
Superoxide Production by Mitochondria of Insulin Sensitive
Tissues: Mechanistic Differences and Effect of Early Diabetes

Judy A. Herlein, Brian D. Fink, and William I. Sivitz
Department of Internal Medicine, Division of Endocrinology and Metabolism, Iowa City Veterans
Affairs Medical Center and the University of Iowa, Iowa City, IA

Abstract
Obesity and mild hyperglycemia are characteristic of early or “prediabetes”. The associated increase
in fatty acid flux is posited to enhance substrate delivery to mitochondria leading to enhanced
superoxide production resulting in mitochondrial dysfunction and progressive worsening of the
hyperglycemic state. We quantified superoxide production by gastrocnemius muscle, heart, and liver
mitochondria in a rodent model that mimics the pathophysiology of prediabetes by administering
low dose streptozotocin (LD-STZ) to rats fed high fat (HF). Superoxide was rigorously determined
indirectly as H2O2 largely released from the matrix and by electron paramagnetic resonance
spectroscopy which directly detects superoxide released externally. Both HF and LD-STZ mildly
increased glycemia (p < 0.05 by 2-way ANOVA). Matrix and external superoxide production by
gastrocnemius mitochondria respiring on the complex II substrate, succinate, and matrix superoxide
production by liver mitochondria respiring on the complex I substrates, glutamate plus malate, were
significantly reduced by HF feeding but not affected by mild hyperglycemia. Superoxide production
was not significantly altered by either treatment in heart mitochondria fueled by either complex I or
II substrates. The functional status of the mitochondria were assayed as simultaneous respiration and
membrane potential which were not affected by HF or mild hyperglycemia. Comparison of substrate
and inhibitor effects on superoxide release implied marked differences in the redox mechanism(s)
regulating mitochondrial superoxide production from liver mitochondria compared to muscle and
heart. In summary, superoxide production from mitochondria of different insulin sensitive tissues
differs mechanistically. But, in any case, excess superoxide production as an intrinsic property of
mitochondria of insulin sensitive tissues does not result from conditions mimicking the
pathophysiology of pre- or early diabetes.

Keywords
Reactive oxygen species; high-fat feeding; diabetes; glucose; respiratory coupling

Address correspondence to: William I. Sivitz, Department of Internal Medicine, Division of Endocrinology and Metabolism, The
University of Iowa Hospitals and Clinics, 422GH, 200 Hawkins Drive, Iowa City, IA. 52242, Tel 319 353-7812; Fax: 319 353-7850;
william-sivitz@uiowa.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.
The authors have no conflicts-of-interest or disclosures to report.

NIH Public Access
Author Manuscript
Metabolism. Author manuscript; available in PMC 2011 February 1.

Published in final edited form as:
Metabolism. 2010 February ; 59(2): 247. doi:10.1016/j.metabol.2009.07.021.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Elevated circulating free fatty acids, as seen in obesity, and hyperglycemia are thought to
increase myocyte and hepatocyte lipid content and induce mitochondrial ROS, thereby
interfering with insulin signaling leading to insulin resistance (1-4). Type 2 diabetes is known
to be a progressive disorder characterized by both insulin resistance and impaired insulin
secretion. Both defects develop very early in the course; at the stage of prediabetes (5) and
mild type 2 diabetes (6). Muscle and liver represent the major insulin-sensitive tissues,
accounting, respectively, for glucose disposal and hepatic glucose output. Hence, it is plausible
that excess mitochondrial ROS production in these tissues could contribute to worsening
insulin resistance and progression from prediabetes to early diabetes or from mild to more
severe type 2 diabetes.

We hypothesized that liver, skeletal muscle and heart mitochondria are intrinsically altered by
insulin deficiency, high fat feeding, and obesity that characterize early diabetes such that these
organelles become programmed towards excess superoxide production. If this hypothesis is
correct, then mitochondria of these tissues should manifest elevated superoxide production
when isolated and incubated in vitro. To assess this, we created a rodent model that mimics
the pathophysiology or prediabetes. We did this by feeding a high-fat diet to normal rodents
followed by repeated low doses of the β-cell toxin, streptozotocin (STZ) resulting in a state of
mild hyperglycemia, obesity, and insulin resistance.

