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ARTICLE INFO ABSTRACT

Keywords: Diabetic cardiomyopathy is associated with an increase in oxidative stress. However, antioxidant therapy has
Diabetes shown a limited capacity to mitigate disease pathology. The molecular mechanisms responsible for the modu-
Hear:[ lation of reactive oxygen species (ROS) production and clearance must be better defined. The objective of this
glz::;homyocytes study was to determine how insulin affects superoxide radical (O,*") levels. O production was evaluated in
Thioredoxin adult cardiomyocytes isolated from control and Akita (type 1 diabetic) mice by spin-trapping electron para-
Insulin magnetic resonance spectroscopy. We found that the basal rates of O,*~ production were comparable in control

and Akita cardiomyocytes. However, culturing cardiomyocytes without insulin resulted in a significant increase
in O2*" production only in the Akita group. In contrast, O~ production was unaffected by high glucose and/or
fatty acid supplementation. The increase in 0" was due in part to a decrease in superoxide dismutase (SOD)
activity. The PI3K inhibitor, LY294002, decreased Akita SOD activity when insulin was present, indicating that
the modulation of antioxidant activity is through insulin signaling. The effect of insulin on mitochondrial O*~
production was evaluated in Akita mice that underwent a 1-week treatment of insulin. Mitochondria isolated
from insulin-treated Akita mice produced less Oy" than vehicle-treated diabetic mice. Quantitative proteomics
was performed on whole heart homogenates to determine how insulin affects antioxidant protein expression. Of
29 antioxidant enzymes quantified, thioredoxin 1 was the only one that was significantly enhanced by insulin
treatment. In vitro analysis of thioredoxin 1 revealed a previously undescribed capacity of the enzyme to directly
scavenge O5"". These findings demonstrate that insulin has a role in mitigating cardiac oxidative stress in dia-
betes via regulation of endogenous antioxidant activity.

1. Introduction

Heart disease and heart failure are prevalent in type 1 and type 2
diabetic patients. This is due in part to the additive effects of diabetes
with other underlying conditions, such as hypertension and athero-
sclerosis. However, diabetes can also lead to alterations in cardiac
function in the absence of other risk factors and this is termed diabetic
cardiomyopathy [1]. Although the manner by which diabetes affects the
heart is multifold and complex, it is now widely accepted that oxidative
stress is a major contributor [1,2].

Oxidative stress occurs when the production of reactive oxygen
species (ROS) exceeds cellular antioxidant defenses. Superoxide anions
(02*") is the dominant ROS in cardiomyocytes and its primary sources
are NADPH oxidase and the mitochondrial electron transport chain [2].
The expression of specific NADPH oxidase isoforms, as well as its

activators, are increased with diabetes [2,3]. The mitochondrial electron
transport chain generates O5"~ at low levels under normal conditions
[4]. Diabetes-induced deficits in mitochondrial function and electron
transport chain activity promote an increase in O2* production [5].
Antioxidant defenses, including both enzymatic and nonenzymatic small
molecule scavengers, normally are sufficient to prevent oxidative dam-
age. However, this balance shifts under diabetic conditions as the
amount of O,*” production exceeds the scavenging capacity.

While ROS are widely implicated in the pathology of both diabetic
heart disease and cardiomyopathy, there is surprisingly sparse infor-
mation regarding how diabetes affects O5* production in car-
diomyocytes. In an earlier study, ROS production was measured in adult
cardiomyocytes isolated from OVE26 type 1 diabetic mice by a redox
sensitive fluorescent probe [6]. Cardiomyocytes from diabetic mice
produced similar amounts of ROS to controls under basal culture
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conditions. However, when cardiomyocytes were cultured with high
glucose media or with angiotensin II, the OVE26 cardiomyocytes pro-
duced significantly more ROS. Additionally, oxidative stress was blunted
in diabetic mice overexpressing the antioxidant enzyme, metal-
lothionein [7]. This suggested that diabetes alone may not increase basal
cardiomyocyte ROS/O5"" production, but when combined with a sec-
ondary stressor, ROS production exceeds antioxidant capacity.

