all groups at study end

Parameter hz Control db/db db/db 1 PDTC hz 1 PDTC

Plasma TNF-a (pg/mL) 5.0+0.10#,‡ 21.6+1.1*,†,‡ 3.0+0.3# 4.5+0.7*#

Plasma IL-6 (pg/mL) 5.74+0.11#,‡ 25.86+1.59*,†,‡ 10.43+1.74# 13.72+1.68*#

Cholesterol (mmol/L) 1.61+0.02# 2.58+0.07*,†,‡ 1.46+0.09# 1.59+0.08#

HDL-c (mmol/L) 0.02+0.002# 0.009+0.00*,†,‡ 0.019+0.002# 0.028+0.005#

LDL-c (mmol/L) 0.19+0.027# 0.62+0.02*,†,‡ 0.28+0.01# 0.10+0.017#

Values are expressed as means+ SEM. Statistical analysis was performed. P � 0.05 were considered significant.
*P , 0.05 vs. control.
#P , 0.05 vs. db/db.
†P , 0.05 vs. db/db PDTC.
‡P , 0.05 vs. hz PDTC.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Echocardiography data for all experimental groups at study end

Parameter hz Control db/db db/db 1 PDTC hz 1 PDTC

IVSD (mm) 0.65+0.05 0.64+0.04 0.72+0.03 0.78+0.03

IVSS (mm) 1.25+0.06 1.10+0.01 1.12+0.02 1.17+0.04

LVD (mm) 3.70+0.17# 4.89+0.01*,†,‡ 4.10+0.07# 4.08+0.08#

LVS (mm) 2.45+0.05# 3.17+0.08*,‡ 2.62+0.12 2.58+0.01#

PWD (mm) 0.69+0.02 0.69+0.03 0.74+0.01 0.84+0.04

PWS (mm) 1.12+0.05 1.19+0.02 1.33+0.03 1.26+0.03

FS% 36.11+1.06# 23.69+0.39*,†,‡ 35.10+0.31# 34.10+0.20#

HR 437+7.70 420+10.2 437+10.0 431+5.21

Echocardiographic analysis revealed that both left ventricular diastolic (LVD) and systolic (LVS) dimensions were significantly greater and FS% measurements were lower in db/db
mice, whereas db/db treated with PDTC and heterozygous lean control mice exhibited significant decreases in LVD, LVS and increases in FS%. Values are expressed as means+
SEM. P , 0.05¼significant. Values presented are means+ SEM.
*P , 0.05 vs. control.
#P , 0.05 vs. db/db.
†P , 0.05 vs. db/db PDTC.
‡P , 0.05 vs. hz PDTC.
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Figure 2 Gene expression levels of (A) gp91phox and (B) Nox1 as determined by real-time RT–PCR and western blotting. Both of these
genes were significantly upregulated in db/db LV tissue, and PDTC treatment attenuated expression of these genes. Production levels of (C )
superoxide, (D) total ROS, and (E) peroxynitrite as determined by EPR spectroscopy. Levels of superoxide, total ROS, and peroxynitrite pro-
duction were all increased significantly in db/db LV tissue; these levels were normalized with PDTC treatment. (F ) Protein expression levels of
3-nitrotyrosine in LV tissues from all experimental groups. *P , 0.05 vs. control; #P , 0.05 vs. db/db; $P , 0.05 vs. db/db PDTC; @P , 0.05 vs.
hz PDTC.

Figure 1 (A) Mean GSH levels for each experimental group as determined by a kit method. (B) Mean GSH/GSSG ratios for each experimental
group. Note the marked decrease in GSH levels and GSH/GSSG ratio for the db/db group and the normalization of these parameters by PDTC
treatment. *P , 0.05 vs. control; #P , 0.05 vs. db/db; $P , 0.05 vs. db/db PDTC; @P , 0.05 vs. hz PDTC.
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evaluation of permeability transition (swelling assay). When com-
pared with controls, obese db/db mice had increased swelling
both at the basal level and in the presence of a calcium challenge,
indicating mitochondrial damage (Figure 3C). In contrast, mitochon-
dria from the db/db obese þ PDTC and hz þ PDTC treatment
groups showed maintenance of structural and functional integrity
when compared with mitochondria from the db/db obese group.