Mitochondrial superoxide arises primarily from complex I or complex III. To assess superoxide
production in a robust and site specific fashion, we used a combination of electron paramagnetic
spectroscopy and fluorescence spectroscopy. As we have documented in prior studies of
endothelial cell (7) and muscle mitochondria (8), these methods are, relative to each other,
specific for complex I or complex III superoxide. Hence, this rigorous approach allows
assessment of mitochondrial superoxide that might be generated by different mechanisms.

Superoxide production may be mitigated by respiratory uncoupling (9). For this reason, and
to document the functional status of the mitochondria, we also assessed mitochondrial
respiration and membrane potential and calculated proton conductance. In muscle, we assayed
the expression of proteins with uncoupling activity including uncoupling protein 3 (UCP3) and
the adenine nucleotide translocator-1 (ANT1).

The results we describe herein run counter to our hypothesis, implying the need to reconsider
the role of excess mitochondrial superoxide in the progression of diabetes, at least as an intrinsic
characteristic of mitochondria. Our results also imply marked tissue specific differences in the
mechanisms controlling mitochondrial superoxide production.

Materials and Methods
Experimental Animals

Male Sprague-Dawley rats were obtained from Harlan, Inc. (Indianapolis, IN). Animals were
fed and maintained according to standard NIH guidelines. The protocol was approved by our
institutional Animal Care Committee.

We studied a rodent model characterized by insulin resistance, impaired insulin release, and
mild hyperglycemia; thus resembling human early or prediabetes. To create this models, rats
were exposed to high-fat feeding and/or to three low doses of STZ. Four groups of rats were
studied. All were generated from normal male Sprague-Dawley rats fed standard rat chow
(Harlan Tekland #7001) until age 53 days. High-fat-fed STZ rats (HF-STZ) and high-fat-fed
vehicle (HF-Veh) groups were fed a HF diet consisting of 60% of kcals as fat, 20% protein,
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20% CHO (Research Diets, Inc., #D12492) from age 53 days until sacrifice between 99 and
135 days later. The HF-STZ group received injections of STZ (15 mg/kg) IP on days 56, 70,
and 84 after initiation of the diet, while the HF-Veh group received an equal volume of saline
on the same days. Likewise, at age 53 days, normal-fat-fed-STZ rats (NF-STZ) and normal-
fat-fed-vehicle (NF-Veh) groups were continued on the standard diet consisting of 4.25% fat,
25% protein until sacrifice between 99 and 135 days later. The NF-STZ group received
injections of STZ (15 mg/kg) IP on days 56, 70, and 84 after initiation of the diet, while the
NF-Veh group received an equal volume of saline on the same days.

On the day of study rats were euthanized 4 hours after food removal by IP injection of 25 mg/
kg pentobarbital followed by incision of the left ventricle. Data show that doses of pentobarbital
up to 4-fold more than we used did not affect mitochondrial respiration or potential (10).
Moreover, euthanasia was carried out in the same way for all groups. Glucose values were
determined just before injection of pentobarbital on a drop of tail vein blood using a reagent
strip and meter (OneTouch Ultra).

Materials
Rabbit polyclonal anti-UCP3 (#UCP32-A) was purchased from Alpha Diagnostics
International (San Antonio, TX). Goat polyclonal anti-ANT1 (#SC-9299) was purchased from
Santa Cruz Biotechnologies (Santa Cruz, CA). Rabbit polyclonal anti-MnSOD (#06-984) was
purchased from Upstate Cell Signaling Solutions (Lake Placid, NY). Rabbit polyclonal anti-
GPX (#LF-PA0019) was purchased from Lab Frontier (Seoul, South Korea). Goat anti-rabbit
IgG-HRP and donkey anti-goat IgG-HRP were purchased from Santa Cruz Biotechnologies.

Isolation of mitochondria
Mitochondria were isolated by differential centrifugation and washed three times as previously
described (11;12). Muscle and heart tissues were minced for one minute prior to
homogenization. As we previously reported (8), mitochondria were highly pure as indicated
by distribution of GAPDH and porin in whole tissue and mitochondrial extracts.

Mitochondrial ROS production by fluorescent measurement
H2O2 production was assessed using the fluorescent probe, 10-acetyl-3,7-
dihydroxyphenoxazine (DHPA or Amplex Red, Invitrogen) as previously described (7).
Samples were prepared in 96-well plates containing 0.06 mL per well and incubated in
respiratory buffer [120 mM KCl, 5 mM KH2PO4, 2 mM MgCl2, 1 mM EGTA, 3 mM HEPES,
pH 7.2 with 0.3% fatty acid free BSA, 2 μM oligomycin to inhibit ATP synthase]. Fluorescence
was measured as we previously described (7) once every 44 seconds for 50 cycles during which
time the signal increased in linear fashion. For quantification, a H2O2 standard curve ranging
from 0-12μM was prepared and included on each plate. Addition of catalase, 500 units/ml,
reduced fluorescence to below the detectable limit indicating specificity for H2O2. Addition
of substrates to respiratory buffer without mitochondria did not affect fluorescence. Addition
of the ETS inhibitor rotenone to mitochondria in the absence of substrate altered fluorescence
only about 5%.

