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Abstract

Background: Mitochondrial dysfunction is purported as a
contributory mechanism underlying diabetic neuropathy,
but a defined role for damaged mitochondria in diabetic
nerves remains unclear, particularly in standard diabetes
models. Experiments here used a high-fat diet in attempt
to exacerbate the severity of diabetes and expedite the
time-course in which mitochondrial dysfunction may
occur. We hypothesized a high-fat diet in addition to
diabetes would increase stress on sensory neurons and
worsen mitochondrial dysfunction.

Methods: Oxidative phosphorylation proteins and
proteins associated with mitochondrial function were
quantified in lumbar dorsal root ganglia. Comparisons
were made between non-diabetic and streptozotocin-
induced (STZ) C57Bl/6 mice fed a standard or high-fat diet
for 8 weeks.

Results: Complex III subunit Core-2 and voltage
dependent anion channel were increased (by 36% and
28% respectively, p<0.05) in diabetic mice compared to
nondiabetic mice fed the standard diet. There were no
differences among groups in UCP2, PGC-1α, PGC-1β levels
or Akt, mTor, or AMPK activation. These data suggest
compensatory mitochondrial biogenesis occurs to offset
potential mitochondrial dysfunction after 8 weeks of STZ-
induced diabetes, but a high-fat diet does not alter these
parameters.

Conclusion: Our results indicate mitochondrial protein
changes early in STZ-induced diabetes. Interestingly, a
high-fat diet does not appear to affect mitochondrial
proteins in either nondiabetic or STZ- diabetic mice.
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Introduction
Mitochondrial dysfunction is purported as an etiological

factor involved in the pathogenesis of diabetic neuropathy, but
the contributions of mitochondrial dysfunction to diabetic
neuropathy remain debated [1-6]. Mitochondrial respiration,
spare respiratory capacity, mitochondrial enzyme activity, and
mitochondrial oxidative phosphorylation protein expression
are reduced in cultured dorsal root ganglia (DRG) from diabetic
animals [2,4,5,7]. In addition, cultured DRG neurons from
diabetic animals’ exhibit mitochondrial accumulation in axonal
swellings and altered mitochondrial fission-fusion equilibrium,
resulting in small mitochondria with ultra-structural
abnormalities [8-11]. Sensory neurons cultured in
hyperglycemic conditions also exhibit reduced mitochondrial
protein translation and decreased mitochondrial oxygen
consumption [12]. Importantly, the negative effects of

Research Article

iMedPub Journals
http://www.imedpub.com/

DOI: 10.21767/2171-6625.1000180

JOURNAL OF NEUROLOGY AND NEUROSCIENCE

ISSN 2171-6625
Vol.8 No.2:180

2017

© Copyright iMedPub | This article is available from: http://www.jneuro.com 1

http://www.imedpub.com/
http://www.jneuro.com


hyperglycemia are not restricted to just the sensory neurons in
the DRG. Schwann cells isolated from neonatal rats that were
cultured under hyperglycemic conditions [13] exhibited
reduced coupled mitochondrial respiration efficiency and
altered mitochondrial protein expression. Hyperglycemia-
induced perturbations in Schwann cells may additionally
contribute to sensory neuron dysfunction in diabetic animals
and humans.

Notably, treatment with ciliary neurotrophic factor
prevented indices of neuropathy including thermal hypoalgesia
and sensory and motor nerve conduction deficits in STZ-
induced diabetic mice while ciliary neurotrophic factor
exposure corrected mitochondrial respiration deficits in DRG
harvested from STZ-diabetic mice [4]. Together, these results
suggest mitochondrial damage and dysfunction may play a role
in the dying-back neurodegeneration that occurs in diabetic
neuropathy. Although diabetes has been shown to alter
mitochondrial function, evidence that mitochondria are
altered in diabetic models with significant characteristics of
neuropathy is lacking [1-3,6].

Studies discussed above demonstrated diabetes-induced
mitochondrial dysfunction, but the majority of these
observations were made in models of diabetic neuropathy that
lacked significant sensory-related behavioral or pathological
changes, or neuropathy was not characterized [1-3,6,9]. Thus,
further studies using models of diabetic neuropathy that
exhibit significant indices of neuropathy are needed to
understand the role of diabetes-induced mitochondrial
dysfunction in diabetic neuropathy.

