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Mitochondrial degeneration is considered to play an important role in the development of diabetic peripheral
neuropathy in humans. Mitochondrial degeneration and the corresponding protein regulation associated with
the degeneration were studied in an animal model of diabetic neuropathy. PGC-1α and its-regulated transcrip-
tion factors including TFAM and NRF1, which are master regulators of mitochondrial biogenesis, are significantly
downregulated in streptozotocin diabetic dorsal root ganglion (DRG) neurons. Diabetic mice develop peripheral
neuropathy, loss of mitochondria, decreased mitochondrial DNA content and increased protein oxidation.
Importantly, this phenotype is exacerbated in PGC-1α (−/−) diabetic mice, which develop a more severe neu-
ropathy with reduced mitochondrial DNA and a further increase in protein oxidation. PGC-1α (−/−) diabetic
mice develop an increase in total cholesterol and triglycerides, and a decrease in TFAM and NRF1 protein levels.
Loss of PGC-1α causes severe mitochondrial degeneration with vacuolization in DRG neurons, coupled with
reduced state 3 and 4 respiration, reduced expression of oxidative stress response genes and an increase in
protein oxidation. In contrast, overexpression of PGC-1α in cultured adult mouse neurons prevents oxidative
stress associated with increased glucose levels. The study provides new insights into the role of PGC-1α in
mitochondrial regeneration in peripheral neurons and suggests that therapeutic modulation of PGC-1α function
may be an attractive approach for treatment of diabetic neuropathy.

Published by Elsevier Inc.
Introduction

Diabetes-induced-oxidative damage in neurons, axons, and Schwann
cells has beenproposed as a unifyingmechanism for diabetic neuropathy
(Anjaneyulu et al., 2008; Christianson et al., 2003; Coppey et al., 2006;
He et al., 2002; Ho et al., 2006; Kishi et al., 2002; Obrosova, 2002;
Obrosova et al., 2005; Russell et al., 2008; Sasaki et al., 1997; Song
et al., 2003; Vincent et al., 2004; Vincent et al., 2006; Yagihashi et al.,
2001). One mechanism for generation of oxidative stress is that an
increasedmetabolic influx intomitochondria (Mt) increases respiration
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and results in a high proton gradient, leading to increased production of
reactive oxygen species (ROS). Consistent with this notion, there is an
increase in Mt inner membrane depolarization and degeneration of
Mt in diabetic neuropathy (Huang et al., 2003; Kishi et al., 2002;
Russell et al., 2002; Vincent et al., 2004). These impaired Mt may be
rescued by the activation of Mt biogenesis or regeneration of new Mt.
Thus, activation of Mt biogenesis may be protective under conditions
where significant Mt degeneration is present.

Peroxisome proliferator-activated receptor-gamma co-activator 1α
(PGC-1α) is a transcriptional co-activator and a master regulator for
Mt biogenesis in many tissues including the nervous system (Lehman
et al., 2000; Lin et al., 2002; Puigserver et al., 1998; St Pierre et al.,
2006). PGC-1α is a promising target for therapy for neurological disease.
For example, the pan-PPAR agonist, bezafibrate, upregulates PGC-1α
and exerts beneficial effects in a transgenicmousemodel of Huntington's
disease (Johri et al., 2012). PGC-1α activates transcriptional factors such
as nuclear respiratory factor 1 (NRF1) and Mt transcription factor A
(TFAM), which in turn induce Mt respiration proteins and lead to repli-
cation of the Mt genome (Kelly and Scarpulla, 2004; Puigserver and
Spiegelman, 2003; Wu et al., 1999). PGC-1α has been mapped to
chromosome 4P15.1, a region associated with basal insulin levels in
Pima Indians that are at high risk of developing diabetes and diabetic
related complications (Esterbauer et al., 1999). Furthermore, common
polymorphisms of PGC-1α are associated with conversion from
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impaired glucose tolerance to diabetes (Andrulionyte et al., 2007). Thus,
it is likely that PGC-1α and its downstream signaling intermediates are
important in normal Mt regulation in diabetic subjects (Mootha et al.,
2003).

PGC-1α has been clearly demonstrated in human brain and other
neurons (Cowell et al., 2007; Cowell et al., 2009), and knockout of this
gene in mice is associated with CNS neurodegeneration that includes
the formation of large vacuoles in the neuropil and defects in energy
metabolism (Leone et al., 2005; Lin et al., 2004). However, despite
these findings in the CNS and other tissues, the roles of PGC-1α in Mt
biogenesis in the peripheral nervous system (PNS) and specifically in
diabetic neuropathy are completely unknown. Given the importance
of PGC-1α in regulating Mt function of CNS neurons and evidence of
downregulation of PGC-1α in diabetes,we sought to determinewhether
loss of PGC-1α by genetic ablation or diabetic stress causes peripheral
nervous system dysfunction and if overexpression of PGC-1α can
prevent oxidative injury. We hypothesize that impairment of PGC-1α
mediatedMt regulation could contribute to the pathogenesis of diabetic
neuropathy and that PGC-1α may serve as a target for treatment.

Material and methods

Animals

All animal procedures were approved by the Institutional Animal
Care and Use Committee of the University of Maryland at Baltimore.
Male C57Bl/6J mice (Jackson Laboratory, Bar Harbor, ME) were housed
in a certified animal care facility and fed standard chow (Harlan Teklad,
#7001,Madison,WI)with a 12-h light/dark cycle and free access to food
and water. At 3 months of age, hyperglycemia was induced via serial
intraperitoneal injections of streptozotocin (STZ) over 6 days and
were given sucrose water and small amounts of food throughout the
STZ treatment as follows: day 1—remove food for up to 6 h, day 2—
85 mg/kg STZ injection, day 3—70 mg/kg STZ, day 4—55 mg/kg STZ,
day 5—regular water and food, day 6—check glucose and give 55 mg/kg
more STZ to mice with serum glucose levels below 300 mg/dl. Mice
having blood glucose levels of 300 mg/dl (16.7 mM) or greater were
considered to be diabetic. Age-matched non-diabetic control male
mice were injected with vehicle instead of STZ. PGC-1α (+/+) mice
were tested at 1, 4 and 6 months after induction of diabetes. PGC-1α
(−/−) and WT controls were tested after 4 and 8 weeks of STZ
diabetes. In this experiment, there were 4 groups of mice at each time
point. Four week diabetic and control mice: PGC-1α (−/−) (n = 10),
PGC-1α (−/−) with diabetes (n = 14), PGC-1α (+/+) (n = 13),
PGC-1α (+/+) with diabetes (n = 14). Eight week diabetic and
control mice: PGC-1α (−/−) (n = 13), PGC-1α (−/−) with diabetes
(n = 13), PGC-1α (+/+) (n = 16), PGC-1α (+/+) with diabetes
(n = 16).

Evaluation of nerve conduction velocity and Von-Frey sensory testing

For nerve conduction studies, mice were anesthetized either with
ketamine 80–90 mg/kg, and Xylazine 5–10 mg/kg or isoflurane at
4–5% for induction and 1–2% formaintenance. Isofluranewas dispensed
from a precision vaporizer with charcoal scavenger. The animal was
provided with thermal support and warming lamps. Electrodes were
placed adjacent to the nerve to obtain near nerve recordings using a
60–80 mA square wave stimulus for 0.1–0.3 ms. Tail nerve conduction
studies were measured over a 4 cm distance from the base of the tail
(Vincent et al., 2007b) and sciatic nerve conductions were measured
similar to methods described in rat studies (Anjaneyulu et al., 2008;
Russell et al., 2008). Orthodromic tail compound muscle action poten-
tials (CMAP) were obtained by recording at the tip of the tail and
orthodromic sensory potentials by recording at the base of the tail.
Sensory responses were averaged until the sensory nerve action poten-
tial response was stable. In the hind limb, dorsal foot triphasic CMAP
responses were recorded with stimulation at the malleolus, and proxi-
mally in the sciatic notch. Tail and limb temperatures were maintained
between 32 and 33 °C. The onset latency and peak amplitude were
measured.

