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A B S T R A C T

Diabetic hearts are susceptible to damage from inappropriate activation of the renin angiotensin system (RAS)
and hyperglycemic events both of which contribute to increased oxidant production. Prolonged elevation of
oxidants impairs mitochondrial enzyme function, further contributing to metabolic derangement. Nuclear factor
erythriod-2-related factor 2 (Nrf2) induces antioxidant genes including those for glutathione (GSH) synthesis
following translocation to the nucleus. We hypothesized that an acute elevation in glucose impairs Nrf2-related
gene expression in diabetic hearts, while AT1 antagonism would aid in Nrf2-mediated antioxidant production
and energy replenishment. We used four groups (n = 6–8/group) of 25-week-old rats: 1) LETO (lean strain-
control), 2) type II diabetic OLETF, 3) OLETF + angiotensin receptor blocker (ARB; 10 mg olmesartan/kg/d × 8
wks), and 4) ARBM (4 weeks on ARB, 4 weeks off) to study the effects of acutely elevated glucose on cardiac
mitochondrial function and Nrf2 signaling in the diabetic heart. Animals were gavaged with a glucose bolus (2 g/
kg) and groups were dissected at T0, T180, and T360 minutes. Nrf2 mRNA was 32% lower in OLETF rats
compared to LETO and remained suppressed in response to glucose. LETO Nrf2 mRNA increased 25% at T360 in
response to glucose while no changes were observed in diabetic hearts. GCLC and GCLM mRNA decreased in
diabetic hearts 33% and 44% respectively and remained suppressed in response to glucose while ARB treatment
increased GCLM transcripts 90% at T180. These data illustrate that during T2DM and in response to glucose,
cardiac Nrf2′s adaptive response to environmental stressors such as glucose is impaired in diabetic hearts and
that ARB treatment may aid Nrf2′s impaired dynamic response.

1. Introduction

Cardiovascular complications are the most common causes of
mortality in type II diabetic (T2DM) patients implicating the diabetic
heart as a risk factor [1]. The angiotensin II type 1 (AT1) receptor is
inappropriately activated during T2DM contributing to the commonly
associated hypertension and increased oxidant production [2]. Fur-
thermore, it is known that hyperglycemia increases oxidant production
through elevations in advanced glycation end products and through the
polyol pathway [3,4]. Mitochondrial dysfunction occurs during insulin
resistance and remains during T2DM reducing the efficiency of energy
utilization and increasing oxidant production from aconitase oxidation
or improper electron transfer from complex I to II and from II to I [5–7].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is retained in the
cytosol through an interaction with Kelch-like ECH-associated protein 1
(Keap1). Oxidation of cysteines on Keap1 frees Nrf2, allowing it to
translocate into the nucleus where it interacts with small maf proteins
and binds to the electrophile response element (EpRE) to initiate
transcription of antioxidant genes [8,9]. Several Antioxidants mitigate
excessive oxidant production with the aid of NADPH which can be re-
plenished through Nrf2-regulated pentose phosphate pathway enzymes
[10]. During T2DM, Nrf2′s translocation to the nucleus is impaired
[11,12], which may contribute to impaired induction of antioxidants.

Glutathione (GSH), the most abundant non-enzymatic antioxidant
in the body, protects the cell from oxidative injury and from xenobio-
tics. The GSH cycle can tag xenobiotics for degradation through
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glutathione s-transferase (GST), detoxify hydrogen peroxide through
glutathione peroxidase (GPx), and reduce two oxidized GSH molecules
(GSSG) through glutathione reductase (GR). GSH’s production is regu-
lated by glutamate cysteine ligase which has two subunits, glutamyl
cysteine ligase catalytic (GCLC) and modifier (GCLM), which are pri-
marily regulated by transcription factor Nrf2 (Scheme 1).

Hyperglycemia and hypertension are phenotypic of T2DM’s pa-
thology with both ailments impacting cardiovascular function [3,4,13].
Angiotensin receptor blockers (ARB) are prevalent for treatment of AT1
mediated hypertension which becomes inappropriately activated
during insulin resistance and remains throughout T2DM pathology
[13]. ARB treatment has been implicated in lowering oxidant produc-
tion through lowering p47phox translocation [14]. While chronic ARB
treatment during a glucose challenge in insulin resistant conditions
increased Nrf2 nuclear binding and improved cardiac mitochondrial
function [15,16], the possible benefits of chronic ARB treatment on
Nrf2 signaling and mitochondrial function during a glucose challenge in
T2DM hearts has not been explored. Additionally, the significance of
compliance and the “cell memory” or “legacy effect” with respect to
AT1 signaling during T2DM has not been examined [17,18]. We hy-
pothesized that an acute elevation in glucose impairs Nrf2-related gene
expression in diabetic hearts, while AT1 antagonism would aid in Nrf2-
mediated antioxidant production and energy replenishment. The goals
of this study were: (1) to elucidate the dynamic Nrf2 response in normal
and diabetic hearts in response to glucose, (2) to assess the effects of
chronic blockade of AT1 on acutely elevated glucose-induced changes
in Nrf2 regulation and mediation, and (3) to evaluate the potential
consequences of non-compliance in ARB treatment and potential legacy
effects during aforementioned conditions.

2. Methods

All experimental procedures were reviewed and approved by the
institutional animal care and use committees of Kagawa Medical
University (Kagawa, Japan), and the University of California, Merced.

2.1. Animals

Male, age matched, 17-week-old, lean strain-control Long Evans
Tokushima Otsuka (LETO; 428 ± 8 g) and obese Otsuka Long Evans
Tokushima Fatty (OLETF; 536 ± 6 g) rats (Japan SLC Inc.,
Hamamatsu, Japan) were chosen because OLETF rats have been pre-
viously shown to develop insulin resistance and hyperglycemia by 17

weeks of age and frank, T2DM by 24 weeks of age [2]. LETO and OLETF
rats were assigned to the following groups (n = 6–8 animals/group/
time point): 1) untreated LETO, 2) untreated OLETF, and 3) OLETF +
angiotensin receptor blocker (ARB; 10 mg olmesartan/kg/d × 8 wk),
and 4) OLETF ± ARB (10 mg olmesartan/kg/d × 4 wks then removed
until dissection). The ARB removal group allowed us to assess the im-
pacts of compliance and potential legacy effects [17,18] with respect to
AT1 signaling, which has not be studied under T2DM conditions. ARB
(Daiichi-Sankyo, Tokyo, Japan) was administered by oral gavage sus-
pended in carboxymethyl cellulose (CMC) to conscious rats [15]. Un-
treated LETO and OLETF rats were gavaged with CMC only. All animals
were maintained in groups of two to three animals per cage in a specific
pathogen-free facility under controlled temperature (23 °C) and hu-
midity (55%) with a 12-h light, 12-h dark cycle. All animals were given
free access to water and standard laboratory rat chow (MF; Oriental
Yeast Corp., Tokyo, Japan).