Electron paramagnetic resonance (EPR) spectroscopy
ROS were also measured by EPR as we previously described (7;11). Mitochondria were studied
during state 4 respiration in 0.2mL of respiratory buffer with 0.069 M 5,5-dimethyl-l-pyrroline-
N-oxide (DMPO), and 0.09 mg mitochondria. Respiration was initiated with the addition of 5
mM succinate and samples incubated for 5 minutes at 37°C before transfer to a flat aqueous
EPR cell. Spectra were then recorded at room temperature using the following instrument
settings: microwave power 40 mW, modulation amplitude 2G, receiver gain 2×105, conversion

Herlein et al. Page 3

Metabolism. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



time 40.96 ms, time constant 81.92 ms, and scan rate 80G/41.92 s. Spectra represented the
average of 7 scans.

Site specificity of superoxide production
As we previously described for endothelial cell (7) and muscle (8) mitochondria (7), our
fluorescent and EPR studies measure superoxide differently. In combination, these techniques
impart a degree of specificity for complex I or III superoxide. DHPA detects superoxide
indirectly. When added to isolated mitochondria, the probe detects H2O2 generated from
superoxide by matrix MnSOD. H2O2 so generated diffuses outward from mitochondria and
reacts with horseradish peroxidase in the incubation medium to trigger fluorescence. H2O2
produced in this way derives largely from matrix superoxide released at complex I (13). In
contrast, our EPR spin trap, DMPO, detects superoxide directly after efflux outward from
mitochondria. Superoxide produced in this way should largely derive from the Q cycle at
complex III (13). Since DMPO will not easily penetrate mitochondria and because matrix
superoxide is rapidly converted to H2O2, our spin trap should not detect superoxide released
to the matrix from either complex III or complex I. To further document the site specificity of
our ROS detection methods, we have carried out these studies in the presence or absence of
ETS inhibitors (7;8).

Mitochondrial respiration and membrane potential
Respiration and mitochondrial inner membrane potential were determined simultaneously as
we previously described (7;14). Potential was calculated using the Nernst equation based on
the distribution (inside and external to the mitochondrial matrix), of the lipophilic cation
tetraphenylphosphonium (TPP+). The proton leak was assessed in succinate fueled
mitochondria as the kinetic relationship of H+ transfer to mitochondrial membrane potential.
Mitochondria were incubated in ionic respiratory buffer with 5 μM rotenone to inhibit electron
entry at Complex I, and 0.1 μM nigericin to abolish the ΔpH (15) across the mitochondrial
membrane, as previously described (14). Under these conditions, H+ transfer is proton leak
dependent and follows a 6:1 stoichiometry (H+/O) with oxygen consumed (16). Malonate was
added in incremental amounts to final concentrations ranging from 0.5 to 6.0 mM to inhibit
succinate dehydrogenase, creating a range of membrane potentials. For any value of hydrogen
transfer and membrane potential, proton conductance is given by the product (nmol H/min/
mg/mV). To calculate membrane potential, it is necessary to include a value for mitochondrial
matrix volume. We used a value of 1.35 μl for gastrocnemius and heart and 1.8 for BAT
mitochondria based on past studies in our laboratory (8;14). We found that this value did not
differ between normal and STZ-diabetic or between normal and HF-fed rodents (8;14). We
used a value of 1.0 for liver based on past reports (17). We assumed a TPP+ binding correction
of 0.25 based on literature values (18-20) as there is no reason to suspect these should differ
between the treatment conditions we examined. Importantly, due to the exponential nature of
the Nernst equation, differences in matrix volumes and binding corrections actually have very
little effect on calculated potential.