In this study, we sought to examine factors that could enhance O,*~
production in the diabetic heart. Adult cardiomyocytes were isolated
from control and Akita mice. Akita mice are a well characterized type 1
diabetes (T1D) model that develops diabetic cardiomyopathy and are
characterized by lipotoxicity and diastolic dysfunction [8]. Unlike other
type 1 and type 2 diabetes models, Akita hearts reportedly do not have
increased Oy~ production [6]. Consequently, an added motive of this
study was thus to determine factors that may affect Akita cardiomyocyte
05" production. O2*~ were measured by electron paramagnetic reso-
nance (EPR) spectroscopy spin-trapping with different culture condi-
tions that mimic diabetic stresses. Our results, like that of the previous
studies in both OVE26 and Akita mice [6], support that basal Oy*~
production is similar in diabetic and control cardiomyocytes. However,
in the absence of insulin O2*" production by Akita cardiomyocytes is
significantly enhanced. Proteomic analysis of insulin-treated Akita mice
revealed thioredoxin as the most upregulated antioxidant enzyme. Our
results support that the lack of insulin signaling is a determinant of
oxidative stress in cardiomyocytes.

2. Methods

Adult mouse cardiomyocyte isolation: Adult cardiomyocytes were iso-
lated from 5-month C57BL/6J or C57BL/6J-Ins2*k"/J male mice (Akita,
The Jackson Laboratory 003548) and cultured as previously described
[9,10]. Akita mice are a well-established model of hypoinsulinemia and
hyperglycemia [8,11]. Blood glucose was measured by a glucose test
strip (Contour) at the time of sacrifice to confirm hyperglycemia. All
Akita mice had blood glucose levels of at least 400 mg/dL. Briefly, after
isoflurane administration the heart was excised, the aorta was cannu-
lated, and it was then perfused with type II collagenase (Worthington
#LS004176). Calcium was reintroduced to the subsequent single cell
suspension and cells were plated on laminin (Corning 354232) coated
plates. Media was switched to serum-free culture media (minimal
essential medium with Hanks® balanced salt solution, Gibco
(11575-032) supplemented with 0.2 mg/mL sodium bicarbonate,
penicillin-G, 0.1%BSA, glutamine, 10 mM butanedione monoxime, and
10 pg/mL insulin as indicated. Cells were cultured 18 h at 37 °C and 5%
CO, with or without 2.5 pM LY294002 (BioGems 1543664) as described
in the figure legends. All procedures were approved by the Oklahoma
Medical Research Foundation Animal Care and Use Committee.

EPR Spin trapping: Cellular O,*~ production was quantified by an EPR
spin-trapping technique utilizing hydroxylamine spin-trapping agents
[12],  1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine
(CMH; Enzo Lifescience ALX-430-117) or 1-Hydroxy-4-phospho-
no-oxy-2,2,6,6-tetramethylpiperidine (PPH; Enzo Lifescience
ALX-430-080). After overnight treatment, cardiomyocytes from
wild-type or Akita mouse were washed twice with PBS and then incu-
bated for 15 min at 37 °C in PBS containing 1 mM EDTA, 50 uM DTPA,
and 500 pM CMH/PPH. The supernatant was then removed, quickly
centrifuged (10s) to remove debris and detached cells, and then snap
frozen and stored in LN2 until EPR measurement. After the supernatant
was removed, cardiomyocytes were digested with RIPA buffer for BCA
protein determination that was used for standardization.

The thawed PBS containing cellular O,*"-mediated CMH/PPH
product were transferred to a quartz flat cell for EPR analysis. For each
sample, the EPR spectrum was measured exactly 3min after being
completely thawed. To validate there was minimal auto-oxidation
product formed from the debris in the solution, another spectrum was
measured at a 9min time point. The EPR spectra were obtained using a
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Bruker (Billerica, MA) EMX spectrometer operating at X-band (~9.78
GHz) with a 100 kHz modulation frequency and an ER 41225SHQ high-
sensitivity cavity. Typical settings for the spectrometer are as follows:
microwave power, 6.325 mW; modulation amplitude, 1.5 G; scan range,
50 G; time constant, 82 ms. The peak signal intensity for each spectrum
was quantified by the WinEPR software (Bruker). EPR signal intensity
was calibrated with TEMPOL (Enzo Lifescience ALX-430-081)
standards.