2.2. Body mass (BM) and food consumption

BM and food consumption were measured every other day starting
at week 17 through the end of the study to help confirm the diet-in-
duced obesity phenotype typical of the model. BM was also used to
determine the appropriate dosage of ARB for treated animals (10 mg/
kg/d) [15,16,19,20]. Food intake was estimated as the average per
cage.

2.3. Blood pressure

Systolic blood pressure (SBP) was measured weekly, starting at
week 17 until the end of the study (25 weeks) in conscious rats by tail-
cuff plethysmography (BP-98A; Softron Co., Tokyo, Japan) to confirm
the inappropriate elevation in RAS, which is associated with this model
[15,16,19–21].

2.4. Glucose tolerance tests

One week prior to dissections (24 weeks), rats were fasted overnight
for 12 h and gavaged with glucose (2 g/kg) to assess the degree of
glucose intolerance. Blood was collected for plasma glucose and insulin
as previously described [20]. We subsequently calculated area under
the curves for glucose and insulin which helped confirm the diabetic
status of the animals.

3. Dissections

Animals were dissected at 25 weeks of age because OLETF rats have
been shown to be diabetic by 24 weeks [2,22]. Food was removed from
the cages at 12 h before dissection. Cages were staggered to ensure that
all rats were fasted for 12 h ± 15 min. Dissections were performed at
baseline (T0), and 3 (T180) and 6 h post-glucose (T360). Oral glucose
challenges were also staggered to ensure punctuality for the respective
dissection times. Animals were decapitated and trunk blood was col-
lected into chilled vials containing 50 mM EDTA and protease inhibitor
cocktail (Sigma, St. Louis, MO) and kept on ice until tubes were cen-
trifuged. Hearts were perfused with saline and rapidly removed,
weighed, and snap frozen in liquid nitrogen. The remaining ventricle
and plasma were kept at −80 °C until analyzed.

3.1. GSH measurements

200 mg of heart tissue from the apex of the heart was quickly
homogenized in 0.6% sulfosalicylic acid at the time of dissection for
deproteination [23]. Samples were then extracted and GSH was mea-
sured by electrochemical detection using a Eicom HPLC ECD-300
(Eicom, Kyoto, Japan) as previously described [24].

Nrf2
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Glucose AT1 Activation

ARB Type II Diabetes

Scheme 1. Schematic representation of the proposed connection between the
role of Nrf2 mediated antioxidants, oxidant generation from glucose, and in-
appropriate AT1 activation during Type II diabetes. Abbreviations: ARB =
angiotensin receptor blocker, AT1 = angiotensin II type 1 receptor, CAT =
catalase, G6PD = glucose 6-phosphate dehydrogenase, GCLC = glutathione
cysteine ligase catalytic subunit, GCLM = glutathione cysteine ligase modifier
subunit, GGT = gamma-glutamyl transferase, GPx = glutathione peroxidase,
GR = glutathione reductase, GSH = reduced glutathione, GSSG = oxidized
glutathione, GST = glutathione s-transferase, Nrf2 = Nuclear factor erythriod-
2- related factor 2, PGD = phosphogluconate dehydrogenase, and SOD = su-
peroxide dismutase.
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3.2. Western blot analyses

A 15–25 mg piece of frozen heart was homogenized in 150 uL of
sucrose buffer for extraction of mitochondrial, nuclear, and cytosolic
fractions [25]. Total protein content of the fractions was measured by
the Bradford assay (Bio-Rad Laboratories, Hercules, CA). Five to thirty
micrograms of total protein were resolved in 4–15% Tris-HCl SDS
gradient gels. Proteins were electroblotted using the Bio-Rad wet
transfer onto 0.45-μm polyvinyl difluoride membranes. Membranes
were blocked with LI-COR Odyssey blocking buffer and incubated for
16 h with primary antibodies (diluted 1:100–1:4000) against GCLC,
GCLM (provided by Dr. Forman), acetylated-Nrf2 (Elabscience,
Houston, Tx), and Keap1, Nrf2, GSK3β, NT, Parkin (Santa Cruz Bio-
technology, Santa Cruz, CA). Membranes were washed, incubated with
IRDye 800CW and/or 700CW donkey anti-goat, donkey anti-mouse, or
donkey anti-rabbit (LI-COR Biosciences, Lincoln, NE), and rewashed.
Blots were visualized using an Odyssey system (LI-COR Biosciences)
and quantified using ImageJ. Nuclear and cytosolic extractions were
performed and tested for purity against H3 and GAPDH in both frac-
tions [25]. Mitochondrial extractions were also tested for purity with
VDAC1 and GAPDH. In addition to consistently loading the same
amount of total protein per well, the densitometry values were further
normalized by correcting with the densitometry values by Ponceau S
staining [26].

3.3. Real-time quantitative PCR analyses

Total RNA was obtained using TRIzol reagent (Invitrogen, Carlsbad,
CA). Genomic DNA was degraded on the samples using DNase I enzyme
(Roche, Indianapolis, IN). Complementary DNA was reverse transcribed
from gDNA-free RNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) using oligio-dT.
Real-time PCR reactions were performed in duplicates, using an
equivalent to 100 ng of RNA per reaction, using specific primers for
Keap1, GSK3β, Nrf2, Bach1, c-Myc, G6PD, PGD, GCLM, GCLC, and
normalized with B2M expression. Primer sequences used for qPCR
analyses are shown in Table 1.