The prevalence of obesity and physical inactivity continues
to increase and the influence of lifestyle-related metabolic
variables (i.e., diet and the lipid profile) is increasingly
important in terms of diabetic neuropathy risk in human
patients. According to the National Health and Nutrition
Examination Survey 1999-2002, 85.2% of individuals with
diagnosed diabetes were overweight or obese [14]. As the
prevalence of diabetes has risen significantly over the last
decade, it is likely the prevalence of overweight and obesity in
diabetic patients has also increased [15]. Although obesity is a
concomitant condition in the majority of diabetic patients,
rodent studies of diabetic neuropathy have typically been
conducted in lean animals fed a standard, low-fat diet.

To better emulate the human condition, we used a high-fat
diet in conjunction with diabetes to exacerbate mitochondrial
dysfunction and study neuropathy earlier in the diabetic
progression. Our previous data reveals that a high-fat diet fed
STZ-diabetic C57BL/6 mice altered the phenotype of neural
symptoms by inducing a mechanical hypersensitivity instead of
the mechanical insensitivity that normally develops in this
model of diabetic neuropathy [16]. Previous rodent studies
suggest changes in mitochondrial respiration and protein
expression are relatively slow, subtle, and do not occur until
later stages of diabetes, suggesting other factors in addition to
hyperglycemia may drive mitochondrial changes in the DRG
[2,5]. Thus, it is also important to characterize mitochondrial

function in this clinically relevant model with a robust
behavioral phenotype. Here, we examine mitochondrial
biochemical changes in the DRG as a potential mechanism
underlying high-fat diet induced neuropathy in non-diabetic
and STZ- diabetic mice.

Methods

Animals and diet
Animals were acquired and cared for in accordance with

guidelines published in the Guide for the Care and Use of
Laboratory Animals and the Guidelines on the Use of Animals
in Neuroscience Research from the Society for Neuroscience
[17,18]. All protocols and procedures were approved by the
University of Kansas Medical Center Animal Use and Care
Committee and efforts were made to minimize discomfort.

Seven week-old male C57Bl/6 mice were purchased from
Charles River (Wilmington, MS) and housed in the research
support facility at the University of Kansas Medical Center.
Animals were placed on 12:12h light/dark cycle with ad libitum
access to a standard or high-fat diet as described in previously
[16]. Mice were randomized to the following treatment
groups: non-diabetic standard diet (NdStd); non-diabetic high-
fat diet (NdHF); STZ-diabetic standard diet (DbStd); and STZ-
diabetic high-fat diet (DbHF).

Diabetes induction
Mice were fasted for 3 hours pre and post STZ or vehicle

injection. Diabetes was induced in eight week-old mice via a
single intraperitoneal STZ injection (180 mg/kg body weight;
Sigma-Aldrich, St. Louis, MO) in 10 mM sodium citrate buffer
(pH 4.5). A vehicle injection (400 µl of the sodium citrate
buffer) was administered to eight week-old non-diabetic mice.
Body weight and blood glucose monitored as described
previously [16].

Protein extraction
At the end of the 8 week intervention, mice were deeply

anesthetized via isofluorane inhalation and euthanized by
decapitation. The twelve lumbar DRG were dissected and snap
frozen in liquid nitrogen and stored at -80°C until prepared for
protein extraction. DRG were lysed by sonication in Cell
Extraction Buffer (Invitrogen) containing 55.55 μl/ml protease
inhibitor cocktail, 200 mM Na3VO4, and 200 mM NaF.
Following sonication, tissue lysates were kept on ice for 1 hour
and vortexed every 10 minutes. Samples were then
centrifuged at 10,000 g for 10 minutes at 40°C and total
protein concentration of the supernatant was measured using
the Bio-Rad protein assay based on the Bradford method (Bio-
Rad, Hercules, CA).
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Western blots
Samples were boiled at 95-100°C with Lane Marker