3.9 Ultrastructure of LV tissue
and mitochondria
The ultrastructural changes of LV tissue and mitochondria are
shown in Figure 3D. The LV and isolated mitochondria of hz con-
trols appeared normal in structure and architecture, with visible
inner and outer membranes and regular arrangement of cristae.
The mitochondria from untreated obese db/db mice were charac-
terized by numerous vesicular cristae with membrane rupture.
PDTC treatment protected from alterations of inner membrane
integrity in the mitochondria of db/db mice.

3.10 Mitochondrial ROS, O2
†2, and H2O2

production
Total ROS, O2

†2, and H2O2 production rates in mitochondria, as
determined by EPR, were all significantly higher in LV mitochondria
of untreated obese db/db mice than in hz controls, db/db þ PDTC,
and hz þ PDTC animals (Figure 4A–C ). These findings suggest that
increased mitochondrial oxidative stress induced by NF-kB con-
tributes to mitochondrial dysfunction.

3.11 Mitochondrial complex III activity
We chose to focus on complex III in this study because it is the
major complex in the ETC and is a major site of O2

†2 production.
Complex III activity was significantly decreased in obese db/db mice
relative to controls (Figure 5A). Significant decreases in mitochon-
drial complex III activity were observed in the obese db/db group
when compared with the activities of the PDTC-treated obese
db/db mice and controls (P , 0.05).

Figure 3 (A and B) Mitochondrial purity as determined by transmission electron microscopy (TEM) and western blot for the mitochondrial
markers ANT and VDAC. (C) Results from swelling assay presented in graphical form. (D) Ultrastructural changes of LV tissue and isolated LV
mitochondria as examined with TEM; (�40 magnification). Note the disordered appearance of the mitochondria and lack of cristae in db/db
animals, and the preservation of appearance with PDTC treatment.
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3.12 ATP/ADP ratio
Significant decreases in ATP levels were found in the untreated
obese db/db group when compared with hz control, db/db þ
PDTC, and hz þ PDTC animals (Figure 5B). No significant differ-
ences in ATP levels were found among other groups. Similar
trends were seen in ATP/ADP ratios (Figure 5C). Collectively,
these data suggest a role for NF-kB in the oxidative stress and
mitochondrial dysfunction seen in the diabetic condition.

3.13 NF-kB p65 activity
NF-kB p65 subunit activity was significantly elevated in the hearts
of db/db animals (Figure 6A). PDTC treatment significantly reduced
ROS-induced NF-kB p65 activity in the nuclear fractions of obese
db/db mice, restoring activity levels to values near those of hz
control, hz þ PDTC, and db/db þ PDTC animals.

3.14 NF-kB p50 gene expression
Expression levels of p50, as determined by real-time RT–PCR,
were significantly higher in obese db/db mice than in hz controls
(Figure 6B; P , 0.05). Treatment with PDTC partially attenuated,
but did not normalize, p50 gene expression in db/db mice.

3.15 Mitochondrial NF-kB p50 protein
levels
Protein expression levels of p50 in isolated LV mitochondria were
significantly higher in obese db/db mice than in control lean mice.
PDTC treatment partially attenuated mitochondrial p50
expression in db/db mice. A representative western blot is
shown in Figure 6C.

4. Discussion
The novel findings of the current study are that NF-kB p50 is
increased in the mitochondria of obese db/db mice and is associ-
ated with increased oxidative stress and that blockade of NF-kB
in obese mice protects the heart against oxidative stress, restores
mitochondrial integrity, and improves cardiac function. These
results suggest that NF-kB contributes to end-organ damage in
type II DM.