3.4. Biochemical analyses

Activities of plasma GGT (BIOO Scientific, Austin, TX), nuclear Nrf2
(Active Motif, Carlsbad, CA), and citric acid cycle and antioxidant en-
zymes (aconitase, CAT, GPx, SOD, GR, and GST) (Cayman Chemical,

Ann Arbor, MI) were measured using commercially available kits as
previously described [15]. Complex I, Complex II, NADPH ratios, NADH
ratios (Abcam, Cambridge, MA), and insulin (Morinaga, Yokohama-Shi,
Japan) assays were measured by commercial ELISAs. NADH and
NADPH were measured immediately after dissection to avoid sample
degradation. All samples were analyzed in duplicate and run in a single
assay with intra-assay and percent coefficients of variability of less than
10% for all assays.

3.5. Statistics

Means ( ± SEM) were compared by ANOVA. Means were con-
sidered significantly different at P < 0.05 using Tukey’s HSD.
Statistical analyses were performed with SYSTAT 13 software (SYSTAT,
San Jose, CA).

4. Results

4.1. AT1 activation increases ventricular hypertrophy

Relative food consumption was 57% higher in OLETF rats compared
to LETO (Table 2). Treatment had no discernable effect on relative food
consumption compared to OLETF. Body mass was 35% higher in OLETF
rats compared to LETO with no difference amongst treatment groups
(Table 2). Absolute ventricular mass increased 15% in OLETF rats
compared to LETO (Table 2). ARB treatment lowered absolute ven-
tricular mass by 10% while ARBM treatment returned ventricular mass
to OLETF levels. Relative ventricular mass was not different between
LETO and OLETF, but ARB treatment decreased relative ventricular
mass 8% and removal of ARB treatment return levels to OLETF
(Table 2).

4.2. ARB effectively blocked the AT1 receptor

Mean SBP increased 42% in OLETF compared to LETO, and while
ARB treatment completely ameliorated the elevated arterial pressure,
removal of ARB completely restored the hypertension (Fig. 1A). Plasma
angiotensin II was measured to assess the ARB’s efficacy. At T0, plasma
angiotensin II was 4-fold higher in ARB compared to OLETF. ARBM
treatment restored plasma angiotensin II values to OLETF levels
(Fig. 1B).

4.3. ARB treatment improves glucose tolerance and insulin response

Glucose and Insulin levels were measured a week prior to dissection
to ensure that the rats were diabetic prior to dissection. Plasma glucose
and insulin were measured during the oral glucose tolerance test to
assess the degree of glucose intolerance and insulin resistance in type II
diabetic rats (Fig. 2A, C). Plasma glucose area under the curve
(AUCglucose) was 195% higher in OLETF rats compared to LETO. ARB
treatment lowered AUCglucose 19% and ARB removal lowered AUCglucose

21% (Fig. 2B). Insulin AUC (AUCinsulin) more than doubled in OLETF
rats compared to LETO, and ARB treatment lowered AUCinsulin 30%,
while removal of ARB was not different from OLETF or ARB indicative
of an intermediary phenotype (but more similar to ARB) (Fig. 2D).

4.4. Diabetes suppresses Nrf2 signaling, but is not profoundly altered with
ARB treatment

Nrf2 translocation, acetylation, and several of its regulators were
measured to gain a better understanding of the impact of an acute
glucose challenge on Nrf2 signaling. At T0, Nrf2 mRNA was 32% lower
in OLETF rats compared to LETO (Fig. 3A). Nrf2 mRNA was 27% lower
in OLETF compared to LETO rats at T180, while ARB treated animals
were 51% lower compared to OLETF. ARBM treatment returned Nrf2
mRNA transcripts to OLETF levels at T180. At T360, Nrf2 transcripts

Table 1
Primer sequences used for real time PCR.

Primer name Nucleotide sequence (5′-3′)

Keap1-F ATGTGATGAACGGGGCAGTC
Keap1-R AGAACTCCTCCTCCCCGAAG
Gsk3b-F CTGGCCACCATCCTTATCCC
Gsk3b-R GAAGCGGCGTTATTGGTCTG
Nrf2-F ATTTGTAGATGACCATGAGTCGC
Nrf2-R TGTCCTGCTGTATGCTGCTT
Bach1-F CACAAAGTGCAAAGACCCCG
Bach1-R ATCGCCTGACTGCTCGTATG
c-Myc-F CAGCTCGCCCAAATCCTGTA
c-Myc-R GCCTCTTGATGGGGATGACC
G6pd-F GAGGACCAGATCTACCGC
G6pd-R CAAAATAGCCCCCACGACC
Pgd-F GCTGACATTGCACTGATTGG
Pgd-R TCACGAGCAGTATGACCCG
Gclm-F GTTCATTGTAGGATCG
Gclm-R GGTGCCTATAGCAACAATCT
Gclc-F CTGGACTCATCCCCATTC
Gclc-R GTAGTCAGGATGGTTTGC
B2m-F ATGGGAAGCCCAACTTCCTC
B2m-R ATACATCGGTCTCGGTGGGT
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were 41% lower in OLETF compared to LETO rats. At T360, glucose
increased Nrf2 transcripts 25% from T0 and T180 in LETO rats. In ARB
treated animals, glucose lowered Nrf2 transcripts 56% at T180 com-
pared to T0 (Fig. 3A). At T0, cytosolic Nrf2 content was 50% lower in
OLETF rats compared to LETO (Fig. 3B). At T0, ARB and ARBM treat-
ments increased cytosolic Nrf2 content 213% and 151%, respectively
(Fig. 3B). At T180, glucose increased cytosolic Nrf2 protein 173% in
OLETF rats (Fig. 3B). No statistical differences were detected in nuclear
Nrf2 protein content among the groups (Fig. 3C). At T0, Nrf2 acetyla-
tion increased 30% and 42% in ARB and ARBM treated animals, re-
spectively, compared to OLETF (Fig. 3D). Glucose increased LETO Nrf2
acetylation 48% and 34% at T180 and T360, respectively, compared to
T0. At T0, GSK3β mRNA transcripts were nearly 30-fold higher in
ARBM treated animals compared to OLETF and ARB (Fig. 3E). At T180,
GSK3β transcripts increased over 40-fold in ARB animals compared to
OLETF, and 75-fold and 83% higher in ARBM compared to OLETF and
ARB animals, respectively. At T360, GSK3β transcripts were approxi-
mately 36- and 29-fold higher in ARB and ARBM treatment groups,
respectively, compared to OLETF. In ARB treated animals, glucose in-
creased GSK3β transcripts approximately 18- and 29-fold at T180 and
T360, respectively (Fig. 3E). At T0, GSK3β protein was 84% higher in
OLETF rats compared to LETO (Fig. 3F). In LETO, GSK3β was 33%
higher at T180 compared to T0, and decreased 16% at T360 (Fig. 3F).
At T0, Keap1 mRNA transcripts were 55% and 98% lower in ARB and
ARBM treated animals, respectively, compared to OLETF (Fig. 3G). At
T0, Keap1 transcripts were 96% lower in ARBM treatment compared
ARB (Fig. 3G). At T180, Keap1 mRNA decreased 69% in OLETF com-
pared LETO, while ARB treatment increased transcripts by 73%. At
T180, Keap1 mRNA was 97% and 99% lower in ARBM treated animals
compared to OLETF and ARB treated animals, respectively. At T360,
Keap1 transcripts were 94% lower in OLETF compared to LETO. In
LETO, Keap1 transcripts were 105% higher at T360 compared to T0. In
OLETF, glucose suppressed Keap1 transcripts 29% at T180 and 82% at