Reducing Sample Buffer (Thermo Scientific, Waltham, MA) for
3 minutes. Samples containing 25 µg of protein were
separated by electrophoresis (35 mA/gel, 0.75 hr, 40°C) on 4%
to 15% gradient tris-glycine polyacrylamide gels (Bio-Rad) and
transferred onto nitrocellulose membrane (400 mA, 1.5 hr,
40°C). Nitrocellulose membranes were blocked for 1 hour at
room temperature in blocking solution (5% bovine serum
albumin and 0.05% Tween-20 in 0.1 M phosphate buffered
saline [PBS, pH 7.4]) followed by overnight incubation (40°C) in
primary antibody diluted in blocking solution (1% bovine
serum albumin and 0.05% 0.1 M PBS [pH 7.4]). The following
primary antibodies were used to probe membranes: Total Ox
Phos Antibody Cocktail MS601 (1:200, Mito Sciences, Eugene
Oregon), total Akt (1:1,000, Cell Signaling), phospho (Ser473)
Akt (1:500, Cell Signaling), total mTor (1:500, Cell Signaling),
phospho-mTor (1:500, Cell Signaling), total AMPK (1: 1,000,
Abcam), phospho-AMPK (1:1,000, Abcam), PGC-1α (1:500,
Calbiochem), PGC-1β (1:1000, Abcam) Sirt1 (1:400, Abcam),
VDAC (1:1,000, Calbiochem), UCP2 (1:500, abcam) and actin
(1:10,000, Millipore).

After incubation in primary antibody, nitrocellulose
membranes were then washed in PBST (0.05% Tween-20 in 0.1
M phosphate buffered saline [pH 7.4]) and incubated for 1
hour at room temperature in anti-mouse or anti-rabbit IgG-
HRP secondary antibody (Santa Cruz, Santa Cruz, CA) diluted
1:5,000 in blocking solution. Bands were visualized by
enhanced chemiluminescence (ECL) using Supersignal West
(Femto or Pico) Substrate (Pierce, Rockford, IL) and detected
on X-ray film. Bands were quantified via densitometry using
NIH Image J software. In order to normalize band intensity to
total protein or determine phospho/total ratio for a specific
protein, nitrocellulose membranes were stripped using Restore
Plus Western Blot Stripping Buffer (Pierce, Rockford, IL), and
probed with actin primary antibody (Millipore, Billerica, MA)
or the total primary antibody corresponding to each phospho-
antibody. Bands were visualized and quantified as described
above.

β-hydroxybutyrate levels
Serum β-hydroxybutyrate levels were quantified to assess

ketosis levels. Blood was collected into Eppendorf tubes,
placed on ice to clot for 30 minutes, and centrifuged for 15
minutes at 3,000 x g. Serum was removed and stored at -80°C
until assayed with β-hydroxybutyrate kit (Pointe Scientific)
according to manufacturer’s directions.

Statistics
Data were analyzed using a two-factor analysis of variance

(ANOVA) with Fisher’s test of least square difference (LSD)
post-hoc comparisons. Pearson correlations using two-tailed P-
values were performed to assess the relationship between β-

HB levels and paw percent withdrawal. Statistical significance
was set at P<0.05 for all analyses reported in this manuscript.

Results

Body weight, glucose, and insulin
These metabolic data were reported in previously [16] and

are briefly summarized here. As expected in this type 1
diabetic model, DbStd weighed less than NdStd. DbHF mice
gained weight compared to DbStd who lost weight over the
course of 8 weeks (at wk 8 DbStd: 20.6 ± 0.5, DbHF: 25.2 ± 0.8
g). NdHF mice were on average, near 10 g heavier than NdStd
mice at week 8 of the study (NdStd: 27.8 ± 0.5, NdHF: 36.0 ±
0.6 g). DbStd mice consumed at least 2 times as many
kcals/day compared to all other groups. Despite increased
weight gain in NdHF and DbHF, daily energy intake was not
significantly increased compared to their counterparts fed the
standard diet.