Mechanical allodyniawas assessed using Somedic von Freymonofil-
aments using the Semmes–Weinstein series (Somedic Sales AB).
Ordinal numbers above 4 were applied gently on the fat part of the
both plantar heels until the hair started to bend and maintained for
approximately 2 s. The threshold was defined as the minimal bending
force of the thinnest filament sensed by the mouse in an ascending
and descending series of applications. Animals were acclimatized at
least 2 days on the testing mesh floor before the final experiment. The
hair was applied only when the mouse was stationary and standing
on all four paws. A withdrawal response is considered valid only if the
hind paw is completely removed from the platform. A trial consisted
of application of a von Frey hair to the hind paw five times at 5 s
intervals or as soon as the hind paw was placed appropriately on the
platform. If withdrawal did not occur during five applications of a
particular hair, the next larger hair in the series was applied over
three successive trials. Second and third testing sessions were run for
each of the left and right hind paws.

Fiber morphometry

The L5 DRG from diabetic and control mice, at six months after
induction of STZ diabetes, was harvested from perfusion fixed animals,
post-fixed and semithin sections (0.5 microns thick) prepared as previ-
ously described (Russell et al., 1999). Sections were stained with 1%
toluidine blue and 1% sodium borate for approximately 30 s at 60 °C.
The nerve root sections were obtained as closely to the DRG capsule as
possible. Sections were evaluated under oil immersion (60× objective)
on an Olympus microscope. Ten randomly selected regions from each
fascicle were counted using a MetaMorph® Imaging System (Universal
Imaging Corporation, Downingtown, PA) and fiber density was deter-
mined as the number of fibers within the area of the measured region,
averaged over the whole fascicle. Myelin and axon area, myelin thick-
ness and g-ratio (defined as axon diameter/total fiber diameter) were
measured.

Quantitative real-time PCR measurement of Mt DNA and other genes

RNA and DNA were isolated from DRG samples using a standard
Invitrogenprotocol. The ratio ofmitochondrial DNA (mtDNA) to nuclear
DNA (nDNA) was determined using a quantitative PCR method. The Ct
(cycle threshold) values of mtDNA and nDNA were determined using
the protocol developed to quantify mtDNA and nDNA from small
samples (Andreasson et al., 2002; Anjaneyulu et al., 2008). We used
the Ct values to calculate the relative mtDNA copy number in DRG neu-
rons. Relative ratio of NADPH dehydrogenase subunit 1 (ND1, encoded
on theMt genome) over lipoprotein lipase (LPL, encoded on the nuclear
genome) was determined as described previously (Bogacka et al.,
2005). Primers for mouse ND1 and LPL (Applied Biosystems) sequences
were as follows. ND1 Primers: forward: CAGCCTGACCCATAGCCATAAT
AT, reverse: TGATTCTCCTTCTGTCAGGTCGAA, probe: CCCTAGCAGAAACA
AAC. LPL1 Primers: forward: GAGTGGTGCTCTCTGAATAAGGTT, reverse:
GAAAGAGGCAGTTCCATAGATGACA, probe: CCATGCAGGATTCATGC.

For other real-time PCR experiments, primers (Applied Biosystems)
assay IDs are:- PGC1α: Mm01208835_m1, NRF1: Mm01135609_m1,
TFAM: Mm00447485_m1, manganese superoxide dismutase (MnSOD/
SOD2): Mm00449726_m1, glutathione peroxidase (GPX1): Mm00656767-
g1. Individual genes were run against β-actin.

PGC-1α knockout (−/−) mice

Mice were generated as previously described (Leone et al., 2005).
Mice used in experiments have been backcrossed at least 7 times on
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to the C57Bl6/J WT strain to generate mice with N90% purity on this
background. Homozygous PGC-1α knock out (PGC-1α −/−) mice
were used in experiments. Sex- and age-matched or littermate controls
were used.

Skin biopsy

Staining for intraepidermal nerve fiber density (IENFD) and
measurement was performed as previously described (Anjaneyulu
et al., 2008; Lauria et al., 2005a). The mean intraepidermal nerve fibers
density (IENFD) and length were measured using standardized mea-
surement protocols and compared to controls (Lauria et al., 2005b).
IENFD was determined by the number of complete baseline crossings
of nervefibers at the dermo-epidermal junction divided by the calculated
length of the epidermal surface. In addition to the IENFD, the mean
dermal nerve fiber density (DNFD) was determined by measuring the
average number of fibers per mm in the dermal layer lying just below
the dermo-epidermal junction.

Western blot analysis and DNP derivatization

DRG neurons were homogenized in lysis buffer (50 mM Tris–HCl,
pH 7.4, 1% SDS, 1%Triton X-100, and 150 mM NaCl). Proteins (25 μg)
were derivatized and SDS-PAGE gels prepared as previously described
(Choi et al., 2002). Nitrocellulose membranes were probed with anti-
PGC-1α (provided by Dr. Daniel Kelly's lab, 1:15,000), anti-TFAM
(Novus Bio. CO, 1:16,000), anti-NRF1 (Santa Cruz Biotechnology, CA,
1:1000), anti-DNP (Molecular Probes, CA, 1:16,000), and anti-actin
antibodies (Chemicon, MA). Antibody binding was detected using the
SuperSignal chemiluminescence's kit (Pierce) and an Alpha Innotech
imaging system.

Mt morphometry using electron microscopy

L5 DRG neurons were embedded and 90 nm sections were used for
electron microscopy analysis as previously described (Russell et al.,
1999). Imaging of samples at 32,000 timesmagnificationwas performed
on a Philips CM-100 transmission electron microscope equipped with a
Kodak 1.6 Megaplus high-resolution digital camera. Mt were defined as
vacuolar structures in which a double membrane and cristae could be
clearly observed. Mt from ten adjacent sections were measured from
the L5 DRG of each animal andwere averaged across the individual sec-
tions and across all the sections for each mouse.

Mt oxygen consumption

Oxygen consumption was measured using a thermostatically-
controlled Clark-type O2 electrode (Hansatech Instruments, Norfolk,
England) as previously described (Schuh et al., 2005). Respiratory sub-
strates, 5 mM L-malate and 5 mM L-glutamate plus 1 mM MgCl2 and
0.8 mM ADP in potassium chloride buffer (37 °C) containing 125 mM
KCl ultrapure (J.T. Baker, Philipsburg, NJ), 20 mM Hepes, 2 mM K2HPO4,
and 0.01 mM EGTA (pH 7.0), were placed in the chamber. Isolated Mt
from mouse DRG were added to the chamber 2 min later and state 3
respiration was measured. Approximately 2 min later, state 3 was ter-
minated and state 4 respiration (resting)was initiatedwith the addition
of the ATP synthase inhibitor oligomycin (1.25 μg/ml). The maximal
rate of uncoupled respiration was subsequently measured by titration
with 54 nM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP).