T360 compared to T0. At T180, Keap1 transcripts in ARB treated ani-
mals increased nearly 5-fold compared to T0, but decreased 91% at
T360 (Fig. 3G). At T0, Keap1 protein was 22% lower in ARB treated
animals compared to OLETF, while ARBM treatment increased Keap1
protein 42% compared to ARB (Fig. 3H). At T0, Keap1 protein in ARBM
treatment was 41% greater compared to ARB. In ARB treatment, Keap1
protein increased 45% at T180, and deceased 31% and 52% at T360
compared T0 and T180, respectively (Fig. 3H). At T180, Bach1 mRNA
transcripts decreased 64% in OLETF rats compared to LETO (Fig. 3I). In
ARB treated animals, glucose increased Bach1 transcripts at T360 by
64% and 194% compared T0 and T180, respectively (Fig. 3I). At T0, c-
Myc mRNA transcripts was 50% lower in OLETF rats compared to LETO
(Fig. 3J). At T0, c-Myc transcripts were 83% and 84% lower in ARBM
treatment compared to OLETF and ARB treatment, respectively. At
T180 and T360, transcripts were 48% and 57% lower, respectively, in
OLETF compared to LETO (Fig. 3J). In ARB treated animals, glucose
increased c-Myc transcripts over 7- and 5-fold at T180 and T360, re-
spectively, compared to T0 (Fig. 3J).

4.5. Oxidant detoxification increased in mitochondrial antioxidant
activities while cytosolic remains unchanged

Antioxidant activities were measured in both the cytosol and the
mitochondria to elucidate the impact of glucose on antioxidants during
T2DM. to At T0, Mitochondrial SOD activity increased 38% in ARB
treated animals compared to OLETF (Fig. 4A). Mitochondrial SOD le-
vels were 20% lower in ARBM treated animals compared to ARB
treatment at T0 (Fig. 4A). Mitochondrial SOD activity increased 34% in
OLETF rats compared to LETO at T180 (Fig. 4A). At T180 ARBM treated
animals had 33% lower mitochondrial SOD levels than OLETF and ARB
treated rats respectively. Glucose increased LETO mitochondrial SOD
activity at T180 20% compared to T0. Glucose increased OLETF mi-
tochondrial SOD levels 42% at T180 and decreased activity at T360 by

Table 2
Mean ± SEM for food consumption, BM, heart mass and relative heart mass in Long Evans Tokushima Otsuka (LETO; n = 6), Otsuka Long Evans Tokushima Fatty
(OLETF; n = 8), OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8) rats, and OLETF + angiotensin receptor type 1 blocker 4 weeks, then removed
(ARBM; n = 8) rats. Relative heart mass SEM values are less than 0.01.

LETO OLETF ARB ARBM

Food consumption (g) 20.2 ± 0.6 31.8 ± 1.0* 30.8 ± 0.7 32.5 ± 0.4
Body mass (g) 481 ± 7 650 ± 7* 632 ± 5 631 ± 6
Ventricular mass (g) 1.34 ± 0.06 1.54 ± 0.02* 1.39 ± 0.02† 1.53 ± 0.02¥

Relative ventricular mass (g/kg) 0.27 ± 0.01 0.25 ± 0.01* 0.23 ± 0.01† 0.25 ± 0.01¥

* Significant difference from LETO (P < 0.05).
† Significant difference from OLETF (P < 0.05).
¥ Significant difference between OLETF and ARBM (P < 0.05).
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19%. Glucose decreased mitochondrial SOD activity 25% at T360
compared to T180 in ARB treated animals (Fig. 4A). Cytosolic SOD was
25% higher in ARBM treated animals compared to OLETF at T0
(Fig. 4B). Cytosolic SOD activity was 17% lower in ARB treated animals
compared to OLETF rats at T180 while ARBM treated rats were 24%
higher (Fig. 4B). Glucose suppressed cytosolic SOD activity 18% in
ARBM treated rats at T360 compared to T0 (Fig. 4B). Mitochondrial
CAT activity was 85% higher in OLETF rats compared to LETO at T180,
while ARB treated animals were the same as LETO animals (Fig. 4C).
Glucose increased mitochondrial CAT activity 85% in OLETF rats at
T180 compared to T0. Glucose suppressed mitochondrial CAT levels
49% and 40% respectively in OLETF and ARBM treated animals at T360
compared to T180 (Fig. 4C). No significant changes were observed with
cytosolic CAT activity over the 6-h time frame (Fig. 4D).