Both DbStd and DbHF exhibited severe hyperglycemia, but
DbHF had significantly lower blood glucose levels than DbStd
throughout the duration of the study (at wk 8 DbStd: 486.9 ±
17.2, DbHF: 403.5 ± 13.3 mg/dl). Glucose levels in NdHF were
elevated compared to NDStd, suggesting a pre-diabetic state in
NdHF (at wk 8 NdStd: 122.3 ± 5.8, NdHF: 178.4 ± 14.5 mg/dl).
As expected in STZ-diabetic mice, insulin levels were
significantly lower in both DbStd and DbHF compared to NdStd
and NdHF, respectively. High-fat feeding induced
hyperinsulinemia in NdHF, providing additional evidence to
suggest that NdHF mice have disrupted insulin and glucose
homeostasis, consistent with pre-diabetes.

Sensorimotor behavior is altered by high-fat
feeding

Hindpaw sensitivity was assessed as described and reported
previously using the von Frey test for mechanical sensitivity
and is summarized below [16]. The percentage of positive
responses to repeated applications (6 per hindpaw) of a 1.4 g
von Frey monofilament was reported as percent paw
withdrawal. A decrease in percent paw withdrawal indicates a
reduction in hindpaw sensitivity whereas an increase in
percent paw withdrawal reflects an increase in paw sensitivity.
Percent paw withdrawal was analyzed using a two-factor
ANOVA with Fisher’s test of LSD post-hoc comparisons.

Our previous data reveals that a high-fat diet fed to STZ-
diabetic C57BL/6 mice strongly alters phenotype of neural
symptoms by inducing a robust mechanical hypersensitivity
associated with painful neuropathy) instead of the mechanical
insensitivity (insensate neuropathy) that normally develops in
this model [16]. In addition, NdHF mice develop mechanical
hypersensitivity. At week 8 of the study, percent paw
withdrawal was 56.0 ± 5.1% in NdStd while DbStd exhibited a
slight reduction in percent paw withdrawal (50.2 ± 5.4%),
which did not reach statistical significance in this particular
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cohort. In contrast, after 8 weeks of high-fat feeding, both
NdHF (75.3 ± 3.9%) and DbHF (73.0 ± 6.2%) mice had
significantly higher percent paw withdrawal compared to
NdStd (56.0 ± 5.1%) and DbStd (50.2 ± 5.4%), respectively. We
have not confirmed specific mechanisms that drive high-fat
diet-induced mechanical hypersensitivity, thus it is important
to examine the potential role of mitochondrial changes in this
novel, diet-induced behavioral phenotype.

Expression of proteins involved in
mitochondrial function

Western blots were performed on DRG and peripheral axon
lysates to determine if diabetes or high-fat feeding had an

effect on the expression of oxidative phosphorylation proteins
or other proteins that affect mitochondrial function or
biogenesis. Subunits of oxidative phosphorylation complexes I,
II, or V were not altered by diabetes or the high-fat diet
(Figures 1A-1B and 1D). Uncoupling protein 2 (UCP2)
expression was also not different among groups (Figure 2A). In
contrast, Complex III subunit Core-2 (Figure 1C) and voltage
dependent anion channel (Figure 2B, VDAC) were significantly
increased in DbStd compared to NdStd. A significant increase
in both of these proteins in DbStd vs. NdStd suggests diabetes
may stimulate mitochondrial biogenesis in face of impaired
basal mitochondrial respiration.

Figure 1 Expression of mitochondrial oxidative phosphorylation proteins in the lumbar dorsal root ganglia. Representative
images and quantification of subunits of mitochondrial oxidative phosphorylation complexes: A) Complex I, B) Complex II, C)
Complex III, and D) Complex V. Band intensities were normalized to actin. Data are presented as means ± SEM (n=8-10 mice
per group) *P<0.05.
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Figure 2 UCP2 and VDAC expression in the lumbar dorsal root ganglia. Representative images and quantification of group
means for UCP2 (A) and VDAC (B). Band intensities were normalized to actin. Data are presented as means ± SEM (n=8-10
mice per group). No significant differences among groups.