Immunoblotting
Mitochondrial proteins were separated on 12.5% polyacrylamide gels for immunoblotting as
we previously described (12;14). Primary antibody incubation conditions for UCP3 were
0.2μg/ml overnight at 4°C in TTBS (tris buffered saline, pH 7.6 with 1ml/L TWEEN 20)/BSA;
for ANT-1, 1:250 overnight at 4°C in TTBS/BSA; for manganese superoxide dismutase
(MnSOD), 1:2500 overnight at 4°C in TTBS/BSA; and for glutathione peroxidase (GPX),
1:2500 overnight at 4°C in TTBS/BSA. Secondary antibody conditions for UCP3, MnSOD
and GPX consisted of goat anti-rabbit IgG-HRP, 1:20,000 for 1h at room temperature in TTBS/
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milk and for ANT-1, donkey anti-goat IgG-HRP, 1:20,000 for 1h at room temperature in TTBS/
milk. Densitometry data were normalized to pooled controls included in duplicate on each blot.

Primary antibody specificity was confirmed by signal ablation by competing peptide (UCP3),
expected relative tissue distribution (UCP3, ANT1, and GPX), strong signal generation at the
expected kD by adenoviral overexpression (UCP3, MnSOD), and lack of cross reactivity with
UCP2 (UCP3) (12).

Plasma insulin
Insulin concentrations were determined on plasma removed from the left ventricle upon
euthanasia by radioimmunoassay for rat insulin (Linco Research, Inc., St. Charles, MO).

Statistics
Differences between groups were determined by one way ANOVA or by two-factor ANOVA
with factors consisting of diet (high-fat or normal-fat) and glycemic status (streptozotocin
treatment to impair islet function or vehicle control).

Results
Early or prediabetes model

Table 1 lists the characteristics of the four groups of rats. Two rats in the HF-STZ group and
one rat in the NF-STZ group died during over the course of the diet exposures leaving the final
numbers as indicated. As expected, the HF-fed rats gained more weight. Both HF feeding and
low dose STZ significantly increased circulating glucose. Although insulin concentrations
trended to be higher in the HF groups the differences were not significant. However, the insulin
× glucose product, which is directly proportional to the HOMA measure of insulin resistance
as used in humans (21), was significantly increased by HF feeding.

Superoxide production indirectly assessed as H2O2
Superoxide production indirectly assessed as H2O2, by mitochondria respiring on succinate
was significantly decreased in muscle and unchanged in heart (p = 0.06) and liver by high-fat
feeding and unaffected by mild hyperglycemia (STZ) (figures 1A, 1E, 1I). Superoxide
production assessed in this way in muscle and heart mitochondria is largely through reverse
electron transport to complex I (22) as evident by marked inhibition in the presence of rotenone
(figures 1B and 1F). Superoxide production was unchanged by high-fat or mild hyperglycemia
in muscle and heart mitochondria respiring on the complex I fuels glutamate and malate (figures
1C and 1G) but reduced by HF feeding in liver mitochondria (figure 1K). Rotenone increased
superoxide during respiration on the complex I fuels (figures 1D, 1H, 1L) consistent with the
known effect of rotenone to block reduction of the semiquinone generated by electron transfer
to coenzyme Q in complex I (7; 22; 23).

Superoxide production by EPR spectroscopy
Figure 2 illustrates representative spectral signals (panels A and B) and quantitative data (panel
C) depicting superoxide released from gastrocnemius mitochondria of normal male Sprague-
Dawley rats respiring on succinate and detected by EPR. Superoxide detected in this way was
not affected by rotenone, which inhibits complex I; decreased by stigmatellin, which blocks
electron entry into complex III; and markedly increased by antimycin, which blocks
semiquinone reduction in the Q-cycle of complex III. Spectral signals were abolished by
MnSOD demonstrating specificity for superoxide. Very similar findings were observed for
heart and liver mitochondria (not shown). In contrast to the complete lack of effect of rotenone
on superoxide detected by EPR, H2O2 production by muscle mitochondria respiring on
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succinate detected by fluorescence was markedly reduced by rotenone (figure 1, panels A, B,
E, and F).

Superoxide measured by EPR was decreased in gastrocnemius mitochondria and not
significantly changed in heart or liver mitochondria by HF feeding and not affected by mild
hyperglycemia (figures 2D, 2E, 2F).

Respiration and potential
Table 2 depicts mitochondrial respiration, membrane potential, and calculated proton
conductance in mitochondria of muscle, heart, and BAT in the uninhibited state (no added
malonate). HF feeding increased respiration by BAT mitochondria, but had no significant
effects on gastrocnemius, heart, or liver mitochondria.