4.6. AT1 blockade promotes GSH synthesis during the diabetic condition
and is impaired with ARB removal

GSH, and several components of the GSH cycle were measured to
examine the dynamic changes that occur in response to an acute glu-
cose challenge. At T0, total GSH levels increased 26% in ARB treated
rats compared to OLETF (Fig. 5A). In LETO, glucose suppressed GSH
levels 20% and 26% at T180 and T360, respectively, but increased GSH
levels 27% and 80% at T180 and T360, respectively, in OLETF. Thus,
GSH levels were 68% higher at T180 and 157% higher at T360 in
OLETF compared to LETO. At T360, GSH levels were 33% and 31%
lower with ARBM treatment compared to OLETF and ARB treated rats,
respectively (Fig. 5A). In ARB treated animals, glucose increased GSH
content 39% and 38% at T360 compared to T0 and T180, respectively
(Fig. 5A). At T0, plasma GGT activity was 38% lower in OLETF rats
compared to LETO, and ARB treatment or removal had no effect
(Fig. 5B). In LETO, glucose increased plasma GGT activity 41% and
35% at T180 and T360, respectively, relative to T0, and 57% and 77%

at T180 and T360, respectively, relative to T0 in OLETF. In ARB treated
rats, glucose increased plasma GGT activity 84% and 85% at T180 and
T360, respectively, relative to T0, and increased activity 98% at T360
only relative to T0 in ARBM treatment (Fig. 5B). At T180, plasma GGT
activity was 32% lower in OLETF than LETO (Fig. 5B). At T0, GCLC
mRNA transcripts were decreased 39% in OLETF compared to LETO,
while ARBM treatment increased transcripts by 49% (Fig. 5C). In
OLETF, GCLC transcripts remained 35% lower than LETO at T180. In
LETO, glucose increased GCLC transcripts by 28% and 39% and 35%
and 56% in OLETF at T180 and T360, respectively (Fig. 5C). At T0,
GCLC protein levels were 33% lower in OLETF rats compared to LETO
(Fig. 5D). At T0, GCLM mRNA transcripts were 44% lower in OLETF
animals compared to LETO (Fig. 5E). At T0, ARB treatment increased
GCLM transcripts 35% compared to OLETF. At T0, GCLM transcripts
were 89% and 92% lower in ARBM treatment compared to OLETF and
ARB treated rats, respectively (Fig. 5E). At T180, glucose increased
GCLM transcripts by 90% in ARB treatment compared to OLETF, while
GCLM transcripts were 88% and 94% lower in ARBM treatment com-
pared to OLETF and ARB treated rats, respectively (Fig. 5E). At T360,
transcripts were 60% lower in OLETF than LETO, and 70% lower in
ARB treated rats than OLETF. In ARBM treatment, GCLM transcripts
were 90% and 67% lower than OLETF and ARB treated animals, re-
spectively. At T180, glucose increased GCLM transcripts by 108% in
ARB treatment, and decreased 91% at T360 (Fig. 5E). In LETO, glucose
increased GCLM transcripts 24% at T360. In ARB treatment, glucose
increased transcripts 108% at T180 and decreased them 91% at T360
(Fig. 5E). In ARBM treatment, glucose increased GCLM transcripts by
67% at T180 and decreased them 51% at T360 (Fig. 5E). At T0 GCLM
protein levels were 39% lower in OLETF rats compared to LETO, while
GCLM levels were restored in ARB treated rats (Fig. 5F). In LETO,
glucose suppressed GCLM protein levels 24% at T360, and 24% and
35% at T180 and T360, respectively, in ARB treated animals (Fig. 5F).
Mitochondrial GPx activity was lower 44% and 49% at T180 in ARBM

Fig. 2. Glucose and Insulin tolerance. Mean ± SEM values of A) plasma glucose levels, B) glucose area under the curve values, C) plasma insulin levels, and D)
insulin under the curve values post glucose challenge in Long Evans Tokushima Otsuka (LETO; n = 6), Otsuka Long Evans Tokushima Fatty (OLETF; n = 8),
OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8) rats, and OLETF + angiotensin receptor type 1 blocker 4 weeks, then removed (ARBM; n = 8)
rats. *Significant difference from LETO (P < 0.05). † Significant difference from OLETF (P < 0.05). ¥ Significant difference between OLETF and ARBM (P < 0.05).
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Fig. 3. Nrf2 signaling. Mean ± SEM values of A) Nrf2 transcripts, B) cytosolic Nrf2 protein, C) nuclear Nrf2 protein, D) acetylated-Nrf2 protein, E) GSK3β transcripts,
F) GSK3β protein, G) Keap1 transcripts, H) Keap1 protein, I) Bach1 transcripts, and J) c-Myc mRNA values post glucose challenge in Long Evans Tokushima Otsuka
(LETO; n = 6), Otsuka Long Evans Tokushima Fatty (OLETF; n = 8), OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8) rats, and
OLETF + angiotensin receptor type 1 blocker 4 weeks, then removed (ARBM; n = 8) rats. §Significant difference from respective T0 (P < 0.05). #Significant
difference from respective T180 (P < 0.05). *Significant difference from LETO (P < 0.05). † Significant difference from OLETF (P < 0.05). ‡ Significant difference
from ARB (P < 0.05). ¥ Significant difference between OLETF and ARBM (P < 0.05).
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treated animals compared to OLETF and ARB treated animals (Fig. 5G).
At T360 ARBM animals had 28% lower mitochondrial GPx activity
compared to OLETF treatment. Glucose suppressed mitochondrial GPx
activity in ARBM treated rats at T180 28% compared to T0 (Fig. 5G).
No significant changes were observed in cytosolic GPx activity in re-
sponse to glucose (Fig. 5H). Mitochondrial GR levels increased in
OLETF rats at T180 153% compared to LETO (Fig. 5I). Mitochondrial
GR levels increased 72% in ARB treated animals compared to OLETF at
T180, while ARBM treated animals had 70% less GR activity than ARB
treatment. Glucose increased LETO mitochondrial GR 90% by T360
compared to T180. Glucose increased mitochondrial GR activity 59% at
T180 which then decreased it 54% and 71% by T360 compared to T0
and T180 in ARB treated animals (Fig. 5I). Cytosolic GR activity in
OLETF rats was 21%, 20%, and 28% lower than LETO rats at T0, T180,
and T360 respectively (Fig. 5J). Glucose increased LETO cytosolic GR
activity 16% at T360 compared to T0 and T180 respectively (Fig. 5J).
Mitochondrial GST was 41% lower in ARBM treated animals compared
to ARB treatment at T0 (Fig. 5K). Glucose suppressed mitochondrial
GST activity in ARB treated animals 44% at T180. LETO mitochondrial
GST activities increased 12% at T360 compared to T180 (Fig. 5K). No
significant changes were observed with cytosolic GST activity over the
6-h time frame (Fig. 5L).