However, there were no significant differences among
groups in expression of peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α) or peroxisome
proliferator-activated receptor gamma coactivator 1-beta
(PGC-1β) which are transcriptional coactivators that regulate
mitochondrial biogenesis and function (Figures 3A and 3B).
Furthermore, there was no significant effect of diabetes or

high-fat feeding on activation of proteins indirectly involved in
mitochondrial biogenesis via PGC-1α activation or inhibition,
including NAD-dependent deacetylase sirtuin-1 (Sirt 1, Figure
3C), activated protein kinase B (phospho Akt, Figure 4A), or 5'
adenosine monophosphate-activated protein kinase (AMPK,
Figure 4C) Mammalian target of rapamycin (mTor) activation is
inhibited during nutrient starvation and its inhibition leads to
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autophagy. In addition, activated mTor plays an important role
in the PGC-1α complex that is essential for activating
mitochondrial DNA synthesis. Despite significant weight loss in

both STZ-diabetic groups, mTor activation was not altered in
DbStd or DbHF (Figure 4B).

Figure 3 Expression of proteins involved in mitochondrial biogenesis in the lumbar dorsal root ganglia. Representative images
and quantification of group means for PGC-1α (A), PGC-1β, and Sirt 1 (C). Band intensities were normalized to actin. Data are
presented as means ± SEM (n=8-10 mice per group). No significant differences among groups.

STZ-diabetic mice display significant
ketoacidosis

Diabetic mice can develop ketosis due to increased fatty
acid metabolism. Ketone bodies provide an alternative energy
source and can affect mitochondrial function. Therefore,
serum beta-hydroxybutyrate (β-HB) levels were quantified.
Circulating β-HB levels were significantly increased in both
DbStd and DbHF compared to their nondiabetic counterparts.
DbHF mice did not have significantly higher β-HB levels than
DbStd mice, but the lack of statistical significance was likely
due to high variability in the DbHF group (Figure 5). β-HB levels
were not higher in NdHF mice compared to NdStd (Figure 5).

The β-HB levels in both DbStd and DbHF were high enough to
indicate ketoacidosis and reduced blood pH, although these
cut off values are not defined in rodents [19]. Because
transient receptor potential cation channel subfamily V
member 1 (TRPV1), an ion channel that has been implicated in
chronic pain conditions [20], responds to a drop in pH or heat
[21,22], and high-fat fed mice exhibit mechanical
hypersensitivity, we examined the relationship between β-HB
levels and sensorimotor behavior after 8 weeks of diabetes
and/or high-fat feeding. There were no significant correlations
between β-HB levels and percent paw withdrawal (Figures
6A-6C), mechanical sensitivity) in the NdHF, DbStd, or DbHF
groups.
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Figure 4 Expression of proteins involved in signaling pathways that affect mitochondrial density in the lumbar dorsal root
ganglia. Representative images and quantification of group means for pAkt (A), pMtor (B), and pAmpK (C). Band intensities for
phosphorylated proteins were normalized to the total protein. Data are presented as means ± SEM (n=8-10 mice per group).
No significant differences among groups.

Discussion
Recent evidence suggests mitochondrial dysfunction may

play an important role in the pathogenesis underlying diabetic
neuropathy. Here, we report the effects of a high-fat diet on
proteins involved in mitochondrial function in the lumbar DRG
in nondiabetic and STZ-diabetic mice. All previous reports
documenting mitochondrial dysfunction in animal models of
diabetic neuropathy were performed on STZ-diabetic rodents
or genetically obese (db/db) mice, but have not incorporated a
high-fat diet [1-6,9].

Diabetes alters the mitochondrial proteome
VDAC and Complex III subunit Core-2 were increased in

DbStd compared to NdStd. Although additional analyses are

necessary to confirm whether these changes represent a
compensatory response to offset mitochondrial dysfunction,
increased Complex III subunit Core-2 and VDAC expression
suggest potential compensatory mitochondrial biogenesis may
occur to compensate for the deleterious effects of diabetes on
mitochondrial function.