SOD activity: Superoxide dismutase (SOD) activity in cardiomyocytes
was measured using an SOD assay kit according to the manufacturer’s
protocol (Cayman 706002). Briefly, SOD activity was quantified by
measuring the absorbance upon incubation of lysates with tetrazolium
salt, hypoxanthine, and xanthine oxidase. A decrease in absorbance,
relative to the no-lysate condition, is indicative of SOD activity. To
generate cardiomyocyte lysates, after the described culture conditions
(overnight + insulin, in the presence or absence of PI3K inhibitor), the
culture media was removed, cardiomyocytes were washed with PBS, and
cells were scraped in PBS and snap-frozen. Whole-cell lysates (18.2 pg/
mL) from wild-type and Akita cardiomyocytes were compared to SOD
standards. The end-point absorption in a 96-well plate was measured by
TECAN Sunrise with Magellan 6 acquisition software. Activities were
measured in the presence or absence of the SOD1 inhibitor 5 mM KCN.
Superoxide scavenging was decreased by less than 5% with KCN, indi-
cating the assay primarily measured SOD2 and other superoxide scav-
enging activities. Total SOD activity is shown.

Mitochondrial isolation and 05°" production measurements: Sub-
sarcolemmal mitochondria were isolated from hearts as previously
described [5,13]. After 8 days-total treatment of insulin (5U/kg) or
vehicle (saline) IP injected, hearts were excised, and immersed and
rinsed in ice-cold isolation buffer containing 210 mM mannitol, 70 mM
sucrose, 10 mM MOPS, and 1.0 mM EDTA (pH 7.4). The hearts were
then minced and homogenized in 5 mL of isolation buffer with a pestle
homogenizer (5 x 2 s passes). The homogenate was then centrifuged at
500g for 5.0 min, and the supernatant was collected. The supernatant
was then filtered through cheese cloth and centrifuged at 10000g for 10
min. The resulting mitochondrial pellets were washed, resuspended in
25 mM MOPS (pH 7.4), and immediately snap-frozen in liquid N2 for
analysis of 0"~ production.

The NADH-supported rate of O2°” production was measured as
described previously [5,12]. Briefly, the oxidation of hydroethidine by
02" to the fluorescent product 2-hydroxyethidium was measured uti-
lizing a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. The fluo-
rescent signals were recorded (excitation, 480 nm; emission, 567 nm)
over time utilizing 10 pM hydroethidine and 500 pM NADH. Exogenous
SOD1 (8.0 units/mL) was used to test the specificity of the measurement
for O,*" anion. It should be noted that oxidation of hydroethidine by
0,*" resulted in a product with properties (reverse phase
high-performance liquid chromatography elution profile and fluores-
cence properties) consistent with 2-hydroxyethidium and not ethidium
as reported previously. Nevertheless, the structurally related compound
ethidium was used as a standard to estimate the relative rate of 0y*”
production because of the absence of a commercially available
2-hydroxyethidium standard.

Quantitative proteomic analysis: Selected reaction monitoring (SRM)
MS analysis was used as a quantitative measure of specific protein
quantities and performed as reported previously [14,15]. Briefly, 20 pg
of total heart homogenate samples (n = 4 biological replicates/group)
were run on a 12.5% SDS-polyacrylamide gel (Bio-Rad Criterion). The
gel was then fixed and stained with GelCode Blue (Pierce). Protein lanes
were cut into ~1 mm? pieces which were then washed, reduced with
DTT, alkylated with iodoacetamide, and digested with trypsin. Peptides
were extracted with 70% methanol and 5% acetic acid, and then dried
and reconstituted in 1% acetic acid. The samples were then analyzed
using SRM with a triple quadrupole mass spectrometer (Thermo Scien-
tific TSQ Vantage) configured with a splitless capillary column HPLC
system (Eksigent) as described in [15]. The data were processed as in
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[15] using the Skyline software application [16]. Protein abundance was
determined by normalization to BSA used as a nonendogenous internal
standard. Housekeeping proteins were also used for normalization.
Western blot analysis: After culture media was removed, primary
cardiomyocytes cultured in 12 well plates overnight in the absence or
presence of insulin were washed with 0.5 mL PBS, and 75 pL of 1x
sample buffer containing 25 mM DTT and 1x Halt Protease/Phospha-
tase Inhibitor Cocktail (Thermo Fisher 78442) was added per well. For
isolated mitochondria, samples were diluted to 1 mg/mL protein in 1x
sample buffer and 15 pL used for analysis. Samples were heated at 95 °C
for 5 min, resolved by SDS-PAGE (Invitrogen NP0321), transferred to
nitrocellulose membranes, and blocked for 30 min with Odyssey TBS
blocking buffer (LI-COR). Antibodies used in this study are: thioredoxin
2 (14907S) and TXNIP (14715S) from Cell Signaling Technology, SOD2
(FL-222, Santa Cruz Biotechnology), and acetylated SOD2 K68
(ab137037, Abcam). Primary antibodies were diluted in block buffer
and added to blots overnight at 4 °C, subsequently washed, and the
secondary antibody (LI-COR IRDye 800CW) was incubated for 1 h.
Following additional washing, blots were imaged on an Odyssey CLx
system and analyzed using the Image Studio software (LI-COR).
Glutathione Measurements: Total and oxidized glutathione content in
cardiomyocytes was measured using a glutathione colorimetric detec-
tion kit according to the manufacturer’s protocol (Invitrogen EIAGSHC).
Pulverized tissue obtained from snap-frozen whole Akita mouse hearts
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that underwent the 8-day insulin treatment were used for this assay.
Samples were normalized based on the pulverized tissue weights. The
end-point absorption in a 96-well plate was measured by TECAN Sunrise
with Magellan 6 acquisition software.