4.7. NADPH replenishment is downregulated during diabetes but is
improved with AT1 antagonism

Enzymes in the oxidative phase of the pentose phosphate pathway
were measured because they’re under Nrf2′s regulation and aid in
producing NADPH. At T0, G6PD mRNA transcripts in OLETF were 48%
lower compared to LETO, and glucose reduced them 56% at T180
compared to LETO (Fig. 6A). At T0, PGD mRNA transcripts were 41%
lower in OLETF rats compared to LETO (Fig. 6B). In LETO, glucose
increased PGD transcripts 53% and 70% at T360 compared T0 and
T180, respectively (Fig. 6B). At T360, PGD mRNA was 68% lower in

OLETF rats compared to LETO. At T180, PGD mRNA was 137% higher
in ARBM treated animals compared to OLETF (Fig. 6B). At T0, ARB
treatment lowered NADP+/NADPH ratios 37% compared to OLETF,
but no strain effect was detected (Fig. 6C). At T360, glucose increased
NADP+/NADPH ratios 61% in OLETF compared to LETO and decreased
the ratio 18% in ARB treatment and were decreased an additional 34%
in ARBM treatment (Fig. 6C). At T360, glucose increased the ratio of
NADP+/NADPH 42% and 86% in OLETF and ARB treated rats, re-
spectively (Fig. 6C).

4.8. AT1 antagonism does not provide any benefit to mitochondrial enzyme
activities

Several mitochondrial enzymes were measured to examine the im-
pact of a glucose challenge on diabetic mitochondrial function.
Aconitase activity was increased 186% in OLETF rats compared to
LETO at T360 (Fig. 7A). ARB treated animals had 23% lower aconitase
activity at T360 compared to OLETF (Fig. 7A). Complex I activity was
32% lower in OLETF rats compared to LETO at T0 (Fig. 7B). OLETF
complex I activity remained lower by 17% and 29% compared to LETO
at T180 and T360 respectively (Fig. 7B). Glucose suppressed OLETF
complex I activity by 14% at T360 compared to T180 (Fig. 7B). Glucose
complex I activity by 25% at T360compared to T180 in ARB treated rats
(Fig. 7B). Glucose increased OLETF complex II activity 47% at T180 and
suppressed activity 35% by T360 (Fig. 7C). At T0, ARB treatment in-
creased NAD+/NADH ratios by 33% compared to OLETF, but no strain
effect was detected (Fig. 7D). In LETO, glucose lowered NAD+/NADH
ratio 31% at T180, but increased it 97% at T360. At T180, glucose
suppressed NAD+/NADH ratio 59% in ARB treated rats compared to
OLETF, and ARB removal returned the ratio to OLETF levels. At T360,
the ratio was 53% and 37% higher in ARBM treatment than OLETF and
ARB treated rats, respectively (Fig. 7D). At T180, glucose lowered
NAD+/NADH ratio 77% in ARB treated rats but increased them nearly
3-fold at T360. At T180, glucose lowered NAD+/NADH ratio 33% in

Fig. 4. Superoxide dismutase and catalase activities in the cytosol and mitochondria. Mean ± SEM values of A) mitochondrial SOD activity, B) cytosolic SOD
activity, C) mitochondrial CAT activity, and D) cytosolic CAT activity values post glucose challenge in Long Evans Tokushima Otsuka (LETO; n = 6), Otsuka Long
Evans Tokushima Fatty (OLETF; n = 8), OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8) rats, and OLETF + angiotensin receptor type 1 blocker 4
weeks, then removed (ARBM; n = 8) rats. §Significant difference from respective T0 (P < 0.05). #Significant difference from respective T180 (P < 0.05).
*Significant difference from LETO (P < 0.05). † Significant difference from OLETF (P < 0.05). ‡ Significant difference from ARB (P < 0.05). ¥ Significant dif-
ference between OLETF and ARBM (P < 0.05).
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ARBM treated rats but increased them 98% at T360 (Fig. 7D).

4.9. Nitrotyrosine increases in diabetic animals but is ameliorated with AT1
antagonism

Total nitrotyrosine and parkin were measured to determine the
amount of cellular damage accrued and potential for mitophagy. Total

nitrotyrosine levels increase 35% in OLETF rats compared to LETO
(Fig. 8A). Total nitrotyrosine levels were 37% lower in ARB treated
animals compared to OLETF (Fig. 8A). Total parkin levels increased
34% in OLETF rats compared to LETO (Fig. 8B). ARBM treatment in-
creased parkin levels 27% in OLETF (Fig. 8B). Total nitrotyrosine levels
increased 35% in OLETF rats compared to LETO, while ARB treatment
lowered Nitrotyrosine levels 37% (Fig. 8B).

5. Discussion

The CDC states that T2DM afflicts over 29 million individuals in the
United States. The majority of these people experience cardiovascular-
related dysfunctions with as many as 70% of individuals with T2DM
dying from cardiovascular related complications [27]. During the de-
velopment of T2DM, endogenous antioxidant production and activity is
impaired likely from impaired Nrf2 signaling along with mitochondrial
dysfunction, which is disconcerting due to the heart’s highly oxidative
nature [28,29]. In the present study Nrf2-related genes were lowered in
T2DM hearts and did not increase in response to glucose as the lean
control hearts did. Furthermore, ARB treatment lowered ventricular
mass, restored some of Nrf2′s target genes, and increased several pro-
teins essential to GSH production. Removal of ARB treatment was
detrimental in that the ventricular mass returned to T2DM levels in just
four weeks and a lack of response was seen in GSH in after the glucose
challenge.