Cytosolic NF-kB p50 gene expression and NF-kB p65 activity
(ELISA) were measured to determine whether PDTC was actually
blocking NF-kB activity. Animals with diabetes had increased
NF-kB p50 gene expression and NF-kB p65 activity; these

Figure 4 Mitochondrial production rates of (A) ROS, (B) superoxide, and (C) hydrogen peroxide, as determined by EPR, were significantly
higher in db/db mice than in any other group. PDTC treatment normalized production rates of ROS, superoxide, and hydrogen peroxide in
isolated LV mitochondria. *P , 0.05 vs. control; #P , 0.05 vs. db/db; $P , 0.05 vs. db/db PDTC; @P , 0.05 vs. hz PDTC.
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changes were prevented in db/db þ PDTC mice. Since NF-kB
responds to and induces oxidative stress,17,18 we also measured
GSH and GSH/GSSG ratio in these animals. We found a decrease
in GSH and GSH/GSSG in obese db/db animals; these results indi-
cate an impaired antioxidant status in the diabetic condition. Treat-
ment with PDTC prevented these changes. We believe that the
effects PDTC seen in this study may be due to a combination
effect, with both the ROS scavenging and NF-kB inhibiting proper-
ties playing roles. Further experiments must be performed to elu-
cidate the exact mechanism under which PDTC provides the
protective effects seen in our study. Overall, these results highlight
the negative effect of NF-kB on the antioxidant defence mechan-
ism of diabetic LV tissue and strongly suggest a role for NF-kB
in diabetes-induced oxidative stress.

Diabetes is associated with a chronic inflammatory state charac-
terized by increased circulating levels of PIC (TNF, IL-6) and con-
tributes to the pathophysiology of cardiovascular disease.32 TNF-a
and IL-6 have been shown to increase concentrations of plasma

triglycerides and VLDL-c. This suggests that improvements in
blood cholesterol and triglyceride levels could be due, in part, to
reduced TNF-a and/or IL-6 levels in obese db/db mice treated
with PDTC.

We also examined the effect of PDTC treatment on the
expression of gp91phox and its homologue, Nox1. In obese db/
db mice, expression levels of both genes were increased, indicating
increases in diabetes-mediated oxidative stress. PDTC treatment
decreased expression of these genes, again suggesting an involve-
ment of NF-kB in diabetes. Alterations in gp91phox and Nox1
protein expression were further confirmed by measuring ROS
and O2

†2 production using EPR. The 3-NT formation seen in our
study was likely a result of overproduction of superoxide in the
diabetic heart, which in turn reacts with NO to produce peroxyni-
trite, the causative agent for the formation of 3-NT. Evidence that
the increased superoxide was responsible for the formation of
3-NT was supported by the fact that suppression of superoxide
formation resulted in reduced formation of 3-NT.

Figure 5 (A) Mitochondrial complex III activity as determined by EPR, (B) ATP production, and (C) ATP/ADP ratios were all decreased in
db/db animals when compared with other groups. Treatment with PDTC restored mitochondrial complex III activity and ATP production and
improved ATP/ADP ratio. *P , 0.05 vs. control; #P , 0.05 vs. db/db; $P , 0.05 vs. db/db PDTC; @P , 0.05 vs. hz PDTC.
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Recent studies have demonstrated that oxidative damage
induced by ROS and reactive nitrogen species derived from hyper-
glycaemia plays a critical role in diabetic injury in multiple organs.33

In this study, we saw increases in production of total ROS, super-
oxide, and peroxynitrite in diabetic animals. Furthermore, in some
pathological cases, excess superoxide anion can interact with NO,
which is produced physiologically by constitutive sources, such as
the endothelial isoform of NO synthase.34,35 This process results
in the formation of the strong oxidant peroxynitrite, which
reacts with various biomolecules and leads to the production of
the modified amino acid, nitrotyrosine.36,37 In this paper, we
have demonstrated a role for nitrosative stress, particularly that
of the peroxynitrite molecule, in the pathogenesis of diabetic com-
plications. These results are consistent with those obtained from
heart tissue from mouse and rat models.38,39