Adult mouse neuron culture and measurement of oxidative stress and
cellular injury

DRG were collected from adult WT C57Bl/6J mice. DRG were placed
in Leibovitz's L-15 media, centrifuged to pellet, and 0.5 ml of Papain
(2 mg/ml in Hanks Balanced Solution) and 0.5 ml collagenase (2.5% in
sterile water, Worthington) were added and incubated for 30 min at
37 °C. After 30 min, 2 ml of FBS (Atlanta Biological)was added to inhibit
the enzymes, cells were centrifuged, and plating media was added
(DMEMwith high glucose, 4.5 g/l (Invitrogen), 10% FBS (Atlanta Biolog-
icals), 10% F-12 (Invitrogen). Dissociated neurons were resuspended
(0.5 ml) to ensure equal cell numbers in each well and were then
added to 24 well poly-ornithine (Sigma) coated plates. Cells were incu-
bated for 24 h with 5% CO2 at 37 °C. After 24 h, DRG plating media was
removed and replaced with DRG feedingmedia containing DMEMwith
1 g/l glucose (Lonza), B27 mediumwithout anti-oxidants (Invitrogen),
40 μM(final concentration) of 5-flouro-2′-deocyuridine (FUDR, Sigma),
2 mM (final concentration) of GlutaMAX (Invitrogen), and penicillin–
streptomycin–neomycin mixture (Invitrogen). After 24 h, DRG feeding
media was replaced with selenium-hydrocortisone-transferin-estradiol
(SHTE) media for 24 h. The final concentration of media components
was as follows: selenium 5.2 μg/ml, hydrocortisone 7.6 μg/ml (Sigma),
transferin 10 μg/ml (Sigma), estradiol 5.4 μg/ml (Sigma), FUDR (Sigma),
penicillin–streptomycin (Invitrogen). After 24 h in SHTE, cells were
infected with PGC-1α adenovirus (MOI 4000:1 virus), GFP adenovirus
(Ad.GFP) (MOI 4000:1) diluted in 150 μl of SHTE media. After a
90 minute incubation, 300 μl of SHTE media was added to each well.
After 24 h of viral infection, control cells were cultured in a total of
5.5 mM glucose and high glucose treated neurons in 25 mM glucose.
As a measure of oxidative stress, DCF was measured as previously
described (Berent-Spillson and Russell, 2007). Using similar conditions,
DRGneurons fromC57Bl/6Jmicewere cultured in normal glucose (total
of 5 mM) or high glucose (total 30 mM). DHE was used to assess real-
time formation of superoxide as previously described (Berent-Spillson
and Russell, 2007).

Cleaved caspase-3 and DAPI staining and measurement was com-
pleted as previously described (Berent-Spillson and Russell, 2007).
Cleaved caspase-3 (Asp175) antibody detects endogenous levels of the
large fragment (17/19 kDa) of activated caspase-3 resulting from
cleavage adjacent to Asp175.

Statistics

Comparison of dependent variables was performed on transformed
data using factorial analysis of variance (ANOVA), and individual
comparisons were made using students T-test, assuming unequal vari-
ances (Russell et al., 2002; Russell et al., 2008). Levels of significance
were determined from 2-tailed T-tests. An observer blinded to the
experimental condition made measurements. Bar graphs illustrate the
mean ± standard error of the mean.

Results

Nerve conduction andmorphometry in acute and chronically diabetic mice

To determine if therewas evidence of axonal degeneration in C57Bl/
6J (PGC-1α +/+) STZ diabetic mice associated with the biochemical
changes in the corresponding DRG, we assessed nerve conduction stud-
ies and nerve axonal morphometry in the L5 DRG sensory nerve roots
after 6months of STZ diabetes. Fasting glucose data at 1, 4 and 6 months
are indicated in Table 1. In 6-month diabetic mice, glycosylated
hemoglobin was significantly increased in diabetic mice, 13.40 ± 1.15%,
compared to non-diabetic mice, 4.71 ± 0.13%, indicating prolonged
hyperglycemia. Nerve conduction studies in diabetic compared to
non-diabetic animals over 6 months show a significant and progressive
difference in the sciaticmotor conduction velocity (Table 1). Importantly,
there are clear differences in nerve conduction studies even at 1 month.
The earliest time point that we were able to detect evidence of neurop-
athy after induction of diabetes with STZ, was at two weeks. The corre-
sponding sciatic nerve conduction velocity was 55.667 ± 3.20 m/s



Table 1
Glucose and nerve conduction changes in chronically diabetic C57Bl/6J mice.

Diabetes duration 1 month
n = 24

4 months
n = 18

6 months
n = 8

Fasting blood glucose (mg/dl) Non-diabetic 129.06 ± 2.19 133.00 ± 2.71 135.75 ± 7.24
Diabetic 444.7 ± 12.30# 411.61 ± 21.01# 500.67 ± 31.94#

Tail-motor
(latency, ms)

Non-diabetic 1.79 ± 0.03 2.26 ± 0.02 2.06 ± 0.02
Diabetic 1.95 ± 0.03⁎ 2.74 ± 0.11⁎⁎ 2.57 ± 0.12⁎⁎

Tail-sensory
(velocity, m/s)

Non-diabetic 30.7 ± 0.9 26.9 ± 0.7 29.2 ± 0.5
Diabetic 29.5 ± 0.7 23.2 ± 1.2⁎ 26.3 ± 0.7⁎⁎

Sciatic-motor
(velocity, m/s)

Non-diabetic 45.5 ± 2.2 55.0 ± 5.7 59.4 ± 7.5
Diabetic 38.4 ± 1.2⁎ 39.6 ± 1.4⁎ 42.6 ± 1.6⁎⁎

Data are expressed as mean ± SEM.
⁎ P b 0.05.
⁎⁎ P b 0.01 diabetic versus non-diabetic.
# P b 0.001 diabetic versus non-diabetic.
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in non-diabetic animals and 32.065 ± 4.18 m/s in diabetic mice
(P b 0.01).

For morphometry, about 100–150 axons were measured in each
animal (Table 2). Compared to non-diabetic mice, morphometry of
DRG nerve root in 6 month STZ diabetic mice indicated no statistically
significant difference in the mean fiber density (Table 2). However,
there was a significant decrease in the ratio of both small and large
fiber groups in diabetic mice (Fig. 1). Specifically, a significant reduction
in the ratio of the largest myelinated fibers (defined as those fibers with
a diameter N 10 μm, P = 0.02) and of small myelinated fibers (defined
as those fibers with a diameter b7 μm, P b 0.001), was observed in
chronically STZ diabetic mice after 6 months of diabetes.

Altered Mt regeneration in DRG neurons of diabetic mice

Todeterminewhether the observed diabetic neuropathy is associated
with altered Mt regeneration, we measured Mt density, Mt size, and
Mt DNA content in DRG neurons of WT PGC-1α (+/+) mice after
6 months of diabetes using electron microscopy and real-time PCR
methods. Five diabetic and five non-diabetic control mice were com-
pared, with 10 sections and approximately 80–140 Mt per animal by
using electron microscopy. There was a significant decrease in the
total number of Mt measured in each of the diabetic compared to the
control mice (Fig. 2A), while the mean size of Mt in diabetic compared
to control mice was significantly increased (Fig. 2B). To measure Mt
DNA copy number in DRG neurons, we used real-time PCR to obtain a
relative ratio of ND1 (a gene coded on the Mt genome) over LPL (a
gene coded on nuclear genome), an indicator for relative Mt DNA
copy number. The results showed a significant decrease in ND1 while
LPL remained stable, and there was a significant decrease in the ratio
of ND1 to LPL in the DRG neurons of diabetic compared with non-
diabetic mice at 6 months (Fig. 2C). A similar decrease in Mt DNA was
obtained from diabetic DRG at 4 months (data not shown, P b 0.05).