As assessed by the kinetic curves relating respiration to potential (figure 3, panels A-C), we
observed essentially no differences in respiratory coupling of gastrocnemius, heart, or liver
mitochondria isolated from rats in any of the treatment groups. For contrast and as a positive
control to document the validity of our methods, we also examined respiration and potential
in BAT mitochondria where uncoupling under conditions of HF feeding is expected (14). As
expected, HF feeding resulted in a shift in the kinetic curves upwards and to the left (figure 3,
panel D) consistent with enhanced proton leak activity. We also observed significant
differences in proton conductance at most malonate concentrations for BAT mitochondria
(figure 3, panel H) but not for gastrocnemius, heart, or liver mitochondria (figure 3, panels
EG). Low dose STZ treatment did not affect proton conductance by mitochondria from any
tissue.

Uncoupling and antioxidant protein expression
We observed a significant upregulation of UCP3 in muscle mitochondria isolated from the HF
groups compared to NF. STZ had no effect on UCP3 expression. We observed no differences
in the expression of ANT1, another mitochondrial protein with uncoupling capacity, and no
differences in MnSOD or GPX.

Discussion
The model we studied incorporated weight gain generated by high-fat intake with an imposed
β-cell defect due to low dose STZ. For cells aside from pancreatic β-cells, this model is closer
to human diabetes than genetic rodent models; especially those with defects in leptin or the
leptin receptor wherein mitochondrial function would be severely impacted by the gene defect.
This model has been characterized by Zhang, et. al. (24) who fed Sprague-Dawley rats with
or without high-fat intake for two months followed by STZ 15 mg/kg. In these authors' hands,
this resulted in substantial hyperglycemia averaging 16.9 mM two months after STZ compared
to 5.2 mM in normal controls. In our work, we observed a significant but much smaller increase
in glucose in spite of three injections of low dose STZ. We are not sure why our results differed
in this way but we think it likely that the Sprague-Dawley rats we purchased may have been
derived from different recent ancestry.

Thus, our HF-low dose STZ model resembled the human prediabetes condition, defined as a
fasting glucose between 5.6 and 6.9 mg/100 ml (25). Individuals with prediabetes have a high
incidence of progression to overt diabetes. Although the mean blood glucose in our high-fat/
STZ group was 5.5 ± 4 (thus, not quite 5.6 mg/dl), that value was significantly increased.
Moreover, rat glucose by reagent strip may not be equivalent to human plasma glucose. Further,
the normal-fat, vehicle group had an average glucose of 4.6 ± 0.1, which is lower than the mean
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adult human male fasting glucose; which was reported to be 4.9 ± 0.1 in the middle quintile
among 13,163 healthy men age 26-45 years (26).

Mitochondrial dysfunction (27) and/or decreased density per unit muscle tissue (28) are
considered important in the pathogenesis of insulin resistance and, thus, type 2 diabetes. Insulin
resistance is likely the consequence of increased fatty acid flux to insulin sensitive tissues
leading to intracellular fat accumulation and excess ROS production; both of which activate
serine kinases which disrupt insulin signaling (3). Moreover, ongoing superoxide production
favors lipid peroxidation and oxidized proteins (29;30) potentially creating a vicious cycle
wherein superoxide production impairs mitochondrial function leading to oxidative damage,
further inability to oxidize fat, worsening insulin resistance, and consequent progressive
worsening of diabetes.

Given these considerations a largely unanswered question arises; that is, whether mitochondria
of insulin sensitive tissues, independent of the in vivo milieu, are altered early in the course of
insulin resistance and diabetes in a way leading to intrinsic overproduction of superoxide. If
so, then superoxide could be primarily causative of insulin resistance or manifest as an early
defect contributing to progression. However, within the confines of our model, our results show
that this is not the case. In fact, matrix and external superoxide production by gastrocnemius
mitochondria respiring on succinate and matrix superoxide production by liver mitochondria
respiring on glutamate plus malate, isolated from the HF and HF-STZ groups, were decreased;
an effect attributed to HF-feeding when analyzed by 2-factor ANOVA. Hence, our results show
that heart, skeletal muscle, and liver mitochondria of insulin resistant HF and HF-STZ treated
rats are not intrinsically altered or programmed towards excess superoxide production.
Therefore, if superoxide induces mitochondrial damage and/or cellular insulin resistance, that
effect would depend on the high substrate flux imposed upon mitochondria in vivo rather than
upon altered mitochondria per se. This concept has important implications suggesting that
efforts to mitigate worsening diabetes by protecting cells from oxidative damage might be best
directed at substrate flux rather than mitochondrial abnormalities per se.