In vitro antioxidant analysis: The superoxide scavenging activities of
thioredoxin 1 (Trx1), glutathione (GSH), and n-acetyl cysteine (NAC)
were assessed by using a xanthine/xanthine oxidase-supported enzy-
matic O,°” generation system in the presence of the hydroxyl radical
scavenger, dimethyl thiourea (DMTU). The decrease in the rate of 05"
production was quantified as the decrease in the slope of the O3*-
dependent 2-hydroxyethidium fluorescence formation by added Trx1,
GSH, or NAC. The fluorescent signals were recorded (excitation, 480 nm;
emission, 567 nm) over time utilizing 25mU/mL xanthine oxidase, 500
uM xanthine, and 10 pM hydroethidine in 25 mM Tris buffer (pH 7.5)
supplemented with 50 mM DMTU. For quantification of O,*” scavenging
activity by Trx1, exogenous thioredoxin reductase (0.05U/mL) and 1.0
mM NADPH were included in addition to the thioredoxin (0, 0.01-0.5U/
mL).

Statistical analysis: Data were analyzed using GraphPad Prism 8.4.3.
Data are presented as means. Pairwise comparison between groups was
performed using a paired or unpaired two-tailed Student’s t-test, as
specified. Multiple comparison was performed using two-way ANOVA
with Tukey post hoc analysis, unless otherwise noted. p < .05 was
considered statistically significant.
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Fig. 1. Akita cardiomyocytes have enhanced ROS production in response to antimycin A and to the lack of insulin. Cardiomyocytes were isolated from wild-
type and Akita mice and ROS production was measured by EPR spin trapping with CMH. (A) ROS production was measured basally in cardiomyocytes cultured in
standard culture media. (B) ROS production was measured in the presence or absence of 1.0 pM antimycin A and shown as the raw intensities (left) and the % change
(right). Antimycin A significantly increased ROS production in Akita cardiomyocytes (*p < .05; **p < .01; n = 6 biological replicates). (C) ROS production was
compared when cardiomyocytes isolated from wild-type (left) and Akita (right) mice were cultured for 24 h in the presence or absence of 10 pg/mL insulin. Insulin
treatment significantly decreased ROS in Akita cardiomyocytes (***p < .005; n = 9 or 10 biological replicates for WT and Akita, respectively). Statistics were

performed by Student’s t-test.
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3. Results