Although it is not clear why some mitochondrial proteins
were increased in DbStd while other proteins were not altered
by diabetes, it is plausible to suggest that some proteins are
more responsive to hyperglycemia-induced damage than
others. In the hyperglycemic cell, increased glycolysis results in
increased electron donors to (NADH and FADH2, respectively)
to Complex I and Complex II. Complex III receives electrons
from Complex I and II via ubiquinol and these electrons are
subsequently passed to cytochrome C. Since Complex III
functions downstream of Complex I and II and is the gateway
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for electrons to be transported to cytochrome c and then to
oxygen, perhaps Complex III is selectively increased in
response to increased electron transport under hyperglycemic
conditions. Increased VDAC protein suggests an in total
mitochondrial mass. With increased mitochondrial biogenesis,
increased oxidative phosphorylation proteins is expected, but
is perhaps too subtle to be reflected in changes individual
oxidative phosphorylation subunits, as we have assessed here.

Increased VDAC and Complex III subunit Core-2 in DbStd fit
with the hypothesis that the mitochondrial biogenesis occurs
in response to hyperglycemia. Furthermore, if mitochondrial
protein changes in DbStd mice are primarily mediated by
hyperglycemia, DbHF mice may be protected from these
effects due to less severe hyperglycemia resulting from lower
dietary carbohydrate content compared to DbStd mice.

Figure 5 Serum β-hydroxybutyrate levels after 8 weeks of high-fat diet and/or diabetes. Data are presented as means ± SEM
(n=8-18 mice per group). **P<0.01, ***P<0.001.

Although previous studies have shown reduced
mitochondrial oxidative phosphorylation protein expression in
DRG from diabetic rodents [2,4,5,23], these studies were
longer in duration and performed in diabetic rats. Additional
analyses to visualize mitochondrial structure and number are
required to confirm mitochondrial biogenesis or morphological
changes, but these analyses were not performed in the current
study. Furthermore, neurons were not separated from
Schwann cells and it is possible that the changes are not
neuron specific and could be occurring in Schwann cells as
well.

Expression of proteins related to mitochondrial biogenesis
and mitochondrial function are not altered by diabetes or a
high-fat diet.

Diabetes and high-fat feeding are each purported to alter
expression of other proteins that play an important role in
mitochondrial function and/or mitochondrial biogenesis. In
the current study, neither diabetes nor the high-fat diet had an
effect on UCP2, PGC-1α, PGC1β, or Sirt 1 expression, or Akt,
AMPK, or mTor activation in the lumbar DRG. Increased UCP2
expression can result in increased proton leak into the
mitochondria and may contribute to increased leak dependent

respiration. Interestingly, reduced UCP3 expression has been
reported in DRG neurons from STZ-diabetic rats and in DRG
neurons cultured in hyperglycemic conditions [24]. In addition,
Vincent and UCP3 overexpression prevented hyperglycemia-
induced mitochondrial membrane hyperpolarization, reactive
oxygen species production, and apoptosis in cultured DRG
neurons [24]. Consequently, it has been suggested that
reduced uncoupling proteins may play a role in sensory neuron
injury that occurs in diabetic neuropathy [24]. In the current
study, UCP2 expression appeared to be slightly lower in both
DbStd and DbHF compared to NdStd and NDHF, but was not
statistically different. Although we did not have difficulty
measuring UCP2, Vincent and colleagues reported difficulty
detecting UCP2 in DRG neurons [24].

Although PGC-1α and PGC-1β protein levels were not
impacted by STZ-diabetes, the high-fat diet, or the STZ-
diabetes/high-fat diet combination, changes in mitochondrial
proteins (Complex III subunit Core-2 and VDAC) suggest
potential mitochondrial biogenesis in DbStd. Swerdlow et al.
[25] identified relationships between PGC-1α, Sirt 1, Akt, and
mTor with notable convergence on PGC-1α activation,
mitochondrial biogenesis, and autophagy.
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Figure 6 Correlations between serum β-hydroxybutyrate level and behavioral signs of neuropathy. Correlations between β-
hydroxybutyrate level and percent paw withdrawal, a measure of mechanical sensitivity in NdHF (A), DbStd (B), and DbHF (C).
NdHF and DbHF exhibit mechanical hypersensitivity (n=8-18 mice per group).