During T2DM, the inappropriate activation of AT1 increases in ar-
terial blood pressure and NADPH oxidase activation, which increases
oxidant generation [30,31]. Nrf2 is a transcription factor that controls
expression of a wide variety of genes some of which are responsible for
removal of cellular oxidants [32]. We proposed that Nrf2 would be
activated and increase its target genes in response to glucose because
hyperglycemia has been implicated in increasing oxidant production
[4]. Nrf2 transcripts increased in lean control animals in response to
glucose, while diabetic animals had lowered transcript levels and did
not respond with glucose. No changes in nuclear Nrf2 protein were
observed at any of the measurement periods in the study; however,
acetylation of Nrf2 was increased in ARB treated animals, while no
changes were observed in response to glucose. Acetylation of Nrf2 has
been implicated in initiating gene expression after Nrf2 has been bound
to the EpRE [33,34]. Keap1 levels were unchanged in diabetic hearts;
however, ARB treatment lowered static Keap1 protein, while ARBM
treatment increased it indicating that suppression of Nrf2 in the cytosol
may be lower with ARB treatment, but not with the removal of ARB.
GSK3β protein was increased statically in diabetic hearts and was un-
changed in response to glucose suggesting that nuclear degradation of
Nrf2 may be occurring via Beta-Transducin Repeat Containing E3
Ubiquitin Protein Ligase (β-TrCP) [35,36]. Furthermore, Nrf2 nuclear
binding is regulated by both Bach1 and c-Myc, which act as repressor
proteins inhibiting Nrf2′s binding to the EpRE in the nucleus [37–39].
Transcripts were lower for both of these repressors in the diabetic an-
imals despite the lack of nuclear accumulation. Together these data
suggest that ARB treatment may confer some benefit to Nrf2 signaling
during T2DM due to the increase in Nrf2 acetylation and reduction in
some of the genes responsible for its repression.

GSH is the most abundant non-enzymatic antioxidant within the
body and its production is primarily controlled by GCLC and GCLM,
which are responsible for the formation of GCL. GCL generates γ-glu-
tamyl cysteine from glutamate and cysteine prior to the addition of

Fig. 5. GSH Cycle. Mean ± SEM values of A) total GSH levels, B) plasma GGT activity, C) GCLC transcripts, D) GCLC protein, E) GCLM transcripts, F) GCLM
transcripts, G) mitochondrial GPx activity, H) cytosolic GPx activity, I) mitochondrial GR activity, J) cytosolic GR activity, K) mitochondrial GST activity, and L)
cytosolic GST activity values post glucose challenge in Long Evans Tokushima Otsuka (LETO; n = 6), Otsuka Long Evans Tokushima Fatty (OLETF; n = 8),
OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8) rats, and OLETF + angiotensin receptor type 1 blocker 4 weeks, then removed (ARBM; n = 8)
rats. §Significant difference from respective T0 (P < 0.05). #Significant difference from respective T180 (P < 0.05). *Significant difference from LETO (P < 0.05).
† Significant difference from OLETF (P < 0.05). ‡ Significant difference from ARB (P < 0.05). ¥ Significant difference between OLETF and ARBM (P < 0.05).

Fig. 6. Pentose phosphate pathway and NADPH status. Mean ± SEM values of
A) G6PD transcripts, B) PGD transcripts, and C) NADP+/NADPH ratio values
post glucose challenge in Long Evans Tokushima Otsuka (LETO; n = 6), Otsuka
Long Evans Tokushima Fatty (OLETF; n = 8), OLETF + angiotensin receptor
type 1 blocker 8 weeks (ARB; n = 8) rats, and OLETF + angiotensin receptor
type 1 blocker 4 weeks, then removed (ARBM; n = 8) rats. §Significant dif-
ference from respective T0 (P < 0.05). #Significant difference from respective
T180 (P < 0.05). *Significant difference from LETO (P < 0.05). † Significant
difference from OLETF (P < 0.05). ‡ Significant difference from ARB
(P < 0.05).
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glutamate by glutathione synthetase to generate GSH [40]. GCLC
transcripts and protein were suppressed statically in diabetic animals.
Glucose increased transcripts in both lean stain control animals and
diabetic animals to a lesser extent. GCLM is the rate-limiting subunit to
GCL formation and subsequent GSH formation [40]. GCLM transcripts
and protein levels were also reduced statically in diabetic animals with
no change after the glucose challenge indicating that GCLM is less in-
ducible during T2DM. However, ARB treatment increased GCLM tran-
scripts in response to glucose and GCLM protein was elevated statically
indicating that AT1 activation may be detrimental to induction of Nrf2-
related genes during T2DM. Total GSH content increased in T2DM and
ARB animals after the glucose challenge suggesting that blocking the
AT1 receptor provides no benefit in GSH’s induction; however, the re-
moval of ARB had no appreciable effect on the GSH response to glucose.
This suggests that the production of GSH is needed during large influxes
of glucose in diabetic animals. Gamma glutamyl transferase is an en-
zyme responsible for breaking down GSH to allow import of cysteine for
intracellular GSH synthesis [41]. Plasma GGT activity increased in all
groups post glucose challenge suggesting that import of cysteine is
needed for GSH’s production.

Several of the antioxidant enzymes involved in the glutathione cycle
were also measured in the cytosol and the mitochondria to gain insight
about the dynamic responses that occur in each compartment of the cell
to a glucose challenge. No changes in cytosolic GPx or GST were ob-
served, but GR levels were reduced in all groups except for control.
Glucose increased GR activity in the lean animals suggesting that re-
duction of GSSG to GSH likely occurs in the cytosol during the glucose
challenge and that during T2DM condition the reduction of GSSG is less
efficient. In the mitochondria, GR activity increased in T2DM animals
in response to glucose, but were even higher in ARB treated animals
suggesting that AT1 antagonism aids the mitochondria in reducing
GSSG back to GSH. This is important for mitochondrial protection,
which houses approximately 10% of the total GSH pool [42]. In animals