3.1. Characterization of cardiomyocyte superoxide production by EPR
spin-trapping

Our initial goal was to implement the EPR spin-trapping technique as
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a means of quantifying overall cellular superoxide (02"") production in
adult C57/BL6 control and Akita type 1 diabetic mouse cardiomyocytes.
The membrane-permeable cyclic hydroxylamine EPR spin-trapping
agent, CMH [12,17], was added to freshly isolated cardiomyocytes
and incubated for 15min. Media was then collected and analyzed by EPR
spectroscopy. As shown in Fig. 1A, wild type and Akita cardiomyocytes
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Fig. 2. Insulin increases superoxide dismutase activity selectively in Akita cardiomyocytes. Cardiomyocytes were isolated from wild-type and Akita mice and
cultured for 24 h in the presence or absence of insulin. (A) Superoxide dismutase activity was measured in cardiomyocyte lysates from wild-type (left) and Akita
(right) mice after being cultured for 24 h in the presence or absence of insulin. Insulin treatment significantly increased superoxide dismutase activity in Akita
cardiomyocytes (***p < .0005; n = 12 or 13 biological replicates for WT and Akita, respectively). (B) Superoxide dismutase activity was measured in cardiomyocyte
lysates from wild-type (left) and Akita (right) mice after being cultured for 24 h with insulin and the presence or absence of LY294002. LY294002 treatment
significantly decreased superoxide dismutase activity in Akita cardiomyocytes (**p < .01; n = 5 or 6 biological replicates for WT and Akita, respectively). Less than
5% of SOD activity was inhibited by 5 mM KCN, indicating the data primarily represent SOD2 and/or other nonenzymatic scavenging activity. Statistics were
performed by Student’s t-test. (C) Change in superoxide dismutase 2 (SOD2) levels in Akita primary cardiomyocytes in the presence or absence of insulin overnight
were assessed by western blotting. Quantitative SOD2 protein levels in the lack of insulin were statistically insignificant as compared to basal (+insulin) or + insulin
with LY294002 supplemented conditions. (D) SOD2 K68 acetylation levels were measured by Western blot in Akita cardiomyocytes cultured either in the presence or
absence of insulin overnight treatment. Quantification indicated no statistical significance (n = 5).
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produced similar amounts of cellular O5*~ under these experimental
conditions. Similar results were also found when using the related cyclic
hydroxylamine spin-trap, PPH (data not shown). We next sought to
determine whether a difference in O»"~ production was observable when
compounded with an added stress. The complex III inhibitor, antimycin
A, is a well-known O,°” stimulating agent [18]. Addition of antimycin A
had minimal effect on O2*” production in wild type cardiomyocytes. In
contrast, antimycin A induce a 2-fold increase in the O,°*” signal in Akita
cardiomyocytes (Fig. 1B). This result supports that Akita car-
diomyocytes have either an increased propensity for complex III medi-
ated 05" production or a decreased endogenous antioxidant defense
capacity.

3.2. Insulin regulates antioxidant defenses in Akita cardiomyocytes

We next sought to identify physiological stresses that may affect
cellular O5® production in the diabetic heart. Because of their relevance
to diabetes, we examined the effects of glucose, lipids, and insulin. Su-
peroxide production by wild type and Akita cardiomyocytes was unaf-
fected by 24 h culture in media containing high glucose (25 mM glucose)
and/or fatty acids (100 pM palmitate/oleate with BSA; data not shown).
In contrast, 02" production in Akita cardiomyocytes cultured in the
absence of insulin was 29% higher than in the presence of insulin
(Fig. 1C). This inhibitory effect of insulin on O»* production was not
observed in wild type cardiomyocytes.

The observed increase in O~ production may be mediated in part by
reduced endogenous antioxidant capacity. To test this, we assayed su-
peroxide scavenging activity in wild type and Akita cardiomyocytes
cultured in the presence or absence of insulin. This activity was largely
insensitive to the SOD1 inhibitor, KCN (5% inhibition), and thus rep-
resents primarily SOD2 and nonenzymatic scavenging capacity. As
shown in Fig. 2A, SOD activity was significantly reduced in Akita car-
diomyocytes cultured in the absence of insulin. In contrast, wild type
cardiomyocytes had similar SOD activity regardless of whether they
were cultured with insulin. We next sought to determine whether
downstream insulin signaling is required for this antioxidant effect.
Upon insulin binding, the insulin receptor interacts with IRS proteins to
activate phosphatidylinositol-3-kinase (PI3K) and Akt [19]. SOD activ-
ity in Akita cardiomyocytes cultured with insulin and the PI3K inhibitor,
LY294002, was decreased by 33% (Fig. 2B). Interestingly, this effect was
specific to Akita cardiomyocytes, as SOD activity in wild type car-
diomyocytes trended toward an increase when cultured in the presence
of insulin and LY294002. These results support that blocking down-
stream insulin signaling is sufficient to increase Oy"~ production in Akita
cardiomyocytes.

The insulin mediated effect on SOD activity may be due to changes in
enzyme content. However, the expression of SOD2, as measured by
Western blot, was unaffected by either insulin or LY294002 (Fig. 2C).
This supports that insulin increases superoxide scavenging activity
selectively in Akita cardiomyocytes but is independent of SOD content.
SOD2 activity is also regulated by the posttranslational modification,
acetylation [20,21], and we have previously reported Akita heart
mitochondria exhibit hyperacetylation [13]. We therefore examined the
acetylation status of SOD2 using a site-specific antibody against
acetyl-lysine 68. As shown in Fig. 2D, the acetylation status of SOD2 at
this known regulatory site was unaffected by insulin treatment in Akita
cardiomyocytes.