We determined if there was a decrease in Mt DNA content in DRG
from STZ diabetic mice at the earliest time point that we were able to
detect neuropathy (based on a decrease in the sciatic motor conduction
Table 2
Neuropathy after 6 months of diabetes in the adult C57Bl/6J mouse is characterized by loss of

Myelinated fiber counts Non-diabetic (n = 7)

Fiber density (/mm2) 12,888 ± 2300
Fascicular area (mm2) 1.199 ± 0.037 · 10−3

Axon area (μm2) 33.4 ± 6.41
Axon diameter (μm2) 5.47 ± 0.61
Myelin thickness (μm) 1.67 ± 0.09
g-Ratio 0.61 ± 0.03
Ratio of fibers N10 μm diam. 0.13

NS: not significant.
velocity). After 2 weeks of diabetes, the ND1/LPL ratio was 0.78 in
diabetic DRG when corrected to a non-diabetic control ratio of 1.0.

Characteristics of PGC-1α (+/+) and PGC-1α (−/−) in control and
diabetic mice

The body weight, blood glucose levels, and lipid levels are shown in
animal groups at 4 and 8 weeks after starting the experiment (Table 3).
Both PGC-1α (+/+) diabetic and PGC-1α (−/−) diabetic mice lost a
significant amount of weight. Fasting blood glucose and hemoglobin
A1C were significantly elevated and insulin was decreased in both
PGC-1α (+/+) diabetic and PGC-1α (−/−) diabetic mice but were
not significantly different between the diabetic groups. Hemoglobin
A1C and insulin levels were similar in PGC-1α (−/−) compared PGC-
1α (+/+) mice. However, total cholesterol and triglycerides were
significantly increased in PGC-1α (−/−) compared to PGC-1α (+/+)
animals, and in PGC-1α (−/−) diabetic vs. PGC-1α (+/+) diabetic
animals.

Diabetic and PGC-1α (−/−)mice have nerve conduction and sensory testing
evidence of neuropathy

Comparison of nerve conduction studies in PGC-1α (+/+) diabetic
and non-diabetic mice, and PGC-1α (−/−) diabetic and non-diabetic
mice after 4 and 8 weeks of diabetes are shown in Table 3. There was
slowing of tail and sciatic nerve conduction values in PGC-1α (+/+)
diabetic, PGC-1α (−/−) diabetic, and PGC-1α (−/−) non-diabetic
mice compared to PGC-1α (+/+)non-diabeticmice. Statistical compar-
isons between each of the columns for each of the conditions are shown
in Table 3: PGC-1α+/+WT (column 1), PGC-1α+/+diabetic (column
2), PGC-1α−/− knock out (column 3), PGC-1α−/− diabetes (column
4). In general, nerve conduction studies were worse in diabetic PGC-1α
(−/−) animals than WT PGC-1α (+/+) diabetic animals consistent
with the concept that PGC-1α knockout worsens neuropathy. Von-
Frey sensory testing at 8 weeks is shown in Fig. 3. Mechanical allodynia
was greater in PGC-1α (−/−) diabetic animals compared to PGC-1α
the largest myelinated fibers.

Diabetic (n = 5) Significance

11,548 ± 1600 NS
1.254 ± 0.075 · 10−3 NS
30.64 ± 3.53 NS
5.39 ± 0.38 NS
1.52 ± 0.08 NS
0.64 ± 0.01 NS
0.069 p = 0.02



Fig. 1.Myelinatedfibers are reduced in chronically diabeticmice. Fiber density histograms for non-diabetic (A) and diabetic (B) C57Bl/6Jmice (6 months of diabetes) showing that there is
a reduction in both larger myelinated fibers as indicated in Table 2, as well as smaller myelinated fibers.

Fig. 2. ReducedMt number andDNA inDRGneurons of chronically STZ diabeticmice comparedwith non-diabetic controls.Mt density (A) andMt size (B)were determined inmouse DRG
using electronmicroscopy. Data are expressed asmean ± SEM. n = 5. *P b 0.05 between non-diabetic anddiabeticmice. Formeasurement ofMt DNA content (C), total DNAwas isolated
from non-diabetic control and diabeticmice at 6 months and run for quantitative real-time PCR to obtain a relative ratio of ND1 (a gene coded on theMt genome) over LPL (a gene coded
on nuclear genome), an indicator for relativeMtDNA copy number. Data are normalized to controls and expressed asmean ± SEM. *P b 0.05 by t-test between non-diabetic and diabetic
mice. There is a decreased Mt density (A) and Mt DNA (C), and increased Mt size (B) in DRG neurons of diabetic mice compared with non-diabetic animals.
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Table 3
Metabolic and nerve conduction values in PGC1α +/+, PGC1α −/− non-diabetic and diabetic mice.

Non-diabetic vs 4 week diabetic animals

Significance

PGC-1α +/+ (1) PGC-1α +/+ DIAB (2) PGC-1α −/− (3) PGC-1α −/− DIAB (4) 1 vs 2 3 vs 4 1 vs 3 2 vs 4

n = 10 n = 13 n = 14 n = 14

Weight (grams) 28.70 + 0.70 25.60 + 0.60 31.90 + 1.30 24.91 + 0.70 b0.001 b0.001 b0.05 NS
Blood glucose (mg/dl) 154.20 + 10.20 500.50 + 37.10 114.50 + 5.60 443.90 + 35.50 b0.01 b0.001 b0.01 NS
Hemoglobin A1C(%) 5.83 + 0.50 11.41 + 0.73 5.78 + 0.13 11.04 + 0.52 b0.01 b0.01 NS NS
Insulin (μU/ml) 4.50 + 0.17 2.12 + 0.27 4.82 + 0.92 1.96 + 0.24 b0.01 b0.05 NS b0.01
Total cholesterol (mg/dl) 84.70 + 4.20 120.30 + 19.20 139.80 + 13.60 220.80 + 22.50 NS b0.05 b0.01 NS
Triglyceride (mg/dl) 58.00 + 8.40 133.20 + 20.90 112.00 + 11.40 176.30 + 55.50 b0.05 NS b0.01 NS
Sciatic MCV (ms−1) 52.20 + 3.00 41.80 + 2.40 47.70 + 2.60 39.10 + 1.60 b0.05 b0.01 b0.05 b0.05
Tail SL (ms) 1.06 + 0.01 1.12 + 0.02 1.14 + 0.02 1.19 + 0.02 b0.05 NS b0.01 b0.05
Tail ML (ms) 2.23 + 0.05 2.42 + 0.06 2.42 + 0.04 2.52 + 0.06 b0.05 NS b0.01 NS