There is little other information regarding the intrinsic release of mitochondrial superoxide in
insulin resistant/mildly hyperglycemic rodents or humans. Boudina et. al. (31) reported an
increase in ROS production assessed as H2O2 release (similar to our DHPA method) by heart
mitochondria isolated within permeabilized muscle fibers isolated from insulin resistant, obese,
and leptin receptor deficient db/db mice. Hence these findings differ from our observations.
However, that model was far different form ours consisting of extreme obesity associated with
leptin deficiency and diabetes, a condition associated with severe lipid accumulation and
cardiac steatosis; so not typical of early diabetes. Our current findings are similar to what this
group reported for superoxide production by heart mitochondria isolated from an insulin
deficient type 1 model, the Akita mouse (32), and to our past findings for streptozotocin diabetic
rats (33); that is no intrinsic mitochondrial increase in superoxide production.

Anderson et. al. (34) recently reported that superoxide production (measured as H2O2 release
by DHPA fluorescence) was increased in permeabilized muscle fibers from three week HF-
fed rats or morbidly obese humans compared normally fed rodents or lean humans. Hence,
these results differ from ours. We are not sure of the reasons for this difference. Conceivably
isolated mitochondria differ in intrinsic properties from permeabilized muscle fibers. However,
as in isolated mitochondria, the in vitro milieu surrounding the mitochondria within the
permeabilized fibers is determined by the incubation medium and not by the usual intracellular
fluid.

Our results are compatible with findings of Bonnard, et. al (35) who found that 16 weeks of a
high-fat, high-sucrose diet administered to mice led to oxidative damage and mitochondrial
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respiratory dysfunction, preventable with antioxidant therapy. However, these changes were
not evident at 4 weeks of the diet even though the mice did become glucose intolerant. These
studies assessed markers of oxidative stress and not ROS production, but agree with our
findings that early changes in glucose metabolism did not increase superoxide.

The methods we used for superoxide production were both robust and rigorous and assessed
both matrix and external release of the radical thereby adding mechanistic information.
H2O2 production was linear over the time period analyzed and care was taken to avoid
measuring non-specific fluorescence (see methods). The EPR technique is highly specific and
completely blocked by SOD. Figure 5 schematically depicts our representation of the effects
of substrates and inhibitors on superoxide production as detected by fluorescence and EPR.
The diagram is based on the considerations discussed under methods (“site specificity of
superoxide production”) and supported by the rotenone, stigmatellin, and antimycin A effects
shown in figures 1 and 2. These events are similar to what we described in past studies of
bovine aortic endothelial cell mitochondria (7). Thus, DHPA fluorescence and EPR detect
superoxide produced in different fashion; the former representing matrix superoxide released
largely from complex I and the latter detecting superoxide released externally, largely from
complex III. Although, it is hard to claim that either of these two methods as entirely specific
for superoxide at any particular site, when used together these methods impart a degree of
specificity, at least relative to each other.

Inspection of figures 1 and 2 shows that liver superoxide production clearly differed from
muscle and heart in several ways. First, on a quantitative basis, liver mitochondria released
less overall superoxide both to the matrix and externally; consistent with a lower rate of
respiration (table 2). Second, the extent of superoxide production by reverse transport (rotenone
inhibitable) relative to forward transport on the complex II substrate, succinate, was far less
for liver mitochondria (compare figure 1 panels B, F, and J to the adjacent left panels for each
tissue). Third, liver mitochondria generated roughly equivalent portions of matrix superoxide
on complex I or complex II substrates whereas muscle and heart generated more superoxide
on the complex II substrate (figure 1, compare panels A, E, and I to C, G, and K). Hence, the
molecular redox mechanisms regulating mitochondrial superoxide differ considerable for liver
compared to muscle and fat. We cannot explain why this should be the case except to point
out the obvious functional differences between liver, which packages, stores, and releases
nutrients and muscle and heart which predominantly oxidize available substrates.

The extent of mitochondrial superoxide is dependent on respiration and mitigated (at any level
of respiration) by mild reduction in membrane potential referred to as “mild uncoupling” (9).
We did find a marked increase in UCP3 expression, as we and others observed in the past in
studies of mice fed HF (14;35). The mechanism(s) underlying this increase in UCP3 is not
clear but it is postulated to be adaptive possibly to increase the mitochondrial export of
potentially toxic lipids and lipid peroxides (36) or to represent a means of protection form
oxidative stress through reduction in membrane potential induced by “mild uncoupling” (9).