3.3. Insulin-mediated change in endogenous antioxidants in vivo

Mitochondria are a primary source of ROS. We therefore sought to
determine whether insulin can decrease mitochondrial free radical
production in Akita hearts. Akita mice were treated with insulin for 1
week, after which heart mitochondria were isolated and superoxide
production was measured by fluorescence. Heart mitochondria isolated
from Akita mice that underwent a 1-week treatment of insulin trended
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towards a decrease in O, production as compared to heart mitochon-
dria isolated from vehicle treated Akita mice (Fig. 3A). We also
measured O,°” production in the presence of SOD as a means to estimate
endogenous antioxidant capacity. Insensitivity to SOD indicates that
endogenous antioxidants are elevated and thus less responsive to the
addition of an exogenous scavenger. Reciprocally, sensitivity to exoge-
nously added SOD indicates that endogenous antioxidants are over-
whelmed. As shown in Fig. 3B, the rate of 05"~ production from insulin-
treated Akita mice was significantly less SOD-sensitive, supporting the
notion that there is an insulin-mediated increase in endogenous anti-
oxidant capacity.

Insulin may be affecting the relative levels of antioxidant defenses in
vivo. To examine this possibility, quantitative proteomics analysis of
antioxidant enzymes in Akita mice, with or without insulin treatment,
was performed. As shown in Fig. 3C, SOD1, SOD2, and other major
antioxidant enzymes were expressed at similar levels in mice regardless
of insulin treatment. The only measured antioxidant enzyme that was
significantly increased by insulin treatment was thioredoxin 1 (Trx1;
34% increase). Mitochondrial thioredoxin (Trx2) was not included in
the proteomic analysis but its levels, as determined by Western blot,
revealed Trx2 were unchanged (data not shown). We also investigated
whether insulin had an effect on glutathione (GSH), the primary thiol-
containing small-molecule antioxidant. As shown in Fig. 3D, there was
no significant difference in both total (GSH and GSSG) and oxidized GSH
levels between vehicle- and insulin-treated Akita mice, further sup-
porting that the insulin effect on antioxidants is specific to thioredoxin.

Thioredoxin interacting protein (TXNIP) is a well-described inhibitor
of thioredoxin that is important for redox homeostasis in the heart [22],
and is decreased by insulin signaling in most cell types [23,24]. Thus,
insulin may be decreasing TXNIP as an antioxidant response to enhance
thioredoxin activity. We therefore examined TXNIP protein content in
wild type and Akita cardiomyocytes cultured either in the presence or
absence of insulin. In the presence of insulin, Akita cardiomyocytes had
significantly more TXNIP than wild type (Fig. 3E). However, when
cultured in the absence of insulin TXNIP levels in Akita and wild type
cardiomyocytes were comparable. The insulin-induced changes in
TXNIP levels were also plotted as the ratio of content between-+insulin
conditions for each cardiomyocyte preparation (Fig. 3F). This further
revealed that TXNIP content is highly influenced by insulin in Akita, but
not wild type, cardiomyocytes. These results demonstrate that insulin
increases TXNIP levels specifically in Akita cardiomyocytes. It also
suggests that inhibition by TXNIP is not the direct mechanism of reduced
antioxidant capacity by thioredoxin.

3.4. Superoxide scavenging capacity of thioredoxin

Small molecular thiols, such as GSH and n-acetyl cysteine (NAC), are
well documented for their capacity to react with O5*~ and other ROS
[25]. Thioredoxin regulates redox homeostasis by acting as an electron
donor to peroxiredoxins and other antioxidant enzymes and by modu-
lating the activity of numerous transcriptional factor substrates in
response to stress [26]. However, the reactivity of thioredoxin, a
member of the HyO5 detoxification system, toward O,*” is largely un-
known. We therefore evaluated enzymatic superoxide scavenging ac-
tivity of thioredoxin in vitro using a xanthine/xanthine oxidase O,*~
generation system. The reaction was carried out in the presence of
dimethyl thiourea (DMTU) to scavenge any generated hydroxyl radical
[27]1. As shown in Fig. 4A, thioredoxin significantly decreased O2*~ and
this effect was dependent upon the presence of thioredoxin reductase
and NADPH. Furthermore, the scavenging activity was found to be
protein concentration dependent (Fig. 4B). The EC50 for the experi-
mental condition from non-linear regression fitting was calculated as
0.139 U/mL for O2*” production by 25mU/mL xanthine oxidase. Under
the same experimental conditions, the K;;,’s for NAC and reduced GSH
were 0.758 and 1.08 mM, respectively.
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Fig. 3. Insulin increases thioredoxin level in Akita cardiomyocytes. (A)(B) Mitochondrial NADH-supported superoxide production was measured fluoro-
metrically using mitoplast isolated from Akita mice hearts underwent 1-week either vehicle (-ins) or 5U/kg insulin (+ins) treatment. Mitochondria isolated from
insulin injected animals exhibited decreased capacity of superoxide production, and that was in part due to increased endogenous antioxidant (*p < .05; n = 6
biological replicates). Statistics were performed by Student’s t-test. (C) Quantitative proteomic analysis was performed by selective reactive monitoring mass-
spectrometry utilizing whole heart homogenates acquired from Akita hearts underwent 1-week of vehicle or insulin treatment. Among the 29 proteins reported
in the antioxidant panel, thioredoxin 1 (txn1) was the only protein exhibiting statistically significant insulin sensitivity (**p < .02; n = 4 biological replicates). (D)
Total and oxidized glutathione levels in those homogenates were unchanged. (E)(F) Change in thioredoxin interacting-protein (TXNIP) levels in WT and Akita
primary cardiomyocytes by insulin overnight incubation were assessed by western blotting. Quantitative TXNIP protein levels in WT and Akita under basal (+insulin)
and the lack of insulin were statistically insignificant, however, the Akita cardiomyocytes showed significantly higher sensitivity toward insulin (*p < .05; n = 4