Non-diabetic vs 8 week diabetic animals

Significance

PGC-1α +/+ (1) PGC-1α +/+ DIAB (2) PGC-1α −/− (3) PGC-1α −/− DIAB (4) 1 vs 2 3 vs 4 1 vs 3 2 vs 4

n = 13 n = 13 n = 16 n = 16

Weight (grams) 32.40 + 0.80 27.80 + 0.60 31.50 + 0.90 23.60 + 0.70 b0.001 b0.001 NS NS
Blood Glucose (mg/dl) 115.40 + 11.00 550.50 + 53.10 118.70 + 9.00 542.80 + 44.60 b0.001 b0.001 NS NS
Hemoglobin A1C(%) 6.45 + 0.15 2.93 + 0.68 3.44 + 0.73 2.00 + 0.00 b0.01 b0.05 NS NS
Insulin (μU/ml) 6.20 + 0.14 12.20 + 0.50 5.88 + 0.18 11.46 + 0.88 b0.01 b0.01 NS NS
Total cholesterol (mg/dl) 86.00 + 17.00 104.00 + 6.00 135.80 + 21.50 205.00 + 29.00 b0.05 b0.05 b0.01 b0.01
Triglyceride (mg/dl 45.50 + 7.50 55.30 + 9.00 75.80 + 6.40 169.00 + 12.50 NS b0.01 b0.05 b0.01
Sciatic MCV (ms−1) 49.10 + 1.70 43.30 + 1.90 45.30 + 1.70 38.10 + 2.10 b0.05 b0.05 b0.05 b0.05
Tail SL (ms) 1.04 + 0.01 1.11 + 0.02 1.15 + 0.02 1.22 + 0.03 b0.01 b0.05 b0.001 b0.01
Tail ML (ms) 2.13 + 0.03 2.35 + 0.04 2.36 + 0.05 2.56 + 0.07 b0.001 b0.05 b0.01 b0.05

MCV = motor conduction velocity, SL = sensory latency, ML = motor latency, NS = not significant.
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(+/+) diabetic mice, consistent with more severe neuropathy in PGC-
1α (−/−) diabetic compared to PGC-1α (+/+) diabetic mice. Because
of the high variance, this result was not statistically different.

Since a longer duration of diabetes causes a high mortality in PGC-
1α (−/−) mice, chronic neuropathy was assessed only in PGC-1α
(+/+)WT mice up to 6 months (Table 1).
Fig. 3. von Freymechanical allodynia in STZ diabetic and PGC-1α (−/−)mice.Mechanical
allodynia is increased in diabetic and PGC-1α (−/−) mice but this is not statistically
significant.
Intraepidermal nerve fiber innervation in diabetic and PGC-1α (−/−)mice

As shown in Fig. 4A, PGP 9.5-immunoreactive nerve fibers were
abundant in both the epidermis and dermis of PGC-1α (+/+) non-
diabetic control mice. In age-matched animals, 4 week diabetic PGC-
1α (+/+), PGC-1α (−/−) non-diabetic and 4 week diabetic PGC-1α
(−/−) mice showed a significant decrease in both epidermal and
dermal nerve fibers along their length compared with PGC-1α (+/+)
non-diabetic mice (Fig. 4A). The mean intraepidermal nerve fiber
density/mm (IENFD) was significantly decreased in PGC-1α (−/−)
non-diabetic and diabetic PGC-1α (−/−) and diabetic PGC-1α (+/+)
mice compared with PGC-1α (+/+) non-diabetic mice (P b 0.001,
Fig. 4B). The IENFD was further decreased in PGC-1α (−/−) diabetic
mice but this was not significantly different. The mean length (μm) of
the fibers in the epidermis was decreased in PGC-1α (+/+) diabetic
(8.57 ± 4.04) compared to PGC-1α (+/+) non-diabetic (66.67 ±
4.49) and PGC-1α (−/−) non-diabetic mice (P b 0.001). Although the
mean intraepidermal fiber length was reduced in PGC-1α (+/+)
diabetic (8.57 ± 4.04) compared to PGC-1α (−/−) diabetic (8.00 ±
3.31), this was not statistically significant. The fiber length was signifi-
cantly reduced in PGC-1α (−/−) diabetic compared to non-diabetic
PGC-1α (−/−) mice (15.00 ± 4.35) (P b 0.05). In contrast to the
IENFD, the DNFD/mm was less severely affected in diabetic animals,
thus allowing differences to be measured between PGC-1α (+/+)
and PGC-1α (−/−) mice. The DNFD was reduced in STZ diabetic PGC-
1α (+/+) (8.57 ± 1.37) compared to non-diabetic PGC-1α (+/+)
mice (12.73 ± 0.99, P b 0.05). Diabetes further reduced the DNFD
in PGC-1α (−/−) mice (3.64 ± 0.85, P b 0.01) compared to non-
diabetic PGC-1α (−/−) mice (6.5 ± 0.91, P b 0.05).

Changes in Mt DNA, Mt structure and function in PGC-1α (−/−) DRG

To determine if therewas a change inMt DNA in PGC-1α (−/−) and
diabetic mice, Mt DNA copy number was measured in DRG neurons
using quantitative real-time PCR to obtain a relative ratio of ND1 over
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Fig. 5. Reduced Mt DNA in DRG neurons of diabetic PGC-1α (+/+) and diabetic and
non-diabetic PGC-1α (−/−) mice compared with non-diabetic controls after 8 weeks of
diabetes. Mt DNA was determined as described in Fig. 2. Data are normalized to controls
and expressed as mean ± SEM. ***P b 0.001 between non-diabetic PGC-1α (+/+)
and diabetic mice PGC-1α (+/+) and between non-diabetic PGC-1α (−/−) and
non-diabetic PGC-1α (+/+) mice. #P b 0.001 between diabetic PGC-1α (−/−) and
non-diabetic PGC-1α (−/−) and ⊥P b 0.001 between diabetic PGC-1α (−/−) and
diabetic PGC-1α (+/+) mice. There was no significant difference between diabetic
PGC-1α (+/+) and non-diabetic PGC-1α (−/−) mice.

Fig. 4. Decreased intraepidermal nerve fiber density (IENFD) and dermal nerve fiber
density (DNFD) in STZ diabetic (4 weeks) and PGC-1α (−/−) mice. A. Microphotographs
are immunostained with anti-PGP 9.5 antibody in 50 μm cryocut paw skin sections.
Arrows indicate intraepidermal nerve fibers; arrowheads indicate dermal nerve fibers
(scale bar 30 μm). Note the marked reduction in IENFD in PGC-1α (+/+) diabetic,
PGC-1α (−/−) non-diabetic, and PGC-1α (−/−) diabetic mice as compared to PGC-1α
(+/+) non-diabetic mice. B. IENFD (number of intra epidermal nerve fibers per length
of epidermis) is significantly reduced in PGC-1α (+/+) diabetic, PGC-1α (−/−) non-
diabetic, and PGC-1α (−/−) diabetic mice as compared to PGC-1α (+/+) non-diabetic
mice. Data indicates the mean ± SEM. ***P b 0.001, as compared with PGC-1α (+/+)
non-diabetic mice.
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LPL. There is reduction in Mt DNA in PGC-1α (−/−) compared to
PGC-1α (+/+) mice (Fig. 5). Furthermore, STZ diabetes reduced the
Mt DNA copy number significantly in PGC-1α (+/+) mice and further
decreased theMtDNAcopy number in PGC-1α (−/−)mice (P b 0.001)
when compared to non-diabetic PGC-1α (−/−) and diabetic PGC-1α
(+/+) mice (Fig. 5).

Given the observations that PGC-1α deficiency results in the exacer-
bation of diabetic peripheral neuropathy and reduced Mt DNA, we
asked whether genetic loss of PGC-1α could in addition cause Mt
degeneration in DRG neurons. We therefore examined Mt morphology
using transmission electron microscopy (TEM) in DRG neurons of
PGC-1α (−/−) mice. Compared to PGC-1α (+/+) neurons where
the cristae and other Mt structures were normal, PGC-1α (−/−)
DRG Mt show increased autophagic vacuoles and empty vacuolar
structures (Fig. 6i) consistent with Mt degeneration. Similar changes
have been shown to occur in DRG from STZ diabetic rats (Russell et al.,
1999).