Mitochondria are a major source of ROS production.40 We
recently demonstrated that chronic TNF administration induced
mitochondrial damage by altering mitochondrial respiration and
decreasing ATP production. In a recent related study, we demon-
strated that NF-kB blockade protects against renal cortical mito-
chondrial damage.20 Since NF-kB contributes to oxidative stress,
we next wanted to examine the role played by NF-kB on mito-
chondrial oxidative stress in diabetic animals. Here, we examined
whether NF-kB itself is increased in the mitochondria, to cause

an increase in ROS production within the mitochondria. Our
results are the first to demonstrate that NF-kB p50 expression
is increased in the cardiac mitochondria of db/db mice and that
treatment with PDTC protects against mitochondrial damage
(Figure 6C). These findings suggest that in diabetes, inflammatory
cytokines or their transcription factor, NF-kB, enter into the mito-
chondria to increase oxidative stress and cause cardiac dysfunction.
However, the underlying mechanisms by which NF-kB can enter
the mitochondrion are unclear and require further investigation.

It has been suggested that increased mitochondrial ROS pro-
duction during hyperglycaemia is central to diabetic compli-
cations.41,42 Therefore, increases in mitochondrial ROS,
superoxide, and hydrogen peroxide production and oxidative
damage may contribute to the onset, progression, and pathological
consequences of type II diabetes. A number of functional enzymes
within the mitochondria are particularly susceptible to ROS-
mediated damage, leading to altered ATP synthesis, electron
transport dysregulation, and induction of mitochondrial membrane
permeability, all of which predispose to cardiac dysfunction. The
possibility of a role for mitochondria in the development of dia-
betic cardiac disease is further strengthened by our findings regard-
ing mitochondrial complex III activity, ATP levels, and ATP/ADP
ratio. Increased ROS production was evident in the hearts of
obese db/db mice, and likely affected the mitochondrial ETC

Figure 6 (A) NF-kB p65 activity as determined by ELISA was significantly higher in db/db mice and was attenuated with PDTC treatment.
(B) Tissue gene expression and (C) mitochondrial protein expression of NF-kB p50 (as determined by real-time RT–PCR and western
blot, respectively) were significantly higher in db/db animals; this expression was attenuated, but not normalized, with PDTC treatment.
*P , 0.05 vs. control; #P , 0.05 vs. db/db; $P , 0.05 vs. db/db PDTC; @ , 0.05 vs. hz PDTC.
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system by promoting mitochondrial uncoupling, as evidenced by
increased ROS production, reduced ATP/ADP ratio, and
decreased mitochondrial complex III activity. Impairment of
complex III activity due to NF-kB-induced oxidative damage may
increase electron leak from the ETC, thereby generating more
superoxide and perpetuating a cycle of oxygen radical-induced
damage to the diabetic heart. In addition to impairing mitochon-
drial coupling,43 ROS can also oxidize lipids and proteins and
other intracellular molecules (such as NO) to produce highly reac-
tive products, which damage the cell.44 Decreased ATP production
was also associated with a worsening of cardiac function as exhib-
ited by a reduction in FS% and increases in LVD and LVS in the
untreated obese db/db group. In contrast, NF-kB blockade
reduced mitochondrial damage, restored ATP production rates,
and normalized FS% and Tei index. These findings suggest that
NF-kB contributes to mitochondrial damage, partly by decreasing
ATP production and leads to altered cardiac function in this mouse
model of type II diabetes.

In conclusion, the major findings of our study are: (i) NF-kB gene
and protein expressions are increased in the mitochondria and
contribute to enhanced oxidative stress and (ii) treatment with
NF-kB blockers attenuates mitochondrial oxidative stress and pro-
tects against cardiac dysfunction through modulation of cardiac
NF-kB activity. These findings suggest that NF-kB might be an
important molecule contributing to end-organ damage in type II
diabetes.
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Supplementary material is available at Cardiovascular Research
online.
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