biological replicates). Statistics were performed by Student’s t-test.

4. Discussion

Diabetes is associated with increased oxidative stress mediated by
the overproduction of pro-oxidants in multiple organs. However, the
specific mechanisms leading to the sustained increase of 05"~ production
are not completely understood. The present study demonstrates that
insulin affects endogenous antioxidant activity in Akita cardiomyocytes.
This complements previous work identifying that insulin provides neu-
roprotection via a Nrf2-dependent increase in antioxidant defenses [28].
In the heart, it has been presumed that insulin mitigates oxidative stress
by decreasing hyperglycemia and minimizing glucose-mediated ROS
production [29]. However, our results demonstrate that insulin treat-
ment increases antioxidant capacity in cardiomyocytes isolated from
diabetic animals and removed from a hyperglycemic environment.
Additionally, we have shown that there is enhanced antioxidant ca-
pacity in isolated mitochondria of Akita mice that had been treated with
insulin.

We utilized EPR spin-trapping technique on isolated adult primary
cardiomyocytes in this study. EPR remains the gold standard for
measuring O,"~ production because of its sensitivity and specificity. EPR
spin-trapping has been used in neonatal primary cardiomyocytes [30],
but to the best of our knowledge it has not been applied to adult mouse
cardiomyocytes and the Akita mouse model. Prior ROS studies have
been performed with adult cardiomyocytes using fluorescent indicators
[6,31], while EPR spin-trapping has been more widely applied to
measuring O»2° in cardiac perfusates [32,33]. There have been limita-
tions with the application of EPR spin-trapping to cardiomyocytes
because of the sensitivity of commercially available spin-traps which
require they be used at high concentrations, heightening the concern for
toxic and off target effects. The hydroxylamine spin-trap used here,
CMH, has the advantage of having higher sensitivity and cell perme-
ability. Our approach also has the advantage of examining primary
cardiomyocytes isolated from hearts exposed to long-term diabetes
which were then manipulated by in vitro culture conditions. Primary
cardiomyocytes, unlike immortalized cell lines, have abundant mito-
chondria that are adapted for oxidative phosphorylation. Nevertheless,
limitations of this methodology are that the isolated cardiomyocytes are
not contracting and are removed from their in vivo environment. In
addition, the CMH spin-trap probe can react with other ROS and thus
does not offer complete specificity.

We have found that steady-state cellular O,*~ production is compa-
rable in cardiomyocytes isolated from wild type and Akita mice. Simi-
larly, an earlier study examining hydrogen peroxide production in
mitochondria isolated from Akita hearts also found rates comparable to
controls [34]. The metabolic perturbations of diabetes that lead to
increased ROS are well described, and this paradox could be related to
an increase in antioxidant programming that counters the persistent
diabetic state [35]. More recently, engulfment and cell motility protein 1
(ELMO1), a guanine nucleotide exchange factor, was investigated for its
role in ROS production in Akita mouse hearts [36]. Increasing ELMO1
subsequently increased Rac activity and ROS production via activation
of NADPH oxidase.