There is decreased respiratory function in Mt from PGC-1α (−/−)
compared to PGC-1α (+/+)neurons (Fig. 6ii). Phosphorylation capacity
was measured with excess substrate and ADP (State 3 respiration)
(Brand and Nicholls, 2011). Electron transport capacity was measured
in the presence of substrate and the uncoupler, FCCP. Mt phosphoryla-
tion capacity (state 3) and electron transport capacity (state 4),
measured by the consumption of oxygen, was higher in the PGC-1α
(+/+) neurons (P b 0.001). In addition, the respiratory control index
(RCI), an expression of how close the capacity of oxidative phosphory-
lation approaches the capacity for electron transport, has a ratio of ~1
indicating that the system is coupled and there is no respiration leak
in PGC-1α (−/−) DRG Mt.

Altered levels of protein expression related to Mt regeneration and
increased levels of protein oxidation in diabetic DRG neurons

Because different isoforms of PGC-1α have been described in
different tissues (Baar et al., 2002; Soyal et al., 2012), we determined
the main isoforms recognized by PGC-1α antibodies (Fig. 7). Immuno-
blot analysis with anti-PGC-1α antibodies revealed the presence of
two distinct isoforms of PGC-1α that have different molecular masses
(~91 and 35 kDa). These data confirm the presence of alternate iso-
forms of PGC-1α as previously described (Baar et al., 2002; Soyal et al.,
2012).

To determinewhether proteins regulatingMt regeneration including
PGC-1α, TFAM, or NRF1 are affected in diabetic neuropathy, we per-
formed quantitative Western blot analysis (Fig. 8). Compared to the
91 kDa isoform, the PGC-1α ~35 kDa isoform showed the greatest
measurable change in diabetic animals. The protein levels of ~35 kDa
PGC-1α were significantly decreased in diabetic compared with non-
diabetic DRG (Fig. 8). TFAM and NRF1 showed a significantly decreased
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Fig. 7.There are twopredominant PGC-1α isoforms inneurons: ~35 and~91 kDa isoforms.
The P-120 antibodywasdeveloped usingN-terminal aa 1–120 as epitope andwasused for
further experiments. The H-300 polyclonal antibody (Santa Cruz) was developed to the
N-terminal 1–300 aa. Both antibodies show prominent bands at ~35 and ~91 kDa (the
nuclear PGC-1α isoform).

Fig. 6. (i) DRGneurons in PGC-1α (−/−)mice showMtdamage and abundant autophagic
vacuoles. Representative electron micrographs of DRG neurons from PGC-1α (+/+)
(panels A and C) and PGC-1α (−/−) mice (panels B, D, E, and F). Panel A shows a normal
DRGneuron from aPGC-1α (+/+) animal. Arrowheads indicate an increase in autophagic
vacuoles containing electron dense material in PGC-1α (−/−) mice (B). Mt from PGC-1α
(+/+) mice showing normal cristae structures (C). In panel D, arrows indicate vacuolar
changes in theMt of PGC-1α (−/−)mice. Inpanels E and F,white arrows showautophagic
vacuoles and black arrows indicate empty vacuolar structures with double trilaminar
membranes likely representing terminal Mt degeneration. (ii) In isolated Mt from DRG
neurons from PGC-1α (−/−) mice there is reduced state 3 and 4 respiration consistent
with reduced respiratory function. Measurements were made using a Clark electrode.
Data is expressed as mean ± SEM. ***P b 0.001 between PGC-1α (−/−) compared to
PGC-1α (+/+) mice.
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protein expression in PGC-1α (−/−) diabetic, PGC-1α (−/−) non-
diabetic, and PGC-1α (+/+) diabetic mice compared to PGC-1α
(+/+) non-diabetic mice.

Protein carbonylation has been widely used as a biomarker of
oxidative damage to proteins that occurs in diabetes (Choi et al., 2002;
Martin-Gallan et al., 2003; Turk, 2009). There was a significant increase
in the total oxidized proteins in PGC-1α (−/−) diabetic and non-
diabetic mice, as well as PGC-1α (+/+) diabetic mice compared to
PGC-1α (+/+) non-diabetic mice (Fig. 8). Diabetes further increased
oxidative damage to proteins in DRG from PGC-1α (−/−) compared
to PGC-1α (+/+) mice.

To examine whether the observed alteration of Mt regeneration in
diabetes is correlatedwith expression of the genes regulatingMt regen-
eration including PGC-1α, TFAM, or NRF1, we performed quantitative
real-time-PCR. The results revealed a small reduction in the gene
expression level of PGC-1α and TFAM at 1 month of diabetes, while
the NRF1 level was slightly changed (Fig. 9A).

Because loss of PGC-1α exacerbated the severity of neuropathy, we
determined the effect of PGC-1α knockout on genes regulating Mt
regeneration. In PGC-1α (−/−) compared to PGC-1α (+/+) DRG,
NRF1 expression was significantly decreased (Fig. 9B) with little differ-
ence between diabetic and non-diabetic controls (Fig. 9D). In contrast,
TFAM expression was increased in PGC-1α (−/−) mice and further
increased with diabetes (Figs. 9B and C). Furthermore, in parallel with
loss of Mt, there was a corresponding decrease in GPX and MnSOD
gene expression in PGC-1α (−/−) DRG (Fig. 9E).
PGC-1α overexpression prevents oxidative stress in DRG neurons

In order to test if PGC-1α overexpression prevents oxidative injury
in neurons, adult mouse DRG neurons were infected with a PGC-1α
adenovirus (Ad.PGC-1α). TheMOIwas 4000:1, which allows 90% trans-
fection efficiency. Fig. 10 is representative of four separate experiments
and shows that Ad.PGC-1α prevents high glucose-induced oxidative
stress over 24 h using H2DCF, a marker of oxidative stress and DHE, a
measure of superoxide generation. Ad.PGC-1α also prevented high
glucose-induced generation of activated caspase-3. In contrast, control
Ad.GFP had no effect on glucose-induced oxidative stress.
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Fig. 8. Quantitative Western blot analysis of the levels of PGC-1α, TFAM, NRF-1, and
oxidized proteins in DRG from PGC-1α (+/+) and PGC-1α (−/−) micewith andwithout
diabetes. A. Protein extracts (25 μg of protein/lane) from DRG of PGC-1α (+/+) non-
diabetic control and 1 month diabetic mice, and PGC-1α (−/−) non-diabetic control and
1 month diabetic mice were subjected to one-dimensional gel electrophoresis followed
by immunoblotting with antibodies against PGC-1α, ΤFAM, NRF-1, DNP, and actin. B. The
relative level of each protein was normalized to the actin level in the corresponding
samples. The bar graph shows the results (mean ± SEM) from five PGC-1α (+/+) non-
diabetic control and diabetic mice, and PGC-1α (−/−) non-diabetic control and diabetic
mice. *P b 0.05 for a decrease in the levels of PGC-1α, ΤFAM and NRF-1 in PGC-1α
(+/+) diabetic mice, or PGC-1α (−/−) diabetic and control mice compared to PGC-1α
(+/+) non-diabetic control mice. ***P b 0.001 for an increase in oxidized proteins in
PGC-1α (+/+) diabetic compared to PGC-1α non-diabetic (+/+) mice, ⊥P b 0.01 for
PGC-1α (−/−) diabetic compared to PGC-1α (+/+) diabetic mice, #P b 0.05, PGC-1α
(+/+) diabetic compared to PGC-1α (−/−) non-diabetic mice, **P b 0.01 for an increase
in oxidized proteins in PGC-1α (−/−) diabetic mice compared to PGC-1α (−/−) non-
diabetic mice.
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Discussion