PGC-1α and PGC-1β belong to a family of transcription
coactivators that play a central role in the regulation of cellular
energy metabolism and participate in the coordinated
coactivation of metabolically relevant transcription factors to
stimulate mitochondrial biogenesis and fatty acid oxidation
[26]. AMPK is activated by phosphorylation when ATP is
depleted and among other functions, phosphorylated AMPK
activates PGC-1α [27]. The AMPK/ PGC-1α signaling axis is
decreased in hyperglycemia and recent evidence suggests
neuronal dysfunction in diabetic neuropathy is associated with
mitochondrial dysfunction due to impaired AMPK/ PGC-1α
signaling [27]. In the current study, there were no differences
among groups in PGC-1α and PGC-1β protein expression or
AMPK activation in the DRG. PGC-1α potentially increased
earlier in the time course of diabetes in order to trigger
compensatory mitochondrial biogenesis and perhaps returned
to normal levels by the time tissues were harvested after 8
weeks of diabetes. Posttranslational modification status of
PGC’s was not assessed in this analysis.

Sirt 1 deacetylates, and thereby activates PGC-1α and
indirectly stimulates mitochondrial biogenesis [28]. Sirt 1
expression and activity is reduced in liver and adipose tissue of
high-fat fed rodents [29]. Although Sirt-1 expression was
slightly reduced in the DRG of NdHF and DbHF mice in the
current study, these differences did not reach statistical
significance in this cohort of animals. If diabetes and high-fat
feeding were greater than 8 weeks in duration, significant
changes in Sirt-1 expression may have been apparent.

Insulin signaling, via downstream Akt activation, is
important for maintenance of mitochondrial function in
neurons [2,30] and insulin-stimulated Akt activation is blunted
in DRG neurons from STZ-diabetic mice [31]. In the current
study, NdHF and DbHF exhibited hyper-insulinemia and
hyperglycemia suggestive of insulin resistance, thus we
hypothesized impaired Akt activation in the DRG may
contribute to mechanical hypersensitivity observed in these
high-fat-fed mice. However, there were no significant
differences among groups in Akt activation in the DRG.
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Importantly, Grote and colleagues [31] assessed insulin-
stimulated Akt activation was while insulin stimulation was not
performed in the current study.

Nutrient starvation or reduced growth factor availability can
activate mTor and subsequently induce autophagy [32]. Akt is
upstream and positively regulates mTor while active AMPK
inhibits mTor. Because mTor is inhibited by oxidative stress and
mitochondrial dysfunction, it has been suggested that mTor
may be involved in the mechanism by which damaged
mitochondria induce autophagy [33,34]. However, in the
current study, there were no differences among groups in
phosphor-mTor expression, thus the high-fat diet, nor diabetes
impacted mTor activation.

Increased β-hydroxybutyrate levels do not
correlate with mechanical hypersensitivity

In the current study, both DbStd and DbHF groups exhibited
elevated serum β-HB levels, indicative of diabetic ketoacidosis.
Because blood pH is lowered in ketoacidosis [19] and TRPV1,
an ion channel that has been implicated in chronic pain states
responds to reductions in pH [20], we hypothesized increased
β-HB levels would correlate with mechanical hypersensitivity
in the NdHF and DbHF groups. However, β-HB levels were not
significantly increased in NdHF, nor was β-HB correlated with
mechanical hypersensitivity in either group.

Conclusion
In light of clinical evidence indicating that dyslipidemia is an

independent risk factor for the development of diabetic
neuropathy, this type 1 diabetic/high-fat combination is a
novel and clinically relevant model that is useful for studying
diabetic neuropathy. In the current study, diabetes increased
VDAC and Complex III subunit Core-2 expression in the lumbar
DRG in DbStd, but not DbHF mice. Taken together, these data
suggest compensatory mitochondrial biogenesis occurs after 8
weeks of STZ-induced diabetes and high-fat feeding does not
alter these parameters. These data are consistent with
previous studies that indicate mitochondrial dysfunction in
STZ-diabetic rodents [2,5], but additional experiments are
required to confirm mitochondrial dysfunction in the current
model. In addition, significant mitochondrial impairment may
also occur in axonal transport and trafficking, thus future
studies should investigate the effect of diabetes on
mitochondrial function in peripheral nerves responsible for
innervating the lower extremities.
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