NADPH oxidase is a major contributor of increased cellular 0"~
production in response to diabetes and in vitro high-glucose/high-fat
treatment. Both Nox2 and Nox4 have been identified as sources of

insulin signaling-dependent cellular O5®~ production sites [37]. In this
study, though, NADPH oxidase likely has a minimal role in the cellular
superoxide production observed in isolated primary cardiomyocytes.
We assessed extracellular O5* levels by utilizing a derivative of hy-
droxylamine spin-traps that is cell impermeable (CAT-1H). The Oy""
levels were comparable in Akita and wild type cardiomyocytes and were
insensitive to high-glucose and/or palmitate/oleate culture conditions.
Akita cardiomyocytes showed higher O*~ production only when pre-
sented with the additional stress of insulin deprivation, suggesting that
the observed increase in Oy*” production is driven by a compromised
antioxidant defense.

We provide additional evidence that insulin treatment of Akita mice
affects the antioxidant capacity of mitochondria. Furthermore, using a
targeted proteomics approach, we identified that thioredoxin 1 (Trx1)
expression is uniquely insulin-signaling dependent. A previous study has
shown that Trx1 expression is decreased in an STZ-induced T1D rat
model and reported that adenoviral expression of Trx1 reduced fibrosis,
oxidative stress, and apoptosis [38]. The capacity of thioredoxin, a
well-known Hy0, detoxification system in conjunction with peroxir-
edoxin, to scavenge reactive oxygen and carbon species through thiol
redox is not well understood. Here we report an NADPH-dependent 05"~
scavenging activity of thioredoxin. Small molecular thiols, such as NAC
and glutathione, react robustly with hydroxyl, alkyl, and alkoxyl radi-
cals (107-10"M s [39-41]1, and to lesser extent toward superoxide
and peroxyl radicals (102—103 M s_l). The K, for GSH under our
experimental conditions was 1.08 mM, which is within the documented
values and validates our approach for assessing antioxidant capacity.
Thioredoxin is essential for maintaining a proper redox environment
and regulating thiol-containing oxidative stress-sensing enzymes
through thiol-disulfide exchange [26,42], and our results suggest a
further direct detoxifying role. Nevertheless, it is plausible that the
classically defined mechanism of thiol-based HyO, scavenging activity
might confer ancillary superoxide suppressing activity. Alternatively,
increasing cytoplasmic Trx activity could have downstream effects on
05" production. For example, a previous study in endothelial cells
showed that HyO, can regulate cellular O,*" production via a
feed-forward cycle in which increased H2O5 scavenging activity also
decreases 05"~ [43].

TXNIP is a well described inhibitor of thioredoxin that increases in
content in response to hyperglycemia. Indeed, TXNIP gene expression
and protein content have been shown to increase in the human diabetic
heart with a commensurate decrease in thioredoxin activity [44]. In the
same study, it was also shown that TXNIP protein levels were increased
in rodent type 1 and type 2 diabetic models concurrently with decreased
thioredoxin activity and increased ROS. This increase in TXNIP was
attributed to hyperglycemia. In our primary cardiomyocyte culture ex-
periments, we only observed increased O»"~ production when cells were
insulin starved. Unexpectedly, TXNIP protein expression increased when
insulin was present, potentially because of an influx of glucose. In
contrast, TXNIP expression in control cardiomyocytes was unaffected by
insulin. Together, our results reveal a unique regulatory mechanism of
TXNIP expression in Akita cardiomyocytes and its role in regulating
thioredoxin activity.

Hyperglycemia is well established as a propagator of oxidative stress
in the diabetic heart. Our findings suggest that insulin may mitigate
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Fig. 4. Thioredoxin scavenges enzymatically generated superoxide in
vitro. The capacity of superoxide scavenging activity of thioredoxin (Trx) and
thiol-containing small molecules were quantified using xanthine and xanthine
oxidase-generated superoxide and pure proteins. (A) The superoxide scavenging
activity required cycling reduced Trx. Representative kinetics traces are from
control (no addition; black), with the addition of Trx and thioredoxin reductase
(TR) at middle time point (blue), and with the addition of Trx and TR in the
presence of NADPH (red). (B) Quantification of the superoxide scavenging ac-
tivity was assessed with varied Trx concentration, while all other variables were
fixed. The capacity of superoxide scavenging were found to be Trx
concentration-dependent and can be fit to a classical Hill equation (see text for
EC50 value). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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oxidative stress through a mechanism that involves signaling directly at
the level of cardiomyocytes in addition to its role in normalizing glucose
levels. Future studies will aim at determining if the effects of insulin
elucidated here are held in other type 1 and type 2 models of diabetes.
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