We report that loss of PGC-1α, a protein that is essential for Mt
function and energy homeostasis, plays an important role in the patho-
genesis of diabetic neuropathy in the PNS. A recent study reports that
regulation of the AMPK-PGC-1α- sirtuin 3 axis protects peripheral
nerve function in the diabetic rat (Yu et al., 2012). However, the current
study presents novel evidence that loss of PGC-1α can directly cause
neuropathy that is worsened by diabetes. This observation is supported
by recent work that shows that phosphorylation and expression of
adenosine monophosphate-activated protein kinase/PGC-1α and Mt
respiratory chain complex proteins are downregulated in DRG of
both STZ diabetic rats and db/db mice (Chowdhury et al., 2013; Roy
Chowdhury et al., 2012). Control of bioenergetics in the diabetic periph-
eral nerve is in part controlled by the sirtuin-AMPKand PGC-1α signaling
axis in which the upstream members sense the metabolic demands of
cellswhereas the downstreammember, PGC-1α, regulatesMt biogenesis
and function (Canto and Auwerx, 2011; Chowdhury et al., 2013; Roy
Chowdhury et al., 2012).

Therewas nodifference in plasma glucose, hemoglobin A1C, or insu-
lin levels between PGC-1α (+/+) diabetic and PGC-1α (−/−) diabetic
mice, indicating that exacerbation of peripheral nerve injury associated
with reduced PGC-1α levels is independent of glycemic control. How-
ever, therewas a significant increase in total cholesterol and triglyceride
levels in non-diabetic PGC-1α (−/−) compared to PGC-1α (+/+)mice
and PGC-1α (−/−) diabetic compared to PGC-1α (+/+)diabeticmice.
These findings are consistent with recent observations that increased
lipid levels are associated with neuropathy (Callaghan et al., 2012)
possibly by oxLDL interaction with the receptor LOX-1 (Vincent et al.,
2009; Wiggin et al., 2009). Impaired fatty acid oxidation is strongly
correlated to impaired activation of PGC-1α (Heilbronn et al., 2007) and
adipose-specific ablation of PGC-1α results in Mt dysfunction (Kleiner
et al., 2012). Thus, Mt PGC-1α has a critical role in lipid metabolism.

Mice lacking PGC-1α by targeted gene deletion exhibited a mild
neuropathy that was further worsened by diabetes. This indicates an
important role for both impaired PGC-1α and resultingMt degeneration
in the observed abnormalities in the diabetic PNS. Epidermal fibers are
small distal fibers that are very susceptible to mild diabetes (Smith
et al., 2006). In this study, the IENFD was so severely affected by STZ
diabetes that it was difficult to detect differences between groups. In
contrast, the dermal fibers are less severely affected in mild diabetes
(Smith et al., 2006). In this study, the DNFDwas significantly decreased
in diabetic PGC-1α (−/−) compared to diabetic PGC-1α (+/+) and
non-diabetic PGC-1α (−/−) mice, supporting the concept that knock-
out of PGC-1α increases susceptibility to STZ diabetes-induced neurop-
athy. This concept was supported by the abnormal sciatic motor and tail
sensory conduction data that assesses large fiber function that is also
more resistant to early or mild diabetes.

Loss of PGC-1α may worsen neuropathy due to impaired antioxi-
dant defense related to impaired Mt function. Several lines of evidence
support this idea: PGC-1α was markedly reduced in diabetic DRG
neurons; the Mt of DRG neurons in PGC-1α (−/−) non-diabetic mice
contained abnormal vacuoles consistent with Mt degeneration; there
is a decrease in Mt respiratory function; gene expression of GPX and
MnSOD are reduced; protein levels of transcription factors that regulate
Mt transcription and are important for normal Mt homeostasis
e.g. TFAM and NRF1 were significantly decreased in DRG neurons of
both PGC-1α (−/−) non-diabetic and diabetic mice; levels of oxidized
proteins consistent with increased oxidative stress were significantly
increased; and overexpression of PGC-1α, using an adenoviral con-
struct, prevented the generation of ROS in adult mouse DRG cultures.
Although, showing that PGC-1α overexpression in DRG prevents
neuropathy in an animal model would further support these studies,
unfortunately the PGC-1α overexpressing mouse develops a fatal car-
diomyopathy (Lehman et al., 2000). The role of PGC-1α inMt regulation
are supported by: (1) data showing an inverse correlation between
muscle PGC-1α levels andMt activity in humanswith insulin resistance
and diabetes (Mootha et al., 2003; Patti et al., 2003) and (2) previous
studies showing PGC-1α (−/−) mice have degenerating Mt in the
CNS (Leone et al., 2005).

To assesswhetherMt dysfunction plays a role in the pathogenesis of
peripheral neuropathy, we analyzed Mt degeneration in DRG neurons
from chronically diabetic animals. There was a diminished Mt number,
diminished Mt DNA content, and an increased Mt size in diabetic DRG
neurons. Thus, in STZ diabetic peripheral neurons there is both loss of
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Mt and degeneration of Mt. Loss of Mt DNA in STZ diabetic animals is
increased by knockout of PGC-1α. Previous studies have shown that
an increase in Mt size and swelling is associated with oxidative injury
and more acute diabetic neuropathy in rats (Russell et al., 1999; Sasaki
et al., 1997). Impaired Mt biogenesis would reduce repair of damaged
Mt, such as might occur in diabetes, and which may be critical for pro-
tection of cells from injury (Akude et al., 2009; Russell et al., 1999;
Sasaki et al., 1997; Vincent et al., 2004). Proteins that regulate Mt bio-
genesis are decreased in STZ diabetic and PGC-1α (−/−) DRG neurons.
Notably, there was a decrease in the level of the protein that regulates
Mt biogenesis, PGC-1α, and other associated proteins including TFAM
and NRF. Interestingly, we show in neurons that the twomost common
isoforms of PGC-1α in neurons are approximately 35 kDa and the
91 kDa (a larger nuclear protein) that we have previously described in
neurons (Cowell et al., 2007; Cowell et al., 2009). Primarily, we show
that the ~35 PGC-1α isoform is reduced in DRG from diabetic WT
mice. A similar ~35 isoform has been shown to be present in brain
(Choi et al., 2013) and recent research shows that there are several
PGC-1α transcripts in neurons (Soyal et al., 2012).Many of these smaller
transcripts appear to be brain or neuron specific. These smaller tran-
scripts are at least equally or perhaps more abundant than previously
described sequences (91 kDa) (Choi et al., 2013; Soyal et al., 2012).
The smaller 35 kDa isoform is down-regulated by transiently transfecting
cells with siRNA against PGC-1α and is recognized by antibody directed
at the amino terminus, but not the carboxyl terminus (Choi et al., 2013)
and one conclusion is that the smaller PGC-1α mRNA is the result of a
differential splicing event (Baar et al., 2002).