However, in spite of the increase in UCP3, we observed no shift in proton leak kinetics. This
lack of change in leak kinetics was not unexpected and, in fact, has been reported before when
mitochondria were isolated from muscle tissue under conditions where UCP3 expression is
upregulated. In addition to HF feeding (14), these conditions include other states of high fatty
acid flux to mitochondria such as fasting (37), lipopolysaccharide-induced free fatty acid
release (38), and severe STZ diabetes with insulin deficiency (8). Why this occurs is not clear
but it is possible that the lack of UCP3 activated uncoupling ex vivo results from the absence
of activation by superoxide. As above, superoxide was reduced under the conditions used to
assess respiratory uncoupling (state 4 respiration in mitochondria fueled by succinate).

Herlein et al. Page 8

Metabolism. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Another reason we may not have observed a change in leak kinetics of the HF-fed rats may be
that uncoupling was assessed in muscle mitochondria respiring on succinate in the presence of
rotenone, as is commonly employed, to drive electrons forward from complex II rather than
back to complex I through reverse transport. This has the advantage of maintaining a
stoichiometric relationship between oxygen consumption and hydrogen transfer. However,
reverse transport generates considerable matrix superoxide which has been shown to be a
cofactor for activation of UCP3 mediated mitochondrial uncoupling (39). Matrix superoxide
might still arise form complex III which is believed to release electrons both to the matrix and
externally. However, it is possible that under the conditions of our assay matrix superoxide
was not adequate for induction of uncoupling activity.

Our results beg the question of why gastrocnemius mitochondrial superoxide was actually
reduced in our ex vivo mitochondrial incubations. Unfortunately our data do not answer this
question. This did not result from decreased respiration or potential as evident from the data
in table 2 or from detectable alterations in MnSOD or GPx (figure 4). Liver mitochondrial
matrix superoxide was also reduced by HF feeding (figure 1) but only on complex I substrates.

There are limitations to the current work. We do not exclude the possibility that increased
mitochondrial superoxide might manifest under conditions of HF and/or mild hyperglycemia
in the in vivo environment. Thus, we only looked for intrinsic mitochondrial changes that
manifest impendent of the intracellular milieu. Second, there are limitations to the model
employed. Although, we created physiologic conditions in normal rodents that mimic
prediabetes, we did not mimic the genetic background of the disorder. So it is possible that
genetic susceptibility to diabetes might somehow be required for early changes in
mitochondrial superoxide production. On the other, diabetes is felt to be multi-genetic so a
specific defect leading to increased mitochondrial superoxide would not likely account for all
or most cases of type 2 diabetes. We were not able to measure UCP2 expression in our studies
since the level of detectability was too low for immunoblotting. However, we have carried out
past quantitative studies measuring UCP3 and UCP2 in molar amounts using purified UCP2
and UCP3 standards expressed in inclusion bodies (11;14). We have never been able to observe
more than borderline detectable amounts of UCP2 in muscle and essentially none in liver.
Based on personal communications this is the experience of other investigators as well.