Fig. 7. Mitochondrial function and NADH status. Mean ± SEM values of A)
Aconitase activity, B) Complex I activity, C) Complex II activity, and D) NAD+/
NADH ratios values post glucose challenge in Long Evans Tokushima Otsuka
(LETO; n = 6), Otsuka Long Evans Tokushima Fatty (OLETF; n = 8),
OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8) rats, and
OLETF + angiotensin receptor type 1 blocker 4 weeks, then removed (ARBM;
n = 8) rats. §Significant difference from respective T0 (P < 0.05). #Significant
difference from respective T180 (P < 0.05). *Significant difference from LETO
(P < 0.05). † Significant difference from OLETF (P < 0.05). ¥ Significant
difference between OLETF and ARBM (P < 0.05).
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Fig. 8. Total nitrotyrosine and parkin content. Mean ± SEM values of A) total
nitrotyrosine, and B) total parkin values post glucose challenge in Long Evans
Tokushima Otsuka (LETO; n = 6), Otsuka Long Evans Tokushima Fatty (OLETF;
n = 8), OLETF + angiotensin receptor type 1 blocker 8 weeks (ARB; n = 8)
rats, and OLETF + angiotensin receptor type 1 blocker 4 weeks, then removed
(ARBM; n = 8) rats. *Significant difference from LETO (P < 0.05). †
Significant difference from OLETF (P < 0.05).
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where AT1 blockade was removed, GR, GST, and GPx did not change or
were suppressed in response to glucose suggesting that removal of AT1
blockade may be detrimental by impairing GSSG reduction. Together,
this suite of data illustrates that the GSH cycle is impacted in the heart
of T2DM animals and that ARB bestows some benefit. This is further
corroborated by the increase in total nitrotyrosine content in T2DM
hearts and reduction with AT1 antagonism.

Glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluco-
nate dehydrogenase (PGD) are the two enzymes in the oxidative phase
of the pentose phosphate pathway responsible for NADPH replenish-
ment. PGD levels rose in control animals in response to glucose further
demonstrating that glucose induces Nrf2-related gene expression in
normal hearts. G6PD and PGD transcripts were lowered in T2DM ani-
mals compared to control with no changes in response to glucose. A
corresponding increase in NADP+/NADPH ratio at T360 further sup-
port the idea that the pool of NADPH is shifting to a more oxidized
state, which may be problematic since enzymes such as GR rely on
NADPH to reduce GSSG. These data suggest that during T2DM the in-
duction of Nrf2-related gene expression by glucose is impaired, which
can potentially diminish the capacity of the cell to replenish NADPH
levels and ultimately impair cellular oxidative balance.

Ratios of NAD+/NADH were also measured to gain a better un-
derstanding of the diabetic heart’s redox potentials during a glucose
challenge. The NADH pool is larger than that of NADPH and is gen-
erally kept in a reduced state; however, when NADPH is low, a shift in
favor of oxidation of NADH may occur where electrons from NADH are
donated to NADPH through nicotinamide nucleotide transhydrogenase
[42,43]. NAD+/NADH levels shift to a more reduced state at 3 h (T180)
in all groups and become more oxidized at 6 h (T360) in all groups
except for the T2DM animals suggesting that NADH may be converted
to NADPH during a glucose load, which may aid GR’s activity.

Mitochondria are susceptible to damage during the transition to
T2DM and are known to have impaired function [28]. Previously we
demonstrated that in insulin resistant OLETF hearts, mitochondrial
function is decreased, while nitrotyrosine and 4-hydroxynonal levels
increased [15,16]. While it’s still not completely clear, it’s believed that
changes in mitochondrial oxidant production may generate local da-
mage, lowering mitochondrial enzyme efficiency and increasing mito-
phagy [43–45]. Aconitase is among the most notably oxidized mi-
tochondrial enzymes because of its high reactivity due to its iron
content [5,46]. Aconitase activity increased in response to glucose in
the diabetic animals at 6 h (T360) with a reduction in activity in ARB
treated animals. This was surprising as we’ve demonstrated the en-
zymes reduction in activity in insulin resistant animals [15,16]. Com-
plex I activity was reduced in diabetic animals and in treatment groups
while complex II activity did not show any strain effects. It’s possible
that any changes that occurred in activity occurred prior to the 3-h
measurement period. Furthermore, complex I and II have been reported
to undergo reverse or partial oxidation of oxygen resulting in increased
oxidant production [6,47,48]. Pink1 and parkin have been reported to
initiate mitophagy in the neural tissue [48,49]. Pink1 accumulates upon
the surface of the mitochondria allowing for parkin to translocate into
mitochondria to initiate mitophagy of damaged mitochondria [43].
Total parkin levels increased in diabetic animals, while AT1 antagonism
provided no discernable benefit. Removal of ARB, however, increased
parkin levels beyond those in diabetic animals suggesting that the re-
activation of AT1 contributes to mitochondrial damage and/or mito-
phagy, and more importantly, exacerbates the condition. Hypertension
has been thought to contribute to mitochondrial damage through a loss
in cardiolipin for electron transport chain complex assembly [50].
These data suggest that in the early stages of T2DM damage to the
mitochondria impairs complex I function, increasing damage and po-
tentially mitophagy.

Here we’ve demonstrated that during the early stages of T2DM, the
induction of Nrf2-related genes is impaired in diabetic animals in re-
sponse to glucose, while AT1 antagonism confers some benefit to

restoring and/or maintaining Nrf2-related gene transcription. GSH le-
vels increased in both T2DM and ARB treated animals during the glu-
cose challenge, but GR activity is heightened in ARB treated animals
suggesting that sustained activation of AT1 in the diabetic heart impairs
the cellular response to a glucose load. The implications here are that
frequent post-prandial bouts of hyperglycemia in diabetics may in-
crementally lead to irreversible damage of mitochondrial function in
the heart and ultimately more severe cardiovascular complications.
Furthermore, removal of AT1 antagonism impairs the dynamic re-
sponses of many key proteins within these detoxification systems,
rendering the cellular response to glucose less efficient/effective and
potentially inactive. These data would substantiate previous findings
that “cellular memory” associated with AT1 antagonism results in
detrimental effects on the diabetic heart as ventricular hypertrophy and
hypertension returned to diabetic levels within only four weeks off of
treatment. While over-activation of AT1 contributes to the hypertension
associated with the T2DM condition, these data demonstrate that the
consequences of AT1 activation during T2DM go well beyond sus-
taining elevated arterial pressure, but also include impaired mi-
tochondrial function, Nrf2-mediated events, and cellular homeostasis in
the diabetic heart.
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