Expression of another criticalMt gene, TFAM, is reduced inDRG from
PGC-1α (−/−) mice and diabetic PGC-1α (+/+) mice. There is a fur-
ther small decrease in TFAM in diabetic PGC-1α (−/−)mice, consistent
with previous observations that TFAM expression is regulated by the
PGC-1 family of regulated coactivators including PGC-1α (Kelly and
Scarpulla, 2004; Puigserver and Spiegelman, 2003; Wu et al., 1999).
Using sensitive quantitative real time PCR, there is a significant decrease
in NRF-1 gene expression in diabetic PGC-1α (−/−) neurons compared
to diabetic PGC-1α (+/+) neurons. In contrast, TFAM gene expression
is increased. This would be consistent with a cellular response to signif-
icant loss of Mt DNA since TFAM is the main regulator of Mt DNA and is
expected to be significantly upregulated by nuclear transcription as Mt
TFAM protein is lost from damaged Mt. Importantly, upregulation of
either TFAM or NRF1 can prevent loss of Mt DNA even when transcrip-
tion of Mt RNA is decreased (Mallon et al., 2005). Upregulation of these
genes would be critical in preventing continued Mt dysfunction in dia-
betic neuropathy.

PGC-1α and sirtuin 1 (SIRT1), which directly activates PGC-1α by
deacetylation, are primarily Mt proteins (Aquilano et al., 2013; Choi
et al., 2013). However, in addition to its Mt regulatory role, PGC-1α
regulates several functions, including adaptive thermogenesis, glucose
metabolism, and fatty acid oxidation. PGC-1α interacts with several
factors including TFAM, NRF-1, NRF-2, ERRα, MEF2C, FOXO1 and YY1
(Aquilano et al., 2013). Many of these proteins are nuclear encoded
and are also present in the cytoplasm. In the currentmanuscript, changes
in TFAM and NRF-1 with STZ diabetes, or in PGC-1α (−/−) mice, reflect
Fig. 9. Altered gene expression associated with Mt regeneration in STZ diabetic PGC-1α
(+/+) and PGC-1α (−/−) mice. Gene expression for PGC-1α, TFAM and NRF-1 were
determined by quantitative real-time PCR in DRG neurons isolated from non-diabetic
PGC-1α (+/+) and PGC-1α (−/−) mice and diabetic PGC-1α (+/+) and PGC-1α
(−/−) mice after 1 month of STZ diabetes. Data are expressed as mean ± SEM.
(A) PGC-1α and TFAM were decreased in diabetic compared to non-diabetic PGC-1α
(+/+)mice. **P b 0.01between PGC-1α (+/+)non-diabetic andPGC-1α (+/+)diabetic
mice. (B) PGC-1α and NRF-1 were decreased in PGC-1α (−/−) compared to PGC-1α
(+/+) mice. ***P b 0.001 between PGC-1α (+/+) and PGC-1α (−/−) mice. (C) TFAM
expression was decreased in diabetic (+/+) mice. There was no significant difference
between diabetic and non-diabetic PGC-1α (−/−) mice. *P b 0.05 between PGC-1α
(+/+) non-diabetic and diabetic mice. (D) NRF-1 was decreased in both non-diabetic
and diabetic PGC-1α (−/−) mice compared to non-diabetic and diabetic PGC-1α
(+/+) mice. There was no significant difference between diabetic and non-diabetic
mice. ***P b 0.001 between non-diabetic and diabetic PGC-1α (−/−) mice compared to
non-diabetic anddiabetic PGC-1α (+/+)mice. (E) Both GPXandMnSODgene expression
is decreased in DRG from PGC-1α (−/−) compared to PGC-1α (+/+)mice (**P b 0.01).
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overall protein or gene expression in the DRG. Furthermore, PGC-1α
increases the expression of several antioxidant enzymes, for example
SOD1, SOD2, and GPX. Thus, while the response to oxidative stress is
primarily a Mt event, there is also an important cytoplasmic compo-
nent. This cytoplasmic response to oxidative stress further enhances
the “clean energy program” role of PGC-1α (Finkel, 2006), in which
PGC-1α stimulates Mt respiration and biogenesis, while also increasing
the expression of antioxidant enzymes. Overall, improved regulation of
cellularmetabolism and response to oxidative stress, irrespective of the
cellular localization, would be important in preventing neuropathy.
Several biochemical pathways responsible for the development of
the hyperglycemia-induced diabetic complications have been identified
(Brownlee, 2001; Toth et al., 2007; Vinik, 2005). All these pathways
seem to be activated by increased oxidative stress due toMt dysfunction
and thus contribute to peripheral nervous system injury, indicating an
important role of oxidized biomolecules, especially oxidized proteins
in the pathogenesis of diabetic neuropathy. Carbonylated protein is a
good indicator of protein oxidation in diabetic tissues because it reflects
irreversible modification of macromolecules by glucose (Brownlee,
2000; Toth et al., 2007; Vincent et al., 2007a) and electron transport
chain and Kreb's cycle proteins are more susceptible to carbonylation
(Nystrom, 2005). Protein oxidation was significantly increased in PGC-
1α (−/−) non-diabetic and PGC-1α (+/+) diabetic mice, indicating
the presence of increased ROS production, diminished ROS defense, or
both. In line with this notion, PGC-1α has been shown to be required
for the induction of many ROS-detoxifying enzymes including SOD2
(St Pierre et al., 2006). Furthermore, PGC-1α overexpression prevented
the generation of high glucose induced oxidative stress in adult DRG
neurons, providing further support for the antioxidant role of PGC-1α.

Taken together, these results strongly suggest that Mt degeneration
and resultant increased oxidative stress in DRG neurons are associated
with developing diabetic peripheral neuropathy. Genetic ablation of
PGC-1α exacerbates diabetic neuropathy and is associated with Mt
degeneration and increased oxidative stress. In contrast, our results
show that overexpression of PGC-1α in neurons prevents high glucose-
induced oxidative injury. Further systemic study of the altered Mt
proteome under diabetic conditions will help to identify the roles of
Mt oxidative damage in the pathogenesis of diabetic neuropathy and
thus will provide new opportunities for developing therapeutic strate-
gies for treating these diseases.
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Fig. 10. PGC-1α overexpression prevents oxidative stress and neuronal injury in cultured
adult mouse DRG neurons. (A) Dissociated adult DRG neurons from C57Bl/6 J mice were
infected with adenovirus carrying PGC-1α (Ad.PGC-1α) or GFP (Ad.GFP) gene. For 24 h
after viral infection, DRG neurons were cultured with a total glucose concentration of
5.5 mM (Control-Con) or 25 mM (Gluc). DCF positive neurons were counted by a blinded
observer. ***P b 0.001 in Ad.PGC-1α high glucose cultures (Gluc + Ad.PGC-1α)
compared to high glucose (Gluc) and Ad.GFP high glucose cultures (Gluc + Ad.GFP).
(B) Overexpression of Ad.PGC-1α reduces DHE levels in DRG neurons from adult
C57Bl/6J mice cultured in high glucose (total 30 mM) compared to WT control glucose
(total 5 mM). ***P b 0.001 betweenWThighglucose andWT control glucose andbetween
WT high glucose and control glucose with Ad.PGC-1α. ***P b 0.01 between WT high
glucose and high glucose with Ad.PGC-1α. There was no significant difference
between WT control, WT control with Ad.PGC-1α, and high glucose with Ad.PGC-1α.
(C) Overexpression of Ad.PGC-1α reduces active caspase-3 levels in DRG neurons from
adult C57Bl/6J mice cultured in high glucose (total 30 mM) compared to WT control
glucose (total 5 mM). ***P b 0.001 between WT high glucose and WT control glucose
and between WT high glucose and Ad.PGC-1α control glucose. **P b 0.01 between WT
high glucose and high glucose with Ad.PGC-1α. There was no significant difference
between WT control glucose, PGC-1α control with Ad.PGC-1α, and high glucose with
Ad.PGC-1α.
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