In summary, superoxide production by isolated liver, heart, or gastrocnemius mitochondria of
HF-fed rats is unchanged or decreased compared to NF-fed rats. Induction of mild
hyperglycemia does not affect superoxide production assessed in this way. These findings are
important since they imply that mitochondria of insulin sensitive tissues subject to mildly
impaired insulin secretion and insulin action; i.e. conditions that mimic the pathophysiology
of pre- or early diabetes, are not intrinsically altered towards overproduction of superoxide.
Therefore, if mitochondrial superoxide contributes to the early progression of diabetes, the
process either depends on the intracellular milieu or requires genetic or other factors not
manifest in our model. Our data also highlight marked differences in the redox mechanisms
controlling liver mitochondrial superoxide compared to muscle and heart.
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Figure 1.
H2O2 release from gastrocnemius (A-D), heart (E-H), and liver (I-L) mitochondria isolated
from rats exposed to high-fat (HF, dark stippled bars) or normal-fat (NF, light stippled bars)
feeding either treated (STZ) or untreated (Veh) with STZ. Mitochondria were fueled with the
substrate indicated with or without rotenone. Data were analyzed by 2-factor ANOVA with
Bonferroni post-tests. Factors were diet (HF or LF) and STZ (Veh or STZ). Values represent
mean ± SEM, n = 8-11 rats per group. p values indicate effect of diet. Other values for diet
effect, STZ effect, or interaction were non-significant. Substrate concentrations were 5 mM
glutamate + 1 mM malate (glut + mal) and 5 mM succinate (succ). 5 μM rotenone (rot) was
added as indicated. * p < 0.01 compared to STZ group. p values above panels represent
significance of diet factor.
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Figure 2.
Superoxide production by mitochondria fueled by 5 mM succinate as detected by EPR
spectroscopy. Panel A: Representative spectrum generated by gastrocnemius muscle of a NF,
vehicle-treated rat generated using the spin trap DMPO which is specific for superoxide or the
hydroxyl radical. Panel B. Spectrum generated as in panel A in the presence of 200 μg/ml
manganese superoxide dismutase (MnSOD) demonstrating specificity for superoxide. Panel
C: EPR signal strength (mean ± SEM) normalized to the vehicle condition (n = 3 repetitions,
* p < 0.05, ** p < 0.01, by one-way ANOVA). Additions consisted of 5 μM rotenone, 80 nM
stigmatellin, 200 μg/ml manganese superoxide dismutase (SOD), or 1 μM antimycin A. Panels
D and F: Quantitative assessment of superoxide release (mean ± SEM) from gastrocnemius
(gastroc), heart, and liver mitochondria isolated from rats exposed to high-fat (HF) or normal-
fat (NF) feeding either treated (STZ) or untreated (Veh) with STZ. * p < 0.05, ** p < 0.01
compared to NF condition, n=7-11 rats per group. Data were analyzed by 2-factor ANOVA
with Bonferroni post-tests. Factors were diet (HF or LF) and STZ (Veh or STZ). For
gastrocnemius mitochondria, the effect of diet was significant at p = 0.0002 with no significant
effects for diabetes or interaction. Diabetes, diet, and interaction had no significant effects for
heart or liver mitochondria.
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Figure 3.
Assessment of the mitochondrial proton leak. Panels A-D: Kinetics of the proton leak in
mitochondria isolated from gastrocnemius muscle, heart, liver, or brown adipose tissue (BAT)
according to diet and glycemic status. Data points represent mean ± SEM for both respiration
(proportional to hydrogen transfer) and membrane potential. Data were analyzed by comparing
the proton conductance at the midpoint for individual curves. Analysis was carried out by 2-
factor ANOVA (diet and glycemic status). Glycemic state had no significant effect for
mitochondria of any tissue and there were no significant differences by diet for gastrocnemius,
heart, or liver mitochondria. Panels E-H: Proton conductance of mitochondria isolated from
the indicated tissues plotted as a function of the malonate concentration used to titrate potential
(generating curves A-D, respectively). *** p < 0.001, ** p < 0.01, * p < 0.05 by 2-factor
ANOVA for HF compared to NF at each malonate concentration. There was no effect of
glycemic state and no interaction. n = 8-11 rats per group. HF-VEH = high-fat, vehicle-treated;
HF-STZ = high-fat, STZ-treated; NF-VEH = normal-fat, vehicle-treated; NF-STZ= normal-
fat, STZ-treated.
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Figure 4.
Expression of proteins with uncoupling properties, UCP3 and ANT1, and the antioxidant
enzymes, MnSOD and GPX in mitochondria isolated from gastrocnemius muscle of normal-
fat-fed, vehicle-treated (NF-VEH); normal-fat-fed, STZ-treated (NF-STZ); high-fat-fed,
vehicle-treated (HF-VEH); and high-fat-fed, STZ-treated (HF-STZ) rats. Quantitative protein
expression data (arbitrary units) are shown for each protein with representative immunoblots
(below in corresponding order). Data were analyzed by 2-factor ANOVA with Bonferroni post-
tests. Factors were diet (HF or LF) and glycemic state (VEH or STZ). Values represent mean
± SEM, n = 5-11 per group. p value indicates effect of diet factor. Other significance levels for
diet or glycemic status and interaction were non-significant. * p < 0.05 compared to NF treated
condition at the same glycemic state.
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Figure 5.
Schematic diagram depicting forward (line arrows with e- symbol) or reverse (dashed line
arrow with e- symbol) electron transport, the action of substrates and inhibitors, and sites of
ROS production (dotted line arrows). Boxes represent complexes I, II, and III. X depicts sites
of inhibition by rotenone (ROT), stigmatellin (STIG), or antimycin A (ANT A).
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